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Abstract

Cardiovascular diseases are the leading causes of death globally. One contributing factor that can
lead to heart failure is a myocardial infarction. When an infarct occurs, an occlusion in the tissue
vasculature prevents blood flow beyond this site. It results in scar tissue formation. The scar is
non-contractile and reduces the working efficiency of the heart. To compensate, left ventricular
remodeling will ensue resulting in enlarging of the left ventricle. This progression of events
ultimately culminates in heart failure. One approach to assist patients who have suffered a heart
attack is to implant a cardiac patch. Current patches are acellular and aim to retain the geometry
of the left ventricle, limiting any ventricular remodeling from occurring. While these patches
provide a passive support, it is hypothesized that incorporation of cells into the patches could result
in functional support that could help to restore baseline function. To be effective, a cell-populated
cardiac patch would need to integrate with the host tissue functionally and mechanically. In this
thesis, we developed a fibrin microthread-based composite scaffold with material properties
comparable to left ventricular myocardium that promotes regional cardiomyocyte alignment and
physiologically relevant contractile strains. We hypothesized that a composite material could be
developed where constituents of the material would complement one another to yield a
mechanically reinforced scaffold that promotes cardiomyocyte function. Through manipulation of
the volume fraction of the components, we manipulated the modulus of the layer without
compromising contractile strain or contractile frequency of incorporated cells. Additionally,
through strategic restraint of the scaffolds, we utilized cell-mediated compaction to induce a
tension pattern that increased alignment of incorporated cells. This corresponded to an increase in
contractile strain magnitudes, and an anisotropic contractile wave propagation through the
engineered tissue. Finally, we laminated composite layers into a patch mimicking the architecture
of ventricular myocardium and found that material properties of the patch were similar to
properties of the target tissue. In summary, we designed a biomimetic composite patch with
material properties similar to ventricular myocardium that supports cardiomyocyte alignment and
contractility to promote functional and mechanical integration upon implantation.
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Chapter 1. Overview

1.1 INTRODUCTION

Every year approximately 500,000 new cases of heart failure are diagnosed in the United
States alone,* making it the leading cause of death in our society. Heart transplantation remains
the only treatment that can restore function for end stage heart failure. However, donors are limited
and only ~2,500 cardiac transplantation surgeries occur annually in the United States! leaving a
majority of affected patients with compromised cardiac function. Other treatments for end stage
heart failure include pharmacologic agents and ventricular assist devices, palliative treatments that
do not regenerate damaged tissue.? A major cause of heart failure is a myocardial infarction (M),
where blood flow through a coronary artery is blocked, resulting in ischemia of downstream cardiac
muscle. Ischemia causes cardiomyocyte (CM) death and a severe inflammatory response that
ultimately results in scar tissue formation.®> Because CMs have low proliferation rates,* the heart
has a limited capacity to regenerate the myocardium and restore the mechanical function lost after
an MI. As such, research over the past decade has focused on delivering cells to the infarct site,
and has progressed to clinical trials.® Current cell delivery strategies have demonstrated enhanced
cardiac function,>’ but are associated with poor cell retention.? # There is a need for an effective
regenerative solution to heart failure.

A cardiac patch is a precisely engineered scaffold that may increase cell retention within
the site and promote cell function.? 8° Despite significant advances in the design of cardiac
patches, there remains a need to develop an implantable scaffold that promotes substantial
functional improvements to damaged myocardium. This requires the scaffold to integrate
mechanically and functionally with host tissue.? 1© Current cardiac patch strategies to promote

regeneration of damaged myocardium use natural materials,'®'® synthetic materials,*"*® or
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decellularized tissues.?>?' Decellularized tissues retain the extracellular matrix architecture, but
are associated with harsh sterilization methods and difficulty re-populating the scaffolds with
cells.?? Synthetic polyesters, such as polyglycolic acid (PGA), enable the engineering of
mechanical and degradation profiles.” However, synthetic materials lack native cellular niches
and require protein coatings for cellular interaction. In contrast, natural biopolymers, such as fibrin,
provide physiologic cell attachment sites and degrade into bioactive peptides.** While various
studies have shown that engineered scaffolds are capable of supporting contractile cellst® 15 20,24
and providing moderate increase in heart function,®> 226 there remains a significant need to
develop an engineered cardiac patch with physiologically relevant contractility that easily
integrates with the surrounding tissue to promote the regeneration of myocardial tissue.? °
Integration of a cardiac patch will ultimately require aligned synchronous contractions of the patch
that can incorporate with native myocardium in order to generate forces for pumping blood,* and
mechanical properties similar to native tissue to avoid mechanical mismatch.®

Biopolymer threads are fibrous scaffolding materials comprised of repeating subunits of
naturally derived molecules including proteins such as silk,2"? collagen,?®33 and chitosan.3*%
These biodegradable materials exhibit a broad range of mechanical and biochemical properties
that can be modulated to meet specific applications including cell-mediated regeneration of
cartilage, tendon, ligament, and skin.?-?® Additionally, thread-based scaffold morphology directs
alignment of cells,® ultimately leading to aligned matrix deposition and tissue regeneration.3"-3
Our laboratory has developed novel fibrin microthread scaffolds.®4" Because fibrin-based
matrices are seminal during the early phase of wound healing,*® we hypothesize that these fibrin-
based microthreads will serve as a facile tool for myocardium regeneration. Additionally, the
components of fibrin can be isolated from blood suggesting fibrin scaffolds have the potential to
be tailored for personalized healthcare strategies.?* Fibrin has cell adhesive properties, can induce
neovascularization and can reduce infarct expansion.

Fibrin has been used in various conformations such as hydrogels,'® %6 electrospun
scaffolds,*® and microthread structures.3 41435 Hydrogels are compactible and have supported
some of the highest contractile forces to date.®® However, hydrogels are typically mechanically

weak®>5% and ultimately may fail in the dynamic loading environment of the heart.® 2 Electrospun
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scaffolds have been shown to influence cellular orientation through the topography of fibrils,* but
they are typically dense. Cells have difficulty penetrating the structure and producing high force
cell-mediated contractions.? However, by combining hydrogels with a fibrous scaffold, a more
robust material may be realized that supports cell function.

1.2 OVERALL GOAL and HYPOTHESIS

Composites are multiphasic materials that exhibit properties of the constituent phases such
that a better combination of properties is realized.>* We propose to combine fibrin microthreads
with a fibrin hydrogel to leverage the benefits of the structural cues and mechanical integrity of
threads with the pliable hydrogel environment that is conducive to cell-mediated contractility.
With the composite material, we anticipate that functional and mechanical requirements for a
cardiac patch to integrate with host tissue will be realized.

We hypothesize that composite myocardial layers of fibrin microthreads within a fibrin gel
can be combined to form a cardiac patch with customizable stiffness and enhanced cellular
orientation that promotes aligned contractions with physiologically relevant cellular contractile
strains.

To systematically test this hypothesis, three specific aims were defined. We evaluated the
impact of microthread volume fraction manipulation on cell function and the modulus of the
resultant composite layers in Specific Aim 1. In Specific Aim 2, we developed a culturing method
for increasing alignment of incorporated cells and evaluated the impact on cell function and
phenotype. Additionally, because the method relied on cell-mediated gel compaction to induce
alignment, we evaluated how compaction altered the volume fraction of composite constituents
and the resultant modulus of the material. Finally, in Specific Aim 3, we determined the lamination
angle of composite layers required to yield a patch with material properties comparable to
ventricular myocardium. The anticipated outcomes of this thesis were to identify the culturing
conditions and configuration of composite layers needed to yield a patch with functional and

mechanical properties comparable to ventricular myocardium for integration post-implantation.
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1.3 SPECIFIC AIM 1: DEVELOP A FIBRIN COMPOSITE LAYER THAT ENABLES
CUSTOMIZABLE MODULUS VALUES WHILE SUSTAINING CARDIOMYOCYTE
CONTRACTILITY

The ability to modulate the mechanical properties and cell alignment within a cardiac patch
without attenuating cell functionality will have significant impact on developing therapies for
treating myocardial infarctions. We developed fibrin-based composite layers comprised of aligned
microthreads distributed uniformly throughout a hydrogel. Increasing the microthread volume
fraction (~5%, 11% and 22%) significantly increased the moduli of the scaffolds (20.6+ 8.1, 46.4+
23.0, 97.5+ 49.3 kPa, respectively), p<0.05. Analyses of cell-mediated contractile strains and
frequencies showed no significant differences among composite layers and fibrin hydrogel
controls, suggesting that microthread-based composite layers exhibit similar active functional
properties. Nuclear alignment of cells within 100 um of fibrin microthreads suggests that
microthreads influence alignment in adjacent areas. In this study, we developed composite layers
with tunable, mechanical patch properties that improve cell alignment and support cell
functionality. Chrobak, M. O.; Hansen, K. J.; Gershlak, J. R.; Vratsanos, M.; Kanellias, M.;
Gaudette, G. R.; Pins, G. D., Design of a fibrin microthread-based composite layer for use in a
cardiac patch. ACS Biomaterials Science & Engineering 2017; 3 (7): 1394-1403. Copyright 2016

American Chemical Society.

1.4 SPECIFIC AIM 2: DEVELOP AN ALIGNED COMPOSITE LAYER TO ENHANCE
CONTRACTILE FUNCTION

Cell-populated cardiac patches have the potential to provide functional support to damaged
myocardium following a myocardial infarction. To do so, a patch must functionally integrate into
the adjacent host tissue, requiring alignment, similar contractile behavior, and signal propagation.
Fibrin-based composite layers have been shown to support contractile phenotypes of incorporated
cardiomyocytes, but alignment was lacking. Here, we describe a culturing method that increased
alignment of incorporated cells with trends in nuclear alignment similar to native human heart
control tissue. Additionally, samples with increased alignment had significantly greater maximum

contractile strains after 10 days in culture relative to unaligned composite layers and gelatin-coated
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coverslip controls (18.4% + 7.9, 7.1% + 2.1 and 4.7% £ 0.7, respectively, p<0.001). A similar
trend was observed after 14 days in culture, as well as for average contractile strains at days 10
and 14. Contractile areas were significantly higher for aligned composite layers relative to
unaligned controls at day 10 (90.5% 6.0 and 81.8% 4.1, respectively, p=0.037) with a similar
trend observed at day 14. Contractile wave propagation was anisotropic for aligned composites
with the fastest average velocity in the direction parallel to the fibrin microthreads (parallel
velocity: 11.1 £ 1.5 mm/sec, perpendicular velocity: 4.5 £ 2.0 mm/sec). When evaluating the
impact of cell-mediated gel compaction on the modulus for the composite layers, a significant
increase was observed for cultured 5-thread composite layers relative to 5-thread layers without
cells (p<0.05). This suggests that compaction of the hydrogel increased the volume fraction of the
microthreads resulting in an increased modulus. In this study, we improve cellular alignment in
composite layers resulting in greater contractile strains, contractile areas and faster signal
propagation through the layer.

Chrobak MO, Kanellias M, Hansen KJ, Gershlak JR, Gaudette GR, Pins GD. Alignment of
Cardiomyocytes Through Static Tension Increases Contractile Strains in Composite Layers. In
preparation 2017.

15 SPECIFIC AIM 3: PRODUCE A BIO-INSPIRED PATCH WITH MATERIAL
PROPERTIES COMPARABLE TO NATIVE MYOCARDIUM

For a cell-populated cardiac patch to act as a functional therapeutic, it is critical that the patch
integrate mechanically with the adjacent host tissue. We recently developed fibrin-based
composite layers that support aligned contractions of cardiomyocytes and are mechanically
tunable. Because ventricular myocardium is comprised of layers that rotate relative to one another,
we hypothesized that lamination of composite layers at strategic offsets would result in a patch
that mimics the material properties of ventricular myocardium. We defined material properties for
an effective cardiac patch in terms of modulus, anisotropic ratio of modulus values, stiffness,
ultimate tensile stress, and strain. We then applied a model based on Hooke’s law to determine the
anticipated modulus when fibrin microthreads were incorporated at angular offsets from an applied
load (30° increments, 30-120°.) Using the results of the model, we laminated 10-thread and 20-
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thread layers together using fibrin glue at a 90° offset. The glue did not increase patch thickness
or patch stiffness (p>0.05). The patch was evaluated through tensile testing with loads applied in
the 20-thread direction or 10-thread direction. We compared the measured patch values to our self-
defined requirements, meant to serve as first evaluations. Our requirements did not look at
important factors such as suturability or response to cyclic loading, but were metrics to conduct an
initial evaluation. The resultant material properties of the patch matched the requirements, with
the exception of stiffness. It is likely that this is because the geometry of the patch did not match
the pre-defined geometry of the defect region. In this study, we develop a cardiac patch with
material properties that mimic ventricular myocardium for mechanical integration upon
implantation. Chrobak MO, Kanellias M, Pins GD. Fibrin Composite Layers can be Strategically

Laminated to Mimic the Mechanical Properties of Ventricular Myocardium. In preparation 2017.
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Chapter 2: Background

2.1. BIOMIMETICS AND BIO-INSPIRED SOLUTIONS

The field of biomimetics evaluates nature and natural phenomena to understand underlying
mechanisms, and to apply those principles to innovate solutions to engineering design problems.?
The term *biomimetics’ was first coined in 1957 by Schmitt? and is still recognized as a promising
method to develop the technology of the future. Throughout history, there have been extraordinary
achievements through biomimetics and bio-inspired solutions. As an example, the Wright brothers
developed an airplane after finding inspiration through eagles’ wings.>* The idea of looking to the
sky for inspiration continues today as commercial airplanes are inspired by birds.! Velcro® was
developed by George de Mastral after observing that burrs often got stuck in his dog’s fur. The
hook and loop structure mimicked what had been observed from the burrs interlocking with his
pet’s hair, and is today used in a wide variety of applications requiring strong adhesion.!

Biomimetic approaches are applicable across a wide variety of fields, including tissue
engineering. Tissue engineering is traditionally considered the combination of scaffold materials
with cells and growth factors to generate tissue-like materials for the regeneration of diseased or
damaged tissues.® While progress has been made in this area, currently the most progress has been
seen in barrier tissues, like skin. Some of the greatest success stories for tissue engineering are
engineered skin scaffolds, with several products reaching the market including Apligraf ® and
Epicel™.® For more complex connective tissues and hierarchically structured tissues, far less
progress has been made. Clinical evaluations are ongoing for bone, cartilage, and muscle.
However, complicated multifunctional organ systems like the liver, heart and kidney are
significantly challenging. Rather than trying to engineer a spatially controlled organ with multiple
tissue types and/or layers with adequate vascularization, work currently focuses on replacing
specific functions of these organs.® One of the biggest challenges associated with this approach is

the functional assembly of an engineered material into complex tissues or organ systems.’
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2.1.1. GENERAL TISSUE STRUCTURE

To promote assembly of engineered scaffolds into tissues and organs, it is critical to
understand what comprises tissues and how this informs its function. Through strategic
biomimicry, there is the potential to understand essential characteristics required in scaffold design
and, furthermore, to avoid over-engineering a solution.” Requirements will vary by tissue type, but
in general, many tissues within the body are made from similar building blocks. The extracellular
matrix (ECM) is comprised of material secreted by the cells within a tissue. The composition,
structural organization and corresponding mechanical properties of ECM are tissue dependent.
The hierachical structure and function of the ECM is critical in physiological processes that range
from growth and proliferation to cell death.®

The ECM is composed of two main components; proteoglycans and insoluble protein
fibers.® In native tissue, the fibrillar elements are arranged into hierarchically ordered constructs.
These fibrillar elements are composed of protein-based building blocks that form structures 20-
200 nanometers in diameter and contain matrix proteins, such as type I collagen and fibrin. The
structural arrangement of these fibrils varies from tissue to tissue, in a manner that optimizes their
functional mechanical properties. As an example, tendons have cable-like bundles of type I
collagen fibers with a crimp pattern that repeats every 45-60 um. This structure enables uniaxial
load transfer from muscle to bone.® The distinct architectures and biochemical compositions of the
native tissues also serve a critical function in directing cell-mediated tissue regeneration following
injury or trauma.® For example, crosslinked fibrin microthreads loaded with hepatocyte growth
factor (HGF) were used to promote functional regeneration in a skeletal muscle defect model. The
structure of the scaffolds combined with the biochemical signaling of the HGF resulted in a
scaffold that promoted ingrowth of myofibers into the wound site and increased differentiation of
myoblasts.!

2.1.2. RATIONALE FOR BIOMIMETIC TISSUE ENGINEERED SCAFFOLDS
Tissue engineered scaffolds provide a three-dimensional (3D) structure that can be tailored
to support cell types and promote desired tissue formation.'° For regeneration of tissues that require
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mechanical support for the reparative process to occur, scaffold implantation is considered more
advantageous than a cell therapy strategy.'? For a scaffold to be effective at promoting regenerative
processes, it is essential for it to integrate with adjacent tissues. To ensure integration of a scaffold
and to promote tissue functionality, it is advantageous to recapitulate the structure and composition
of distinct tissue regions.” The ECM structure is essential for directing cell functions like survival,
differentiation, proliferation, metabolism and integrative function.™® These cell behaviors are also
influenced by the physiological milieu, levels of nutrients and oxygen, and physical regulatory
signals of their environment.!* Because of this, biomimetic efforts in tissue engineering focus on
mimicking these specific areas. This requires an understanding of how structures (from nano to
hierarchical) correspond to cellular responses and, ultimately, tissue functions.t

The strategic design of scaffolds enables the incorporation of biophysical and biochemical
cues. The chemical environment of soluble bioactive molecules (i.e. growth factors) and cell-
binding peptides (i.e. ECM proteins) is another aspect of the cell environment that can be beneficial
to mimic in order to drive specific cell responses.'® This chemical environment can help drive
interactions with surrounding tissues through biomolecular recognition, ultimately aiding with
integration. Within their natural environment, cells additionally experience physical cues that
influence their behavior. Functional cues like mechanical stretch, electrical stimulation and shear
forces are some examples of physical signals that cells encounter in native tissues and organs.'*
By incorporating similar cues into the development of biomimetic scaffolds, the resultant material
may more closely mimic the natural tissue to enable facile integration with adjacent tissues.

2.2. COMPOSITES FOR TISSUE ENGINEERING: THEORY AND APPLICATIONS

To achieve a scaffold capable of integrating with host tissue and providing an environment
that promotes the proper function, a biomimetic approach is needed. While scaffolds like hydrogels
are widely explored for their ability to yield an even distribution of cells and to compact ensuring
high cell densities,'®” these scaffolds have insufficiencies including reduced mechanical
integrity.’82° Hydrogels typically experience failure under low stress conditions due to the lack of

energy dissipation mechanisms within the material.?X However, when fibrous networks are
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incorporated within a brittle hydrogel, the strength of the resultant composite material is increased
through enhanced energy absorption and transfer.?? Composites are materials that combine
multiple constituents resulting in a unique combination of, or new properties for the final
material.? These materials afford an opportunity to generate biomimetic tissues that can better

mimic the architecture and mechanical properties of native tissues (Figure 2.1).242
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Figure 2.1. Composite scaffolds can be strategically combined to mimic the structures of target tissues.

Additionally, incorporation of biomolecules or therapeutic agents, like growth factors to
direct tissue-specific cell functions, can further enhance the biomimetic nature of composite
scaffolds.?® An understanding of the theory of composites can inform the strategic design of
scaffolding materials. Focus for this work is placed on fiber-reinforced composite samples made
of natural biopolymers, summarized in Table 2.1.
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Table 2.1. Summary of natural biopolymer, fiber-reinforced composites designed for tissue engineering applications.

Classification

Aligned,

Aligned, non-

uniform
distribution of

uniform
distribution

Randomly oriented fibers

fibers

of fibers

Materials
Alginate + collagen fibers

Alginate + gelatin nanofibers

Collagen-chondroitin-6-sulfate +
collagen fibers

Pullulan-dextran polysaccharide +
chitosan and alginate IPC fibers

Fibrin + fibrin fibers

LysB10 matrix + collagen fibers

Silk /sodium dodecyl sulfate +
silk fibers

Agarose + cellulose nanowhiskers

Collagen + collagen fibers

Nano-HA/ Chitosan scaffold +
collagen fibers

Silk + chitin whiskers

Silk + silk fibers

Silk + silk fibers

Silk + silk fibers

Application

Soft tissues

Cornea

Soft tissues
Soft tissues
Cardiac

Soft tissues

Meniscus

Biomedical
applications

Tissue
engineering

Bone

Connective
tissues

Connective
tissues, Bone

Cartilage

Bone

Key Results
-Stiffness and strength values tuned through fiber volume fraction modification

-Reinforcement with fibers enhanced mechanical properties
-Mechanical properties modulated by fiber incorporation and crosslinking.

-Demonstrated improvement of cell adhesion, sustained release of drugs, and
proliferation with IPC fibers incorporated into hydrogels

-Fiber reinforcement enhanced the mechanical properties of the scaffold, increased
cellular alignment and did not hinder cell function of incorporated cardiomyocytes.

- Fiber concentration, orientation and layout critical for design of composites for
mechanical properties

-Laminating angles impacted mechanical responses with improved properties
observed at 30° and 60° offsets

-Significant mechanical reinforcement by nanowhiskers; volume fraction dependent

-Fiber addition limited the contraction of the collagen hydrogel with no detrimental
effects on cellular response

- Increased osteoblast differentiation on composites®® that mimic the hierarchical
structure of bone?*

-Improved dimensional stability and compression strength with increased volume
fractions of whiskers. Whiskers also promoted cell spreading

-Volume fraction impacted compressive properties®-*° and pore size of composites.3®
Composite use impacted cell adhesion, cell proliferation, and the degradation rate of
the matrix®

- Critical length of fibers needed for sufficient energy transfer for reinforcement
identified. Integration of fibers with matrix critical for improved mechanical
properties

-Fiber length impacted surface roughness, porosity, and compressive strength.
Strong integration of fibers and matrix improved compressive properties. Enhanced
differentiation of hMSCs was achieved through changes in surface roughness and
matrix stiffness

Chapter 2

Background 14

Reference

27

28

29

26

30

25

31

32

33-35

36
24

37

38-39

22

40



2.2.1. PRINCIPLE OF COMBINED ACTION

Fiber-reinforced composites are multiphasic materials comprised of a dispersed,
reinforcing phase surrounded by a matrix phase. This composite type is typically designed to
achieve high strength or stiffness on a weight basis.?® By strategically incorporating different
materials into a composite, the principle of combined action states that new or better properties, or
a better combination of properties, can be achieved.? These properties will be influenced by the
relative amounts of each phase (typically noted as the volume fractions). Additionally, the
concentration, size, shape, distribution and orientation of the dispersed phase will impact the
resultant composite properties.?® There have been several recent examples in the literature where
composites were designed to incorporate greater cytocompatibility,?? 2% 3 to adjust the material
degradation rate,*® and to better mimic the structure of native ECM of target tissues.?*?> %0 By
tactically combining constituents, better scaffold materials for tissue engineering applications were

realized in these literature examples.

2.2.2. RULE OF MIXTURES

The rule of mixtures enables the estimation of the properties of the composite through
weighted averages.*' This rule uses the volume fractions of each constituent multiplied by a
property to estimate what the resultant property of the composite will be.?* As an example, for an
aligned, continuous fiber-reinforced composite, the elastic modulus in the direction of alignment
assuming an isostrain state is shown in Equation 2.1%

Ecomposite = EmatrixVmatrix + EriverVriver 2.1.
where E is representative of the elastic modulus and V is representative of the volume fractions
for each component.

Equation 2.1 demonstrates that the resultant modulus of the composite will be intermediate
of the moduli values for the matrix and fiber components. By manipulating the volume fraction of
each component, engineered tissues can be tailored to have different mechanical properties
depending on the desired application. It has been demonstrated that manipulation of the fiber

reinforcing component in tissue engineered composites has led to a range of mechanical
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properties,?” 30 37.3% and better maintenance of scaffold shape.®33% 37 Additionally, the utilization
of fibers to enhance mechanical properties has been shown to retain the cytocompatibility of the
scaffold. In contrast to methods that increase protein concentration and decrease the pore size of
the constructs®, fiber incorporation can enhance cell spreading and alignment.3® 3 The
manipulation of the composition of the composite scaffolds enables the targeting of different
tissues,?’ suggesting composite scaffolds are a platform technology. However, it should be noted
that just increasing volume fraction is not sufficient to manipulate the mechanical properties. It
was demonstrated that incorporation of an increasing volume fraction of cellulose nanowhiskers
in an agarose hydrogel did not result in mechanical reinforcement. This is likely due to the fact
that that there were significant disruptions to the matrix with an increased volume fraction.® This
demonstrates that integration of components is a critical factor that must be carefully considered
in composite design.

2.2.3. CRITICAL FIBER LENGTH AND INTEGRATION OF COMPONENTS
Mechanical characteristics of composite materials are dependent on the degree to which
applied loads are transmitted to reinforcing fibers.?® The magnitude of the interfacial bond between
the fiber and matrix phase is critical. To achieve an isostrain state where deformation of the matrix
and dispersed phases are equivalent requires a strong interfacial bond.** An isostrain state is an
assumption required for the rule of mixtures to apply. For incorporated fibers, there is no load
transmittance that occurs at the end of each fiber. As such, there is a minimum length that is
required for load transmittance to occur along the fiber resulting in effective strengthening and
stiffening of the composite material. This “critical length” is dependent on the fiber diameter (d),
the tensile strength of the fiber (6*¢), and the fiber-matrix bond strength (or shear yield strength of
matrix- whichever is smaller)(tc). With these values, the critical length required for a composite
material can be determined through Equation 2.2.2%
axpd

l. = 2.2.

¢ 27,

The fiber lengths used for the dispersed phase within a composite will impact the degree of

reinforcement. Consider a stress applied to the composite material that is equal to the tensile fiber
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strength. When the fibers are equivalent to the critical length, the maximum fiber load is only
achieved in the axial center of the fiber. Lengths greater than the critical length result in fiber
reinforcement becoming more effective; the maximum fiber load can be achieved over a greater
length of the fiber. For any fiber length that is much greater than the critical length (typically 15
times the length of the critical length), the fiber is considered a continuous fiber that provides
significant improvement in the strength of the composite. However, with a fiber length smaller
than the critical length, the maximum fiber load cannot be achieved. For any fiber length that is
much smaller than the critical length, virtually no stress transference will occur, resulting in very
little reinforcement (typical of a particulate type of composite).?®

Tissue engineering examples have shown that fiber length is a critical design component
for generating fiber reinforced materials.?> 4 It was further demonstrated that the integration of
the reinforcing fibers with the surrounding matrix influenced the resultant properties.?® When using
silk fibers in a silk hydrogel, it was shown that a significant reinforcing effect occurred that was
fiber length dependent. However, when using silk fibers in an agarose hydrogel, the reinforcing
effect was reduced, and was not fiber length dependent. This was likely due to weaker interfacial
bonding between the silk fibers and agarose hydrogel, leading to poor stress transfer to fibers

during loading.??

2.2.4. ALIGNMENT OF FIBERS

Alignment of reinforcing fibers within a composite is another critical design
consideration.** Fibers may be aligned or have a random orientation throughout the matrix phase.
Alignment of fibers results in anisotropic mechanical properties, while random orientation
typically results in isotropic properties.?® Therefore, when evaluating mechanical properties, the
direction of the applied load will influence what is measured. For fibrous materials, applying a
load in the direction of fiber orientation will yield greater mechanical properties than when
evaluating the properties with an applied orthogonal load, as has been shown in the literature.?’-2
31 Distribution of the fibers throughout the composite is also key with better composite properties

realized when the fibers are uniformly distributed throughout the matrix phase.*!
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When designing composite materials, it may be desirable to laminate layers at an offset.
As an example, the ventricular myocardium is composed of layers of myocardium that rotate
relative to one another from +60 to -60°.4> Using a biomimetic approach to mimic the architecture
and material properties of the tissue may require fiber-reinforced composite layers to be laminated
at similar offsets. Strategic lamination can be achieved through understanding how the angular
offsets will impact the resultant modulus values of the laminated composite material. Hooke’s law
states that stress and strain are proportional to one another (Equation 2.3)%

o =FEe 2.3.
where o represents stress, E represents the modulus of elasticity and € represents strain.

A dimensionless analysis based on Hooke’s law enables the estimation of the elastic
modulus of fibrous composites with various off-axis loadings.*® The results of this analysis
estimate the axial and transverse modulus values (Ex and Ey, respectively) as is shown in
Equations 2.4 and 2.5

4 4
1 _ cos ] n sin*e n (L _ 21’12) * Sin20 * cos20 2.4,
Eyx Eq E; G12 Eq
.4 4
1 _ sin e n cos*e n (L _ 21’12) * Sin%0 * cos26 25,
Ey Eq E; GP) Ey
where
Y G x Vi + G x Vp
E
2(1 + Uf)
E.
Gy = _m
2(1 +vy)

Vi = Up * Ve + oy * Uy
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E, =
2 Ep sV + B+ Vp

Ef = Elastic modulus of the fibrous component
E,,= Elastic modulus of the matrix phase

Gy= Shear modulus for the fibrous component
G,,= Shear modulus for the matrix phase

vy= Poisson’s ratio for the fibrous component
v, = Poisson’s ratio for the matrix phase

V= Volume fraction of the fibrous component
V= Volume fraction of the matrix phase

The analysis is simplified by assuming plane stress conditions where all displacements
are occurring within one plane. When using this analysis to evaluate a composite with fibers
aligned with the loading direction, these equations simplify to the Rule of Mixtures (Equation
2.1). With this tool, an informed design of composite materials can be achieved for specific

applications.

