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FABRICATION AND ANALYSIS OF COMPLEX ELECTROSPUN SCAFFOLDS
AND CONSTRUCTS
Nicholas James Amoroso, PhD
University of Pittsburgh, 2013

Tissue construct mechanics are of pivotal importance in mechanically active tissues, particularly where
the construct must assume a functional role immediately upon implantation and during the remodeling
period. While numerous methods exist to generate porous scaffolds for tissue engineering, electrospinning
has become increasingly applied as a means of generating microfibrillar scaffolds that provide surface
structures roughly comparable in scale to that seen with ECM proteins such as collagen.

Simple

mechanical relationships have been explored in electrospun scaffolds such as simple fiber alignment to
achieve planar anisotropy, however more thorough structure-function characterization has not been
pursued to date. Further, the effect of cellular or other component incorporation has not been studied. An
understanding of cellular function within scaffolds is critical for the design of seeded tissue constructs.
For these reasons, this research aimed to gain an understanding of how structural and compositional
modifications to electrospun scaffolds can result in a change in mechanical function and host response.
This research question was approached through a series of directed modifications to the electrospinning
process designed to alter the microenvironment within the scaffold. These micro-scale changes were
related to tissue-level changes in both planar biaxial and flexural mechanical response. This knowledge
was used to fabricate cellularized constructs for cardiac right ventricular outflow tract replacement in
order to discern the fate and function of implanted cells within electrospun scaffolds. The results from
this research can be combined with structural deterministic modeling in order to gain a more complete
understanding of the mechanical and biological function of cellularized electrospun constructs and
therefore help guide future work in the rational design of engineered tissues.
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1.0

1.1

INTRODUCTION

CARDIOVASCULAR DISEASE AND THE TISSUE ENGINEERING
PARADIGM

Cardiovascular disease is the leading cause of death in the United States(1). In 2008, one in
every six deaths was due to coronary heart disease, one in 18 is due to stroke, and one in nine
death certificates mentions heart failure(1). Additionally, aortic valve disease is responsible for
25,000 deaths and 95,000 valve procedures each year in the US alone(1). Despite advances in
clinical care in recent years, tissue engineering and regenerative medicine hold tremendous
potential for improving the duration and quality of life of those suffering from cardiovascular
disease and defects.
The tissue engineering paradigm has traditionally required three elements designed to
function together in order to form a replacement for a tissue of interest. The first element is a
cell source which would take the role of forming the required tissue. These cells could be stem
cells, primary cells, or even a mixed population of cells. The second element is a growth or
differentiation factor or mechanical training designed to assist the cells in producing the target
tissue. Third and finally, a scaffold is required to guide and provide structural support to the
cellular components during the repair and regeneration process. The rationale being that seeding
the scaffold with a population of cells prior to implantation would provide the body with a strong

1

starting point for regeneration of healthy tissue without excessive scar formation and loss of
function that result from an untreated defect. Some recent strategies have diverged from this
paradigm in favor of acellular constructs that rely on autologous cell infiltration upon
implantation(2). Such scaffolds have the advantage of storage life and ‘off-the-shelf’
convenience in comparison with cellularized scaffolds which would need to be seeded and
cultured with either autologous cells or allogenic cells which would be required to be on hand for
this use. On the other hand, cellularized scaffolds may have an advantage in that the necessary
building blocks of the engineered tissue – the cells – are already in place at implantation. While
the cells are responsible for elaboration of extracellular matrix (ECM) that will eventually
replace the tissue of interest, they could not adequately function without attaching to a properly
designed scaffold.

1.2

BIOMATERIALS FOR TISSUE ENGINEERING

An ideal tissue engineering construct sufficiently replaces the function of a target tissue during
the healing process. Whether that function is structural, mechanical, or chemical, some basic
form of this behavior should be preserved. As tissue repair ensues, an ideal tissue engineering
construct would controllably transfer the function to the newly formed tissue until the artificial
construct is completely eliminated by the body, replaced by a healthy functional organ. For this
sequence of events to take place, an appropriate biomaterial should be chosen as the tissue
engineering scaffold, keeping in mind that a biomaterial successful in one application may
catastrophically fail in another.

2

1.2.1

Natural Biomaterials

ECM based materials represent one class of biomaterials of interest to the tissue engineering
community(3,4).

Such materials are purified proteins such as collagen and elastin, or are

processed intact as decellularized tissues.
biocompatible and bioactive by nature.

These materials have the advantage of being
Decellularized tissues, in particular, are studied

extensively for their ability to elicit constructive inflammation and remodeling in vivo(4). A
number of reports have demonstrated successful tissue repair with robust fresh ECM elaboration
in a variety of applications(3,5–7). However, these materials are primarily limited by their lack
of attractive mechanical behavior during the early stages of the healing process(8,9). Another
important concern with decellularized materials is that biologic variability in tissues prior to
decellularization necessarily results in variability in either mechanics or bioactivity of the
decellularized result(8–10).

Further, depending upon the processing method employed,

decellularized tissues can be hindered by inconsistent performance in terms of their mechanics
and local cytotoxicity due to residual processing agents(11).

1.2.2

Synthetic Biomaterials

Synthetic polymeric materials have the advantage of tunable and robust mechanical response, as
well as material characteristics that are as consistent as is possible under controlled laboratory or
industrial settings. The primary disadvantage of polymeric biomaterials is their lack of inherent
bioactivity, which can potentially result in excessive inflammatory response or pronounced
fibrous encapsulation(4).

To combat these disadvantages, a class of polymers has been

synthesized with the specific purpose of use as biomaterials for tissue engineering (12–20). For
3

each application of interest, a different set of design parameters exist for optimal polymer
characteristics. Some polymers have been designed with biofunctional groups as side chains or
surface modifications in order to enhance cell attachment(19,21,22), reduce thrombosis(23,24),
or promote differentiation(22). The primary criteria necessary for ideal cardiovascular
biomaterials are: 1. mechanical strength and resiliency to withstand repeated mechanical forces,
2: low thrombogenicity to prevent additional cardiovascular complications, 3: adequate support
of cells without hindrance of proliferation, and 4: amenability to processing into a scaffold that
will satisfy the previous three criteria.
To satisfy these criteria, our group has synthesized a class of polyurethanes based on
FDA approved materials and reagents including a poly (ester urethane)urea (PEUU) based on
polycaprolactone and 1,4-diisocyanatobutane(12,13,15,25–27).

PEUU has been shown in

several studies to be biocompatible, mechanically robust, and tolerant to cardiovascular
applications(28–30).

Further, PEUU is amenable to a wide variety of melt and solvent

processing techniques which can impart structural features to the material which can be utilized
and provide a host of tunability with respect to mechanics and cell support.

1.2.3

Biomaterial Processing Techniques

For appropriate cellularity, tissue engineering constructs must provide sufficient void fraction for
cellular infiltration.

Toward this goal, the most popular processing techniques for tissue

engineering produce a porous structure from a polymer solution. This can be accomplished by
introducing a particulate defect such as a salt to the solution prior to solvent evaporation. The
salt can be dissolved away to produce a scaffold with a randomly distributed porous structure
and high void volume(31). Pores can also by created in solution using a technique known as
4

thermally induced phase separation (TIPS). In this procedure, a dilute polymer solution is
enclosed in a chamber and rapidly cooled, forcing the polymer out of solution. As this occurs,
voids develop which act as pores following solvent removal and drying(28). Each of these
porogenic techniques have had success in vivo with respect to cellular infiltration and
proliferation. TIPS scaffolds, in particular, are of particular interest due to the customizability of
the process. TIPS scaffolds have been fabricated with interconnected pores of a variety of
sizes(32), shapes(33), and degrees of alignment. The primary disadvantage to this technique,
however, is the low tensile moduli and lack of mechanical tunability found in fibrous scaffold
processing techniques such as electrospinning(28).

1.3

1.3.1

ELECTROSPINNING FOR TISSUE ENGINEERING APPLICATIONS

Electrospinning Background and Scientific Principles

Electrospinning is a technique which utilizes Coulombic forces in the preparation of ultrathin
fibers. This technique was developed over 100 years ago(34), however it has been the subject of
increasingly extensive research in recent years due to its ability to create fibers of 50 nm to 10
μm in diameter in comparison to 10 to 100 μm produced by more conventional extrusion
techniques(35). Such size scales are of particular interest in the medical field, as they encompass
the same order of magnitude of diameters found in native extracellular matrix (ECM), which was
hypothesized to be attractive for supporting viable cells. Indeed, many in vitro studies have
demonstrated that living cells thrive on electrospun fibers(36–41) and may be able to maintain a
phenotype more similar to that found in vivo when compared with tissue culture polystyrene(42).
5

Polymer
solution

A

Voltage
generator

Figure 1 A. A diagram of a simple
electrospinning device illustrating the
key features. B. An example scanning
electron micrograph of electrospun
Dacron. Scale bar = 10 µm

Therefore electrospun constructs have been researched and marketed for bioreactor and complex
3D culture techniques as well as tissue engineering(15). Electrospinning is further attractive to
the medical device industry as it is comparatively low cost with respect to other techniques for
nano- to micro-scale material processing and fabrication techniques.
6

In principle, electrospinning is a simple process brought on by electrostatic forces
attracting a polymer solution toward a grounded target; however the number of parameters
involved make fully understanding and controlling the process quite complex. At its most basic,
electrospinning occurs when an electric field is applied to a viscous polymer fluid in the presence
of a grounded or oppositely charged target. (Figure 1 A). A diagram of a simple
electrospinning device illustrating the key features. B. An example scanning electron
micrograph of electrospun Dacron. Scale bar = 10 µm) The polymer fluid can be a melt(43),
however it is more commonly dissolved in a strong, volatile solvent(34). Most commonly,
but not necessarily, the polymer solution is fed through a charged capillary. The voltage on
the capillary perturbs the fluid at the end nearest the target, drawing it into a cone shape
known as a ‘Taylor cone’.

When the attractive force on the solution applied by the

electrostatic field overcomes the surface tension of the fluid, the fluid begins to escape from
the tip of the Taylor cone and travel toward the counterelectrode. If a sufficient number of
polymer chain entanglements exist, the escaping fluid forms a stable, complete jet which will
deposit solid fibers onto the target(44,45).

As the jet travels

through

the

air

intramolecular electrostatic repulsions trigger a series of Raleigh instabilities which result
in a rapid, chaotic whipping motion. The whipping motion extrudes the jet to such a degree
that it is common for fiber diameters upon deposition to be much smaller than the initial size
of the jet(46). If chain entanglements are insufficient to form a contiguous jet the fluid can
break up into droplets that deposit onto the target counterelectrode. The chaotic nature of
fiber motion as they deposit upon the target produces a 2D pattern of indeterminate
topology. (Figure 1 A) As further fibers deposit on top of the initial layer, a small amount of
residual solvent is often present which permits the formation of a bound joint at the intersection
between two or more fibers(47). If no changes are made to the processing parameters over time,
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the stochastic nature of the process will allow for the formation of a 3D structure in which no
two layers are the same, but every layer shares the equivalent structural features on average(48).
There have been a number of reports(43,46,49–53) which delve into intricate detail in modeling
the physics and kinematics of electrospun fibers, however these are beyond the scope of this
dissertation and will not be discussed further.
The morphology of the fibers deposited onto the target is heavily dependent on the
qualities of the polymer solution as well as processing parameters and even ambient conditions.
Parameters which affect polymer chain interactions within solution are likely responsible for the
ability of a solution to be electrospun into intact fibers. These include controllable parameters
such as solution concentration and polymer molecular weight as well as properties of the solventpolymer system such as the Flory-Huggins interaction parameter (χ), a measure of the interaction
of the solvent molecules with the polymer chain and the polymer-polymer interactions. In a
general sense, polymer chain interactions can be considered to increase the apparent molecular
weight of the polymer in solution(54). There is a gradual transition in fiber morphology as
apparent molecular weight is increased. Below a critical value, the solution is only capable of
electrospray(46). Above this critical value, thin, broken fibers with agglomerates of polymer
which appear as ‘beads on a string’ are produced(43). Further increasing the apparent molecular
weight allows for the production of intact, beaded fibers(50). When the apparent molecular
weight is above a second critical value, fibers produced are bead free, and any further increase in
apparent molecular weight will only serve to increase the diameter of the fibers produced(50).
Fiber diameter and morphology is also controllable by a number of electrospinning assembly
parameters. A summary of these parameters can be found in Table 1(44,45,50,51,53–56).
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Table 1. A selection of important parameters in the electrospinning process and their effect on fiber
morphology. Adapted from (45,46,51,52,54–57)

Parameter

Effect on fiber morphology
Device Design

Applied voltage

Higher voltage leads to smaller fibers
Beading can occur if voltage is excessive

Flow rate

Directly correlated with fiber diameter

Gap distance

Inversely correlated with fiber diameter

Target geometry, motion,
modifications

Modifications to the target result in altered
topography, but can sometimes affect fiber
morphology

Solution Parameters
Solution concentration/viscocity
Flory-Huggins interaction parameter
(χ), polymer molecular weight

Concentration/viscosity are directly correlated with
fiber diameter. Low chain entanglements result in
beaded or broken fibers, whereas high chain
entanglement produces clean fibers

Polymer-polymer molecular
interactions

Increased interactions result in thicker fibers due to
increased apparent molecular weight

Solution conductivity

High conductivity leads to smaller, bead free fibers

Solvent evaporation rate

Less volatile solvents produce fibers that flatten and
meld together more than those processed with
volatile solvents

Relaxation time

Shorter relaxation times are hypothesized to permit
more rapid whipping and therefore smaller fibers

Ambient Parameters
Relative humidity

Higher relative humidity results in larger fibers

Temperature

Rise in temperature decreases viscosity which works
to decrease diameter. It also increases s solvent
evaporation rate
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1.3.2

Controlling Electrospun Topology

As discussed previously, electrospinning in its most basic form produces a chaotic topology of
fibers of predictable morphology.

