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Abstract Microporous membranes with controlled pore
size and structure were produced from biodegradable
polyurethane based on aliphatic diisocyanate, poly(e-cap-
rolactone) diol and isosorbide chain extender using the
modified phase-inversion technique. The following
parameters affecting the process of membrane formation
were investigated: the type of solvent, solvent—nonsolvent
ratio, polymer concentration in solution, polymer solidifi-
cation time, and the thickness of the polymer solution layer
cast on a substrate. The experimental systems evaluated
were polymer—N,N-dimethylformamide—water, polymer—
N,N-dimethylacetamide—water and polymer—dimethylsulf-
oxide—water. From all three systems evaluated the best
results were obtained for the system polymer—N,N-
dimethylformamide—water. The optimal conditions for the
preparation of microporous polyurethane membranes were:
polymer concentration in solution 5% (w/v), the amount of
nonsolvent 10% (v/v), the cast temperature 23°C, and
polymer solidification time in the range of 24-48 h
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depending on the thickness of the cast polymer solution
layer. Membranes obtained under these conditions had
interconnected pores, well defined pore size and structure,
good water permeability and satisfactory mechanical
properties to allow for suturing. Potential applications of
these membranes are skin wound cover and, in combina-
tion with autogenous chondrocytes, as an “artificial
periosteum” in the treatment of articular cartilage defects.

1 Introduction

Interest in biodegradable polyurethanes for implantable
devices goes back to the early 1980s [1-12]. Continuing
efforts to replace defective tissues and organs using tissue
engineering approaches [13] have been the reason that
interest in biodegradable polyurethanes has gained new
momentum [14-36]. The numerous possible applications
for biodegradable polyurethanes in tissue engineering
include use as three-dimensional porous scaffolds for
cancellous bone graft substitutes and microporous mem-
branes for the treatment of articular cartilage defects in
procedures where cultured autogenous chondrocytes are
applied in combination with an autogenous periosteal flap
[37, 38]. As harvesting a periosteal flap creates new
wounds, the use of an “artificial flap” might not only
avoided this problem but also simplify the surgical proce-
dure. In addition such flaps could be seeded with
autogenous chondrocytes to facilitate defect healing.
Microporous membranes from elastomeric biodegradable
polyurethanes are among the candidates for such artificial
periosteal flaps.

There are various techniques available to produce por-
ous polymeric structures. These include solvent casting-
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particulate leaching, gas foaming, freeze drying, electro-
static spinning, solid free form fabrication, and phase-
inversion, to mention but a few [39-47]. Phase inversion is
a process whereby a polymer is transformed in a controlled
manner from a liquid to a solid state. Phase-inversion can
be initiated by solvent evaporation, thermal precipitation or
precipitation with nonsolvent, the latter being especially
well suited for the fabrication of microporous polymeric
membranes. In this process, interdiffusion of the solvent
with the nonsolvent results in the decomposition of poly-
mer solution into a polymer-rich phase and a polymer-poor
phase. Consequently, the polymer-rich phase is solidified
into a solid matrix, while the polymer-poor phase forms the
pores. Depending on the conditions of phase-inversion the
porous polymeric structures formed will differ in pore size,
geometry, distribution and interconnectivity. Pore inter-
connectivity facilitating the flux of nutrients, cell
proliferation and vascularization is particularly important
when porous structures are used as scaffolds for tissue
engineering.

This study addresses the design of biodegradable
microporous polyurethane membranes for tissue engineer-
ing using the modified phase-inverse technique. Potential
applications of the membranes are as “periosteal flaps” in
the treatment of articular cartilage defects and as skin
wound covers.

2 Experimental
2.1 Biodegradable polyurethane

The biodegradable polyurethane with a number-average
molecular weight of 224,900 Da and a weight-average
molecular weight of 509,700 Da used in this study was
synthesized using hexamethylene diisocyanate, poly(e-
caprolactone) MW = 530 Da and isosorbide chain exten-
der. Details of the polymer synthesis have been given
elsewhere [14, 15]. The as-synthesized polyurethane was
purified by dissolution in DMF, filtration through a S-2
sintered glass filter followed by precipitation with ethanol-
distilled water mixture (1:3) to remove oligomeric fractions
[15]. Subsequently, the polymer was dried at 60°C under
vacuum for at least 24 h and stored in a desiccator prior to
use.