2.3. CARDIOVASCULAR DISEASE

Cardiovascular diseases are currently the leading causes of death in the US. Heart failure
is a major contributor with 500,000 new cases diagnosed annually in the United States alone.**
The only treatment that can restore function for end stage heart failure is a heart transplant.
However, donors are limited. Only ~2,500 cardiac transplantation surgeries occur annually in the
United States* leaving the majority of affected patients with compromised cardiac function. Other
treatments for end stage heart failure include pharmacologic agents and ventricular assist devices,
palliative treatments that do not regenerate damaged tissue.*®

A major cause of heart failure is a myocardial infarction (MI) where blood flow through a
coronary artery is blocked resulting in ischemia of downstream cardiac muscle (Figure 2.2).
Ischemia causes cardiomyocyte (CM) death and a severe inflammatory response that ultimately
results in scar tissue formation.*® Because CMs have low proliferation rates,*” and due to the
scarcity of cardiac stem cells in mature cardiac tissue,*® the heart has a limited capacity to
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regenerate the myocardium and restore the mechanical function lost after an MI. Instead, highly
proliferative cardiac fibroblasts replace the lost cells and become activated, resulting in secretion
of type | collagen and formation of a non-functional, mechanically aberrant, fibrous scar that is
not conducive to the electrochemical or biomechanical properties of healthy, functional
myocardium. -1 Additionally, healthy CMs in the proximity of the infarct site may also die,
leading to an increased necrotic tissue region. This process often affects the left ventricle and can
lead to left ventricular remodeling, during which the left ventricle wall becomes thinner and
structural changes occur®® (Figure 2.2). To compensate for the reduced functionality, the ventricle
becomes larger to try to achieve needed blood flow. This structural change makes the heart more

susceptible to dysfunction and eventually leads to heart failure.*®

& g

Figure 2.2. Progression of cardiac disease following an MI. Healthy myocardium (A, B) becomes damaged during
an MI when an occlusion in the vasculature leads to necrotic tissue beyond the occlusion site (C, D). An acute
inflammatory reaction will lead to scar tissue formation (E, F) and ultimately, ventricular remodeling (G, H). Black
arrows show healthy myocardium (E,G). Gray arrows show degrading extracellular matrix with macrophages (purple
cells) and fibroblasts (blue cells) (E,G). The blue arrow shows the scar tissue region (G). B, D, F and H are displaying
cross-sections of the ventricles.

G

To mitigate this series of events, the CMs lost during a heart attack (on the order of a billion
cells)*® must be replaced. As such, research over the past decade has focused on delivering cells
to the infarct site, and treatments using this method have progressed to clinical trials.>? Current cell

delivery strategies have demonstrated enhanced cardiac function °2->* but are associated with poor
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cell retention and survival.*>#’ The optimal cell source, dose and method for delivery has yet to
be defined.>. An alternative approach to the regeneration of damaged myocardium is to design a
scaffold that can provide mechanical support ** and a protective environment against the acute
inflammatory environment of an infarct site.>® The use of scaffolds provides advantages over cell
injection approaches. Namely, the scaffold provides a transitional support, enables control over
graft dimensions and mechanical properties, and provides an environment for the survival of
incorporated CMs.*3 % While progress has been made in the development of a cardiac patch for
myocardial regeneration, there has yet to be a patch able to restore baseline functionality to an

infarcted heart. There is a significant need for a regenerative solution for Ml patients.*®

2.4. HEART ANATOMY AND VENTRICULAR MYOCARDIUM

The heart is comprised of 4 chambers: the left atrium, left ventricle, right atrium and right
ventricle (Figure 2.3). The atrioventricular valves separate the atria from the ventricles. The
tricuspid valve separates the right atria from the right ventricle, while the bicuspid valve separates
the left atria and left ventricle.® There are two functional phases involved in the heart circulating
blood: systole (contraction) and diastole (filling). In late diastole, the ventricles passively fill with
blood. During atrial systole, atrial contraction forces a small volume of blood into the ventricles.
An isovolumetric ventricular contraction forces the AV valves closed. As pressure builds within
the ventricles and eventually exceeds the pressure in the arteries, the semilunar valves (which
separate the ventricles from the pathways away from the heart) are forced open and blood is
ejected. If leaving from the right ventricle, the blood will pass into the pulmonary arteries, leading
to re-oxygenatin of the blood via capillary beds in the lungs. If leaving the left ventricle, the blood
will pass into the aorta, through which the blood is supplied to the rest of the organs of the body.
Action potentials in the heart originate at the SA node in the right atrium. The signal then travels
to the atrioventricular node, to the bundle of his and on to purkinje fibers. This pathway ensures

that atria first contract, then the ventricles from the bottom up.
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Figure 2.3. The anatomy of the heart.

The anterior myocardium is ~1.5 cm thick and composed of highly aligned CMs and ECM
fibrils, predominantly containing collagen.** % Ventricular myocardium is arranged in
anisotropically aligned sheets of fibrils that are stacked and rotate from +60° (endocardium) to -
60° (epicardium) (Figure 2.4).> Within each layer, the fibril size can range from 30-120 nm with
fibril orientations ranging from +/- 13° relative to one another.>®%° Myocytes closely follow this
structure, resulting in highly oriented cells and aligned contraction of cells. This alignment results
in high torsional squeezing enabling efficient pumping of blood.®® Ventricular myocardium has a
modulus ranging from 20 kPa — 500 kPa as it moves from diastole to systole.*> To promote
functional tissue regeneration, recapitulating the properties of the native tissue may be
advantageous.*® 6!

Excerpt from: O’Brien, Megan P., et al. "Designing Biopolymer Microthreads for Tissue
Engineering and Regenerative Medicine." Current Stem Cell Reports 2.2 (2016): 147-157.
Figures original.
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Figure 2.4. Composition of ventricular myocardium. Myocardium is a 3-4 cell layer thick structure. Cells are
aligned within each layer, and layers rotate relative to one another from +60 to -60 degrees. Solid colored lines
represent ECM fibrils within each layer.

2.5. CARDIAC PATCHES: IMPLANTATION STRATEGIES

A cardiac patch is a precisely engineered scaffold that may help to reverse or prevent
further damage to the myocardium following an MI.%* 12 Following an infarct, a cardiac patch
can be used to augment or replace the damaged ventricular myocardium. Augmentation
incorporation would involve laying the cardiac patch over the damaged tissue site in an effort to
circumvent the scar tissue. Augmentation of the scar region with a cardiac patch may benefit the
scarred ventricular wall by increasing tissue thickness and providing structural reinforcement. The
Law of Laplace states that the pressure inside a construct is proportional to the thickness and
tension of the construct’s wall, and inversely proportional to the radius of the construct.®® Equation

2.6 shows the one common representation of the Law of Laplace. %

.2
<o>= LI 2.6.

T2 -T2
In 2.6, <c> is the average stress, P is the internal pressure, ri is the internal radius and ro is
the outter radius. This simplified analysis as a first approximation assumes a hollow spherical
geometry with uniform wall thickness and isotropic, homogenous material properties. These
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assumptions are not consistent with left ventricular mechanics, but provide a method for
simplifying those relationships as a first estimation of how the parameters are related for this
application.®® By this common representation of the Law of Laplace, an increase in the ventricular
wall thickness through the augmentation of the scar region with a cardiac patch will reduce the
average wall stress.®® On its own, this effect could help limit ventricular remodeling®’®® improving
patient quality of life. Additionally, this approach would be less invasive than replacement therapy.
However, a major challenge associated with it is the lack of vascularization in the scar tissue
region. This results in the patch having limited contact with the host vasculature.*® Maintaining
viability of cell populated patches without a well-defined vasculature system may not be feasible.
Additionally, this approach does not remove the stiff damaged tissue and does not ultimately heal
the myocardium.Replacement of ventricular scar tissue involves excision of the damaged tissue
and replacement of that portion of the ventricular wall with a cardiac patch. One technique that
can be used for this is a Dor (or modified Dor) procedure. This procedure involves excising the
damaged tissue, placing a patch to cover the opening, and then closing the myocardium over the
patch. This results in the myocardium that was on either side of the scar being joined and is a
typical approach for acellular patches with the goal of preventing remodeling. The operation
improves the size and geometry of the left ventricular, reduces wall tension and can enhance the
overall systolic function of the heart. Patients typically selected for this type of surgery have large
akinetic ventricles, meaning the patients lack either an inward or outward movement of the
ventricular region during systole. Patients also typically present with symptoms of angina and /or
congestive heart failure.®®

For cell-populated scaffolds, an incorporation option is to implant the patch in parallel with
adjacent tissues so that the patch joins with the tissue that was on either side of the scar region.”®
" This would require vasculature of the patch to anastomose with the host vasculature, and
alignment of the patch with the orientation of the cardiomyocytes in the adjacent tissues for
effective signal propagation and synchronous contractility. We hypothesize that these techniques

will result in the removal of the damaged tissue and promote the regeneration of functional
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myocardium. However, this type of approach is challenging; with large, diffuse Ml regions it can
be difficult to successfully implant a patch and not have lethal excess bleeding.”

Replacement of an infarct with a vascularized patch may help restore lost cardiac function.
However, it should be noted that infarcts do not have specific geometries and do not always
transverse the entire width of the ventricular wall.”? As such, it is possible that partial removal of
the ventricular wall may result in removal of the infarct site while leaving a vascularized region of
myocardium. A cardiac patch could then be implanted to fill the defect. While there are many
strategies for implanting a cardiac patch, currently there is no consensus on the best approach. For
the purposes of this thesis, we have designed a cardiac patch material that can ultimately be
implanted in parallel with the myocardium following full-thickness excision of the infarct.

With a patch replacing a portion of the ventricular wall and acting as a functional support,
the ideal mechanical properties of the cardiac patch would be comparable to ventricular
myocardium. This would result in the patch exhibiting similar behaviors to the native tissue in
response to the forces that result from cyclic loading of the ventricles. In ventricular myocardium
there are active and passive mechanical aspects that should be considered. When considering
passive mechanical properties, it has been shown that cardiomyocytes have the greatest contractile
forces on materials with a modulus similar to that of native myocardium.” Additionally, in order
to ensure that a patch was able to withstand and not fail in the demanding mechanical environment
of the heart, it is critical that any material considered for a cardiac patch have an ultimate tensile
stress that well exceeds the stresses experienced by the ventricular wall.”* Another important
consideration is suture retention strength. It is vital that the patch be able to be implanted.®*

When considering active mechanical properties, it is important to consider the function of
the myocardium. In one heart beat, following depolarization, the ventricles will undergo
isovolumeic ventricular contractions (as discussed in section 2.4). During these contractions, the
volume of the ventricles does not change, but there is an increase in ventricular pressure, closing
the atrioventricular valves. As that pressure rises, the semilunar valves will open and the ventricles
will contract, decreasing in volume and ejecting the contained blood.® For a cardiac patch to
provide a functional support, the patch itself will need to propagate an electrical signal with a
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similar velocity as the adjacent heart tissue.*’ Should it fail to do so, depolarizations will not occur
at the same rate resulting in delayed contractions of the cells incorporated in the cardiac patch.
With a delayed contraction, as the pressure builds in the ventricle, the cardiac patch may become
a weak point as formed myosin cross-bridges within contracting cardiomyocytes can contribute to
the overall stiffness of the material.” With a weak spot, there is the potential for bulging of the
ventricle. Perturbated blood may result that can ultimately culminate in the formation of a clot and
aneurysm. Therefore, for a cardiac patch to successfully function as a wall replacement, cell
function and material properties of the cardiac patch will need to be similar to ventricular
myocardium.

Current cardiac patch strategies to promote regeneration of damaged myocardium use
natural materials,%% 681 synthetic materials,2>%* cell sheets,%%" or decellularized tissues.®%°
Decellularized tissues retain the extracellular matrix architecture, but are associated with harsh
sterilization methods and with difficulty re-populating the scaffolds with cells.®® Cell sheets have
shown potential as sheets can be stacked and beat synchronously. However, there is no clinically
translatable technique for inducing vasculature with these scaffolds, thus limiting their utility %
and preventing them from reaching a clinically relevant thickness of 1 cm.*® Synthetic polyesters,
such as polyglycolic acid (PGA), enable the engineering of mechanical and degradation profiles.®?
However, synthetic materials lack native cellular niches and require protein coatings for cellular
interaction. In contrast, natural biopolymers, such as fibrin, provide physiologic cell attachment
sites and degrade into bioactive peptides.”® However, the weak mechanical nature of natural

biopolymers presents a challenge for their use as cardiac patch scaffolding materials.®

2.6. ACELLULAR CARDIAC PATCHES

Acellular patches have been developed from synthetic and natural materials. Dacron and
Gore-Tex (W. L. Gore & Associates, Flagstaff, AZ USA) are commercially available synthetic
materials that can help prevent remodeling from occurring, but ultimately may result in a foreign

body response because of their synthetic nature. This response can lead to increased fibrosis and

Chapter 2

Background 26



may alter the mechanical properties of the tissue in contact with the patch. This can cause
functionality to be impaired and may hinder the restorative functionality achieved.%

Negative reactions to a synthetic patch were demonstrated in a porcine M1 model where a
polytetrafluoroethylene patch (same material as Gore-Tex®) was shown to promote inflammation,
calcification and cellular necrosis. This tissue response demonstrated a stark contrast to a natural,
urinary bladder ECM patch placed in the left ventricle, which supported cell infiltration,
production of ECM and pockets of myocyte-like cells.*® These results closely mirror what was
reported when comparing the synthetic material, Dacron to an ECM-derived cardiac patch.®* When
using these materials in a canine model for a full thickness right ventricular defect, it was
demonstrated that the ECM patch outperformed Dacron through regional systolic and diastolic
function evaluations. These findings were likely due to the CMs observed in the ECM implant
region, which was not seen with the Dacron® group.

Cormatrix® is a clinically approved, decellularized porcine small intestine submucosa
(SI1S) matrix that has been used for myocardium repair. In a recent study, patients who had
complications resulting from MIs received either a Dor procedure, linear left ventricular aneurysm
repair or ventricular septal defect repair with Cormatrix.® Patients had transthoracic
echocardiographies prior to discharge and were later evaluated at follow-up appointments. The
echocardiographies demonstrated repair integrity and no ventricular thrombus formation.
Additionally, no complications such as readmission for any cardiac cause or death occurred. With
these results, surgeons felt that the lack of CorMatrix ECM repair failures supported further
investigation into the efficacy and regenerative potential of this material.

It is important to note that the benefits of an acelluar scaffold may be temporary. As the
scaffold degrades the reduced wall stress resulting from an increased wall thickness may be lost.
This was demonstrated in a study where a polyethylene glycol hydrogel was injected in to an
infarcted rat heart. There was a decrease in end-diastolic volume 4 weeks after MI, but the benefits
were gone after 3 months.®” Another concern with acellular scaffolds is that patients must rely on

cells from adjacent regions repopulating the patch, which may not be restricted to CMs. Reports
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have shown patches ultimately supporting a mixture of cell and tissue types including connective
tissues, cartilage, and myocardial tissues.** %

A cellular approach may have greater regenerative potential than an acellular approach.
Studies demonsrate that when small intestine submucosa ECM was combined with mesenchymal
stem cells, a greater reparative effect was observed in a chronic M1 scar in a rabbit model relative
to SIS ECM alone.* It was further demonstrated that these incorporated cells were able to migrate

into the infarct site and differentiate into CMs.

2.7. CELL-POPULATED CARDIAC PATCHES

A cell-populated cardiac patch has the potential to restore lost function post-MI. Despite
significant advances in the design of cardiac patches, there remains a need to develop an
implantable scaffold that promotes substantial functional improvements to damaged myocardium.
While various studies have shown that engineered scaffolds are capable of supporting contractile
cells 62 80 8. 100 and providing moderate increase in heart function,®® 91192 there remains a
significant need to develop an engineered cardiac patch with physiologically relevant contractility
that easily integrates with the surrounding tissue to promote the regeneration of myocardial
tissue.*® 2 Integration of a cardiac patch will require the alignment of incorporated cardiomyocytes
to aid in electrical coupling of the patch to native myocardium in order to promote synchronous

contractility 4" and stiffness values similar to native tissue in order to avoid mechanical mismatch.®!

2.7.1. DECELLULARIZED TISSUES FOR CARDIAC PATCH DEVELOPMENT
Decellularized heart tissue has been investigated for use as a cardiac patch. This highly
biomimetic approach enables the retention of tissue architecture, vasculature,®® 1% and proteins
within the structure such as collagen, elastin and fibronectin.’®* Among other scaffold options, this
type provides the best cell recognition,'®1% supports cell growth and tissue organization, and
provides cues for adhesion, proliferation, migration, differentiation and function.'®” The removal
of cell components and antigens reduces the potential for a foreign body reaction.'®® However,
decellularization is difficult to completely accomplish. Residual DNA and other materials can
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elicit an immune response and while harsher decellularization methods may result in more
complete removal of host cells, they may also compromise tissue architecture. 1%

The decellularization process involves physical, chemical, biological or combination
treatments of the native tissue.?® Once decellularized, the scaffolds can be re-cellularized with
selected cell populations. It has been demonstrated that decellularized mouse hearts can be
repopulated with human iPS cell-derived multipotent cardiovascular progenitor cells. These
scaffolds demonstrated spontaneous contractions and a normal response to drugs.''° Additionally,
it has been demonstrated that decellularization of an entire heart can be achieved. Donor hearts not
used for transplantation were decellularized and seeded with iPS-derived cardiomyocytes. The
authors demonstrated force generation of incorporated myocytes, showed electrical conductivity,
pressure development in the left ventricle and metabolic function.'!

While progress in this area has been made, currently decellularized heart tissues are insufficient
to circulate blood by mechanical force and electrical conduction through the scaffold is slower
than a healthy heart.®” Although there has been progress, the major challenges of decellularization
without disruption to the structural and mechanical integrity of the scaffold, recellularization with
homogenous distribution of cells, in vitro preservation, anticoagulation and endothelialization

need to be overcome in order to generate a scaffold capable of in vivo functionality.04 11

2.7.2. CELL SHEETS AS CARDIAC PATCHES

More than a billion cells die following an infarct.'®* When trying to replace this magnitude
of cells, one limitation to scaffold-based patches is that the space occupied by the construct will
be ECM, limiting the density of cells that can fill the defect. An alternative method for producing
densely cell populated cardiac patches is to use cells alone. While cell suspensions are difficult to
deliver and retain in the desired area, confluent cell sheets have been shown to be an alternative
strategy. In this approach, confluent cells are harvested as intact sheets by culturing the cells on
temperature-responsive polymers, such as poly-(N-isopropylacrylamide) (PIPAAmM).}2 With this
method, cells can adhere and proliferate on the polymer at 37°C, but when the temperature is
lowered to below 32°C, the surface becomes hydrophilic and non-adhesive for the cells. This
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results in the cells detaching from the polymer, but remaining attached to one another through cell
adhesion proteins and deposited ECM.*2 This technique has been used to derive cell sheets from
neonatal rat ventricular myocytes and, when two sheets were stacked, synchronous and
spontaneous contractions were observed.!*1®  Additionally, evidence for electrical
communication between cells in adjoining layers arising from gap junctions was observed within
1 hour.®® Cell sheets have been transplanted into tissues of rats. When this was done,
microvasculature rapidly organized within the sheet, and beating of the transplanted construct
continued for up to 1 year.®® Despite these successful findings, there are limitations to the use of
cell sheets as a cardiac patch. Clinically, stacked, autologous myoblast sheets were implanted in a
56-year-old man with dilated cardiomyopathy.'” This treatment resulted in the patient having an
improved prognosis; he had no arrhythmia and was able to discontinue use of a left ventricular
assist device. However, these cells do not form gap junctions, preventing them from propagating
an electrical signal. In another clinical trial these cells were shown to induce arrhythmias when
implanted in cardiac tissue.!*®

Another challenge is generating a cardiac patch of clinically relevant size. If we consider
the perfusion limit of densely populated cell sheets is approximately 50-100 um, the size of a
cardiac patch is then limited to 3 cell layers without a vasculature.®* However, a clinically relevant
cardiac patch needs to be ~1 cm thick,*® which is significantly greater than 3 layers of cell sheets.
One strategy to overcome this limitation is to create vascularization through the layers, performing
a multi-step transplantation. By implanting 3 cell sheets into a rat, and allowing the sheets to
become vascularized, the 3 sheets can function as the base for a subsequent transplantation. If this
process is repeated 10 times every 24 hours, it will create a vascularized construct that is 3 mm
thick. However, this technique will not readily transition to the clinic.®! Although cell sheets have
demonstrated some improvement in cardiac function when implanted in an animal model %, the
biggest hindrance to use of this technology is developing a vascularization method in-vitro that

can transition to the clinical setting so that a thick construct can be fabricated.®’
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2.7.3. SYNTHETIC MATERIAL CARDIAC PATCH SCAFFOLDS

Synthetic materials are a promising strategy to create cardiac patches because of their
customizable nature, as the mechanical properties and degradation kinetics can be readily tuned
and their properties are highly reproducible. Additionally, their use mitigates concern of pathogen
transmission risks associated with biological materials.'*® Among synthetic materials, some of the
most commonly-investigated for application as a cardiac patch are polyesters and polyurethanes,
including polyglycolic acid (PGA)*%12l  poly(lactic-co-glycolic) acid (PLGA)?%1%,
poly(glycolide-co-caprolactone) PGCL 24, poly(glycerol sebacate) (PGS) 12126, and poly(lactide-
co-epsilon-caprolactone) (PLCL) 27,

PGA has been shown to provide a scaffold environment that can support differentiation of
myocytes into organized layers.’?° Additionally, a PGA patch seeded with embryonic stem cells
(ESCs) was implanted onto infarcted mice hearts. At 8 weeks, it was observed that engrafted cells
survived, suggesting that the scaffold efficiently served as a cell delivery device.!?!

PLGA is the base material of an epicardial patch composed of vicryl® mesh seeded with
human fibroblasts that has been investigated as a device to induce angiogenesis in the damaged
tissue region following an infarct.!?? This material was applied as an epicardial patch to an
ischemic heart in a Sprague-Dawley rat model.*?® The patch provided cytokines, growth factors
and proteins to the area contributing to observed arteriogenesis and tissue repair. Functionally, the
ejection fraction for the left ventricle increased with application of this patch. Improved left
ventricular function was also observed for cellularized patches composed of PLCL that were
implanted onto infarcted hearts in an adult rat model, relative to non-cellularized patches.*?’

When implanted onto the epicardial surface, it was demonstrated that a PGCL scaffold
populated with bone marrow-derived mononuclear cells attenuated left ventricular remodeling and
systolic dysfunction.'?* Limited remodeling was also observed when PGS films were utilized in
an Ml in a rat model. Although unable to support systolic function, the patches were able to reduce
hypertrophy and may limit remodeling of the tissue.'?®
Research by Lisa Freed’s group showed that PGS and PGS-inspired materials created a

modular, vascularized cardiac scaffold.’?® The scaffold is composed of a microfluidic base, a
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vascular-parenchymal interface and a heart cell scaffold. By manipulating the degradation rates of
the components of this scaffold, the authors designed a scaffold with an interface that enables
perfusion-mediated transport in vitro, while degrading quickly in vivo. The fast degradation of the
interface quickly brings the heart cell scaffold in contact with the host-derived blood vessels when
implanted. Using a slowly degrading polymer, poly(ester-amide),1:2 poly(1,3-diamino-2-
hydroxypropane-co-polyol sebacate) (APS), for the heart cell scaffold and microfluidic base
provides an anisotropic mechanical support upon implantation. The synthetic materials enabled
this clever design as the degradation rates were tunable.

In another strategy, a mosaic patch was created that mimics the structure of Velcro®. This
patch was designed to provide a method to incorporate easily stackable units, that could be
disassembled on demand while preserving the structure, physical integrity and beating function of
the individual layers. This scaffold wis made of a honeycomb mesh with hooks comprised of
poly(octamethylene maleate (anhydride) citrate) (POMaC). Cells were seeded in Matrigel (an
extract from the basal membrane of a sarcoma cell line rich with ECM proteins and bioactive
substances). Strong mechanical integration of the layers was observed, as was immediate
functional integration of the stacked layers as demonstrated through electrical stimulation.!?°

While considerable progress has been made using synthetic materials, there are still many
challenges associated with them. These materials typically have poor interaction with cells because
of their hydrophobic nature!® and they also have poor interaction with the native biological
environment, often inducing an aggressive inflammatory response in vivo.!3® Additionally,
synthetic materials tend to crumble rather than slowly degrade, and the degradation products can
be acidic, impacting the viability of cells.*®
2.7.4. NATURAL BIOPOLYMER CARDIAC PATCH SCAFFOLDS

Natural biopolymers are highly compatible materials with native signaling cues for cells to
attach, proliferate and differentiate on in vivo.'® These materials have adhesion-specific sites that
promote cellular interaction, unlike synthetic materials.®? Additionally, natural biopolymers enable
a biomimetic scaffold that closely resembles the ECM of the native tissue. As described earlier,

biomimetic approaches may be beneficial in providing instructive cues for tissue regeneration.
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Natural hydrogels in particular have proven superior for generating highly functional cardiac
tissues, as they support macroscopic contractions and uniform cell density.*** Some of the most
commonly investigated natural biopolymers for use as cardiac patches include collagen, gelatin,
fibrin and alginate.®®

Collagens types | and Il are major components of the ECM of myocardium and are a
promising material for a cardiac patch.'® When these materials were combined with Matrigel and
cultured with rat neonatal ventricular myocytes, an engineered heart tissue was formed that
displayed functional and morphological properties similar to differentiated heart muscle.
Implantation studies using a Fischer 344 rat model demonstrated that these engineered tissues
survive and integrate in vivo.'®2 Additionally, the tissues electrically coupled with native tissue
upon implantation in a rat Ml model, and ultimately improved diastolic and systolic function
relative to sham procedure controls.!3

In the MAGNUM clinical trial, authors investigated the use of autologous mononuclear bone
marrow cells seeded on a collagen matrix. This scaffold was grafted onto infarcted ventricles of
patients.®* It was observed that the scaffold resulted in improved efficiency of cellular
cardiomyoplasty, and that there was an increase in the thickness of the ventricular wall at the
infarct site. As mentioned earlier, an increase in ventricular wall thickness can normalize wall
stress limiting remodeling and improving diastolic function.*3*

With biomimetic mechanical and electrical stimulations, cells incorporated on collagen
scaffolds have a more mature phenotype. In one study, rat neonatal ventricular myocytes in
Matrigel were seeded onto Ultrafoam™ collagen sponges. Applications of electrical stimulations
that mimicked the native heart resulted in cell alignment, coupling and synchronous
contractions.*® Additionally, application of mechanical stretch to collagen-based scaffolds has
been shown to improve the maturity of incorporated cells. When applying cyclic mechanical
stretch to 120% of the initial scaffold length, it was observed that cells incorporated in a collagen/
Matrigel matrix underwent hypertrophy and demonstrated functional improvements.**

While low-density collagen hydrogels support functionality of incorporated cardiomyocytes,
the lack of mechanical integrity is a limiting factor. Interestingly, a recently published study
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showed that a high density collagen scaffold could support cardiomyocyte function when co-
cultured with matrix-remodeling stromal cells.™*” This co-culture resulted in a scaffold material
that supported a microvasculature and cellular function in vitro for two weeks, and appears to be
a promising approach for the development of cardiac patches of clinically relevant size.

Silk fibroin is another candidate material for a cardiac patch. Silk fibroin has the highest
mechanical performance of all known natural materials. For a 10mm diameter scaffold with a
height of 10mm, 84 kPa of compressive strength was reported. This was much greater than
collagen or chitosan with reported values of 15 and 45 kPa compressive strength, respectively.t®
Silk is being explored as a cardiac patch material in combination with cardiac tissue-derived
extracellular matrix (cECM) 8, and will be discussed in the composite patch section (Section
2.7.5).

Because fibrin is seminal during the early phase of wound healing,!* it is hypothesized
that this material will serve as a facile tool for myocardium regeneration. Additionally, the
components of fibrin can be isolated from blood suggesting fibrin scaffolds have the potential to
be tailored for personalized healthcare strategies.!® Fibrin has cell adhesive properties, can induce
neovascularization **%and reduce infarct expansion.’®

Fibrin has been investigated in a hydrogel format and has demonstrated some of the highest
contractile forces and action potential propagation speeds to date.”” *3% 14! Through patterning of
the hydrogel space with ellipsoidal pores, it has been demonstrated that incorporated cells align
through gel compaction over time in culture and mature. More recently, bundles of fibrin hydrogel
have been cultured on free floating on Nylon frames, and when cultured dynamically with a +/-
30° rotation were shown to achieve conduction velocities and contraction forces approaching
values of adult myocardium. 3

Fibrin-based patches with different cell populations have also been considered. In a recent
study, the effects of incorporating cardiomyocyte-enriched, or cardiomyocyte-depleted neonatal
rat cell hearts in an epicardial patch implanted on the infarct region in a rat model was assessed.
This study showed that when CMs were incorporated into the patch, there was a significant

improvement in contractile function, and there was elimination of left ventricular wall thinning.
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The decreased infarct size and reduced wall thinning were also observed for the patch free of CMs,
but there was no subsequent improvement in cardiac function.®

Another study utilized cardiac adipose tissue-derived progenitor cells in a fibrin hydrogel
patch. Prior to embedding in fibrin, the cells were either electromechanically stimulated and
stretched to condition the cells, or were left untreated. The patches were implanted over an infarct
region of a murine heart. The findings showed that rodents that received patches with stimulated
cells had an increase in cardiac function as evaluated by left ventricular ejection fraction relative
to nontreated animals. Trained cells also expressed main cardiac markers such as connexin 43, a-
actinin and SERCAZ2, and migrated into the ischemic tissue of the myocardium.'*? This study
demonstrated that conditioning the cells prior to incorporation may increase the functional impact
of the patch on the heart.

Other natural materials have also been considered as scaffolds for cardiac patches. A gelatin
mesh was combined with rat ventricular fetal or adult cardiomyocytes and used to repair the right
ventricular outflow tract in adult rats. In a 12 week study, seeded cells survived in the area even
after the scaffold had degraded, demonstrating the cell delivery capability of this material.1*3
Additionally, polysaccharides including alginate 144, cellulose 1*°, chitosan 146, and hyaluronic acid
(HA) **" have been investigated for use as a cardiac patch.

Natural biopolymers are commonly characterized by poor mechanical properties, limited
processing parameters and rapid degradation kinetics.%> 48 While crosslinking has been suggested
as a method for improving mechanical properties, it can induce modification to the structure
impacting the cellular response to the scaffold.*®* Furthermore, clinical considerations may
complicate the use of some natural materials that lack a defined chemical composition. For
example, Matrigel™ is a commonly used natural material in the development of cardiac patches,
with positive results. However, it is not clear whether Matrigel will be clinically approved for
human use.!® Although functionality on natural material scaffolds is some of the highest
reported,'3 these challenges still present a barrier for creating implantable, clinically relevant

cardiac patches from them.
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2.7.5. COMPOSITE MATERIALS FOR CARDIAC PATCH SCAFFOLDS

While progress has been made in the development of cardiac patches using synthetic and
natural materials, there are considerable limitations to each. While synthetic materials demonstrate
mechanical integrity and tunable degradation, they also can elicit an immune response and do not
easily interact with cells or the native tissue environment. Natural materials are highly
biocompatible and provide cell attachment sites, but are typically mechanically weak with rapid
degradation profiles. As one potential solution, composite materials combining natural and
synthetic materials have been investigated for use as cardiac patches. Through the combination of

natural and synthetic materials, a more desirable material for cardiac patches may be achieved.

