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Abstract
In the engineering of soft tissues, scaffolds with high elastance and strength coupled with
controllable biodegradable properties are necessary. To fulfill such design criteria we have
previously synthesized two kinds of biodegradable polyurethaneureas, namely poly(ester
urethane)urea (PEUU) and poly(ether ester urethane)urea (PEEUU) from polycaprolactone,
polycaprolactone-b-polyethylene glycol-b-polycaprolactone, 1,4-diisocyanatobutane and
putrescine. PEUU and PEEUU were further fabricated into scaffolds by thermally induced phase
separation using dimethyl sulfoxide (DMSO) as a solvent. The effect of polymer solution
concentration, quenching temperature and polymer type on pore morphology and porosity was
investigated. Scaffolds were obtained with open and interconnected pores having sizes ranging
from several μm to more than 150 μm and porosities of 80–97%. By changing the polymer
solution concentration or quenching temperature, scaffolds with random or oriented tubular pores
could be obtained. The PEUU scaffolds were flexible with breaking strains of 214% and higher,
and tensile strengths of approximately 1.0 MPa, whereas the PEEUU scaffolds generally had
lower strengths and breaking strains. Scaffold degradation in aqueous buffer was related to the
porosity and polymer hydrophilicity. Smooth muscle cells were filtration seeded in the scaffolds
and it was shown that both scaffolds supported cell adhesion and growth, with smooth muscle
cells growing more extensively in the PEEUU scaffold. These biodegradable and flexible
scaffolds demonstrate potential for future application as cell scaffolds in cardiovascular tissue
engineering or other soft tissue applications.
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1. Introduction
A variety of hydrolytically degradable polymers have been developed for tissue engineering
scaffold applications. However, the majority of these polymers have consisted of high
molecular weight linear aliphatic polyesters and their copolymers. These materials often
possess mechanical properties best suited for hard tissue engineering because of their
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relatively higher glass transition temperatures and high modulus [1–6]. For engineering of
soft tissues, elastic scaffolds are desirable since they are amenable to mechanical
conditioning regimens that might be desirable during tissue development [7]. In our previous
work, we have developed families of linear, biodegradable polyurethanes which are highly
flexible and strong [8,9]. Given the thermoplastic nature of these polymers, it was
hypothesized that these polyurethanes could be fabricated into flexible scaffolds using a
variety of techniques.

There are many methods to prepare polyurethane into a porous scaffold, such as
electrospinning [10,11], solvent casting/salt leaching [12,13], phase inversion [14], laser
excimer [15] and thermally induced phase separation [16,17]. The electrospinning method
has resulted in small diameter fibers with enhanced mechanical properties. However, it is
difficult to make a scaffold possessing pore sizes that are appropriately large [10,11]. The
solvent casting/salt leaching method has the advantage of controlling pore sizes by
manipulating the size of the salt particulate. However, the resulting scaffold can have limited
interconnectivity, which would adversely impact cell seeding and ingrowth [18]. Scaffolds
made using the phase inversion method can exhibit low interconnectivity and controlling the
pore size can be difficult [14]. The laser excimer method can make scaffolds with straight
pores but achieving connectivity remains a challenge [15]. The thermally induced phase
separation method offers the ability to control scaffold pore size by varying the preparation
conditions and also provides means to control pore structure [16].

The objective of this work was to prepare flexible polyurethane scaffolds that could be
employed in soft tissue engineering or as temporary mechanical scaffolds for application
without combining with cells. The polymers were synthesized from polycaprolactone (PCL)
and 1,4-diisocyanatobutane (BDI) with putrescine used as a chain extender. BDI was
selected as the diisocyanate upon which the hard segment was built since it would be
expected to yield putrescine, a polyamine that is essential for cell growth and differentiation,
following complete degradation [19]. In order to increase the hydrophilicity of the scaffold,
a polyethylene glycol (PEG) containing triblock copolymer was synthesized and used as a
soft segment. The thermally induced phase separation method was employed to prepare
scaffolds and the effect of preparation conditions on scaffold morphology was investigated.
Mechanical properties of the scaffolds were measured following preparation, and polymer
degradation in phosphate buffered saline at 37 °C was characterized over an 8 week period.
Smooth muscle cells were filtration seeded in the scaffold and cell growth was
characterized.

