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Abstract
The native extracellular matrix (ECM) of elastic tissues is strong and flexible and supports cell
adhesion and enzymatic matrix remodeling. In an attempt to convey these ECM properties to a
synthetic scaffold appropriate for soft tissue engineering applications, a biodegradable, elastomeric
poly(ester urethane)urea (PEUU) was combined with type I collagen at various ratios (2.5, 5, 10, 20,
50, 60, 70, 80, and 90 wt% collagen) and electrospun to construct elastic matrices. Randomly
orientated fibers in the electrospun matrices ranged in diameter from 100–900 nm, dependent on
initial polymer concentration. Picrosirius red staining of matrices and CD spectroscopy of released
collagen confirmed collagen incorporation and preservation of collagen structure at the higher
collagen mass fractions. Matrices were strong and distensible possessing strengths of 2–13 MPa with
breaking strains of 160–280% even with low PEUU content. Collagen incorporation significantly
enhanced smooth muscle cell adhesion onto electrospun scaffolds. An approach has been
demonstrated that mimics elastic extracellular matrices by using a synthetic component to provide
mechanical function together with a biomacromolecule, collagen. Such matrices may find application
in engineering soft tissue.
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INTRODUCTION
Biodegradable elastomers offer attractive mechanical properties for many soft-tissue
engineering applications where nonelastomeric biodegradable polymers are currently used. In
order to develop functionally compliant and mechanically robust tissue, evidence suggests that
scaffolds should be designed to effectively transmit mechanical signals to the developing tissue
in the dynamic in vitro or in vivo environment.1-6 To date, the majority of tissue engineering
reports in the literature have focused on a narrow series of biodegradable polyesters that are
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stiff with limited or no elastomeric properties. Therefore, several groups are actively pursuing
the development of degradable and cytocompatible elastomeric materials that could find
application in engineering soft tissues.7-13 Our laboratory has developed a family of
biodegradable polyurethanes since this material class allows for great latitude in design through
the choice of hard and soft segments and also due to its potential to serve as a processable
thermoplastic elastomer.12,13

Several types of biodegradable elastomers have been reported in the literature; however, there
are fewer reports wherein these materials are fabricated into three-dimensional scaffolds
compatible with cell growth. Techniques to fabricate porous structures for tissue engineering
include particulate leaching, solvent casting, melt molding, fiber casting, membrane
lamination, thermally induced phase separation, ink-jet printing, fused deposition modeling,
and others.14-16 Another technique, electrospinning, offers a means to process a polymer into
sub-micron diameter fibers.17 While this method was originally studied in 1914 and patented
in the 1930s,18,19 recent interest exists in its application towards development of tissue
engineering scaffolds in order to more closely mimic the size and scale of the natural
extracellular matrix.20-22 Briefly, electrospinning occurs when a polymer solution or melt is
charged with a high voltage generating an electrical force that can overcome the surface tension
of a pendant drop of the solution by first forming a conical shape called the Taylor cone23 and
then ejecting a polymer jet. The ejected jet experiences a complicated bending and whipping
instability combined with fiber splaying and rapid solvent evaporation to yield fibers of very
narrow diameters that can be collected on a grounded or charged collection surface. The
processing variables of electrospinning can greatly influence the resulting morphology and
size of the fibers. These variables include voltage magnitude, polymer feed rate, pendant drop-
collector distance, solution viscosity, solution concentration, and polymer molecular weight.

Since polymers can be electrospun from solution, the potential exists to blend biodegradable
elastomers with proteins to introduce biomacromolecules into the resulting scaffold. Elastic
scaffolds might be modified to incorporate biological activity from proteins found in the
extracellular matrix such as growth factors, adhesive proteins, and structural proteins as well
as to introduce enzyme sensitivity for remodeling. Collagen is an obvious candidate given its
support of cell adhesion, relatively resilient conformation, and sensitivity to collagenase.24

However, fabrication of scaffolds composed of collagen alone can lead to poor mechanical
strength and the absence of the appropriate flexibility to undergo cyclic mechanical loading.
15,25 By blending with a polyurethane, the combined biofunctionality of collagen with the
mechanical properties of the polyurethane might result in an elastic matrix with potential to
impact tissue engineering approaches to soft tissue replacement.