2.2 Preparation of polymer solutions

The dry polyurethane was dissolved in N,N-dimethyl-
formamide (DMF), N,N-dimethylacetamide (DMAC) and
dimethylsulfoxide (DMSO) (Fluka Chemie GmbH, Buchs,
Switzerland) to obtain solutions with the required
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concentration (%, w/v) and filtered through S-2 sintered
glass filters. All solutions were kept in closed Erlenmeyer
flasks to avoid solvent evaporation and water sorption.

2.3 Preparation of membranes

The polymer was dissolved separately in individual sol-
vents and all the membranes were cast from freshly
prepared solutions only. Deionized water was used as a
nonsolvent (coagulant) and poly(vinyl pyrrolidone) (PVP)
(MW = 10,000 Da), poly(ethylene glycol) (PEG)
(MW = 2000 Da), sodium carboxymethylcellulose and
calcium L-lactate were used as solid porogenes. The
porogenes were used separately. All chemicals (Fluka
Chemie GmbH, Buchs, Switzerland) were used as
received. For the preparation of membranes a predeter-
mined amount of polymer solution in a given solvent was
pipetted into Erlenmeyer flasks and then the given amount
of nonsolvent and/or solid porogene was added to the
polymer solution. The mixture was stirred vigorously in
stoppered flasks for 5 h and then poured on Petri-dishes
(@ = 110 mm). Three samples were prepared for each
kind of membrane. The polymer was allowed to solidify
at 22°C for a given time and then deionized water was
poured over the nascent solid polymer gel layer. The
system was kept under these conditions until the mem-
brane separated completely from the Petri dish. The time
after which the membranes detached from the Petri dish
without applying an additional force varied from 1 to
5 min. At this time fresh distilled water was poured into
the Petri dish and replaced several times. Next, the
membranes were washed in distilled water to remove
solvent residues and consecutively rinsed with ethanol.
The membranes were dried at room temperature for
5 days and subsequently in a vacuum oven at 50°C and
2 x 107" mbar to a constant weight. In a separate set of
experiments the surface of the coagulated polymer gel
layer was sprayed with water under pressure of 2 bars.
Water was sprayed through a sieve mask (mesh
size = 0.04 mm) to produce small droplets of uniform
size. The purpose of this experiment was to assess whe-
ther such treatment contributed to the structure and size of
pores formed at the surface layer. The parameters varied
were polymer concentration in a given solvent, the
amount of nonsolvent, the type and amount of a solid
additive, the thickness of cast polymer solution layer and
the time allowed for coagulation. The effect of polymer
concentration on the membranes’ properties was investi-
gated for solutions in DMF. The polymer concentrations
were 2.5%, 5%, and 10% (w/v). The experimental con-
ditions for preparation of membranes are listed in Table 1,
and a simplified scheme of the technique is shown in
Fig. 1.
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Table 1 Experimental conditions for the preparation of microporous polyurethane membranes

Experiment Membrane index Solvent Solvent evaporation Thickness of cast Polymer concentration
time (h) solution layer (mm) (w/v)

Effect of solvent type PU-DMF DMF 24 1 5%

PU-DMSO DMSO 24 1 5%

PU-DMAC DMAC 24 1 5%
Effect of liquids evaporation time PU-DMF-8 h DMF 8 1 5%

PU-DMF-24 h DMF 24 1 5%

PU-DMF-48 h DMF 48 1 5%

PU-DMF-72 h DMF 72 1 5%

PU-DMF-120 h DMF 120 1 5%
Effect of solution layer thickness PU-1 mm DMF 24 1 5%

PU-2 mm DMF 24 2 5%

PU-3 mm DMF 24 3 5%
Effect of polymer concentration PU-2.5% DMF 24 1 2.5%

PU-5% DMF 24 1 5%

PU-10% DMF 24 1 10%
Polymer solution contains nonsolvent PU-NS DMF + H,O 24 1 5%
Fig. 1 Simplified view of the Fil:ered polymer
membrane preparation solution
procedure PP “_"__F|'|r"'\'-.-,l

.
\;_—r—*' nonsolvent )
N
solvent solvent and _microporous
evaporation nonsolvent removal membrane

3 Characterization of polyurethane membranes
3.1 Membrane pore size and structure

The porous structure of the polyurethane membranes
(glass-contacting surface, air-contacting surface and cross-
section) was examined using a scanning electron micro-
scope (Hitachi model S-4100, Tokyo, Japan) operated at
5.0 kV. The cross-sections were produced by slicing the
membranes perpendicularly to the glass and the air surfaces
into 2 mm sections. Samples (disks with a diameter of
8 mm and cross-sections) were sputtered with 15 nm thick
gold—palladium layer. The pore dimension was estimated
in two directions, the smallest and the largest.