A number of modifications have been discussed in the

literature with the purpose of producing electrospun constructs with determinate fiber
topology(57–65). Some of this work involved complex, small-scale patterning using electrodes
with patterns of high conductance or resistance(62,66). Others involved methods of controlling
the location of fiber deposition using electrostatic lenses or direct writing(57,67). Still other
studies

have

developed

techniques

for

producing

aligned

fibers

along

large

scaffolds(60,61,68,69). This can be accomplished by electrospinning onto a rapidly rotating
drum. Courtney et al. have demonstrated that by rotating the drum target with a tangential
velocity faster than the speed that the fibers accumulate, they can be physically pulled into
alignment with the rotation(68). Alternative methods of aligning fibers involve modulating the
electric field in order to drive the fibers into alignment.

An arrangement of parallel

electrodes(60), or an arrangement of knife blade style electrodes which can be used to focus the
electric field(70). Aligned fibers are of particular interest in the field of bioengineering, as a
number of tissues possess pronounced structural and mechanical anisotropy including peripheral
nerve fibers(71), tendon(72), and heart valve leaflets(68). Fabricating scaffolds with high degrees
of fiber alignment has been demonstrated to produce scaffolds which possess mechanical
anisotropy on the order of magnitude of that seen in vivo(68). Further, cells have been shown to
align with electrospun fibers in vitro(73). It has also been demonstrated that cells aligned on
such scaffolds can elaborate extracellular matrix in a similar pattern, which would be
advantageous for the function of potential engineered tissues(73,74). In conjunction with
attempts to control the topology of electrospun scaffolds, various methods have been utilized to
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quantify the scaffold microstructure(68,75). Using imaging modalities such as small angle light
scattering, optical coherence tomography, and scanning electron microscopy (SEM), structural
images have been digitized and quantified through Fast Fourier Transform(75) and customized
algorithms which have the capability of automatically detecting fiber diameter and alignment.
Recently, our group has developed an image analysis algorithm with the capability of capturing
and digitizing the complete structure of fibrous structures from a variety of image types(48). In
addition to fiber diameter and alignment, the fiber intersections can be quantified in terms of
number, position and density. This permits more complex microstructural manipulation for
improved mechanical response and a deeper understanding of force transmission from the
macro-scale to the micro-scale.

1.3.3

Modifying Electrospun Constructs for Bioactivity and Cell Infiltration

Recent research has produced a collection of techniques designed to introduce functionality to
electrospun constructs(76–79). The high surface area of electrospun scaffolds provides an
advantageous platform for drug delivery through diffusion.

Bioactive compounds can be

introduced directly into the polymer solution in order to produce a consistent distribution of drug
throughout the scaffold(80). This can only be accomplished if the drug is soluable in the same
solvent as the polymer used for the scaffold. Care must be taken, however, to ensure that any
bioactive compounds are not denatured by the volitile organic solvents used in the process.
Other techniques have been introduced to prevent interaction between the drug and organic
solvents. In 2003, Sun et al. introduced the technique of coaxial electrospinning(79). In this
technique, a uniquely designed syringe is designed with an inner chamber that is encircled by a
second chamber. These coaxial chambers remain distinct through the end of the needle. When
11

electrospinning occurs, the fibers form in a bilayer structure in the same manner as the solutions
were arranged in the needle as long as materials are chosen properly(79). This technique has
been used to fabricate electrospun fibers with two or more immiscible materials, allowing an
outer shell to be made of polymer with an aqueous center loaded with drug. In this manner,
sensitive bioactive compounds can be protected from harsh organic solvents(81). It is
additionally possible for hollow fibers to be made in this manner(79,82).
Further functionality can be introduced to electrospun scaffolds through the introduction
of additional polymer sources. When targeted toward a rotating mandrel, each polymer source
can produce a separate fiber population comprised of different materials. This permits materials
with disparate properties to be combined without being restricted to blending into one fiber
population. These fibers can be made to be evenly dispersed among each other(26) or be
deposited in a biomimetic pattern in order to instill proper mechanical functionality(83).
Additionally, the secondary or tertiary fiber populations can be comprised of extracellular matrix
(ECM) proteins(84). These proteins can be purified or in the form of solubilized decellularized
ECM materials(85). It has been shown that incorporating such ECM fiber populations into
electrospun constructs can impart biological functionality, resulting in increased host response
and de novo ECM elaboration in vivo(85).
While many electrospun constructs have been shown to be successful at supporting viable
cells on their surface, attempts to cellularize these scaffolds in vitro have met with difficulty in
terms of producing uniform cellularity through scaffold thickness.

Such attempts involve

seeding cells on the external surface of the scaffolds and allowing cells to infiltrate under culture.
It has been shown that under static culture, cell infiltration is limited to short distances on the
order of several milimeters, however perfusion culture can increase these distances(73,86). The
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cause of difficulty with seeding electrospun constructs is the pore size of the scaffolds.
Electrospun constructs have been reported to have typical porosity values of approximately 7080%(87). However the nature of the fabrication technique, particularly when fibers are aligned,
leads to tightly packed constructs with pore sizes less than the typical size of a mamillian
cell(55). Extrapolating from previous studies(88), it can be hypothesized that cells can be
hindered from penetrating deeply into scaffolds with small pores and better results may be
achieved if biomaterials for tissue engineering posessed larger pores. For this reason, methods of
improving pore size or cellularity in vitro have been extensively researched(55). Pore size can be
increased most simply through increasing fiber diameter(40,54,89), however this is potentially at
a price of less favorable cellular response(42).

Several alternative techniques include

introducing a salt to the polymer solution and dissolving it away following fabrication(31), laser
ablation(90), mechanical expansion(91) and limited protease digestion(92). Each of these
techniques, while successful in increasing pore sizes, involve disruption of intact fibers following
fabrication which could result in disrupted construct integrity or mechanics. Baker et al.
introduced a technique in which poly (ethylene oxide) (PEO) was electrospun concurrently with
polycaprolactone (PCL)(93). Following fabrication, the PEO fibers were dissolved out of the
construct leaving only a PCL skeleton. This methodology possessed the advantage of increasing
pore size without disrupting the original PCL microstructure. Follow-up studies demonstrated
robust cellularity using this technique both in vitro and in vivo(92,94).
One of the distinct advantages of electrospinning is its amenability to modification.
Several researchers have developed modalities which produce electrospun scaffolds with
fundamentally different fiber topologies in three dimensions in order to produce materials with
dramatically lower polymer densities, and possibly encourage ECM elaboration from seeded
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cells. Blakeney et al. targeted a jet toward the inner surface of a non-conductive hemispherical
dish equipped with an array of electrodes(39). This technique produced a unique electrostatic
field within the hemisphere where no region possessed a preferential attraction for the polymer
jet, allowing fiber aggregation in mid-air – producing a loose ‘cotton ball-like’ construct, which
permitted uniform cell infiltration over 7 days(39). A similar result was achieved by Phipps et al.
using a disk shaped collector with protruding needle electrodes(92). Simonet et al also produced
a scaffold with a low volume fraction of polymer by cooling the target with CO2 ice in order to
form ice crystals during fabrication which would become void space upon warming(95). This
technique was applied to a rabbit calvarial defect model by Schneider et al. using PLGA
supplemented with tricalcium phosphate nanoparticles in order to improve bioactivity(96). In
this study, the researchers compared the novel material with currently approved Bio-Oss® and
PLGA with a similar low packing density. It was found that tricalcium phosphate within the
scaffold enhanced bone formation, however the new bone possessed a more spongeous structure
in comparison to that formed by the current standard-of-care. Longer experimental endpoints
would be needed to discern if remodeling into more dense bone would occur, however similar
low density structures which have been shown to produce spongeous bone were capable of
forming dense cortical bone in the presence of an electrospun guiding membrane(97). Further,
regenerated bone from a sufficiently porous but higher density electrospun scaffold
functionalized with bioactive compounds was found to be highly mineralized and mechanically
equivalent to native cortical bone(98). Compiling these reports, it becomes apparent that an
interplay likely exists between structure, mechanical support, and chemistry during tissue
remodeling and regeneration.

For a successful engineered tissue to form, a scaffold of
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appropriate structure and mechanical response should be functionalized with bioactive
components rationally designed to promote advantageous cellular response.

1.3.4

Mechanically Appropriate Cellularized Electrospun Scaffolds

As discussed previously, structures with appropriate mechanical and structural properties are
likely vital in guiding forming tissues toward healthy, site appropriate forms. In this light, ultralow density electrospun scaffolds would likely be appropriate for loose structures such as
spongiosa(96), or non-load bearing structures such as donor-site articular cartilage defects
following autologous osteochondral transplant(99). For load bearing applications, such as the
cardiovascular system, a more mechanically robust structure is required; however this structure
should ideally be capable of providing chemical instruction to the surrounding environment.
Therefore, a cellularized thermoplastic elastomer possessing a fibrous structure amenable to
cellular proliferation and locomotion would be an attractive biomaterial for cardiovascular tissue
engineering prostheses. Toward this end, Stankus et al. developed a technique for rapidly
fabricating highly cellularized elastomeric constructs using a combination of electrospinning and
cell electrospray.

This technique, which the authors named ‘microintegration’ involved

electrospraying living cells onto a rotating mandrel concurrently with and in a perpendicular
orientation to PEUU electrospinning(100). It has been demonstrated by multiple groups that a
variety of cell types can survive the electrospray process with their phenotypes intact(100–105),
and that cells microintegrated within electrospun scaffolds can proliferate in in vitro
culture(102,104). Further, microintegrated PEUU constructs have been shown to be
mechanically robust with tensile strength, suture retention strength, and vessel burst strength well
within

safety

parameters

for

implantation
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as

cardiovascular

tissue

engineering

prostheses(100,102).

It can be hypothesized that not only would microintegrated cells be

capable of contributing to the regenerated tissue in terms of cellularity and elaborated ECM, but
they would also be capable of expressing chemotactic factors to encourage host cell infiltration
into the growing matrix. However, to date, the fate and function of these microintegrated cells
remain unclear.

1.3.5

Toward the Rational Design of Electrospun Cardiovascular Tissue Engineering

Prostheses

A critical feature in the development of any bioprosthetic device is the engineering process. All
materials that comprise the device must be sufficiently biocompatible in that they must not
produce a negative reaction in vivo and must also withstand or predictably react to any
mechanical or chemical forces that it experiences. Understanding the response and function of
any device in vivo is an extremely time consuming, difficult and expensive process, so much of
the early evaluation work is performed in simulated in vivo environments. Cell microintegrated
scaffolds are uniquely suited for this evaluation as they are fabricated with a dense cell
population throughout the thickness of the scaffold. Stella et al. performed a series of studies
which utilized cellularized electrospun scaffolds to recapitulate the micro-scale interactions
which occur between ECM and cells in native and engineered tissues and evaluate the effect of
mechanical deformation on the integrated cells(106,107). The most critical piece of information
validated in this work was that deformations in the immediate microenvironment surrounding a
cell directly relates to the cellular deformations as observed by the nuclear aspect ratio. Macroscale deformations do not necessarily translate directly to similar levels of micro-scale
deformation due to the sum of individual fiber deformations in the electrospun network(106).
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Moreover it was demonstrated that physiologic strains during bioreactor culture were associated
with pronounced, robust ECM elaboration(107). These studies highlight the need for
microstructural and mechanical evaluation paired with structural deterministic modeling during
the device development stage, as well as the importance of proper mechanics in any purported
electrospun cardiovascular tissue engineering construct.

1.4

OBJECTIVES

The overall goal of this project was to develop methodologies which could be used to
mechanically and compositionally optimize elastomeric electrospun scaffolds for a variety of
cardiovascular tissue engineering applications, especially for heart valve leaflets. While a fully
cellularized, bioreactor conditioned construct would have distinct advantages in terms of tissue
present at the time of implantation, an acellular construct would be attractive from a regulatory
and practical perspective for instant ‘off-the-shelf’ use.

With this in mind, a series of

experiments were designed to study methods of tuning both planar and bending mechanical
response of electrospun scaffolds in general. Next a mechanically optimized scaffold was
implanted in vivo in order to evaluate the fate and biochemical function of microintegrated cells
at early timepoints with the goal of possibly elucidating growth factors that may be responsible
for beneficial host response.
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1.4.1

OBJECTIVE #1: Determine the effects of processing conditions and modifications

on PEUU microstructure and planar biaxial mechanical response

Previous research on evaluating scaffold microarchitecture and relating it to mechanical response
and function largely focused on fiber orientation. Recently, our group has developed a unique
algorithm that can more completely analyze the structure of these scaffolds beyond simple fiber
orientation index.

The work outlined in this aim focuses on analyzing the structure of

electrospun scaffolds and relating quantifiable micro-scale elements to macro-scale biaxial
mechanical properties. Moreover, we intended to study several modifications to the
electrospinning process that have been previously introduced but not yet adequately evaluated.
The hypothesis was that these modifications would alter the scaffold microstructure in such a
way that they change the mechanical response without significantly altering the overall fiber
orientation. This work challenged the existing paradigm of the field which suggested that fiber
orientation is the only important microstructural measure when dealing with electrospun
constructs.

1.4.2

OBJECTIVE #2: Evaluate and control the flexural response of electrospun scaffolds

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.
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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 either designed for mechanical reinforcement or to be selectively removed
following fabrication. It was determined that increasing fiber intersection densities within PEUU
scaffolds would were 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 work will be directly applicable to the fabrication of soft tissue
constructs, specifically in the development of cardiac valve tissue constructs.

1.4.3

OBJECTIVE #3: Produce biomimetic electrospun constructs with curvilinear

microstructures

Electrospun scaffolds possessing aligned fiber microstructures have been shown to possess high
degrees of mechanical anisotropy, similar to that of native heart valve tissue. However, in
mathematical models of the valve leaflet motion of such scaffolds, several regions of localized
stress and turbulent blood flow were predicted.

Such areas of unnatural force have been

associated with increased levels of thrombosis and calcification.

Small angle light scattering of native heart valves demonstrates that collagen fibers
change their main angle of orientation along the length of each leaflet. Models of valve function
further predict that such curvilinear fiber orientations would be responsible for a reduction of
localized high stress zones and therefore should provide a better functional outcome. In the
present work, we hypothesized that the direction of fiber alignment in electrospun scaffolds
could be controllable based on the geometry of the target mandrel. Following this hypothesis, we
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electrospun poly(ester urethane) urea onto a conical mandrel of varying opening angles. Each
mandrel was rotated in order to achieve a tangential velocity at the target radius of 9 m/s. This
tangential velocity was chosen based on previous studies that demonstrate this value is necessary
to create high levels of fiber alignment. This method of scaffold fabrication was capable of
producing aligned fibrous constructs where the angle of alignment varied over scaffold length.
The radius of curvature of each construct was consistent with that of the mandrel geometry.
Further, when the radius of curvature of the electrospun construct was equal to that of the native
pulmonary valve, the mechanical anisotropy was also similar to that of the native valve (scaffold
anisotropy ratio: 0.161 +/- 0.076 vs. pulmonary valve anisotropy ratio: 0.124 +/- 0.017).