2. Materials and methods
2.1. Polymer synthesis

ε-caprolactone, PCL diol (MW=2000) and PEG (MW=1000) were obtained from Aldrich
and dried under vacuum for 48 h to remove the residual water before use. 1,4-
diisocyanatobutane (Fluka), putrescine (Aldrich) and stannous octoate (Sigma) were used as
received. Solvent dimethyl sulfoxide (DMSO) was dried over molecular sieve (3 Å).

The poly(ester urethane)urea (PEUU) was synthesized using a two-step solution
polymerization (Scheme 1) [8]. Synthesis was carried out in a 250 mL three-necked round
bottom flask under a dry nitrogen atmosphere. The stoichiometry of the reaction was 2:1:1
of BDI: PCL: putrescine. In a first step of polymerization, an approximate 15 wt% solution
of BDI in DMSO was continuously stirred with an approximate 25 wt% solution of diol in
DMSO. Two drops of stannous octoate (0.2 final wt%) were then added. This mixture was
allowed to react at 80 °C for a period of 3 h. The prepolymer solution was cooled to room
temperature, the putrescine solution was added dropwise under stirring and the reaction was
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continued at room temperature for 18 h. The polymer solution was precipitated in distilled
water. The wet polymer was immersed in isopropanol for 1 day to remove the unreacted
monomers. Finally, the polymer was dried under vacuum at 50 °C for 24 h.

In the synthesis of poly(ether ester urethane) urea (PEEUU), triblock copolymer PCL-b-
PEG-b-PCL with molecular weight 4000 was used as the soft segment. PCL-b-PEG-b-PCL
was synthesized according to Bogdanov et al. and An et al. [20,21]. Polymers were prepared
by using PEG to initiate the polymerization of ε-caprolactone with added stannous octoate
(0.2 final wt%). Polymerization was carried out at 120 °C for 24 h under a nitrogen
atmosphere. The products obtained were washed with ethyl ether and hexane, then dried in a
vacuum oven. PEEUU was synthesized by the same method as for PEUU [9].

The polymers were processed into a 60 μm thick film by solution casting. The properties of
PEUU and PEEUU are shown in Table 1.

2.2. Scaffold fabrication
PEUU and PEEUU scaffolds were fabricated by thermally induced phase separation and
subsequent solvent extraction. The method was similar to that described by Liu and Kodama
[16]. Briefly, polymer was dissolved in DMSO to form solutions of a defined concentration.
The solution at 80 °C was injected into a glass cylinder mould equipped with two rubber
stoppers. The mould comprised the space between two glass tubes, the outer diameter of the
inner tube was 5 mm, and the inner diameter of the outer tube was 10 mm. The mould was
placed in a freezer at −20 or −80 °C, or liquid nitrogen for 3 h. The mould was then
removed and placed in absolute alcohol at −20 °C for 7 days to extract the DMSO. The
resulting tubular scaffold was air dried and vacuum dried for 24 h respectively.

2.3. Scaffold characterization
Scaffold morphology was examined with scanning electron microscopy (SEM). Cross-
sections were obtained by breaking the specimens after freezing in liquid nitrogen. Pore
sizes were calculated from SEM images by IPLab3.5.2 software. Scaffold porosity was
determined using a liquid displacement method similar to that reported by Zhang and Ma
[22] and Hsuet al. [23]. Ethanol was used as the displacement liquid because it penetrated
easily into the pores and did not induce shrinkage or swelling as a non-solvent of the
polymers. A scaffold sample was immersed in a cylinder containing a known volume of
ethanol (V1). The sample was kept in ethanol for 5 min, and then pressed to force air from
the scaffold and allow the ethanol to penetrate and fill the pores. The total volume of ethanol
and the ethanol-impregnated scaffold was recorded as V2. The ethanol-impregnated scaffold
was removed from the cylinder and the residual ethanol volume was recorded as V3. The
porosity of the scaffold was expressed as

p = (V1 − V3)/(V2 − V3).

The tensile properties of the scaffolds were measured according to ASTM D638-98. Testing
was conducted in an Instron testing machine equipped with a 5 lb load cell. A cross-head
speed of 10 mm/min was used. The longitudinal direction of the scaffold was cut and tested.
Four samples were evaluated for each scaffold.