3.2 Membrane permeability

The water permeability of the polyurethane membranes
was measured using a permeation apparatus (Merck,

Darmstadt, Germany). Disks with a diameter of 8§ mm cut
from the membranes were placed in the glass column
between two plastic fixtures and the flow rate of water
passing through the scaffolds was recorded. Hydrostatic
pressure was kept constant during measurement. A stable
flux of water through the membranes was obtained after
30 min of operation and the duration of a single mea-
surement did not exceed 20 min. The data presented are the
means of six measurements (six samples of each membrane

type).
3.3 Thermal analysis

A Perkin-Elmer Pyris DSC-1 differential scanning calo-
rimeter (Norwalk, Connecticut, USA) calibrated with
indium was used for the evaluation of the thermal char-
acteristics of the samples. The measurements were carried
out under dry, oxygen free nitrogen flowing at a rate of 50—
60 ml/min to protect the materials from degradation. The
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Fig. 2 SEM images of the membranes illustrating the effects of
solvent type on the porous structure. The membranes were formed
from the 5% (w/v) polyurethane solutions in: A DMF; B DMSO; and

weight of samples was in the range of 3—12 mg, the heating
rate was 10°C/min and the samples were scanned over a
temperature range of 15-250°C. Three samples of each
material were used in analysis.

3.4 Mechanical properties

Tensile strengths and Young’s moduli of the membranes
were measured with an Instron tester model 4302 (High
Wycombe, Bucks, England) equipped with a 0.1 kN load
cell operating at a cross-head speed of 10 mm/min. The
test samples were Type V tensile bars (ASTM D638) cut to
shape using a Hollow Die Punch (Model 6051.000, Ceast,
Italy). The samples were fixed on the Instron tester using
pneumatic-action grips. Suture pull-out strength [48] was
measured at a cross-head speed of 12.7 mm/min. Derm-
alon™ 5.0 nylon monofilament sutures (Tyco Healthcare
Group LP, USA) were used in all tests. The quantitative
data presented are means of 3 measurements £ standard
deviation. The unpaired Student’s t-test was used for sta-
tistical analysis.
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C DMAC. The air-contacting surface, the cross-section and the glass-
contacting surface are denominated with a, b and c, respectively

4 Results
4.1 Porous structure of membranes

The SEM micrographs illustrating the porous structure of
the polyurethane membranes prepared in the present study
is shown in (Figs. 2, 3, 4, 5). This structure was dependent
on a number of factors including the solvent used for
polymer dissolution, the polymer concentration in solution,
the presence of nonsolvent, the thickness of polymer
solution layer cast on the substrate and the polymer
solidification time (the time until the nascent solid polymer
gel layer was formed).

4.2 Solvent effect

The surfaces and cross-sections of the membranes formed
from the polyurethane solutions in DMF, DMSO and
DMAC are shown in Fig. 2. The structure of membranes
obtained from the polyurethane solution in DMF (PU-
DMF) consisted of thick fibrillar elements. The membranes
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Fig. 3 SEM images of the membranes illustrating the effects of
setting time on the porous structure of the membranes formed from
the 5% (w/v) polyurethane solutions in DMF. A 8 h; B 48 h; C 72 h;
D 120 h. SEM images of the membrane formed after 24 h of setting

had an interconnected open-pore structure on both surfaces,
i.e. the surface in contact with the glass and the surface in
contact with the air. Elongated, irregularly shaped pores
were randomly distributed in the membrane cross-section.
The membranes formed from the polyurethane solution in
DMSO (PU-DMSO) had isolated pores with an average
size of approximately 5-10 um on both surfaces and
irregular circular pores with sizes in the range of 2-80 um
in the membrane cross-sections. The porous structure of the
membranes formed from polymer solution in DMAC (PU-
DMAC), consisted of an interconnected network of glob-
ules and nodules having no preferential orientation. The

are shown in Fig. 2A. The air-contacting surface, the cross-section
and the glass-contacting surface are denominated with a, b and c,
respectively

pore sizes on both surfaces of the membranes varied from
10 to 200 pum. The pore sizes in the cross-section were in
the range of 1-5 pm. On the surface of the membrane in
contact with the glass there were flat polymer elements
randomly attached to the fibrous structure.