The objective in this study was to process and characterize biodegradable, elastomeric scaffolds
with sub-micron scale fibrillar morphologies using an electrospinning technique. A previously
reported biodegradable and cytocompatible poly(ester urethane)urea (PEUU) from our
laboratory based on polycaprolactone diol (PCL) and 1,4-diisocyanatobutane (BDI) was used
as the base material.12 Biofunctionality was introduced into scaffolds by blending the
polyurethane with type I collagen prior to electrospinning. We report here on the impact of
polymer concentration in the spinning solution on scaffold morphology as well as scaffold
collagen content and collagen structure preservation determined using Fourier transform
infrared spectroscopy (FTIR), picrosirius red staining, and circular dichroism (CD)
spectroscopy. Tensile mechanical properties were measured of both the cast polymer film and
the scaffolds. Furthermore, smooth muscle cell adhesion was evaluated on the electrospun
PEUU/collagen scaffolds.
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MATERIALS AND METHODS
Polymer synthesis and film fabrication

Stannous octoate (Sigma, St. Louis, MO) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
(Oakwood Products) were used as received. 1,4-diisocyanatobutane (Fluka, Milwaukee, WI)
and putrescine (Fluka) were distilled under vacuum. Polycaprolactone diol (MW = 2000,
Aldrich, Milwaukee, WI) was dried under vacuum for 48 h to remove residual water. Solvents
dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF) were dried over 4-Å
molecular sieves.

PEUU was synthesized as reported previously (Scheme 1).12 Briefly, a 2:1:1 molar ratio of
BDI:PCL:putrescine was used. First, BDI and PCL were reacted in DMSO with stannous
octoate as catalyst for3hat 75°C. The prepolymer solution was allowed to cool to room
temperature and then putrescine was added dropwise while stirring. After 18 h of reaction at
room temperature, the polymer solution was precipitated in distilled water and then wet
polymer was incubated in 2-propanol for 48 h to remove unreacted monomer. The polymer
was then dried under vacuum. PEUU transparent films were prepared from a 3-wt% solution
in DMF by casting onto Teflon dishes. Films were dried under vacuum for 48 h.

Polymer characterization
Polymer molecular weight was determined by gel permeation chromatography (GPC, Waters
Breeze V3.2, Waters 1515 isocratic HPLC pump, Waters 2414 refractive index detector) using
monodisperse polystyrene standards for calibration. Measurements were made at 35°C with
1-methyl-2-pyrrolidinone (NMP) as solvent. FTIR spectra were obtained at room temperature
using a Genesis II FTIR spectrometer.

Differential scanning calorimetry (DSC) was performed on a differential scanning calorimeter
(Shimadzu; DSC 60) under helium purge. Scanning rates of 20°C/min were used over a
temperature range of −100°C to 250°C. Tensile properties were measured on an MTS Tytron™
250 MicroForce Testing Workstation (10 mm/min crosshead speed) according to ASTM
D638-98. Five samples were tested at each condition studied.

Electrospinning
PEUU and type I acid soluble bovine collagen (Sigma) (at 0, 2.5, 5, 10, 20, 50, 60, 70, 80, and
90 final wt% of collagen) were blended at 5 wt% in HFIP under mechanical stirring at 25°C.
The polymer solution was fed by syringe pump (Harvard Apparatus) into a steel capillary (I.D.
= 0.047′) suspended vertically over the center of a cylindrical steel mesh focusing screen and
aluminum collector plate (Fig. 1). A combination of three high-voltage generators (Gamma
High Voltage Research) was employed with a high positive voltage (12 kV) to charge the steel
capillary containing the polymer solution, a negative voltage (−7 kV) to charge the aluminum
collector plate, and a slightly lower positive voltage (3 kV) to charge a steel mesh screen. The
screen acted to control the area of fiber deposition onto the aluminum plate. Preliminary
investigations without the control mesh found evidence of unwanted fiber deposition on the
outer surfaces of the fume hood containing the apparatus. This setup was similar to the multiple
field electrospinning apparatus constructed by Deitzel et al.26 By adjusting the voltage
magnitude charged to the control mesh, it was possible to minimize outside electrical
disturbances as well as to electrospin thicker scaffolds more rapidly. The component spacing
and applied voltages were optimized to provide controlled deposition of scaffolds up to 500
μm thick. PEUU was electrospun at various concentrations in HFIP (1–8 wt%) to assess the
effect of polymer concentration on scaffold morphology. Deposited scaffolds were allowed to
dry overnight at room temperature and then placed under vacuum for 48 h at 30°C.
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Scaffold characterization
Samples were sputter coated with Pd/Au and imaged with scanning electron microscopy (SEM,
JEOL JSM6330F). Fiber diameter as a function of PEUU wt% in HFIP was quantified using
digital image processing. For picrosirius red staining,27 samples were cryosectioned and fixed
on glass slides with 2% formaldehyde for 20 min. Samples were rinsed with water and then
picrosirius red solution (0.3 g Sirius red F3B and 500 mL saturated aqueous picric acid) was
added for 1 h. Next, the samples were washed twice with acetic acid solution, dehydrated with
ethanol (50, 70, 90, and 100%) and mounted. To quantify absorbance, 6-mm-diameter scaffold
discs were weighed and stained with picrosirius red as above. Next, stained scaffolds were
incubated in 0.1 N NaOH at 37°C for 30 min to transfer the stain from the scaffold to solution.
The absorbance of the solutions was read at 540 nm and normalized by dividing by scaffold
mass.