2.4. Scaffold degradation
To measure scaffold hydrolytic degradation, dry scaffolds (1.5 × 0.5 cm) were weighed and
immersed in 10 mL phosphate buffered saline (PBS, pH = 7.4) at 37 °C in a water bath.
Samples were taken at intervals and weighed after drying in a vacuum for 2 days. The
weight remaining was calculated as
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Weight remaining (%) = 100 × w2/w1,

where w1 and w2 are the weights of films before and after degradation, respectively.

To investigate the change in mechanical properties during the early stages of degradation,
scaffolds made from 10 wt% PEUU and PEEUU that had been quenched at −80 °C
(PEUU1080 and PEEUU1080) were cut and immersed in 10 mL PBS (pH = 7.4) at 37 °C
for 1 and 2 weeks (n = 3 or 4 per scaffold type per time point). The samples were then
freeze-dried and tensile mechanical testing was conducted using the methods described
above.

2.5. Smooth muscle cell culture
The ability of scaffolds to support smooth muscle cell adhesion and growth was evaluated
for PEUU and PEEUU scaffolds made from 10% polymer solution concentration and
quenched at −80 °C. Rat vascular smooth muscle cells were isolated according to the
method of Ray et al. [24]. Cells at the fifth passage were used for scaffold seeding. Scaffolds
were cut in the transverse direction of the tube with a thickness of 1 mm. The scaffolds were
sterilized by immersion in 70% ethanol for 6 h, followed by immersion in PBS and exposure
to the ultraviolet light source in a laminar flow hood (Class II A/B3 Biological Safety
Cabinet) for 2 h. The scaffolds were pressed to force the ethanol out. After rinsing
thoroughly with sterile PBS, scaffolds were then immersed in cell culture medium (DMEM
supplemented with 10% FBS) for 24 h. Cells at a density of 7.8 × 106 cells/mL were seeded
into scaffolds using the filtration cell seeding method [25]. The seeded samples were then
transferred into a 24-well polystyrene tissue culture plate. Culture medium was replaced
every second day. Randomly selected wells were destructively evaluated with the MTT
mitochondrial cell viability assay [8,9] at 1 and 7 days respectively (n = 4 per polymer type
per time point).

The cultured scaffold surface was examined by SEM. Samples were fixed in 2.5%
glutaradehyde, dehydrated in a graded series of ethanol/water solutions, dried, and then
sputter coated with gold. The electron microscope was operated at 3 kV to image the
samples. For histological analysis, samples were fixed in 10% formaldehyde, frozen in 2-
methylbutane and sectioned (15 μm thickness), and stained with hematoxylin and eosin
(H&E) for cell visualization.

2.6. Statistical methods
Data are expressed as mean ± standard deviation. Single-factor analysis of variance
(ANOVA) was employed together with Neuman-Keuls testing for post hoc evaluations of
differences between specific groups.

3. Results
3.1. Preparation of scaffolds

As seen from Table 1 the synthesized polymers, PEUU and PEEUU had high molecular
weights and formed films that were highly distensible and strong. Scaffolds prepared by
thermally induced phase separation had porosities of 80–96% (Table 2). The porosity varied
with the polymer solution concentration, quenching temperature and polymer type. The
porosity decreased with increasing the polymer solution concentration. At the same polymer
solution concentration and quenching temperature, the scaffolds made from PEEUU had
higher porosity than PEUU.
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Fig. 1 shows the cross-sectional morphologies of scaffolds prepared under different
conditions. The scaffolds were seen to have open and interconnected pores. The polymer
type and processing parameters, such as the quenching temperature and polymer
concentration were studied for their effects on the architectural and bulk properties of the
scaffolds. The polymer type affected scaffold morphology. When comparing the
morphologies of scaffolds made from the same polymer solution concentration and
quenching temperature but different polymer, the pores of scaffolds made from PEEUU
were quantitatively larger than those derived from PEUU (Table 2).

To study the effect of polymer solution concentration on the scaffold structure, scaffolds
made from PEUU with solution concentrations 5, 8, and 10 wt% and a quenching
temperature of −80 °C were compared. The scaffold made from PEUU at 5% was composed
of bonded thin PEUU leaflets (Fig. 1a). The scaffolds made from polymer solution
concentration 5% and 10% showed an irregular pore structure in both longitudinal and
transverse cross-section (transverse not shown) (Fig. 1a, d, e). However, when the polymer
solution concentration was 8%, the longitudinal and transverse morphology of the scaffold
showed the pores oriented in a parallel tubular structure (Fig. 1b, c). When PEUU was
cooled in liquid nitrogen during processing, a unique structure with irregular, small pores
were observed in the cross-section (Fig. 1f). Most of the pores were less than 10 μm in size.

