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Abstract

65.8 million Americans suffer from musculoskeletal injuries annually, with treatment costs
exceeding 176 billion dollars. These injuries can cause volumetric muscle loss (VML), where
severe musculoskeletal injury results in poor functional recovery. Due to the severity of VML
injuries, the extracellular matrix (ECM) surrounding myofibers is destroyed. This normally
provides mechanical support, topographic alignment cues, and bioactive signaling molecules, such
as fibroblast growth factor 2 (FGF2), to orchestrate regeneration. The current standard of care for
treating VML is autologous tissue transfer, but this procedure is unable to restore function and can
result in complications including infection and graft failure. Thus, an unmet clinical need remains
to develop a treatment that restores function to VML injuries. Towards this, tissue engineered
scaffolds are being developed to enhance functional muscle regeneration by incorporating
biophysical and biochemical cues that mimic native skeletal muscle tissue composition,
architecture, mechanics, and bioactive signaling. In this thesis, we developed strategies to tune the
biophysical and biochemical cues of fibrin microthreads, a cylindrical fibrous scaffold that mimics
the structure of a muscle fiber. The goal of this project was to develop fibrin microthreads with
anisotropic surface features, robust mechanical properties, and physiologically relevant, sustained
release of FGF2 to direct the cellular processes that will ultimately enhance functional skeletal
muscle regeneration in VML injuries. We developed a method to etch microthreads in an acidic
buffer, and found this created aligned, sub-micron surface features on microthreads while
maintaining microthread bulk mechanical properties. Microthreads etched in acidic buffer
enhanced myoblast alignment and filamentous stress fiber organization compared to control
microthreads. Next, we developed enzymatic crosslinking strategies using horseradish peroxidase
(HRP) by either incorporating crosslinkers during microthread production or in a post-processing
bath. Varying incorporation strategies enabled the development of HRP crosslinked microthreads
with enhanced tensile strengths and a decreased rate of plasmin-mediated degradation, while
maintaining myoblast viability. Finally, we evaluated the effect of co-incorporating FGF2 within
microthreads or passively adsorbing FGF2 to heparin-conjugated microthreads, mimicking FGF2
sequestration in ECM. Fibrin microthreads demonstrated sustained release of FGF2 over one week
and enhanced myoblast proliferation and outgrowth in vitro. We expect the strategic engineering
of biophysical and biochemical cues through the development of aligned topographic features,
enzymatic crosslinking, and sustained FGF2 delivery will further develop fibrin microthread
scaffolds towards the goal of creating a treatment that restores function following VML injuries.
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Chapter 1: Overview

1.1 INTRODUCTION

A total of 65.8 million Americans suffer from musculoskeletal injuries annually, with
treatment costs exceeding 176 billion dollars.!" These injuries can cause volumetric muscle loss
(VML), where severe musculoskeletal injury results in scar tissue deposition and poor functional
recovery.® 7 Because of the complex and large-scale nature of VML injuries, treatment options
remain limited and have substantial disadvantages. The current standard of care for VML is
autologous tissue transfer, where a muscle flap is excised from an undamaged muscle and
grafted into the injury site.3!! While this has been moderately successful in restoring some
function, muscle flaps remain unable to effectively restore muscle function.!!"'* Additionally, a
high instance of muscle flap procedures result in complications including up to 10% graft failure,
infection, and donor site morbidity related to tissue necrosis.!% - 1516 Often a revision surgery or
amputation of the affected limb is required.!® ' 151 As such, a clinical need remains for the
development of an alternative treatment that will restore function in VML injuries.

Skeletal muscle regeneration is a highly coordinated process that is driven by native
biochemical and biophysical cues of the tissue. In the case of small-scale injuries, skeletal
muscle is capable of endogenous repair through activation of muscle progenitor cells, or satellite
cells (SCs), which proliferate and differentiate to form mature myotubes that restore contractile
function to damaged muscle tissue.!” The basement membrane surrounding muscle fibers
provides mechanical support, contact guidance cues, and growth factor reservoirs that are
necessary for skeletal muscle regeneration. Skeletal muscle extracellular matrix (ECM)
surrounding myofibers has a highly aligned and fibrous architecture, which provides these
contact guidance cues and plays an important role in dictating muscle tissue structure, function,
and repair.'® Upon initial injury, disruption of the basement membrane initiates release of
heparan sulfate proteoglycan-bound growth factors within this matrix, including fibroblast
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growth factor 2 (FGF2).!"?* FGF2 is responsible for stimulating the proliferation and migration
of activated SCs,?*?” and is present in injured muscle tissue 2-8 days after injury.?® In the case of
VML injuries, however, the basement membrane and connective tissue are destroyed. Without
these biophysical and biochemical cues to guide regeneration, VML injuries fill with scar tissue
and are unable to direct functional repair. 4 treatment which replaces the biophysical and
biochemical cues of the ECM that are destroyed in VML may guide functional skeletal muscle
regeneration after VML injuries.

To overcome the limitations of current clinical treatments for VML injuries, tissue
engineered biomaterial scaffolds are under development with the goal of preventing scar tissue
formation and enhancing functional muscle regeneration. Skeletal muscle tissue engineering and
regenerative medicine present a promising therapeutic strategy by repairing or replacing the
damaged muscle with a combination of instructive biomaterial scaffolds, biologically active
molecules, and cells.?” *° Tissue engineered scaffolds are three-dimensional (3D) constructs that
recapitulate the native ECM milieu, creating a synthetic microenvironment to locally control
cellular functions and guide regeneration. To accomplish this, scaffolds must incorporate
biophysical and biochemical cues that mimic native tissue composition, architecture, mechanics,
and bioactive signaling. Scaffolds that guide skeletal muscle regeneration must facilitate the
formation of aligned myotubes parallel to the force conduction pathway to maximize functional
regeneration. These scaffolds must (1) provide mechanical support to the regenerating tissue, (2)
promote aligned myotube formation, and (3) deliver growth factors to promote myogenesis and
angiogenesis.’! While progress has been made towards this, an unmet need remains for a
scaffold capable of meeting all of these needs simultaneously.>* >

Towards this goal, our laboratory developed fibrin microthreads, a novel scaffold
resembling the architecture of native muscle fibers. This scaffold approximates the fibrillar
structure of native skeletal muscle ECM, which allows it to provide structural support and

t.34 These scaffolds have been chemically crosslinked with 1-ethyl-3-

promote cellular alignmen
(3-dimethyl aminopropyl) carbodiimide (EDC) to strengthen their structural properties and
resistance to proteolytic degradation,®® and used to deliver growth factors such as hepatocyte
growth factor (HGF).*® 37 Fibrin microthreads have been shown to be a promising therapeutic

treatment for VML injuries.?”-3® In an in vivo murine model of VML, treatment with EDC
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crosslinked and HGF-loaded fibrin microthreads promoted the recovery of force production after
60 days following injury.>” However, challenges such as limited scaffold degradation and rapid
release of HGF from the microthreads likely contributed to the lack of full functional
regeneration of the tissue, and necessitate the development of strategies to further tune scaffold

mechanical properties, and to control degradation rates and release of myogenic growth factors.

1.2 OVERALL GOAL and HYPOTHESIS

The overall objective of this dissertation was to develop fibrin microthread scaffolds with
both biophysical and biochemical signaling cues that mimic native skeletal muscle tissue
properties.

Specifically, the goal of this project was to develop a fibrin microthread scaffold with
anisotropic surface features, robust mechanical properties, and sustained release of FGF2
towards the ultimate goal of restoring function in VML injuries.

To systematically test this, the project was divided into three specific aims. In Specific
Aim 1, we developed a method to create aligned, grooved features on the surface of fibrin
microthreads to enhance myoblast alignment. We placed fibrin microthreads into 2-(N-
morpholino)ethane-sulfonic acid (MES) acidic buffer and evaluated the effect of buffer pH on
the generation of these features. In Specific Aim 2 we developed enzymatic crosslinking
strategies using horseradish peroxidase (HRP) to enhance scaffold mechanical properties and
decrease the rate of plasmin-mediated degradation while maintaining myoblast viability. We
studied the effect of varying HRP and hydrogen peroxide (H2O>) incorporation strategies on the
resulting crosslink density and structural properties of fibrin microthreads by incorporating
crosslinking agents during or after microthread production. In Specific Aim 3, we developed
fibrin microthreads with sustained release of FGF2 to enhance myoblast proliferation and
outgrowth in vitro. We evaluated two incorporation strategies, covalently conjugating heparin to
fibrin microthreads, mimicking FGF2 sequestration in the basement membrane, and mixing
FGF2 within microthreads prior to extrusion for their ability to create sustained release of FGF2.
We expect the strategic engineering of biophysical and biochemical cues including aligned

topographic features, enzymatic crosslinking, and sustained delivery of FGF2 will further
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develop fibrin microthread scaffolds towards the goal of creating a treatment for VML capable of

enhancing functional skeletal muscle regeneration.

1.3 SPECIFIC AIM 1: CREATE AND CHARACTERIZE ANISOTROPIC SURFACE
TOPOGRAPHY ON FIBRIN MICROTHREADS TO ENHANCE MYOBLAST
ALIGNMENT

To regenerate functional muscle tissue, engineered scaffolds should impart topographical
features to induce myoblast alignment by a phenomenon known as contact guidance. Myoblast
alignment is an essential step towards myotube formation, which is guided in vivo by
extracellular matrix structure and micron-scale grooves between adjacent muscle fibers.!® Fibrin
microthread scaffolds mimic the morphological architecture of native muscle tissue and have
demonstrated promise as an implantable scaffold for treating skeletal muscle injuries.’” * While
these scaffolds promote modest myoblast alignment, it is not sufficient to generate highly
functional muscle tissue. In Chapter 3 of this dissertation we develop and characterize a new
method of etching the surface of fibrin microthreads to incorporate aligned, sub-micron grooves
which promote myoblast alignment. To generate these topographic features, we placed fibrin
microthreads into MES acidic buffer and evaluated the effect of buffer pH on the generation of
these features. Surface characterization with atomic force microscopy and scanning electron
microscopy indicated the generation of aligned, sub-micron sized grooves on microthreads in
MES buffer with pH 5.0. Microthreads etched with surface features had tensile mechanical
properties comparable to controls, indicating that surface treatment does not inhibit scaffold bulk
properties. Our data demonstrates that etching threads in MES buffer with pH 5.0 enhanced
alignment and filamentous actin stress fiber organization of myoblasts on the surface of
scaffolds. The ability to tune topographic features on the surfaces of scaffolds independent of
mechanical properties provides a valuable tool for designing microthread-based scaffolds to
enhance regeneration of functional muscle tissue. Carnes, M. E. and Pins, G. D. Etching
anisotropic surface topography onto fibrin microthread scaffolds for guiding myoblast
alignment. Journal of Biomedical Materials Research Part B 2020, 108(5): 2308-2319.
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1.4 SPECIFIC AIM 2: ENZYMATICALLY CROSSLINK FIBRIN MICROTHREADS
WITH HORSERADISH PEROXIDASE TO ENHANCE MECHANICAL PROPERTIES
AND DECREASE DEGRADATION RATE WHILE MAINTAINING MYOBLAST
VIABILITY