1.4.4

OBJECTIVE #4: Determine the in vivo behavior and response of heterogeneous

microintegrated constructs

Our laboratory has pioneered the technique of concurrently electrospraying aqueous fluids (with
or without living cells) onto an electrospun scaffold during fabrication(102). Previous works by
our laboratory have demonstrated in vivo success with such acellular, wet processed
scaffolds(108). It is currently unclear, however, how scaffolds processed with electrosprayed,
living cells would function in vivo.

Such cellularized constructs could be potentially

advantageous as rapidly produced tissues; however it is critical that the fate and behavior of the
integrated cells be determined. By incorporating living smooth muscle and endothelial cells into
a rat right ventricular outflow tract (RVOT) replacement, it will be possible to evaluate the role
(if any) that living integrated cells play in tissue growth and remodeling in vivo.
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2.0

PROCESSING CONDITIONS AND MODIFICATIONS ON THE MICROSTRUCTURE

AND PLANAR BIAXIAL MECHANICAL RESPONSE OF ELECTROSPUN POLY(ESTER
URETHANE) UREA

This work has been adapted from the following previously published manuscript:

Amoroso NJ, D’Amore A, Hong Y, Wagner WR, Sacks MS. Elastomeric electrospun polyurethane scaffolds:
The interrelationship between fabrication conditions, fiber topology, and mechanical properties. Advanced
Materials. 2011;23(1):106-111

2.1

INTRODUCTION

Electrospinning has been gaining increasing popularity in the fabrication of engineered tissue
scaffolds due to its ability to produce nano to micro scale fibrous sheets. Many investigators have
attempted to apply various degrees of control to this process in order to produce fiber meshes
with more predictable patterns. These attempts have largely been limited to controlling fiber
alignment and have fallen into two categories: physical manipulation of the fibers by pulling
them into alignment using a rapidly spinning mandrel(68-69) or manipulation of the electric field
during fabrication(63,65).
To fully quantify the structure of native tissues and engineered fibrous scaffolds, a novel
image analysis technique(48) was recently developed to quantify fiber intersections (number,
position and density), connectivity distribution, and fiber angle distribution (Figure 2 B). This
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technique was utilized in conjunction with novel fabrication methods and comprehensive
mechanical characterization to advance our understanding of how fiber network topology affects
meso-scale mechanical properties of electrospun scaffolds. Specifically, two previously
unevaluated fabrication modalities were utilized to induce controlled alterations in fiber network
topology: (1) variation of collecting mandrel translation speed, and (2) concurrent
electrospraying of cell culture medium with or without cells or rigid particulates to emulate the
maximum possible micro-inclusion stiffness.

A

B

Figure 2. A. Schematic of the electrospinning setup. B. SEM micrograph overlaid with skeletonized representation of
the construct microstructure.

The experimental setup adopted in the current study was similar to that described
previously(102,108). Briefly, a solution of poly(ester urethane urea) (PEUU) was fed by syringe
pump through a charged capillary located horizontally from a grounded mandrel (Figure 2 A).
The mandrel was rotated at 266 rpm (~8 cm/s tangential velocity) and translated along its
rotational axis at 0.3, 1.5, 3 or 30 cm/s.

PEUU was electrospun dry (with no further

modifications to the process) or “wet” by concurrently electrospraying cell culture medium onto
the target from a perpendicular orientation to the polymer stream above the mandrel. The effect
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of cell and particulate inclusion into the fiber scaffold matrix was studied by electrospraying the
same medium containing a suspension of a known concentration of either vascular smooth
muscle cells or polystyrene microspheres into the cell culture medium. Cells were electrosprayed
at concentrations of 2 and 6 million/mL, and microspheres were electrosprayed at 7 million/mL.
Scaffolds were evaluated using biaxial mechanical testing in conjunction with structural analysis
using a custom algorithm(48).

2.2

2.2.1

METHODS

Smooth Muscle Cell Culture

Vascular smooth muscle cells, chosen for their utility in cardiovascular applications, were
isolated from Lewis rat aortas and were expanded on tissue culture polystyrene culture flasks
using Dulbecco’s modified Eagle medium (DMEM) (Lonza) supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin.

2.2.2

PEUU Synthesis

Polycaprolactone diol (PCL diol, MW = 2000 kDa, Sigma) was dried under vacuum at 50oC for
24 hours to remove any residual water. 1,4-diisocyanatobutane (BDI, Fluka) and putrescine were
vacuum distilled before use.

Tin(II) 2-ethylhexanoate and dimethyl sulfoxide (DMSO,

anhydrous) (Sigma) were used as received. Poly(ester urethane) urea (PEUU) was synthesized in
a two-step reaction according to the following protocol developed previously(13,102,108). The
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stoichiometry of the reaction was 2:1:1 of BDI:PCL diol:putrescene. The first step consisted of a
mixture of 15 wt.% solution of BDI in DMSO with a 25-wt% solution of PCL diol in DMSO in
the presence of Tin(II) 2-ethylhexanoate. This was heated to 80oC for 3.5 hours under rapid
stirring. Following the initial polymerization, the mixture was cooled to room temperature and
putrescine was added dropwise to the prepolymer solution under stirring. The flask was closed
and the reaction was continued at room temperature for 18 hours following which the polymer
was precipitated in distilled water. Unreacted monomer was removed by soaking wet polymer in
three changes of isopropanol. PEUU was dried and stored at room temperature.

2.2.3

Scaffold Fabrication and Characterization

A 12%(w/v) solution of PEUU in 1,1,1,3,3,3-hexafluoroisopropanol (Oakwood Products, Inc)
was fed at 1.5 mL/h through a stainless steel capillary (inner diameter: 1.2 mm) charged to 11 kV
and located 17 cm horizontally from a stainless steel cylindrical mandrel. (Figure 2 A) The
mandrel was 6 mm in diameter, charged to -4 kV, and rotated at 266 rpm (~8 cm/s tangential
velocity). The mandrel was translated upon its rotational axis at 0.3, 1.5, 3 or 30 cm/s. PEUU
was electrospun dry (with no further modifications to the process) or “wet” by concurrently
electrospraying cell culture medium (fed at 15 mL/hr, charged to 8 kV) onto the target from a
perpendicular orientation to the polymer stream 4.5 cm above the mandrel. The effect of cell and
particulate inclusion into the fiber scaffold matrix was studied by electrospraying the same
medium containing a suspension of a known concentration of either smooth muscle cells or
polystyrene microspheres with 10 micron diameter (Invitrogen) into the cell culture medium.
Cells were electrosprayed at concentrations of 2 and 6 million/mL, and microspheres were
electrosprayed at 7 million/mL. Concentrations of particulates in the electrospray suspensions
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were determined using a Bright-Line hemocytometer (Hausser Scientific) The mass fraction of
polymer in each scaffold was determined by first rinsing sections of known dimensions in
distilled water five times and allowing them to dry at room temperature in a desiccator over 48 h.
Polymer mass fraction was computed by dividing the mass of the electrospun sample by a
sample of cast PEUU of identical dimensions.

2.2.4

Microscopy and Fiber Architecture Characterization

After drying over 24 h the scaffold sections were gold sputter coated and imaged with SEM
(JEOL JSM6330F). Sets of five images at ~1000x magnification were chosen from each sample.
Fiber structural features were quantified from these images using a method previously
described(48). Briefly, the outer layer of fibers was isolated using a combination of threshold
segmentation followed by morphological procedures of eroding and dilating. Fiber intersections
were counted manually, and a modified Delaunay network was generated from these intersection
coordinates. The following micro-architectural data were extracted from the generated network
(Figure 2 B): (1) fiber intersection number, position and density, (2) connectivity distribution,
defined as the percentage of fiber intersections vs. number of fibers crossing a fiber intersection,
and (3) fiber orientation angle distribution. Fiber intersection density was normalized to fiber
diameter. Fiber angle distribution was further described by calculating the fiber orientation
index, defined as: the average over all fiber segments of cos2(θ), where θ represents the angle
between a fiber segment and the direction of alignment.
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2.2.5

Mechanical Characterization

Following fabrication, constructs were incubated in cell culture medium overnight at 37oC.
Samples were divided into 10 mm x 10 mm sections for testing. Slices of polypropylene suture
(Ethicon) were affixed to each section to form four small markers of ~1 mm in diameter in the
central region. Samples were then tested in a physiological saline solution at room temperature
using a Lagrangian membrane tension (T) controlled protocol as previously described(68).
Equi-biaxial tension was imposed up to a maximum of 90 N/m to facilitate comparison with
previous studies on valvular tissues(68). Data post-processing was completed using a
preconditioned free-float reference, and was converted to stresses using measured specimen
dimensions. Strain energy was defined as the work done to stretch the sample, calculated using
the following formula(109,110):
λ1

λ2

Ψ = ∫ σ 11 dλ1 + ∫ σ 22 dλ 2
1

(1)

1

Where, σ is the Cauchy stress and λ is the stretch defined by the ratio of the current
length, l, to the initial unstressed length, L, λ =

l
. Subscripts 1 and 2 refer to the circumferential
L

and longitudinal directions, respectively.
Unless mentioned otherwise, data are shown as mean +/- standard error. For each group
studied, five independent specimens were fabricated separately to define n=5 for all statistical
analyses. Significance was determined using one way ANOVA with α=0.05. Post-hoc testing
was performed using the Holm-Bonferroni method.
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2.3

RESULTS

No variations in electrospun scaffold processing studied in this work produced significant change
in mass fraction of polymer within the constructs (Table 2). Increasing the translational speed
above 0.3 cm/s while keeping all other variables constant appeared to produce a modest
stiffening (p < 0.001) of the circumferential axis, perpendicular to the axis of raster (Figure 3 A).

Table 2. Polymer mass fraction in grams within each group

POLYMER MASS FRACTION IN EACH SCAFFOLD

Rastering Speed

Dry PEUU

Wet PEUU

0.3 cm/s

0.421+/- 0.011

0.3 cm/s

0.433 +/- 0.011

1.5 cm/s

0.442 +/- 0.034

1.5 cm/s

0.451 +/- 0.014

3.0 cm/s

0.383 +/- 0.023

3.0 cm/s

0.409 +/- 0.031

30 cm/s

0.445 +/- 0.017

30 cm/s

0.379 +/- 0.005
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Image analysis revealed a pronounced decrease in fiber intersections at translational
speeds above 0.3 cm/s (p<0.01) in a pattern reminiscent of the stiffening observed in the
circumferential axis of the same constructs.
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Figure 3. A. The effect of increased translational speed
on dry PEUU biaxial mechanical properties. B. The
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This occurred without any significant change in the fiber orientation index (Figure 3 B).
Consistently, higher strain energy was observed in specimens processed under lower
translational speeds and, consequently, higher fiber intersection densities (Figure 3 C). None of
the remaining architectural features (fiber angle distribution, connectivity, fiber diameter)
identified by the image analysis algorithm demonstrated any recognizable pattern or significant
differences between groups. The inclusion of cell culture medium into the construct resulted in a
dramatic change in scaffold microarchitecture (Figure 4 A,B). Wet PEUU qualitatively appeared
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to possess a greater degree of undulation, bundling, and looping that was less common in the
‘dry’ electrospun samples. Unlike dry electrospinning, structural analysis of these scaffolds
demonstrated no significant difference in fiber intersection density over the translational speeds
studied (Figure 5 p = 0.117, 0.3 to 30 cm/s translated groups). Fiber orientation did not differ
significantly from that found in dry PEUU. Faster translational speeds during fabrication were
Dry PEUU
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Wet PEUU

B

C
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1.3
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Figure 4. A,B. Qualitative depictions of fiber microarchitecture of both dry and wet PEUU scaffolds in descending
order according to translational speed, with 0.3 cm/s on the top and 30 cm/s on the bottom. C. Comparison of the
mechanical response of dry and wet PEUU across translational speeds. (C indicates the circumferential axis,
whereas L indicates longitudinal axis) *indicates p < 0.05
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associated with pronounced stiffening in the circumferential axis (p < 0.001) (Figure 4 C).
Additionally, strain energies in this group did not differ significantly from those that
characterized the dry PEUU groups (p = 0.382,APPENDIX A). It can also be observed that
introduction of culture medium alone only affected the mechanical response of PEUU at the

Normalized Fiber Intersections/µm2

lowest translational speed studied (p < 0.001).
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Figure
5.
Comparison
between ‘wet’ and ‘dry’
processed PEUU structural
elements across translational
speeds. a. Fiber intersection
density, b. Fiber orientation
index. * indicates p < 0.05

Inspection of SEM micrographs (Figure 6) demonstrated that smooth muscle cells or
microspheres concurrently electrosprayed into the PEUU scaffolds become an integral part of the
fibrous network, in contact with multiple fibers. Interestingly, these particulates produced a
significant increase in scaffold mechanical anisotropy beyond that found in either dry or wet
PEUU at the same translational speed (Figure 7). This appears to be related to a stiffened
longitudinal direction of the construct. In contrast, increasing the concentration of cells within
the electrospray suspension did not affect the mechanical anisotropy, nor did replacing the cells
with rigid polystyrene microspheres. No significant differences were observed between any
micro-architectural parameters between microsphere integrated and wet PEUU. More
importantly, it was shown that when cells are integrated into an electrospun construct in
conjunction with the adoption of slow translational speed (0.3 cm/s) the resultant construct
possesses a mechanical response that resembles highly anisotropic soft tissues (Figure 7).

B

A

Figure 6 High resolution SEM micrographs depicting immediate microenvironment surrounding A. integrated
microspheres and B. cells. Scale bar = 5µm
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In the present study, we demonstrated that fiber topology and bulk mechanical response
can be modulated by altering the net fiber interconnection densities without altering fiber
alignment, achieved by translating the cylindrical collecting mandrel along its rotational axis at
varying rates.