CD spectroscopy was performed to evaluate the preservation of collagen secondary structure
in the electrospun biohybrid scaffolds. Collagen was removed from the scaffolds by incubation
in 0.1M acetic acid for 48 h at 25°C and then lyophilizing the resulting solutions. CD spectra
were run on an Aviv 62A DS Circular Dichroism Spectrometer using 1 mg/mL collagen
solutions in 0.1M acetic acid at 25°C. Wavelength scans (n = 3) were performed from 280–
185 nm sampling every 1 nm with a 1-s averaging time. Scaffold mechanical properties were
measured similar to those of the cast polymer films described above.

Cellular adhesion on PEUU/collagen scaffolds
PEUU/collagen samples were punched into 6-mm-diameter discs and sterilized by immersion
in 90% alcohol for 7 h, rinsed multiple times with PBS, and then placed in media in an incubator
overnight. Media consisted of Dulbecco’s Modified Eagle Medium supplemented with 10%
fetal bovine serum supplemented with 1% penicillin-streptomycin. Vascular smooth muscle
cells isolated from a rat aorta28 (rSMCs, 8th passage) were statically seeded on scaffolds at a
density of 2 × 106 cells/mL. Cellular adhesion 1 day after cell seeding was evaluated using the
MTT mitochondrial activity assay (n = 5 per sample studied).29 Data were normalized to tissue
culture polystyrene (TCPS). Samples were also rinsed with PBS, fixed with 2.5%
glutaraldehyde and 1% osmium tetraoxide in PBS, and subjected to graded ethanol
dehydrations before being critical point dried, sputter-coated, and then imaged by SEM to
observe cellular morphology.

Statistics
Results are displayed as the mean ± standard deviation. Pearson’s correlation was used to
evaluate the linearity of the fiber diameter versus concentration plot. One-way ANOVA testing
was carried out on picrosirius absorbance, mechanical properties, and rSMC adhesion using
the Neuman-Keuls test for post hoc assessments of the differences between samples.

RESULTS
Polymer characterization

PEUU weight average molecular weight and number average molecular weight as determined
by GPC were 228,700 and 87,600, respectively, yielding a poly-dispersity index of 2.61. FTIR
spectra of PEUU indicated urethane, urea, and ester groups as well as the absence of any
unreacted isocyanate peaks (at approximately 2267 cm−1) or residual solvent. DSC results
indicated a glass transition temperature of −54.6°C and soft segment melt temperature of 41.0°
C. PEUU was flexible and found to have a tensile strength of 27 ± 4 MPa and a breaking strain
of 820 ± 70 %.
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Electrospinning
In order to fabricate scaffolds with continuous fibers of sub-micron dimensions, the feed
polymer concentration was varied and electrospun PEUU morphology was investigated by
SEM (Fig. 2). At concentrations below 2%, a “beads on a string” morphology was observed.
At polymer concentrations greater than 2%, continuous fibers were spun with diameters in the
hundreds of nanometers. A trend of increasing fiber diameter with increasing polymer
concentration was observed (Fig. 3). Pearson’s correlation for linearity revealed r = 0.87 at p
< 0.05. Scaffolds possessed fiber diameters ranging from 100 to 900 nm as a function of
polymer concentration ranging from 1 to 8%.