Horseradish peroxidase (HRP) has been investigated as a catalyst to crosslink tissue
engineered hydrogels because of its mild reaction conditions and ability to modulate the
mechanical properties of the matrix.*>#! Here we report the results of the first study investigating
the use of HRP to crosslink fibrin scaffolds. In Chapter 4 we examined the effect of varying HRP
and hydrogen peroxide (H20.) incorporation strategies on the resulting crosslink density and
structural properties of fibrin in a microthread scaffold format. Primary and secondary scaffold
modification techniques were evaluated to crosslink fibrin microthread scaffolds. The
incorporation of crosslinking agents into the precursor solutions during extrusion of microthreads
was considered a primary (1°) modification method, while soaking microthreads in a post-
processing crosslinker bath was considered a secondary (2°) method of scaffold modification.
Fibrin microthreads were enzymatically crosslinked through primary, secondary, or a
combination of both approaches. All fibrin microthread scaffolds crosslinked with HRP and
H>0O; via primary and/or secondary methods exhibited an increase in dityrosine crosslink density
compared to uncrosslinked control microthreads, demonstrated by scaffold fluorescence. Fourier
transform infrared spectroscopy indicated the formation of isodityrosine bonds in 1° HRP
crosslinked microthreads. Characterization of tensile mechanical properties revealed that all HRP
crosslinked microthreads were significantly stronger than control microthreads. Primary (1°)
HRP crosslinked microthreads also demonstrated significantly slower degradation than control
microthreads, suggesting that incorporating HRP and H>O> during extrusion yields scaffolds with
increased resistance to proteolytic degradation. Finally, cells seeded on HRP crosslinked
microthreads retained a high degree of viability, demonstrating that HRP crosslinking yields
biocompatible scaffolds suitable for tissue engineering. The goal of this work was to facilitate
the logical design of enzymatically crosslinked fibrin microthreads with tunable structural
properties, enabling their application for engineered tissue constructs with varied mechanical and

structural properties. Carnes, M. E., Gonyea, C. R., Mooney, R. G., Njihia, J. W., Coburn, J. M.,
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and Pins, G. D. Horseradish peroxidase-catalyzed crosslinking of fibrin microthread scaffolds.
Tissue Engineering Part C: Methods. 2020; 26(6): 316-331.

1.5 SPECIFIC AIM 3: DEVELOP FIBRIN MICROTHREADS WITH FIBROBLAST
GROWTH FACTOR 2 RELEASE PROFILES TO ENHANCE MYOBLAST
PROLIFERATION AND OUTGROWTH

FGF2’s pleiotropic effect on promoting myogenesis, angiogenesis, and innervation make
it an ideal growth factor for treating VML injuries. To mitigate challenges with FGF2 delivery
such as supraphysiological dosing and short in vivo half-life,***} bioinspired conjugation
strategies have been investigated using heparin to mimic sequestration of FGF2 in the ECM.!% %
46 While the therapeutic potential of sustained FGF2 delivery has been demonstrated, it has
primarily been performed in hydrogel scaffolds, which lack biophysical cues such as mechanical
support and aligned contact guidance.*’* Fibrin is an ideal scaffold material for incorporating
FGF2, as it binds with high affinity to FGF2 and protects it from proteolytic degradation.’® The
sustained delivery of FGF2 from scaffolds with robust mechanical properties and topographic
alignment cues has yet to be explored for treating VML. The goal of this aim was to develop an
instructive fibrin microthread scaffold with physiologically relevant, sustained release of FGF2.
To accomplish this, we covalently coupled heparin to fibrin microthreads, creating a biomimetic
conjugation strategy analogous to FGF2 sequestration in the basement membrane. We also
evaluated whether incorporation of FGF2 within fibrin microthreads by mixing prior to extrusion
would yield sustained release of FGF2. We hypothesized that heparin conjugated and co-
incorporated fibrin microthreads would provide sustained release of FGF2 from the scaffold and
enhance in vitro myoblast proliferation and outgrowth. Toluidine blue staining and fourier
transform infrared spectroscopy confirmed heparin conjugation to fibrin microthreads by
demonstrating increased dye uptake and amide bond peaks with increasing heparin
concentration, respectively. FGF2 release kinetics revealed that fibrin microthreads conjugated
with heparin had sustained release of FGF2 over one week. A Transwell®-based proliferation
assay revealed that FGF2 released from fibrin microthread scaffolds remained bioactive,
stimulating myoblast proliferation over a period of four days in vitro. Finally, a 3D outgrowth

assay suggests that FGF2-loaded fibrin microthreads may promote increased outgrowth onto
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fibrin microthreads. Sustained release of FGF2 from fibrin microthreads addresses limitations in
the field and enable the development of a scaffold that synergistically provides biochemical and
biophysical cues. We anticipate that the combined effect of fibrin microthread mechanical
properties, topographic alignment cues, and FGF2 will be an effective scaffold to enhance the
regeneration of functional muscle tissue in VML injuries. Carnes, M. E. and Pins, G. D.
Sustained release of FGF?2 from fibrin microthread scaffolds for skeletal muscle tissue

engineering. In preparation 2020.
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Chapter 2: Background!

Reproduced with permission from MDPI publisher: Carnes, M. E. and Pins, G. D., Skeletal muscle tissue
engineering: Biomaterials-based strategies for the treatment of volumetric muscle loss. Bioengineering 2020. 7(3):
85. Copyright 2020.

2.1 CLINICAL NEED: VOLUMETRIC MUSCLE LOSS

A total of 65.8 million Americans suffer from musculoskeletal injuries annually, with
treatment costs exceeding 176 billion dollars.*® Although these injuries are not commonly life
threatening, they profoundly impact the quality of life of patients. Musculoskeletal conditions are
highly debilitating, comprising the second highest global volume of years lived with disability.’
It is estimated that these injuries result in an additional 326 billion dollars annually in lost
productivity.® Severe musculoskeletal injuries can lead to volumetric muscle loss (VML), where
extensive musculoskeletal damage and tissue loss result in permanent loss of function.”'® VML
injuries can result from sports injuries, surgical resection, and traumatic events such as car
accidents and combat injury. In particular, musculoskeletal injuries sustained in combat present a
unique challenge because they lead to the highest number of disabled war fighters and have the
largest disability costs.!!

While the rate of combat mortality for U.S. Warfighters has dropped significantly since
World War II, there has been a marked increase in the number of soldiers who suffer from
extraordinary injuries, such as blast injuries, which impart extensive damage to the head, neck
and extremities.'? 54% of all soldiers wounded on the battlefield suffer from at least one
musculoskeletal extremity injury, with 53% of these injuries involving soft tissue damage.” '*
Combat-related extremity injuries cause the greatest number of disabled soldiers.'! Injured
soldiers incur an average of 4.2 wounds, making extremity injuries the primary cause for
hospitalization and evacuation from theater.!! VML injuries also result in significant long-term
disability that does not improve over time.'*!> These extremity wounds also represent the largest
projected disability costs of combat injuries.!! !¢ The projected lifetime disability costs of a

soldier with VML is $341,200 USD per individual.'® Extremity injuries account for 69% of
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resource utilization, making them not only the most common injuries but also some of the most
expensive to treat.'¢

Due to the complex and large-scale nature of VML injuries, current treatment options
remain limited and have substantial disadvantages. In the case of small-scale injuries or strains,
muscle is capable of endogenous regeneration and complete functional restoration. However, this
ability is abated in VML, where the native biophysical and biochemical signaling cues are no
longer present to facilitate regeneration. These injuries are concamitant with denervation and the
destruction of native vasculature, further limiting regeneration. Currently physical therapy is the
only targeted treatment for VML injuries, and it has shown limited success in improving muscle
strength.!”!” The current standard of care for VML is autologous tissue transfer, where a muscle
flap is excised from an undamaged muscle and grafted into the injury site.?>>* This procedure is
commonly referred to as a free functional muscle transfer (FFMT). While FFMT has been
moderately successful in salvaging limbs and restoring some muscle function, muscle flaps
remain unable to completely restore muscle function.?*-?¢ This procedure is also complicated and
time consuming to perform and requires the expertise of skilled orthopedic and microvascular
surgeons, which may limit its widespread use.?* 2’ Additionally, a high instance of muscle flap
procedures result in complications such as infection, graft failure, and donor site morbidity due
to tissue necrosis.?>2* 282% Often a revisionary surgery or amputation of the affected limb is
required.??>*282% Thus, a clinical need exists for the development of an alternative treatment that

will restore function in VML injuries.

2.2 SKELETAL MUSCLE ANATOMY

Skeletal muscle is the most abundant tissue in the human body, making up approximately
40-45% of total body mass.*® This tissue is primarily responsible for generating a series of
discrete uniaxial forces that enable locomotion. It consists of hierarchically organized myofibers,
vasculature, nerves, and connective tissue (Figure 2.1). Myofibers are elongated, cylindrical,
multi-nucleated fibers that act as the functional unit of skeletal muscle. Myofibers are generated
by the fusion of myoblasts to form multi-nucleated tubes, ranging in diameter from 10 - 100 um
depending on muscle location and function.?*3? As these myofibers mature, their nuclei become

oriented along the periphery just below the sarcolemma, the plasma membrane of the myofiber.
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Figure 2.1. Skeletal muscle anatomy. Skeletal muscle is a highly aligned tissue with a hierarchically organized,
cable-like structure.

Myofibers consist of myofibrils with repeating sarcomeres, the contractile unit of skeletal
muscle. Sarcomeres contain contractile proteins thin filament actin and thick filament myosin.
Within skeletal muscle tissue, parallel myofibers are bundled together to form fascicles, which
are encased by perimysium. Subsequently, parallel bundles of fascicles are bundled together to
form the muscle belly, which is surrounded by epimysium. Surrounding each myofiber is
endomysial connective tissue known as the basement membrane and basal lamina. The
perimysium, epimysium, and endomysium together provide structural support to the tissue while
aiding in force transmission and synchronous contraction. The basal lamina is composed of
proteins including type IV collagen, fibronectin, and laminin-2.>3-** It also consists of
glycosaminoglycans (GAGs) and proteoglycans, such as heparan sulfate, which act as reservoirs
for growth factors essential for myogenesis, including hepatocyte growth factor (HGF) and
fibroblast growth factor 2 (FGF2).2*3% Heparan sulfate is also involved in HGF binding to its cell
surface receptor, c-Met, by controlling the binding of HGF and regulating the cell’s mitogenic
activity.® It also significantly enhances FGF2 signaling, binding to both the growth factor and its
receptor, forming a ternary complex.’’-*® Structural evaluation of skeletal muscle basement
membrane shows an aligned organization of architecture, including perimysial collagen bundles

approximately 0.5-1 pm in diameter that run parallel to muscle fibers.>*
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Figure 2.2. Anatomy of skeletal muscle vasculature and neuromuscular junctions. Arterioles, venules, and
neurons run adjacent and parallel to myofibers.

Just below the basal lamina and above the sarcolemma is where satellite cells (SCs),
muscle-specific resident stem cells, are located.* In healthy skeletal muscle, SCs typically
account for only about 2-7% of the total myonuclei.** They are identified by the expression of
transcription factor paired box 7 (Pax7) and have been found to be necessary for skeletal muscle
regeneration.*'** Upon injury, SCs leave their quiescent state and become activated to enter the
cell cycle.®’ They proliferate and differentiate to form multi-nucleated myotubes, which mature
to form myofibers. SCs are also capable self-renewing by maintaining a stem-like population.*®
A more detailed explanation of the role of SCs in skeletal muscle regeneration will be explored
in Section 2.3.