For PEEUU scaffolds, when the polymer solution concentration was 5% and the quenching
temperature was −20 °C, the pores were random (Fig. 2a). However, scaffolds made from
10% PEEUU and the same quenching temperature had pores that were tubular (Fig. 2c).
PEEUU scaffolds made from 5% (Fig. 2b) and 10% (Fig. 2d) polymer and quenched at −80
°C also had pores that were tubular. The pore sizes of scaffolds made from a polymer
solution of 5% were larger than those from a 10% polymer scaffold when the quenching
temperature was the same.

3.2. Mechanical properties
Figs. 3 and 4 show typical tensile stress-strain curves for four types of scaffolds made from
each polymer. Scaffolds made from a polymer solution concentration of 10% PEUU and
quenched by liquid nitrogen were not measured because the formed scaffold was fragile and
fragmented with manipulation. Measured mechanical parameters are summarized in Table 3.
The PEUU scaffolds were flexible with tensile strengths ranging from 0.97 to 1.64 MPa, and
breaking strains from 214% to 294%. PEEUU scaffolds had tensile strengths from 0.59 to
1.68 MPa and breaking strains from 47% to 197%. It can be seen that the polymer solution
concentration affected the mechanical properties of the scaffolds made at the same
quenching temperature. The PEUU scaffolds made from a polymer solution concentration of
10% showed significantly higher tensile strength (p < 0.03) and breaking strain (p < 0.03)
than scaffolds made from polymer concentrations of 5% and 8%. The tensile strength and
breaking strain of scaffolds made from a polymer solution concentration of 8% appeared
slightly higher than scaffolds made from a polymer solution concentration of 5%, though
this was not statistically significant (p > 0.1). Comparing the scaffolds made from a polymer
solution concentration of 10% but quenched at different temperatures, there was no
significant difference.

For PEEUU scaffolds, tensile strengths of scaffolds made from polymer solution
concentration 10% were significantly higher than for those made from 5% (p < 0.004). For
the scaffolds made from 10% polymer solution, those quenched at −80 °C had significantly
higher tensile strength (p < 0.0004) and strain (p < 0.0002) than for those quenched at
temperature −20 °C. The scaffolds made from 5% polymer solution and quenched at −20 °C
had significantly higher strain at failure than the scaffolds quenched −80 °C (p < 0.02).
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3.3. Degradation properties
Scaffold degradation curves are shown in Figs. 5 and 6. The scaffolds exhibited progressive
mass loss over the 8-week period ranging from 13.3% to 20.7% for PEUU scaffolds and
25.4% to 47.3% for PEEUU scaffolds. The degradation rates depended upon scaffold
characteristics. Comparing the weight loss at 56 days of PEUU scaffolds and PEUU film, it
was found that the scaffolds had higher degradation rates than the PEUU film (p < 0.05)
except for the scaffold made from 10% polymer and quenched at −20 °C. The scaffolds
made from different polymer solution concentrations but the same quenching temperatures
had different levels of degradation at 8 weeks. The PEUU scaffold made from 5% polymer
had greater degradation than those made from higher polymer solution concentrations of 8%
and 10% (p < 0.04). For PEEUU, scaffolds made from 5% polymer degraded more at 56
days than those made from 10% polymer (p < 0.002). There was no significant difference
between scaffolds made from the same concentration but different quenching temperatures.

Mechanical properties of PEUU1080 and PEEUU1080 scaffolds were measured after 1 and
2 weeks of degradation (Table 4). The tensile strength of PEUU1080 decreased from 1.64 to
1.44 MPa at 1 week (p < 0.04) and to 1.13 MPa at 2 weeks (p < 0.01 vs. 1 week).
PEEUU1080 tensile strength decreased from 1.68 to 1.03 MPa at 1 week (p < 0.001) and to
0.81 MPa at 2 weeks (p < 0.02 vs. 1 week). The breaking strain also decreased during the
early degradation period for both scaffolds (p < 0.05 at 1 week vs. initial measurement; no
difference between 1 and 2 weeks), however the elongation at break remained above 150%
after 2 weeks degradation.