Scaffold characterization
Scanning electron micrographs revealed continuous fiber morphologies spun at all ratios (0,
2.5, 5, 10, 20, 50, 60, 70, 80, and 90% type I collagen) examined (Fig. 4). Different diameters
and morphologies were observed at the various PEUU/collagen ratios studied. FTIR of PEUU/
collagen samples revealed peaks characteristic of type I collagen. For example, Figure 5 shows
the FTIR spectrum of PEUU alone subtracted from the spectrum for a 50/50 PEUU/collagen
blend to yield a N—H stretch at 3310 cm−1, an amide I band at 1650 cm−1, and an amide II
band at 1560 cm−1. Picrosirius red stained PEUU/collagen electrospun scaffolds positive and
polarization microscopy revealed the presence of birefringence in the electrospun scaffolds
containing collagen. In general, more prominent staining and birefringence were observed in
samples containing at least 20% electrospun collagen. Figure 6(a) shows picrosirius staining
of electrospun PEUU/collagen (50/50) and also compares birefringence in pre-processed acid
soluble type I collagen [Fig. 6(b)], an electrospun blend of 50/50 PEUU/collagen [Fig. 6(c)],
and electrospun collagen [Fig. 6(d)]. Stain leached from scaffolds after the picrosirius staining
procedure displayed a trend of increasing absorbance with % type I collagen (Fig. 7).

CD spectra of collagen removed from the electrospun scaffolds into 0.1M acetic acid were
compared with spectra of type I collagen before processing and also type I collagen that was
thermally denatured at 50°C. Representative spectra of electrospun PEUU/collagen samples
studied are displayed in Figure 8. Table I shows the difference in ellipticities between
electrospun collagen samples relative to the collagen control at different blending ratios. The
spectrum of the collagen control exhibits a maxima peak at 221 nm and a minima peak of 197
nm. Upon thermal denaturation at 50°C, the collagen spectrum exhibited loss of the peak at
221 nm along with a difference in ellipticity of 54.36 mdeg from the non-denatured collagen.
In general, a trend of decreasing difference in ellipticity between the collagen control was
exhibited at increasing collagen ratios. This trend indicated more triple helix retention in
electrospun samples containing 50% or more collagen. Electrospun samples containing 2.5, 5,
10, and 20% collagen did not show a peak at 221 nm and had differences in minima ellipticity
>66 mdeg. Samples containing 50 and 60% collagen gave small or no peaks at 221 nm with
minima ellipticity differences from the collagen control at 45.23 and 33.26 mdeg, respectively.
Electrospun samples containing 70–100% collagen exhibited peaks at 221 nm and minima
ellipticity differences at 10.33 mdeg or less indicating greater collagen helix retention. All
electrospun samples including electrospun collagen alone possessed some secondary structure
modification as a result of the electrospinning process and exposure to the HFIP solvent. CD
signal error consisted of a few hundredths of a mdeg for all samples except near 185 nm and
is not shown for sake of clarity.

Mechanical properties
Mechanical properties of electrospun biohybrid scaffolds are summarized in Table II. Tensile
strengths ranged from 2 MPa to 13 MPa and breaking strains from 160 to 280%. Electrospun
PEUU had a tensile strength of 13 ± 4 MPa and a breaking strain of 220 ± 80%. Figure 9
displays typical stress-strain curves for PEUU film along with electrospun PEUU and
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electrospun PEUU/collagen (50/50) scaffolds. Incorporation of collagen lead to a significant
decrease in tensile strength for samples containing 2.5, 10, 50, 60, 70, 80, and 90% collagen
(p < 0.05) as well as reductions in initial and 100% modulus for samples containing 5, 10, 20,
50, 60, 70, 80, and 90% collagen (p < 0.05). No significant correlation between increasing
collagen content and breaking strain were observed for electrospun scaffolds.

Smooth muscle cell adhesion on PEUU/collagen scaffolds
Table III summarizes rat smooth muscle cell adhesion relative to TCPS after 1 day in culture
on electrospun PEUU and electrospun PEUU/collagen scaffolds. Electrospun PEUU exhibited
increased rSMC adhesion as reflected by an MTT absorbance value 118% of TCPS. Collagen
or gelatin presence led to significant increases in rSMC adhesion onto electrospun PEUU/
collagen for samples containing 5, 10, 20, 50, and 70% collagen relative to both electrospun
PEUU alone and TCPS with values ranging from 160–200% of TCPS (p < 0.05). Electron
micrographs (not shown) qualitatively supported this result showing surfaces more confluent
and with more spread cells for samples containing collagen versus PEUU alone. A typical
image representing rSMC morphology 1 day after cell seeding onto electrospun PEUU is
shown in Figure 10. The cells appeared spread and attached to the electrospun scaffolds. No
differences were observed in the cell morphologies between electrospun PEUU and the various
electrospun PEUU/collagen samples aside from the relative amount of adherent cells. It is of
note that rSMC adhesion was greater even on samples containing primarily gelatin as indicated
by CD results.