It was further shown that constructs containing high densities of fiber

interconnections were associated with higher strain energies and mechanical anisotropy. Fiber
topology and bulk mechanical response were further altered through concurrent electrospraying
of cell culture medium with or without living cells or rigid particulates during fabrication. It was
discovered that a substantially higher degree of fiber intersections, but not fiber alignment, was
associated with increased mechanical anisotropy and strain energy. Moreover, both fiber
alignment and intersection density have fundamental implications for tailoring scaffold
mechanical behavior and can be independently or synergistically applied to better approximate
specific macro level native tissue mechanical responses. This knowledge provides additional
levels of control at the fabrication level on micro-scale topology and macro-scale mechanical
properties.
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These studies were made largely possible due to the introduction of a new image
analysis method for micro structural quantification. Current image processing techniques(68,75)
can only quantify fiber angle distribution(s). In contrast, the importance of number and density of
fiber intersections, network connectivity, and fiber diameter distributions on scaffold mechanical
behavior has been discussed(111). While it was expected that an increase in translational speed
would further orient the fibers due to physical motion of the mandrel, fiber alignment remained
33

consistent through an order of magnitude increase in translational speed despite a marked change
in mechanical properties (Figure 3). Previous results(68) indicated that an alignment due to
increased rotational velocity will stiffen the rotational axis, however this was not significant until
the mandrel was rotated at a tangential speed higher than 2 m/s, a much faster rotational velocity
than the one presented in this work. This finding suggests that fiber orientation alone does not
adequately describe the mechanical response of these electrospun polyurethanes. An exponential
decrease in fiber intersections was observed as translational speed was increased beyond 0.3
cm/s (Figure 3 B). This pattern is reminiscent of the change in circumferential axis compliance
observed. Furthermore, fiber intersections were shown to be correlated with strain energy
(R2=0.86) (Figure 3). As all other structural parameters remained comparable (fiber diameter,
connectivity, orientation index) across the translational speeds, it can be speculated that the fiber
intersection density is related to and potentially responsible for the observed increase in
mechanical anisotropy and strain energy, perhaps through directional restriction of fiber motion.
The precise mechanism by which this effect occurs is currently unclear, and should be elucidated
through structural deterministic modeling(111).
Concurrent electrospraying of cell culture medium onto the depositing scaffold during
fabrication also induced a distinct change in scaffold microstructure. This is likely due to an
aqueous layer that adhered to the forming scaffold as it rotated, delaying, but not preventing fiber
bonding.

It would follow that there would be more slack length, which would allow the

additional, looping and undulation observed in SEM micrographs (Figure 4). At a translational
speed of 0.3 cm/s, this leads to a more compliant mechanical response, however this appears to
be overcome by increasing the translational speed. It follows logically that the increase in
tortuosity might create artifactual fiber intersections at locations where fibers are not actually
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securely bound together. This is admittedly a limitation with the current analysis, and has an
implication in explaining the lack of definitive structural pattern with respect to translational
speed in wet PEUU images while every mechanical trend observed in dry PEUU remains
consistent.
When the electrosprayed medium is supplemented with particulates or cells, a distinct
change occurs in the mechanical response of the scaffold. The microsphere size (10 µm) was
chosen to be the same approximate physical size as the smooth muscle cells before they spread
among the fibers. A consistent pattern of a stiffened longitudinal axis was observed in the
mechanical response of particulate integrated constructs (Figure 7 A). A potential interpretation
of this phenomenon is that particulates could serve as bridges connecting fibers to an extent
beyond that which would be found with fiber intersections only. Following this assumption,
particulates and cells would act as additional fiber bonding increasing the effective fiber
intersection density and consequently raising the level of mechanical anisotropy. Additionally,
previous work in structural modeling for valvular tissue(111) provides insights into the behavior
of the longitudinal axis of these materials. Stella et al. observed that in anisotropic fibrous
materials, biaxial mechanical loading can lead to micro-scale fiber rotations which, in turn,
produce negative strain in the macro-scale response(111).

This likely contributes to the

phenomenon observed in this work and underscores the appropriateness of these scaffolds in the
development of engineered heart valve tissues.
The complexity of electrospun scaffold morphology and the consequential difficulties in
collecting quantitative structural information, particularly in wet processed PEUU, imply the
clear need for additional studies aiming to consolidate the aforementioned hypothesis.
Specifically in this context structural deterministic modeling represents an important approach in
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future studies. Micro-meso architecture based mechanical models might, for instance, be adopted
to investigate the influence of fiber intersection density on the material mechanical response.
While work in controlling bulk mechanical properties of electrospun scaffolds have
focused on modifying fiber alignment through either electric field manipulation or high
rotational velocities, the exact nature of the resulting fiber architectures and their relation to
macroscopic mechanical behavior remain elusive. The results of the present study indicate that
fiber orientation alone does not adequately describe the mechanical response of elastomeric
electrospun scaffolds.

Further, fiber alignment and intersection density can be controlled

independently, allowing for an additional level of control on scaffold microstructure. Moreover,
such control can be applied in conjunction with cell electrospraying to create highly anisotropic
cellularized constructs without utilizing high rotational velocities, which are not amenable to the
microintegration technique.(102) Mandrel translation was speculated to introduce macro-scale
mechanical changes through modification of fiber intersection density. This method of scaffold
fabrication was found to be nearly as effective in altering scaffold anisotropy as fiber alignment
due to increasing tangential velocities. Practically, wet processing and mandrel translation can be
successfully implemented as tools to reliably modify scaffold microarchitecture without altering
fiber alignment.
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3.0

MICROSTRUCTURE MANIPULATION TO TUNE BENDING STIFFNESS IN
ELECTROSPUN SCAFFOLDS FOR HEART VALVE TISSUE ENGINEERING

This work has been adapted from the following previously published manuscript:
Amoroso NJ, D'Amore A, Hong Y, Rivera CP, Sacks MS, Wagner WR. Microstructural manipulation
of electrospun scaffolds for specific bending stiffness for heart valve tissue engineering. Acta
Biomaterialia. 2012;8(12):4268-77

3.1

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(112). In the specific case of heart valve tissue engineering, flexural properties are of
paramount importance to achieving appropriate valve function(113–115). Surprisingly, 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(116,117) and synthetic fibrous
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scaffolds(118–120).

Decellularized ECM scaffolds are typically sourced from human or

xenograft valvular tissue(121,122) or small intestinal submucosa(123,124).

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(11)
Synthetic scaffolds have the advantage of consistent processing methodologies which can
produce reliable and tunable mechanical properties and functional results. Varieties of nonwoven 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(118–120) and have been shown to support host cell infiltration(108). 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(68).
One method of producing non-woven fibrous scaffolds is electrospinning, which is
notable for the ability to generate structural features on the nano to micro scale(46). 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(42) 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 macro pores(31), laser ablation of scaffolds following fabrication(90), or
concurrently electrospraying an aqueous medium to loosen interactions between polymer
layers(11). It is further possible to alter electrospun scaffold microstructure in order to create
anisotropy within the constructs. Fibers can be patterned(62) or aligned(68) to encourage contact
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guidance of seeded cells(42) and produce tunable tensile mechanical anisotropy(68). 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 report 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.

3.2

3.2.1

MATERIALS AND METHODS

Scaffold Fabrication

Poly(ester urethane) urea (PEUU) was synthesized as described previously in Chapter 2.
Scaffolds were fabricated in a manner similar to Chapter 2 with some modifications. 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 I.D.) at 1.5 mL/hr. The mandrel was located 17 cm
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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 and translated
along its axis at either 0.3, 1.5, 3.0, or 30.0 cm/s. (Figure 8 A)
A

Circumferential
axis

ω

Polymer
PEUU
Source
Source
Polymer #2 Source

+kV
+kV

B
Bending Bar

Sample

Figure 8. 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 = 1 cm)

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, Mn = 80,000 kDa) dissolved in HFIP (8% w/v) was electrospun from a capillary in
a 180o 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 (PEO) (Mv = 200 kDa) in cell
culture medium (DMEM, 10% FBS, 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

40

PEUU:PEO. Following fabrication, PEO-incorporated scaffolds were placed in distilled water
for at least four hours, changing the water once, in order to dissolve the PEO 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 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.

3.2.2

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), and intersection density.
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(48). Fiber
intersection density was normalized to fiber diameter for comparisons as previously presented
[Chapter 2]. The distribution and morphology of distinct fiber populations in multi-polymer
constructs was visualized by adding fluorescein isothiocyanate isomer I (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).
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3.2.3

Mechanical Testing

3.2.3.1 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 crosshead 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.

3.2.3.2 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 using 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 using the same MTS Tytron 250 MicroForce Testing Workstation as above.

Suture

retention strength was defined as the peak load before pullout/(suture diameter x sample
thickness).

3.2.3.3 Biaxial Mechanical Testing
For biaxial mechanical testing, 10x10 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
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in a room temperature physiological saline bath and subjected to a Lagrangian membrane tension
(T) controlled protocol as previously described. Equi-biaxial tension was applied up to a
maximum of 90 N/m to facilitate comparison with previous studies on valvular tissues. Data
post-processing was completed using a preconditioned free-float reference, and was converted to
stresses using measured specimen dimensions.

3.2.3.4 Flexural Mechanical Testing
Flexural mechanical testing was performed as previously described. Briefly, sections measuring
12x3 mm were removed from each electrospun construct and reserved for flexural testing.
Sections were dried and 6 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. (Figure 8 B) 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
Δκ = 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. 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 = EIΔκ
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3.2.4

Statistical Analyses

Statistical significance was determined using One Way Analysis of Variance with the HolmSidak method for post-hoc pairwise comparisons. Correlation coefficients were determined
using Pearson's product moment correlation.
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Figure 9. A. SEM micrographs of representative scaffolds from each translated group (Scale bar = 5 microns)
and B. the 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

44

3.3

3.3.1

RESULTS

Effect of Mandrel Translation on Dry PEUU

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. (Figure 9 A) 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. (Figure 9 B,C) Fiber diameters were not found to be significantly different
between groups. (APPENDIX B) High resolution inspection of these fiber intersections
demonstrated that fibers appear to be partially melded together at their interface. (Figure 9 D)
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 (Figure 10 A). No statistically
significant differences were observed in initial uniaxial tensile moduli or suture retention
strength for these constructs (Figure 10 B,C). Further, no significant differences were observed
in the ultimate tensile strength or elongation at failure between the constructs generated at
different translational speeds. (APPENDIX C)
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Figure 10. 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.
Groups with different symbols
(*,†,‡) are significantly different
from each other (p < 0.05)

3.3.2

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. (Figure 11 A)
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. (Figure
11 B) Structural analysis demonstrated that intersection density tended to increase with higher
quantities of PCL (Figure 11 C).
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Figure 11. A. Fluorescent micrograph qualitatively depicting relative distribution of PEUU fibers (green) to PCL
fibers (Red) in a 25/75 volume flow rate ratio construct. Scale bar = 20 microns B. Corresponding SEM
micrographs representing each PEUU/PCL construct group. C. Change in fiber intersection density observed
between PEUU/PCL ratios. No other differences in microstructural features were observed. Groups with different
symbols (*,†,‡) are significantly different from each other (p < 0.05)

Adding an increasing volume fraction of PCL fibers within the construct increased the
tensile modulus under uniaxial load. (Figure 12 A) Under equal biaxial tension, all constructs
containing PCL fibers were observed to be significantly (p < 0.001) stiffer and isotropic than
unmodified PEUU fabricated under similar conditions. (Figure 12 B) No additional stiffening
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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. (Figure 13)
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 (Figure 14 A,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
(Figure 14 C).
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Figure 12. 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 (‡,†,*)
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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% PEO did not maintain mechanical integrity following immersion in water, and
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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. (Figure 15 A) However, this did not appear to alter the suture retention strength of
these constructs. (Figure 15 B) Additionally, no significant difference was observed between
any PEO blended scaffold and pure electrospun PEUU under equal biaxial tension. (Figure 15
C) 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 (Figure 16 A,
Video 1). 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, Figure 16 B) Scaffolds containing 50% PEO had a flexural
modulus, that was statistically higher than that of the native pulmonary valve, but which was of
the same order of magnitude.
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Figure 13. Bending modulus of
mixed polymer constructs at
varying ratios of PEUU:PCL. Red
solid reference line indicates the
bending modulus of native costal
cartilage [123]. Blue dashed
reference line indicates the
bending modulus of intact septal
cartilage[124].
Groups
with
different symbols (‡,†,₸, *) are
significantly different from one
another (p<0.05).

3.4

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 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. Further, for natural leaflet movement, valvular
materials must flex easily during normal function.
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. It has been shown that when such scaffolds are
comprised of compliant elastomers, the biaxial mechanical response can be designed to closely
mimic that found in the native heart valve leaflet under physiologic loads(68). Chapter 2 has
demonstrated that changes in the density of fiber intersections can be brought on without altering
fiber orientation by introducing and varying the translational speed 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 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 planar biaxial mechanical
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response. However, to date reports seeking to understand the relationship between electrospun
scaffold morphology and flexural properties have been lacking.
In the present chapter, 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. 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. High magnification
micrographs of fiber intersections demonstrate that fibers undergo some degree of melding at
each intersection. (Figure 9 D) 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.
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Figure 14. A. Representative structural images of PEUU/PEO 75/25 scaffolds as spun (dry), after 1
second (1s), and after 4 hours of soaking in water (4 hr). (Scale bar =10 microns. B. Fluorescent
micrographs of PEUU (green)/PEO (red) blended constructs before (above) and after (below) treatment
with water. Scale bar = 20 microns) C. Difference in normalized fiber intersection density between as
spun 100% PEUU constructs and constructs following removal of PEO fibers *indicates p < 0.05
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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 PCL
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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. 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(93,125).
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with water. B. Bending modulus of constructs following PEO fiber removal.
Reference line indicates the bending modulus of the native pulmonary valve
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A previous report by Baker et al.(93) 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 PEO
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. Once
those fibers were removed, the PEUU fibers were able to recoil. This may help explain the
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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(108). This technique would also be amenable to encapsulating
cells within the PEO fiber stream if the cells were not to be directly electrosprayed(105). It is
expected that some residual protein or PEO may adsorb onto the PEUU fibers. This would likely
be in a monolayer, 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. 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= EI, where I is the second moment of inertia, which is proportional
to the thickness cubed. Therefore, it is 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
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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 can 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 report 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, the methods described in this manuscript
can be put into practice to produce mechanically strong elastomeric constructs with flexural
rigidity equal to that of native heart valve tissue.

