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Abstract

Biodegradable thermoplastic elastomers are attractive for application in cardiovascular tissue
construct development due to their amenability to a wide range of physical property tuning. For
heart valve leaflets, while low flexural stiffness is a key design feature, control of this parameter
has been largely neglected in the scaffold literature where electrospinning is being utilized. This
study evaluated the effect of processing variables and secondary fiber populations on the
microstructure, tensile and bending mechanics of electrospun biodegradable polyurethane
scaffolds for heart valve tissue engineering. Scaffolds were fabricated from poly(ester urethane)
urea (PEUU) and the deposition mandrel was translated at varying rates in order to modify fiber
intersection density. Scaffolds were also fabricated in conjunction with secondary fiber
populations designed either for mechanical reinforcement or to be selectively removed following
fabrication. It was determined that increasing fiber intersection densities within PEUU scaffolds
was associated with lower bending moduli. Further, constructs fabricated with stiff secondary
fiber populations had higher bending moduli whereas constructs with secondary fiber populations
which were selectively removed had noticeably lower bending moduli. Insights gained from this
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work will be directly applicable to the fabrication of soft tissue constructs, specifically in the
development of cardiac valve tissue constructs.

Keywords

Electrospinning; Bending modulus; Mechanical characterization; Structural analysis; Heart valve
tissue engineering

1. Introduction

Flexural rigidity is a functional measure that quantifies a key aspect of a surgeon's
perception regarding the appropriateness of a biomaterial for soft tissue repair. Beyond
meeting perceived mechanical requirements prior to material implantation, the selection of a
material with appropriate flexural rigidity is functionally important in avoiding a mechanical
mismatch in situ, which could lead to patient discomfort, tissue damage and a disruption of
the desired healing process [1]. In the specific case of heart valve tissue engineering,
flexural properties are of paramount importance to achieving appropriate valve function [2—
4]. Specifically, however, scaffold flexural behavior is discussed least in the literature of the
common mechanical responses.

The most common materials under development for the tissue engineering of heart valves
include decellularized extracellular matrix (ECM)-based scaffolds [5,6] and synthetic
fibrous scaffolds [7-9]. Decellularized ECM scaffolds are typically sourced from human or
xenograft valvular tissue [10-12] or small intestinal submucosa [13,14]. However,
decellularized, ECM-based scaffolds, depending upon the processing method employed, can
be hindered by inconsistent performance in terms of their mechanics and local cytotoxicity
due to residual processing agents [15].

Synthetic scaffolds have the advantage of consistent processing methodologies which can
produce reliable and tunable mechanical properties and functional results. Varieties of non-
woven fibrous scaffolds are commercially available and are typically based on polymers
utilized in other devices that have obtained regulatory approval. Synthetic scaffolds can be
seeded with cells [7-9] and have been shown to support host cell infiltration [16]. However,
many of the current materials used to produce such scaffolds have been limited by their high
stiffness and lack of mechanical anisotropy, and thus fail to approximate native valvular
tissue [17].

One method of producing non-woven fibrous scaffolds is electrospinning, which is notable
for the ability to generate structural features on the nano- to microscale [18]. Electrospun
constructs are amenable to modification during, as well as following, fabrication to
introduce functionality or modify microstructure and mechanical response. With respect to
the latter, functional groups and peptides can be introduced onto electrospun fibers through
common surface treatments [19] or by grafting them onto the polymer chain prior to solvent
processing. Scaffold porosity and packing density can be altered by the introduction of a
porogen such as salt crystals to create macropores [20], laser ablation of scaffolds following
fabrication [21], or concurrently electrospraying an aqueous medium to loosen interactions
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between polymer layers [16]. It is further possible to alter electrospun scaffold
microstructure in order to create anisotropy within the constructs. Fibers can be patterned
[22] or aligned [17] to encourage contact guidance of seeded cells [19] and produce tunable
tensile mechanical anisotropy [17]. While such structural manipulations have been
employed to alter the mechanical behavior of electrospun scaffolds under tension, a reliable
method of controlling the inherent bending modulus would be desirable to provide a more
complete approach to meeting design objectives for soft tissue constructs.