DISCUSSION
Biodegradable polyesters have been the most commonly investigated materials in developing
tissue engineering scaffolds. For example, poly(glycolic acid) (PGA), poly(lactic acid) (PLA),
and their copolymers (PLGA) are relatively stiff, nonelastic materials and are not ideally suited
for engineering of soft flexible tissues under a mechanically demanding environment such as
cardiovascular, urological, or gastrointestinal tissue. Mechanical signals are thought necessary
to develop cell alignment leading to tissue structure exhibiting the correct biomechanical
properties and function.1,2 Kim et al. showed that cyclic straining upregulated extracellular
matrix production in developing smooth muscle tissue resulting in increased mechanical
properties of the tissue constructs.3 They also demonstrated that for longer culture periods
under cyclic strain, a more elastic scaffold than PLLA-bonded PGA fibers would be necessary.
4 Reports have also shown that mechanical stimulation can lead to increased matrix production
and mechanical strength in tissue engineered cardiac muscle grafts.5 In addition, tissue
engineered blood vessels cultured under pulsatile flow were found to more closely resemble
native vessels in both histological appearance and function than vessels cultured under
nonpulsed conditions.6

Electrospinning offers a means to generate polymeric fibers with diameters in the 100–1000
nm range. This technique, first patented in the 1930s by Formhals,19 has seen recent interest
in the tissue engineering community and for other applications. Several groups have reported
on the electrospinning of PLGA.20,21 Annis et al.30 have electrospun nonbiodegradable
polyurethane for vascular graft applications and Demir et al.31 investigated the results of
various solution properties on electrospinning non-biodegradable polyurethane. Furthermore,
investigators have demonstrated spinning of natural materials such as collagen22,32 or
engineered proteins such as elastin.33,34 However, to date no groups have reported on the
electrospinning of an elastomeric biodegradable polyurethane that might be suitable for
biomedical applications.

Electrospinning is influenced by a multitude of process variables. In general, these variables
can affect the resulting size and morphology of electrospun fibers.21,35 The most notable effect
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is the transition from electrospraying (i.e., spraying droplets of polymer in contrast to
continuous nanofibers) to electrospinning. We observed a trend of increasing fiber diameter
with increasing PEUU concentration. This trend was consistent with reports in the literature
for other electrospun polymers such as poly(ethylene-co-vinyl alcohol).36 Preliminary
investigations into the effect of capillary-to-collector distance on electrospun PEUU revealed
lower fiber density at distances greater than 30 cm. Varying polymer feed rate did not appear
to have a significant effect on fiber diameter or density. HFIP was found to be an ideal
electrospinning solvent for PEUU because it evaporates rapidly, is nonflammable, and is
applicable for solubilization of polyesters or proteins such as collagen. At PEUU
concentrations <2 wt% and holding the voltage magnitudes constant (+12 kV to polymer
solution, +3 kV to steel cage, and −7 kV to Al collector plate), more of a “beads on a string”
morphology37 was observed than continuous fibers. As the polymer concentration was
increased above 2%, almost entirely continuous fibers were observed. This trend was thought
to be due to the increasing polymer concentration resulting in increased solution viscosity and
surface tension more appropriate for spinning continuous fibers.

It was desired to incorporate bioactivity to develop scaffolds capable of increased cellular
interactions as well as enzyme sensitive degradation. By incorporating these properties into
polymer scaffolds, scaffolds that degrade at least in part, due to cellular infiltration and enzyme
secretion, might be produced. To accomplish this design, we blended PEUU with type I bovine
collagen in HFIP. It was previously shown by Matthews et al.22 that this type of collagen can
be electrospun in HFIP and still retain its characteristic banding. Continuous fibers of PEUU/
collagen blends were spun at all of the polymer/protein ratios examined. To achieve this, it
was necessary to modify some electrospinning process variables to attain continuous fibers
and avoid transitioning to electrospraying. The most common modification was a slight
increase in voltage magnitude charged to the polymer solutions. For some of the higher collagen
concentrations studied, it was necessary to increase the solution feedrate. This increase in
feedrate may have contributed to the changes in fiber diameter qualitatively observed in Figure
4 at these concentrations.