149 150

Synthetic materials have been combined with fibrin ***, collagen =, alginate and gelatin
131 for the design of a cardiac patch. The incorporation of natural materials with synthetics
enhances the cellular response relative to synthetic materials alone. However, synthetic materials
still have drawbacks. One potential strategy to create better cardiac patches may be to generate a
natural material that has the mechanical integrity needed for this application.

Silk fibroin has been combined with cardiac tissue-derived extracellular matrix (CECM).
This composite material had tunable architectures, degradation rates, and mechanical properties
dependent on the concentrations of the components utilized. When implanted subcutaneously in a
rat model, the addition of cECM to the acellular silk scaffold lead to high endogenous cellular
infiltration. Additionally, the scaffold promoted vascularization after 4 weeks in vivo. When
evaluating the constructs in vitro and seeding cells onto the scaffolds, the incorporation of the
cECM promoted greater myosin heavy chain expression, a part of the contractile complex critical
to cardiomyocyte function.'*® This study demonstrates the feasibility of using natural materials to
create a mechanically tunable scaffold for a cardiac patch application. Further development of a
cell-populated scaffold of clinically relevant size is critical for the development of a successful
cardiac patch.
2.8. BIOPOLYMER MICROTHREADS FOR TISSUE REGENERATION

Biopolymer microthreads are discrete, fibrous materials, generated from ECM,

olysaccharides and naturally derived proteins such as fibrin, 122154 sijlk, 155156 ¢ollagen,t°7-158
Y y
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chitosan, and alginate.*®%6! The morphological and biochemical properties of these microthreads
are comparable to native fibrous structures, and they can be precisely engineered into
hierarchically ordered, tissue-specific scaffolds with morphological, mechanical and biochemical
cues to promote cell-mediated tissue regeneration (Figure 2.5). These microthreads can be
modified to precisely modulate their material properties including tensile strength and degradation
rates. These thread modifications enable the fabrication of scaffolds that closely mimic properties

of native tissues.
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Figure 2.5: Biopolymer microthreads for tissue engineering applications. Biopolymer microthreads composed of
different biomaterials (A) can be hierarchically combined to produce scaffolds (B-D). These scaffolds mimic tissue
structures (E-G) of targeted diseased or injured tissues (H-J).

To enhance the efficiency of cell delivery to a myocardial infarct, our labs pioneered a cell-
seeded fibrin microthread-based suture system to facilitate targeted, localized cell delivery in the
heart. Biopolymer threads may mimic the fibril architecture observed in native myocardium and

may help cells to incorporate into the infarct tissue.
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In one study evaluating the effective delivery of human mesenchymal stem cells (hMSCs),
cells were incorporated on a fibrin microthread suture and implanted or delivered via IM injection
to the left ventricular wall of non-infarcted normal rat hearts. Delivery efficiency was greatly
improved using the fibrin suture relative to the cell injection alone (63.6 +/- 10.6% and 11.8 +/-
6.2%, respectively).’® In a more recent study, an acellular suture was compared to an hMSC-
seeded suture to assess the impact in normal functioning rat hearts. To compare regional
mechanical function, systolic area of contraction (SAC) in the region of biopolymer microthread
delivery was evaluated. Compared to native myocardium, SAC was decreased for acellular
scaffold implants, while this decrease was less pronounced in the hMSC-seeded suture group.
Fibrosis was reduced for the hMSC seeded suture group relative to the acellular suture group,*®?
suggesting that hMSCs may release factors limiting the fibrotic response to injury. The
incorporation of hMSCs improved regional mechanics when compared to an acellular scaffold,
demonstrating the value of delivering healthy cells incorporated onto the biomaterial scaffold. In
an in vitro analysis, fibrin microthread sutures were able to support viability, proliferative capacity
and multipotency in hMSCs, suggesting that the fibrin microthreads may be used as a platform
technology!®® and may be applicable to other applications.

Excerpt from: O’Brien, Megan P., et al. "Designing Biopolymer Microthreads for Tissue
Engineering and Regenerative Medicine." Current Stem Cell Reports 2.2 (2016): 147-157.

2.9. FIBRIN MICROTHREAD-BASED COMPOSITE SCAFFOLDS

While fibrin microthreads have shown the ability to guide cellular orientation,®? the
microthreads are mechanically stiff relative to myocardium and may limit cell-mediated
contractility.'®* In contrast, hydrogels provide compactible environments and have produced some
of the highest reported contractile force measurements to date.”” However, hydrogels are typically
qualitatively characterized as mechanically weak!®>-1%® and may fail in the dynamic environment
of the heart.® 1% A composite material composed of a microthread element and a hydrogel phase
may yield a scaffold combining the benefits of structural cues and mechanical integrity of
microthreads, with the hydrogel environment that is conducive to cell-mediated contractility.

These materials could be strategically combined to mimic the mechanical environment of native
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myocardium promoting high functionality of incorporated cells. The use of fibrin microthreads

within the composite may enable a contractile tissue analog of myocardial tissue.
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Chapter 3: Design of a Fibrin Microthread-Based
Composite Layer for Use in a Cardiac Patch?

Reproduced with permission from Chrobak, M. O.; Hansen, K. J.; Gershlak, J. R.; Vratsanos, M.; Kanellias, M.;
Gaudette, G. R.; Pins, G. D., Design of a fibrin microthread-based composite layer for use in a cardiac patch. ACS
Biomaterials Science & Engineering 2017. 3 (7): 1394-1403. Copyright 2016 American Chemical Society.

3.1 INTRODUCTION

Cardiovascular diseases are the leading causes of death globally with 500,000 new cases of
heart failure diagnosed in the United States alone.? The major condition leading to heart failure is
myocardial infarction (MI), damage of cardiac tissue resulting from oxygen deprivation ultimately
reducing functionality. The heart has limited capacity to regenerate damaged myocardium and
restore mechanical function lost following an MI1.3 As such, a therapy that promotes functional
myocardial regeneration is greatly needed.

Cardiac patches can be used to replace scar tissue in the heart and are especially useful in
repairing ventricular aneurysms. However, currently available scaffolds are acellular and only
provide passive structural support.*® Actively contracting cardiac scaffolds may provide better
options for patients, as they may contribute to the active mechanical function lost after an M.
Current strategies to promote active regeneration of damaged myocardium use scaffolds composed
of natural materials,®!? synthetic materials,}**° extracellular matrix,’®’ or decellularized
tissues. 81 Sheets of cardiac “progenitor cells,” or engineered tissues that integrate the promising
functions of biomaterials and stem cell therapies, are being investigated as well. Modular scaffolds
that integrate myocardial components of the tissue into scalable units®®% to guide myocardial
regeneration are also being considered. While various studies have shown that engineered
scaffolds are capable of contraction,®" 111822 and of providing moderate increases in mechanical
function of the injured heart,* 16 23 there is still a need to develop a functional, engineered cardiac
patch that readily integrates with the surrounding tissue to promote the regeneration of myocardial
tissue with physiologically relevant contractility.” 24
Fibrin-based hydrogels have been extensively researched in the field of cardiac engineering.

Cell-seeded hydrogels have demonstrated functionality such as high twitch forces comparable to
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neonatal rat myocardium (8.9 + 1.1 and 7.8-8.7 mN/mm?, respectively).?®> However, hydrogels are
typically mechanically weak?2” and ultimately may fail in the dynamic loading environment of
the heart.?® 2 Thus, it is critical for myocardial regeneration strategies that a cardiac patch be able
to mechanically?® and functionally integrate with native myocardium.” ?* To achieve this, a cardiac
patch should mimic the properties of native myocardium, a highly aligned tissue with modulus
values ranging from 20 to 500 kPa.?*

In this chapter, we report the development of discrete layers of a microthread-based
composite scaffold that can be fabricated into engineered myocardial tissue with precisely
designed structural mechanical properties. Microthreads derived from natural biopolymers, such
as fibrin, have been investigated for a wide range of tissue engineering applications.®® These
microthreads exhibit tunable mechanical properties®® and drive cellular orientation.®? Here, we
hypothesize that fibrin microthreads can be strategically combined with fibrin-based hydrogels to
create a composite layer that will enable the design of a scaffold that provides mechanical
properties similar to that of native myocardium, supports cell contractility, and promotes cellular
orientation. To test this hypothesis, we systematically varied the fibrin microthread volume
fractions in composite layers and evaluated the moduli of the composite scaffolds. We
incorporated rat neonatal ventricular myocytes into the composite layers and analyzed the cell-
mediated contractile behavior of the scaffolds by measuring contractile strains and contractile
frequencies. Finally, we evaluated the effect of the microthreads on cell alignment by measuring
the nuclear orientation of incorporated cells in the composite scaffolds. Ultimately, we envision
that these fibrin composite layers will enable the development of an implantable, multilayered
cardiac patch to facilitate the regeneration of damaged ventricular myocardium.

3.2 MATERIALS and METHODS
3.2.1 Fabrication of Fibrin Microthread-Based Composite Scaffolds
To generate biomimetic composite layers, varied densities of fibrin microthreads were

precisely aligned and integrated into fibrin hydrogels (Figure 3.1).
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Figure 3.1. Fabrication of a biomimetic composite cardiac patch. Ventricular myocardium is arranged in highly
aligned layers (A). To fabricate an aligned composite layer, fibrin microthreads are organized (B, C) and embedded
in a fibrin hydrogel (B). Ultimately, we anticipate that these individual layers will be stacked to form a multilayered
scaffold that mimics native myocardium.

3.2.1.1 Microthread Extrusion

Fibrin microthreads were generated through the co-extrusion of fibrinogen and thrombin
solutions using techniques described previously.33* Briefly, fibrinogen isolated from bovine
plasma (Sigma, St. Louis, MO) was dissolved in HEPES (N-[2-Hydroxyethyl] piperazine-N’-[2-
ethanesulfonic acid]) buffered saline (HBS, 20 mM HEPES, 0.9% NaCl; pH 7.4) at a concentration
of 70 mg/mL. The solution was stored at -20°C until use. Thrombin from bovine plasma (Sigma)
was dissolved in HBS at 40 U/mL and stored at -20°C until use.

To generate microthreads, fibrinogen and thrombin solutions were thawed to room
temperature. A 40 mM solution of CaCl, was mixed with the thrombin solution resulting in a
working solution of 6 U/mL. Equal volumes of fibrinogen and thrombin/CacCl. solutions were
loaded into separate 1 mL syringes. A blending applicator tip (Micromedics Inc., St. Paul, MN)
was connected to the loaded 1 mL syringes. The solutions were mixed in the applicator tip and
extruded through polyethylene tubing (BD, Sparks, MD) with an inner diameter of 0.86 mm into
a buffer bath of 10 mM HEPES (pH 7.4). Microthreads were extruded into a Teflon-coated pan at
a flow rate of 0.225 mL/min using a dual syringe pump. Following a 10-15 minute polymerization
time, the scaffolds were carefully removed and stretched to ~150% of their original length to create
a high strength microthread, and hung to dry under the tension of their own weight.*?
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3.2.1.2 Fibrin Microthread Organization

A custom fibrin microthread spacer was used to align fibrin microthreads at set distances
to ensure a uniform layer (Figure 3.2A). The device has evenly spaced ridges with ports and is
coupled to a house vacuum enabling the placement and maintenance of threads in configurations
with defined spacing. Layers were organized with either 5, 10, or 20 threads across a 1 cm length
to vary the volume fraction in the composite (Figure 3.2B). Once organized, threads were mounted
along the edge, the vacuum was turned off, and aligned microthreads were transferred and secured

to vellum frames with precut windows using medical grade silicone adhesive.

Layer Configuration
10 Thread

>

~5.4% ~10.9% ~21.7%

Fibrin Microthread Volume Fraction

Figure 3.2. Fibrin microthread spacer device. Fibrin microthreads are organized using a custom microthread
spacer (A) by placing microthreads into grooves (red arrow). Microthreads are secured with frames following
alignment (white arrow). By incorporating different thread counts into the layer, the volume fraction of fibrin
microthreads is adjusted (B). Volume fractions were calculated with the assumptions that microthreads have a
cylindrical shape, and the shape of the scaffolds are rectangular.

To evaluate the consistency of spacing for organized threads, 20 microthreads secured to
vellum frames were divided into 9 segments (Figure 3.3 A-C), and imaged under 2X
magnification. For each image, 3 regions (represented as lines in Figure 3.3C) were evaluated.
For each region, distances between all threads were measured using ImageJ. To ensure results were
not user-dependent, 4 different users generated samples using the spacing device. A total of 16
samples were analyzed. A one-way ANOVA was run to determine if statistical differences existed

in thread spacings between users. Significance level was set to a p value of p<0.05.
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Figure 3.3. Evaluation of fibrin microthread spacing in composite layers. Twenty-thread fibrin based composite
layers (A) were evaluated to determine thread spacing consistency. Samples were divided into 9 regions (B) and
imaged under 2X magnification. For all 9 images, 3 regions were identified (red lines in C). For these regions,
spacing between all threads was determined.

3.2.2 Mechanical Characterization of Fibrin Composite Layers

To predict the moduli of fibrin microthread-based composite layers with varying volume
fractions of components, classical composite theory for aligned, fiber-reinforced composites was
utilized. This theory enables the estimation of modulus of elasticity (Ec) of a composite layer in
the direction of alignment as shown in Equation 3.1,

Eq=EnVin+ EfV; 3.1.

where Em and Erare the elastic moduli of the matrix and fibrous components, respectively and
Vm and Viare the volume fractions of the matrix and fibrous components, respectively.®®

Mechanical characterization of acellular fibrin composite layers was completed using a
submerged, uniaxial tensile test. Fibrin composite layers were prepared using modified vellum
frames that enabled the mechanical characterization of the scaffolds, independent of the frame. A
hydrogel solution containing 1.6 U/mL thrombin and 3.1 mg/mL fibrinogen was combined and
mixed on ice, cast over the vellum frames and spread using a pipette tip to provide an even layer.
For a 144 mm? area, 150 uL of hydrogel solution was utilized. Following a 30 minute
polymerization period, a laser displacement technique was used to measure the thickness of the
composite layer in 3 places per sample.®® These thicknesses were averaged together to obtain a
representative measurement, and were used with the width of the sample to calculate the cross-
sectional area, assuming a rectangular geometry. Samples were then secured in grips of a uniaxial
testing machine (ElectroPuls E1000; Instron, Norwood, MA) and a 1 N load cell, with an initial
gauge length of 13 mm. The sample and grips were submerged in a PBS bath, then uniaxially
loaded until failure at a strain rate of 10 mm/min.3’ Force and displacement values were recorded

continuously throughout the test at a frequency of 10 Hz. Prior to determining the modulus and
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phase | and Il maximum stress and strain values, all initial load and deformation values were
zeroed to a baseline value at the onset of each test. Engineering stress was calculated as the amount
of force recorded divided by the initial cross-sectional area. Strain was calculated as the increased
extension from the initial length of the composite layer.

A MATLAB (MathWorks, Natick, MA) script was written to analyze the modulus of the
layers. With aligned fiber-reinforced composites, there are generally two phases observable on
stress strain curves.®® For our analysis, we analyzed the slope of the stress strain curves in phase |
(elastic deformation). This region is typically between 0-30% strain, a physiologically relevant
strain regime as the average peak shortening in the midwall of the left ventricle is ~23 — 30%.%8-3
Outliers were identified as any modulus value that was 1.5 times greater than the inner quartile
range (IQR) for each sample set (average modulus + 1.5*IQR) and were subsequently removed

from further analysis.®2

3.2.3 Cell Culture
3.2.3.1 Rat Neonatal Ventricular Myocyte (rNVM) Isolation

All animal experiments were performed under the guidance of and approved by the
Institutional Animal Care and Use Committee at Worcester Polytechnic Institute. As previously
described, cardiomyocytes were isolated from 2 and 3 day old neonatal Sprague Dawley rats
(Charles River, Wilmington, MA).%° In short, hearts were removed from the neonatal rat, ventricles
were separated from atria, and then ventricles were minced into ~1mm? sized pieces. Ventricle
pieces were digested at 37°C in type Il collagenase (Thermo Fisher Scientific, Waltham, MA)
serially in 7x7 minute digestions. To enrich the fraction of cardiac myocytes, one 45-minute pre-
plating step was performed.*! Isolated cardiomyocytes were used immediately for experimental

samples as described below.

3.2.3.2 Composite Layer Fabrication and Tissue Culture

To ensure that samples remained in the same orientation throughout culture for functional
evaluations, a purpose-built culture dish and framing system was developed to maintain sample
orientation throughout the culture period. For hydrogel casting, PDMS sheets were autoclaved and

coated with sterile 1% Pluronic-F127 in DI water (Sigma, St. Louis, MO) solution for 1 hour.
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Vellum frames with 5, 10 or 20 aligned threads, or without threads (hydrogel controls), were
rehydrated in PBS for one hour, then placed on top of the coated PDMS immediately prior to gel
casting. A hydrogel solution containing 4 x10° cells/mL, 1.6 U/mL thrombin, and 3.1 mg/mL
fibrinogen was combined and mixed on ice, cast over the vellum frames and spread using a pipette
tip to provide an even layer. For a 144 mm? area, 150 uL of hydrogel solution was utilized. Samples
polymerized in an incubator at 37°C for 30 minutes, then were moved into wells containing DMEM
(Iscove’s, VWR, Radnor, PA) supplemented with 10% fetal bovine serum (VWR) 2% heat
inactivated horse serum (Fisher Scientific, Waltham, MA) 1% penicillin streptomycin (Thermo
Fisher Scientific, Waltham, MA) 1% amphotericin B (Thermo Fisher Scientific), 0.5% gentamicin
(Thermo Fisher Scientific), 1% glutamax (Thermo Fisher Scientific), 0.0007% B-mercaptoethanol
(Thermo Fisher Scientific), 50 ug/mL aprotinin, and 1.2 mM CaCl and 0.8 mM MgCl..

For cell culture controls, glass coverslips (10 x 10mm) (VWR) were coated with 0.7% gelatin
in DI water (Sigma Aldrich) for 4 hours and secured to the bottom of wells in a 12 well plate using
autoclaved vacuum grease. Cells were seeded on coverslips with 100 pL of cell suspension (2 x
10° cells/mL), incubated for 18 hours, rinsed and covered with medium for extended culture. All
cell culture experiments were maintained for 14 days with medium changes every other day. For
this work, individual composite layers were evaluated and were identified using the following
nomenclature scheme:

5 Thread Composite Layers (5tC), 10 Thread Composite Layers (10tC), 20 Thread Composite
Layers (20tC), Fibrin Gel Controls (FGC), or Gelatin-coated Coverslips (GCS).

3.2.4 Cardiomyocyte Functional Analysis

To evaluate cardiomyocyte functionality, spontaneous contractions were recorded at 60
frames per second with a high speed camera (HiSpec 4, Fastec Imaging Corp, San Diego, CA)
attached to an inverted microscope (DMIL, Leica Microsystems, Buffalo Grove, IL) at 7, 10, and
14 days of culture. High density mapping (HDM), an optical technique used to evaluate regional
mechanical function with high spatial resolution, was applied by selecting a region of interest (size
dependent on contractile region) and dividing it into 16x16 pixel subwindows to track
displacements of sequential frames over several images, with an 8 pixel shift and noise threshold

of 1% strain.**** The displacement fields are used to determine maximum contractile strain,
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average contractile strain, and frequency of contraction. To ensure representative data for each
sample was obtained, samples were divided into quadrants and one region of interest was identified
per quadrant per sample, per time point. Each sample represents the average value from multiple
regions of interest at each time point.

3.2.5 Phenotypic Analyses
3.2.5.1 Immunostaining

To confirm the cardiomyocyte phenotype and evaluate alignment, cell-seeded constructs
were immunostained to assess the sarcomeric structure of cardiomyocytes and the nuclear
orientation of all cells incorporated into the layer. At day 14, samples were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton and blocked with 5% BSA in PBS. After
blocking, tissues were incubated overnight at 4°C with mouse monoclonal to sarcomeric a-actinin
primary antibody (Abcam, Cambridge, MA) in a blocking solution. Samples were rinsed in PBS
and a secondary antibody (Goat anti-mouse Alexa Fluor 546, Life Technologies, Waltham, MA)
was incubated at room temperature for 30 minutes. A Hoechst counterstain (Thermo Fisher
Scientific) was incubated with the samples at room temperature for 10 minutes. Tissue samples
were imaged using a confocal microscope (TCS SP5 Point Scanning Confocal, Leica, Germany).

For each sample, 3 representative images of the width of the construct were obtained at 200X.

3.2.5.2 Analysis of Nuclear Alignment

To determine the alignment of cells within the composite layer relative to fibrin
microthreads, fluorescent images were analyzed using ImageJ (NIH). For each condition, a total
of 3 samples (9 representative images) were evaluated after 14 days in culture. A binary image
from the blue channel (representing nuclear staining by Hoechst) was generated, and analyzed
using the particle analysis function within the ImageJ software to obtain the orientation of the long
axis of the nucleus with respect to the microthread. Nuclei that were on the edge of the image or
in contact with other nuclei were excluded from analysis. All values were binned in 15° increments

and plotted as a histogram to present the distribution of nuclear orientations observed for each

group.
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3.2.6 Statistical Analyses

All statistical analyses were performed using SigmaPlot 12.5 software, with p<0.05
indicating a significant difference between groups. For contractile strains and frequencies,
statistical analyses were performed using a two-way analysis of variance (ANOVA). For the
uniaxial testing data, statistical analyses were performed using a one-way ANOVA. Holm-Sidak
pairwise multiple comparison tests were performed for all post-hoc analyses with p<0.05
indicating significant differences between samples. For functional data including maximum
contractile strain, average contractile strain, and frequency of contraction data are reported as
means * standard error. For the reported elastic modulus values, data are presented as means *

standard deviation.

3.3 RESULTS

3.3.1 The Fabrication Method Developed for Composite Layers Enables Reproducible
Spacing of Aligned Fibrin Microthreads.

Four users generated 20tC samples using the fibrin microthread spacer. Fibrin microthread spacing
distances averaged 140 um for each user, with a standard deviation of 21.74 um, ~15.5% of the
average spacing distance. The average thread separation distances for each user were compared
with, a one-way ANOVA. This analysis demonstrated that no significant differences were
observed, suggesting that the automated thread spacing system creates aligned microthread-based
scaffolds with reproducible morphological properties.

3.3.2 The Modulus of a Composite Layer Can Be Tuned Through Modulation of the Fibrin
Microthread Volume Fraction

The computational model using classic composite theory demonstrated that with an
increasing volume fraction of fibrin microthreads there should be an increase in modulus of the
composite layer. Predicted values ranged from 48 — 190 kPa with microthread volume fractions
increasing from 2.2% to 8.6%. Assumptions included that the fibrin microthreads had a diameter
of 130 um and a stiffness value near 2.2 MPa,3 and that the hydrogel had a stiffness near 0.25
kPa.*> As the number of fibrin microthreads doubled, the predicted moduli values approximately

doubled as well. This trend is summarized in Table 3.1.
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Table 3.1. Predicted moduli for fibrin composite layers with varying volume fractions of fibrin microthreads
and fibrin hydrogel.

Number of Threads Volume Fraction of  Volume Fraction of Predicted Modulus

Threads Gel (kPa)
5 \ 2.2% 97.8% 48
10 4.3% 95.7% 95
20 8.6% 91.4% 190

Composite layers were evaluated using uniaxial tensile testing to determine the effect of
fibrin microthread volume fractions on the moduli of the scaffolds. Aligned fibrous composite
materials typically have two phases (Figure 3.4A).%° Characteristic stress-strain curves for the
composite layers showed the anticipated two phases followed by multiple points of failure as
components of the composite failed (Figure 3.4B). Our analyses characterized the elastic
deformation of the scaffolds (phase I) for calculating the modulus values of the composites (Figure
3.4A). Qualitative observations of uniaxial tensile tests suggest that the composite layers remain
as one cohesive, integrated material upon full failure. As the number of fibrin microthreads was
doubled, the moduli increased to slightly greater than double values. Significant differences in the
elastic modulus values were observed between all groups (Figure 3.4 C) (5tC vs 10tC p= 0.048;
5tC vs 20tC p<0.001; 10tC vs 20tC p<0.001).
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Figure 3.4. Fibrin microthread volume fraction can be used to mechanically tune a composite layer. Stress strain
curves for composites generally have two phases (A). All modulus values were taken from phase | of the curves
(dotted line in A). Characteristic stress strain curves of 5, 10, and 20 thread composite layers are shown in B. * marks
first point of failure for each sample and arrows show subsequent microthread failure points. Modulus values were
significantly different between each sample group (denoted with a *) as determined by a one-way ANOVA with Holm-
Sidak post-hoc analysis, p<0.05 (C).

The mechanical data from the tensile testing is further summarized in Table 3.2.
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Table 3.2. Mechanical data from tensile testing evaluation of fibrin-based composite layers.

Composite Tensile Stress  Tensile Strain Elastic Modulus (kPa) Tensile Tensile Strain
Gr(r))u (Phase 1) (Phase 1) . Stress (Phase (Phase II)
P (kPa) (mm/mm)  Predicted — Measured 1) (kPa) (mm/mm)
206+ 8.1*
¥ ¥
5tC 15 1(290102'23) 0.31+0.08 B (10tC: p=0.048) 2(33010%{3) 1.03+0.25
p=c. (20tC: p<0.001) PP
46.4 + 23.0*
¥ ¥
10tC 12 1(3f30i0850) 0.21+0.06 95 (5tC: p=0.048) 4(2{ ;025’75 0.99 +0.34
= (20tC: p<0.001)  P7%
97.5 £ 49.3*
20tC 12 27.7+15.4 0.24 £ 0.09 190 (5tC: p<0.001) 83.0+45.8 1.07 £0.22
(10tC: p<0.001)

¥: Significant difference from the 20tC group
*: Significant difference from all other groups

3.3.3 Cardiomyocyte Phenotype is Retained in Fibrin-Microthread Composite Layers

Rat neonatal cardiomyocytes were isolated and incorporated into fibrin-microthread
composite layers with varied thread densities, fibrin hydrogels, or seeded onto gelatin coated
coverslips. To ensure that the cells in the scaffolds maintained functional cardiomyocyte
properties, sarcomeric o-actinin protein expression was evaluated with putative sarcomeric
arrangement being considered a hallmark of functional cardiomyocytes.*® For all groups, cells
exhibited characteristic sarcomeric striations for the duration of the 14 day culture period,
confirming that the cells in the composite scaffolds maintained phenotypic properties of

cardiomyocytes (Figure 3.5).
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Figure 3.5. Striated phenotype of rat neonatal ventricular myocytes cultured in composite fibrin scaffolds. Cells
were stained with sarcomeric a-actinin (red) and Hoechst (blue). All controls and test groups exhibited a striated
pattern characteristic of functional cardiomyocytes. White arrows indicate a-actinin striations.

3.3.4 Functional Properties of Cardiomyocytes are Maintained in Fibrin Microthread-Based
Composites

The active functional properties of cardiomyocytes were evaluated by measuring the
maximum contractile strain, average contractile strain, and contraction frequency using HDM
applied to high speed videos of contractile regions taken at 7, 10, and 14 days in culture (Figure
3.6). The maximum and average contractile strain measurements followed similar trends for all
groups (Figures 3.6A and B). Only the 5tC group had a significant decrease in strain
measurements between days 10 and 14 (p=0.007 for maximum contractile strain and p=0.048 for
average contractile strain) (Figure 3.6 A, B). When comparing groups at each time point, all
groups were significantly greater than the gelatin coated coverslips (GCS) at day 10 for both
maximum and average contractile strains (for maximum contractile strains p=<0.001 for 5tC,
p<0.001 for 10tC, p=0.044 for 20tC, p=0.010 for FGC. For average contractile strains, p=0.001
for 5tC, p=0.006 for 10tC, p=0.002 for 20tC, p=0.023 for FGC) (Figure 3.6 D, E). Significant
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differences were observed at day 7 for the average contractile strain, with FGC, 5tC, and 10tC
exhibiting significantly greater (p=0.006 for 5tC, p=0.006 for 10tC, p=0.023 for FGC) average
strains than GCS (Figure 3.6 E).
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Figure 3.6. Fibrin composite layers do not hinder the functionality of cardiomyocytes relative to a fibrin
hydrogel control. Cardiomyocyte functionality is summarized by group (A-C) and by time point (D-F). Maximum
contractile strain (A,D) values showed that composite layers behaved similarly to fibrin hydrogel controls. Differences
were evaluated through a Two-Way ANOVA with Holm-Sidak post hoc analysis with p<0.05. A bar denotes a
significant difference, * denotes significant differences relative to all other groups within cluster, ¥ denotes significant
difference relative to coverslip controls.

When evaluating contraction frequency, a significant decrease was observed for FGC at
days 10 and 14 relative to day 7 samples (p <0.001 for day 10, p<0.001 for day 14). The 10tC
group also exhibited a significant decrease at day 10 relative to day 7 (p=0.006) (Figure 3.6 C).
All groups had significantly higher frequencies at day 7 relative to GCS (p<0.001 for all groups).
At day 10, 5tC and 20tC maintained a significantly higher frequency relative to GCS (p=0.035 for
5tC, p=0.037 for 20tC) (Figure 3.6 F). By day 14, no significant differences were observed for
any of the functional data among groups. A critical observation is that at no time point were there

any significant differences between the FGC and composite groups (5tC, 10tC, 20tC) when
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comparing any of the functional data (Figure 3.6 D, E, F). Table A.1 in Appendix 1 summarizes

the functional evaluations with data presented as mean * standard error.