The objective of this study was to examine specific microstructural features important to
determining the flexural behavior of electrospun scaffolds suitable for heart valve tissue
engineering. Methods are highlighted for tuning the flexural response by modifying
fabrication parameters, or by introducing secondary fiber populations that may have a higher
modulus or be selectively dissolved from the scaffold following fabrication. The effect of
such construct modifications on in-plane tensile properties is also demonstrated, and effort
was made to mimic the mechanical properties of a native pulmonary valve in both flexural
and equi-biaxial tensile response.

2. Materials and methods

2.1. Scaffold fabrication

Poly(ester urethane) urea (PEUU) was synthesized as described previously [23] from
polycaprolactone diol (M, = 2000, Sigma), 1,4-diisocyanatobutane (Sigma) and putrescine
(Sigma). Scaffolds were fabricated in a manner similar to that previously reported [24].
Briefly, PEUU was dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at a concentration
of 12% (w/v) and electrospun onto a rotating and translating stainless steel mandrel (6 mm
diameter) by feeding through a charged capillary (1.19 mm ID) at 1.5 ml h™1. The mandrel
was located 17 cm from the tip of the capillary and grounded with a voltage of -5 kV. The
polymer feeding tube was charged to 12 kV. The mandrel was rotated with a tangential
speed of 8 cm s~1 and translated along its axis at 0.3, 1.5, 3.0 or 30.0 cm s™1 (Fig. 1a).

Scaffolds were electrospun from PEUU in HFIP alone, or concurrently with a secondary
polymer stream being fed from a capillary mounted in a separate location. Polycaprolactone
(PCL, Sigma, M,, = 80,000 kDa) dissolved in HFIP (8% wi/v) was electro-spun from a
capillary in a 180° opposing orientation from PEUU, at volume flow ratios of 100:0, 75:25,
50:50, 25:75 and 0:100 PEUU:PCL. In separate experiments, poly(ethylene) oxide (PEQ)
(M, = 200 kDa) in cell culture medium (Dulbecco's modified Eagle medium, 10% fetal
bovine serum, 5% penicillin/streptomycin) was electrospun from a perpendicular orientation
to PEUU in volume flow ratios of 100:0, 85:15, 75:25 and 50:50 PEUU:PEO. Following
fabrication, PEO-incorporated scaffolds were placed in distilled water for at least 4 h,
changing the water once, in order to dissolve the PEQ fibers and to leach PEO out of the
scaffold matrix. Scaffolds made from 25:75 PEUU:PEO did not maintain structural integrity
following PEO fiber removal, and were therefore not included in the study. All mechanical
characterizations of PEUU:PEO blended constructs were completed following dissolution of
the sacrificial fibers. All experimental groups were fabricated with a minimum sample
number of n =5 independently processed scaffolds.
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2.2. Imaging and structural analysis

Scaffold microstructure for all constructs was determined through scanning electron
microscopy (SEM, JEOL JSM6330F) after gold sputter coating. The resultant images were
analyzed using an automated algorithm to provide quantitative comparisons of the following
microstructural features: fiber diameter, orientation index (alignment angle distribution)
[25-27] and intersection density [28]. This algorithm is designed to limit analysis to the
surface fibers of the scaffold in order to minimize the recognition of fiber intersections when
two fibers are not in contact [28]. Fiber intersection density was normalized to fiber
diameter for comparisons as previously presented [24]. The distribution and morphology of
distinct fiber populations in multi-polymer constructs were visualized by adding fluorescein
isothiocyanate isomer 1 (0.001%, Fluka BioChemika) to the PEUU solution prior to
electrospinning and Rhodamine 101 (0.001%, Fluka BioChemika) to the PEO or PCL
solution prior to electrospinning thin mats of only several fiber layers thick. These
constructs were imaged under fluorescent microscopy (Olympus 1X71).