To allow for voluntary locomotion, skeletal muscle is highly innervated. Motor neurons
extend from the central nervous system and branch extensively throughout the muscle tissue to
contact individual myofibers at a neuromuscular junction (NMJ) (Figure 2.2). The NMJ is the
site at which an action potential from the motor neuron is converted to a muscle contraction.
Contraction is initiated by acetylcholine release from the presynaptic axon, which subsequently
binds to the myofiber and depolarizes the membrane. Membrane depolarization results in an
action potential which travels down the length of the myofiber and initiates the release of
calcium ions. Calcium binding within the myofibril results in an actin/myosin-mediated power
stroke and muscle contraction. To meet its high metabolic demands, skeletal muscle tissue is also

highly vascularized. An organized branching structure with capillary networks running parallel
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to the myofibers allow for optimal nutrient and oxygen exchange (Figure 2.2). Capillary
networks in skeletal muscle are dense, with approximately 600 capillaries/mm?.*’ This results in

40 um distance between capillaries, and thus a 20 um distance for oxygen diffusion.*’

2.3 SKELETAL MUSCLE REGENERATION
After acute injury, endogenous repair of skeletal muscle follows a highly coordinated
regenerative process involving three separate but overlapping phases: destruction/inflammatory,

repair, and remodeling (Figure 2.3 A-E).

2.3.1 Destruction/Inflammatory Phase

During the inflammatory phase, remodeling of damaged tissue and release of cytokines to
promote regeneration are largely facilitated by immune cells including macrophages and
neutrophils, and occurs within the first 1-2 weeks after injury.*® Immediately upon injury
damaged myofibers, blood vessels, and neurons undergo necrosis. This is due to membrane
damage which permits an influx of extracellular calcium and triggers autodigestion via calcium-
dependent proteases such as calpains.’!*#*-! In addition to cellular damage, disruption of the
blood vessels and basement membrane surrounding myofibers also occurs upon injury.
Mechanical injury to the basement membrane releases growth factors sequestered by
proteoglycans within this ECM including HGF, FGF2, and transforming growth factor  (TGF-
B) over a period of two weeks post-injury (Figure 2.3 C).%3-352 The release of both intracellular
contents and sequestered ECM growth factors, as well as activation of the complement cascade,
stimulate resident mononuclear cells within the muscle tissue.’ !> These cells then
chemotactically recruit circulating leucocytes to the site of injury.>* Neutrophils are the first sub-
population of leucocytes to arrive, typically within the first few hours after injury.>* These
phagocytes are most active during the first 24 hours post-injury and aid in clearing necrotic
cellular debris. While they act as a source of pro-inflammatory cytokines,> ¢ they may also
generate oxygen free radicals and ultimately induce tissue damage.>’ During the inflammatory
phase TGF-p is released into the wound site by platelets. TGF-f acts as an immunomodulator,
attracting and activating monocytes and macrophages to the injury.>® Next, macrophages

infiltrate and become the predominant cell type at the injury within several days. They can be
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Figure 2.3. Skeletal muscle regeneration. Differences in regeneration following small scale skeletal muscle
injuries (A-E) vs. volumetric muscle loss (F-J). Healthy muscle tissue (A) incurs a small-scale injury, which
damages the myofiber and its surrounding basal lamina (B). The disrupted basal lamina releases sequestered
growth factors including fibroblast growth factor 2 (FGF2) and satellite cells are activated, proliferating and
migrating into the wound site along the basal lamina (C). Satellite cells begin fusing to form myotubes while
simultaneously self-renewing (D). Resulting tissue is fully recovered, with aligned myotubes (E). Healthy
muscle tissue (F) incurs a large-scale VML injury, which destroys the majority of native basal lamina and
satellite cells (G). Without these cues, satellite cell-mediated regeneration is diminished, and fibroblasts begin
infiltrating the wound (H). The injury is characterized by sparse and misaligned myoblast infiltration and
collagen deposition (I), resulting in scar tissue formation and decrease in muscle function(J).

classified into two distinct and sequential subpopulations: classically activated pro-inflammatory

(M1) and alternatively activated anti-inflammatory (M2) macrophage.’*%° Pro-inflammatory M1

macrophages are first to arrive after neutrophils and continue to phagocytose debris and release
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reactive oxygen species and pro-inflammatory cytokines.®!"*? These paracrine factors stimulate
resident SC proliferation and mobilization.%%* M1 macrophages are eventually replaced by M2
macrophages, which have been associated with promoting SC exit from the cell cycle and
commitment to differentiation.®> %> Some of the secreted growth factors and cytokines that play
an important role in this phase of regeneration are tumor necrosis factor-o (TNF- a), fibroblast
growth factor 2 (FGF2), insulin-like growth factor (IGF), interleukin -1 (IL-1p), and interleukin
6 (IL-6),55°56.61-62

2.3.2 Repair Phase

The repair phase of skeletal muscle takes place 1- 4 weeks post-injury and involves the
activation and proliferation of SCs (Figure 2.3 D) and their subsequent differentiation into
mature muscle tissue (Figure 2.3 E).% Upon initial injury, disruption of the basement membrane
initiates the release of heparan sulfate proteoglycan-bound growth factors within this matrix,
including HGF and FGF2.3 35 56:67-68 HGF is released from the basement membrane by physical
disruption and nitric oxide (NO)-mediated activation of matrix metalloproteinases (MMPs),
which release HGF from the basement membrane.®*”’> HGF is released immediately upon injury,
and its presence in muscle wounds peaks 2-4 days post-injury.®?> HGF has been shown to be the
predominant growth factor capable of activating SCs to re-enter the cell cycle.’® %% 73-76 SCs
express HGF’s receptor c-Met, allowing it to bind and stimulate SC activation.®>7* In addition to
promoting activation, HGF is also responsible for promoting SC proliferation and migration.*®
FGF2 is another growth factor responsible for the proliferation and migration of activated SCs.*!"
7719 FGF2 has been shown to be present in muscle wound fluid 2-8 days after injury, and peaks
around 6-8 days.> In addition to HGF and FGF2, numerous other growth factors are responsible
for promoting SC proliferation and migration, including TGF-f and platelet-derived growth
factor (PDGF).>-*¢ TGF-p presence in muscle injuries has been shown to peak around 12 - 14
days post-injury.’? SCs gives rise to quiescent SCs and committed myogenic progenitors,
allowing for both self-renewal and the sub-population primarily responsible for muscle
regeneration. SCs reside below the basement membrane on the periphery of skeletal muscle
myofibers, which provides instructive biophysical contact guidance cues for their migration into

the wound margin in response to injury.®*3! SCs are guided by the basement membrane
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surrounding necrotic myofibers to facilitate aligned cell division, migration, and fusion into
myofibers.?!"*? These mechanisms are driven in part by the aligned topographical cues provided
by the basement membrane.

Next, muscle progenitor cells begin to differentiate, expressing myosin heavy chains
(MyHCs) and fusing together to form multinucleated myotubes. Regenerating myofibers can be
identified by their characteristic centrally located nuclei. While HGF, FGF2, TGF-f, and PDGF
are essential during early phases of muscle regeneration, they are known to inhibit subsequent
differentiation into mature muscle.”® 83-% This highlights the importance of the highly regulated
and temporal expression of growth factors throughout skeletal muscle regeneration. Other
growth factors, including insulin-like growth factor 1 (IGF-1) and 2 (IGF-2), stimulate both
proliferation and differentiation of SCs.33-3687-89

The success of muscle regeneration is also highly dependent on effective
revascularization and reinnervation of the tissue, which occur concurrently during the repair
phase. While SC-mediated activation, proliferation, and differentiation can take place in
denervated muscle tissue, subsequent tissue maturation of newly regenerating myofibers is
dependent on the presence of nerves.’® Nerve activity has been shown to be crucial for skeletal
muscle maturation because it provides electrical stimulation to the tissue.”! Innervation also
promotes the switch from fast to slow MyHC in regenerating muscle.”! Additionally,
revascularization of muscle tissue is paramount for successful regeneration. Upon injury,
endothelial cells (ECs) sprout and form tubular structures in the direction of growth factor
stimuli. Pericytes and smooth muscle cells are responsible for forming a layer over the ECs to
stabilize the new vessels. Newly formed capillaries provide the oxygen required for aerobic
metabolism, which is necessary for myofiber generation and maturation.’! Additionally, the
proximity of vasculature to SCs in vivo allows ECs to act upon SCs via paracrine growth factor
signaling, stimulating their proliferation.®?> Growth factors play a critical role in promoting
revascularization and innervation of skeletal muscle. For example, FGF2 has been shown to
stimulate endothelial migration and sprouting, as well as pericyte and smooth muscle cell
migration. FGF2 also stimulates the formation of more mature vessels than other proangiogenic

growth factors such as vascular endothelial growth factor (VEGF).”* Additionally, FGF2 has
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been shown to have neurotrophic activity, stimulating the synthesis and secretion of nerve

growth factor (NGF) and promoting neuronal survival and outgrowth.>% %47

2.3.3 Remodeling Phase

The final phase of regeneration is the remodeling phase, which occurs 2-6 weeks post-
injury.*® This phase consists of regenerating myofiber maturation and ECM remodeling. The
basement membrane acts to guide maturing myofibers.”® Regenerating myotubes within the basal
lamina may not fuse, causing the formation of small fiber clusters. Alternatively, fibers may fuse
at only one extremity, causing forked fibers. Myofiber maturation is also highly dependent on
revascularization of the tissue and the generation of neuromuscular junctions. Muscle begins to
regain its contractile function during this phase.

The formation and remodeling of scar tissue due to fibrosis also takes place during tissue
remodeling. In addition to chemotactically recruiting inflammatory cells, TGF- also stimulates
the synthesis of ECM molecules including fibronectin, collagens, and proteoglycans.>® 9%-1%0
Fibroblasts are attracted to the wound site by TGF-f and increase the synthesis of ECM
proteins.'% TGF-B is also responsible for inhibiting ECM protease production and stimulating
protease inhibitor production, making it responsible for the reconstruction of the basement
membrane surrounding damaged myofibers.!°! Additionally, FGF2 is also known to stimulate
fibroblast migration and proliferation.!%> Repair and replacement of connective tissue ECM that
was damaged during injury is important because it provides stability for the regenerating muscle
tissue. ECM is also important for enhancing muscle tensile strength as well as myofiber-tendon
junctions.!®® However, an over-production of ECM often remodels into scar tissue and can
inhibit muscle regeneration. The degree of scar tissue formation often increases with increasing
severity and size of injury and is associated with poor functional outcomes. The role of scar

tissue formation on tissue regeneration will be discussed further in Section 2.3.4 below.

2.3.4 Limited capacity for regeneration in VML injuries
Although SC-mediated regeneration is effective in most muscle injuries, this is not the
case in large-scale VML injuries. Due to the magnitude of these injuries, the basement

membrane is typically compromised or destroyed, ablating native biophysical and biochemical
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cues necessary for SCs to facilitate regeneration (Figure 2.3 G). With the basement membrane
removed, the population of resident SCs is severely depleted. Thus, VML injuries appear to have
a limited invasion of myoblasts into the injury site.>! Additionally, the growth factor population
that is sequestered within the basement membrane is also destroyed, which significantly limits
their ability to guide regenerative processes such as SC-mediated myogenesis, the inflammatory
response, revascularization, and reinnervation.!*1% The biophysical cues provided by the
basement membrane are also significantly limited upon VML injury. During normal
regeneration, the basement membrane provides instructive biophysical contact guidance cues for
SC aligned cell division and migration into the wound margin in response to injury.50-%2
However, when this ECM is removed in VML injuries, SCs have a limited capacity to migrate
into the wound and undergo aligned cell division and myotube fusion. Lateral migration of SCs
outside the basement membrane is more likely to occur in VML injuries, where the basement
membrane has been disrupted.'% In addition to limited contact guidance cues and signaling,
these large-scale injuries also have a lack of mechanical support.'®’

With limited muscle regeneration, fibroblast-mediated collagen I deposition dominates
the healing response and generates non-functional scar tissue in the wound (Figure 2.3 H-J).
When M1 and M2 macrophage populations are depleted within a muscle injury, regeneration is
impaired and fibrotic scar tissue is deposited.!® Alternatively, a chronic inflammatory response
can lead to dysregulation of growth factor expression and result in limited regeneration and
fibrosis.!% Scar tissue fills the void, bridging the remaining muscle fibers at each end of the
injury to facilitate force transduction along the muscle.!® In small-scale injuries, scar tissue can
act as a conduit to aid in myogenesis. However, in VML injuries ECM deposition occurs quicker
than myofiber formation and generates a dense scar tissue cap that inhibits myofibers from
bridging the wound.>* ' This can yield the formation of myotendinous junctions between
adjacent myofibers and scar tissue.'%® Ultimately, fibrous tethering within VML injuries restricts
torque production and range of motion, resulting in permanent loss of function in these injuries.!”