4.3 Polymer solidification time
The term ‘solidification time’ was defined as the time
period until the nascent cast polymer gel layer was covered

with a coagulant. The effect of polymer solidification time
on the membranes’ properties was investigated for the
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Fig. 4 SEM images of the membranes illustrating the effects of
polymer concentration and cast solution layer thickness on the porous
structure of the membranes formed from the polyurethane solutions in
DMF. A 2.5% (w/v); B 10% (w/v). The SEM images of the
membrane formed from 5% (w/v) solution are shown in Fig. 2A. C

polymer solutions in DMF only as from all three solvents
used this solvent provided best results. The polymer con-
centration in solution was 5% (w/v) and the polymer
solidification times were 8, 24, 48, 72 and 120 h. It has
been found that irrespective of the solidification time all
the membranes had homogenous pore morphology (Fig. 3).
The sizes of pores formed in the cross-sections of the PU-
DMF-8 h membranes were in the range of 100-150 pm.
These pores were separated from each other by micropo-
rous walls. The pores on the surfaces of the PU-DMF-8 h
membranes were densely packed. There was no evident
difference in the pore structure for the membranes cast for
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and D illustrate the effect of cast solution layer thickness on the
porous structure. C 2 mm; D 3 mm. SEM images of the membranes
formed from 1 mm thick cast solution layer are shown in Fig. 2A.
The air-contacting surface, the cross-section and the glass-contacting
surface are denominated with a, b and c, respectively

24-120 h. The pores on the surfaces of the PU-DMF-24 h
membranes were loosely distributed and the structure of
interconnected pores on the surfaces of the PU-DMF-48 h,
PU-DMF-72 h and PU-DMF-120 h membranes were
comparable. The cross-sections of these membranes
seemed to be composed of stacks of separate layers. While
the uppermost layer of the of the membrane which solidi-
fied for 8 h was highly porous, the cross-sections of the
membranes which solidified for 24, 42, 72 and 120 h were
practically nonporous. Prolongation of the solidification
time led to membranes with more compact polymer layers
in the cross-sections. The solidification time also affected
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Fig. 5 A SEM images of the PU-NS membranes formed from the 5%
(w/v) polyurethane solution in DMF containing water as a nonsolvent.
B SEM images of the PU-NS membranes showed in A taken at higher

1.0

0.8 -

0.6

0.4

Water permeability (kg/s-m°®Pa)

i
1 28 4 5 6 7 8 9 10 11 | 12 13 14 15

Polyurethane membrane

Fig. 6 Water permeability of the porous polyurethane membranes
prepared under various experimental conditions. 1. PU-DMF; 2. PU-
DMAC; 3. PU-DMSO; 4. PU-DMF-8 h; 5. PU-DMF-24 h; 6. PU-
DMF-48 h; 7. PU-DMF-72 h; 8. PU-DMF-120 h; 9. PU-1 mm; 10.
PU-2 mm; 11. PU-3 mm; 12. PU-2.5%; 13. PU-5%; 14. PU-10%; 15.
PU-NS

the average thicknesses of the membranes. These were
200 pm for the membranes set for 8 h (PU-DMF-8 h) and
100 pum for the membranes set for 24, 48, 72 and 120 h
(PU-DMF-24 h, PU-DMF-48 h, PU-DMF-72 h, and PU-
DMF-120 h).

4.4 Polymer concentration in solution

The SEM images of the porous structures of the mem-
branes obtained from the polyurethane solutions at

magnification showing the details of the structure. The air-contacting
surface, the cross-section and the glass-contacting surface are
denominated with a, b and c, respectively

concentrations of 2.5%, 5% and 10% (w/v) in DMF (PU-
2.5%, PU-5%, PU-10%) are shown in Fig. 4A, B.

The surfaces of PU-2.5% membranes exhibited ran-
domly scattered irregular pinhole-like pores with sizes in
the range of 2-25 pm. The air surface of the membranes at
higher magnifications showed the presence of pores with
sizes in the range of 2—15 pm. In the cross-section of these
membranes there were two distinct porous layers varying
in thickness. The thinner layer had irregularly shaped pores
with an average size in the range of 2-5 pm. The thicker
layer had more regularly shaped pores separated by thin
walls. The pore sizes in this layer were in the range of 150—
200 pm.

The PU-5% membranes had an interconnected open-
pore structure consisting of thick fibrillar elements on both
surfaces. The membranes’ cross-section showed the pres-
ence of randomly distributed, irregularly shaped elongated
pores.