3.4. Smooth muscle cell growth
Vascular smooth muscle cells cultured on PEUU and PEEUU scaffolds were quantified by
measuring the MTT absorbance of the seeded scaffolds (Fig. 7). The relative cell number in
the PEUU scaffold did not change from 1 to 7 days (p = 0.42), whereas the cell number in
PEEUU scaffolds at 7 days was significantly higher than at 1 day (p = 0.03). Comparing the
cell number in PEUU and PEEUU scaffolds, there was no significant difference at day 1 (p
= 0.11). However, by day 7, the PEEUU scaffolds had significantly higher cell numbers (p =
0.01). Electron micrographs (Fig. 8) showed that both scaffold surfaces covered were
populated with cells that had started to spread after 1 day. By 7 days the cells had formed
dense confluent layers on the surface. The cellular ingrowth was examined by H&E staining
(Fig. 9). Smooth muscle cells were uniformly distributed in the scaffolds (Fig. 9a and b) and
generally retained a rounded morphology after 1 day of culture. Cells at 7 days were spread
and had a slightly higher density in PEEUU scaffolds (Fig. 9c and d).

4. Discussion
In an effort to develop an elastomeric, biodegradable scaffold that would be applicable in the
engineering of soft tissues, PEUU and PEEUU were synthesized based upon a PCL or PCL-
b-PEG-b-PCL soft segment, a BDI hard segment and chain extension with putrescine.
Stannous octoate, an US Food and Drug Administration approved food stabilizer was used
as a catalyst [26]. The molecular weights of the polymers were high enough, and the glass
transition temperatures low enough, to impart elastomeric behavior to the solid films [27].
Thermally induced phase separation was chosen as the method to create scaffolds with open
pores, which together with pore interconnectivity, are essential for cellular ingrowth.

With the thermally induced phase separation technique, solvent selection can affect the
structure of the resulting scaffolds. Spaans et al. [28] used dioxane as a solvent for PEUU
and found that it was difficult to effectively obtain a scaffold and only very thin porous
material could be obtained. This might have been due to limited solubility of their
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polyurethaneurea in dioxane. In this work, DMSO was used as the solvent since it could
dissolve both PEUU and PEEUU and had a relative high melting point (18 °C). When
quenching the polymer solution, it was able to form a polymer rich phase and a DMSO rich
phase, the latter being removable by ethanol extraction.

The quenching temperature (specifically the cooling rate) can affect the crystallization
process of DMSO during phase separation and thus affect the morphologies of the resulting
scaffolds. At a lower temperature, DMSO has a higher nucleation rate and a lower crystal
growth rate, which leads to the formation of a large number of small crystals, resulting in
small pore sizes. In contrast, at a higher temperature, DMSO has a lower nucleation rate and
a higher crystal growth rate, which leads to the formation of larger crystals, and thus larger
pore sizes. The pore sizes of the PEUU scaffold processed in liquid nitrogen were found to
be much smaller than for the scaffolds cooled to −80 and −20 °C. Also, the pore sizes of
PEUU and PEEUU scaffolds made at −80 °C were found to be smaller than for those made
at −20 °C.

The polymer solution concentration used in processing would be expected to affect pore
morphology and porosity. As the polymer solution concentration increases, the content of
DMSO in the system decreases, therefore, porosity should decrease. This trend was
observed. The effect of polymer solution concentration on pore size could be attributed to
the effect of polymer solution viscosity and the crystallization process of DMSO. When the
polymer solution concentration is increased, the viscosity of the solution increases, upon
quenching, the growth rate of DMSO crystals decreases and forms a large number of smaller
crystals resulting in smaller pores.

Pore morphologies in the produced PEUU and PEEUU scaffolds were found to exhibit
either random or oriented structures, depending on the processing conditions. The mould
employed has an open outer and inner surface, thus heat transfer occurs from these surfaces
to the middle of the scaffold and DMSO crystals might grow following these directions and
form oriented pores. Ma and Zhang [29] described the creation of tubular pores by
employing a heat transfer gradient and crystal growth in the heat transfer direction when
preparing poly(lactic acid) scaffolds. The variability observed in morphologies in the current
system might be attributed to the effect of viscosity on crystal growth kinetics. When the
polymer solution concentration and viscosity are low, during quenching, the crystals may
grow rapidly and not exhibit sensitivity to the heat transfer direction. Alternatively, if the
polymer solution concentration is high, the viscosity of the polymer/DMSO system may lead
to slow crystal growth during quenching, minimizing the impact of the transient temperature
gradient and resulting in random pore structures.