The extent to which VML injuries revascularize and reinnervate is vital for muscle
regeneration and is also highly dependent on the extent of the injury. Often extensive skeletal
muscle injuries include injury to the vasculature and neural networks surrounding the muscle

tissue. Among the military population with VML lower limb injuries, 14% also had a nerve
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injury, and 5% had a vascular injury.'> A nerve injury in conjunction with VML has also been
observed in a murine animal model of skeletal muscle injury.!'” When a VML defect comprising
20% of the tibialis anterior (TA) muscle of Lewis rats was created, it yielded axotomy of 69% of
the motoneurons innervating that muscle.'” Without reinnervation, injured muscle tissues lack
action potential-mediated muscle contractions, inducing atrophy. Reduced NMJ formation has
also been associated with a depleted number of SCs in the injury.!!’ Revascularization is also
vital to VML injury, but often poses challenges. The degree to which skeletal muscle injuries
revascularize depends on the severity of the injury; in larger VML defects there is limited
revascularization because of a greater degree of scar tissue deposition.!!! Dense scar tissue can
impede the ingrowth of neurons and vasculature and limit oxygen diffusion, yielding denervated

and ischemic muscle.'!>113

2.4 BIOMATERIAL STRATEGIES FOR SKELETAL MUSCLE REGENERATION

To overcome the limitations of current clinical treatments for VML injuries, tissue
engineered biomaterial scaffolds are under development with the goal of preventing scar tissue
formation and enhancing functional muscle regeneration. Skeletal muscle tissue engineering and
regenerative medicine present a promising therapeutic treatment by repairing or replacing the
damaged muscle with a combination of instructive biomaterial scaffolds, biologically-active
molecules, and cells.!'*!!5 Tissue engineered scaffolds are three-dimensional (3D) constructs
that recapitulate the native ECM milieu, creating a synthetic microenvironment to locally control
cellular functions and guide regeneration. To accomplish this, scaffolds must incorporate
biophysical and biochemical cues that mimic native tissue composition, architecture, mechanics,
and bioactive signaling. Biophysical cues include scaffold topography, porosity, and mechanics,
while biochemical cues comprise the spatial and temporal control over the presentation of
bioactive molecules. Scaffolds are made of synthetic or natural materials with demonstrated
biocompatibility such that the scaffold will not cause toxicity, injury, or immunological rejection
when implanted in living tissue. Biocompatible scaffolds allow for the incorporation of cells and
biologically-active molecules such as proteins, peptides, growth factors, cytokines, transgenes,

and messenger ribonucleic acid (mRNA).
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Skeletal muscle tissue engineering can be broadly classified into one of three approaches:
in situ, in vivo, and in vitro tissue engineering (Figure 2.4, Table 2.1).2% !1® These treatments
range in complexity and can act by enhancing endogenous regeneration or by generating
engineered tissues to replace damaged muscle. In situ tissue engineering involves the
implantation of an acellular biomaterial scaffold into the injury that can direct endogenous
regeneration. Strategic engineering of biophysical and biochemical cues allows the scaffold to
instruct host cell recruitment, activation, proliferation, and differentiation. Slightly more
complex, in vivo tissue engineering involves seeding instructive biomaterial scaffolds with cells
immediately prior to transplantation, where they can then participate in regeneration. While this
approach limits the manipulation of cells prior to transplantation and preserves their efficacy, it
can leave them susceptible to low viability, retention, and immune rejection.’® !'7-118 Finally, in
vitro tissue engineering involves the development and implantation of a functional tissue
engineered construct. This is achieved by combining scaffolds, biological factors, and cells and
culturing these constructs in vitro until the cells differentiate into contractile myofibers.
Differentiation is often achieved through a combination of biochemical cues, mechanical
stimulation, and electrical stimulation. While in vitro tissue engineered constructs have greater
functionality prior to implantation than those developed through in situ and in vivo techniques,
they have several significant drawbacks. While they display some functionality, these contractile

forces are often significantly lower than what is seen in native muscle tissue.'” Additionally, due

Table 2.1. Comparison of tissue engineering approaches. Based off Table 1 in reference !"°.

Off-the-shelf availability Likely Possible Not possible
Scalability Easier Difficult Most difficult
Ease of clinical translation Easier Complex Complex
Cost-effectiveness More Less Least
Disease modeling No No Yes
Drug screening modeling No No Yes
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Figure 2.4. Skeletal muscle tissue engineering approaches. [ situ tissue engineering relies on endogenous
regeneration guided by an acellular scaffold with instructive biophysical and biochemical cues. In vivo tissue
engineering transplants a scaffold, biologic factors, and cells, creating a synthetic niche and delivering cells to
aid in regeneration. /n vitro tissue engineering utilizes the same factors but first differentiates the cells in vitro
into a functional construct prior to implantation.

to oxygen and nutrient diffusion limitations these constructs are often size-limited or require the
development of a complex vascular network to support extended cell viability. Herein we review
past and current skeletal muscle tissue engineering strategies, with a focus on the use of
instructive biomaterial scaffolds. This chapter will not cover scaffold-free approaches to treating
VML such as rehabilitation regimes, autologous grafts, or minced muscle grafts delivered
without a biomaterial scaffold. It will also not include cellular, drug, gene, or growth factor
injections unless they are delivered using a biomaterial carrier. Additionally, this chapter will
focus exclusively on the treatment of muscle injuries and not include treatments for genetic
diseases such as Duchenne muscular dystrophy. While this chapter focuses on VML resection
injuries, it also evaluates muscle injuries induced from critical limb ischemia (CLI), crush, and
myotoxin injuries, which present a different pathophysiology and capacity for functional

recovery than VML injuries.'?° Preclinical and clinical in situ, in vivo, and in vitro tissue
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engineering strategies will be reviewed, with a focus on the biophysical and biochemical cues of

these scaffolds that guide regeneration.

2.4.1 In situ strategies: Acellular scaffolds to promote endogenous regeneration

In situ tissue engineering utilizes acellular biomaterial scaffolds to direct endogenous
regeneration. Tissue engineered scaffolds employ biophysical and biochemical cues to
recapitulate native ECM structure, creating a synthetic microenvironment to locally control host
cellular functions and guide regeneration. Implantation of an acellular scaffold offers unique
advantages over cell-based strategies, including faster and simpler fabrication and storage. By
not delivering cells the culture time for these scaffolds is eliminated, yielding faster fabrication,
streamlined delivery workflows and operations, the potential for long term storage and off-the-
shelf capabilities. Additionally, these factors result in the production of scaffolds that often have
lower regulatory barriers and a quicker path to commercialization (Table 2.1).!?! For this
strategy to be effective, strategic engineering of the biomaterial scaffold is paramount to develop
a synthetic niche capable of directing endogenous regeneration. This section will focus on the
strategies utilized for skeletal muscle scaffold development, with a focus on biomaterial selection

and biophysical and biochemical cues used to modulate these materials.

2.4.1.1 Biomaterial selection: Synthetic, natural, and hybrid polymers

Most biomaterials fall into one of two classes, synthetic or natural, which both offer
distinct advantages and drawbacks. Synthetic scaffolds are easy, consistent, and inexpensive to
fabricate and can be manufactured to have detailed geometries down to the nanoscale. They can
also be engineered to have precise and tunable degradation profiles and mechanical properties.
Conjugation of biomolecules such as growth factors is also possible, and their release from the
scaffolds can be finely tuned by altering conjugation strategies or scaffold degradation rates.
Synthetic polymers offer additional benefits, such as the ability to be electrically conductive.'?*
124 Synthetic scaffolds that have been used for skeletal muscle tissue engineering include poly(e-
caprolactone) (PCL), poly(glycolic acid) (PGA), polylactic acid (PLA, PLLA), and copolymer
poly-lactic-co-glycolic acid (PLG, PLGA), polyurethane (PU), polyethylene glycol (PEG), and

polypropylene (PP). However, use of synthetic biomaterials comes at a cost. These polymers are
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often associated with low cell attachment, limiting their use without functionalization of a natural
biopolymer. Additionally, synthetic scaffolds have limited biocompatibility and have been
shown to elicit a pro-inflammatory immune response upon implantation.'!’

In contrast, natural polymers are highly biocompatible and contain native signaling cues
which aid in promoting cellular attachment, proliferation, and differentiation. They also contain
native functional groups suitable for growth factor conjugation and are naturally degraded upon
implantation. Natural biopolymers include collagen, fibrin, alginate, laminin, silk fibroin,
hyaluronic acid (HA), decellularized ECM, chitosan, keratin, and gelatin. While biopolymer
scaffold porosity, topography, and mechanics can be modified, there is less precision and
tunability than with synthetic scaffolds. Biopolymers are also subject to inherent biologic
variability due to material sourcing. Both synthetic and natural biomaterials can be made into an
ideal scaffold through strategic incorporation of biophysical and biochemical cues designed to

create a synthetic microenvironment conducive to skeletal muscle tissue regeneration.

2.4.1.2 Biophysical cues

An ideal biomaterial scaffold should match native tissue mechanical properties, degrade
at a rate that matches the rate of new tissue regeneration, and contain 3D topographical features
and porosity to direct cellular alignment and allow for cellular infiltration. These features can be
accomplished through the incorporation of instructive biophysical cues (Figure 2.5). Scaffold
strength and stiffness should be optimized to match native tissue mechanics to create a synthetic
niche that exposes cells to physiologically relevant forces. Myoblasts respond to mechanical
stimuli through mechanotranduction, informing their proliferation, adhesion, and differentiation.
Substrate stiffness does not affect the propensity for myoblasts to assemble into myotubes, but it
was shown to have an important role on the development of myosin/actin striations.'?> Myoblasts
cultured on substrates with a modulus of 12 kPa, which matches the elasticity of native resting
muscle tissue, were found to have significantly increased striations, indicating a more functional
and mature cellular phenotype.'?® Scaffold biodegradation is another biophysical cue that must
match the kinetics of skeletal muscle regeneration and new tissue ingrowth.!?® Rapid degradation
can lead to voids within the tissue and compromised regeneration, while slow degradation can

invoke a chronic inflammatory response, scar tissue deposition, and encapsulation.'?” Both
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scaffold mechanics and degradation are commonly controlled by material choice and
crosslinking. Hydrogels, sponges, fibers, composites and devitalized ECM are among the most
commonly exploited conformations for biomaterial scaffolds. These systems are all able to create
a 3D environment that provides suitable porosity, topographical cues, and mechanical properties

to support tissue regeneration.
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Figure 2.5. The role of biophysical and biochemical cues in designing biomaterials for skeletal muscle
tissue engineering. Biophysical cues include scaffold mechanics, degradation and architectural morphology.
Biochemical cues include exploiting natural molecules, and spatiotemporal delivery of biomolecules such as
growth factors. In concert, biophysical and biochemical cues allow for the generation of scaffolds that
effectively recapitulate a cellular microenvironment conducive for regeneration. Image concept adapted from
[126].