The PU-10% membranes exhibited a typical palisade-
like porous structure with pores aligned perpendicularly to
the membrane surfaces. Abundant micropores were present
in the walls of the large palisade-like pores. The walls of
these micropores with sizes in the range of 1-5 pm con-
sisted of a densely interconnected fibrous network. The
surfaces of these membranes were, however, nonporous.

4.5 Thickness of the cast solution layer
In these experiments the thicknesses of cast polymer

solution layers were 1, 2, and 3 £ 0.3 mm, respectively.
The concentration of polymer solution in DMF was 5% (w/
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v). The structure of the resulting microporous membranes
is illustrated by SEM micrographs Fig. 4C, D. As it might
be expected, the thickness of the membranes increased with
increasing thickness of the cast polymer solution layer. The
surfaces of membranes formed from a polymer solution
layer 1 mm thick (PU-1 mm) were porous with highly
interconnected pores. The membranes formed from a
polymer solution layer 2 mm thick were almost nonporous,
and the membranes prepared from a 3 mm thick polymer
solution layer (PU-3 mm) had a few open pores at the
surfaces contacting both the glass substrate and the air.

4.6 Nonsolvent

The porous structures of the membranes obtained from the
polymer solution in DMF with admixed water nonsolvent
are shown in Fig. 5. The membranes’ surface in contact
with the air contained homogeneously distributed pores
with sizes in the range of 5-20 pm. The surface in contact
with the glass was microporous with pore sizes in the range
of 1-5 pm. Laminated layers of longitudinally elongated
interconnected pores were present in the membranes’
cross-section.

4.7 Solid porogenes

In a previous study by one of the authors (Gogolewski), the
use of sodium carboxymethylcellulose as a solid porogene
for the preparation of experimental pericardial patches and
membranes for guided tissue regeneration (GTR) was
found to promote the development of micropores in the
walls separating large pores and improving interaction with
the tissues [6, 8, 12, 49]. The use of calcium L-lactate as a
solid porogene for the preparation of microporous 3D
polylactide scaffolds for the treatment of critical-size seg-
mental bone defects, improved the homogeneity of pore
structure [50]. In this study the presence of solid porogenes
in the polyurethane solutions did not contribute to the
porous structure of the membranes.

4.8 Water permeability

The results of water permeability measurements are shown
in Fig. 6. The polyurethane membranes obtained from the
polymer solutions in DMF and DMAC exhibited signifi-
cantly higher water permeability (0.69 kg/s m® Pa for PU-
DMF, and 0.54 kg/s m> Pa for PU-DMAC) than those
obtained from the polymer solutions in DMSO (0.03 kg/
s m> Pa) (P <0.0001). The water permeability of the
membranes formed from the polymer solution layers of the
same thickness cast for 24-120 h was higher (0.63—
0.72 kg/s m® Pa) than the permeability of the membranes
cast for 8 h (0.36 kg/s m® Pa). The water permeability of
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the membranes formed from a 1 mm thick polymer solu-
tion layer (PU-1 mm) was significantly higher (0.69 kg/
s m° Pa) than the membranes prepared from 2 mm (PU-
2 mm) and 3 mm (PU-3 mm) thick polymer solution layers
(0.11 kg/s m® Pa for PU-2 mm, and 0.08 kg/s m> Pa for
PU-3 mm) (P < 0.0001). The water permeability of the
membranes prepared from polymer solutions with con-
centrations of 2.5% and 5% (w/v) were higher (0.87 kg/
s m® Pa for PU-2.5%, and 0.69 kg/s m® Pa for PU-5%)
(P < 0.005) than the permeability of the membranes pro-
duced from polymer solutions with a concentration of 10%
(w/v) (0.02 kg/s m’ Pa) (P < 0.0001). The PU-NS mem-
branes obtained from a 1 mm thick solution layer of the
polyurethane in a mixture of DMF and nonsolvent (10:1),
which were additionally sprayed with a nonsolvent after
24 h of setting, showed relatively high water permeability
(0.68 + 0.14 kg/s m® Pa). Water uptake by the membranes
during the whole duration of a single test lasting 20 min
was less than 0.1%.

4.9 Thermal analysis

The isosorbide-based polyurethane used in the study
showed three low-energy thermal transitions at 78, 153 and
183°C which were assigned to the melting of the hard
segments and/or melting of poorly organized crystals
formed in the material upon casting [14, 15].