3.5

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
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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(126). 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.

3.6

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
and possess sufficiently low flexural rigidity to allow for bending under physiologic pressures.
While electrospun polyurethanes have been suggested to be attractive for heart valve
applications, no information on their flexural properties have been published. In this manuscript,
methods for producing constructs customized bending modulus are presented. Modification of
mandrel translational speed during fabrication was 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 stiffer 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.
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4.0

BIOMIMETIC ELECTROSPUN TISSUE CONSTRUCTS WITH CURVILINEAR
MICROSTRUCTURES

4.1

INTRODUCTION

Heart valves are sophisticated mechanical structures, which essentially act as check valves,
permitting unobstructed outward flow of blood, while preventing regurgitation. They are
exquisitely designed to function in a complex and demanding mechanical environment, opening
and closing more than 3 billion times during the average human lifetime(127).
An estimated 95,000 valve procedures are performed each year in the U.S., and aortic
valve disease is responsible for more than 25,000 annual deaths(1). Even with recent advances in
clinical care, such as percutaneous valve replacement, valve disease remains a pressing public
health issue. By 2050, the percentage of the US population over the age of 65 is projected to
increase to 23.5% from 13.4% in 2010, resulting in almost 36 million more seniors [US census].
Given that the prevalence of moderate to severe valve disease increases with age, from 0.7% in
18–44 year olds to 13.3% in the 75 years and older group(1), we can expect the number of
patients to dramatically increase. Tissue engineering and stem cell therapies hold immense
potential for the treatment of valvular heart disease.
The aortic valve ECM has a highly tuned laminar structure. Each layer comprises
roughly one third of the valve thickness and serves a specific function in the valve mechanics
and hemodynamics. The ECM nearest the aortic side of the leaflet is composed mostly of
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fibrillar type I collagen oriented in the circumferential direction. This layer is primarily
responsible for the planar mechanical response. The intermediate spongiosa layer is composed of
sulfated glycosaminoglycans. It is hypothesized that this layer provides a damping function to
reduce leaflet flutter under low loads(128,129). The ventricularis layer is composed of both
collagen and elastin and is hypothesized to be responsible for the flexural properties and
involved with closure(130).
Diseases of native aortic valves have been linked to mechanical factors, largely through
observations that lesions occur at sites that correlate spatially with distinct and localized
mechanical environments(131). For many years, valvular diseases including calcific aortic valve
disease and degenerative aortic valve disease were thought to represent a passive, degenerative
process, however, it has become increasingly clear that disease progression instead occurs
through cell mediated processes, likely influenced by both endothelial and interstitial cell
populations(132). Previous work has also demonstrated that varying tissue stretch levels alter
cytokine effects, enzymatic activity, and protein biosynthesis. Clearly, an altered stress/strain
field in AV tissue leads to multiple changes at the cellular level, leading to further changes in
ECM content and mechanical response to physiologic loading(133,134).
Under quasistatic loading conditions sufficient to induce coaptation (approximately 4 mm
Hg), Aortic and Pulmonary valves demonstrate a substantial increase in collagen fiber
orientation as measured by Small Angle Light Scattering. This trend was maintained at
physiologic transvalvular pressures. Most notably, upon loading the collagen demonstrated a
significant curvilinear nature(135). From previous literature it is clear that the microstructure and
fiber topology not only provides alignment cues, but also transmits organ level strains to the
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resident cells. It was hypothesized that by more closely recapitulating native aortic valve
collagen structure, a more effective tissue engineering scaffold will result.
Based on previous works with aligning fibers using high speed mandrels(68), it is
commonly accepted that electrospinning has the capability of producing fibers that align to the
entire surface of a mandrel. It is hypothesized that if a mandrel surface were designed to have a
circular morphology when projected onto a flat surface, an electrospun mat fabricated with the
mandrel should have a circular macrostructure when removed from the surface and its fibers
should possess a curvilinear orientation similar to that observed in native tissue.

4.2

4.2.1

MATERIALS AND METHODS

Scaffold Fabrication

A previous report(135) has demonstrated using small-angle light scattering that collagen fibers
within the belly region of valve leaflets take on a curvilinear orientation, with a change in angle
of alignment of approximately 34o. This change in alignment corresponds to the change in slope
of a line tangent to a circle with a radius of 5.13 cm (Figure 17).
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In order to mimic this structure, a conical mandrel was designed to have a flattened
projection containing a circle of radius 5.13 cm. (Figure 18) This mandrel was rotated at 1720
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Figure 17 A. Graphical representation of the collagen fibril orientation in the native pulmonary valve (above) and the
orientation angle values in each region (below). B. A circle of radius 5.13 cm will have a similar radius of curvature
as the fibrils in native valve leaflets.

rpm to achieve a tangential velocity at the target radius of 4.5 m/s. The mandrel was charged to 5 kV. For electrospinning, PEUU (12%, w/v in 1,1,1,3,3,3-hexafluoroisopropanol (Sigma)) was
fed through a stainless steel tube (ID = 1.19 mm) at a flow rate of 1.5 mL/hr. The tube was
oriented horizontally perpendicular to the axis of rotation and charged to 11 kV. Prior to
removal from the mandrel, a line was drawn on the electrospun mat using a solvent resistant
marker in order to indicate the target radius of 5.13 cm. This line was readily visible under SEM.
To validate that the tangential velocity was the only factor in producing any curvilinear

64

alignment, a second cone mandrel was fabricated with twice the height, and therefore, half of the
original opening angle. Electrospinning was performed as described above, again targeted at a
radius 5.13 cm. As a control, a cylindrical mandrel of similar size was also rotated to achieve a
tangential velocity of 4.5 m/s.
Mandrel Schematic

Flattened Projection

A

B

Line at 5cm is visible under SEM

R= 5.13 cm

8.5 cm
5.35 cm
5.8cm

Leaflet size

R = 5.13 cm

6.8 cm
Figure 18 A. Schematic used to fabricate the conical mandrel used to collect fibers. B. The flattened projection of
the conical mandrel surface includes a partial circle of radius 5.13 cm.
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4.2.2

SEM Imaging and Structural Analysis

Constructs containing cells were prepared for SEM imaging (Jeol JSM6330F) by fixing in first in
2.5% glutaraldehyde, then in 1% OsO4. Following that, they were dehydrated using a graded
series of ethanol solutions followed by hexamethyldisilazane for final drying.

Acellular

materials were kept in a desiccator as produced until ready to be imaged. For imaging, scaffolds
were Au/Pd sputter coated under vacuum to a thickness of 3.5 nm and mounted with known
orientation with respect to original mandrel dimensions. Sets of 19 images were taken at a
spacing of 1mm apart along the circumferential direction of the scaffold immediately adjacent to
the radius of interest. Structural characterization was completed using a fully automated image
analysis program as previously described(48). From each image, main fiber alignment angle,
orientation index, fiber diameter, and intersection density were extracted.

4.2.3

Cell Culture

Ovine mesenchymal stem cells isolated from bone marrow were generously donated by the
laboratory of Dr. John Mayer Jr., M.D. (Children’s Hospital of Boston). The cells were cultured
on tissue culture styrene using media containing Delbecco’s Modified Eagle’s Medium
supplemented with 10% fetal bovine serum and 5% penicillin/streptomycin. Cells were plated
onto scaffolds at a concentration of 1 x 106 cells/mL.
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4.2.4

Biaxial Mechanical Testing

Specimens were removed from each scaffold along the radius of interest and trimmed to 10 x 10
mm square sections. Biaxial mechanical testing was completed as previously described(136).
Briefly, blue polypropylene suture (Ethicon) was sectioned into 4 markers of approximately 1
mm in diameter and affixed to the surface of each section using cyanoacrylate. Subsequently,
the sections were affixed to a custom built mechanical testing apparatus using sutures attached to
four hooks per side. Samples were subjected to two equal biaxial tension controlled protocols up
to 90 N/m. The first protocol was used for preconditioning and data were collected on the last
cycle of the second protocol. Postprocessing was completed using a preconditioned freefloat
reference. Tension data were converted to stresses using known specimen dimensions.

4.2.5

Uniaxial Mechanical Testing

Constructs were sectioned for uniaxial mechanical testing using a dog-bone shaped punch (RayRan Testing Equipment). Sections were immersed in distilled water before testing with an MTS
Tytron 250 MicroForce Testing Workstation at a 25 mm/min crosshead speed according to
ASTM D638-98. Sections were cut from each specimen along the radius of interest in both the
circumferential direction and radial direction.

4.2.6

Suture Retention Strength

Two 5 mm x 15 mm strips were sectioned from each scaffold for suture retention testing.
Sections were oriented so that one would be cut parallel to the preferred fiber direction and one
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would be cut perpendicular.

These were considered circumferential and radial directions,

respectively, as would be appropriate if constructs were cut into leaflets. Testing was performed
according to American National Standard Institute – Association for the Advancement of
Medical Instruments (ANSI/ AAMI) VP20 standards. A single loop of 4-0 braided polyester
suture (Syneture) was placed in each section with a 2 mm bite and then pulled at 120 mm/min.
(MTS Tytron 250 MicroForce Testing Workstation)

Suture retention strength was defined as

the peak load before pullout/(suture diameter x sample thickness).
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Figure 19 A. Qualitative depiction of fiber alignment over biologically relevant linear distances. B. Quantitative
analysis of the change in main angle of alignment over linear distance on both conical mandrels evaluated.
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4.2.7

Statistical Analyses

Statistical significance was determined using One Way Analysis of Variance with the HolmSidak method for post-hoc pairwise comparisons.

4.3

RESULTS

Consistent with the hypothesis and previously presented works, all scaffolds fabricated had
highly anisotropic microstructures. Structural analysis quantified that the fibers that comprised
these materials were all highly aligned (OIW > 0.6). The fibers in scaffolds fabricated using
conical mandrels possessed main angles of alignment which consistently changed along the
length of the material by approximately 1.8 degrees per millimeter. Figure 19 A,B. No other
structural measure studied changed along the length of each section. Further, scaffolds fabricated
on cylindrical mandrels possessed consistent main angles of alignment along section length.
Table 3. Uniaxial mechanical properties of electrospun scaffolds fabricated on conical and cylindrical
mandrels

Initial Modulus
(MPa)

Linear Modulus
(MPa)

Conical Mandrel
(PD)

2.9 +/- 0.7

28.2 +/- 6.6

16.2 +/- 1.6

173 +/- 18

Conical Mandrel
(XD)

1.5 +/- 0.5

2.6 +/- 1.3

3.3 +/- 1.3

240 +/- 37

Cylindrical Mandrel
(PD)

20.5 +/- 4.5

29.5 +/- 7.4

12.2 +/- 0.9

151 +/- 22

Cylindrical Mandrel
(XD)

1.5 +/- 0.8

1.5 +/- 0.6

6.4 +/- 1.1

431 +/- 40

70

Ultimate Tensile
Strength
(MPa)

Breaking Strain
(%)

Consistent with previous reports(137), uniaxial mechanical testing demonstrated
pronounced differences in mechanical responses between the circumferential and radial axes of
constructs fabricated on a cylindrical mandrel in terms of initial moduli, linear moduli, and
ultimate tensile stress. (p < 0.05, Table 3) Similar behavior was observed from electrospun
constructs fabricated on conical mandrels except for a significant (p = 0.008) tow region in the
circumferential axis under uniaxial tension (Figure 20 A). This tow region was not apparent in
constructs fabricated on a cylindrical mandrel, nor was it apparent in the radial axis of any group
studied. The modulus of conical mandrel scaffolds in the tow region was not significantly
different from the initial modulus of conical mandrel scaffolds in the radial direction (Table 3).
Interestingly, no statistically significant difference was observed in suture retention between the
circumferential and radial axes of constructs fabricated on the conical mandrel, however the
radial (crosspreferred) direction of cylindrical mandrel scaffolds possessed comparatively high
suture retention strength. Both orientations of every construct evaluated in this study possessed
higher suture retention strength than commercially available vascular graft material(26). (Figure
20 B)
Cultured ovine MDSCs were observed to survive and proliferate well on the conical
mandrel scaffold surfaces, aligning with the fibers’ main angle of orientation (Figure 21 A).
Over 7 days of spinner flask culture, MDSCs formed a confluent monolayer covering the entire
scaffold surface. (Figure 21 B)
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Biaxial mechanical testing demonstrated pronounced mechanical anisotropy in all
constructs evaluated and no significant difference was found in planar mechanics between
constructs fabricated on a cylindrical mandrel and those fabricated on a conical mandrel. (Figure
22) Further, the electrospun constructs were found to have similar mechanical anisotropy to that
found in the native pulmonary valve.
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Figure 21. A. The morphology of sub-confluent MDSCs cultured on the surface of a scaffold with curvilinear fiber
microarchitectures. B. MDSCs proliferated to a confluent layer on the surface of the scaffold. Scale bar = 100 µm.

4.4

DISCUSSION

Valvular endothelial cells (VECs) have been reported in the literature to be morphologically and
behaviorally distinct from vascular endothelial cells. In-vivo, VECs align circumferentially along
the leaflet(138) which is perpendicular to blood flow, contrary to the behavior of vascular
endothelial cells.

Similarly under in-vitro culture, VECs have been reported to align

perpendicular to shear stress(138) as well as perpendicular to large tissue strains(139), which
follows logically from the mechanical behavior of valvular tissue. During opening, valves
experience significant flexure while VECs are exposed to shear due to blood flow(140). During
coaptation, valve leaflets experience significant planar stresses and large strains in the radial
direction(140). From clinical data, it is clear that both age and disease state produce alterations in
native ECM stiffness, composition and structure which alter both conduit and valve mechanical
response(132). Such changes in mechanical properties and tissue structure will have a direct
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impact on leaflet motion, and therefore hemodynamic performance of diseased valves.
Additionally, there is a body of literature which demonstrates that these changes in composition
and structure result in changes to cellular level mechanical loading for both VECs and
VICs(132,134,138,141). Further, altered micromechanics as well as fluid flow have been shown
to produce changes in the behavior and ECM elaboration pattern of VICs(142). Clearly, valvular
disease, malformed tissue structures, improper mechanical loading, and altered hemodynamics
each play a role in a vicious cycle which can lead to significant regurgitation and severe clinical
outcomes.