2.4.1.2.1 Decellularized ECM

One of the most commonly exploited acellular scaffolds is decellularized ECM.
Decellularized ECM is a scaffold prepared by removing cells from source mammalian tissue or
whole organs, leaving behind the native ECM with preserved structural and chemical

composition. Decellularized ECM has been used as a biomaterial because it contains the native
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ligands, ECM proteins, and growth factors found in skeletal muscle which are known to play an
instrumental role in SC chemotaxis and proliferation, the inflammatory response, myotube
differentiation and, ultimately, functional tissue regeneration.®* 128-130 These ECM molecules
include collagens, laminin, fibronectin, heparin sulfate, chondroitin sulfate, HA, VEGF, FGF2,
and TGF-B."*!"1** The goal for these scaffolds is that upon implantation into a muscle injury, they
will become infiltrated by cells that release proteases which degrade the scaffold, releasing
native growth factors and ECM proteins that promote host cell infiltration.** Decellularized ECM
is harvested from a variety of source tissues, including dermis, skeletal muscle, small intestinal
submucosa (SIS), and urinary bladder matrix (UBM).!?%1?° Different source tissues provide
varying structural organization and chemical composition.'**> The process by and extent to which
ECM is decellularized can also yield varying physical and chemical properties, and contribute to
the varying degrees of remodeling seen after implantation.'*¢-!3 This may explain the conflicting
reports in the literature of decellularized ECM inflammatory response, induction of fibrosis, and
ability to promote muscle fiber regeneration upon implantation.

Early studies investigating the use of xenogeneic SIS and homologous muscle ECM
found that implanted scaffolds promoted a strong angiogenic response despite variable
contractile function and the persistent deposition of collagenous connective tissue.'**'*! In one
study, Badylak’s group observed that upon implantation into rodent partial resection models,
both SIS and muscle ECM scaffolds induced constructive remodeling characterized by robust
mononuclear cell infiltration and myogenesis, although no contractile analysis was performed to
evaluate muscle function.!*> *? Corona et al. implanted a syngeneic muscle ECM scaffold into a
partially resected rat TA muscle and saw recovery of one third of the original force deficit was
restored after two months post-injury, despite histological analysis showing overwhelming
fibrosis at the implantation site.!*> The authors hypothesize that the ECM scaffold prevented
muscle fiber damage and acted as a structural reinforcement to transmit forces across the injury.
Another study evaluated a syngeneic muscle ECM scaffold to treat a rodent TA VML defect
model and found that at two weeks post-implantation, the scaffold elicited a pro-inflammatory
response with a large quantity of macrophages surrounding the implant.'** At eight weeks after
treatment little to no myosin” muscle fibers were present, and increased collagen 1 was observed.

Upon stimulation, TA muscles treated with muscle ECM demonstrated a 17% increase in torque
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compared to those with an injury and no treatment. More recent studies utilizing a UBM ECM
scaffold to treat rodent and porcine VML injuries found that injuries treated with scaffolds
demonstrated limited myogenesis, fibrotic deposition, and chronic functional deficits at terminal
timepoints.!*-146 Discrepancies in the existing literature regarding whether or not ECM scaffolds
promote constructive remodeling in preclinical models may be due in part to differences in ECM
sources, decellularization protocols, differences in anatomy, and the severity of preclinical VML
models.

Decellularized ECM is the first tissue engineered scaffold to be clinically evaluated for
treating VML injury. A 2010 case study treated a persistent combat-induced quadriceps injury
3.5 years post-injury with an acellular porcine SIS ECM scaffold and subsequent physical
therapy.'® At 16 weeks post operatively a modest improvement in isokinetic muscle function was
demonstrated, as well as new soft tissue observed via computed tomography (CT) at 36 weeks
post-operatively. A 2014 study by Sicari et al. evaluated the use of UBM ECM in five male
patients with extremity VML injuries incurred at least six months prior that maintained a
minimum of 25% functional deficit compared to the contralateral uninjured limb."?! At six
months post-surgery magnetic resonance imaging (MRI) and histological evaluation of biopsies
both showed the presence of vascularization and islands of muscle cells. Furthermore, three of
the five patients showed a 20% functional improvement of the affected limb. A follow-up study

of eight patients with VML, including the five from the previous study'?!

, used electrodiagnostic
evaluations with nerve conduction studies (NCS) and needle electromyography (EMG) to
demonstrate restoration of nerve tissue as it relates to variable functional outcomes in ECM-
treated VML injuries.'*” The study found that five of the eight patients treated with ECM
scaffolds demonstrated improvements in electrical activity evaluated through NCS and EMG as
well as improved muscle strength, compared to the pretreatment condition. Most recently, a 13-
patient study was conducted to evaluate the ability of ECM bioscaffolds and physical therapy to
improve force production, range-of-motion, and function in a range of VML extremity
injuries,'*® which also included five patients from the previous study.'?! Patients demonstrated an
average improvement of 37.3% in strength, 27.1% in range-of-motion tasks, and 271.8% in

functional task performance at six months post-operatively. The authors acknowledged that

debridement of scar tissue during surgery and the effect of mechanical transduction via the ECM
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scaffold may have contributed to these modest functional gains. They also observed the
formation of muscle tissue at the injury site through histology of biopsied tissue and MRI or CT
imaging. Despite some promising results, the clinical use of decellularized ECM remains limited
due to variable outcomes among patients and the limited understanding of the mechanisms by

which these acellular scaffolds mediate muscle regeneration.

2.4.1.2.2 Hydrogels, sponges, and meshes

Hydrogels, sponges, and meshes are used as alternative acellular scaffolds to
decellularized ECM because they allow for more precise control of the scaffold material,
mechanics, degradation, and porosity. Porosity is a critical biophysical cue to control in tissue
engineered scaffolds because of its role in permitting cellular infiltration and oxygen and nutrient
diffusion. Porosity is commonly achieved through the use of hydrogels, sponges, and fibrous
meshes. Pore sizes typically range from 10 to 500 um, and larger macropores typically permit
greater cell viability and migration.'* Injectable in situ polymerizing collagen and decellularized
ECM hydrogel scaffolds were evaluated for their ability to treat critical limb ischemia (CLI) in a
rat hindlimb ischemia model.'>® They found that decellularized ECM hydrogels promoted
increased the number of MyoD™ cells recruited to the injury and blood vessel density compared
to the collagen hydrogel. More recent work delivering a laminin 111-enriched fibrin hydrogel to
a murine VML defect demonstrated an infiltration of macrophages and ECs into the hydrogels at
two weeks post-injury, but did not report increases in peak isometric torque at four weeks post-
injury compared to the untreated negative control.!>! Sponge-based scaffolds can be generated by
freeze-drying polymer solutions or hydrogels, creating a porous microstructure. Freeze-dried
collagen sponges implanted into a partial resection of the vastus lateralis muscle in a rabbit
model qualitatively demonstrated less scar tissue formation and a greater number, diameter, and
length of myofibers at 24 weeks post-injury compared to the untreated control.!>? Lyophilized,
highly porous sponges made of gelatin, collagen, and laminin 111 and crosslinked with 1-ethyl-
3-(3-dimethyl aminopropyl) carbodiimide (EDC) have also been evaluated in a 10% resection of
the gastrocnemius-soleus complex of mice.!>* At two weeks post-injury protein lysates from
sponge-treated muscles showed significantly higher expression of MyoD and desmin compared

to untreated muscles, suggesting an increase in myogenic activity at the injury site due to
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scaffold-mediated regeneration. In addition to hydrogels and sponges, fibrous meshes are also
highly porous scaffolds that permit cellular infiltration. Fibrous meshes of PLLA with an average
fiber diameter of 150 um and pore size of 50-100 um demonstrated host cell infiltration in rat
TA VML defects. Histological evaluation of TA muscles at one, two, three, and four weeks
demonstrated an influx of Von Willebrand factor (vVWF)" ECs and Pax7" muscle progenitor cells
into the fibrous mesh scaffolds over time.!>* While acellular hydrogels, sponges, and meshes
permit cellular infiltration upon injury into VML defects, these scaffolds have not demonstrated
aligned myofibers or significant gains in muscle function. This may be due in part to the lack of
instructive topographical alignment cues that these scaffolds provide due to their isotropic
nature. This has motivated a thrust of skeletal muscle tissue engineering research that focuses on

the development of anisotropic scaffolds with aligned architectural features.

2.4.1.2.3 Aligned scaffolds

Incorporation of instructive biophysical cues such as anisotropic surface topography is a
commonly exploited technique to promote cell alignment in skeletal muscle tissue engineering.
Myoblast alignment is an essential step towards myotube formation, which is guided in vivo by
ECM structure and micron-scale grooves between adjacent muscle fibers. Many strategies have

been explored to create scaffolds with anisotropic surface topography, including patterned
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substrates, electrospun fibers, microthreads, and aligned pores.
review describes these methods in detail and their ability to align and differentiate myoblasts in
vitro, as this falls outside of the scope of this chapter.!”® These methods are also commonly
employed to generate in vitro tissue engineered skeletal muscle, which will be discussed in
Section 2.4.3. Nakayama and colleagues evaluated the therapeutic benefit of aligned nanofibrillar
collagen scaffolds and rehabilitative exercise on the treatment of VML.!”* Ablated murine TA
muscles were treated with either aligned or randomly oriented collagen nanofibers, and animals
were randomly assigned to either voluntary cage running or no rehabilitation regime during
recovery. After 21 days post-treatment, muscle treated with both random and aligned nanofibers
exhibited significantly higher myofiber cross sectional area than those left untreated or treated
with a decellularized ECM scaffold. Additionally, they noted significantly higher perfused

vascular density in muscles treated with the aligned nanofibers compared with those treated with
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the randomly-oriented nanofibers. This study warrants further investigation of anisotropically
aligned scaffolds. Use of these scaffolds in conjunction with biochemical cues and cells will be

discussed in later sections of this chapter.

2.4.1.3 Biochemical cues

Biochemical cues are often strategically incorporated into scaffolds for skeletal muscle
tissue engineering as a method to further regulate cellular functions including survival,
attachment, proliferation, migration, and differentiation into myotubes. These include
biologically active molecules such as proteins, peptides, growth factors, cytokines, transgenes,
and mRNA. Strategic design of biomaterial-based scaffolds must take place to protect these
molecules from degradation, maintain their native conformation, and preserve their bioactivity.
Biomaterial scaffolds should also be designed to carefully control spatiotemporal presentation,
biomolecule release kinetics, and local concentrations. For example, genetic substances can be
delivered via viral or non-viral vectors, such as liposomes and synthetic particles, engineered to

translocate into the cell or nucleus.