4.10 Tensile properties

The Young’s modulus, stress at break and elongation at
break of the microporous polyurethane membranes and the
nonporous polyurethane foil (PU-REF) are listed in
Table 2. Typical examples of load—displacement curves
recorded for these samples are shown in Fig. 7. As it might
be expected the tensile properties of the nonporous poly-
urethane foil were much higher than those of the
microporous membranes. The tensile properties of the
membranes cast from the polyurethane solutions in DMAC
were inferior to those of the membranes cast from the
polymer solution in DMF (PU-DMF-24 h, PU-DMF-48 h,
PU-DMEF-72 h, PU-DMF-NS). The PU-NS membranes
showed an intermediate Young’s modulus but the highest
values for stress at break and elongation at break.

4.11 Suture pull-out test

The measured values for the suture pull-out strength of the
microporous membranes are shown in Fig. 8. It was not
possible to measure the pull-out strength for the control
nonporous polyurethane reference foils (PU-REF) as the
suture always broke before it cut through the foil. There-
fore, the values given for PU-REF refer to the break
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Table 2 Tensile properties of the microporous polyurethane mem-
branes and the nonporous reference foil

Membrane Young’s modulus Stress at break Elongation
(MPa) (MPa) (%)

PU-REF 121.13 £ 9.90 57.62 £ 420 1073.46 &+ 45.57
PU-DMAC 0.82 £ 0.28 0.19 £ 0.08 49.62 + 5.24
PU-DMF-24 h  22.34 + 1.27 2.89 £ 0.31 183.15 &+ 10.47
PU-DMF-48 h  17.66 + 1.84 3.09 £0.16  221.42 £ 12.87
PU-DMF-72 h  27.85 £+ 1.20 326 £0.33 182.17 £ 5.43
PU-NS 20.45 £+ 0.86 389 £022 306.14 £+ 18.48
a 0.07

0.06

0.05
z
< 0.04
o
®
S o.03

0.02

0.01

0 L 1 L 1 " 1 L 1 L 1
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Fig. 7 Typical load—displacement curves for the polyurethane sam-
ples. a The nonporous foil cast from solution of the polyurethane in
DMEF; b various polyurethane membranes

strength (tensile load) required to break the suture. The
pull-out strength for the PU-DMF-24 h and PU-DMF-48
membranes were similar (P > 0.1), while the PU-DMF-
24 h and PU-DMF-48 h membranes showed significantly
lower suture pull-out strength than PU-DMF-72 h mem-
branes P < 0.05.

PU-REF |PU-DMAC| PU-DMF| PU-DMF| PU-DMF | PU-NS

4.0 - 24h 48h 72h

3.0 -
z
B 20}
[=]
)

1.0

0 —1

Polyurethane membrane

Fig. 8 Suture pull-out strength and/or suture break strength of the
polyurethane samples. PU-REF, nonporous foil; PU-DMAC, porous
membranes prepared from the polymer solution in dimethylacetamide
(DMAC); PU-DMF-24 h; PU-DMF-48 h; PU-DMF-72 h and PU-NS,
porous membranes prepared from the polymer solution in dimethyl-
formamide (DMF) containing water as nonsolvent

5 Discussion

Polyurethanes are the materials of choice for a number of
biomedical applications. The versatile chemistry of poly-
urethanes permits synthesis of biomaterials across a broad
range of chemical, physical and biological properties.
Polyurethanes can be produced as relatively biostable or as
biodegradable materials. Covalent incorporation of various
biologically active molecules in the backbone chain of
polyurethanes designed for tissue engineering may promote
the interaction of scaffolds from such materials with cells
and tissues. Recently, an experimental biodegradable
polyurethane has been developed based on biologically
active 1,4:3,6-dianhydro-p-isosorbide [14, 15]. Three-
dimensional porous scaffolds [15] from this aliphatic
polyurethane supported attachment and proliferation of
osteogenic cells and chondrocytes [16—-19] in culture.
Impregnation of these scaffolds with plant polyprenols and/
or incorporating polyprenols in the polymer chain upon
synthesis [21, 22] promoted attachment, proliferation and
growth of cells [22]. Such 3D scaffolds might potentially
be used as cancellous bone graft substitutes [23, 24] and, in
the form of microporous membranes, for the treatment of
articular cartilage defects [37, 38] and as skin wound
covers.