3.3.5 Fibrin Microthreads Increase Alignment in Adjacent Regions

To assess the effect of microthread-based composites on the alignment of cells, confocal images
of Hoechst-stained samples were analyzed using ImageJ to quantify nuclear orientation. When
evaluating all cells within the images, nuclear orientation appeared random for FGC and for the
bulk phase of the composite layers (Figure 3.7 A, B). When analyzing nuclei within 100 pum of
fibrin microthreads in composite layers, nuclei demonstrated increased orientation with respect to
the long axes of the microthreads (Figure 3.7 C). The highest percentage of cells for all composite
groups clustered in the 0-15° orientation bin, with respect to the long axes of the threads: 26%,
24%, and 23% for 5tC, 10tC and 20tC, respectively. These observations suggest that the highest
number of cells aligned along the direction of the microthreads when they were cultured adjacent
to the fibers.
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Figure 3.7. Nuclear orientation of cells within composite layers. When assessing nuclear alignment in fibrin
hydrogel controls and composite layers, no trend was observed. However, when assessing regions adjacent to fibrin
microthreads (within 100 um), there was a trend suggesting an increase in nuclear orientation as shown by the non-
uniform distribution. All nuclear orientations were taken with respect to the long axes of the fibrin microthreads within
the composite layer. For fibrin gel controls, the nuclear orientation was taken with respect to the x axis.
3.4 DISCUSSION

The goal of this study was to develop an aligned fibrin microthread-based composite
scaffold that enables modulation of the structural properties of the composite material while
supporting the cell-mediated contractility comparable to that of conventional fibrin hydrogels. To
achieve this, changes in a composite layer were controlled through the addition of fibrin
microthreads in varying volume fractions. We demonstrated that through this manipulation, (1) an
increase in fibrin microthread volume fraction resulted in an increase in modulus for the layer, and
(2) increasing the fibrin microthread volume fraction supported cell-mediated contractile strains
and frequency of contractions comparable to hydrogel controls. All composite layers and fibrin
hydrogel controls significantly increased these parameters relative to a gelatin coated coverslip

control group (GCS). We also found that (3) fibrin microthreads within the composite layer
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influence the nuclear orientation of cells immediately adjacent to the fibers (up to a distance of
100 pm).

Upon implantation, it is critical that a cardiac patch have similar mechanical properties to
the host myocardium to avoid mechanical mismatch.?* % It has also been found that scaffold
modulus is an important influence on cardiomyocyte contractile force, phenotype and gene
expression.'* 24 4647 Using composite theory, we predicted that the trend for doubling fibrin
microthread counts from 5 to 10 and from 10 to 20 microthreads should result in a two-fold
increase in scaffold moduli (48 kPa to 95 kPa, and 95 kPa to 190 kPa, respectively). We found that
a comparable trend was observed when scaffolds were subjected to submerged uniaxial tensile
testing, with moduli increasing two-fold when fibrin microthread counts in the composites were
increased from 5 to 10 (20.6 kPa to 46.4 kPa), and from 10 to 20 (46.4 kPa to 97.5 kPa). While
the trends for predicted and measured moduli values were comparable, the magnitudes of moduli
values were greater for the computational model than for the experimental measurements. The
stress-strain curves for the composite layers had two phases which is common for composite
materials.®**The first phase is characteristic of elastic deformation, both of the matrix and fibrous
components. The second phase is characteristic of elastic deformation of the fiber phase and
plastic deformation of the matrix phase. We evaluated the first phase which is more likely to have
stronger interfacial bonding between components than the second phase. However, composite
theory for aligned, fiber-reinforced composites assumes an isostrain state.®® It is possible that
bonding of microthreads and hydrogel within the composite layer was not sufficient to ensure
equal deformation of components in the first phase, resulting in the observed reduced moduli
values. Future studies in our laboratory will focus on characterizing the shear strength of the fibrin
microthread/hydrogel interface to refine the robustness of our predictive model regarding our
experimental data. Additionally, manipulation of the interfacial bond strength through techniques
like crosslinking offer a potential method for tuning the resultant modulus of the composite layers.

The modulus of the patches we developed can be altered through fibrin microthread volume
fraction. The range of modulus values observed was from 20.6 £ 8.1 — 97.5 + 49.3 kPa. Rat
myocardium stiffness can range from 0.1 — 140 kPa** with neonatal myocardium ranging from 10-
20 kPa.'* To match rat neonatal myocardium, the most appropriate configuration was 5tC (20.6 +
8.1 kPa). This may not be the case for other species. If working with a more clinically relevant cell
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type such as a matured human induced pluripotent stem cell-derived cardiomyocyte, 20tC (97.5 +
49.3 kPa) may be more appropriate as human myocardium ranges in stiffness from 20 kPa — 500
kPa.?*

Composites with a higher fibrin microthread volume fraction are feasible. A distinct
advantage of our microthread-based composite scaffold is that we anticipate that we could
fabricate layers with 40 microthreads across a 1 cm width. Based on the relationship between our
composite theory model and our experimental findings, we hypothesize that this scaffold would
exhibit a modulus of 195 kPa. This would result in spacing between threads of approximately 100
um, a distance shorter than the diameter of a fibrin microthread (~ 150 um)®? and a modulus closer
to the mid-range of stiffness values observed for human myocardium. While a higher thread count
may increase the modulus to the mid-range, it will reduce the hydrogel volume and therefore the
volume available to the incorporated cells. There is likely a trade-off in the design for mechanical
reinforcement and cell function. We hypothesize that crosslinking the fibrin microthreads could
further enhance the mechanical properties of the layer, allowing for additional control of the
modulus to ensure the fabrication of composite scaffolds with material properties that match native
tissue.3! However, it is critical that resultant patch stiffness remains within the physiological range;
too stiff of a patch could induce a tethering effect, inhibiting contractility of adjacent tissue.?®

Samples were evaluated over a 14 day culture period as neonatal rat cardiomyocytes
functionally mature in the first postnatal week, and it has been reported that fibrin-based
hydrogels typically reach a steady-state for compaction between days 8-13.*It has also been
reported that functional assessments of 3-dimensional (3D) scaffolds with rat neonatal
cardiomyocytes can be assessed for 14 days in culture without significant cell death or scaffold
breakdown.*® As such, we did not conduct a quantitative analysis of the changes in cell viability
for this study. However, we plan to conduct future cell viability studies to confirm these
observations. A critical observation from these evaluations was that at no time point did the
contractile strain or frequency of any composite sample (5tC, 10tC, 20tC) differ significantly from
FGC. This observation demonstrates that composite layers and fibrin hydrogels exhibit
comparable active, cell-mediated mechanical properties.

Fibrin hydrogels have been extensively investigated for use as cardiac patches,® 2> -0 and
our results show that relative to fibrin hydrogels, our composite improves the modulus and cell
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alignment without compromising contractile strain or contractile frequency. For the GCS group, a
beating frequency of ~ 1 Hz was observed, similar to reported literature (61 £ 9 events / min°! and
40-90 beats/min).>? All hydrogel and composite groups had significantly higher contractile
frequencies at day 7 with values ~ 2.5 Hz, comparable to reported frequencies for neonatal
cardiomyocytes in a 3D environment (180 beats/min>* and 2.5-3Hz*® ). The contractile frequency
decreased significantly for FGC and 10tC after day 7. This is a similar trend to reported literature
where a decrease in neonatal cardiomyocyte contraction frequency was observed as early as day
6.48

When evaluating the maximum and average contractile strains, similar trends were
observed where all groups remained stable over 14 days with the exception of the 5tC group where
a significant decrease from day 10 to day 14 was observed. While this decrease was unexpected,
it is important to note that at both the day 10 and day 14 time points, 5tC was not significantly
different from any other composite group (10tC, 20tC) or FGC. It is possible that with this cell
type, a peak in cell function was achieved at day 10. This is further supported by the observation
that all samples cultured in a 3D environment had significantly higher contractile strains at the day
10 time point relative to GCS, and that no significant difference was present for contractile strains
by day 14. Together these findings suggest that cardiomyocytes cultured in our fibrin-microthread
composite scaffolds exhibit contractile properties comparable to those observed when cells were
cultured in fibrin hydrogels.

Cardiomyocyte alignment may contribute to enhanced functional maturation and
integration upon implantation with native myocardium.?> 5% 5455 |n healthy myocardium,
cardiomyocytes in a layer of tissue are aligned within +/- 13° of each other.®® When initially
evaluating nuclear alignment of cells within the composite layers, no alignment was observed,
similar to FGC. When we focused the evaluation on nuclear alignment of cells within a 100 um
distance from a fibrin microthread, we observed trends in all composite groups towards alignment
with respect to the long axes of the fibrin microthreads. The greatest percentage of cells were
oriented between 0-15° of the direction of the microthreads, orientations comparable to native
tissue. This suggests that fibrin microthreads influence cellular orientation for a limited distance
in the fibrin hydrogel. This is similar to reports of cellular sensing of rigid bodies not in direct

cellular contact for a limited distance.’” Cell sensing can influence a range of cell behaviors
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including cell spreading and migration. When cultured on polyacrylamide gels mimicking soft
tissues (~1 kPa), it was demonstrated through cell spreading that mesenchymal stem cells were
able to sense a rigid underlying surface 10-20 um away, with an average sensing distance of <5
um.>® When considering a fibrous biopolymer (specifically, fibrin and collagen hydrogels),
fibroblasts demonstrated changes in spreading at distances as great as 150 um from a rigid
boundary with an average sensing distance of greater than 65 um.> It is possible that the rat
neonatal ventricular myocytes incorporated into our composite layers did not sense fibrin
microthreads beyond 150 um and may exhibit random orientation at distances greater than this.
The gel phase of the composite material will require additional stimuli to ensure alignment of cells
throughout the layer is comparable to healthy myocardium. Static tension has been shown to
influence alignment of muscle cells,*® and could potentially further induce alignment in composite
layers. Other potential options are to increase the number of microthreads, pattern the hydrogel
phase* or electrically stimulate the cells. ¢

Ultimately, using a layer-by-layer approach, we anticipate that our composite fibrin layers can
be strategically combined to create and assess an implantable active composite cardiac patch. In
the future, we plan to laminate composite layers together with rotating orientation to mimic the
structure of native myocardium (Figure 3.1). We also aim to couple our composite layers with a
fibrin-based vascular network to enable the generation of a perfusable, thick, implantable construct
with cell-mediated contractile properties and signal propagation rates that will ultimately facilitate
mechanical and electrical coupling to the host tissue and promote the regeneration of functional

myocardial tissue within an infarcted environment.

3.5 CONCLUSIONS

In this study, we have shown that increasing the volume fraction of fibrin microthreads in a
composite layer increases the modulus, enabling the strategic design of the layer composition to
mimic native tissue. Fibrin microthreads within the layer also increased alignment of cells within
100 um of microthreads. Most importantly, these changes occurred without inhibiting contractile
function. All composite groups demonstrated similar contractile strain behavior relative to a
hydrogel control, while all composite groups and the hydrogel control showed significantly
improved contractile function relative to gelatin-coated coverslips. We anticipate that
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reinforcement of hydrogel materials by microthreads will enable the design of cardiac patches that

are more suited for implantation. In the future, we plan to assess the effects of static tension on

aligning cells within the gel space that do not lie in close proximity to a microthread. This will be

critical to achieve an aligned, highly functional layer.
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Chapter 4: Alignment of Cardiomyocytes Through
Static Tension Increases Contractile Strains in
Composite Layers

4.1 INTRODUCTION

Approximately 1 in 3 deaths in the United States is due to cardiovascular disease (CVD).! A
major contributing factor to CVD is a heart attack. When a heart attack occurs, oxygen deficiency
results in necrotic tissue and ultimately a harsh inflammatory reaction that leaves a scar in place
of functional ventricular myocardium.? The scar tissue is non-contractile and reduces the working
efficiency of the heart. To compensate, ventricular remodeling occurs which can ultimately lead
to heart failure.® While treatment options exist, the only treatment that can restore baseline function
for end stage heart failure is a heart transplant. However, donors are limited restricting use of this
treatment option.* There is a need for a regenerative solution for heart attack patients.

A cardiac patch is a material that is used to augment or replace scar tissue resulting from a
heart attack.>® Clinically available cardiac patches are acellular’ and aim to limit ventricular
remodeling. While this approach can attenuate the progression towards heart failure, these patches
do not restore baseline function to the patients. It has been hypothesized that a cell-populated
cardiac patch could overcome this limitation by providing a functional rather than just passive
support. Research on the development of cell-populated patches has demonstrated promising
contractility with contractile forces and action potential propagation speeds approaching adult
myocardium values,® however the materials that yield the highest cell function are typically
hydrogels that lack robust mechanical properties.®*? In the dynamic environment of the heart, it is
important that the material exhibit similar mechanical properties to native tissue. Weak materials
may bulge, resulting in an aneurysm, or rupture during the cyclic loading. Materials that are too
stiff may result in a tethering effect, limiting the function of the adjacent heart tissue.™

We recently developed a fibrin-based composite material for use as a cardiac patch.'* This

material is comprised of a fibrin hydrogel reinforced with fibrin microthreads. We demonstrated
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that the stiffness of this material can be modulated by manipulating the volume fraction of the
components. When the volume fraction of the fibrin microthreads increased, we observed a
corresponding increase in the stiffness values of the material. Additionally, we observed that the
contractile strains and frequencies of the cardiomyocytes in the scaffold did not vary significantly
with the increased volume fractions. However, the alignment of incorporated cells was random
throughout the layer. Only slight improvements in alignment were observed in areas immediately
adjacent to fibrin microthreads (within 100 pm).

Native ventricular myocardium is a highly aligned tissue, comprised of anisotropically
organized layers. Each layer of the myocardium contains fibrils that run +/-13° relative to the mean
fiber direction.’>® The orientation of the cardiomyocytes within the tissue closely follows this
organization. For a cardiac patch to restore baseline function, it is critical that the patch exhibits
functional properties that are comparable to healthy ventricular myocardium. A critical factor that
impacts these functional properties is cell alignment, which drives the magnitude and direction of
the contractility of the patch.

Previous studies showed that fibrin hydrogels can be compacted by incorporated cells.!’ If the
hydrogel is strategically constrained, the compaction can induce a static tension. Static tension has
been used in conjunction with hydrogel patterning to induce alignment of incorporated cells.!8-2°
To orient the cells in our composite layers, we hypothesize that we can use cell-mediated
compaction to induce static tension ultimately aligning incorporated cells. To test this hypothesis,
we created a method for inducing static tension consistently and predominantly in one direction
within composite layers. In our previous work, we observed no significant alignment for the bulk
layers.'* Using these layers as an unaligned control, we evaluated a novel experimental culturing
method that influenced nuclear orientation and cell function of incorporated primary neonatal rat
ventricular myocytes. To analyze the functional properties of the cells, we evaluated contractile
principal strains, principal angles, total contractile area, and contractile frequencies. In addition to
these assessments for the entire recorded region, we also completed a grid assessment breaking the
recorded region into smaller sub-regions to evaluate regional consistency. Further we evaluated
whether cell-mediated compaction altered the volume fractions of the composite constituents and
impacted the stiffness of the scaffolds. To assess the impact on the mechanical properties, we

modeled the effect volume fraction changes of composite constituents resulting from compaction
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would have on layer stiffness using composite theory and performed uniaxial tensile testing on
compacted layers. The results of these analyses will inform the material properties and
functionality of individual composite layers. Ultimately, we anticipate that composite fibrin layers
can be strategically laminated to mimic the architecture, function and mechanical properties of

ventricular myocardium.

4.2 MATERIALS and METHODS
4.2.1 Fabrication of Fibrin Microthread-Based Composite Scaffolds
4.2.1.1 Microthread Extrusion

Fibrin microthreads were generated by co-extruding fibrinogen and thrombin solutions.?"-
24 Briefly, a 70 mg/mL solution of fibrinogen (from bovine plasma, Sigma, St. Louis, MO) in
HEPES (N-[2-Hydroxyethyl] piperazine-N’-[2-ethanesulfonic acid]) buffered saline (HBS, 20
mM HEPES, 0.9% NaCl; pH 7.4) was made and stored at -20°C until use. A 40 U/mL solution of
thrombin isolated from bovine plasma (Sigma) in HBS was also made and stored at -20°C.
Solutions were thawed to room temperature prior to use. The thrombin solution was mixed with a
40 mM solution of CaCl.yielding a working solution of 6 U/mL. Equal volumes of fibrinogen and
thrombin/CacCl; solutions were loaded into separate 1 mL syringes and connected to a blending
applicator tip (Micromedics Inc., St. Paul, MN) to mix the solutions. The mixed solution was then
extruded using a dual syringe pump through polyethylene tubing (BD, Sparks, MD) with an inner
diameter of 0.86 mm into a 10 mM HEPES buffer bath (pH 7.4) in a Teflon coated pan at a flow
rate of 0.225 mL/min. After a 10-15-minute polymerization time, the scaffolds were stretched to

~150% of their original length and hung to dry.?

4.2.1.2 Fibrin Microthread Organization

Dried fibrin microthreads were organized as previously reported.!* Briefly, a purpose-built
fibrin microthread spacer was used to align fibrin microthreads at set distances to ensure a uniform
layer. The device has aligned grooves with pores. This system couples with a house vacuum
enabling the placement of fibrin microthreads threads at defined spacing. For this work,
evaluations were completed utilizing composite layers with 5 fibrin microthreads (5tC) or 20 fibrin
microthreads (20tC) evenly spaced across a 12 mm width. Once organized, threads were secured

Chapter 4

Alignment Through Static Tension Increases Contractile Strain &



and were transferred to precut vellum frames. Threads were glued to the vellum frames using

medical grade silicone adhesive (Factor 11, Inc, Lakeside, AZ).

4.2.2 Rat Neonatal Ventricular Myocyte (rNVM) Isolation

All work involving animals was submitted to and approved by the Institutional Animal
Care and Use Committee at Worcester Polytechnic Institute. Rat neonatal ventricular myocytes
were isolated following a previously described protocol.?® Briefly, hearts were excised from 2 and
3-day old neonatal Sprague Dawley rats (Charles River, Wilmington, MA). The ventricles were
then separated from the atria and were subsequently minced into ~1mm? sized pieces. Digestion
of the ventricle pieces was completed at 37°C using type Il collagenase (Thermo Fisher Scientific,
Waltham, MA) serially in 7x7 minute digestions. One 45-minute pre-plating step was performed
to enrich the volume of cardiomyocytes in the isolation.!® Cells were used immediately for

experimentation.

4.2.3 Composite Layer Fabrication and Tissue Culture

All samples used in cell culture were maintained in medium comprised of DMEM (VWR,
Radnor, PA) supplemented with 10% defined donor equine serum (Fisher Scientific, Waltham,
MA), 2% chick embryo extract (United States Biological Corp, Salem, MA), 1% penicillin
streptomycin (Thermo Fisher Scientific, Waltham, MA), 1% amphotericin B (Thermo Fisher
Scientific) and 50 ug/mL aprotinin (Sigma Aldrich, St. Louis, MO). All cell culture experiments
were maintained for 14 days with medium changes every other day.

The following nomenclature scheme was used for all experimental conditions: unaligned
controls of 5 thread composite layers (UA5tC), aligned 5 thread composite layers (A5tC), aligned
20 thread composite layers (A20tC) and gelatin-coated coverslips (GCS). Each experimental

condition was tested in triplicate.

4.2.3.1 Fabrication of Unaligned Controls (UA5StC)

Autoclaved polydimethylsiloxane (PDMS) sheets were coated with sterile 1% Pluronic-F127
(Sigma, St. Louis, MO) in DI water for 1 hour. Organized fibrin microthreads secured to vellum
frames were rehydrated in phosphate buffered saline (PBS) (VWR, Radnor, PA) for 1 hour.
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Immediately prior to gel casting, rehydrated samples were placed on the coated PDMS sheets. A
hydrogel solution of 4 x10° cells/mL, 4% (v/v) 40 U/mL thrombin, and 28% (v/v) 11 mg/mL
fibrinogen was mixed on ice, cast over the vellum frames and spread using a pipette tip to provide
an even layer. For the 144 mm? area of the sample, 150 uL of hydrogel solution was used. Samples
were placed in an incubator at 37°C for 30 minutes to polymerize and were then transferred into

wells.

4.2.3.2 Fabrication of Experimental Composite Samples (A5tC and A20tC)

Custom hydrogel-casting and culturing devices were generated by casting PDMS into a purpose-
built aluminum mold (Figure 4.1). Casting devices are 19 x 25 mm with 2 mm diameter posts 1
mm in height, and 1 mm thick walls to restrict the geometry of the cast hydrogel. Culturing devices
are 19 x 25 mm with 2 mm diameter posts 5 mm in height, and couple with 4 X 1 mm wide, 2 mm

inner-diameter high-temperature silicone o-rings with a durometer of 70A.

Materials Procedure

Weigh Dish With Solution

Aluminum mId ¥ e

[ (D
(=) =

19 mm

25 mm

Vellum Frame

Secure with o-rings

Figure 4.1. The materials and procedure for casting the experimental A5tC and A20tC layers. PDMS is used
with an aluminum mold to create casting and culturing devices that couple with vellum frames (A). The casting
device is coated with 1% Pluronics which enables hydrogel incorporation into only 2 of the vellum frame sides. The
samples are transferred to the culturing device, secured with o-rings and frame side-arms cut for culture (B).

Hydrogel-casting devices were autoclaved and coated with sterile 1% Pluronic-F127 in DI water
(Sigma, St. Louis, MO) solution for 1 hour. Vellum frames with secured fibrin microthreads (5 or

20 threads) were rehydrated in PBS for 1 hour. Immediately prior to hydrogel casting, samples
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were placed on the casting devices. A hydrogel solution of 4 x108 cells/mL, 4% (v/v) 40 U/mL
thrombin, and 28% (v/v) 11 mg/mL fibrinogen was mixed on ice, cast over the samples and spread
using a pipette tip to provide an even layer. The casting device prohibited any hydrogel from
binding to the side arms of the vellum frames. For the sample area of 144 mm?, 150 uL of hydrogel
solution was utilized. Polymerization occurred in an incubator at 37°C for 30 minutes. Following
this, samples were moved to culturing devices in wells, and secured to the PDMS posts of the
device with silicone o-rings (McMaster-Carr, Princeton, NJ). The side arms of the vellum frames

were then cut, and samples were covered with medium.

4.2.3.3 Seeding of Gelatin-Coated Glass Coverslip Controls (GCS)

Gelatin coated coverslips (GCS) were used as a control to assess batch-to-batch variation. Glass
coverslips (VWR) were cut to 10 x 10mm dimensions, autoclaved, and coated with sterile 0.7%
gelatin (Sigma Aldrich) in DI water for 4 hours. Following coating, coverslips were secured to the
bottom of wells in a 12 well plate using autoclaved vacuum grease. The plate was stored in an
incubator at 37°C until use. Following casting of all other samples, 100 pL of cell suspension (2 x
10° cells/mL) was seeded on each coverslip and incubated at 37°C for 18 hours. Samples were then

rinsed and covered with medium for extended culture.

4.2.4 Cardiomyocyte Functional Analysis

4.2.4.1 High Density Mapping (HDM)

For functional analyses, UAS5tC, AS5tC and GCS controls were evaluated. Spontaneous
contractions were recorded at 100X magnification and 60 frames per second with a high-speed
camera (HiSpec 4, Fastec Imaging Corp, San Diego, CA) attached to an inverted microscope
(DMIL, Leica Microsystems, Buffalo Grove, IL). Recordings of ~1300 frames were completed at
7,10 and 14 days of culture. Because of visible differences in the regional function of A5tC layers,
two videos per sample per timepoint were collected, one at a region of larger global movements
(“max”, as identified by thread movement) and one at a region of low global movements (“min”,
as identified by little if any thread movement). An optical technique, high density mapping (HDM),
was used to evaluate regional mechanical function with high spatial resolution.?® Two methods

were utilized to assess the contractile behaviors of incorporated cardiomyocytes; a large region
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assessment and a grid assessment (Figure 4.2). Regions of interest (ROIs) for each sample were
selected (large region size: 1200 x 986 pixels, grid size: 20 squares, each 300 x 197 pixels). Each
ROI was divided into 16 x 16 pixel subwindows, with an 8 pixel shift and 5 averaging windows
to track displacements of sequential frames over several images, ultimately yielding displacement

fields.27-28

ROI: Large Region Assessment

ROI: 20 Small Regions (Grid Assessment)
1 i i

. A5tC Sample

o‘

T 1em

986 pixels (0.5 mm)

197 pixels (0.1 mm)

AT A AT DR p .
1200 pixels (0.6 mm) 300 pixels (0.15 mm)

Figure 4.2. HDM is a method for evaluating regional mechanical function.?® Recordings were taken of
regions of samples (A). From the recorded images, ROIs were selected. For the large region assessment (B) an ROI
of ~1200 x 986 pixels was selected. For the grid assessment, 20 regions 197 x 300 pixels in size were selected (C).
The scale bar is 0.05 mm.

For the large region assessment, the displacement fields were used to determine the
maximum principal contractile strain for the ROI, the average principal contractile strain across
the ROI, the frequency of contractions and the percent contractile area. Outliers were identified
as any strain or frequency value that was 1.5 times greater than the inner quartile range (IQR) for
each sample set (min: quartile 1 - 1.5*IQR, max: quartile 3 + 1.5*IQR) and were subsequently
removed from further analysis.?*

Additionally, with the large region assessment the principal angles of 5 contractile strains
per sample were evaluated. For each sample, a range of principal angles was calculated as a
measure of how synchronous the sample was contracting. A small range would imply that the
layer was beating synchronously as the angles were not changing for different contraction cycles.
A large range however, could result from multiple contractions occurring asynchronously.

The grid assessment yielded information about the uniformity of the incorporated cells’
contractile behavior across the recorded region. For this assessment, the recorded region was

subdivided into 20 ROIs forming a grid. Each ROI was evaluated individually for maximum
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principal contractile strain and the associated principal angle value. Additionally, each ROI was
evaluated for the average principal contractile strain. With this data, 3 evaluations were completed
(Figure 4.3). To determine the principal angle consistency across the entire recorded region, the
range of principal angles for the maximum contractile strains of each sample’s 20 ROIs was
calculated (Figure 4.3 B). This is different from the analysis completed for the large ROI
assessment. Consistency between contractions for an ROI was not determined; rather, consistency
across all ROIs in a recorded region was calculated. To evaluate the consistency of the maximum
and average contractile strain values, a factor we have termed F50 was calculated (Figure 4.3 C).
This factor is equivalent to the percentage of ROIs within a sample that are equal to or greater than
50% of the highest maximum contractile strain value calculated for the recorded area. As an
example, if the highest maximum contractile strain was found to be 10% across the recorded area
and 5 of the 20 grid blocks had maximum contractile strains >= 5%, the F50 value would be 25%.
This calculation was also completed for the highest average contractile strain for each sample.
Additionally, to evaluate the distribution of the maximum contractile strains relative to
incorporated fibrin microthreads, distances of the highest maximum contractile strains for recorded
regions from microthreads were determined (Figure 4.3 D). To do so, grid blocks were identified
where the highest maximum contractile strains were observed. The distance from the center of this
block to the center of the closest block containing a thread was calculated. If any of the highest
maximum contractile strains were observed in blocks containing a microthread, the distance was
evaluated as 0 mm. The same evaluation was completed for the blocks containing the highest

average contractile strains for the recorded samples.
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Evaluate 20 sub-.regions

Contractile strain consistency (F50)  Distance from Microthread Assessment

Figure 4.3. Grid evaluations to determine consistency across a recorded region. The recorded region was
subdivided into a grid of 20 sub-regions (A) and evaluated for contractile strains and principal angles. In B-D, the
yellow bars indicate the principal angle calculated for the region, and are scaled depending on the calculated maximum
contractile strain value. Longer bars correspond to greater contractile strains. With this data, the consistency of the
principal angles (B) and the contractile strains (C) can be evaluated. In C, blue highlighted regions show values greater
than 50% of the maximum contractile strain. For this example, the F50 factor would be 60%. The distance of the
highest contractile strains relative to fibrin microthreads was also evaluated (D). Scale bars are 0.05mm.

4.2.4.2 Contractile Wave Propagation Evaluation

To evaluate contractile wave propagation through the composite layers, cell shortening patterns
were compared. ROIs (~50 x 150 pum) within the recorded areas were selected that ran parallel and
perpendicular to the incorporated fibrin microthreads for videos collected at day 14 of culture,
when areas appeared to be spontaneously, synchronously contracting at a frequency of
approximately 1.6 Hz (Figure 4.4). For each ROI, contractile strains were plotted against frame
numbers yielding a strain trace. Traces for regions running parallel to the thread were overlaid.
Frame differences in contractile peaks were taken and averaged for 5 contractions per sample. This
value was then multiplied by the framerate used to record the images, 60 fps, to yield a time

difference. The distance between the two ROIs was measured using ImageJ. The distance was then
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divided by the time difference to obtain an approximate velocity. This evaluation was repeated for
regions that ran perpendicular to the incorporated fibrin microthread. To calculate the noise of the
assessment method, the time that would be required for the signal to travel at the fastest velocity
found was calculated. This time value was then compared to the rate at which frames were captured
to determine if the framerate used was sufficient for capturing the propagation. Outliers were
identified as any velocity value that was 1.5 times greater than the inner quartile range (IQR) for
each sample set (min: quartile 1 - 1.5*IQR, max: quartile 3 + 1.5*IQR) and were subsequently

removed from further analysis.?
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Figure 4.4. Method for assessing contractile wave propagation. To determine how a signal may be traveling
through the layer, 4 ROIs that ran parallel (red regions) and perpendicular (green regions) to the incorporated fibrin
microthreads were analyzed using HDM (A). Traces were then compared to evaluate the time delay between peaks
(B). Using the time delay and distance between ROls, propagation velocities were estimated.

4.2.5 Mechanical Characterization of Cultured Composite Layers
4.2.5.1. Theoretical Model for Predicting Elastic Modulus of Compacted Composite Layers.
To generate a model for predicting moduli of fibrin microthread-based composite layers following
compaction in a 14-day culture, classical composite theory for aligned, fiber-reinforced composites
was utilized. With this theory, the elastic modulus (Ec)) of a composite layer in the direction of
microthread alignment can be estimated as shown in Equation 4.12°
Eq=EnVm+ EfV; 4.1.

where Em and Erare the elastic moduli of the matrix and fibrous components, respectively and

Vm and Vsare the volume fractions of the matrix and fibrous components, respectively.?®
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For this assessment, UAStC, A5tC and A20tC were analyzed. To evaluate the amount of
compaction that occurred, the volumes of the compacted layers following 14 days of culture were
calculated. To do so, a laser displacement technique was used to measure the thickness of the
composite layer in 3 places per sample.®® A disk with diameter 13 mm, thickness of 1.3mm and
weight of 1.3 g was placed on the top of the sample prior to measuring. The disk did not deform
the layers, but enabled a reflective surface for accurate thickness measurements. The widths of the
constructs were also measured using calipers. For both metrics, 3 measurements were taken and
averaged. To calculate the volume, a rectangular geometry was assumed. Calculations were also
completed for acellular (non-compacted) composite layers.