2.3. Mechanical testing

2.3.1. Uniaxial mechanical testing—Constructs previously immersed in distilled water
were sectioned for uniaxial mechanical testing using a dog-bone-shaped punch (Ray-Ran
Testing Equipment) and tested with an MTS Tytron 250 MicroForce Testing Workstation at
a 25 mm min~1 cross-head speed according to ASTM D638-98. Mechanical testing of
PEUU/PEO blended scaffolds was performed following PEO dissolution. Sections were cut
from each specimen so that the long axis being tested was consistent with the longitudinal
axis of the mandrel.

2.3.2. Suture retention strength—Suture retention testing was performed according to
American National Standard Institute — Association for the Advancement of Medical
Instruments (ANSI/AAMI) VP20 standards. Briefly, 5 mm x 15 mm strips of each scaffold
were sectioned so that the long axis matched with the longitudinal axis of the mandrel. A
single loop of 4-0 braided polyester suture (Syneture) was placed in each section with a 2
mm bite. The suture was then pulled at 120 mm min~1 using the same MTS Tytron 250
MicroForce Testing Workstation as above. Suture retention strength was defined as the peak
load before pullout/(suture diameter sample x thickness).

2.3.3. Biaxial mechanical testing—For biaxial mechanical testing, 10 x 10 mm
sections were removed from each construct type. Polypropylene suture (Ethicon) was cut to
form four small markers of ~1 mm diameter which were affixed to form a square in the
central region of each specimen. Samples were then floated in a room temperature
physiological saline bath and subjected to a Lagrangian membrane tension (T) controlled
protocol as previously described [24]. Equibiaxial tension was applied up to a maximum of
90 N m~1 to facilitate comparison with previous studies on valvular tissues [17,29]. Data
post-processing was completed using a preconditioned free-float reference, and was
converted to stresses using measured specimen dimensions.

2.3.4. Flexural mechanical testing—Flexural mechanical testing was performed as
previously described [30]. Briefly, sections measuring 12 x 3 mm were removed from each
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electrospun construct and reserved for flexural testing. Sections were dried and six markers
were affixed at even spacing along the edge of each specimen. Samples were immersed in a
room temperature saline bath and mounted in a custom made-holder (Fig. 1b). The holder
and bath were then raised and lowered with respect to a vertical loading bar which measured
bending moment (M) up to a maximum sample curvature of Ak = 0.15 - 0.25 mm™1,
comparable to the maximum curvature experienced by functioning pericardial bioprosthetic
heart valve leaflets and reported in previous work involving valvular biomaterials [31].
Specimen dimensions were recorded automatically through imaging software, and used to
calculate the second moment of area (I). The effective bending modulus (E) was calculated
using the Bernoulli-Euler moment—curvature equation:

M=FEIAk.

2.3.5. Statistical analyses—Statistical significance was determined using one way
analysis of variance with the Holm-Sidak method for post hoc pairwise comparisons.
Correlation coefficients were determined using Pearson's product moment correlation.

3.1. Effect of mandrel translation on dry ePEUU

Altering the translational speed of the reciprocating target mandrel during electrospinning
produced consistent microstructural and functional changes. These changes were subtle and
not readily discernible by visual inspection of micrographs (Fig. 2a). Structural analysis
uncovered a trend relating increased mandrel translational speed during fabrication to a
decrease in fiber intersection density of the electrospun scaffolds without change in any
other structural measure evaluated (Fig. 2b and c). Fiber diameters were not found to be
significantly different between groups (data not shown). High resolution inspection of these
fiber intersections demonstrated that fibers appear to be partially melded together at their
interface (Fig. 2d). Under further evaluation, fiber intersection density was found to be
strongly inversely correlated (R=-1.00, p < 0.001) with a decrease in flexural modulus
(Fig. 3a). No statistically significant differences were observed in initial uniaxial tensile
moduli or suture retention strength for these constructs (Fig. 3b and c). Further, no
significant differences were observed in the ultimate tensile strength or elongation at failure
between the constructs generated at different translational speeds (data not shown).