In the published literature [39-47] the relationships
between the conditions of fabrication and the morphology
of the porous polymeric structures produced by the phase-
inversion technique are usually explained by the concept of
liquid-liquid demixing and solid-liquid demixing. Inter-
diffusion of the nonsolvent and the solvent brings the
composition of the homogeneous polymer solution into the
miscibility gap of the ternary phase diagram. Hence, the
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polymer solution is decomposed into a polymer-rich phase
and a polymer-poor phase. At a certain stage during phase
demixing, the polymer-rich phase is solidified into a solid
matrix, while the polymer-poor phase develops into the
pores. The performance of such membranes depends lar-
gely on the morphology formed during phase separation
and solidification.

In general, phase separation via liquid-liquid demixing
prevails upon casting of polymer solutions with relatively
low concentrations, and phase separation via solid—liquid
demixing is typical for casting polymer solutions with
higher concentrations.

While the porous structure formed in polymers via
liquid-liquid demixing has cellular, interconnected pore
morphology, the porous structures formed via solid-liquid
demixing consist mainly of closed cell pores. The nascent
pores which are developed upon liquid-liquid demixing are
surrounded by the walls originating from the polymer-rich
phase and in some cases can also be porous. This process
continues until the polymer—solvent—nonsolvent system
reaches thermodynamic equilibrium [40], which in turn
depends on the solvent used for polymer dissolution,
polymer concentration in solution, the type of nonsolvent
and its miscibility with solvent and temperature.

Depending on the conditions of the phase-inversion
process the porous structure formed will differ in pore size,
structure, distribution and interconnectivity. The latter
feature is of particular importance for porous scaffolds
designed for tissue engineering as it allows for the
ingrowth of cells, flux of nutrients and vascularization.

Although phase-inversion is a very flexible technique
allowing porous polymer structures with various mor-
phologies to be obtained, its main drawback relates to the
fact that it is material specific. Hence, the conditions of the
phase-inversion process have to be identified and individ-
ually tuned up for a given polymer to obtain reproducible
porous structures with controllable morphology, pore-to-
volume ratios and pore sizes.

This study aimed to define best conditions for the phase-
inversion process for the preparation of isosorbide-based
biodegradable polyurethane membranes with intercon-
nected pores of controllable sizes and morphology suitable
for tissue engineering. The factors affecting membranes’
formation investigated in the study were the type of solvent
used for polymer dissolution, the polymer concentration in
solution, the admixed nonsolvent and/or solid porogene,
the thickness of layer of polymer solution cast on a sub-
strate and the time allowed for setting before the polymer
gel was finally covered with a nonsolvent.

It has been found that solvent used for polymer disso-
lution plays a predominant role in the development of
porous structure in the polyurethane membranes. Although
all three solvents used, i.e. dimethylformamide (DMF),

@ Springer

dimethylacetamide (DMAC) and dimethylsulfoxide
(DMSO) were hydrogen-bonding liquids with comparable
solubility parameters, only the membranes obtained from
the polymer solutions in DMF and DMAC had a porous
structure with interconnected pores, irrespective of the fact
that in the given experiment all the cast solutions had the
same polymer concentration and contained the same
amount of nonsolvent. This might indicate that the appro-
priate conditions for liquid—liquid demixing were achieved
in these two solvents, allowing for the simultaneous growth
of pores in the polymer-poor phase and in the polymer-rich
phase. These membranes and especially the ones prepared
using DMAC as solvent showed the highest water perme-
ability. Unfortunately, the membranes obtained from the
polymer solutions in DMAC had poor mechanical prop-
erties, which make them less suitable for those applications
where an implanted membrane would have to be sutured or
subjected to tensile stress.

The polyurethane membranes prepared using DMSO as
solvent had interconnected pores in the bulk and thin dense
skin layers on the surfaces in contact with glass or air. This
might be due to the fact that solubility of DMSO in water is
higher than the water solubility of DMF and DMAC, which
facilitated demixing of the ternary system and rapid phase-
inversion. As both sides of the membranes formed from the
polymer solutions in DMSO were microscopically nonpo-
rous, their water permeability was substantially reduced.
Although membranes produced from the polymer solution
in DMSO might potentially find other applications, e.g. as
gas separation membranes, their use for tissue engineering
seems less feasible.

The membranes’ structure was also affected by the
gelation time, i.e. the time allowed for solvent evaporation
before the solidifying gel was treated with the coagulant.
This effect was evaluated for the membranes produced
from the 5% (w/v) polymer solution in DMF, and the
solvent evaporation times were 8, 24, 48, 72, and 120 h.