Unsterilized fibrin microthreads (in acellular layers) were assumed to have a diameter of
~110 um while ethanol-sterilized fibrin microthreads (in cultured layers) were assumed to have a
diameter of ~99 pm.?2 Reported modulus values for uncrosslinked fibrin microthreads range from
2.2 t0 22.3 + 15.1 MPa.?%2% 31 Additionally, fibrin microthreads with human MSCs seeded on the
surface and cultured with aprotinin supplementation for 3 days have reported modulus values
of ~0.07 MPa.®2 To incorporate the most appropriate parameters into our model, the stiffness
values of compacted layers following 14 days in culture were compared to stiffness values of
acellular composite layers with the same microthread configuration (i.e. cultured 5tC layers were
compared to acellular 5tC layers). The stiffness was determined to be the slope of the load versus
extension curve. We assumed that the stiffness of the composite layer was predominantly from the
microthreads. If changes in the mechanical properties of the microthreads occurred over the culture
period, differences in the stiffness values would be evident. With an understanding of the impact
of culture on the mechanical nature of the microthreads, we then back-calculated what modulus

values corresponded to the observed stiffnesses using Equation 4.2,

K x L
A

where E is the modulus, K is the stiffness, L is the length of the fibrin microthreads, and A is the

E = 4.2.

cross-sectional area of the fibrin microthreads. With the calculated modulus values and volume
fractions of each component, Equation 4.1 was used to estimate the elastic modulus of the

compacted layers.
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4.2.5.2. Mechanical Testing of Compacted Composite Layers.

A submerged uniaxial tensile test was used to characterize cell-populated fibrin composite
layers. To ensure that contractions of incorporated cells did not impact the evaluation of the
material, scaffolds were cooled to room temperature in PBS and monitored for cessation of
contractions. Frames of composite layers were glued using medical grade silicone adhesive (Factor
I, Inc, Lakeside, AZ) to modified vellum frames for securing into the test apparatus. Mechanical
characterization of the scaffolds was independent of the frame. To assess the cross sectional area
of the samples, a laser displacement technique was used to measure the thickness of the composite
layer in 3 places per sample.®® For these measurements, a reflective disk diameter 13 mm,
thickness of 1.3mm and weight of 1.3 g was used to ensure a highly reflective surface and accurate
thickness measurements. The width of the samples were measured in 3 places and averaged, and
used with the thicknesses to calculate the cross-sectional area, assuming a rectangular geometry.

Samples were secured in an ElectroPuls E1000 Instron (Norwood, MA) with a 1 N load
cell and an initial gauge length of 12 mm. The sample and grips were submerged in a PBS bath.
Uniaxial loading until failure was completed at a strain rate of 10 mm/min. Displacement and force
values were recorded throughout the test at a frequency of 10 Hz. Engineering stress was calculated
by dividing the amount of force recorded by the initial cross-sectional area. Strain was calculated
as the increased extension from the initial length of the samples. The modulus of the layers was
evaluated with a MATLAB (MathWorks, Natick, MA) script. Composite materials
characteristically have two phases in the plotted stress strain curves.?® Because in native tissue the
myocardium is loaded cyclically experiencing strains often exceeding 20% strain,*® we analyzed
the modulus in the first phase (0-30% strain range). Outliers were identified as any modulus value
that was 1.5 times greater than the inner quartile range (IQR) for each sample set (min: quartile 1
- 1.5*IQR, max: quartile 3 + 1.5*IQR) and were subsequently removed from further analysis.?

4.2.6 Phenotypic Analyses

4.2.6.1 Immunostaining

To evaluate alignment and the cardiomyocyte phenotype sarcomeric a-actinin, connexin-43 and
Hoechst were used to visualize the sarcomeric structure of cardiomyocytes, distribution of gap

junction protein and the orientation of nuclei, respectively. Human myocardium was used for the
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positive and negative control tissues. The heart tissue was cut into 1-inch cubes prior to fixation.
Cubes were fixed in 4% paraformaldehyde overnight, then incubated in a 30% sucrose solution
for 24 hours. The heart tissue was embedded using OCT and cryosectioned at 10 um thick using a
Leica CM 3050 cryostat (Leica Microsystems). Composite samples were fixed with 4%
paraformaldehyde after 14 days in culture. Samples and control tissues were permeabilized with
0.1% Triton, then blocked using 5% goat serum in PBS (Invitrogen, Carlsbad, CA). Samples and
positive controls were incubated for 60 minutes with mouse monoclonal to sarcomeric a-actinin
primary antibody (Abcam, Cambridge, MA), and rabbit polyclonal to connexin 43 (Abcam) in a
blocking solution. The negative control was incubated for 60 minutes in PBS and blocking solution
with no primary antibodies. All samples then were incubated with secondary antibodies (Goat anti-
mouse Alexa Fluor 546, Life Technologies, Waltham, MA and Goat anti-rabbit Alexa Fluor 488,
Life Technologies) at room temperature for 30 minutes. Hoechst counterstain (Thermo Fisher
Scientific) was incubated with the samples at room temperature for 10 minutes. Samples and
control tissues were imaged using a confocal microscope (TCS SP5 Point Scanning Confocal,
Leica, Germany). For the nuclear orientation evaluation, 3 representative images of the width of
each construct were obtained at 200X. To visualize connexin-43 distribution and sarcomeric o-

actinin, an image at 400X was obtained.

4.2.6.2 Analysis of Nuclear Alignment
Nuclear alignment was evaluated for the positive control, UA5tC and A5tC constructs.

The fluorescent images were analyzed using ImageJ (NIH). For each condition, a total of 6 samples
(18 representative images) were evaluated after 14 days in culture. A binary image was generated
after isolating the blue channel (representing nuclear staining by Hoechst). The particle analysis
function within the ImageJ software was used to analyze the particles. The orientation of the long
axis of the nucleus was taken relative to the incorporated fibrin microthreads. For positive controls,
the nuclei were analyzed with respect to the predominant direction of alignment within each image.
Any nuclei on the edge of the image, or in contact with any other nuclei were excluded from
analysis. Values were plotted as histograms in 15° increments as representative of the distribution

of the nuclear orientations within each group.
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4.2.7 Statistical Analyses

Statistical analyses were run using SigmaPlot 13 (SYSTAT software, Chicago, IL) software. For
all comparisons, a significance level of p<0.05 was utilized. For contractile strains and frequencies,
comparisons were made using a Two-way ANOVA on ranked data with a Holm-Sidak post-hoc
analysis. For signal propagation speed comparisons, a t-test was used to compare speeds parallel
and perpendicular to the fibrin microthreads. For the uniaxial tensile data, a one-way ANOVA on
ranks with Dunn’s post-hoc comparison was used to compare 5tC and 10tC cultured and acellular
layers. A Students t-test was used to compare the 20tC acellular and cultured layers. For all data

presented, data are reported as means + standard deviation.

4.3 RESULTS
4.3.1 Static Tension Induced Through Gel Compaction Improves Nuclear Alignment of
Incorporated Cells in Composite Layers.

Evaluations were completed of the nuclear orientation of cells relative to the fibrin microthread
for composite layers and relative to the predominant direction of alignment for positive control
samples of human myocardium. With this analysis method, the positive control has the highest
alignment of incorporated cells as is shown in Figure 4.5. The majority (46%) of the nuclei were
within the 0-15° bin with the lowest percentage of cells (~5%) in the 60°<x<75° and 75°<x<90°
bins. The A5tC layers had a skewed distribution qualitatively similar to the positive controls with
the majority of the nuclei (28%) falling with the 0-15° bin. The lowest number of nuclei (12%) for
the A5tC group fell within the 75°<x<90° bin. The UA5tC group had a uniform distribution across
all bins with 15-20% of nuclei falling within each bin range as would be expected from random

alignment.
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Figure 4.5. Nuclear alignment evaluation. Representative images of positive controls (human heart tissue), A5tC
and UAS5tC composite layer groups stained with sarcomeric a-actinin, connexin 43 and Hoechst are shown in A. When
isolating the Hoechst channel, nucleus orientation was evaluated relative to fibrin microthreads (white dotted lines) or
the predominant direction of alignment for positive controls. Distribution of nuclei orientations is shown in B, with
human heart demonstrating the greatest alignment. When comparing to the positive control group, A5tC layers more
closely mimic the control distribution than UAS5tC layers.

4.3.2 Immature Connexin-43 Phenotype Observed Across 5tC Layers.

Positive control samples (human heart sections), A5tC layers and UAS5tC layers were
stained with sarcomeric a-actinin, connexin 43 and Hoechst. When evaluating the phenotype of
incorporated cells, it was observed that all cells demonstrated a striated appearance (a-actinin)
characteristic of a contractile cardiomyocyte phenotype (Figure 4.6). Connexin 43 distribution in
the positive controls was polarized with clear banding visible at the ends of the cells, a phenotype
characteristic of mature cardiomyocytes. Connexin 43 distribution in the A5tC and UA5tC groups
was more circumferential with positive staining visible between cells, but not polarized. This

staining pattern is characteristic of an immature cardiomyocyte phenotype.3*
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Figure 4.6. Phenotypic comparison of aligned composite layers, unaligned composite layers and human heart
tissue controls. Positive and negative control tissue was cryosectioned human heart tissue. All samples were stained
with connexin 43, sarcomeric a-actinin, and Hoechst. Yellow arrows show striations from a-actinin and white arrows
show positive connexin 43 staining.

4.3.3 Composite Layers with Increased Alignment Have Higher Contractile Strains and
Larger Contractile Areas Relative to Unaligned Controls.

Macroscopic differences among UA5tC and A5tC groups were visible at day 14. While the
UASLC group had contractions occurring all over the layer, they appeared to not have a uniform
direction. This was in contrast to the A5tC layers which appear to contract in the same direction
across the layer. For the large ROl assessment, HDM was utilized to assess the functional behavior
of incorporated rNVMs in composite layers and on gelatin-coated coverslip controls (GCS)
(Figure 4.7 A). For each sample, the principal angle was determined for 5 contractions. The range
of the determined angles was then calculated. Ranges were averaged for each group at each
timepoint and are summarized in (Figure 4.7 B). At day 7, maximum principal contractile strains
were greatest in the UA5tC group (Figure 4.7 C) (10.4% + 3.1). By day 10, A5tC min and A5tC
max regions were greater than UA5tC and GCS (10.3% £ 3.5, 18.4% £ 7.9, 7.1% + 2.1 and 4.7%
+ 0.7, respectively). A similar trend was observed at day 14. Average principal contractile strains

followed a similar pattern to the maximum principal strains (Figure 4.7 D). Significant increases
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in strain relative to the GCS controls were evident at day 14 for UA5tC, A5tC min and A5tC max
groups (1.4% 0.2, 2.5% +0.7, 3.2% 1.9 and 4.6% =2.4, respectively). Contractile areas were
similar between all groups at day 7 with a significant increase observed for A5tC regions (min and
max) by day 10. At day 10, A5tC max areas had significantly greater contractile areas relative to
the UAStC group (90.5% +6.0 and 81.8% 4.1, respectively). By day 14, all groups had similar
contractile areas again ranging from 84.1% + 5.3 (GCS) to 91.5% + 3.9 (A5tC Max) (Figure 4.7
E). All groups had similar contractile frequencies across the 14-day culture period with no

significant differences observed (values ranging from 1.6 to 2.1 Hz) (Figure 4.7 E).
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Figure 4.7. Contractile behavior evaluation through HDM with a large ROI. The ROI and distribution of contractile strains across the region are shown in A. The uniformity
of contractions was evaluated with a principal angle assessment (B). Maximum principal contractile strains (C), average principal contractile strains (D), contractile areas (E), and
contractile frequencies (F) were calculated for GCS, UAStC, A5tC- Min and A5tC- Max regions. Statistical differences were evaluated through a two-way ANOVA on ranked data

with a Holm-Sidak pos-hoc analysis, p<0.05. Differences are shown within timepoints by a bar. Statistical differences within groups across timepoints are shown with *= significantly
different from day 7 timepoint and # = significantly different from day 10 timepoint. Data are presented at as averages * standard deviations.
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4.3.4. The Highest Contractile Strains are Predominantly in Regions Immediately Adjacent to
Fibrin Microthreads for Aligned Composite Layers.

To assess variations across a recorded region, a grid assessment was completed with HDM
in which 20 smaller sub-regions were analyzed to quantify the maximum contractile strain and its
associated principal angle (Figure 4.8 A). Additionally, the average contractile strain was
evaluated for each sub-region. With this data, the distance of the region with the highest maximum
contractile strain, and highest average contractile strain from the nearest incorporated fibrin
microthread was calculated (Figure 4.8 C-D). For the highest maximum contractile strains, an
overall trend showed that these regions were typically regions that contained fibrin microthreads
(a distance of 0 mm). An increasing distance from microthreads corresponded to decreasing
occurrences of the highest maximum contractile strains. When evaluating this data on a group-by-
group basis, the same distribution was observed for the A5tC layers (max and min regions). The
UADBLC layers did not have the same trend; the highest maximum contractile strains were observed
~200 um from the nearest fibrin microthread. When evaluating the highest average contractile
strains, a similar overall trend was observed to the highest maximum contractile strains, although
not as prominent. Again, the A5tC layers had the same trend as with the highest maximum
contractile strains. The UAStC layers had the same trend, where the highest average strains were

observed ~200 pum from the nearest fibrin microthread.

4.3.5. Consistency of Contractile Behavior is Similar for All Composite Layer Groups.

The grid assessment was used to evaluate the consistency of contractile behavior across the
entire recorded region. Principal angles for all 20 ROIs within a grid were compared and a range
of angles calculated for each sample group at timepoints 7, 10 and 14 days in culture (Figure 4.8
B). When comparing the principal angle ranges through a Two-way ANOVA, no significant
differences based on group were observed. Significant differences based on timepoint were found
with day 14 having significantly lower ranges than day 7 and day 10 (day 14 and day 7: p= 0.038,
day 14 and day 10: p=0.025). This suggests that all groups experienced a decrease in principal
angle range over time as contraction angles across the recorded region became more consistent.
An F50 factor was also calculated to quantify the consistency of the contractile strains observed

across the recorded region. All groups had similar distributions with most samples having an F50
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of ~80% for the maximum contractile strains. For the average contractile strains, an overall trend
was that the majority of samples had an F50 value of 100% suggesting consistent contractile
behavior across recorded regions. For A5tC max regions, the majority of samples had an F50 value
of 80%, unlike the A5tC min and UA5tC groups whose majorities were F50 values of 100%.
However, the majority of samples for all groups had F50 values >= 80% suggesting similar

consistencies in contractile behaviors across all groups.
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Figure 4.8 A grid assessment for evaluation of contractile behavior consistency across a recorded region. Recorded regions were broken up into 20 sub-regions to evaluate
contractile strains (A) and associated principal angles (B). No significant differences in principal angle ranges were observed suggesting similar behavior across all groups. Evaluation
of the distance for the highest maximum and highest average contractile strains from the incorporated fibrin microthreads were evaluated (C-D). Similar trends were observed for
AStC layer regions, with highest strains being in regions immediately adjacent to microthreads. Additionally, consistency of contractile strain values across ROIs was compared
using a F50 factor (E-F) with similar behavior across all groups.
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4.3.6 Composite Layers with Increased Alignment Have Anisotropic Contractile Wave
Propagation Speeds

With the large ROl assessment, the smallest range in principal angles was observed for the
A5tC Max group suggesting that this group had the most synchronous contractions. As such,
contractile wave propagation assessments focused on this sample group specifically. Contractile
wave propagation speeds through the A5tC max regions were evaluated at day 14 for directions
parallel and perpendicular to the incorporated fibrin microthreads. These assessments were
completed of spontaneously occurring contractions that occurred at a frequency of ~1.6 Hz. The
fastest velocity evaluated across all samples was 19.1 mm/s. At that velocity, the distance traveled
was ~0.5mm. The time required to travel this distance at that speed was 0.03 s. With a recording
framerate of 60fps, 1 frame is recorded every 0.017 s. This implies that at that speed, 2 frames
would be taken. The recording framerate was sufficient for capturing the fastest velocity observed
in this work.

Samples from 3 separate trials (2 samples per trial) were evaluated. Velocities were
anisotropic for the A5tC- Max group; 11.1 = 1.5 mm/sec and 4.5 + 2.0 mm/sec in directions parallel
to and perpendicular to the fibrin microthreads, respectively (Figure 4.9). There was a significant

difference between these speeds, as evaluated through a t-test, p<0.05.

14
12
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Contractile Wave Propagation
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m Perpendicular to Threads Parallel to Threads

Figure 4.9. Contractile wave propagation speeds of spontaneous contractions at a frequency of ~1.6 Hz through
Ab5tC Max regions. Velocities parallel to the threads were compared to speeds perpendicular to threads through a t-
test. A bar represents significant difference, p<0.05, n=3.
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4.3.7 A Model Based on Composite Theory Can be Derived to Predict Modulus Values of Fibrin
Composite Layers Following Compaction

Following a 14-day culture, A5tC, UAStC, and A20tC samples were measured to determine the
new volume of each construct and the amount of compaction that occurred (Table 4.1). The
greatest amount of compaction was observed in A5tC samples (65%). The UAStC and A20tC

samples had similar compaction with values near 50%.

Table 4.1. Summary of compaction occurring over 14 days of culture.

Group Average Volume Compaction Relative to Acellular Scaffolds
UAStC 54%
A5tC 65%
A20tC 48%

Stiffness values were determined by taking the slope of load versus extension curves for acellular
and cultured A5tC and 20tC layers (Table 4.2). The stiffness values were compared to determine
whether any changes in the mechanical integrity of the microthreads occurred over the 14-day
culture period. For 5tC layers, no difference was observed across any groups. For the 20tC layers,
a significant difference between the acellular and cultured layer stiffness values was observed, as

evaluated through a t-test with p<0.05.

Table 4.2. Stiffness values for acellular and cultured composite layers. * indicates significant difference as
evaluated through a t-test, p<0.05.

Group Stiffness (N/m)
A5tC- Acellular 73
UAStC- Cultured 7+2
AS5tC- Cultured ‘ 7+6
A20tC - Acellular 26 £ 7*

A20tC- Cultured ‘ 20 + 8*

The stiffness values for the 20tC layers were evaluated to determine the respective modulus

values for microthreads incorporated in acellular and cultured layers (Table 4.3) The modulus was
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reduced ~7% for the microthreads in the cultured layers relative to the acellular layers, again with
the assumption that the any stiffness contributed by the matrix component of the composite layer

was negligible relative to the stiffness of the microthreads.

Table 4.3. Calculated modulus values for microthreads in acellular and cultured composite layers.

Group K (N/m) L (m) A (m?) E (kPa)
A20tC - Acellular ‘ 267 0.012 1.9 x 107 1642

A20tC- Cultured ‘ 20+ 8 0.012 1.6 x 107 1528
Volume fractions of each component were calculated factoring in the compaction
observed. These values in combination with the calculated fibrin microthread modulus values were
used to estimate the modulus of acellular and compacted composite layers. When comparing
measured acellular modulus values for 5tC and 20tC layers!* to model predictions, values were
very similar. When comparing the measured acellular values to predicted values for cultured

layers, all moduli values increased (Table 4.4).

Table 4.4. Predicted moduli values for compacted and non-compacted (acellular) constructs.

Predicted Acellular Measured Acellular Predicted Compacted
Group Modulus (kPa) Modulus Value (kPa)' Modulus (kPa)
UASGLC 24 206+8.1 38
A5tC 24 206+8.1 51

A20tC ‘ 94 97.5 +49.3 142

4.3.8 Composite Layers Compact in Culture Resulting in an Increased Modulus for 5tC Layers.
Submerged, uniaxial tensile testing was completed to evaluate layers following a 14-day culture.
Elastic modulus values were calculated as the slope of the engineering stress vs engineering strain
curves in the first phase of the curves (~0-30% strain). The UA5tC, A5tC and A20tC groups had
an elastic modulus of 47 + 21, 40 + 26 and 97 + 29 kPa, respectively (Figure 4.10).
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Figure 4.10. Comparison of modulus values for predicted and measured cultured composite layers and
acellular controls. UA5tC, A5tC and A20tC layers were cultured for 14 days and then uniaxially tensile tested to
determine the modulus for each group. Green lines represent the predicted modulus values from the developed

model. Black bars represent significant difference as evaluated though an ANOVA on ranks with Dunn’s post-hoc
comparison, p<0.05.

The predicted values for 5tC layers were similar to the measured values, and were within 1
standard deviation of the measured values. When comparing the modulus values for cultured 5tC
layers to previously reported acellular 5tC layers,** UAStC and A5tC groups had significantly
increased modulus values as evaluated through an ANOVA on ranks with Dunn’s post-hoc
comparison, p<0.05. In fact, the UA5tC and A5tC groups were closer to the measured acellular
10tC layers with no significant differences observed in modulus values (47 = 21 kPa, 40 * 26 kPa,
46 * 23 kPa, respectively). The A20tC predicted value was greater than the measured value, and
was slightly more than ~1.5 standard deviations greater than the measured value. The cultured
20tC layer did not increase relative to the acellular 20tC layers (97 £ 29 kPa and 98 * 49 kPa,
respectively).

4.4 DISCUSSION

The goal of this study was to evaluate how alignment induced by cell-mediated compaction
of composite layers would impact cell function. We compared GCS and UAS5tC controls to A5tC
layers for functional assessments of principal contractile strains and the associated principal angle,
contractile areas, and contractile frequencies via HDM analysis. Large region ROIs and grid ROls
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were utilized to assess contractile behaviors for a recorded region and to assess variations across
the recorded region, respectively. All efforts for functional evaluations were completed with rat
neonatal ventricular myocytes in 5tC layers as the acellular modulus (20.6 + 8.1 kPa)* most
closely mimics the modulus of rat neonatal myocardium (10 — 20 kPa)®®. Further, we compared
the phenotype of incorporated rNVMs in A5tC and UAStC layers to human heart tissue controls.
Finally, we evaluated how compaction impacted the mechanical properties of the composite layers.
For this assessment, we not only evaluated UA5tC and A5tC groups, but also A20tC groups to
determine whether the impact in compaction was evident across samples with a larger volume
fraction of microthreads.

We demonstrated that the culturing method presented increases nuclear alignment relative
to UASLC controls. When evaluating human heart tissue as a control, only ~46% of the nuclei had
an offset of 0-15°. It has been reported that myocardium is a highly aligned tissue where fibers
within each layer of the tissue are within 0-13° of the mean fiber direction. The orientation of the
cells within each layer closely follow the fiber orientation.'® The method used to evaluate nuclear
alignment involved taking a confocal image and isolating the blue (Hoechst) channel. It is possible
that the confocal image had nuclei that were not entirely within the plane imaged. If a nucleus
were out of plane but partially imaged, it may appear to have a different orientation than it truly
does. While this may have reduced the alignment measured, it was done consistently for each
sample, enabling comparisons.

When evaluating the orientation of nuclei within the A5tC layers, it was impossible to
separate out the max and min regions that were analyzed for function. This is because without
seeing the contractions occurring within each region, we were not able to ensure that we were
evaluating alignment in those specific areas. Instead, we evaluated the entire A5tC layer and
reported alignment for the overall group. However, there were visible differences in alignment for
the A5tC layers regionally, as was observed in the functional analysis. It is possible that
compaction did not occur uniformly throughout the layer. Inducing alignment through cell-
mediated gel compaction is similar to other published methods where ends of the scaffolding
material are restricted. In a pioneering work completed by Zimmermann et al, edges of a fibrin
hydrogel-based scaffold were restricted by pieces of Velcro. The authors observed variations in

alignment with the greatest concentration of longitudinally oriented cells at the free edges of the
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construct.” While we observed spatial variations as well, the variations were not consistently at
the edges across all samples. In some cases, the greatest functionality and alignment was within
the center areas of the constructs. The fibrin microthreads may have acted as a barrier for
compaction, or influenced the areas that most greatly compacted resulting in regional variability.

A potential alternative in the future is to utilize a smaller fibrin microthread length. While
these layers used continuous fibers that extended through the entire length of the construct,
mechanical reinforcement can be achieved as long as the fiber length is greater than the critical
length needed for the material.?® The critical length is dependent on fiber diameter, the tensile
strength of the fiber and the fiber-matrix bond strength. In reports of utilizing a silk fiber to
reinforce silk hydrogels, critical lengths reported were on the order of 500 um.% It is likely that
the critical length for fibrin microthreads in a fibrin hydrogel is reduced from the current length
used (12 mm). If we used shorter, discrete, aligned fibers it is possible that more uniform
compaction could be achieved. With more uniform compaction, it is possible that greater
alignment and more uniform functionality throughout the layer could result.

HDM evaluations were completed for large ROI regions. In those comparisons, A5tC
layers had greater contractile strains and larger contractile areas relative to GCS and UA5tC
controls. This is likely due to the increased alignment of incorporated rNVMs as cardiomyocyte
alignment may contribute to enhanced functional maturation.'® 33 All functional parameters
increased over the culture period, with the exception of contractile frequency which was
maintained at a consistent level from 7- 14 days. It has been reported that, for a fibrin hydrogel,
constructs finished compaction at days 8-13 in culture.® It is possible that the increase over the
culture period in contractile strains and areas was due to compaction occurring throughout the 14
days, resulting in increased alignment throughout the culture period.

Contractile strains measured in normal myocardium have been reported to be ~19%.%
Maximum contractile strains observed for the A5tC max areas were near ~18% on day 10 and
~22% on day 14. While these values are very near the reported value for healthy myocardium, it
should be noted that different methods were used to assess the contractile strains. With HDM, the
use of different parameters (averaging windows, subimage size and subimage shift) can greatly

impact the measured values.?® While we optimized these parameters to improve the signal to noise
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ratio and believe the results to be near the actual values, the best comparison would be to evaluate
healthy myocardium using the same method.

We observed lower contractile frequencies for all groups (1-5- 2.0 Hz) than reported
frequencies for neonatal cardiomyocytes in a 3D environment (2.5-3Hz!" 41 ). Data collection for
the functional experiments was completed on days 7, 10 and 14. However, it has been reported
that contractile frequencies for rNVMs have decreased in culture as early as day 6.** It is possible
that the contractile frequencies reduced prior to the data collection timepoints.

For the large ROI evaluations, one assessment focused on the consistency of principal
angles for different contraction cycles. If all cells are contracting in sync, one principal angle
should be observed for the entire ROI. However, if multiple contractions are occurring out of sync,
then when evaluating different contraction cycles different principal angles may be observed. With
this evaluation, the 2D GCS controls had reduced ranges relative to UA5tC 3D controls. This is
likely because in a 2D environment, all cells are within one plane and may more easily make cell-
cell connections than in a 3D environment. The A5tC Max group was the only group to show a
decreasing trend in the principal angle ranges observed. By day 14, the A5tC Max group had the
smallest ranges observed of all groups suggesting that this group had the most synchronous
contractile behavior. Because the A5tC max regions had the lowest ranges shown for the large
region ROI principal angle assessment, the contractile wave propagation speed was evaluated for
this sample group at day 14.

The A5tC layers have anisotropic contractile wave propagation occurring, a sign of highly
aligned tissue.'® This assessment does not conclusively show that conduction is occurring as we
did not inhibit spontaneous contractions from occurring. While we did overlay and match strain
curves, it is possible that spontaneous contractions were occurring at different locations in the
layer. However, this method enables visualizations of cell shortening and does estimate contractile
wave propagation speeds. Healthy myocardium has anisotropic propagation speeds with

conduction velocities in the longitudinal direction and transverse direction being 73 4 cm/s and

longitudinal—transverse

11 + 3 cm/s, respectively®® (anisotropic ratio = = 0.7). The A5tC max

longitudinal+transverse
regions had contractile wave velocities of 11.1 + 1.5 mm/sec and 4.5 + 2.0 mm/sec in directions
parallel to and perpendicular to the fibrin microthreads, respectively (anisotropic ratio = 0.4). The

magnitude of the velocities and the ratio of them was reduced relative to conduction speeds that
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occur in healthy myocardium. It is likely due to immature gap junction formation as was confirmed
with connexin 43 staining and imaging. Polarized gap junctions are characteristic of highly mature,
functional myocardium.®* We observed circumferential staining of connexin 43, characteristic of
immature cardiomyocytes. This study utilized rat neonatal ventricular myocytes from 2- and 3-day
old rats. Connexin-43 has been shown to exhibit dispersed distributions within the first 20 days of
postnatal life with polarizations of gap junction proteins being more evident between 20-90 days
of postnatal life.*> With an improvement in gap junction formation, it is likely that the signal
propagation speed would increase. Additionally, the alignment of cells within the A5tC layers was
reduced relative to human myocardium. Further increased alignment could also contribute to faster
propagation speeds.

A grid assessment was completed for evaluation of regional variations within a recorded
region. Consistency across samples was similar for all sample groups. The principal angle ranges
for all groups significantly decreased over time. However, no significant differences in ranges
were observed among groups. This was unexpected as it was hypothesized that, with increased
alignment, a reduction in the range of principal angles across the grid ROIs would be observed.
The high variation was expected for UA5tC samples as contractions were not aligned. For A5tC
samples, contractions were visibly highly aligned and resulted in a wave-like motion. It is possible
that this wave motion is what caused such high variability in the observed principal angles. This
is because if one region contracting caused it to not only contract inward, but pull upward (like a
wave), it would also pull adjacent regions. In those regions, when contractions would begin, pixels
may have already been at a different angular offset from one another than when no cells in the
recorded region were contracting. Another factor with this assessment was that in each trial,
primary isolations of cells were utilized. Primary isolations can result in variations in the ratios of
cells isolated. We have used a pre-plating step following isolation to try to enrich the number of
cardiomyocytes and minimize this issue.®

The F50 factor was a method for quantifying the uniformity of contractile strains across
the entire grid. Overall trends showed that the majority of samples had F50 values of 80% and
100% for maximum contractile strains and average contractile strains, respectively. The increased
F50 value for the average strains relative to the maximum strains is not surprising; the maximum

values were the highest values across the entire sample while the average was closer to the overall
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mid-line contractile behavior observed. The similar distributions suggest that across all sample
groups, contractile behavior is similarly consistent. The distributions would change with the factor
level being set to a different threshold (i.e. 75% instead of 50%). For our purposes, the 50%
benchmark resulted in non-flat distribution plots to assess patterns in behavior.