The PEUU and PEEUU scaffolds were found to be flexible with tensile strengths from 0.97
to 1.64 MPa and breaking strains from 214% to 294% for PEUU scaffolds, and tensile
strengths from 0.59 to 1.68 MPa and breaking strains from 47% to 197% for PEEUU
scaffolds. The tensile strengths of the scaffolds were comparable to the canine thoracic aorta
(0.9±0.1 MPa) [30] while the breaking strains were generally greater than that of human
femoral and popliteal arteries (about 90%) [31]. The mechanical properties of the scaffold
depended on the pore structure and the mass of polymer in the scaffolds. In general, as the
concentration of polymer solution utilized increased, the volume of the pores in scaffold
decreased and the tensile strength increased.

The in vitro degradation studies demonstrated that the scaffolds degraded at rates that might
be attractive for tissue engineering applications. The scaffolds degraded faster than non-
porous films of the same material. This is attributed to the increase in surface area with
porosity and thus the availability of more surface contact area for polymer hydrolysis. The
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scaffolds made from lower polymer solution concentrations had higher degradation rates
than those made from higher polymer solution concentrations presumably due to their higher
porosities.

In this study, the polymer films and scaffolds did not show evidence of an autocatalytic
effect during the monitored degradation process. This degradation behavior is different from
that of poly (α-hydroxyester)s such as poly(L-lactide) and poly(lactide-co-glycide) [32,33].
During the biodegradation of poly(L-lactide) and poly(lactide-co-glycide), scaffolds of low
porosity have been found to have higher hydrolytic degradation rates than high porosity
scaffolds. This could be attributed to the accumulation of carboxylic groups near the pore
walls of low porosity scaffold and acceleration of the hydrolytic reaction. Higher porosities
presumably allow better acid transport from the surfaces. The degradation behavior of
PEUU and PEEUU scaffolds in this study is similar to scaffolds made by Gomes [34] and
van Tienen [35] in which higher porosity lead to faster degradation.

In discussing the degradation properties of the scaffolds and their appropriateness for tissue
engineering applications it is worth noting that this initial study has examined degradation in
the absence of plasma enzymes and cells. Degradation in a cell-culture or in vivo
environment would be expected to be faster. Second, a proposed advantage for an
elastomeric, biodegradable scaffold is the ability to mechanically condition a tissue
engineered cell/matrix construct in vitro prior to placement (e.g. as in the case for a vascular
replacement). Subjecting the PEUU scaffolds to cyclic loads might accelerate the
degradation rates substantially. Seeded cells would need to reach a state where they were
able to bear increasing loads as the polymeric matrix degraded and lost mechanical strength.
Many parameters would determine whether such stress transfer occurs appropriately, but
this study suggests that manipulation of polymer solution concentration and porosity in the
scaffold forming process will allow manipulation of the degradation characteristics in these
PEUU and PEEUU scaffolds. This can be done in addition to altering the presence and
relative amount of ether in the selected polymer backbone [9]. The mechanical properties
were gradually lost during the first 2 weeks of degradation. At the 2 week time point, the
scaffolds were still relatively strong and flexible as evidenced by tensile strengths higher
than 0.8 MPa and elongations at break higher than 150% for the two scaffolds studied.

A common concern in developing a biodegradable scaffold for implantation is the potential
for cytotoxic or carcinogenic degradation products or the release of residual solvent used
during processing. It has been noted by earlier studies that commonly used diisocyanates in
non-degradable polyurethanes were not appropriate to use due to concerns with
carcinogenicity and cytotoxicity in the diamine degradation products [36]. Our use of BDI
as a hard segment with chain extension by putrescine would be expected to ultimately yield
a hard segment degradation product of putrescine, which is already present in the body and
has been implicated as an important mediator of cellular growth and differentiation in
response to growth factors [37–39]. Supporting our expectation of non-cytotoxic
degradation products, we did not previously find evidence of cytotoxicity in our culture of
endothelial cells with PEUU or PEEUU degradation products [8,9]. In preparing scaffolds,
DMSO was selected as the solvent due to its lower toxicity relative to other commonly used
solvents such as dioxane, and its use in cell storage procedures.