The membranes that were given 8 h for setting were
macroporous as the high amount of solvent remaining in
the gel promoted continuous growth of pores in the bulk.
The setting times of 24 and 48 h seemed to be optimal for
the formation of membranes with bicontinuous porous
structure. The original thickness of these membranes was
retained as the setting times allowed for the relaxation of
the tension generated in the polymer gel upon solvent
evaporation. An increase of evaporation time to 72 and
120 h resulted in the formation of more compact, thinner
membranes having a flattened air-contact surface. This may
be due to the gravitational shrinkage of polymer in the
direction perpendicular to the glass-contact surface [41].

The process of formation of porous polyurethane
membranes and structure, size and morphology of pores
was dependent on the thickness of cast solution layer [42].
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Surprisingly, with increasing thickness of cast solution
layer, the pore interconnectivity and pore distribution den-
sity in the bulk of the PU-2 mm and PU-3 mm membranes
increased, but the surfaces of these membranes were less
porous than the surface of PU-1 mm membranes. This was
the reason why the water permeability of the PU-2 mm and
PU-3 mm membranes was lower than that of the PU-1 mm
membranes. It can be assumed that for a given concentra-
tion of the polymer solution, the larger solution volume
(thicker solution layer) allows for the simultaneous forma-
tion of both the pores and the pore walls, and preservation of
the original membrane thickness. In this set of experiments
the membranes obtained using a cast solution layer with a
thickness of 1 mm had the best porous structure.

Another factor which determines the formation of por-
ous polymer structures by phase-inversion is the
concentration of polymer in solution. It has been reported
that the useful range of polymer concentration to produce
such porous structures is narrow and does not exceed 20%
[43—47]. Within this range, an increase of polymer con-
centration usually results in membranes having thicker
surface layers, low porosity and interconnectivity of pores
in the bulk, smaller pore size, and consequently lower
permeability to water [42].

Furthermore, in this study, the polymer concentration in
solution was found to significantly affect the structure of
the polyurethane membranes. The membranes formed from
polymer solutions with lowest concentration had two dis-
tinct porous layers. The surface layer was populated with
irregular pores, while the membranes’ bulk was filled with
regular pores of uniform size. The optimal polymer con-
centration to produce membranes with bicontinuous porous
structure was 5% (w/v). The membranes obtained from
polymer solutions with highest concentration (10%, w/v)
were filled with palisade-like pores. The low evaporation
rate of the relatively large amount of nonvolatile solvent
remaining in the polymer gel, allowed sufficient time for
growth of the palisade-like macropores. Unfortunately,
these membranes had a nonporous skin layer resulting in
low water permeability.

In the present study the PU-NS membranes produced
from polymer solutions with a concentration of 5% (w/v) in
DMF containing admixed nonsolvent had the adequate
mechanical properties and the best pore size and structure
of all the membranes for the intended applications, i.e. for
periosteal flap substitution or artificial skin. The presence
of a nonsolvent seems to reduce the demixing time of the
system [42] thus, promoting formation of interconnected
pores in both the membrane bulk and the surface exposed
to the air.

It is hypothesized that these polyurethane membranes
might potentially be used as “an artificial periosteum” in
the treatment of articular cartilage defects. The use of

pliable elastomeric membranes withstanding high strain
would avoid the implant fracture resulting from the shear
forces acting at suture points and reduce severe tissue
irritation which is often observed at the rigid implant—soft
tissue interface.

In clinical practice, the surface of the membrane with
open interconnected pores, which supports attachment and
proliferation of cells, would be seeded with autogenous
chondrocytes and placed towards the defect. The opposite
side of the membrane with small-size micropores might act
as a barrier to prevent fibrous tissue from invading the
defect. The high permeability of the membranes might
facilitate the diffusion of nutrients into the defect. The
membranes withstand suturing irrespective of their highly
porous interconnected structure. Such membranes seeded
with autogenous keratinocytes might also be used in the
treatment of full-thickness skin wounds.

6 Summary and conclusions

Microporous biodegradable polyurethane membranes were
produced using a modified phase-inverse process. The
structure, geometry and size of pores were controlled by
selecting suitable solvents and nonsolvents, adjusting the
polymer concentration in solution, and adjusting the vol-
ume of cast solution and the membrane setting time. The
foreseen applications of the membranes are as an artificial
periosteal flap in the treatment of articular cartilage defects
and as skin wound covers. The biological functionality of
the membranes can be promoted using a tissue engineering
approach.
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