The grid assessment was also utilized to evaluate the distance of the highest maximum and
highest average contractile strains from incorporated fibrin microthreads. What was observed is
that overall, the highest values for both categories were in regions immediately adjacent to fibrin
microthreads. It is possible that the microthreads may increase alignment in the immediately
adjacent areas,** resulting in greater contractile function. This pattern was observed for the A5tC
max and min regions, but was not observed for the UA5tC samples whose highest contractile
strains were ~200um from the nearest fibrin microthread. It is possible that this trend may be
observed because, with the A5tC layers compaction brings more of the total gel phase in closer
proximity to the incorporated fibrin microthreads. With the UA5tC samples, distances of the gel
phase from the microthreads are consistently maintained. It is also possible that there are regional
variations in the mechanical environment that are present for the UA5tC samples that are not
observed with the A5tC layers. Cells have been shown to have the ability to sense rigid bodies not
in direct cellular contact.*® In fibrous polymers like fibrin, cell sensing distances of ~150 um have
been reported.* One hypothesis for the observed outcome is that the observed distance was a result
of the cells no longer sensing the incorporated fibrin microthreads.

Compaction reduces the volume fraction of the gel phase of the composite layer. We
developed a model for predicting modulus values of cultured, compacted layers. First, we
evaluated the stiffness of acellular and cultured layers for 5tC and 20tC layers. Stiffness is a metric
that can be utilized to compare the mechanical nature of the incorporated fibrin microthreads;
cross-sectional area is not factored into stiffness. Stiffness was calculated by taking the slope of
the load versus extension curve. We assumed that the contribution of the gel phase to the stiffness
of the material was negligible. We found that the 5tC layers all had similar stiffnesses, suggesting
that the culture did not impact the mechanical integrity of the incorporated fibrin microthreads.
We did observe a significant difference between the acellular 20tC layer and the cultured 20tC
layer. When calculating the modulus from the stiffness values for the 20tC samples, the difference

resulted in a change of ~7%. It is likely that this difference was not observed with the 5tC layers
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as the standard deviations for each layer when evaluating stiffness was much greater than 7%.
With fewer threads, the change may have been masked by variations observed in the data. As such,
for the predictive model we incorporated the reduced modulus value for all cultured groups. The
change in mechanical properties of 7% was reduced from previous reports of seeded microthread
bundles cultured with aprotinin supplementation having modulus values reduced by an order of
magnitude after 3 days in culture.® This is likely because, in that particular study, the cells were
seeded directly onto the microthreads while in our system cells were dispersed throughout the gel
phase.

Through composite theory, we anticipated that we should see an increase in the measured
modulus values for each group. While the anticipated trend was evident for the 5tC layers, when
testing a 20tC layer, no increase was observed. Potentially because the 5tC layers initially began
with a higher volume fraction of hydrogel relative to the 20tC layers, the effect of compaction on
the modulus may have been more apparent with the 5tC groups. Another possibility is that the
volume fractions were not estimated accurately with the method reported. As an example, if the
diameter of the microthreads was overestimated, this would result in an overestimation of the
volume fraction of the microthreads and ultimately an overestimation of the modulus of the layer.
This may explain why the measured A20tC modulus was lower than anticipated. Additionally, the
assumption of a rectangular geometry of the cross-section of the composite layers may not have
been an accurate assumption. Compaction may have resulted in narrower hydrogel regions relative
to regions with fibrin microthreads. This also could impact the calculated volume fractions. A
potentially better way to estimate the volume fractions would be to measure images of the cross-
sections of the composite layers using imaging software such as ImageJ.

In the future, we plan to investigate the critical lengths of fibrin microthreads needed for
mechanical reinforcement. We hypothesize that shorter fibers will enable a more uniform
compaction, increasing alignment and ultimately cell function. We further plan to laminate
composite layers to mimic the hierarchical architecture and mechanical properties of ventricular
myocardium. With lamination, an increase in patch thickness will be observed. To circumvent
diffusion limitations and ensure cell viability, we plan to incorporate a fibrin gel-based vasculature

into the cardiac patch. Ultimately, we anticipate that fibrin composite layers can be used to
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generate a patch that is able to mechanically and functionally integrate into the host myocardium,

promoting regeneration of functional myocardial tissue in an infarct environment.

4.5 CONCLUSIONS

In this work, we demonstrated that cell-mediated compaction of composite layers can increase the
alignment of incorporated cells. With increased alignment, increases in contractile strain and
contractile area were also observed. A grid assessment showed that consistency of contractile
behavior of incorporated cardiomyocytes was similar across all sample groups. Additionally, for
aligned samples, the highest contractile strains are predominantly found in regions immediately
adjacent to fibrin microthreads. Contractile wave propagation occurring throughout the layer was
anisotropic and fastest in the direction parallel to the threads for the aligned samples. However,
signal propagation was slow relative to healthy myocardium and was likely due to the immature
phenotype of the cells (circumferential distribution of the gap junction protein connexin 43).
Compaction resulted in significantly increased modulus values for 5tC layers, but not for 20tC
layers. Regional variations that were observed for alignment and function may have been due to
non-uniform compaction occurring across the layers. In the future, we plan to investigate the
critical length of microthread required for mechanical reinforcement to see if with a shorter length,

more uniform compaction result increasing alignment and cell function.
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Chapter 5: Fibrin Composite Layers Can Be
Strategically Laminated to Mimic the Mechanical
Anisotropy of Ventricular Myocardium

5.1 INTRODUCTION

Approximately 614,000 people died in 2014 from heart disease in the United States alone.> A
key event that begins the progression towards heart failure is a heart attack. A heart attack initiates
a series of events that ultimately culminate in scar tissue formation.? Scar tissue hinders the heart
from performing as it should. While treatment options exist, they are palliative in nature and no
current treatment acts to regenerate the damaged heart tissue. As such, there is a clinical need for
a regenerative therapy for those with damaged myocardium.

A cardiac patch is one treatment option available to patients that aims to stop progression
towards heart failure by limiting ventricular remodeling from occurring. Current patches are
acellular and do not contribute to the active function of the heart.® These approaches do not restore
baseline function, but a cell-populated cardiac patch may be able to do so. For a patch to be able
to provide functional assistance, it will need to integrate functionally and mechanically into the
host myocardium. Matching mechanical properties of the laminated composite tissue with the
surrounding myocardium is critical for efficiently coupling load transfer between the scaffold and
the native tissue.* For a material stiffer than myocardium, a tethering effect may be observed that
hinders the mechanical functioning of the surrounding tissue. For materials less stiff than
myocardium, the material may fail in the dynamic environment of the heart.>

We recently created fibrin composite layers for use in a cardiac patch.” To date, we have
demonstrated that fibrin hydrogels can be mechanically reinforced with fibrin microthreads with
no impact to incorporated cardiomyocyte contractile strain or frequency. We showed that
manipulation of the fibrin microthread volume fraction could tune the elastic modulus of the
composite layers. Further, we observed that orientation of incorporated cells could be improved

through cell-mediated compaction of the construct, inducing a static tension through the layer.
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Compaction of the gel phase resulted in a significant increase in the composite modulus for 5-
thread composite (5tC) layers, but did not result in a change for 20-thread composite (20tC) layers.

The material is an aligned, fiber reinforced anisotropic material. Ventricular myocardium is an
anisotropic tissue that is comprised of multiple layers that rotate relative to one another from the
endocardium to the epicardium (Figure 5.1). As such, we hypothesize that through the strategic
lamination of composite layers, we can mimic the hierarchical and mechanical properties of

ventricular myocardium.
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Figure 5.1. Biomimetic patch structure. Ventricular myocardium is comprised of layers that rotate relative to

one another (A). We plan to mimic this structure with fibrin-based composite layers (B), ultimately producing a cardiac
patch (C) with mechanical and hierarchical properties similar to ventricular myocardium.

 Epicardium

To test our hypothesis, we first defined required material properties of a cardiac patch
functioning as a wall replacement. We then generated a model using laminar composite theory to
determine what angular offset of laminated layers would best mimic the anisotropic nature of the
elastic modulus of ventricular myocardium. A lamination method was generated that utilized a
fibrin glue to adhere layers together. In order to evaluate the effects of the fibrin glue on the
mechanical properties, a control of two layers cast in one hydrogel and two layers glued together
were uniaxially tensile tested. Uniaxial tensile testing was further completed to evaluate the
mechanical properties of a cardiac patch with layers laminated to mimic the mechanical nature of
ventricular myocardium. We then compared material properties of individual composite layers,
laminated cardiac patches and target values of healthy myocardium. Ultimately, we envision this
patch as a wall replacement that, when coupled with a vasculature system, could functionally and

mechanically integrate with adjacent healthy myocardial tissue.
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5.2 MATERIALS and METHODS
5.2.1 Definition of Material Requirements

Design criteria for the mechanical properties of a cardiac patch can be created from
understanding the material properties of the ventricular myocardium. A defect area for an infarct
is on average approximately 10-50 cm?.8 By assuming a square defect area of 16 cm?, we can
define the length and width as 4 cm. The thickness of ventricular myocardium is approximately
1.5 cm.® and the modulus of the myocardium ranges from 20-500 kPa.1% With this information, we
can determine a membrane stiffness of ventricular myocardium using Equation 5.1.

Ext=k 5.1.

In Equation 5.1, E is the elastic modulus, t is the thickness and k is the membrane stiffness.
For an axial elastic modulus, the slope of the stress strain curve would be evaluated where stress
is calculated as the force applied divided by the initial cross-sectional area. For the membrane
stiffness, the value would equate to the slope of a stress strain curve where the stress was calculated
as the force applied divided by the initial width. Because loads in native myocardium are applied
across the width of the sample rather than in a tensile fashion, this parameter is a more relevant
comparison term. A literature search was conducted to evaluate the wall stress that the ventricular
myocardium experiences. Information for a patient population with abnormally high ventricular
pressure was used as this value is towards the upper range of what the patch would experience in
vivo. To ensure the patch could withstand this stress, the ultimate tensile stress (UTS) of the patch
will need to exceed this value. For our design criteria, the stress was multiplied by the thickness
of the ventricular myocardium to determine force per width that would be required for a cardiac
patch. Additionally, the corresponding strain at that stress value should correspond to what the
heart typically experiences cyclically. With these values, design criteria for the cardiac patch were
defined.

5.2.2 Composite Theory Model

Myocardium is composed of highly aligned layers that rotate relative to one another +/ -60°.°
To produce a cardiac patch with structural and mechanical properties similar to native tissue, we
anticipate that lamination of composite sheets will need to occur at an angular offset. To understand

which layer orientations may best mimic native myocardium, a model developed from the
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generalized Hooke’s law was used to estimate the contribution of a composite layer to the y and x
direction moduli at various offset angles with assumed plane stress conditions.** Offset values
ranged in 30 degree increments from 0- 120 degrees (the rotation observed of layers through the
width of the ventricular wall of myocardium)!2. To calculate the modulus value of one individual

layer in the x and y directions at an offset, the following equations were used:*!

4 ia4
izm_km_F(L_zv—lz)*sinze*coszH 5.4.
Ey Eq E; G2 Eq
) 4
1 _ sin%e n cos*eo n (L_Zv_u) % Sin20 * cos26 55.
Ey Eq E; GP) Ey
Where
Y G x Vi + G x Vp
E
2(1 + Uf)
E
G = __m
2(1 4+ vy)

Vi = Up * Ve + oy x Uy

CEpx Vi + Epy + Vg

E;

E; = Elastic modulus of the fibrous component
E,,= Elastic modulus of the matrix phase

Gy= Shear modulus for the fibrous component
G,,= Shear modulus for the matrix phase

vy= Poisson’s ratio for the fibrous component
vy, = Poisson’s ratio for the matrix phase

V= Volume fraction of the fibrous component
V»= Volume fraction of the matrix phase

Because a significant difference was observed for 5tC layers following compaction in a 14-day
culture period, two models were generated; an acellular model and a compacted model.

Assumptions for each model are summarized in Table 5.1.
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Table 5.1. Value assumptions for acellular and compacted composite layer models.

Parameter Acellular Model Value Compacted Model Value
Ef 1642 kPa* 1528 kPa*
Em 0.25 kPa'? 0.25 kPa'?
v 40 mm? 14 mm? for 5tC layers
Volume 20 mm? for all others
uf 034 034
um 0.25 (Assumes perfectly isotropic 0.25 (Assumes perfectly isotropic
material)®3 material)®3

*Values calculated in Chapter 4: Alignment of Cardiomyocytes Through Static Tension Increases Contractile
Strains in Composite Layers

5.2.3 Fibrin Microthread Preparation

Fibrin microthreads were prepared through the co-extrusion of fibrinogen and thrombin
solutions as has been previously reported.!**” Briefly, a 70 mg/mL solution of fibrinogen from
bovine plasma (Sigma, St. Louis, MO) dissolved in HEPES (N-[2-Hydroxyethyl] piperazine-N’-
[2-ethanesulfonic acid]) buffered saline (HBS, 20 mM HEPES, 0.9% NaCl; pH 7.4) was prepared.
A 40 U/mL solution of thrombin from bovine plasma (Sigma) dissolved in HBS was also made
and both solutions were stored at -20°C until use. A working solution of 6 U/mL of thrombin was
made by diluting the stock thrombin solution with 40 mM solution of CaCl,. Equal volumes of
fibrinogen and thrombin/CacCl; solutions were loaded into separate 1 mL syringes and extruded
through a blending applicator tip (Micromedics Inc., St. Paul, MN). Solutions were extruded at a
flow rate of 0.225 mL/min through polyethylene tubing (BD, Sparks, MD) into a buffer bath of 10
mM HEPES (pH 7.4) in a Teflon coated pan. Following a 10-15 minute polymerization time, the
scaffolds were carefully stretched to ~150% of their original length and hung to dry under the

tension of their own weight.'*

5.2.4 Composite Layer Fabrication
Composite layer fabrication was completed as was previously reported.’ Briefly, a custom built
fibrin microthread spacer with ridges was used to align fibrin microthreads. The device couples to

a house vacuum enabling placement of threads with defined spacing. Layers were organized with
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either 5 (5tC), 10 (10tC) or 20 (20tC) fibrin microthreads across a 1 cm length. Once organized,
threads were transferred to vellum frames and secured with medical grade silicone adhesive.
Polydimethylsiloxane (PDMS) sheets were coated with 1% Pluronic-F127 in DI water (Sigma, St.
Louis, MO) solution for 1 hour. A hydrogel solution containing 1.6 U/mL thrombin, and 3.1
mg/mL fibrinogen was mixed in media on ice, cast over the vellum frames and spread using a
pipette tip to provide an even layer. Media was used as the source of calcium in the polymerization
reaction. This was done to closely mimic what is done in tissue culture. The media is composed of
DMEM (+L-glutamine, VWR, Radnor, PA), 10% defined donor equine serum (Fisher Scientific,
Waltham, MA), 2% chick embryo extract (US Biological Life Sciences, Salem, MA),1% penicillin
streptomycin (Thermo Fisher Scientific, Waltham, MA), 1% amphotericin B (Thermo Fisher
Scientific) and 1% 5 mg/mL aprotinin, (Sigma Aldrich, St. Louis, MO). For the sample size of
12 x 12 mm (144 mm? area), 150 uL of hydrogel solution was utilized. Samples polymerized at
room temperature for 30 minutes, then were moved into wells with 1X PBS, and stored at -4C

until use.

5.2.5 Lamination Method

When fabricating cardiac patches, two composite layers were glued together using a fibrin-
based glue. The glue is comprised of HBS, 17.5 mg/mL fibrinogen, 5 U/mL thrombin, and media.
The media is the same composition as described in 4.2.4. Composite Layer Fabrication. 150 pL
of glue was placed on the top of one of the composite layers. The second layer was then pressed
down onto the first layer at the desired angular offset. When pressing, excess glue was secreted
from the sides and removed. This method ensured even coverage of glue across the layer.

As a control, patches were also generated that did not utilize glue. These patches were
fabricated by casting 1 gel over 2 layers of organized fibrin microthreads. The same gel volume
that would have been utilized for 2 separate layers was cast to create 1 larger hydrogel. To evaluate
the impact of the glue on the thickness of the patch, thicknesses for glued layers and control patches
were compared. Additionally, to evaluate whether the glue had an impact on the measured
mechanical properties, glued layers and control patches were uniaxially tensile tested and the
stiffness values were compared. For this comparison, we evaluated the maximum slope of the force

versus displacement curve.
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5.2.6 Uniaxial Tensile Test

Submerged uniaxial tensile testing was completed on individual composite layers (5tC,
10tC and 20tC), glued composite layer patches and control patches (without glue). Each patch
consisted of a 10tC and 20tC layer orthogonally aligned to one another. For patches, mechanical
characterization was completed by applying load in the direction of the threads for 2 different
samples; i.e. when testing a patch with layers perpendicular to one another, applied loads were
parallel to threads of the 10tC in one sample, and parallel to threads of the 20tC in a second sample.
This was done to evaluate the anisotropic nature of the patch.

Prior to testing, the thickness of each sample was determined using a laser displacement
technique.'® A disk with dimensions of diameter 13 mm, thickness of 1.3mm and weight of 1.3 g
was used to create a reflective surface for accurate measurements. The disk did not deform the
layers; no indentations upon removal were evident. Thicknesses in three different areas were
measured and averaged together to obtain a representative measurement. These were used in
combination with the width of the sample to calculate the cross-sectional area, assuming a
rectangular geometry. Samples were gripped into an ElectroPuls E1000 testing system (Instron,
Norwood, MA) with a 1 N load cell. The initial gauge length of all samples was 15 mm. Samples
were submerged in a PBS bath before being uniaxially loaded to failure at a strain rate of 10
mm/min. Throughout the test, force and displacement values were recorded at a frequency of 10
Hz. Prior to evaluating the parameters of interest, all initial load and deformation values were
zeroed, baselining the onset value for each test. Engineering stress was determined by dividing the
recorded force by the initial cross-sectional area. Strain was calculated as the extension in length
from the initial length of the material. To analyze the modulus, a MATLAB (MathWorks, Natick,
MA) script was written. Fiber-reinforced composite materials generally have two observable
phases on stress strain curves.'® Because the heart experiences strain values cyclically up to
~30%,%° our analysis took the slope of the first phase of the curves (0-30%). To analyze membrane
stiffness, a curve was generated that plotted the recorded force divided by the initial width, against
the extension. The slope of the first phase of this curve was used to calculate the membrane

stiffness. Outliers were identified as any modulus value that was 1.5 times greater than the inner
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quartile range (IQR) for each sample set (min: quartile 1 - 1.5*IQR, max: quartile 3 + 1.5*IQR)

and were subsequently removed from further analysis.'*

5.2.7 Statistical Analyses

All statistical analyses were run using SigmaPlot 12.5 software, with all comparisons using a
significance level of p<0.05. For patch mechanical properties, loads applied in each of the two
directions were compared through a t-test (applied load parallel to 10tC layer direction compared
to applied load in the 20tC layer direction). Comparisons of mechanical properties for individual
layers were compared through a one-way ANOVA with Holm-Sidak post-hoc pairwise multiple

comparison tests for all post-hoc analyses.

5.3 RESULTS
5.3.1 Material Property Criteria Can Be Defined for a Cardiac Patch Acting as a Wall
Replacement

The modulus, an inherent material property not dependent on geometry, ranges for the
myocardium from 20- 500 kPa depending on whether the heart is in systole or diastole.
Ventricular myocardium is an anisotropic tissue. Measured values from biaxial mechanical testing
showed that in the direction along the base/apex axis, cadaveric heart tissue is ~376.3 £ 191.7 kPa

while in the direction along the septum/free-wall axis the tissue is 581.4 kPa, yielding an

Axis 1—Axis 2 .
———— 92! Membrane stiffness

anisotropic ratio of 0.314 = 0.196. (Anisotropic ratio = : ,
Axis 1+Axis2

is another important consideration. The range of required membrane stiffness for a patch acting as
a wall replacement was calculated to be 300-7500 N/m, as explained in 5.2.1.

Ideally, the patch should react to load in a similar manner to adjacent healthy myocardium. A
patient population with high blood pressure experienced wall stress of 16.1 kPa on average.?? For
our design criteria, this value was multiplied by the thickness of ventricular myocardium to yield
a required ultimate stress per width of 242 N/m. Furthermore, when experiencing a stress of 16.1
kPa, the strain would need to be comparable to the strain that the heart experiences cyclically. The
average peak shortening in the left ventricle at the midwall has been reported to be ~23%z+ 4,22 and

30% + 6.24 All design criteria are summarized in Table 5.2.
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Table 5.2. Summary of design criteria for a cardiac patch functioning as a wall replacement.

Parameter Value
Modulus 20 — 500 kPa *1°
Anisotropic Ratio of Modulus Values | 0.314%
Membrane Stiffness 300 — 7500 N/m
Ultimate Tensile Stress 242 N/m
Strain at 16.1 kPa of Stress ~23- 30%%24

*For a wall replacement, a value closer to the upper limit of the modulus would be beneficial.2°

5.3.2 Composite Theory Can Be Utilized to Yield a Model That Informs a Strategic Lamination
of Composite Layers to Produce a Biomimetic Patch

For individual layers, Chapter 4: Alignment of Cardiomyocytes Through Static Tension
Increases Contractile Strains in Composite Layers demonstrated that the 5tC, 10tC and 20tC layers
were predicted to have modulus values of 24 kPa, 47 kPa and 94 kPa, respectively. Actual
measured modulus values of these composite layers were 20 + 8 kPa, 46 + 23 kPa and 98 + 49
kPa.” Additionally, for compacted layers modulus values were predicted to be 51 kPa and 142 kPa
for aligned 5tC and aligned 20tC layers. Measured values were similar for the 5tC layers (40 + 26
kPa), but were reduced for the 20tC layers (97 + 29 kPa). The compacted 20tC layer had very
similar mechanical properties to the acellular 20tC layer with average modulus values of 97 and
98 kPa, respectively. For a wall replacement, modulus values closer to the upper value of the range
(500 kPa) would be beneficial.*°

One potential method to increase the modulus values of composite layers is to increase the
volume fraction of fibrin microthreads. Using equations 5.4 and 5.5, 70-thread (70tC), 80-thread
(80tC) and 90-thread (90tC) composite layers were analyzed with modulus values for offsets
ranging from 0-120° summarized in Table 5.3.
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Table 5.3. Summary of theoretical moduli values for 70tC, 80tC and 90tC layers with an offset. Offsets are
taken from the x-axis. Ey and Ex show the modulus values with loads applied in the direction of the y and x axes,

respectively

Thread Count Offset (degrees) Ey (kPa) Ex (kPa)
0 0.3 327.7
30 0.3 0.6
70 60 0.6 0.3
90 327.7 0.3
120 0.6 0.3
0 0.3 374.5
30 0.3 0.6
80 60 0.6 0.3
90 374.5 0.3
120 0.6 0.3
0 0.3 421.3
30 0.3 0.6
90 60 0.6 0.3
90 421.3 0.3
120 0.6 0.3

For layers constructed with 70, 80 or 90 fibrin microthreads, the resultant theoretical modulus
values are much closer to the upper range of the modulus for ventricular myocardium of 500 kPa.
The average diameter for a fibrin microthread is ~ 110 pm. 8 For this average diameter, the spacing
required for a 70tC layer is 57.5 um; a distance approximately half of the diameter of one thread.
For 80tC and 90tC layers this value decreases to 24 um and 2 pum, respectively. Such precise
spacing will likely require a 3D printing method for exact placements of microthreads.
Additionally, an important consideration is that there is likely a trade-off in cell volume and loss
of contractile function if stiffness were to be increased in this manner. Because of the potential for
a reduction in function with these increased volume fractions, focus for patch development
remained on the 10tC and 20tC layers. Application of laminate composite theory for offsets

ranging from 0- 120 degrees in 30-degree increments yielded the results summarized in Table 5.4.
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Table 5.4. Summary of theoretical moduli values for acellular and compacted composite layers with an offset.
Offsets are taken from the x-axis. Ey and Ex show the modulus values with loads applied in the direction of the y and

X axes, respectively.

Thread Offset Acellular Acellular ~ Compacted Compacted
Count (degrees) Ey (kPa) Ex (kPa) Ey (kPa) Ex (kPa)
0 0.3 23.6 0.3 50.6
30 0.2 0.5 0.3 0.5
5 60 0.5 0.2 0.5 0.3
90 23.6 0.3 50.6 0.3
120 0.5 0.2 0.5 0.3
0 0.3 47.0 0.3 70.8
30 0.2 0.5 0.3 0.5
10 60 0.5 0.2 0.5 0.3
90 47.0 0.3 70.8 0.3
120 0.5 0.2 0.5 0.3
0 0.3 93.8 0.3 141.3
30 0.3 0.5 0.3 0.5
20 60 0.5 0.3 0.5 0.3
90 93.8 0.3 141.3 0.3
120 0.5 0.3 0.5 0.3

The computational model demonstrated that it is likely that a 90 degree offset of layers
with different microthread volume fractions will be necessary to mimic the anisotropic moduli
observed of myocardium. When layers are offset, there is negligible contribution to the x and y
moduli unless the x and y axes align with the fibrin microthread axes. Otherwise, moduli were
predicted to be below 1 kPa in these directions. Reinforcement of a 20-thread composite layer with
a 10-thread composite layer at a 90-degree offset may yield a patch with an anisotropic ratio similar

to myocardium.

5.3.3 Fibrin Glue Can Be Used to Laminate Composite Layers Together Without Significantly
Impacting Measured Stiffness or Thickness Values.

Fibrin glue was used to laminate layers yielding a composite patch. As a control, two layers of
organized fibrin microthreads were cast in 1 hydrogel eliminating the glue component entirely.
This control was used to evaluate how the glue impacted patch thickness and patch stiffness
(Figure 5.2).
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Figure 5.2. Assessment of fibrin glue impact on cardiac patch properties. The thicknesses of glued patches and
control patches (no glue) were not significantly different when compared with a t-test, p<0.05 (n=7 for each group)
(A). The stiffness values for the patches when loads were applied in the 10tC direction did not significantly vary from
a single 10tC layer when compared with a one-way ANOVA, p>0.05 (B). The same was true of stiffness values for
patches when loads were applied in the 20tC direction; these values did not significantly vary from a single 20tC layer
(B). For stiffness evaluations, n= 3 for both glued and control patches, n=12 for single layer assessments. For patches,
loads were applied in the direction of the first listed composite layer (i.e., 10tC x 20tC implies load was applied in the
direction of the 10tC layer).

The use of fibrin glue did not significantly increase patch thickness, as evaluated through a t-test,
p<0.05. The average thickness for patches laminated together with glue were 569.8 + 62.6 pm.
Patches generated without glue were on average 665.1 + 134.5 um thick.

For comparison of stiffness values, patches were also compared to individual composite layers
with the load applied in the direction of the threads. Similar to the thickness assessment, no
significant difference was observed between glued samples and controls without glue.
Additionally, no differences were observed between the patches and individual layers. The
stiffness values for the 10tC single layer, glued patch with load in the 10tC direction, and control
patch without glue and load applied in the 10tC direction were 14.1 £ 3.1 N/m, 15.2 + 2.0 N/m
and 13.8 £ 2.7 N/m, respectively. The 20tC single layer, glued patch with load applied in the 20tC
direction, and control patch without glue and load applied in the 20tC direction were 26.0 + 7.2
N/m, 33.9 £ 17.9 N/m and 18.3 £ 2.5 N/m, respectively.

5.3.4 When Laminating Composite Layers, Material Properties Similar to Ventricular
Myocardium are Achieved
For material property evaluations, all patches included in the assessment were laminated

with fibrin glue. When evaluating individual layers through submerged tensile testing, it was
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observed that all modulus values were within the range for myocardium (20-500 kPa), but were
on the low end of the range (20 £ 8, 46 *+ 23, and 98 + 49 kPa for 5tC, 10tC and 20tC layers,
respectively). Similarly, a cardiac patch comprised of a 10tC and 20tC layers had modulus values
of 45 + 9 and 96 + 42 kPa for loads aligned with the 10tC layer and 20tC layer, respectively (Table
5.5).

Axis 1—Axis 2
Axis 1+Axis2’

The anisotropic ratio, calculated as Anisotropic ratio = of the 10tC x

20tC patch was found to be 0.36, very near the target value of ventricular myocardium. Anisotropic
ratios were not calculated for individual layers as the layers were not tested in the direction
perpendicular to the alignment of the fibrin microthreads. This was not completed because, without
threads aligned with the direction of applied force, the only phase contributing to the measured
mechanical properties would be the gel phase. It was anticipated that these measured modulus
values would be much lower (<1 kPa) than the modulus values measured when load was applied
in the direction of the threads, yielding an anisotropic ratio much greater than the desired 0.314.
The membrane stiffness values for all individual layers and for the 10tC x 20tC patch were
below the target stiffness range of 300 — 7500 N/m. This is expected as the modulus values were
within range, but the geometry of the patches do not match the geometry of the assumed defect
region. Similarly, the ultimate tensile stress (UTS) values were all lower than the target value of
241.5 N/m. When comparing to the ventricular myocardium strain of 16.1 kPa experienced by a
patient population with high ventricular pressure, 10 of 16 samples failed prior to reaching 16.1
kPa for the 5tC group. For the 10tC layers, 2 of 12 samples failed before reaching this stress level.
The 20tC layers and the 10tC x 20tC did not have any samples fail prior to reaching 16.1 kPa.Strain
at 16.1 kPa of stress for all groups except the 5tC layers were near the target value range of 23-

30%. The 5tC layer group had strain that was much higher than this target range (70% + 36).
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Table 5.5. Result comparisons for individual composite layers and glued cardiac patches. VValues shown are averages * standard deviations. Significant
differences are noted. All single layers were compared with a one-way ANOVA and holm-sidak post-hoc analysis, p<0.05. All patch parameters were compared
using a two-tailed t-test, p<0.05. All values that are near the target values are bolded.

Parameter Target Value 5tC 10tC 20tC 10tC x 20tC
(n=16) (n=12) (n=12) (n=9 for each, 18 total) #
20+ 8 46 + 23 98 + 49
Modulus (kPa) 20-5001 | (10tC: p=0.048) | (5tC: p=0.048) | (5tC: p<0.001) =k 26‘ é’gf 2
(20tC: p<0.001) | (20tC: p<0.001) | (10tC: p<0.001) =5
Anisotropic Ratio of 21
Mo e 0.314 NA NA NA 0.36
6+2 13+7 26 + 13
Membrane Stiffness (N/m) | 300-7500 (10tC: p=0.022 | (5tC:p=0.022 | (5tC: p<0.001 A ?5‘55‘7124
20tC: p<0.001) | 20tC: p=0.002) | 10tC:p=0.002) =2
3+2% 1348 ** 17+8
UTS (N/m) 241 522 (10tC: p=0.001) | (5tC: p=0.001) | (5tC: p<0.001) 19+5x42+10

Strain at 16.1 kPa of Stress

~23- 30%2%%

(20tC: p<0.001)

70% + 36
(10tC and 20tC
p<0.001)

*10/16 samples failed before reaching minimum value of 16.1 kPa.
** 2/12 samples failed before reaching minimum value of 16.1 kPa.
# Values are presented as load in the direction of 10 threads x load in the direction of 20 threads.