Circumferential Axis

Max Stretch at Max Stress

1.25

Longitudinal Axis

1.2

1.15

1.1

1.05

1

Pulmonary Valve

Cone Mandrel

Cylindrical Mandrel

Figure 22 The biaxial mechanical response of scaffolds fabricated on conical and cylindrical mandrels in
comparison to native pulmonary valve.
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It is possible that a tissue engineered scaffold which recapitulates native mechanics and
fiber microstructure may prevent the pathological remodeling seen in prosthetics to date(143).
Previous attempts to fabricate electrospun scaffolds with mechanical behaviors similar to valve
leaflets have focused on mimicking organ level mechanical response, and have achieved
appropriate levels of planar mechanical anisotropy(68) and flexural modulus(113,144). The
present work takes a divergent approach by focusing on the microstructural environment of the
scaffolds. The hypothesis of the current work was that a curvilinear fiber orientation would
create a more biomimetic microenvironment while maintaining physiologic mechanical
anisotropy.
This was accomplished by electrospinning onto a conical mandrel rotating at a tangential
velocity associated with aligned fiber morphologies. Consistent with previous results by our
group(68), scaffolds fabricated in this manner on both cylindrical and conical mandrels were
mechanically appropriate for cardiovascular biomaterial application and possessed highly
anisotropic microstructures as well as planar biaxial mechanics that mimic the anisotropy of the
native pulmonary valve at physiological load levels (Figure 21). Unlike scaffolds fabricated on
cylindrical mandrels, the constructs fabricated in this work possessed constituent fibers with
main angles of orientation that changed by 30o consistently along a linear distance consistent
with valvular geometry (Figure 19). These scaffolds were shown to be capable of supporting
and guiding the alignment and proliferation of ovine MDSCs, a cell type chosen for their ease of
isolation and clinically relevant large animal model for pediatric valvular replacement.
Recently, Fisher et al. reported on a similar technique for fabricating electrospun
scaffolds with curvilinear structures for knee meniscus tissue engineering(145). In that report,
the authors electrospun onto a disk rotating at high speeds in order to circumferentially align the
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constituent fibers. They found similar levels of alignment and change in orientation over linear
distance.

However it is important to note that in utilizing a rotating disk, more complex

electrospinning modifications such as multiple polymer electrospinning for improved pore
size(93) or concurrent cell electrospray may not be successful due to electrostatic repulsions
between electrospinning or electrospray jets(146).

4.5

LIMITATIONS AND FUTURE WORK

Several additional experiments logically follow this work in order to best evaluate this technique
for potential use in fabricating engineered heart valve tissue replacements.

First, a blood

compatibility study could be valuable in determining thrombogenicity and troubleshooting
potential issues prior to animal implantations. It is likely that a confluent external layer of viable
cells, particularly VECs or endothelial progenitor cells, would be of interest for this study.
Additionally evaluation of local tissue strains and hemodynamic performance in a flow loop
setting would be attractive in determining the success of biomimetic scaffold microstructures in
producing more natural leaflet motion and minimizing regurgitation upon closure.

4.6

CONCLUSIONS

Disruptions in the structure and biomechanical response of native valve leaflets have been
associated with changes in VIC and VEC behavior as well as pathological remodeling leading to
organ failure(132,147). There is further evidence to suggest that similar changes in micro-scale
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structure and mechanical function are responsible for bioprosthetic device failure in the
clinic(138). It was hypothesized that an electrospun construct with biomimetic curvilinear fiber
alignment would possess attractive mechanical properties and leaflet motion, as well as provide
an adequate environment for cell growth. Toward that goal, a novel technique for the consistent
production of electrospun scaffolds with circumferentially aligned constituent fibers was
presented and evaluated structurally and mechanically. This work will serve as a starting point
for the evaluation of biomimetic valvular prostheses in a pulsatile flow environment.
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5.0

FATE AND FUNCTION OF INTEGRATED CELLS WITHIN ELECTROSPUN
ELASTOMERIC CONSTRUCTS IN VIVO

5.1

INTRODUCTION

Surgical reconstruction of congenital cyanotic cardiac defects such as the Tetralogy of Fallot
often require the use of biomaterial patches to complete closure when insufficient native tissue is
available. Currently clinically used synthetic materials for these applications include Gore-Tex®
and Dacron®.

These materials, while durable and mechanically appropriate to withstand

cardiovascular forces, are not inherently bioactive and are incapable of growth and remodeling.
When these are applied to pediatric populations, reinterventions become necessary as the child
grows in order to prevent or alleviate further complications such as stenosis and
rejection(148,149).
The tissue engineering paradigm in this case, would serve to prevent many of these
complications, as a biodegradable thermoplastic elastomer could be designed and employed to
controllably degrade over time while maintaining sufficient mechanical strength to structurally
support growing tissue. Such a construct could be further processed with intrinsic bioactivity
through the incorporation of ECM proteins(150) or seeded cells(102,151). Thermoplastic
elastomer based scaffolds are additionally advantageous for these purposes due to their
amenability to various processing methods. Of such synthetic material processing methods,
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electrospinning has been shown to be appropriate for cardiovascular tissue engineering for its
ability to rapidly create fibrous constructs with physiological microstructural size scales(54).
However, until recently, efforts toward seeding electrospun scaffolds with a uniform distribution
of cells had met with little success due to insufficient pore sizes to permit cellular
infiltration(55).
The past several years have seen a number of reports published dealing with
modifications to electrospun constructs during fabrication(39,108) or following fabrication(91)
which increase pore sizes and permit greater cell movement within electrospun scaffolds.
Additionally, a method for fabricating fully cellularized electrospun constructs in a single step
has been developed by our group(100). Such techniques have permitted a greater number of
studies

involving

cellularized

electrospun

scaffolds

implanted

in

animal

models(28,39,41,80,151–156).
Despite this increasing body of literature dealing with cell seeded electrospun scaffolds in
vivo, it is not currently clear how the implanted cells interact with their host. In each of these
works, explanted scaffolds were found to be highly cellularized with a variety of cell types
consistent with the well-established inflammatory and healing response. It is generally unknown
how many of these cells were derived from the implanted cells. Some researchers have attempted
to address this question using cell tracking(151–153), and in each instance have found some
traces of implanted cells up to two months from the date of initial surgery(151,152), however
these cells account for a minority of total cellular matter in every case. Further, several reports
have shown significant differences between cellular implants and acellular implants in terms of
functional or histological outcomes(28,30,151), signifying that if implanted cells only make up a
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small portion of total cellularity at the experimental endpoints, they would logically serve some
function prior to that point.
The hypothesis of the current work was that seeded cells serve a critical function in the
early stages of the tissue repair process and continue to survive following the infiltration of host
cells. This research question was approached through the use of a full thickness right ventricular
outflow tract (RVOT) repair in an athymic nude rat model. The RVOT patch was fabricated
without cells or pre-seeded with either muscle derived stem cells (MDSCs) or primary cells
(smooth muscle cells and endothelial cells). It was expected that seeded cells of either type
would improve the healing response in terms of vascularity and elaborated ECM compared to
acellular constructs, however endothelial cells were hypothesized to provide an advantage in
terms of endocardial endothelialization.

5.2

5.2.1

MATERIALS AND METHODS

Biaxial Mechanical Testing of the RVOT

The healthy RVOT of three animals was resected from harvested hearts of age-matched Lewis
rats for mechanical evaluation in order to properly design scaffolds for passive mechanical
behavior.

Following harvesting, hearts were immersed in Ringer’s solution (82mM NaCl,

60mM KCl, 2mM CaCl2,10mM Trizma–HCl, 10mM Trizma–base, 11mM dextrose)
supplemented with verapamil (0.5mM) and ethylene glycol tetraacetic acid (EGTA, 0.5mM) for
1 h to obtain complete muscle fiber relaxation. The entire RVOT was excised and trimmed to a
6 mm x 6 mm square. Four 1 mm sections of polypropylene suture were affixed to the exterior
80

surface for strain tracking and the tissue was subjected to two 10 cycle equibiaxial tension
controlled protocols up to 40 N/m. The first protocol was used to precondition the sample and
data were recorded from the final cycle of the second protocol. Peak strains were compared with
those from historical data(157) in order to choose appropriate fabrication conditions for
generation of mechanically appropriate prosthetics.
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Figure 23 A. Schematic of the
scaffold fabrication assembly.
B. Mechanical response of the
rat RVOT under equal biaxial
tension, overlaid by the nearest
fit of electrospun PEUU.
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5.2.2

Scaffold Fabrication

Poly (ester urethane) urea (PEUU) was synthesized as described in Chapter 2. Electrospun
scaffold fabrication was performed using methods similar to those previously reported (Chapter
2, Figure 23 A).

Briefly, PEUU was dissolved in 1,1,1,3,3,3-hexafluoroisopropanol at a

concentration of 12% (w/v) and fed through a stainless steel capillary (ID = 1.19 mm) at a rate of
1.5 mL/hr. This capillary was located 17 cm horizontally from and oriented perpendicularly to a
rotating stainless steel mandrel (6 mm diameter) which was rotated at a tangential velocity of 8.0
cm/s and translated along its rotational axis at 0.3 cm/s. Concurrently, cell culture medium was
electrosprayed from a vertical orientation onto the same mandrel. For the MDSC integrated
group, the cell culture medium contained a suspension of GFP+ MDSCs (10x106 cells/mL)
(Figure 24 A). For the primary cell type group, a suspension of GFP+ SMCs (10x106 cells/mL)
was electrosprayed sequentially with a suspension of labeled ECs (10x106 cells/mL) (Figure 24
B). PEUU electrospinning was continued for two minutes between the two cell types in order to
ensure distinct cellular regions through the construct thickness. Following fabrication, constructs
were statically cultured overnight in preparation for surgery.

5.2.3

Cell Culture

Muscle derived stem cells (MDSCs) isolated from GFP(+) Lewis rats were generously donated
by the Huard laboratory(158). MDSCs were expanded on tissue culture polystyrene using
Dulbecco’s modified Eagle medium (DMEM, Lonza) supplemented with 10% fetal bovine
serum (FBS), 10% horse serum, and 1% penicillin-streptomycin. Vascular smooth muscle
cells,(SMCs) were isolated from GFP+ Lewis rat aortas and were expanded on tissue culture
82

polystyrene culture flasks using DMEM (Lonza) supplemented with 10% FBS and 1%
penicillin-streptomycin. Rat aortic endothelial cells (RAOEC, Cell Applications, Inc) were
expanded on tissue culture polystyrene culture flasks coated with attachment factor solution (Cell
Applications, Inc) using supplied endothelial growth medium according to supplier’s
instructions. Prior to electrospray processing, endothelial cells were labeled with PKH26 Claret
Red Fluorescent Cell Linker Dye (Sigma) according to manufacturer’s instructions.

5.2.4

RVOT Replacement Procedure

All animal procedures were performed in accordance with the National Institutes of Health
guidelines for animal care, the Animal Welfare Act Regulations, and the principles set forth in

A

Figure 24 A. Preimplant fluorescent micrograph
of PEUU microintegrated with GFP(+) MDSCs.
B. Preimplant fluorescent micrograph of PEUU
microintegrated sequentially with RAOECs and
SMCs. Red = α-SMA, CY3. Green = vWF,
Alexa 488. Scale bars = 20μm. C.
Representative image of an MDSC integrated
construct at explant following one week.

B

C
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the Guide for Care and Use of Laboratory Animals, National Research Council, 1996.
Procedures were approved by the Institutional Animal Care and Use Committee of the
University of Pittsburgh. 6 week old Fox rn1/rnu athymic nude rats (Charles River Laboratories)
were anesthetized with an induction of 3% isoflurane and were subsequently endotracheally
intubated and mechanically ventilated with a small animal respirator (Harvard apparatus) at a
frequency of 60-70/min and tidal volume 2.0 mL. Animals were maintained under deep
anesthesia with 100% O2 and 1.5% isoflurane. The hearts were exposed through a median
sternotomy and a purse-string suture was placed in the free wall of the RVOT to form a 6 mm
diameter circular region with 7-0 polypropylene suture. Both ends of the stitch were passed
through a 22 gauge plastic vascular cannula tightened as a tourniquet in order to distend the
encircled cardiac wall, which was then resected. A 6 mm biopsy punch of a PEUU based patch
processed with either GFP(+) MDSCs, sequentially seeded SMCs and ECs, or sterile cell culture
media was then sutured along the margin of purse-string suture with over-and-over sutures to
cover the defect. Each patch section was carefully aligned so that the mechanically stiffer
direction (longitudinal axis) was aligned with the circumferential direction of the heart.
Following completion of patch implantation, the tourniquet was released and the purse-string
suture removed. The sternum was closed parasternally with four interrupted sutures of 6-0
polypropylene after expansion of lungs using positive end-expiratory pressure. The muscle and
skin layers were then closed with 4-0 polyglactin absorbable suture (VICRYL, Ethicon, Inc.)
Before the first skin incision and twice a day for the first three days post-implantation,
cefuroxime (100 mg/kg) was administered as a prophylaxis against surgical infection. Tramadol
(5 mg/kg) was also administered intramuscularly twice a day for the first three days post
implantation for analgesia.
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5.2.5

Patch Explantation

At 1 week and 2 weeks post implantation, animals were euthanized (n = 4 per group) with an
overdose of anesthesia.

The heart was exposed through a second median sternotomy and

harvested. Each patch along with 1 mm of surrounding cardiac tissue was removed from the
heart and bisected. One half was fixed with 2% paraformaldehyde for histological evaluation
and the remainder was immediately snap frozen in liquid nitrogen for PCR.