2.4.1.3.1 Growth factors and cytokines

Growth factors and cytokines are among some of the most commonly investigated
biologic molecules to treat skeletal muscle injuries due to their instrumental role in facilitating
native regeneration (reviewed in Section 2.3).%° Early clinical trials using bolus injections of
growth factors such as VEGF and FGF2 to treat cardiovascular disease had limited success.!”>!"’
This is likely attributed to the bolus delivery method, which provided initial supraphysiological
growth factor concentrations followed by rapid degradation, preventing sustained presentation of
these factors for the necessary time frame.!”®17° Delivering growth factors via biomaterial
carriers prevents their denaturation and mediates their release, which is controlled by scaffold
degradation and/or diffusion through the matrix. They are often incorporated into biomaterials
through physical entrapment, ionic interactions, or covalent coupling.'?”-17° Engineering these

scaffolds to control growth factor release kinetics allows for the delivery of optimized

concentrations, localized delivery, and increased therapeutic efficiency.
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Several researchers have investigated the ability of growth factor-loaded scaffolds to
promote skeletal muscle regeneration in ischemic and VML injury models.!>* -1l VEGF-
loaded hydrogel scaffolds have been investigated for their ability to promote angiogenesis in
hindlimb injuries.'®-!¥* Silva et al. confirmed that VEGF delivered to a TA ischemic murine
injury via alginate hydrogel was present at physiologically relevant levels for up to 15 days post-
injection, compared to only three days after delivery of VEGF via bolus injection.'® Sustained
delivery of VEGF via alginate hydrogels resulted in significantly higher blood vessel density and
tissue perfusion compared to no treatment and bolus VEGF delivery. Another study evaluated
the sustained delivery of VEGF from alginate hydrogels for the treatment of an ischemic murine
TA injury.'®! After seven days post-injury, VEGF delivery resulted in 50% innervated motor end
plates compared to 5% in the blank alginate gel, likely due to the significant increase in glial-
derived neurotrophic factor (GDNF) and NGF expression levels compared to uninjured muscle.
Hydrogel-mediated VEGF also resulted in significantly higher number of vessels (cluster of
differentiation 31 (CD31)") and mature vessels (smooth muscle actin®) after 14 days compared to
blank hydrogels. To generate a more controlled release of VEGF from alginate hydrogels, Lee et
al. encapsulated VEGF within PLGA microspheres, creating a sustained release of VEGF over
three weeks.!®? These composite scaffolds generated significantly higher platelet endothelial cell
adhesion molecules (PECAM) expression than bolus VEGF or VEGF-loaded alginate hydrogels,
indicating the formation of functional microvessels. Another study evaluated the ability of
VEGF-coated collagen matrices to stimulate repair in a rabbit lower leg osteotomy with soft
tissue contusion injury, and found VEGF scaffolds resulted in 73% recovery of muscle strength
compared to 53% recovery of no treatment control group after 30 days post-injury.'®?

IGF-1 has also been used to treat VML injuries because of its important role in
stimulating myoblast survival, proliferation, and differentiation.!>* '3 Hammers et al. found that
a controlled release of IGF-1 from (PEG)ylated fibrin gels implanted into a murine hindlimb
ischemia injury stimulated significantly higher force production 14 days post-injury compared to
bolus IGF-1 and blank hydrogel treatments.'®* Other researchers implanted IGF-1-loaded gelatin
porous sponges into TA muscle of rats and after two weeks found a four-fold increase in the
number of Pax7" infiltrated cells and significantly greater number of muscle fibers compared to

control blank hydrogels.!'>*
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Another commonly utilized growth factor for promoting skeletal muscle regeneration is
FGF2.13% 185187 Iy 3 rabbit hind limb ischemia injury model, FGF2-loaded gelatin hydrogels had
significantly greater tissue blood flow, number of arterioles, and vascular density four weeks
after treatment.'®5 Other researchers have delivered sustained FGF2 release from ionic gelatin
hydrogels covalently crosslinked with PLG, which yielded significantly greater capillary density
(CD31%) and blood flow compared to bolus FGF2 injection at eight weeks after ischemic
hindlimb injury.'®® Murine TA muscles implanted with FGF2-loaded gelatin sponges found a
significant increase in the number of Pax7" infiltrated cells and significantly greater number of
muscle fibers compared to control blank hydrogels.!>*

Our laboratory delivered HGF adsorbed to EDC-crosslinked fibrin microthread scaffolds
in a murine VML defect.!®® Surgical resection of 30 mg of the TA muscle yielded approximately
50% reduction in force immediately after injury, and was immediately filled with fibrin
microthreads that were EDC crosslinked and passively adsorbed with 40 ng/mL of HGF. At 60
days post-injury, this treatment resulted in an increase of over 200% of twitch and tetanic force
production, compared to the 150% and 130% increases seen from treatment with fibrin
microthreads or fibrin gel with no HGF delivery. HGF fibrin microthreads resulted in a
significantly higher recovered force production than injuries that received no treatment or
treatment with a fibrin hydrogel alone. This work has been recently acknowledged as the only
study of growth factor-based repair that evaluated functional recovery in an appropriate VML
injury model.!*? Histological analysis showed myofibers adjacent to implanted EDC crosslinked
microthreads, indicating that the aligned microthread architecture likely guides myofiber
ingrowth and alignment.!8® This motivates the future development of scaffolds with biophysical
cues such as aligned topography in conjunction with the delivery of biochemical cues such as
growth factors. Overall, the delivery of a single myogenic or angiogenic growth factor to skeletal
muscle injuries yields improvements in regeneration, but it remains unclear which growth
factors, concentrations, and delivery strategies yield the best results, and warrants further
investigation.

Toward the goal of recapitulating in vivo regeneration, several studies also assessed the
synergistic presentation of multiple growth factors. While delivery of a single growth factor has

shown promising results for promoting skeletal muscle regeneration and angiogenesis, this
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strategy represents a drastically simplified version of the complex, spatiotemporal presentation of
multiple factors during regeneration. Through the development of more complex biomaterials
systems, the release kinetics of multiple factors in a spatiotemporal manner that mimics in vivo
presentation and concentration will likely enhance regenerative outcomes.!?”> 13 The first
preclinical work evaluating delivery of multiple growth factors for skeletal muscle repair
investigated the co-stimulatory effect of IGF-1 and VEGF delivered to ischemic rodent
hindlimbs via an injectable alginate hydrogel.'® Despite the limited control over release kinetics
that this scaffold provided, the co-delivery of 3 pg each of these factors from the alginate
hydrogel stimulated significantly higher blood perfusion seven weeks after ligation compared to
the blank hydrogel and bolus IGF-1/VEGF treatments. Injuries treated with the IGF-1/VEGF
hydrogel also had significantly larger myofiber diameters and number of centrally located nuclei
compared to blank gels, which are hallmarks of regenerating muscle. Another study evaluated
the therapeutic potential of stromal cell-derived factor-1 o (SDF-1a) alone or in combination
with IGF-1 to treat an ischemic skeletal muscle injury in rodents.'”® Co-delivery of these factors
in a PEGylated fibrin hydrogel yielded significant improvements in revascularization (CD31"
cells/fiber) and functional recovery (maximum tetanic force production) at 14 days post-injury
compared to treatment with blank hydrogel, which was not achieved by the delivery of SDF-1a
alone. Matsui et al. investigated gelatin hydrogel granules to deliver FGF2 alongside a mix of
growth factors isolated from platelet-activated platelet rich plasma (PRP), which included PDGF,
VEGF, TGF- 3, and FGF2."! One week after implantation into a murine hindlimb ischemic
injury the combination treatment yielded a significantly higher number of blood vessels
compared to no treatment, which was not achieved by delivery of FGF2 or the PRP-isolated
growth factor mixture alone. The combination treatment also significantly enhanced blood
reperfusion compared to hydrogels with just FGF2 or PRP-isolated growth factors. As
biomaterial scaffolds advance to allow for more precise spatiotemporal delivery of multiple
growth factors, this strategy will better mimic the complex in vivo temporal presentation during

regeneration and will likely yield greater therapeutic, functional outcomes.
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2.4.1.3.2 Genetic substances

Another thrust of research focuses on the delivery of genetic material including cDNA
and mRNA. Gene therapy strategies transfer genetic material into host cells to treat genetic
diseases or injury. This treatment often utilizes engineering of viral and non-viral vectors to
safely and efficiently transfer genetic material into cell nuclei. These strategies include
adenovirus, adeno-associated virus, retrovirus, lentivirus, liposomes, synthetic particles, and
polymer-based scaffolds, and display varying degrees of immunogenicity and transfection
efficiency. These approaches are typically limited to injections that do not control vector
spatiotemporal presentation. To make gene therapy treatments more effective, researchers
recently utilized biomaterial-based delivery systems to provide localized and sustained delivery
of these therapies. Biomaterial scaffolds can help deliver genetic cargo by preserving genetic
structures, protecting them from nuclease-mediated degradation, and controlling their release
from the scaffold. By modulating scaffold properties such as molecular weight, porosity or
crosslinking, a localized and sustained release of genetic material can be mediated through
diffusion or scaffold degradation.!®*!%3 This delivery strategy has the potential to increase
transfection efficiency and expression, ultimately improving the therapeutic effectiveness of
these treatments.

One study evaluated the delivery of adenoviral vectors and plasmids encoding FGF2 and
FGF6 transgenes delivered in collagen-gelatin scaffolds to excisional quadriceps defects in
rats.!”® At 21 days after injury they found that treatment with FGF2 transgenes increased the
arteriole density by 11-fold and myotube marker CD56 expression 20-fold compared to controls.
They also note that the delivery of recombinant FGF2 protein was unable to produce equivalent
responses, highlighting the benefit of a gene delivery strategy for treating skeletal muscle injury.
Another gene therapy study delivered plasmid FGF4 cDNA within a gelatin hydrogel scaffold to
treat hindlimb ischemia in rabbits.!”” The hydrogel preserved the plasmid structure allowing for
improved transfection efficiency compared to naked FGF4 gene. Ischemic injuries treated with
hydrogel-FGF4 had significantly less severe tissue damage and more pronounced vascular
responsiveness to adenosine at four weeks compared to injuries treated with a naked FGF4 gene.

An alternative strategy to the delivery of plasmids and viruses is mRNA-based delivery.

This method is advantageous because it does not present the risks of genome integration or
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insertional mutagenesis that other gene therapy strategies have, but it can be limited based on the
conventional delivery method of direct solution-based injection. Biomaterial-based delivery of
mRNA allows for localized and controlled release of cargo. Recently, Zaitseva et al. evaluated
the delivery of modified mRNA encoding HGF through crosslinked nanofibrillar collagen
scaffolds to a murine skeletal muscle injury.!*® After 20% ablation of the TA muscle, scaffolds
were implanted to fill the defect void. At two weeks after implantation, capillary density
(CD31") was observed in injuries treated with the HGF mRNA than by control scaffolds loaded
with firefly luciferase-mRNA. As the use of biomaterial-based delivery of genetic substances
continues to be implemented, it is likely that this strategy will continue to be investigated for
skeletal muscle regeneration. However, cost, immunogenicity, and safety remain concerns

regarding this relatively new approach.!!>

2.4.1.3.3 Small molecules

Small molecules are another class of biologic molecules that have been investigated for
skeletal muscle regeneration. These organic compounds are typically under 800 Da in size which
allows them to readily diffuse across the cell membrane, unlike macromolecules.!” Small
molecules can be produced using synthetic chemistry, allowing for diverse structures and lower
manufacturing costs compared to larger molecules such as recombinant growth factors. They
work by regulating biological targets such as receptors or enzymes to modulate specific cellular
effects. These effects can be reversed and temporally controlled to allow for rapid activation or
inhibition. However, small molecules are often delivered orally or via direct injection and the
risk of off-target events where proteins with similar conformations are affected can be
problematic.!” To address this, biomaterial-based delivery of small molecules to localize
treatment to target tissues is something that is recently being explored. One study investigated
the use of a PLGA thin film to deliver FTY720 to a full thickness VML defect in the
spinotrapezius muscle of mice.?”” FTY720 is a small molecule agonist of sphingosine-1-
phosphate (S1P), a bioactive signaling lipid produced by red blood cells, platelets, and ECs.?%
Receptors of S1P are highly expressed on anti-inflammatory monocytes and have been shown to
leverage pro-regenerative effects.?! The authors demonstrated that three days after injury

localized delivery of FTY720 had a higher percentage of anti-inflammatory monocyte and
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macrophage infiltration into the injury compared to defects treated with the PLGA film alone.?®
They also found significantly higher blood vessel density (CD317) in the defect region in mice
treated with FTY720 compared to those treated with a blank scaffold control. Another group also
found angiogenic effects with the biomaterial-based delivery of small molecule CEP03, derived
from m-[2-carboxyethyl]pyrrole (CEP) protein adducts.??? CEP protein adducts are a product of
lipid oxidation and accumulate during inflammation and wound healing, but as-is face
limitations of protein delivery including high cost and manufacturing challenges. CEP03 was
encapsulated in Matrigel, an ECM generated by carcinoma cells in vitro, injected intramuscularly
into the gastrocnemius muscle of mice with hind limb ischemia. Fourteen days after treatment
with CEPO03, a significant increase in relative mean perfusion ratio (ischemic/unoperated leg) and
microvessel density (CD31") was observed compared with injuries treated with Matrigel alone.
Ongoing work developing biomaterials to spatiotemporally deliver small molecules has the
potential to increase their therapeutic potential and make this a more commonly investigated

approach to treating skeletal muscle injury.