Using the filtration method, smooth muscle cells were found to uniformly distribute in the
scaffold and spread over time. The cells in the PEEUU scaffold grew faster than those
seeded in the PEUU scaffold. This may be attributed to better metabolite transport in the
PEEUU scaffold because of its increased hydrophilicity and its faster degradation rate. Of
note, the cell culture occurred in a static system. With mixed culture in, for instance, a
spinner flask or a lightly perfused scaffold, cell densities and growth might be expected to
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be higher due to improved mass transfer, and a difference between the scaffold types might
not appear.

5. Conclusions
In summary, we have demonstrated the synthesis and processing of two types of
biodegradable polyurethanes into porous scaffolds using a thermally induced phase
separation technique. The resulting scaffolds were shown to have mechanical and chemical
properties attractive for future application in soft tissue engineering. Future investigations
with these materials will necessarily involve further evaluation of cell/material constructs,
and biocompatibility evaluation in vivo.
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Fig. 1.
Electron micrographs of PEUU scaffolds prepared from different PEUU solution
concentrations and quenching temperatures. (a) PEUU580 (5%, −80 °C), longitudinal cross-
section; (b) PEUU880 (8%, −80 °C), longitudinal cross-section; (c) PEUU880 (8%, −80
°C), transverse cross-section (d) PEUU1080 (10%, −80 °C), longitudinal cross-section; (e)
PEUU1020 (10%, −20 °C), longitudinal cross-section; (f) PEUU10LN (10%, liquid
nitrogen), longitudinal cross-section. The scale bars are shown in the micrographs.
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Fig. 2.
Electron micrographs of PEEUU scaffolds prepared from different PEEUU solution
concentrations and quenching temperatures. (a) PEEUU520 (5%, −20 °C), longitudinal
cross-section; (b) PEEUU580 (5%, −80 °C), longitudinal cross-section; (c) PEEUU1020
(10%, −20 °C), longitudinal cross-section; (d) PEEUU1080 (10%, −80 °C), longitudinal
cross-section. Scale bar = 500 μm.
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Fig. 3.
Typical tensile stress–strain curves for PEUU scaffolds.
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Fig. 4.
Typical tensile stress–strain curves for PEEUU scaffolds.
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Fig. 5.
Effect of biodegradation time on the weight remaining for PEUU scaffolds.
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Fig. 6.
Effect of biodegradation time on the weight remaining for PEEUU scaffolds.
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Fig. 7.
Growth of vascular smooth muscle cells seeded in PEUU and PEEUU scaffolds. Relative
cell number refers to relative mitochondrial activity as determined by the MTT assay.
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Fig. 8.
Electron micrographs of the scaffold surfaces showing the morphology of vascular smooth
muscle cells seeded in PEUU (a, c) and PEEUU (b, d) scaffolds after 1 day (a, b) and 7 days
(c, d) of culture.
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Fig. 9.
Hematoxylin and eosin (H&E) staining of vascular smooth muscle cells in the cross-section
of PEUU (a, c) and PEEUU (b, d) scaffolds after 1 day (a, b) and 7 days (c, d) of culture.
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Scheme 1.
Synthesis of PEUU or PEEUU, the latter utilizing the triblock copolymer diol.
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Table 3

Mechanical properties of porous polyurethane scaffolds

Scaffold Strain (%) Tensile stress (MPa)

PEUU580 229±8 0.97±0.02

PEUU880 214±11 1.01±0.19

PEUU1080 294±4 1.64±0.01

PEUU1020 290±9 1.53±0.06

PEEUU580 47±11 0.59±0.04

PEEUU520 96±10 0.67±0.04

PEEUU1080 197±24 1.68±0.13

PEEUU1020 93±18 1.22±0.07
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Table 4

Mechanical properties of porous polyurethane scaffolds with degradation

Scaffold Degradation time (days) Strain (%) Tensile stress (MPa)

PEUU1080 0 294±4 1.64±0.01

PEUU1080 7 193±34 1.44±0.02

PEUU1080 14 186±8 1.13±0.15

PEEUU1080 0 197±24 1.68±0.13

PEEUU1080 7 164±33 1.03±0.07

PEEUU1080 14 159±21 0.81±0.04
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