26% £ 14
(5tC: p<0.001)
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54  DISCUSSION

The goal of this study was to evaluate whether strategic lamination of fibrin-based
composite layers could mimic the mechanical properties of ventricular myocardium. We defined
important mechanical properties of modulus, anisotropic ratio of modulus, membrane stiffness,
UTS and strain at a specific ventricular wall stress characteristic of patients with high blood
pressure. The use of a high ventricular stress to calculate the required force per width (UTS) and
ensuring strain at this value did not exceed normal deformations anticipated of myocardial tissue
was a method for ensuring that, for the target patient population, the patch would not fail in vivo.

Through laminar composite theory, a model was used to determine that, theoretically, a
patch with a 20tC layer arranged orthogonally to a 10tC layer would yield an anisotropic patch
that would mimic the modulus values of ventricular myocardium. In theory, measured modulus
values with loads applied in the 10tC layer and 20tC layer directions were 47 kPa and 94 kPa,
respectively. When measuring the actual values through tensile testing, the modulus values were
very similar to what the model predicted for the 10tC and 20tC layers (45 £ 9 kPa and 96 + 42
kPa, respectively). Because the patch will ultimately use cultured, compacted composite layers, a
secondary model was generated that incorporated properties for compacted layers. In previous
work, we found that this model accurately predicted a modulus increase for 5tC layers. However,
we found that this model also anticipated a modulus increase for 20tC layers. When mechanically
tested, the compacted 20tC layers had remarkably similar mechanical properties to acellular 20tC
layers. The compaction model was based on volumes measured for the layer and assumed a
rectangular geometry for the cross-sectional area of the layers. It is possible that the volumes were
not estimated accurately enough to better predict the layer modulus for 20tC layers. Because the
20tC layers behaved similarly when cultured or acellular, it is possible that the better predictive
model for compacted layers with more than 5 threads is the acellular model.

One critical factor that influences a composite material’s properties is integration between
components. To achieve an isostrain state where deformation of all phases of the composite
material are equivalent requires a strong interfacial bond.?® While we anticipate a strong interfacial
bond as the microthread and hydrogel components of the composite layer are comprised of the

same polymer, the strength of the bond has not been assessed. In future work, we plan to perform
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pull-out tests to better understand the strength of the bond, and how the strength may be increased
through techniques like crosslinking.?®

When looking at potential angular offsets for the layers, 0-120° offsets were considered as
ventricular myocardium rotates £ 60° from the endocardium to the epicardium. However, when
fibers in a layer are at an angle from the applied load, very low modulus values were anticipated
(<1 kPa). The hydrogel phase would be the primary phase contributing to the modulus values at
these particular angular offsets. The hydrogel component has a low modulus (assumed to be
~0.25kPa).® To ensure that the anisotropic behavior of the patches mimicked ventricular
myocardium, it was critical to have microthreads aligned with the x and y axes (in line with applied
loads). It is critical to remember that myocardium is not solely loaded in the x and y directions but
rather in all directions. As such, future work for the development of this patch will need to include
mechanical testing with a more physiologically relevant loading such as a burst test.?’

To generate a patch, layers were laminated using a fibrin glue. A control patch with layers
cast within one gel was also evaluated. While there are benefits to casting one hydrogel and having
a more uniform cardiac patch material, it is necessary that the layers be glued together to form a
patch for this system. Each layer is approximately 300 um thick when initially cast. In the patch
thickness assessment, patches were 569.8 £ 62.6 um thick when laminated with fibrin glue.
Patches without glue were similar in thickness; 665.1 + 134.5 um. The oxygen diffusion limit is
100 -200um.® 229 As sych, it is important that the lamination technique not significantly increase
the thickness of the patch as diffusion will be problematic, likely resulting in the necrosis of the
central portion of the patch. Fortunately, the composite layers compact when in culture. Observed
thicknesses at day 14 of culture for individual layers were 131 + 48 um and 193 + 42 pum for
5tCand 20tC layers, respectively. While the compacted layers laminated will have a reduced
thickness, in the future it will still be necessary to incorporate a vasculature system into this patch
to maintain cell viability.

Additionally, it was important to evaluate whether the fibrin glue would alter the material
properties of the scaffold. No significant difference was observed between control patches and
glued patches demonstrating that the glue did not change anticipated behaviors of the cardiac
patch. The reported stiffness values had a tighter distribution for loads applied in the 10tC layer

direction relative to loads applied in the 20tC layer direction. Fibrin microthread diameter can vary
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with average diameter reported as 110 + 18 um.® A variation of 18 pm in diameter will impact
the volume fraction of the microthreads, ultimately impacting the mechanical properties of the
composite material. Because the 20tC layers have more fibrin microthreads relative to the 10tC
layers, there is the potential for more variation of fibrin microthread diameter.

The cardiac patches (laminated with glue) and individual composite layers (5tC, 10tC and
20tC) were further evaluated to see how the material properties compared to ventricular
myocardium. All modulus values were found to be on the lower end of the range of ventricular
myocardium. The anisotropic ratio of the modulus values was also evaluated. A value close to zero
would indicate little or no anisotropy. A value close to 1 would indicate a high degree of
anisotropy.?* The anisotropic ratio of the patch was very near the anisotropic ratio of the native
tissue (0.314).2! Evaluating the strain at a stress level of 1601 kPa demonstrated that 5tC composite
layers are not sufficient. The strain observed was on average 70% = 36. This deformation is much
greater than the deformation that would be anticipated of the myocardium. In contrast, the 10tC
layer, 20tC layer and the patch were near the anticipated strain values of myocardium.

The patch matched all required values except for UTS and stiffness. This is not surprising;
the modulus values were within the desired range. If the modulus values match, the stiffness will
only match if the same geometry is used. The patches tested were ~600 um thick, but the defect
area had an assumed thickness of 1.5 cm. This implies that we would need 3 patches laminated to
have approximately the same thickness, and ultimately the same stiffness. Using equation 1 and
the measured modulus values for the patch, we can estimate the stiffness with an increase in

volume of the patch to match the size of the myocardium defect:

N
k=FE x t=45 kPa x 1.5 cm = 675 -

N
k=F x t=96 kPa x 1.5 cm = 1440 —

Theoretically, with a patch that has a volume matching the defect size, the stiffness values
of the patch are within the range desired to mimic ventricular myocardium (300-7500 N/m).
Similarly, we can estimate what the UTS would be for a patch with a specific thickness. Looking
at the engineering stress versus strain curves, and taking the greatest engineering stress value for
each composite type (5tC, 10tC and 20tC), we can multiply that value by the specified thickness
to see what the UTS (in terms of force over width) would be.
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N
With load applied in the 10tC direction:33 kPa x 1.5 cm = 495 -

N
With load applied in the 20tC direction:74 kPa x 1.5 cm = 1110 —

The design criteria was for the patch to have a UTS of at least 241 N/m. When scaling up
to the same thickness as ventricular myocardium, in theory all composite compositions satisfy this
requirement. This suggests that it may be possible to generate thinner patches that satisfy this
mechanical requirement. For example, for a patch to have a UTS of 241 N/m with load applied in
the direction of the 20tC layers, a thickness of 0.3 cm would be needed.

The design parameters were based on a literature search for this work but, in the future,
could be based on patient data. Because each patient is unique, defect sizes may vary as may
ventricular wall stresses and associated cyclic strains. This study provides a framework for
modeling a patch that can function as a wall replacement with a specific defect geometry and
patient requirements. If access to these parameters were available on a patient-by-patient basis, a
patch could be designed for each case using this modeling method.

While the patch is promising with the data presented here, it is important to note that an
important parameter that was not investigated is fatigue strength. Upon implantation the scaffold
will be subjected to cyclic loading. It is critical that the integrity of the patch not vary pre- and
post- loading. In the future, we plan to cyclically load the patches in a manner that will mimic
physiologic loading. Patches will be subjected to cyclic loading at 1 Hz at a peak strain of 10% for
1 week.3! Additionally, degradation of the patch will need to be characterized to determine if
replacement of the matrix with extracellular matrix occurs at the same rate. This important metric
will also be evaluated in future work. Finally, we also plan to perform suture pullout tests to ensure
that the patch can be implanted with a suturing technique. Ultimately, we plan to couple our patch
with a fibrin-based vasculature to enable the generation of a thick, implantable construct that can

serve as a functional wall replacement for damaged ventricular myocardium.

55  CONCLUSIONS

In this study, we have shown that strategic lamination of composite layers can yield a cardiac
patch with material properties comparable to ventricular myocardium. While the stiffness and UTS
of the patch was not in the desired range, the modulus values were within range. Both parameters
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will likely be in range when the thickness of the patch is equivalent to that of ventricular

myocardium (1.5 cm). A necessary component for the thick patch is a vasculature to ensure cell

viability throughout the construct thickness. Future work will focus on integrating a vasculature

and performing long-term mechanical evaluations to ensure that the patch can withstand cyclic

loading without a significant change to the failure strength.
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Chapter 6: Conclusions and Future Work

6.1 OVERVIEW

The work in this thesis describes the development of a biomimetic composite scaffold
that recapitulates the architectural and material properties of ventricular myocardium to enable
functional and mechanical integration with adjacent host tissue upon implantation. Modulation of
the volume fractions of the composite phases enabled control over the mechanical properties of
the material without attenuating cell function. Further, we developed a culturing method for
increasing alignment of incorporated cells. Increased alignment correlated with increased cell
function. Finally, we demonstrated that the composite layers can be strategically laminated to

further mimic the structural and mechanical properties of ventricular myocardium.

6.2 RESULTS AND CONCLUSIONS
6.2.1 Specific Aim 1: Develop a Fibrin Composite Layer that Enables Customizable Modulus
Values While Sustaining Cardiomyocyte Contractility

Based on composite theory,! we hypothesized that fibrin microthreads could be combined
with fibrin-based hydrogels forming a composite layer scaffold with tunable mechanical
properties that supports cell contractility. Further, based on earlier work we hypothesized that the
incorporated fibrin microthreads would promote cellular orientation.? We developed a
methodology for generating evenly-spaced fibrin-based composite layers. To do so, a custom-
built fibrin microthread spacer was developed that yields average thread spacing of 140 + 21.7
pm. When comparing the spacing between 4 individual users, a one-way ANOVA demonstrated
that no significant difference in spacing existed. This analysis showed that the method we
developed is reproducible.

We then evaluated 3 different volume fractions of fibrin microthreads in a fibrin hydrogel
through submerged uniaxial tensile testing. We observed that the modulus for the layer was
tunable through modulation of the volume fraction of fibrin microthreads. Further, the trend

observed was predicted by using composite theory to estimate what modulus values were

Chapter 6

Conclusions and Future Work 124



expected for the different layer conformations. It is critical that a scaffold have comparable
mechanical properties to avoid mechanical mismatch upon implantation,® and to promote proper
contractile force, phenotype, and gene expression.*” Moduli for all configurations (thread counts
of 5, 10 and 20 per layer) were within the desired range for human ventricular myocardium of 20
— 500 kPa.®

To ensure that increasing the volume fraction of fibrin microthreads did not hinder cell
function, samples were evaluated using high density mapping (HDM) at days 7, 10 and 14 in
culture. We observed that at no time point did the contractile strain or frequency differ for any
composite layer relative to a fibrin hydrogel control. Using Hooke’s Law to predict the
contractile forces, we found that the contractile forces increased with an increasing layer
modulus maintaining similar contractile strain values for all groups. This demonstrates that with
an increasing modulus, we can improve the mechanical properties without compromising
contractile function. The contractile frequencies for all groups were ~2.5 Hz; comparable to
reported frequencies for neonatal cardiomyocytes in a 3D environment.® Additionally, when
evaluating the phenotype of incorporated cells, sarcomeric a-actinin showed striated appearances
of cells in all composite layer and control groups. This phenotype is considered a hallmark of
functional cardiomyocytes,® further supporting that increasing volume fractions of fibrin
microthreads without attenuating cell function.

We anticipated that incorporating fibrin microthreads in a gel would provide an
instructive cue that would promote cellular alignment, similar to results shown previously.?
Alignment has been correlated with enhanced functional maturation and it is needed for
integration upon implantation.®'? When evaluating the nuclear orientation of cells within the
layer, we first evaluated all regions. We found that no alignment of cells was observed.
Following this assessment, we evaluated nuclear orientation of cells within 100 pum of the fibrin
microthreads. We found a slight improvement with alignment; the greatest percentage of cells
were oriented between 0-15° of the direction of the fibrin microthreads. In ventricular
myocardium, alignment of the cells closely follows alignment of the fibrils of the tissue. Within
each layer, fibrils rotate relative to one another +13°.2* The majority of nuclei within a 100 pm
distance of fibrin microthreads had similar alignment. The fibrin microthreads may be providing

an instructive cue for a limited distance in the fibrin hydrogel. This is similar to cells sensing
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rigid bodies not in direct contact. It has been reported that cells in a fibrous biopolymer, like
fibrin, can sense rigid bodies at distances as great as 150 pm.**

In conclusion of Specific Aim 1: Develop a Fibrin Composite Layer that Enables
Customizable Modulus Values While Sustaining Cardiomyocyte Contractility of this thesis, we
determined that fibrin microthreads can be incorporated in a fibrin hydrogel generating a
composite layer. Through manipulation of volume fractions of the components of the composite,
tuning of the mechanical properties is possible. An increase in volume fraction of fibrin
microthreads correlates to an increase in layer modulus. Changes in fibrin microthread volume
fraction did not impact the functionality of incorporated cells; all contractile strain and
contractile frequency values were not significantly different for 5, 10 or 20 thread composite
layers relative to a hydrogel control. When evaluating nuclear orientation, there was no
alignment observed when evaluating all cells. When limiting the evaluation to 100 um distances
from the incorporated microthreads, an increase in alignment was observed, suggesting that the
impact of microthreads on alignment is limited in distance. The composite material overcomes
limitations of hydrogel materials with weak mechanical properties, but does not promote the

necessary alignment for functional integration upon implantation.

6.2.2 Specific Aim 2: Develop an Aligned Composite Layer to Enhance Contractile Function

In this section of this thesis, we incorporated the findings from Specific Aim 1: Develop a
Fibrin Composite Layer that Enables Customizable Modulus Values While Sustaining
Cardiomyocyte Contractility, and aimed to increase the observed alignment of incorporated cells
in the composite layers. To do so, we developed a new culturing method that directed tension
patterns created by cell-mediated gel compaction. We restricted the scaffold as compaction
occurred over a 14 day culture period, similar to other reported methods.® ** The method utilized
a PDMS post system coupled with customized vellum frames. When analyzing the orientation of
incorporated cells, it was found that samples cultured using this method had nuclear alignment
more similar to human heart controls than unaligned controls prepared using the method
developed in Aim 1.

Functional evaluations were completed on large regions of interest (ROIs) and grid ROIs

which divided the recorded region into 20 smaller sub-regions. The large ROI evaluation showed
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that composite layers with improved alignment had greater contractile strains and larger
contractile areas relative to gelatin-coated coverslip and unaligned controls. This is anticipated as
alignment of cardiomyocytes may contribute to enhanced functional maturation.®'? For all
groups, an increase in functional parameters was observed over the culture period, likely because
compaction was occurring throughout. Compaction has been shown to equilibrate 8-13 days in
culture for fibrin hydrogels.'® For healthy myocardium, contractile strains have been reported to
be ~19%.}" For the samples with increased alignment, the highest functioning regions had
similar contractile strains with average values of ~18% and 22% after 10 and 14 days in culture,
respectively.

A grid assessment was used to evaluate consistency of contractile behavior across the
entire recorded region. Three assessments were completed that evaluated the consistency of
contractile strains, the consistency of principal angles of the greatest contractile strains in each
region, and the distance of the greatest contractile strain from the incorporated fibrin
microthreads. The contractile strain and principal angle assessments demonstrated that all groups
had similar consistency levels. Interestingly the distance assessment showed that aligned samples
had the highest contractile strains typically occurring in areas immediately adjacent to the fibrin
microthreads while in unaligned layers, the highest contractile strains were ~200 um from the
nearest microthread. It is possible that compaction of the aligned composite layers results in a
greater percentage of the gel phase being in close proximity to the incorporated fibrin
microthreads. Additionally, it is possible that the unaligned composite layers have regional
variations in the mechanical environment that are not present for the aligned composite layers.

Contractile wave propagation through the composite layers was also evaluated for
samples on day 14. It was observed that aligned 5-thread composite layers demonstrated
anisotropic propagation; comparable to that observed in highly aligned tissue.® The aligned, 5-
thread layer had contractile wave propagation speeds of 11.1 = 1.5 mm/sec and 4.5 + 2.0 mm/sec
in directions parallel to and perpendicular to the fibrin microthreads, respectively. These speeds
are an order of magnitude slower than signal propagation speeds of healthy myocardium (73 £ 4
cm/s and 11 + 3 cm/s for the longitudinal and transverse directions, respectively).!® Phenotypic
evaluations of incorporated cells demonstrated that relative to human heart controls, the

experimental (aligned) and unaligned control groups had immature expression of connexin 43.
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The distribution was circumferential, which is comparable to neonatal rat ventricular myocytes
within the first 20 days of postnatal life.?° This is in contrast to mature, highly functional
myocardium which exhibits polarized distribution.?! It is likely that the immature gap junction
formation is a contributing factor to the reduced signal propagation occurring in the composite
layers.

For functional evaluations (large ROl assessment of contractile strains) and nuclear
alignment measurements, it was observed that in the experimental group that there were regional
differences. This may be because compaction did not occur uniformly across the composite
layer. When evaluating compaction and its impact on mechanical properties, no significant
difference was observed between the acellular and compacted 20-thread composite layers.
However, a significant modulus increase was observed for 5-thread compacted layers relative to
acellular 5-thread composite layers. It is possible that because the 5-thread layers began with a
larger hydrogel volume fraction the effect was more pronounced.

In conclusion of Specific Aim 2: Develop an Aligned Composite Layer to Enhance
Contractile Function, we demonstrated that tension resulting from cell-mediated compaction can
be used to increase alignment of incorporated cells. The samples with increased alignment also
demonstrated increased contractile strain and contractile areas. Additionally, contractile wave
propagation in the layer was anisotropic, characteristic of highly aligned native tissue. Relative
to healthy myocardium, contractile wave propagation speeds were reduced, while contractile
strains were near native values. This may be because of immature gap junction formations
throughout the layer. Compaction did not appear to be uniform throughout the composite. When
evaluating the impact of compaction on the modulus of the layer, a significant increase was
observed for 5-thread layers, which was anticipated with the predictive model. No significant
increase was observed for the 20-thread layers. The 20-thread layers had similar values to the
acellular samples and acellular predictive model. It is possible that the volume fractions of the

components may not be accurately calculated for the compacted layer predictive model.
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6.2.3 Specific Aim 3: Produce a Biomimetic Patch with Material Properties Comparable to
Native Myocardium

In the final section of this thesis, we incorporated the findings from Specific Aims 1:
Develop a Fibrin Composite Layer that Enables Customizable Modulus Values While Sustaining
Cardiomyocyte Contractility and 2: Develop an Aligned Composite Layer to Enhance
Contractile Function to determine if strategic lamination of composite layers would yield a patch
with comparable material properties to ventricular myocardium. First, material requirements for
a cardiac patch acting as a wall replacement were defined; including a range of modulus values
(20-500 kPa)®, anisotropic modulus ratio (~0.3)??, membrane stiffness (300-7500 N/m)> 2324,
ultimate tensile strength (UTS) (242 N/m)?®, and strain at 16.1 kPa (23-30%).26-?" These metrics
provided criteria for evaluating whether a patch configuration would warrant further
investigation as a wall replacement.

We modeled the theoretical modulus values for a composite layer when the load was
applied at an angular offset from the direction of the incorporated microthreads. We utilized a
model developed from the generalized Hooke’s law with assumed planar stress conditions.?® We
considered angular offsets ranging from 0- 120° in 30° increments as ventricular myocardium
layers rotate relative to one another from +60° to -60° through the ventricular wall. Using this
assessment, we found that lamination of a 20-thread composite layer at a 90° offset from a 10-
thread composite layer would yield a patch with an anisotropic modulus ratio, and modulus
values comparable to ventricular myocardium.

Because the layers are initially ~300um thick, it is necessary to culture the layers
enabling compaction and reduction in thickness prior to laminating them with a fibrin glue.
Otherwise, necrosis of the central region of the patch may be observed as oxygen diffusion
through a confluent cell layer is ~ 100 -200um.? 2% To evaluate how the fibrin glue may
impact the thickness of the patch and the resulting stiffness values, glued layers were compared
to a patch generated by casting 1 gel over 2 layers of organized microthreads (no glue control).
Uniaxial tensile testing was performed in two directions; with loads applied in the direction of
the 10-thread layer, and with loads applied in the direction of the 20-thread layer. Because it is a
destructive test, two separate samples were needed for these evaluations. Importantly, we found

that the fibrin glue did not increase the thickness of the patch and further, that the glue did not
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significantly change the stiffness. The stiffness values were comparable to the stiffness values of
individual layers of 10-thread and 20-thread composite layers as well, demonstrating that the
patch configuration did not alter this mechanical property significantly.

For a patch laminated with fibrin glue, the material properties were similar to ventricular
myocardium. For all data listed, the data are shown as loads applied in the 10-thread direction x
loads applied in the 20-thread directions, respectively. The modulus values (45 + 9 x 96 + 42
kPa) were comparable to the range of ventricular myocardium values. The anisotropic ratio of
modulus values was similar to the desired ratio value (0.36 and 0.314, respectively). The strains
at 16.1 kPa of stress were near the desired values as well (28% £ 16 x 14% £ 5). The only
parameters not within range of native tissue were the stiffness and UTS. This is not surprising
because the thickness of myocardium was not the same as the thickness of the cardiac patch.
When calculating the stiffness values for a cardiac patch with thickness matching that of the
assumed defect (1.5 cm), the stiffness values were 675 N/m and 1440 N/m for loads in the 10-
thread layer direction and 20-thread layer direction, respectively. For the UTS when considering
a patch of 1.5 cm thickness, the values were calculated to be 495 and 1110 N/m for a patch with
loads applied in the 10tC and 20tC directions, respectively. These values are within the desired
range for stiffness (300-7500 N/m) and above the desired value for UTS (241 N/m).

In conclusion of Specific Aim 3: Produce a Biomimetic Patch with Material Properties
Comparable to Native Myocardium, we established material requirements for a cardiac patch
functioning as a wall replacement. Additionally, we evaluated theoretical angular offsets that
would enable the development of a patch to mimic the material properties of ventricular
myocardium. A lamination method was established utilizing fibrin glue that does not increase
patch thickness, or alter the stiffness of the resultant patch. Further, we evaluated a patch
composed of a 10-thread layer laminated at a 90° offset to a 20-thread layer. This patch was
within range for all desired material parameters, except for stiffness and UTS. This is likely
because the thickness of the patch does not match the thickness of the assumed defect size.
Calculations show that with an increase in thickness of the patch to match the defect size, the
stiffness and UTS values should meet the design criteria outlined for a cardiac patch. This work
demonstrated that patches could be strategically designed to meet specified criteria. We

hypothesize that similar work could be done to produce patient-specific patches.
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6.3 FUTURE WORK

The ultimate goal of this dissertation was to develop a biomimetic cardiac patch that will
ultimately serve as a functional wall replacement following a myocardial infarction. In
accomplishing this goal, we created a composite patch with tunable mechanical properties, layers
that promote aligned contractions, and a cardiac patch with structural and functional properties
comparable to native ventricular myocardium. To further develop the patch technology, work
can be done to extend application of the patch for in vitro drug testing. Additionally,
modification of the patch configuration can be completed to enable more uniform compaction
and ultimately cell function. Further, to ensure that the patch can maintain cell viability,
incorporation of a vasculature in the composite patch is needed. Ultimately, we envision this
composite material as a platform technology that could be investigated for use in a wide range of

tissue engineering applications.

6.3.1 Use of Composite Patches for In-Vitro Drug Testing

While we ultimately envision the cardiac patch as providing a functional therapeutic for
heart attack patients, there is the potential to apply the composite patch in a different application
while still benefiting many patients. The cost of bringing a new drug to market is approximately
$1 billion.3 Unfortunately, with current development techniques and conventional testing
methods, complications that may result from drug use are not always identified. Approximately
1/3 of these complications are cardiovascular effects. Without adequate in-vitro testing methods,
the cost of drug development can be inflated to $11 billion in order to detect adverse effects.*?

Recently, in the Pins lab in collaboration with the Gaudette lab, a universal microscope
incubator for drug screening of 3D models of engineered myocardium was created.® In this
work, a cost-effective device houses a 6-well plate and enables perfusion to individual wells
while maintaining carbon dioxide, humidity and temperature levels. The system couples with a
microscope allowing visualization of samples while maintaining the desired culturing
environment. Through a biomimetic screening platform, assays could potentially have
significantly improved predictive power in informing which compounds should progress to

clinical trials.®* As such, a highly biomimetic scaffold is needed.
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With this thesis work, we found that while contractile strains for aligned composite layers
were comparable to healthy myocardium, action potential propagation speeds were greatly
reduced likely due to the immature phenotype of the incorporated cardiomyocytes. This thesis
utilized rat neonatal ventricular myocytes; a cell type not likely to transfer to the clinic. Isolation
of primary human cardiomyocytes is difficult, and isolated cells have a short lifespan in culture
before dedifferentiating.®® Another option is to utilize induced pluripotent stem cell derived
cardiomyocytes (iPS-CMs).

In 2006, Yamanaka et al demonstrated the ability to generate embryonic like stem cells
from dermal fibroblasts via transfection with 4 factors; Oct3/4, Sox2, c-Myc, and KIf4. These
induced pluripotent stem cells (iPSCs) were able to differentiate into the three different germ
lineages as demonstrated by tumor formation in a mouse model,*® and exhibited morphology and
growth properties similar to ESCs. While micro-array research has demonstrated that hundreds
of genes and DNA methylation patterns are expressed differently for ESCs and iPSCs,*8 it is
not conclusive that cardiomyocytes derived from either cell type differ in any meaningful way.*®
Similar to ESC derived CMs, iPSC derived CMs (iPS-CMs) can provide a large cell source and
have been shown to enhance the ejection fraction in an in vivo model.*® Unlike ESCs, iPS-CMs
have the potential to be autologous without associated ethical concerns.®® With the potential to
isolate cells from patients, patient specific disease models such as spinal muscular atrophy,*
amyotrophic lateral sclerosis (ALS)* and Huntington’s disease*? are possible. This cell type has
a great deal of potential for disease modeling, drug screening, and potentially therapeutics in the
future.®®

Currently, iPS-CMs have slower conduction velocities and shorter action potential
durations relative to human myocardium. This is likely due to the lack of cell maturity.*® Efforts
are on-going for increasing the maturity levels of iIPS-CMs through methods like long-term
culture, electrical stimulation and mechanical loading.?* There is the potential for the composite
patch developed in this thesis to become a better biomimetic scaffold through incorporation of
IPS-CMs and the maturation of incorporated cells through stimulations mimicking those
anticipated in vivo. A more biomimetic patch will not only be applicable for drug testing, but will

also likely have better integration upon implantation if utilized as a patch. It is likely that an in
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vitro testing system is a more realistic near-term goal, while the cardiac patch application is

something that will require a lengthier development time.

6.3.2 Modification of Composite Layers for More Uniform Compaction and Cell Function

In this thesis, continuous aligned fibrin microthreads were used as a reinforcing agent for
fibrin hydrogels. For composite materials, the lengths of the fibers are critical for determining the
amount of reinforcement achieved. As a material, fibers are able to withstand a maximum fiber
load. For the fibers to be able to withstand the same load when in a composite material, a critical
length of fiber must be utilized. At the critical length, the fiber will be able to withstand the
maximum fiber load at the center of the fiber. For any fiber lengths lower than the critical length,
virtually no stress transfer occurs from the matrix to the fibers resulting in little reinforcement.
For lengths greater than the critical length, the reinforcement becomes more effective; the
maximum fiber load can be achieved over a greater length. When using a fiber that is much
greater (~15 times greater) than the critical length, the fiber is considered continuous and
provides a significant improvement in the strength of the overall material .

The critical length needed is dependent on the fiber diameter, tensile strength of the fiber
and the fiber-matrix bond strength. To design a scaffold material for cartilage regeneration,
Yodmuong et al developed silk microfiber reinforced silk hydrogel composites.** The goal of
this work was to improve the mechanical properties of a silk hydrogel scaffold.** Large, medium
and small fibers with lengths of >500 pum, 400-500 pm, and 150-200 pm, respectively were
added to the scaffolds. The investigators hypothesized that the composite mechanical properties
would depend on fiber length, which is essential for developing a composite that will ensure
sufficient energy transfer occurs from the matrix to the dispersed phase under mechanical
loading.** Mechanical analyses of the scaffolds showed that microfiber incorporation and length
affected both the dynamic and equilibrium moduli of composites. Composites with fiber lengths
of 200 um appeared to fall below the critical length, and failed to provide adequate stress transfer
along the fibers. The critical length in this study was determined to be 500 um. This length
provided sufficient fiber overlap and resulted in increased stiffness. The highest Young’s
modulus was observed for silk scaffolds reinforced with 500 um fibers (34 +/- 3.1 kPa). This test
group also exhibited the highest dynamic modulus at 1 Hz (357.2 +/- 45.7 kPa).
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Given that silk is a naturally occurring biopolymer, it is likely that the critical lengths of
fibrin microthreads (also a naturally occurring biopolymer) in a fibrin hydrogel are shorter than
the lengths currently used in the scaffolds. In this thesis, the fiber lengths extended through the
entire length of the construct (12 mm). However, it is possible that smaller fragments could still
function as continuous fibers and provide significant mechanical reinforcement. With smaller
segments, it is possible that the compaction throughout the material may be more uniform than
what was observed in this work. If the fibrin microthreads were behaving as a barrier in the
current format, then shorter, aligned microthreads may be able to overcome that issue.

Aligning shorter fragments of fibrin microthreads will present a challenge. While the
work in this thesis, fibers were aligned prior to integration with a hydrogel, one potential solution
may be to cast fibers in a hydrogel and align the fibers as the hydrogel is polymerizing. A simple
technique for aligning collagen fibrils during hydrogel polymerization requiring no specialized
equipment was presented by Guo and Kaufman.*® The method involves casting the hydrogel
solution with magnetic beads. A magnet is placed adjacent to the polymerizing sample. This
work demonstrated that alignment of the collagen fibrils was achieved, and was attributed to the
magnetic field and the flow created by the beads. While this work was aligning fibrils of a
biopolymer, a similar method may assist with aligning small microfibers in a hydrogel matrix.
Furthermore, the method may align the fibrils of fibrin resulting in increased alignment of the

composite material.