2.4.2 In vivo strategies: Utilizing biomaterials to improve cell delivery

While acellular in situ tissue engineering strategies reviewed in Section 2.4.1 have
demonstrated success in promoting endogenous skeletal muscle regeneration through recruitment
of host cell populations, there are conflicting studies described in the literature that question
whether this strategy will facilitate full functional recovery after the large-scale injuries incurred
from VML.% 2% Corona et al. hypothesized that restricted host SC infiltration into the VML
defect is primary limitation to the success of this strategy, as they noted a low number of Pax7"
SCs within a defect treated with an acellular ECM scaffold.?*® Thus, one of the most commonly
explored approaches for skeletal muscle regeneration involves the delivery of cells. While early
research focused on the direct intramuscular injection of cell suspensions, this simplistic delivery
technique has several significant limitations including poor retention, survival, and immune
rejection of transplanted cells.’® 2** However, the recent development of biomaterial-based
delivery systems with strategic biophysical and biochemical signaling cues creates a synthetic
microenvironment conducive for cell survival and engraftment upon transplantation. The first

study to evaluate the efficiency of SCs delivered via a polymer scaffold found 3-fold higher
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engraftment of cells into host muscle compared to those delivered via conventional direct
injection.?’’ Biomaterial delivery systems may also regulate cell fate, stemness and, ultimately,
participation in regeneration. /n vivo tissue engineering involves seeding instructive biomaterial
scaffolds with cells immediately prior to transplantation, where they can then provide host cells
with paracrine signaling and/or participate in regeneration.!!” By limiting the culture time and

manipulation of cells prior to their transplantation, their efficacy can be preserved.*

2.4.2.1 Cell source

A range of cell types have been utilized for skeletal muscle tissue engineering including
SCs, myoblasts, muscle-derived precursor cells (MDPCs), mesenchymal stem cells (MSCs),
perivascular stem cells (PSCs), adipose-derived stem cells (ASCs) and induced pluripotent stem
cells (iPSCs).2%6-208 SCs are a common cell type utilized for tissue engineering because of their
essential role as the resident progenitor cell in native tissue regeneration. However, population
heterogeneity and purification remain challenges and sources of variability regarding their
functional regenerative potential. Additionally, expansion of SCs in vitro results in senescence
and loss of proliferative capability, limiting their clinical utility.>” Thus, there is a tradeoff
where increased SC manipulation yields a more purified population but with generally lower
regenerative potential.'?” Other muscle-derived cell populations including myoblasts and MDPCs
expressing various stem cell markers have also demonstrated regenerative potential, but pose
similar challenges regarding cell engraftment, survival, and immunologic rejection.?’® MSCs,
including ASCs and PSCs, are also commonly used because they are easily isolated from bone
marrow, fat, and umbilical cord tissues, among others.?’® MSCs are pluripotent and give rise to
mesodermal tissues including skeletal muscle as well as ectodermal and endodermal tissues. This
may permit MSCs to simultaneously participate in peripheral nerve repair and angiogenesis
which both play critical roles in skeletal muscle repair. ASCs are a particularly attractive cell
type because they are isolated with a simple, high yield procedure and can be expanded quickly,
differentiate into myotubes, and evade the host immune system to prevent rejection.?’” These
various cell types used for skeletal muscle tissue engineering have been reviewed in detail
previously.2%-2% Another important concern is whether cellular therapies are derived from

autologous or allogeneic sources. Autologous cells present minimal immunogenicity concerns,
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while allogeneic and xenogeneic cells may require immunosuppressive treatment that potentially

limits important native responses that direct skeletal muscle regeneration.?!

2.4.2.2 Hydrogel-based delivery

Hydrogels are one of the most commonly implemented scaffolds for cell delivery-based
strategies because cells can be easily mixed into precursor solutions prior to polymerization, and
they can be cast directly into the injury, filling irregularly shaped voids. Researchers have used
hydrogel scaffolds to deliver myoblasts,?!!!2 MDPCs,?'3-2!5 minced muscle grafts,!6-2!7
MSCs,?!'® ASCs,?!%2% and a combination of cell types.??!?2 Beier et al. injected 1 million male
primary myoblasts suspended in a fibrin matrix into a female rodent anterior gracilis muscle
defect and found male nuclei within host female muscle fibers two weeks after delivery.?!? Other
studies delivered MDPCs in fibrin?!*2!> and HA?!'* hydrogels to partially resected rodent TA
muscles, and found that treatment supported reduced fibrosis,?!* increased myogenesis and
vascularization,?'® and partial restoration of muscle contractile function when delivered
progressively via multiple injections over time.?!> Rossi et al. evaluated the delivery of either
SCs or MDPCs via a HA hydrogel and found that SCs improved the number of new myofibers
and resulted in a significantly higher tetanic force generated compared to delivery of MDPCs

216,221 and laminin-111 supplemented HA?!”

alone.?!* Other researchers utilized collagen
hydrogels as a vehicle to deliver minced muscle grafts to rodent TA VML injuries.?!*!7 Ward et
al. found that 50% less minced muscle graft tissue was needed to regain the same functional
improvement when delivered in a collagen hydrogel compared to the 100% minced muscle
graft.>!® Another study delivering 50% minced muscle grafts with a laminin-111 supplemented
HA hydrogel found a 42% improvement in peak tetanic torque production after eight weeks
compared to unrepaired limbs. However, this was not a significant improvement compared to
delivery of the 50% minced muscle grafts alone. It is not clear if a scaffold is necessary for the
delivery of minced muscle grafts, as these cells remain largely contained by their native ECM
that remains partially intact.

Several researchers utilized ASCs for skeletal muscle tissue engineering.?!*?2° Aurora et

al. delivered human ASCs encapsulated in a composite scaffold of PEGylated platelet free
plasma hydrogel with porcine ECM to a rodent TA VML injury.?!” Two weeks after injury the
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composite scaffold with ASCs resulted in the transplanted cells localized to the injury site and a
significantly higher vessel density compared to treatment with acellular composite scaffolds.
Another study delivering ASCs in a collagen hydrogel to a similar TA defect found injuries
treated with ASC-loaded hydrogels had significantly higher blood flow restoration compared to
the hydrogel alone treatment after eight weeks post-injury.??° It is clear that ASCs encapsulated
within hydrogel scaffolds are a promising technology for promoting angiogenesis in VML
defects.

Finally, the effect of co-delivery of multiple cell types has also been evaluated.??!??> One
group used composite scaffolds of PLLA/PLGA sponges and fibrin hydrogel to co-deliver ECs
and fibroblasts to a defect created in the linea-alba of male nude mice, and 10 days after injury
found more neovascularization and significantly higher perfusion than treatment with acellular
fibrin hydrogels.??> While hydrogel delivery systems are easy to deliver and aid in localized cell
retention, they are limited due to their weak mechanics and lack of aligned topographical cues

necessary to promote functional muscle regeneration.

2.4.2.3 Decellularized ECM-based delivery

Another commonly investigated scaffold for in vivo tissue engineering strategies is
decellularized ECM.?2*2%0 Early work studied the delivery of acellular or autologous myoblast-
seeded decellularized muscle ECM to the obliqui abdominis muscle of rats.?** Researchers found
that myoblast-seeded scaffolds demonstrated abundant blood vessels after two months, while
acellular scaffolds were completely replaced by scar tissue. Another study used decellularized
muscle ECM to deliver male SC-derived myoblasts to a full-thickness abdominal wall defect in
female rats and found the persistence of male myoblasts in the implanted patches after nine
months.??* This work suggests that decellularized ECM scaffolds may facilitate the retention of
transplanted cells at the injury site. Quarta et al. evaluated whether MDPCs (expressing
bioluminescent reporter protein luciferase) encapsulated in decellularized muscle ECM enhanced
skeletal muscle regeneration.??® The researchers discovered that injecting a MDPC suspension
directly into ECM scaffolds resulted in inefficient retention within the scaffold, and instead
incorporated MDPCs into an ECM hydrogel and microinjected the cell-seeded hydrogel into the

bulk decellularized ECM scaffold. MDPCs were delivered alone or in combination with muscle
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resident cells, a heterogeneous population of fibro-adipogenic progenitors, macrophages, and
ECs, to a TA VML injury in mice. ECM scaffolds that co-delivered MDPCs and a muscle
resident cell population yielded approximately 40 times higher bioluminescence than scaffolds
that delivered MDPCs alone. This suggests that the heterogeneous resident cell population
supports MDPC viability within the implanted scaffolds. Additionally, injuries treated with ECM
scaffolds co-seeded with MDPCs and muscle resident cells demonstrated active and passive
length-tension relationships that were equivalent to control uninjured muscle.??’ Injuries treated
with co-seeded scaffolds also exhibited less fibrosis compared to untreated injuries and treatment
with scaffolds alone.

Other researchers utilized decellularized ECM scaffolds to deliver minced muscle
autografts.?>2?” An allogeneic decellularized muscle ECM scaffold was used to deliver minced
muscle autograft tissue to a rat lower-limb VML injury.??® After 12 weeks, treatment with
minced muscle-loaded ECM scaffolds significantly increased contractile force recovery
compared to untreated injury controls. Treated injuries also demonstrated increased MyoD
expression and less fibrous scar tissue formation than those left untreated. Goldman et al. created
VML defects in the TA of rats and used a UBM ECM scaffold to deliver minced muscle grafts at
a dose of 50% of the total defect mass.?*” At eight weeks post-injury, this treatment resulted in a
28.2% significant increase in peak isometric torque compared to the no repair control, whereas
treatment with an acellular UBM ECM scaffold did not result in a significant improvement.
These studies indicate that decellularized ECM may serve as an effective method to deliver and
retain minced muscle tissue within VML defects.

Finally, decellularized ECM has also been used to deliver MSCs.?**23* Merritt et al.
implanted decellularized muscle ECM into a full-thickness defect in the lateral gastrocnemius of
Lewis rats.??® Seven days after implantation, bone marrow-derived MSCs were injected into the
implanted ECM. After 42 days an 85% functional recovery was observed in muscles treated with
MSC-loaded ECM scaffolds with respect to the contralateral uninjured muscle. However, this
functional improvement was not significantly greater than treatment with the acellular ECM
scaffold. Muscles treated with MSC-seeded scaffolds had significantly more blood vessels and
myofibers than those treated with acellular ECM scaffolds. Another study used human umbilical

cord MSCs delivered in a porcine decellularized cardiac ECM because the researchers
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hypothesized that both components could promote macrophage polarization toward a pro-
regenerative M2 phenotype.?*° Rodent TA defects were treated with MSCs, ECM scaffolds, or
MSC-loaded ECM scaffolds. Muscle injuries treated with MSC-loaded ECM scaffolds had the
highest recorded isometric torque at four and eight weeks post-injury compared to treatment with
MSCs alone and ECM scaffolds alone. At two weeks post-implantation, the MSC-loaded ECM
treatment group had a significantly higher population of CD206+ macrophages, indicative of
pro-regenerative M2 polarization. Finally, histological evaluation of treated muscle found
treatment with MSC-loaded ECM had higher new muscle fiber regeneration and lower collagen
deposition compared to MSCs alone or ECM scaffolds alone. Taken together, varying degrees of
success have been demonstrated by using decellularized ECM scaffolds as cell delivery vehicles
and may be attributed to differences in ECM sources and decellularization protocols as well as

differences in the anatomy and severity of preclinical VML models.