3.2. Effect of secondary fiber populations

Secondary fiber populations were introduced during construct fabrication to form uniform
mixed fiber constructs of varying polymer ratios. Fluorescent dyes mixed with each polymer
solution enabled visualization of independent fiber populations under confocal microscopy.
Each fiber population appeared randomly distributed throughout each scaffold, and volume
fractions of each polymer qualitatively matched that of the feed ratio used during fabrication
(Fig. 4a). SEM micrographs qualitatively depict a greater range of fiber diameters present
within the constructs; however, the fiber types cannot be differentiated under this imaging
modality (Fig. 4b). Structural analysis demonstrated that intersection density tended to
increase with higher quantities of PCL (Fig. 4c).
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Adding an increasing volume fraction of PCL fibers within the construct increased the
tensile modulus under uniaxial load (Fig. 5a). Under equal biaxial tension, all constructs
containing PCL fibers were observed to be significantly (p < 0.001) more stiff and isotropic
than unmodified PEUU fabricated under similar conditions (Fig. 5b). No additional
stiffening was observed under biaxial tension at PCL concentrations above 25%. The
addition of PCL fibers into PEUU scaffolds produced a significant increase in bending
modulus. Fractional changes in the PEUU:PCL flow rate ratio resulted in changes to the
observed bending moduli, with constructs containing the most PCL being more rigid in
bending, while those with more PEUU remaining less stiff. The inclusion of any quantity of
PCL fibers studied resulted in a significantly higher bending modulus than for simple PEUU
scaffolds (Fig. 6).

Concurrent PEO and PEUU electrospinning produced constructs with fiber populations that
appeared to be distinguishable by their diameters. Upon contact with water, constructs
containing 75 and 50% PEO macroscopically contracted and curled slightly. No
macroscopic changes were readily observed with constructs originally containing 15% PEO
following water contact. The putatively smaller PEO fibers dissolved immediately upon
contact with water, leaving PEUU fibers intact, but causing a distinct microstructural
change. No changes in fiber morphology were appreciated following longer periods of water
contact (Fig. 7a and b). Fiber intersection density within constructs that initially contained
PEO fibers was higher following PEO dissolution than that found in similarly fabricated
PEUU scaffolds without PEO fibers.

Qualitative assessment of scaffolds with dissolved PEO fiber populations found that these
materials were more malleable than those made from PEUU alone. Constructs that initially
contained 75% PEQ did not maintain mechanical integrity following immersion in water,
and were not further evaluated. Higher volume fractions of sacrificial fibers within the
PEUU based scaffolds were associated with decreasing uniaxial tensile moduli (p < 0.05)
following fiber removal (Fig. 8a). A selection of representative stress—strain curves for these
multi-component scaffolds can be found in Supplemental materials Fig. S1. However, this
did not appear to alter the suture retention strength of these constructs (Fig. 8b).
Additionally, no significant difference was observed between any PEO blended scaffold and
pure electrospun PEUU under equal biaxial tension (Fig. 8c). Scaffolds containing
increasing initial amounts of PEO had a diminishing capacity to support their own weight
when suspended as a cantilever following immersion in water compared with unmodified
electrospun PEUU (Fig. 9a, Video 1, Supplemental materials). This general phenomenon
was shown quantitatively by the relationship between increasing quantities of sacrificial
fibers and progressively lower flexural moduli following submersion in water (p < 0.05, Fig.
9b). Scaffolds containing 50% PEO had a flexural modulus statistically higher than that of
the native pulmonary valve, but which was of the same order of magnitude.

4. Discussion

How a biomaterial scaffold responds to physiologic loading is of critical importance to any
tissue engineering application, and is of particular importance when seeking to reproduce the
function of a cardiac valve. Materials utilized for valvular replacement will be subjected to
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cyclic forces up to 400-600 kPa thousands of times per day, every day. For a biomimetic
valvular replacement to function successfully, it must not succumb to mechanical fatigue
and be capable of passively stretching in the radial direction, while also remaining
unyielding in the circumferential direction under such forces [29]. Further, for natural leaflet
movement, valvular materials must flex easily during normal function [4].