5.2.6

RT-PCR

Total RNA was extracted from explanted constructs and similarly sized sections of healthy tissue
using a SurePrep* TrueTotal* RNA Purification Kit (Fisher). Primers for Glyceraldehyde 3phosphate dehydrogenase (GAPDH), Transforming growth factor beta (TGFβ), Vascular
endothelial growth factor (VEGF), Bone morphogenetic protein 2 (BMP-2), Granulocyte colonystimulating factor (G-CSF), Stromal cell-derived factor-1 (SDF-1), and platelet derived growth
factor (PDGF) were purchased from Applied Biosystems and used as received. These genes were
selected based on previous works(159–161) which suggest their importance in cardiovascular
repair and remodeling. RT-PCR was completed using a Power SYBR® Green RNA-to-CT™ 1Step Kit according to package instructions. Data were analyzed using the ΔΔCt method.
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5.2.7

Histology and Immunohistochemistry

Explanted patches were fixed in 2% paraformaldehyde followed by 30% sucrose treatment and
freezing in OCT medium. Specimens were then cryosectioned into 10-15 μm thick sections and
processed for hematoxylin and eosin, Masson’s Trichrome, and immunohistochemistry.
Specimens selected for immunohistochemistry were reacted with antibodies for α-SMA and CD31. GFP signaling was amplified using anti-GFP antibody (Abcam). Nuclei were stained with
Hoechst 33342.

5.3

5.3.1

RESULTS

Biaxial Mechanics of the Native RVOT

Harvested full thickness RVOT wall sections were subjected to biaxial mechanical evaluation in
order to determine appropriate processing conditions for the prosthetic patches. The native tissue
was found to be mechanically anisotropic with a markedly stiffer circumferential axis compared
to its longitudinal axis Figure 23 B. The peak strain ratios were matched with a database of
previous work (Chapter 2) in order to determine appropriate processing conditions which would
mimic the native planar biaxial mechanical response.
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Figure 25 Representative micrographs of the endocardial surfaces of each explanted construct group at each
timepoint. Sections stained with Masson’s Trichrome stain. Scale bar = 50 µm.

5.3.2

Postoperative Gross Observations

Twenty percent of animals did not survive the surgical procedure, as was expected from previous
similar studies with the sensitive athymic rat model.

At explantation, approximately 75%

exhibited minimal thoracic adhesions (Figure 24 C) with no recognizable patterns between cell
types or time points. No patches experienced any aneurism or dehiscence, nor was there gross
evidence of thrombosis. No evidence of infection was observed.
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5.3.3

Histology and Immunohistochemistry

5.3.3.1 Inflammatory Response and Cell Infiltration
Media wetted constructs consistently had thin regions of thrombus on their endocardial surfaces
when viewed under histology. MT staining also indicated a pronounced inflammatory response
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Figure 26 Quantification of
the bulk cellularity within
explanted constructs.
* indicates p < 0.05 compared
with remaining groups at the
same time point
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surrounding each scaffold, as indicated by the quantity of cell nuclei (Figure 25). Comparing the
inflammatory responses between one week and two week explants, no difference was detected
with respect to cell density, however cell nuclei appear to have elongated and elaborated ECM
appears to be more dense.
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Histological quantification determined that fewer cells existed within the bulk of
explanted wet PEUU scaffolds compared to the cellular groups at similar timepoints (p <0.05)
(Figure 26, APPENDIX D). Further, at 1 week, media wetted scaffolds were heavily infiltrated
by small, anuclear eosinophilic globular structures which stained positively for vWF. (Figure
27) These structures were also observed to a lesser extent at two weeks, and were rarely
observed in other constructs. Masson’s Trichrome images suggest that scaffolds fabricated
concurrently with cell electrospraying possess modest quantities of ECM by two weeks while no
ECM was observed within scaffolds from the acellular constructs at either timepoint (Figure 28).

A.

B.

Figure 27. A. High magnification micrograph of a Masson’s Trichrome stained section of a representative
wet PEUU explant at one week. B. Immunofluorescent micrograph of the same section stained for vWF
(green), α-SMA (red) and Hoescht (nuclei, blue)
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5.3.3.2 Endothelialization and Neovascularization
Linear layers of vWF(+) structures indicative of endothelium were observed at the endocardial
surfaces of some, but not all explanted constructs from the Wet PEUU and primary cell
integrated groups at one and two week timepoints (Figure 29). Other wet PEUU constructs at the

Wet
PEUU

Primary Cell
integrated PEUU

MDSC
integrated PEUU

Figure 28. Masson’s Trichrome staining depicting ECM elaboration within the bulk of representative sections from
each group at two weeks post implantation. Scale bar = 50 µm

one week explant displayed thrombus at their surfaces. No evidence of thrombus was observed
on the cellularized explants at either timepoint. Further, a confluent endothelial layer was
observed on all MDSC integrated explants at both one week and two weeks.
Neovasculature, identified by the presence of ringed vWF(+) structures surrounded by αSMA staining, was present in each construct evaluated (Figure 30 A,B). Vessels were sparse
within the acellular and primary cell integrated groups, but were significantly more dense within
MDSC integrated scaffolds (p < 0.05). Vascular density was not found to be different within
groups over time (p> 0.1)
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5.3.3.3 Residual Cells

Wet
PEUU

Primary Cell
integrated PEUU

MDSC
integrated PEUU

1 week

*

2 weeks

*

Figure 29 Immunofluorescent micrographs of explanted constructs at one week (top) and two week (bottom)
timepoints. Red = α-SMA, Green = vWF, Blue = cell nuclei (Hoechst)

Figure 31 A,B indicate the presence of residual labeled cells at each experimental endpoint.
These cells represent a low percentage of total cells observed in explanted constructs (10-30%,
p<0.05), however the total density of seeded cells remains consistent with that of the constructs
as they were fabricated (Figure 31 C). When co-stained with α-SMA, it becomes clear that the
many of the remaining MDSCs are expressing contractile actin. Labeled endothelial cells were
not observed in any endocardial surface endothelial layer, however some cells labeled with
fluorescent dye were included in the neovascular structures discussed earlier. The remaining
labeled RAOECs did not express vWF, however GFP (+) SMCs were still largely α-SMA (+).
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Figure 30 A. Density of neovascular structures within the bulk of explanted scaffolds. * indicates significantly
different between other groups at the same timepoint. B. Immunofluorescent micrograph of neovascular
structures. Green = vWF, Red = α-SMA. Scale bar = 40 µm

Micrographs depicting the anastomosis between each patch and the healthy RVOT tissue
(Appendix E) demonstrated dense nuclear staining in a gradient pattern from the cardiac muscle
toward the scaffold border indicative of infiltrating inflammatory cells. It was common for some
of the infiltrating cells to stain positively for α-SMA when they were in close proximity to the
patch.

5.3.4

RT-PCR Results

PCR of explanted constructs revealed marked differences in expression of all genes studied
compared to healthy tissue at one week for all cell integrated groups, whereas no expression
beyond baseline was observed in the acellular group (Figure 32).

PDGF was expressed

significantly more than other genes studied in the primary cell integrated group (p<0.05). Cells
within MDSC explants expressed high levels of all genes studied, however VEGF, PDGF,
TGFB, and SDF1 expression were all found to be higher than that of CSF and BMP2. At two
weeks post implantation, expression of each gene evaluated within the cell integrated groups
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dropped to equivalent levels found in the healthy RVOT wall (Figure 33). A modest increase in
gene expression within wet electrospun explants was observed. CSF and SDF1 expression were
highest in this case.

5.4

DISCUSSION

The preceding work focused on cell behavior when seeded into a cardiovascular graft in vivo.
These results in conjunction with later term results help to close the gap in understanding
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Figure 31 A. Residual cells within a primary cell microintegrated scaffold at two weeks. B. Residual cells within
an MDSC integrated scaffold at two weeks. Green = GFP, Red = Fluorescent dye, Sections were stained for cell
nuclei and GFP signal was amplified. C. Quantification of labeled cell density within the bulk of the scaffolds.
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regarding the function of cells used for therapeutic purposes. Constructs were electrospun
concurrently with cell electrospray in order to fabricate cellularized constructs. MDSCs and both
primary cell types were all shown to survive the scaffold processing through two weeks within
the cardiac environment.

Upon scaffold harvest, these labeled cells were found to be the

minority (15 -30%) of total cells observed within the scaffolds. Further quantification indicated
that the labeled cell density quantified by histology was not statistically different from that
observed in the constructs prior to implantation (Figure 31 C). This suggests that the
microintegrated cells largely survived, but did not expand appreciably.

Upon further

investigation, large numbers of inflammatory cells were observed to invade the scaffold from the
surrounding tissue. This produced a noticeable gradient in cellularity within each patch near the
anastomosis (APPENDIX E). As such a gradient was not observed at the central endocardial
surface of any construct, it is likely that the majority of host cells infiltrated parallel to the
electrospun fibers as opposed to through the surface.
A higher density of colocalized vWF(+) and α-SMA(+) structures were observed in the
cellular groups, indicative of neovascularization. In the case of the primary cell integrated
group, some, but not all of the vascular structures observed within the scaffolds were found to be
labeled with the fluorescent dye used to modify the seeded RAOECs. However, most of the
RAOECs included within the scaffolds did not express vWF upon explant, suggesting some kind
of change in phenotype over time. TGFβ1, which was found to be expressed in low levels in one
week explants, has been shown to promote endothelial cell differentiation into a smooth muscle
like lineage(162). This may partially explain the lack of vWF expression by many of the seeded
RAOECs. Similarly, not all of the GFP (+) cells within the explanted primary cell group
constructs stained positively for α-SMA. Such cells were found distant from the bulk of the
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remaining GFP (+)/α-SMA (+). This behavior is consistent with differentiation into a motile
phenotype(163), which may have been initiated by the pronounced PDGF expression observed in
RT-PCR (Figure 32)(160,164–166).
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MDSC integrated scaffolds were shown to have significantly higher densities of
neovascularization compared to both Wet PEUU scaffolds and primary cell integrated scaffolds
(Figure 30). Interestingly, there did not appear to be evidence of GFP(+) cells actively involved
within these structures, therefore the difference in vascular density necessarily has to be due to
factors expressed by the MDSCs. Consistent with previous reports(167), the MDSCs were found
to strongly express VEGF in vivo. This quantity was greater than that observed within the
primary cell group (p < 0.05). VEGF expression was accompanied by similar levels of
expression of SDF-1 and G-CSF, chemokines which have been associated with encouraging
progenitor cell migration to ischemic tissues and promoting neovascularization(159). The major
chemokines may have functioned together in order to produce the high vascular density
observed, and may potentially be responsible for early endothelialization compared with the
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other groups studied. Many GFP(+) cells within the MDSC integrated scaffolds were observed
to stain positively for α-SMA, suggesting the start of a mesenchymal differentiation pathway,
possibly similar to that observed in previous work(28). This may have been brought on by
expression of one or more of the genes involved with differentiation of stem cells to cardiac
TGFβ, BMP-2, or PDGF.
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Figure 33. Gene expression in explanted patches at two weeks post implantation. * indicates p < 0.05
compared with healthy RVOT tissue

The acellular constructs evaluated in this work were characterized by a high quantity of
small eosinophilic globular structures. These structures lacked nuclei, yet were vWF (+), and are
therefore most likely platelet aggregates(168). Given the presence of thrombus on the scaffold
endocardial surface (Figure 29), this logically follows, however there is evidence that platelets
can be instrumental in accelerating the healing response(168). No gene expression beyond that
observed in healthy cardiac tissue was observed in Wet PEUU explants at one week, despite the
presence of cells within and surrounding the construct. This was likely due to cytokines
delivered to the site by the platelet aggregates observed within and on the surface of the
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explanted constructs. Gene expression was finally observed in this group at two weeks, with
modest expression of SDF-1 and CSF, two chemokines responsible for encouraging progenitor
cell infiltration into cardiac tissue(159). This was observed while the cells within the remaining
two groups had decreased expression to that found in normal tissue. Further studies closely
monitoring gene expression as these constructs are infiltrated and remodel would be required in
order to determine if these trends continue.
The results presented here appear to be consistent with similar reports found in the
literature. Kalfa et al. presented a report on RVOT repair with electrospun PDO seeded with
mesenchymal stem cells (MSCs) in which the procedure was extended to eight months (151). In
this report, the MSCs were tracked with quantum dots. Only a small number of labeled cells
remained at one month, however those cells were not CD-45 (+), so it was ruled out that they
were macrophages which had phagocytosed the MSCs(151). Consistent with the results
presented here, by one month the cell seeded patch had endothelialized whereas the unseeded
scaffold had not.

5.5

LIMITATIONS AND FUTURE WORK

There are several limitations that should be mentioned regarding this study. First is the time
course of the study. In two weeks, it is not feasible to achieve robust tissue remodeling or
scaffold degradation. However, this was not the purpose of this work, as close evaluation of early
scaffold and cell function was desired.

Follow-up studies with similar methodology and

extended timepoints would be necessary to determine ultimately how successful these constructs
will be, and what functions seeded cells serve in the longer term. Finally, a small animal model
97

of cardiac repair is simultaneously surgically challenging and less clinically relevant in terms of
mechanical forces observed by the construct and therefore by the cells as well(106). It has been
demonstrated in several cell types and environments that mechanical loading has a pronounced
effect on cell phenotype and behavior(106,138,141,147,169–175), and therefore a large animal
model would be preferable to a rodent model.

5.6

CONCLUSIONS

The preceding work focused on short term evaluation of cell seeded constructs in a
cardiovascular setting. This study was done in order to gain an understanding of the fate and
function of seeded cells during the early stages of tissue repair. The results suggest that stem
cells encourage endothelialization and ECM deposition more readily than a sequential
combination of endothelial cells and smooth muscle cells. However, the original hypothesis was
found to be incorrect. The results presented suggest that integrated cells do not always actively
participate in tissue repair by becoming functional part. GFP(+) MDSCs were not observed
within neovasculature, and a majority of ECs presumably underwent a TGFβ induced
endothelial-mesenchymal transition. This evidence suggests that the primary role of the seeded
cells within these constructs is not always to dominate the newly formed tissue, but rather to
express growth factors responsible for recruiting host cells for tissue repair.

Further, this

function may in fact be temporary, as gene expression was observed to rapidly decrease to the
level of healthy cardiac tissue.
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6.0

CONCLUSIONS

Electrospinning is a powerful technique for the formation of fibrous scaffolds, and with new
advances in technology it has become more robust. Recent developments have demonstrated
modifications –chemical, structural and biological, which have permitted in vivo success in a
number of regenerative medicine applications.