To illustrate that collagen was present after treatment with HFIP, the FTIR spectrum of PEUU
was subtracted from the spectrum for a PEUU/collagen (50/50) blend. The resulting spectrum
yielded peaks characteristic of collagen as reported previously by other groups.38,39 The
presence of collagen in the electrospun scaffolds was visualized by staining with picrosirius
red. This stain, specific for collagen, reacts through its sulphonic acid groups with the basic
groups of collagen. The extended dye molecule aligns parallel with structurally intact collagen
fibers resulting in increased birefringence under polarized light.27 The scaffolds containing
blended type I collagen stained positive for picrosirius red with increased absorbance as a
function of increased collagen content (p < 0.05 for 20, 50, and 80%). The slight decrease of
the 90% collagen sample may have been a result of the lower mechanical stability and slight
shrinkage of the high collagen sample after staining and NaOH treatment. The picrosirius
absorbance trend provides some insight into the morphology of the blends indicating the
presence of collagen at the fiber surface. Samples at lower collagen contents such as 2.5, 5,
and 10% collagen may have more PEUU present on the fiber surface compared with 20% and
greater collagen samples. Water in air contact angles were found to decrease as a function of
the amount of collagen blended with PEUU to give values ranging from 75° for PEUU alone
to less than 40° with 50% collagen blended (data not shown). In addition to the trend of total
picrosirius red binding, increased birefringence under polarized light was observed with
samples containing at least 20% collagen, further suggesting the presence of non-denatured
collagen in the scaffolds.

In processing a triple helical structural biomacromolecule such as collagen in solution, it is
important to characterize the retention of the triple-helical structure in the resulting scaffold.
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Structure retention is important in providing maximal bioactivity to the scaffold in terms of its
ability to influence cell adhesion or enzymatic degradation. Furthermore, structure information
may also provide insight into the mechanical property contribution from the electrospun
collagen. CD spectroscopy is a technique that gives a relative measure of collagen triple-helical
content through comparison of the minima (ππ* amide transition) at 197 nm and maxima
(nπ*) at 221 nm of the collagen spectrum.40 From the CD results on collagen released from
electrospun PEUU/collagen blends, all samples, including electrospun collagen alone, showed
signs of some secondary structure modification. This slight modification likely resulted from
exposure to the HFIP solvent. These results are consistent with those reported by Doillon et
al.41 that HFIP does modify the secondary structure of collagen. This report also found that
cell growth was not impaired on the post-HFIP-treated collagen.41 Samples with less than 50%
collagen appeared to consist mostly of denatured collagen or gelatin and PEUU. This greater
loss of triple helix structure was perhaps due to the presence of larger amounts of PEUU
disrupting the collagen hydrogen bonding and resulting secondary structure. In general,
samples with higher collagen content (collagen >50%) possessed greater evidence of triple
helical retention with ellipticity difference values lower than that of denatured collagen,
indicating at least partial collagen structure retention at these concentrations.

While most porous scaffold processing techniques greatly reduce the mechanical properties
relative to the bulk polymer, electrospinning retains a great deal of the strength and
distensibility of the bulk PEUU. This trend is evident when comparing the stress–strain curves
of PEUU film and electrospun PEUU in Figure 9. The fibrillar microstructure of the electrospun
scaffolds may be responsible for the robust mechanical properties observed. Single electrospun
PEUU fibers would be expected to possess higher tensile strengths and lower breaking strains
compared with the cast PEUU film. However, because the network of fibers is porous, the
overall scaffold tensile strength would be expected to decrease in comparison to the PEUU
film. The attractive distension observed in the scaffolds may result from randomly orientated
fibers aligning themselves in the direction of stress. Distension would be expected to
approximate the breaking strains measured once fibers are aligned. In general, the incorporation
of collagen led to slight decreases in mechanical properties such as tensile strength in the
samples containing 2.5, 10, and 50% collagen. Larger decreases in tensile strength were
observed in samples containing 60% and greater collagen. The collagen molecules may act to
reduce hydrogen bonding interactions between the polyurethane molecules, thus eliminating
some of the physical crosslinking that give polyurethanes their impressive mechanical
properties. It was unexpected that the high collagen content samples would still be distensible
with elongations of at least 240% since the electrospun collagen sample (without PEUU) was
extremely brittle and could not be removed from the collection plate for testing.