It is well established that electrospinning can be used to produce fibrous scaffolds with high
levels of structural and mechanical anisotropy. During fabrication, fibers can be aligned
through electrostatic or physical manipulation including high mandrel tangential velocities
[32-35]. It has been shown that when such scaffolds comprise compliant elastomers, the
biaxial mechanical response can be designed to closely mimic that found in the native heart
valve leaflet under physiologic loads [17]. A prior report [24] has demonstrated that changes
in the density of fiber intersections can be brought on without altering fiber orientation by
introducing and varying the translational velocity of the collecting mandrel during
fabrication. In this manner, fiber orientation index and intersection density could be
decoupled, with orientation being controlled by mandrel rotation and intersection density by
mandrel translation. This was possibly enabled by slow motion of the mandrel surface both
in rotation and in translation, which could permit rapidly whipping fibers to deposit on top
of one another more closely. A faster translational speed might create a more open structure.
These subtle structural changes were also associated with changes in mechanical response.
Low translational velocities were associated with higher fiber intersection densities, which
were further associated with high strain energy and pronounced mechanical anisotropy
under equal biaxial loads. However, to date reports seeking to understand the relationship
between electro-spun scaffold morphology and flexural properties have been lacking.

In the present work, the major experimental finding was a strong inverse correlation
between fiber intersection density and bending modulus within electrospun polyurethanes.
This suggests a functional relationship between network intersection density and flexural
mechanical response. This phenomenon presents an apparent contradiction, as higher cross-
link densities would generally be thought to result in stiffer mechanical behavior. It is also
noted that polymer mass fractions within constructs at different translational speeds were
previously explored [24], and no significant differences were found. In speculating as to
what might cause this effect, it is noted that the whipping and pulling motion of the
electrospinning process introduces crystallinity into the individual polymeric fibers
[17,36,37]. High magnification micrographs of fiber intersections demonstrate that fibers
undergo some degree of melding at each intersection (Fig. 2d). These interaction points
might serve to locally disrupt the crystalline structure within the respective fibers. If this
were the case, a local amorphous region might function as a hinge point that facilitates
bending on a micro-scale. The additive combination of these weak points could translate
into a lower bulk bending modulus. Such a hypothesis remains to be explored. It may be
possible to examine the local crystallinity at fiber intersections using selected area electron
diffraction or a similar technique.

The potential to tune scaffold bending modulus was expanded upon by exploring the
introduction of secondary fiber populations. PCL fibers were included within the PEUU
fiber matrix as a means of mechanical reinforcement. Adding increasing volume fractions of
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PCL fibers was found to increase tensile modulus under uniaxial tensile load. This was in
approximate agreement with the rule of mixtures for non-unidirectional fiber reinforcement
[38]. However, no tunable response in stiffness was observed under equi-biaxial tension, as
even a small quantity of PCL produced constructs with markedly reduced compliance. One
possible explanation for such disparity between uniaxial and biaxial responses is that PCL
fibers were able to rotate during uniaxial loading, whereas this deformation was restricted
under planar biaxial loading. Structurally, such scaffolds were found to possess larger
densities of fiber intersections with increased PCL. This may be due to the secondary fiber
source producing fibers independently from the PEUU fiber source. A larger quantity of
deposited fibers in a given area would logically increase the density of intersections within a
construct. As expected, increased quantities of the much stiffer PCL produced scaffolds with
larger bending moduli. Through this method, it was possible to produce constructs with
bending moduli comparable to more rigid tissues such as costal cartilage and intact septal
cartilage [39,40].