Further, its low cost and physiologically

compatible fiber diameter resolution makes electrospinning an attractive technique. However
these advantages come with several limitations. In general, individual electrospun nanofibers are
not controllable, and produce a construct with statistically predictable features, but randomly
assembled fibers. Recently, some levels of precise control have been demonstrated at the cost of
increased fiber diameter(58), however the achievable resolution and complexity using this
technique remain unknown. Additionally, the electrospinning technique produces a 2D pattern
onto the target which can be extrapolated to three dimensions through the thickness of the
construct, and has been shown to accurately describe bulk mechanical response.(48) While
much research has focused on the physics and mechanics of electrospun scaffolds, they have yet
to be fully characterized in terms of how structure and composition affect the overall behavior of
the construct. The preceding dissertation focused on structural and compositional modifications
to electrospun scaffolds in order to more fully optimize their mechanical and biological
functionality.
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6.1

6.1.1

STRUCTURAL MODIFICATIONS

Fiber Intersections

As mentioned in Chapter 1, our group has recently developed an automated algorithm capable of
digitizing the complete fiber network topology of electrospun scaffolds based on a series of SEM
micrographs(48). This technique permitted a more in depth analysis of structure – mechanical
function relationships than was previously possible, as fiber intersections were now able to be
quantified.
During the electrospinning process, the majority of the solvent is evaporated as the
polymer jet travels toward the mandrel. In most cases, however, fibers deposit on the mandrel
with a very small quantity of solvent remaining, making the fibers slightly ‘wet’ and sticky for a
brief period of time. This is important with respect to overall material mechanics, as it permits
binding between two or more fibers as they contact each other(31,176), (Figure 9). This
provides mechanical integrity between the layers of fibers, preventing the scaffold from
unraveling and increasing the robust mechanical response. Despite the potential importance of
these structures to the bulk mechanical integrity of electrospun constructs, few studies have
focused on them.
Chapter 2 demonstrates a technique for modifying the density of fiber intersections
independently from other microstructural elements such as fiber alignment.

This was

accomplished by varying the mandrel translational speed during electrospinning. A rapid
translational motion was associated with lower fiber intersection densities whereas a much
slower motion was associated with high fiber intersection densities. It was hypothesized that at
slow translational speeds, fibers naturally overlapped densely, but as translational speed was
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increased the mandrel began to move faster than the horizontal whipping speed of the fiber
creating a more open microstructure. Changes in fiber intersection densities were not associated
with altered uniaxial tensile mechanics, however under equibiaxial tension, high intersection
densities were associated with increased strain energy and increases in planar anisotropy. Higher
intersection densities necessarily created an electrospun construct with a more interconnected
microstructure, changing the manner in which fibers rotate and interact with one another under
biaxial loading.
Very recently, Shi et Al. reported on the mechanism of adhesion between polymeric
fibers at their intersection points(177). Using nanoscale mechanical testing in conjunction with
AFM, FTIR, and WAXD, they were able to quantify adhesive strength and provide evidence for
this behavior. They found that molecular orientation was decreased locally at the adhesion site,
permitting interdiffusion of chain segments. Weak van der Waals interactions between these
segments were hypothesized to be responsible for adhesive strength(177). A local decrease in
crystallinity within electrospun fibers at the adhesion site is consistent with the hypothesis
presented for the results described in Chapter 3 of this dissertation.

Local decreases in

crystallinity would permit higher adhesive strength, but could also facilitate bending by acting as
a hinge on the nano-scale. This is reinforced by the inverse linear relationship observed between
fiber intersection density and bending modulus in electrospun scaffolds.
Electrospun constructs fabricated on a small diameter, low tangential velocity mandrel as
described in Chapter 2 possess microstructures with slight structural anisotropy (orientation
index > 0.5, Figure 3), however low translational speeds permit a large quantity of undulation or
looping within the fibers, a structure which was observed to be more pronounced in wet PEUU.
The loops within each fiber permit further deformation in the circumferential direction before the
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fiber is recruited in load support, creating a mechanical anisotropy with a stiffer longitudinal
direction. The data from Chapter 2 demonstrate that higher interconnection densities were
utilized to produce constructs which were more compliant, in general, under equi-biaxial loads.
The fiber intersections were found to be correlated with strain energy under equi-biaxial tension.
Expanding upon the hypothesis of Chapter 3, that each fiber bonding point would be a localized
region of low crystallinity, they would also be localized regions of low tensile modulus. While it
is likely that the sum of these low-modulus regions would be insufficient to overcome the effect
of fiber rotation observed in fibrous materials scaffolds under uniaxial load, a clear trend could
be observed under equi-biaxial tension. If this is the case, higher intersection densities would be
expected to amplify any existing mechanical anisotropy within the construct. This hypothesis
corresponds with the data presented in Figure 3 Figure 4. Expanding on this hypothesis, if fiber
intersection density were to be increased in a completely isotropic electrospun scaffold, it would
not be expected to produce mechanical anisotropy. Future work should be completed to develop
a complete structural deterministic model of electrospun scaffold mechanics. For applications in
heart valve tissue engineering, such a model could be made to describe both planar and flexural
mechanical behavior simultaneously.
Recent studies have determined that cells seeded onto fibrous constructs can respond to a
number of structural cues including fiber diameter(178),

orientation(179), and surface

roughness(180). Some of these structural parameters have also been evaluated in vivo with
consistent results(181–183). Further, scaffold microstructure has been demonstrated to have a
strong effect on drug release kinetics(81). To date, the effect of fiber intersection density on cell
and tissue behavior remains unclear. Such a study would be appropriately evaluated in a nonweight bearing subcutaneous implant model in order to decouple the mechanical response from
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the structure. This is important, as there is evidence that mechanically functional tissues have a
preferred pattern of ECM elaboration(108). It is currently unclear whether the effect is caused
by local chemical signaling or by patterns of mechanical loading and stress from the surrounding
tissue(106).

6.1.2

Curvilinear fibers

Chapter 4 presented a method of fabricating planar electrospun constructs with curvilinear fiber
microarchitectures. SALS analysis and biomechanical modeling hypothesized that fibrous
constructs with aligned structures which altered their main angle of alignment would behave in a
manner consistent with native valve leaflets. This hypothesis was confirmed in that constructs
designed to mimic the curvilinear architecture of a pulmonary valve possessed similar levels of
planar mechanical anisotropy under equibiaxial loading, however more work remains in order to
verify that similarly fabricated structures would be successful as a valve leaflet replacement.
As discussed in Chapter 3, the flexural response of potential biomimetic valve leaflet
materials is of paramount importance. For this reason, electrospun constructs with curvilinear
microarchitectures should be mechanically tested under flexure. Should these materials possess
high bending moduli, they may be modified with sacrificial PEO fibers (Chapter 3). In this case,
careful study would be necessary to prevent delamination due to the removed fibers. It is
unlikely that attempts to modify fiber intersection density would be successful, as fiber
intersection density is decreased with increasing fiber orientation index(48). Further evaluation
could also be accomplished in a simulated in vivo environment such as a pulse duplicating flow
loop. Such a device could be designed with stereoscopic imaging and strain tracking(184) in
order to observe leaflet motion compared to native tissue under physiologic loads. Additionally,
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contrast dye could be utilized to determine the presence of vortices which have been associated
with negative phenotypic remodeling in vivo(138).

6.2

COMPOSITIONAL MODIFICATIONS

Compositional modifications to electrospun scaffolds have the capability to radically alter the
mechanical and biological functionality of tissue engineering scaffolds. Such modifications have
been extensively studied in vivo recently with promising results.
Electrospun constructs have been fabricated with multiple fiber populations for several
years(185). Such constructs were most often utilized to impart biological functionality through
drug incorporation(81) or ECM proteins(186). Secondary fiber populations have also been
associated with increased mechanical strength under tension and altered degradation
kinetics(83). Chapter 3 of this dissertation demonstrated that introduction of high modulus fibers
within elastomeric electrospun constructs can be utilized to predictably increase bulk tensile and
bending moduli. In this manner, high strength materials may be combined with alternate
materials which may deform at lower stresses in order to more accurately mimic mechanical
response of complex mechanically functional materials in both planar and flexural behavior.
Moreover, secondary fiber populations can be designed with different degradation kinetics from
the primary population.

This could be utilized for controlled drug release or producing

constructs with larger pore sizes and a more loose structure in the meso-scale.
Studies involving electrospun scaffolds implanted within functional in vivo environments
indicate that while the nano-microfibrous topology can be instructive toward cellular behavior,
meso-scale porosity is critical for tissue ingrowth and positive functional outcomes. Materials
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implanted with compact structures on the meso scale demonstrated limited ingrowth and ECM
elaboration(150) whereas when constructs were produced with loosened meso structures, rapid
infiltration and remodeling was observed(92,181,187). One method of improving meso-scale
porosity and cell infiltration involves electrospinning sacrificial fiber populations within
electrospun constructs.

First demonstrated by Baker et al, this technique was originally

hypothesized to permit more robust cellular infiltration within the bulk of electrospun
scaffolds(94). This technique has been repeated by several researchers and confirmed that in
vivo cellularity is

markedly improved by increasing inter-fiber space using this

technique(92,181,187). Consistent with previous reports, Chapter 4 demonstrated a predictable
decrease in tensile modulus with increasing sacrificial fiber content. This was further associated
with a decrease in bending modulus compared with similarly fabricated PEUU constructs. It was
hypothesized that the stiff-when-dry PEO fibers supported residual stress within the elastomeric
PEUU fiber network which was responsible for the pronounced microstructural change observed
when PEO fibers were dissolved (Figure 14). The resulting scaffold appeared contracted and
more compact, however the structure was not tightly bound together in this conformation and
was able to deform easily and permit infiltrating cells. This could reasonably be a mechanism
for decreased moduli within these groups, however it follows logically that electrospun
elastomeric constructs which share similar loose structures may also share similar mechanical
behaviors.
The wet electrospinning technique is also capable of producing constructs with loose
fiber structures which permit greater cell infiltration in vivo(108). During fabrication, a layer of
aqueous fluid deposits over the entire surface of the mandrel and forms a thin layer which
adheres to the rotating mandrel and scaffold surface. As fibers deposit on the fluid surface they
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are likely slowed and partially coagulated due to non-solvent effects. If this hypothesis is valid,
fibers would not be subjected to as large pulling forces due to mandrel motion and would also be
less tightly bound to surrounding fibers which could permit motion rather than impose residual
stress.

It would also be likely that premature fiber coagulation would dampen the final

elongation forces, and therefore form a larger final fiber diameter. Hashizume et al.(108) and 21
provide evidence of these structural changes which may be caused by the fluid layer present
during wet electrospinning. Given this evidence, it is possible that molecular orientation may not
be pronounced in wet electrospun constructs, and therefore it may be the case that wet
electrospun polyurethanes possess attractive bending moduli for use in heart valve tissue
engineering.

These hypotheses could be verified through x-ray diffraction and flexural

mechanical testing, respectively. It can further be predicted that the general patterns outlined in
37 with respect to fiber translational speed, fiber microarchitecture, and bending modulus would
remain consistent with wet electrospun PEUU.
For future development of these techniques into potential cardiovascular therapies
preliminary in vivo evaluation should be pursued. Insights from Chapter 5 as well as previous
studies from our group(28) suggest that in a blood contacting environments, seeded cells help to
prevent thrombosis. 78 describes the particular value of precursor cells in tissue engineering
constructs. Microintegrated cells were not shown to proliferate in any meaningful way, however
MDSCs were shown to express large quantities of cytokines that have been associated with
cardiovascular repair. In this manner, constructs seeded with MDSCs developed an endothelial
layer faster than constructs seeded with endothelial cells. These results may be extrapolated into
design for future heart valve tissue engineering research.

Mechanically optimized, seeded

polyurethane scaffolds could be fabricated using techniques developed in this dissertation
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including simultaneous precursor cell electrospray and sacrificial fiber electrospinning.
Following in vitro characterization including flexural testing, leaflets could be implanted in an
ovine heart valve model. Based on previous results from several groups, as well as those
presented in Chapter 5, few cells penetrate perpendicularly through electrospun scaffold
surfaces, even in constructs designed to improve cellular infiltration. Therefore, ideal evaluation
would attach leaflet scaffolds to native tissue, rather than a polymeric conduit. It would be
expected that cell infiltration into the bulk of the scaffold would most likely originate in the
vascular anastomosis rather than from circulating progenitor cells.

6.3

CLOSING REMARKS

The preceding dissertation outlines a series of experiments designed to modify the topology and
composition of electrospun constructs in order to guide mechanics and bioactivity toward
cardiovascular tissue engineering, specifically heart valves and cardiac wall. This research
represents a small increase in the understanding of the in vitro and in vitro mechanical and
biological behavior of complex electrospun scaffolds. A great deal of work remains to be done,
however it is the hope of this author that techniques or results from this research may impact
clinically relevant treatments.
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APPENDIX A

STRAIN ENERGY COMPARISON BETWEEN WET AND DRY ELECTROSPUN PEUU
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APPENDIX B

FIBER DIAMETER AS A FUNCTION OF TRANSLATIONAL SPEED IN WET AND
DRY PEUU
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APPENDIX C

UNIAXIAL TENSILE MECHANICS OF DRY PEUU
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Figure 34 A. Ultimate tensile strength of dry PEUU under uniaxial load..
Elongation at failure of dry PEUU under uniaxial tensile load. Constructs fabricated
at different translational speeds were not significantly different under these
measures.
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APPENDIX D

BULK CELLULARITY IN EXPLANTED CONSTRUCTS

Primary Cell
integrated PEUU

MDSC
integrated PEUU

2 weeks

1 week

Wet
PEUU

Figure 35. H&E stained micrographs depicting cellularity in the central region of electrospun PEUU patches in each
group at each timepoint. Scale bar = 50 µm
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APPENDIX E

MDSC integrated
PEUU

Primary Cell integrated
PEUU

Wet
PEUU

ANASTOMOSIS WITH HEALTHY TISSUE

Figure 36. Immunofluorescent micrographs depicting
the anastomosis with healthy RVOT tissue in each
group at two weeks post implantation. Dotted line =
PEUU border. Green = vWF, Red = α-SMA, Blue –
cell nuclei. Scale bar = 100 µm
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