6.3.3 Incorporation of Vasculature in Composite Patch

Vascularization of tissues is required for oxygen and nutrient diffusion, as well as
removal of waste products. Additionally, incorporated endothelial cells provide paracrine
signaling, which promotes cardiomyocyte function and viability.*” Furthermore, if this cardiac
patch were to be used for drug testing, a vasculature would provide a route for delivery of
drugs.*” The diffusion limit for oxygen is 100 -200 um.?® 20 With this thesis work, all samples
were maintained in vitro with an initial layer thicknesses of ~300 um. Upon implantation in vivo,
the patch will not have media on both sides of the construct but will rather need to rely on
transport through a vascular system. Cells incorporated in a cardiac patch will need to be within

100-200um of a vasculature. This need is especially strong for cardiac tissue due to the high
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metabolic demands of the heart.*® When considering the thickness of a laminated patch, this
thesis showed that two acellular layers laminated together were ~600 um thick. Individual 10-
thread and 20-thread composite layers compacted to thicknesses of ~200 um when cultured for
14 days. As was determined in Aim 3, Produce a Biomimetic Patch with Material Properties
Comparable to Native Myocardium, in order to achieve a patch with stiffness values in the range
of ventricular myocardium, a patch thickness of ~1.5 cm is required. With each layer having a
thickness at the upper limit for oxygen diffusion, a patch will require a vascular layer laminated
between each composite layer.

Current work in the Pins lab is focused on the development of a fibrin hydrogel vascular
network. To generate the vascular layer, channels are formed in a fibrin hydrogel using a
sacrificial gelatin mold. In a pilot study, an unaligned 5-thread composite layer was cultured for
14 days with rat neonatal ventricular myocytes incorporated. Following culture, the layer was
placed on top of a fibrin-based vascular layer. The only source of fluid was the fluid flowing
through the vasculature. A 2 uM calcein AM dye in dPBS solution was flowed through 25 gauge
needles at the inlet and outlet of the vascular layer for 75 minutes. Calcein AM is non-
fluorescent until converted to a green-fluorescent calcein after hydrolysis by intracellular
esterases in live cells. Following the incubation period, the combined composite layer and
vascular layer were detached from the pump set-up and placed on a slide to image. Images were

acquired at 400X (Figure 6.1) on an upright fluorescent microscope.
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Figure 6.1. Vascular layer fabrication and combination with composite layer. The vascular layer is a fibrin
hydrogel with embedded channels and defined inlet and outlet ports. The inlet and outlets can connect to a syringe
pump (A), and fluid (in image, water with red food coloring) can be flowed through the construct (B). When a
composite layer is placed on top of the vascular layer and calcein AM solution is flowed through, cells near the
channels (white arrows, white dotted lines) fluoresce green (C, D). C shows a straight channel and D shows a
rounded curve. These areas of interest are boxed in B. Yellow arrows in C and D show fibrin microthreads.

In Figure 6.1, cells near the channels of the vascular layer fluoresced green while cells
further from the channels did not fluoresce. These images demonstrate that diffusion of fluid
from the vasculature to the composite layer is possible. Additionally, it is visible how it is critical
that the vascular layer be designed to have channels with spacing that ensures diffusion of
nutrients uniformly across adjacent composite layers. Work on the vascular layer continues for
establishing diffusion distances, optimizing the channel spacing, endothelializing the vascular
channels and ultimately, lamination with a composite patch to maintain cell viability throughout

the construct.

6.3.4 Fibrin Composite Layers as a Platform Technology

To promote functional tissue regeneration in a clinical application, an engineered scaffold
must recapitulate the structural and mechanical properties of the native tissue. This provides cells
with appropriate signaling cues to direct a sustained regenerative environment.*® Native tissue

constructs are complex; they are comprised of protein-based fibrillar elements arranged into
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hierarchically ordered constructs. The structural arrangements are tissue-dependent, and enable
the tissue functionality.>® Conventional biofabrication strategies for the production of engineered
scaffold materials lack the multiscale combination of properties to create tissue constructs
comparable to native tissue.

Biopolymer microthreads have been explored for tissue engineering applications ranging
from skeletal muscle? 2 and cardiac tissue,>*° to tendon and ligament.>®->® Microthreads are
appealing as a scaffold because they can be engineered to biomimetic, hierarchical structures
with tissue-specific morphologies. Additionally, microthreads can provide mechanical and
biochemical cues to promote regeneration. Furthermore, through manipulations such as
crosslinking, degradation rates and mechanical properties can be finely tuned to mimic material
properties of native tissues.®® Although these scaffolds are promising, a composite material may
be able to better recapitulate the material and biochemical environment enabling greater tissue
regeneration.

With the development of the composite material in this thesis work, there is an exciting
opportunity to utilize the material as a platform technology. By combining different materials
into one, a range of better, or different, properties can be achieved. One potential application
may be the incorporation of therapeutic proteins to promote endogenous regeneration of
tissues.®® With a composite material, there is the opportunity to incorporate proteins in multiple
places potentially yielding different release profiles that could ultimately better mimic the
various stages of tissue regeneration. Considering most tissues in the body are composites, we
hypothesize that the fibrin-based composite material developed will be applicable across a wide

variety of engineered tissues.

6.4  FINAL CONCLUSIONS

In this thesis, we developed a composite material for use as cardiac patch. We evaluated
how volume fraction manipulation of the fibrin microthreads impacted the modulus of the
composite material. An increasing volume fraction correlated with an increasing modulus; the
same trend as was predicted using composite theory. With the increasing volume fractions, we
evaluated the impact on incorporated cardiomyocyte function. Through high density mapping

(HDM) analysis, we found that all composite layers had contractile strains and contractile
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frequencies comparable to fibrin hydrogel controls. This demonstrated that the increase in
volume fraction of microthreads did not attenuate cell function. Additionally, cells in regions
within 100 um of a fibrin microthread showed increased nuclear alignment. This showed that the
fibrin microthreads influenced regional cell orientation.

Without cellular alignment across the entire layer, functional integration with host tissue
will not be efficient. We developed a culturing method that capitalized on the tension produced
through the composite material by cell-mediated gel compaction. By constraining two ends of
the scaffold, we utilized the tension to increase alignment of incorporated cells. Nuclear
alignment of constrained samples showed distributions qualitatively similar to human heart
tissue and greater than unaligned controls. When evaluating cell function through HDM,
composites with improved alignment also had increased contractile strains and contractile areas
relative to unaligned composite layers and gelatin-coated coverslip controls.

Contractile wave propagation through the layers was evaluated and showed that aligned
regions had anisotropic signal propagation although the speeds shown were still well below those
observed in healthy heart tissue. This was likely due to immature gap junction formation. This
hypothesis was further supported by the immature connexin 43 expression observed in all
composite layers. To improve function, a shift from rat neonatal ventricular myocytes to induced
pluripotent stem cell derived cardiomyocytes may be beneficial. Additionally, to improve
maturity, mechanical and electrical stimulation mimicking in vivo stimulations should be
explored.

Finally, we showed that strategic lamination of composite layers could be achieved to
produce a patch with material properties comparable to ventricular myocardium. Using a model
based on generalized Hooke’s law and assuming a plane stress state, we evaluated the impact
angular offsets of microthreads from the direction of applied load would have on the material
modulus. We found that microthreads need to be in the direction of applied load to ensure
material properties comparable to ventricular myocardium. We laminated layers together at a 90°
offset using fibrin glue and found that the configuration met all of the required material
properties except stiffness. This is likely because the geometry of the patch did not match the
geometry of the assumed defect size. In order to match the needed stiffness values, a patch with a

thickness of 1.5 cm will be needed. For a cell-populated patch to remain viable with this
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thickness, a vasculature system is needed. Future efforts will need to focus on continuing the

development of vascular system for the composite cardiac patch.
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Appendix 1. Summary of Functional Behavior

Table A.1. Summary table of functional behavior. VValues shown are averages +/- standard error.

m“ Max Contractile Strain (%) | Average Contractile Strain Frequency (Hz)
(dEVS) (%)

GCS

FGC

5tC

10tC

20tC

W G ~ o = =]

10
14
7
10
14
7
10
14
7
10
14
7
10
14

4.97 +/-0.51
4.17 +/-0.31
4.21+/-0.38
7.18 +/-0.35
7.19 +/- 0.78* (p=0.010)
6.34 +/- 0.67
6.32 +/- 0.46
7.77 +/- 0.48* (p<0.001)
5.35 +/- 0.597 (p=0.007)
6.52 +/- 0.66
7.93 +/- 0.95* (p<0.001)
6.65 +/- 0.63
6.08 +/- 0.52
6.50 +/- 0.62%(p=0.044)
5.81+/-0.29

2.14 +/-0.12
2.08 +/-0.06
2.12 +/-0.18
3.16 +/- 0.16%(p=0.023)
3.15 +/- 0.31%(p=0.023)
2.94 +/-0.27
3.29 +/- 0.42* (p=0.006)
3.41 +/- 0.25% (p=0.001)
2.66 +/- 0.207 (p=0.048)
3.29 +/- 0.24* (p=0.006)
3.25 +/- 0.18% (p=0.006)
3.10 +/-0.18
2.97 +/-0.24
3.33 +/- 0.17%(p=0.002)
2.91+/-0.22

* Denotes significant difference from GCS at respective time point.

T Denotes significant difference from 5tC at Day 10

1 Denotes significant difference from FGC at day 7.

@ Denotes significant difference from 10tC at day 7.

Summary of Functional Behavior

0.9 +/-0.2
1.2 +/-0.2
1.4 +/-0.2
2.5 +/- 0.1* (p<0.001)
1.6 +/- 0.1% (p<0.001)
1.5 +/- 0.3% (p<0.001)
2.1 +/- 0.2%(p<0.001)
1.9 +/- 0.1* (p=0.035)
1.9 +/-0.2
2.3 +/- 0.1% (p<0.001)
1.7 +/- 0.2 (p=0.006)
1.9 +/-0.2
2.2 +/- 0.2 (p<0.001)
1.9 +/- 0.1* (p=0.037)
2.04/-0.2
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Appendix 2: Comparison of Media Formulations on
2D and 3D Cultures with Rat Neonatal Ventricular
Myocytes

A.2.1 INTRODUCTION

Media components can cause changes in cell behavior. In a study completed by Franke et al,
media supplemented with fetal bovine serum (FBS) or horse serum (HS) was used to culture
primary equine bronchial fibroblasts. Data from this study demonstrated that media supplemented
with FBS promoted enhanced proliferation and had faster doubling times relative to HS.! With rat
neonatal ventricular myocytes (rNVMs), a similar trend has been reported; horse serum can limit
fibroblast proliferation.? This is desirable as fibroblasts can overtake a primary isolation culture,’
hindering contractile function of incorporated myocytes. This is especially problematic in 2D
cultures as a 3D environment can help to limit fibroblast proliferation, possibly due to contact
inhibition.

Additionally, chick embryo extract (CEE) is a supplement that has been used in rNVM
cultures.* It has been demonstrated that following the development of a contractile rNVM
engineered tissue scaffold, when HS and CEE were withdrawn from the media, contractile activity
rapidly ceased.® An additional study showed that the force development of cells incorporated in a
3D scaffold was greatly reduced or entirely absent when CEE or HS was not included in the media,
respectively.®

For Aim 1 of this thesis work, the media formulation had a combination of FBS and HS, and
no CEE supplementation. In this study, we were interested in comparing this media formulation
to a published media formulation containing CEE and HS.” We compared 2-dimensional (2D) and
3-dimensional (3D) samples seeded with rNVMs and cultured with either media. We evaluated
the contractile strains, contractile frequencies, and contractile areas. Additionally, we performed

LIVE/DEAD staining to evaluate the relative number and viability of incorporated cells
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throughout the culture period. The goal of this study was to determine what media formulation

should be used with future experimentation.

A.2.2 MATERIALS and METHODS
For more detailed methods on scaffold preparation, please refer to Chapter 4: Alignment of
Cardiomyocytes in a Fibrin Microthread-Based Composite Layer Enhances Contractile
Function.
A.2.2.1 Microthread Extrusion

Fibrin microthreads were generated by co-extruding two solutions; a 70 mg/mL solution
of fibrinogen (from bovine plasma, Sigma, St. Louis, MO) in HEPES (N-[2-Hydroxyethyl]
piperazine-N’-[2-ethanesulfonic acid]) buffered saline (HBS, 20 mM HEPES, 0.9% NacCl; pH 7.4)
and a 6 U/mL solution of thrombin isolated from bovine plasma (Sigma) in HBS and CacCl;
solutions.8!! The solutions were extruded through polyethylene tubing (BD, Sparks, MD) and
threads were hand-drawn into a 10 mM HEPES buffer bath (pH 7.4) in a Teflon coated pan at a
flow rate of 0.225 mL/min. Following a polymerization time of 10-15-minutes, the scaffolds were
stretched to ~150% of their original length and hung to dry.!

A.2.2.2 Fibrin Microthread Organization

Dried fibrin microthreads were organized as previously reported,*? using a purpose-built
fibrin microthread spacer. For this work, evaluations were completed utilizing composite layers
with 5 fibrin microthreads (5tC) evenly spaced across a 12 mm width. Once organized, threads

were secured using medical grade silicone adhesive (Vendor, City, State) to precut vellum frames.

A.2.2.3 Rat Neonatal Ventricular Myocyte (rNVM) Isolation

All work involving animals was submitted to and approved by the Institutional Animal
Care and Use Committee at Worcester Polytechnic Institute. rINVMs were isolated following a
previously described protocol.'® Ventricles of excised hearts of 2 and 3 day old neonatal Sprague
Dawley rats (Charles River, Wilmington, MA) were separated from atria, and minced. Serial
digestion using type Il collagenase (Thermo Fisher Scientific, Waltham, MA) was completed.
Cells were pre-plated for 45 minutes, then immediately used for experimentation.’
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A.2.2.4 Fabrication of Composite Layers

Organized fibrin microthreads on vellum frames were rehydrated in phosphate buffered saline
(PBS) for 1 hour, then placed on either polydimethylsiloxane (PDMS) sheets (for unaligned
composite layers — UAC) or custom PDMS casting devices (for aligned layers- AC) coated with
1% Pluronic-F127 (Sigma, St. Louis, MO) in DI water. 150 pL of hydrogel solution consisting of
4 x106 cells/mL, 4% (v/v) 40 U/mL thrombin, and 28% (v/v) 11 mg/mL fibrinogen was mixed on
ice, cast over the vellum frames and spread using a pipette tip to provide an even layer. The paper
outlining the media formulation containing CEE and HS also included a methodology for creating
aligned fibrin-based hydrogels.” The hydrogel formulation was similar to the hydrogel formulation
described here, but included Matrigel. To evaluate if Matrigel in combination with HS and CEE
supplemented media provided the best combination for promoting cardiomyocyte contractile
function, an additional sample group (UACMAT M2) was included with a hydrogel formulation
of 4 x10° cells/mL, 2% (v/v) 40 U/mL thrombin, 20% (v/v) 11mg/mL fibrinogen, 10% (v/v)
Matrigel and 20% (v/v) 2X DMEM. The 2X DMEM solution was made by rehydrating powdered
DMEM (Gibco, cat. no. 31600034) with half of the recommended volume of distilled water
yielding a DMEM solution that was twice the concentration of regular DMEM. Following a 30-
minute incubation time, samples were transferred to wells. UAC layers were free-floating, while
aligned samples were transferred to culturing devices and secured to the PDMS posts of the device
with silicone o-rings (McMaster-Carr, Princeton, NJ).

A.2.2.5 Seeding of Gelatin-Coated Glass Coverslip Controls (GCS)

Gelatin coated coverslips (GCS) were used to assess 2D cultures. Glass coverslips (VWR)
were coated with sterile 0.7% gelatin (Sigma Aldrich) in DI water for 4 hours, then secured to the
bottom of wells in a 12 well plate using vacuum grease. 100 pL of cell suspension (2 x 10°
cells/mL) was seeded on each coverslip and incubated at 37°C for 18 hours. Samples were then

rinsed and covered with medium for extended culture.
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A.2.2.6 Media Preparation and Extended Culture

Two media formulations (M1 and M2) were evaluated for this assessment and are summarized

in Table A.2.1. For all samples, culture was maintained for 14 days with medium changes every

other day.

Table A.2.1. Media formulations evaluated for experiment. Media formulation 1 (M1) is what had been utilized
in Aim 1. Media formulation 2 (M2) is based on a published formulation.”

Media Component Media Formulation 1 Media Formulation 2
Iscove’s Modified DMEM ~82.5%
DMEM +L-glutamine 85%
FBS 10% -—--
HS 2% 10%
pen strep 1% 1%
Amphotericin B 1% 1%
Aprotinin (5mg/mL) 1% 1%
Chick Embryo Extract 2%
Gentamicin 0.5%
Glutamax 1%
B-mercaptoethanol 0.007%
1.2mM CaCl2 and 0.8 mM

1%

MgCI2 in DiH20

To thoroughly compare the conditions, the following schema was utilized (Table A.2.2):
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Table A.2.2. Outline of sample nomenclatures and study design to compare media formulations in 2D and
3D cultures.

Base Media 1, Media 2,
Nomenclature Name/ n# Name/ n#
Gelatin-Coated _ _
Coverslips (2D) GCS GCS M1/ n=3 GCS M2/ n=3
Aligned Composites AC AC M1/ n=3 AC M2/ n=3
(3D)
U”a"gne(dsg‘))mpos'tes UAC UAC M1/ n=5* UAC M2/ n=3
Unaligned Composites |\ \x~ngaT .
+Matrigel (3D) UACMAT UACMAT M2/ n=5

*: Extra samples were prepared for LIVE/DEAD analysis at days 7 and 14.

A.2.2.7 Cardiomyocyte Functional Analysis Through High Density Mapping (HDM)
Spontaneous contractions were recorded at days 7, 10 and 14 for ~1300 frames at 100X
magnification and 60 frames per second with a high speed camera (HiSpec 4, Fastec Imaging Corp,
San Diego, CA) attached to an inverted microscope (DMIL, Leica Microsystems, Buffalo Grove,
IL). There were visible differences regionally for AC samples. Because of this, two regions per
sample were recorded per time point: one at a region of larger global movements (as identified by
thread movement) and one at a region of low global movements (as identified by little if any thread
movement). High density mapping (HDM), was used to evaluate regional mechanical function.'*
Regions of interest (ROI) selected for each sample (size: 1200 x 986 pixels) were divided into 16
x 16 pixel subwindows. An 8 pixel shift and 5 averaging windows were used to track pixel
displacements of sequential frames.!>® The resulting displacement fields were then used to
determine the maximum principal contractile strain, the average principal contractile strain,

frequency of contractions and total contractile area.

A.2.2.8 LIVE/DEAD Staining

LIVE/DEAD staining was completed after 7 and 14 days in culture on UAC M1 and UACMAT
M2 samples (1/ time point). It is important to note that samples from each group could not be
stained due to the limited number of cells (and therefore, limited number of samples) from the

isolation. These groups were chosen for staining as there were extra samples in each. Following
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the manufacturer’s protocol (Molecular Probes, Waltham, MA), a 2 uM calcein AM and 4 uM
ethidium homodimer-1 (Ethd-1) solution was prepared in Dulbecco’s phosphate-buffered saline
(D-PBS). Samples were rinsed with D-PBS, then incubated with the prepared staining solution for
30-45 minutes at 37°C. Following incubation, samples were imaged at 100X using a fluorescent
Zeiss inverted microscope (Zeiss, Thornwood, NY). Because of the difference in cell densities at
day 7 and 14, samples could not be imaged at the same exposure times and were adjusted for each
sample group (Figure A.2.1). Because of this, qualitative comparisons between images were made

but were not quantified as different exposure times can change potential outcomes.

UACMAT M2

Exposure Times

150 ms 150 ms 575 ms

100 ms 100 ms 30 ms

Channel
Green Red

Figure A.2.1. Exposure times for fluorescently labeled samples. When imaging UACMAT M2 and UAC M1
samples, each sample group required different exposure times to clearly visualize the LIVE/DEAD stain. Exposure
times shown for the left and right images are the times used for all samples within those groups, respectively. The

center sample is an example of why the same exposure times could not be used as the settings for UACMAT M2
resulted in over-exposure of cells in the UAC M1 samples.

A.2.29  Statistical Analyses

Statistical analyses were run using SigmaPlot 13 software. For all comparisons, a
significance level of p<0.05 was utilized. For contractile strains, areas and frequencies,
comparisons were made at each time point using a One-way ANOVA with Holm-Sidak post hoc

analysis. For all data presented, data are reported as means + standard deviation.

A.23 RESULTS

A.2.3.1 M2 Media Promotes Increased Functional Behavior in a 14-Day Culture
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There were striking differences in the functional parameters evaluated for samples cultured in
M1 relative to M2. When evaluating the maximum contractile strains, samples cultured in M2 had
an increasing trend in strains over time (Figure A.2.2) while samples cultured in M1 had a
decreasing trend in strains over time. At day 10, AC M2 Max samples had significantly higher
maximum contractile strains than all other samples cultured in M1 media (12.6% * 5.2, 0% =+ O,
2.7% + 0.7, 3.3% + 0.1%, 2.9% + 0.4 for AC M2 Max, GCS M1, UAC M1, AC M1 Max and AC
M1 Min, respectively). By day 14, a similar pattern to day 10 was observed where all samples
cultured in M2 media trended higher than all samples cultured in M1 media. Average principal
contractile strains followed very similar trends to maximum principal strains. At day 10, both AC
M2 Max and AC M2 Min groups were significantly greater than all samples cultured in M1 media
(1.8%+£0.1,1.9%+0.1,0%+0,1.1% + 0.1, 1.2% + 0.1, 1.1% + 0 for AC M2 Max, AC M2 Min,
GCS M1, UAC M1, AC M1 Max and AC M1 Min, respectively). Atday 14, all M2 samples had
higher average contractile strain values than all M1 samples.

At day 7, UAC samples cultured in M1 had comparable contractile areas to all M2 samples
(79.0% + 7.6, 82.4% + 3.5, 86.1% + 7.3, 79%, 73%, 79.4% + 11.2 for UAC M1, GCS M2, UAC
M2, AC M2 Max, AC M2 Min and UACMAT M2, respectively). By day 14 of culture, all M2
samples apart from GCS M2 had significantly higher contractile areas than all M1 samples. At this
point, measurable contractions were no longer observed for any M1 sample except for UAC ML1.
While all M1 samples appeared to decrease in strain and area values, the M2 samples appeared to
increase in these parameters over the culture period.

There were no significant differences in contractile frequencies among samples that had
measurable contractions. When groups began having contractions that we could no longer evaluate
using the imaging and HDM parameters outlined in this study, we began seeing significant
differences. Again, with the exception of the GCS M2 samples, all samples cultured in M2 had
measurable contractions over the 14 day culture period. Only the UAC M1 samples continued to
have measurable contractions by day 14 out of all samples cultured in M1 media.

The UACMAT M2 group had a slightly different hydrogel formulation relative to the UAC
M2 group. Matrigel was incorporated in the UACMAT M2 samples but not the UAC M2 samples.
Both sample groups were cultured in M2 media. At no time point for any functional parameter did

these two groups have significant differences.
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Figure A.2.2. Summary of functional data for 2D and 3D samples in M1 and M2 cultures. M1 samples showed decreasing patterns for functional parameters

over a 14 day culture (blue bars) while samples cultured in M2 media (Orange and gray bars) had increasing trends in functional parameters. All significant
differences were determined through a One-Way ANOVA with holm-sidak post hoc analysis, p<0.05. All data are shown as averages * standard deviations. *:
Significant difference from GCS M1. **: Significant difference from GCS M1 and GCS M2. $:Significant difference from all M1 samples. Bar: Significant
difference between two groups.
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A.2.3.2 M1 Media May Promote Proliferation of Fibroblasts

Qualitative comparisons were made for LIVE/DEAD staining of UACMAT M2 and UAC M1
samples. The comparisons demonstrated that although samples were initially seeded with the same
number of cells, there was evidence of an increased number of cells in the UAC M1 samples at
days 7 and 14 (Figure A.2.3). At both time points, the UACMAT M2 samples have less green
(Calcien-AM positive) and less red (Ethd-1 positive) stained cells, suggesting there are less cells
in those constructs at both time points. In the images, there appear to be at least two cell types; an
elongated cell and a smaller, more compact cell. The smaller, more compact cells appear to
increase in number for both sample groups from day 7 to day 14 and are potentially fibroblasts.
Taken together, the observations listed here suggest that the M2 formulation may limit fibroblast

proliferation relative to M1 medium.

Appendix 2

Impacts of Media Supplements on Cell Function 152



E UACMAT M2 UACMAT M2 uac M1

=
L=
=,
=
@
L)
m
J

Figure A.2.3 LIVE/DEAD staining of composite samples. Samples cultured in M1 and M2 were compared using LIVE/DEAD
staining. The green channel shows live cells (calcein -AM positive) while the red channel shows dead cells (Ethd-1 positive). In the
UACMAT M2 samples, less cells appear to be present (larger black spaces visible) at day 7 (A) and day 14 (B), even though samples
were seeded with the same number of cells. Direct quantitative comparisons were not made as exposure times had to be adjusted on a
group basis to ensure clear visibility of the stains.
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A.2.4 DISCUSSION

The cellular composition of tissue engineered cardiac scaffolds is heavily influential on the
resultant functional behavior. While cardiomyocytes are functional cells that generate contractile
force and propagate an electrical signal, other cells play critical roles. Fibroblasts, stromal and
endothelial cells influence matrix deposition, paracrine signaling and vascularization.!” While
action potential speeds increase with an increasing purity of cardiomyocytes, contractile forces
have been reported to be optimized with cardiomyocytes comprising 60-80% of the total cell
population.® While it is generally agreed that non-myocytes like fibroblasts are beneficial to
cardiomyocyte maturation and function, when present in too great amounts function can be
compromised.t’ Therefore, it is critical that the media utilized not promote fibroblast proliferation
as this cell type can overtake cardiomyocytes in culture. This study demonstrated that CEE and
HS had large impacts on the resultant cell function. It is likely that this was due to limited fibroblast
proliferation. This hypothesis is further supported by the LIVE/DEAD staining showing a
potentially increasing cell population over time for samples not cultured with CEE or 10% HS. As
such, subsequent work for this thesis utilized M2 media formulation for all cell culture.

UACMAT M2 and UAC M2 samples enabled comparison of hydrogel formulations that
contained or did not contain Matrigel, respectively. In this study, these sample groups never
significantly differed from one another for any functional evaluations at any time point. As such,
Matrigel addition does not appear to impact resulting cell function. The lack of increase in cell
function with Matrigel was justification for excluding Matrigel from all hydrogel formulations in
subsequent thesis work.
A.2.4.1 Study Limitations

The goal of this study was to evaluate the impact of two media formulations on rat neonatal
ventricular myocytes cultured in 2D and 3D formats. More specifically, the goal of this work was
to determine which media formulation should be utilized for work following Aim 1 of this thesis.
The comparisons of interest required 9 sample groups with the study design described. A limiting
factor influencing the study design was the number of cells obtained from the cell isolation. A
more thorough study would separate the media components of interest (CEE and HS) to determine
how each impacted the resulting function of incorporated cells, as well as the combination of

supplements. Additionally, another limitation of this study was that the base media components
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were slightly different between the two formulations. A more robust study would remove those
variables to ensure all impacts to function were caused by the CEE or HS supplements. The data
presented does show clear differences in cell function, but does not fully elucidate the causality of
those changes. For our goal, this study was sufficient for determining which media promoted
greater cell function, and which media was used for subsequent work of this thesis.

Because of the limited number of cells and therefore samples, LIVE/DEAD staining could
not be completed for all sample groups, and was not completed at all time points. Only UAC M1
and UACMAT M2 groups were compared. The UACMAT M2 group not only was cultured in M2
media, but also had Matrigel incorporated in the hydrogel formulation. The qualitative differences
observed therefore, are only suggestive but not indicative of how the media formulations impact
the incorporated cells. With more resources available, it would have been preferable to evaluate
UAC M2 samples that did not include Matrigel. This would have more clearly shown the
differences resulting from the media formulations. Matrigel addition did not impact cell function
relative to UAC M2 samples. As such, it is possible that the Matrigel addition did not change the
phenotype of incorporated cells or proliferation rates. This is speculative, and would need to be
confirmed.

We had no measurable contractions for GCS M1 samples throughout the culture period
which seems contradictory to the results of Aim 1 where GCS samples in the same media had
measurable contractions at all time points. The reason for this difference is the change in recording
and HDM analysis parameters. Because of the high function observed with samples cultured in
M2, the HDM parameters used in Aim 1 were not sufficient for evaluating cell function. In Aim
1, we recorded samples at a magnification of 400X. With global movements occurring in M2
samples, quantitative evaluations became difficult at this magnification. For this assessment, a
magnification of 100X enabled quantification of all 3D samples regardless of global movements.
While contractions were likely occurring for GCS M1 samples, they were not above the noise
threshold when imaged at 100X. In all subsequent thesis work, recordings were taken at 100X.

We only had measurable contractions at D7 for GCS M2 samples. We did however, have
measurable contractions at all time points for these same samples in subsequent work summarized

in Aim 2. In this particular study, we had limited number of samples and the data pulled for the

Appendix 2

Impacts of Media Supplements on Cell Function 155



GCS M2 samples was unfortunately very noisy. While contractions were observed, we had

difficulty quantifying the functional behavior.

A.25 CONCLUSIONS

In this work, we demonstrated that samples cultured in M2 media formulation had increased
cell function relative to samples cultured in M1. As fibroblast proliferation has been shown to
hinder cardiomyocyte function, a possible explanation is that the 10% HS and CEE supplements
in M2 helped limit proliferation relative to M1. This hypothesis is further supported with the
LIVE/DEAD data obtained where samples cultured in M1 appeared to have more cells present
within the constructs than samples cultured in M2 at days 7 and 14. Further, when comparing
samples cultured in M2 media that did or did not contain Matrigel, no significant difference in
function was observed at any time point for any functional parameter. Following this study, we
chose to continue all subsequent work for this thesis with M2 media and to not include Matrigel

in the hydrogel formulation used with our composite layers.
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