A previous report by Baker et al. [41] introduced the technique of co-electrospinning PEO as
a sacrificial fiber population in order to improve porosity and cell infiltration. Consistent
with the results presented there, PEUU/PEO blended constructs possessed lower tensile
moduli following removal of PEO fibers with increasing quantities of sacrificial PEO fibers.
However, in the present work, a more dramatic microstructural change was observed
following PEQ dissolution. This difference is likely due to residual stress supported by the
stiff PEO fibers as the construct was fabricated and is consistent with the work presented by
Lowrey et al. [36]. Once those fibers were removed, the PEUU fibers were able to recoil.
This may help explain the decrease in tensile modulus observed under uniaxial loading, as
well as the further decrease in bending modulus. In this work, PEO was dissolved in cell
culture media in order to facilitate comparison with previous studies [16]. This technique
would also be amenable to encapsulating cells within the PEO fiber stream if the cells were
not to be directly electrosprayed [42]. It is expected that some residual protein or PEO may
adsorb onto the PEUU fibers. This would likely be in a mono-layer, and SEM images do not
suggest cross-linked protein residue that might produce substantial mechanical effect.
However, it was unexpected that introducing PEO fibers to the fabrication process appeared
to produce constructs with higher fiber intersection densities than single stream PEUU
scaffolds fabricated under similar conditions. Electrostatic interactions between the two
positively charged fiber streams during fabrication may have had an effect on fiber
deposition patterns.

The combination of low mandrel translational speed and the introduction of a sacrificial
fiber population during fabrication was able to produce scaffolds with little resistance to
bending. For soft tissue repair, in general, this is an attractive feature in scaffold
development to prevent injury to healthy surrounding tissue as well as to ingrowing tissue
during healing. For example, an ideal mesh for abdominal wall repair must also drape
properly for optimal healing and surgical handling during implantation [1]. This behavior is
directly related to the flexural rigidity of the mesh. The overall functional measure of
flexural rigidity, neglecting tension and compression, is defined as D = El, where | is the
second moment of inertia, which is proportional to the thickness cubed. Therefore, it is
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possible to decrease the thickness of any material in order to produce a tissue construct that
is functionally less stiff in bending despite its modulus. However, this will necessarily be
accompanied with decreased suture retention strength, increasing the risk of rupture at the
anastomosis. Further, for degradable materials, there exists a minimal thickness necessary
for appropriate tissue ingrowth and remodeling prior to mechanical failure. This would
depend on the structure of the material, mechanical response and degradation rate in vivo.
Constructs fabricated thinner than the critical thickness would be expected to prematurely
degrade before ingrown tissue could mechanically function under physiologic loads in situ.
Altering the bending modulus of a construct can allow for a greater range of flexural rigidity
while maintaining adequate suture retention strength and preventing premature degradation.

Results presented in this paper demonstrate the capability of fabricating elastomeric
scaffolds with good tensile strength, mechanical anisotropy, as well as a bending modulus
that is significantly higher, but still on the order of magnitude of the native porcine
pulmonary valve. By slightly decreasing the thickness of the construct (in the case of
PEUU/PEO 50/50, by 13%), the methods described in this paper can be put into practice to
produce mechanically strong elastomeric constructs with flexural rigidity equal to that of
native heart valve tissue.

4.1. Limitations and future work

Several additional experiments logically follow this work in order to address the inherent
limitations of the current study. No degradation or fatigue studies were performed in order to
evaluate potential long term function of these constructs. However, it would be expected that
without cells, as the material degrades, the material will necessarily weaken and fail. The
tissue engineering paradigm would require cells to elaborate ECM to take over the
mechanical load from the degrading polymer fibers. Therefore, investigation of long term
function must be completed either in a mechanically controlled bioreactor or in vivo. Such a
study would also evaluate the appropriateness of the scaffolds’ microstructure to support
cellular infiltration and proliferation, as well as the effect of elaborated ECM on scaffold
mechanical behavior. However, it may be possible to utilize these scaffolds in a blood-
contacting position without cell seeding [43]. This would be more attractive from a
regulatory perspective and from a logistics perspective for “off-the-shelf” use. In this case, it
would be hypothesized that native vascular or circulating cells would populate the scaffold
and secrete ECM.