In order to develop scaffolds that mimic the function of the native extracellular matrix, the
incorporation of a biomacromolecule such as collagen would be ideal to guide and support cell
adhesion. The data show increased smooth muscle cell adhesion to samples containing collagen
and gelatin. High adhesion values resulted even from samples containing primarily gelatin.
This trend may result simply from increased fibronectin from the culture medium binding to
gelatin. It is well known that denatured collagen possesses greater binding affinity for
fibronectin than structurally intact collagen because the binding sites on the interior of the
triple-helical collagen may be inaccessible.24 Further, another factor that may contribute to
larger cell adhesion may be the greater mechanical stability of the samples with 50% or less
collagen incorporated. Samples containing at least 50% collagen experienced some slight
contraction with time after cell seeding. This effect was most prominent in the samples with
80 and 90% collagen.
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CONCLUSION
Electrospinning was utilized to process a previously characterized biodegradable PEUU into
porous yet strong and flexible matrices with sub-micron scale fibers. Furthermore, collagen
was introduced into the matrix by blending with PEUU to result in increased cell adhesion and
mechanical properties still attractive for soft tissue engineering applications. These scaffolds
were found to possess evidence of preserved collagen structure at high collagen ratios. These
results demonstrate an approach to mimic elastic extracellular matrices by relying upon
synthetic components to provide mechanical function and augmenting this function with native
matrix proteins to provide bioactivity for cell growth and putative enzymatic degradation.
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Scheme 1.
PEUU synthesis.
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Figure 1.
Electrospinning setup consisting of a syringe pump to feed polymer solution along with a
combination of 3 high-voltage generators and a steel mesh screen to control the area of fiber
deposition.
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Figure 2.
Scanning electron micrographs of electrospun PEUU as a function of polymer concentration
in HFIP (scale bars = 1 μm)
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Figure 3.
Electrospun fiber diameter as a function of PEUU concentration in the feed solution (r = 0.87;
p < 0.05).
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Figure 4.
Scanning electron micrographs of electrospun scaffolds composed of varying ratios of PEUU
and Type I collagen.
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Figure 5.
FTIR spectra of (a) blend of 50/50 PEUU/collagen, (b) PEUU, and (c) difference spectrum
resulting from subtraction of (b) from (a). Peaks attributable to collagen are noted in the
difference spectrum.
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Figure 6.
Picrosirius red staining of electrospun PEUU/collagen blends: (a) optical micrograph of 50/50
PEUU/collagen, polarized light micrographs of (b) collagen (c) 50/50 electrospun PEUU/
collagen, and (d) 0/100 electrospun PEUU/collagen.
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Figure 7.
Absorbance normalized to scaffold mass as a function of collagen concentration for picrosirius
red stain removed by NaOH.
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Figure 8.
CD spectra of 1 mg/mL collagen removed from scaffolds in 0.1M acetic acid compared with
spectra of type I collagen control and thermally denatured type I collagen.
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Figure 9.
Typical stress-strain curves of PEUU cast film, electrospun PEUU scaffold, and electrospun
PEUU/collagen (50/50).
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Figure 10.
Representative rSMC morphology on electrospun PEUU.

Stankus et al. Page 22

J Biomed Mater Res A. Author manuscript; available in PMC 2010 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stankus et al. Page 23

TA
B

LE
 I

C
om

pa
ris

on
 o

f E
lli

pt
ic

iti
es

 o
f π
π*

 (M
in

im
a)

 a
nd

 n
π*

 (M
ax

im
a)

 T
ra

ns
iti

on
s B

et
w

ee
n 

Ty
pe

 I 
C

ol
la

ge
n 

C
on

tro
l a

nd
 C

ol
la

ge
n 

Pr
oc

es
se

d 
In

to
 e

PE
U

U
/C

ol
Sc

af
fo

ld
sa

ππ
*

nπ
*

Sa
m

pl
e

E
lli

pt
ic

ity
(m

de
g)

C
ol

la
ge

n 
el

lip
tic

ity
di

ffe
re

nc
e 

(m
de

g)
E

lli
pt

ic
ity

(m
de

g)
C

ol
la

ge
n 

el
lip

tic
ity

di
ffe

re
nc

e 
(m

de
g)

C
ol

la
ge

n
−7

2.
43

—
9.

02
—

D
en

at
ur

ed
 C

ol
la

ge
n

−1
8.

07
54

.3
6

−2
.1

8
11

.2
0

eP
EU

U
/C

ol
 (0

/1
00

)
−6

5.
29

7.
14

3.
90

5.
12

eP
EU

U
/C

ol
 (1

0/
90

)
−6

3.
62

8.
81

3.
82

5.
20

eP
EU

U
/C

ol
 (2

0/
80

)
−6

4.
46

7.
97

3.
96

5.
06

eP
EU

U
/C

ol
 (3

0/
70

)
−6

2.
10

10
.3

3
2.

54
6.