5. Conclusion

The function of any biomimetic heart valve replacement is dependent on adequate
mechanical response to allow for a reasonable approximation of natural leaflet movement.
For this goal, tissue engineered constructs must be extensible and mechanically anisotropic
under planar loads [29] and possess sufficiently low flexural rigidity to allow for bending
under physiologic pressures [31]. While electrospun polyurethanes have been suggested to
be attractive for heart valve applications [17], no information on their flexural properties has
been published. In this paper, methods for producing constructs with a customized bending
modulus are presented. Modification of mandrel translational speed during fabrication was
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shown to alter fiber intersection density, which was directly relatable to flexural response.
Mixed fiber constructs with higher modulus were found to have higher bending and tensile
moduli when secondary fibers were more stiff than PEUU, whereas sacrificial fibers within
scaffolds were found to decrease overall construct moduli. Moreover, combining low
translational speed during fabrication with sacrificial fiber populations produced constructs
with both high mechanical anisotropy and low bending modulus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Schematic of electrospinning apparatus for two-component scaffolds. PEUU was fed

from the same location for every group. The mandrel was rotated and translated along its
longitudinal axis at varying speeds. Secondary polymer fibers were introduced through
separate nozzles. (B) Image of a polymeric specimen loaded in the bending device (scale bar
=1cm).
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Fig. 2.

(A) SEM micrographs of representative scaffolds from each translated group (scale bar =5
um) and (B) their corresponding digitized structure. (C) A plot depicting the quantitative
relationship between translational speed during fabrication and microstructural elements.
(D) High magnification morphology of a fiber intersection.
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Fig. 3.
(A) The relationship between translational velocity during fabrication (top x axis), fiber

intersection density (bottom x axis), and bending modulus (y axis). (B) Uniaxial tensile
modulus of electrospun scaffolds fabricated under different translational velocities. (C)
Suture retention strengths of scaffolds fabricated under different translational velocities.
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(A?) Fluorescent micrograph qualitatively depicting relative distribution of PEUU fibers
(green) to PCL fibers (red) in a 75/25 volume flow rate ratio construct. Scale bar = 20 pm.
(B) Microstructure of representative PEUU/PCL blended scaffolds. Scale bar = 10 um. (C)
Change in fiber intersection density observed between PEUU/PCL ratios. No other
differences in microstructural features were observed.
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Fig. 5.

(A) Uniaxial tensile mechanical response of constructs containing increasing quantities of
PCL fibers. (B) Planar biaxial mechanical properties of PEUU:PCL blended scaffolds
groups with different symbols (+,T,*) are significantly different from one another (p < 0.05).
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Bending Modulus (MPa)
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Fig. 6.
Bending modulus of mixed polymer constructs at varying ratios of PEUU:PCL. Groups with

different symbols (#,1) are significantly different from one another, and groups with (*) are
significantly different from all other groups (p < 0.05). Solid reference line indicates the
bending modulus of native costal cartilage [39]. Dashed reference line indicates the bending
modulus of the intact septum [40].

Acta Biomater. Author manuscript; available in PMC 2015 April 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Amoroso et al. Page 19

(@]

o
«n

0.45 4

o
'S
—

0.35 4

o
w

0.25

o
e L @
PR TEN]

Normalized fiber intersections/um?
5

100% PEUU  85/15 75/25 50/50

Fig. 7.

(A?) Representative structural images of PEUU/PEO 75/25 scaffolds as-spun (dry), after 1 s
and after 4 h of soaking in water. Scale bar = 10 um. (B) Fluorescent micrographs of PEUU
(green)/PEO (red) blended constructs before (above) and after (below) treatment with water.
Scale bar = 20 um. (C) Difference in normalized fiber intersection density between as-spun
100% PEUU constructs and constructs following removal of PEO fibers; *indicates
statistical significance (p < 0.05).
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Fig. 8.

(Ag Tensile modulus of constructs containing varying quantities of PEO following contact
with water. (B) Suture retention strength of constructs following PEO fiber removal. (C)
Biaxial mechanical response of constructs following PEO fiber removal. Groups with
different symbols (#,1) are significantly different from one another (p < 0.05).
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Fig. 9.

(A?) Qualitative depiction of constructs originally containing varying amounts of PEO placed
in a cantilever position following contact with water. (B) Bending modulus of constructs
following PEO fiber removal. Reference line indicates the bending modulus of the native
pulmonary valve (491 kPa) [30]. *indicates statistical significance (p < 0.05).
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