48

eP
EU

U
/C

ol
 (4

0/
60

)
−3

9.
17

33
.2

6
−0

.5
5

9.
57

eP
EU

U
/C

ol
 (5

0/
50

)
−2

7.
20

45
.2

3
0.

91
8.

11

eP
EU

U
/C

ol
 (8

0/
20

)
−5

.6
2

66
.8

1
0.

80
8.

22

eP
EU

U
/C

ol
 (9

0/
10

)
−1

.3
2

71
.1

1
0.

60
8.

42

eP
EU

U
/C

ol
 (9

5/
5)

−2
.5

4
69

.8
9

−0
.5

4
9.

56

eP
EU

U
/C

ol
 (9

7.
5/

2.
5)

−2
.7

5
69

.6
8

0.
48

8.
54

eP
EU

U
/C

ol
 (1

00
/0

)
—

—
—

—

a e 
= 

el
ec

tro
sp

un
 sc

af
fo

ld
; C

ol
 =

 c
ol

la
ge

n.

J Biomed Mater Res A. Author manuscript; available in PMC 2010 April 30.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stankus et al. Page 24

TA
B

LE
 II

Te
ns

ile
 P

ro
pe

rti
es

 o
f E

le
ct

ro
sp

un
 S

ca
ff

ol
ds

 C
om

pa
re

d 
w

ith
 C

as
t P

EU
U

 F
ilm

a

Sa
m

pl
e

In
iti

al
 m

od
ul

us
(M

Pa
)

10
0%

 m
od

ul
us

(M
Pa

)
T

en
si

le
 st

re
ng

th
(M

Pa
)

B
re

ak
in

g 
st

ra
in

(%
)

PE
U

U
 (f

ilm
)

60
 ±

 1
0

2 
± 

0.
4

27
 ±

 4
82

0 
± 

70

e-
PE

U
U

8 
± 

2
8 

± 
2

13
 ±

 4
22

0 
± 

80

e-
PE

U
U

/C
ol

 (9
7.

5/
2.

5)
7 

± 
1

7 
± 

1
8 

± 
2

16
0 

± 
40

e-
PE

U
U

/C
ol

 (9
5/

5)
6 

± 
2

6 
± 

2
10

 ±
 4

21
0 

± 
70

e-
PE

U
U

/C
ol

 (9
0/

10
)

6 
± 

2
4 

± 
2

7 
± 

3
16

0 
± 

60

e-
PE

U
U

/C
ol

 (8
0/

20
)

9 
± 

2
6 

± 
3

11
 ±

 2
17

0 
± 

40

e-
PE

U
U

/C
ol

 (5
0/

50
)

3 
± 

1
3 

± 
1

6 
± 

1
24

0 
± 

40

e-
PE

U
U

/C
ol

 (4
0/

60
)

1 
± 

0.
1

2 
± 

0.
3

3 
± 

1
28

0 
± 

10

e-
PE

U
U

/C
ol

 (3
0/

70
)

1 
± 

0.
3

1 
± 

0.
2

2 
± 

1
24

0 
± 

30

e-
PE

U
U

/C
ol

 (2
0/

80
)

1 
± 

0.
3

1 
± 

0.
1

3 
± 

0.
4

25
0 

± 
30

e-
PE

U
U

/C
ol

 (1
0/

90
)

2 
± 

0.
3

1 
± 

0.
1

2 
± 

0.
1

27
0 

± 
50

a e=
el

ec
tro

sp
un

 sc
af

fo
ld

; C
ol

 =
 c

ol
la

ge
n.

J Biomed Mater Res A. Author manuscript; available in PMC 2010 April 30.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stankus et al. Page 25

TABLE III

Cellular Adhesion 1 Day After rSMC Seeding Onto Biohybrid Scaffoldsa

Sample % TCPS

e-PEUU 117.9 ± 12.8

e-PEUU/Col (95/5)* 174.3 ± 16.4

e-PEUU/Col (90/10)* 158.6 ± 8.8

e-PEUU/Col (80/20)* 175.5 ± 16.9

e-PEUU/Col (50/50)* 196.9 ± 63.0

e-PEUU/Col (40/60) 140.7 ± 18.2

e-PEUU/Col (30/70)* 161.0 ± 20.7

e-PEUU/Col (20/80) 123.5 ± 8.5

e-PEUU/Col (10/90) 107.2 ± 16.2

a
e = electrospun scaffold; Col = collagen.

*
p < 0.05.

J Biomed Mater Res A. Author manuscript; available in PMC 2010 April 30.