2.4.2.4 Microfiber-based delivery

While hydrogel, sponge, and decellularized ECM scaffolds have effectively delivered
cells to VML injuries, these methods lack aligned topographical cues that have been shown to
direct cellular processes that promote improved functional skeletal muscle regeneration. While
the use of anisotropic topography has been widely adopted to generate aligned myotubes in vitro,
few studies have used aligned scaffolds as a cell delivery vehicle to treat in vivo VML defects.?*!
Page et al. investigated the ability of an aligned fibrin microthread scaffold seeded with human
MDPCs to restore function in a mouse TA partial resection VML injury.?*! Tissue sections
explanted two days and two weeks post-implantation stained with human nuclear antigen
revealed that implanted cells had migrated into the host tissue. After 30 days, the percent of
collagen was significantly reduced and muscle area was significantly higher in muscles treated
with MDPC-seeded fibrin microthreads compared to injuries that received no treatment. After
120 days post-treatment, mice receiving treatment with MDPC-loaded microthreads had
significant improvements in tetanic force generation upon electrical stimulation compared to
untreated injuries. This study suggests that fibrin microthreads in combination with MDPCs are a
promising scaffold for treating VML defects. A recent study performed a meta-analysis of 44

studies that evaluated quantitative functional capacity after treatment of VML injuries by using a
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random-effects model to evaluate the effect size, which indicates treatment effectiveness.”>? The
findings from the Page et al. study had the third highest effect size of the 44 studies that met the
inclusion criteria, meaning it resulted in one of the highest improvements in functional capacity.
This further validates that an aligned microfiber-based scaffold in conjunction with MDPCs is a

promising therapeutic treatment for VML and should be further explored.

2.4.2.5 Growth factor-loaded scaffolds

As discussed previously (Section 2.4.1.3.1), growth factors are among the most
commonly investigated therapeutic molecules for treating skeletal muscle defects due to their
role in orchestrating native regeneration.>® Incorporation of growth factors within scaffolds
allows for control over their release kinetics, localized delivery and concentration, and
therapeutic effectiveness. Delivering cells within a growth factor-loaded biomaterial scaffold
creates a synthetic niche that more accurately mimics ECM and its native signaling molecules.
This growth factor-enriched microenvironment may prevent cultured myoblasts from undergoing
apoptosis, losing their myogenic potential, and having low transplantation efficiency, which are
the major bottlenecks of traditional cell injection-based approaches. Incorporation of growth
factors within cell delivery scaffolds may also promote transplanted cell activation, proliferation,
migration, and differentiation. Hagiwara et al. implanted FGF2 and green fluorescent protein
(GFP)" myoblast-loaded gelatin hydrogel microspheres into a rat thigh muscle injury.>** After
four weeks, muscle injuries treated with FGF2 and myoblast-loaded scaffolds had significantly
higher GFP expression compared to the delivery of myoblasts alone or in combination with
blank microspheres. Furthermore, this co-treatment strategy yielded significantly higher
expression of myogenin and reduced expression of MyoD1, suggesting that this approach
promotes myoblast differentiation.

Studies also investigated the delivery of cells from biomaterial scaffolds containing
multiple growth factors.?**?*° Complex biomaterials systems that release multiple factors in a
spatiotemporal manner mimicking in vivo GF presentation will create a more conducive cellular
microenvironment and likely enhance regenerative outcomes.'?”1%* Several studies specifically
investigated the delivery of IGF-1 and VEGF in tandem.?**?*® One study evaluated the co-
stimulatory effect of IGF-1 and VEGF by delivering these factors, along with GFP* primary

Chapter 2
Background



myoblasts, in an alginate scaffold.?** After myotoxin injury to the murine TA muscle and
subsequent hindlimb ischemia, scaffolds were implanted into the injuries. Antibody staining
against GFP revealed that after three days of treatment mice implanted with myoblast seeded
scaffolds releasing IGF-1/VEGF had a 25.5-fold increase in GFP fibers/mm? over bolus injection
of GFP" myoblasts. Scaffolds delivering myoblasts and IGF-1/VEGF also demonstrated the
highest recovery of normalized tetanic force compared to all other experimental conditions
evaluated. Co-delivery of IGF-1 and VEGF with myoblasts also appeared to have an angiogenic
effect on treated muscle injuries, improving blood perfusion after six weeks, compared to those
treated with acellular IGF-1/VEGF-loaded scaffolds. Another group used a shape-memory
alginate scaffold with IGF-1/VEGF and autologous MDPCs to treat myotoxin and ischemic
injuries in TA muscles of mice.?*> Scaffolds delivering IGF-1/VEGF and MDPCs improved
transplanted cell engraftment and contractile function after six weeks, with the treatment
promoting 90% recovery of the tetanic contractile forces relative to unoperated controls. Another
study by Pumberger et al. sought to increase the paracrine signaling of transplanted MSCs by
incorporating IGF-1 and VEGF into implanted porous alginate cryogels.?*® The authors
hypothesized that stimulation with IGF-1/VEGF would increase MSC paracrine secretion and
induce muscle regeneration without the need for transplanted cells to engraft into the host tissue
and directly participate in this process. A crush injury to a rat left soleus muscle was induced,
followed by implantation of the MSC-loaded scaffold adjacent to the injured muscle. After 56
days post-injury a significant increase in tetanic contraction and muscle fiber density was
observed in injuries treated with MSC-loaded scaffolds with IGF-1/VEGF compared to the blank
alginate cryogel control treatment. Incorporation of both IGF-1 and VEGF into biomaterial
scaffolds clearly demonstrates their co-stimulatory effect on cell engraftment, angiogenesis, and
functional muscle regeneration,>3+2%

Other researchers evaluated FGF2 in tandem with HGF**7 or IGF-1.23%2%° Hill et al.
implanted alginate scaffolds containing SCs, HGF, and FGF2 into murine TA laceration injuries
to assess their ability to promote muscle regeneration.?*” Myoblasts delivered on scaffolds
releasing HGF/FGF2 had notably higher engraftment into the regenerating muscle compared to
myoblasts delivered via bolus injection or acellular HGF/FGF2 loaded scaffolds. Two studies

from the Christ lab recently evaluated the co-stimulatory effect of keratin hydrogels loaded with
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MDPCs, FGF2, and IGF-1 for the treatment of VML defects in rat TA?*® and mouse latissimus
dorsi (LD) VML defects.?*° Eight weeks after implantation into TA VML defects, acellular
keratin hydrogels incorporated with IGF-1 was the only treatment group that significantly
improved functional recovery compared to injuries with no repair.*® Overall, injuries treated
with acellular scaffolds demonstrated greater functional improvements compared to MDPC-
seeded scaffolds. A similar result was observed when these scaffolds were implanted in the
mouse LD injury.?*® Acellular keratin hydrogels loaded with FGF2/IGF-1 enabled significantly
improved recovery of contractile force compared to the same FGF2/IGF-1 loaded scaffold
seeded with MDPCs. From these studies, it is clear that FGF2 in combination with HGF or IGF-
1 has a co-stimulatory effect in treating muscle injuries, but it remains unclear whether the
addition of cells is necessary to further enhance skeletal muscle regeneration. Additional
optimization of biomaterial carriers, growth factor incorporation strategies, and cell loading
methods are necessary to maximize the functional regenerative potential of in vivo tissue

engineering strategies.

2.4.2.6 Genetically modified cells

Another recent strategy to enhance muscle regeneration in VML injuries is the delivery
of scaffolds loaded with transfected myoblasts that upregulate myogenic or angiogenic gene
expression. While gene therapy is commonly employed, it can be limited by low efficiency and
transient transgene expression. These limitations are often due to delivery modality. In addition
to utilizing biomaterial-based strategies to more efficiently deliver genetic payloads (reviewed in
Section 2.4.1.3.2), researchers investigated the delivery of transfected cells encapsulated within

241-242 mesoangioblasts,*** and

biomaterial scaffolds.?*0-?** Researchers transfected myoblasts,
ASCs?® to express growth factors involved in muscle regeneration including VEGF,**?-2*3 SDF-
1, FGF2,%*! placental growth factor (PLGF).2*° Fuoco et al. transduced mesoangioblasts with a
lentivector encoding PLGF and encapsulated them within a photopolymerizable PEG-fibrinogen
hydrogel.?*° This cell-loaded hydrogel was implanted to replace an 80% ablation of the TA in
mice. MyHC" muscle fiber number and size increased with time after injury through six months
when muscle fibers appeared fully mature. Grip and tread mill tests revealed that mice whose

injuries were treated with transfected myoblasts expressing PLGF demonstrated strength and
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running resistances almost equivalent to uninjured mice. Another group transfected myoblasts
with plasmid vectors carrying human FGF2 cDNA.>*! Myoblasts overexpressing FGF2 were
encapsulated in an alginate scaffold and implanted into a crush injury of the rat soleus muscle.
After four days post-injury, injuries treated with FGF2 overexpressing myoblasts had a
significantly higher number of proliferating cells, lower number of apoptotic cells, and two-fold
increase in microvessel formation compared to control animals receiving myoblasts
overexpressing luciferase. Despite this, functional analysis at 14 days post-injury did not show a
significant increase in muscle force as a result of treatment with FGF2 overexpressing myoblasts.
This may be due to evaluating contractile function only two weeks after treatment. Shevchenko
et al. transduced human ASCs with recombinant adeno-associated virus encoding human VEGF,
encapsulated them in Matrigel, and injected them into the TA, gastrocnemius, and biceps femoris
muscles of mice that underwent ischemic injury.?** The authors assessed the viability of
transplanted cells seven days after intramuscular injection and found the presence of transplanted
cells throughout the muscle tissue. After 12 days, injuries treated with VEGF overexpressing
ASCs reached 80-90% higher blood perfusion than those treated with non-genetically modified
ASCs. Zhou and colleagues transfected myoblasts with VEGF or SDF-1 using a lipofectamine
transfection reagent.”*? These transfected cells were seeded onto collagen scaffolds and then
implanted into rat muscle defects. Implanted conditions include collagen scaffolds and cells
transfected with VEGF, SDF-1, or a combination of cells transfected with either VEGF or SDF-
1. At two weeks post-injury, microvessel density of the injured tissue was significantly higher in
the muscles treated with both VEGF and SDF-1 transfected cells compared to just VEGF, SDF-
1, or non-transfected cells. This indicates the synergistic effect of delivering cells transfected
with both VEGF and SDF-1. Future work to address challenges including immunogenicity,
transfection efficiency, and expression may help expand the use of this promising strategy.
Additionally, further optimization of biomaterial carriers to provide a suitable synthetic

microenvironment to support cell viability and engraftment will be critical areas of investigation.

2.4.3 Invitro strategies: Developing mature tissue constructs prior to implantation
While in vivo tissue engineering strategies reviewed in Section 2.4.2 have resulted in

functional regeneration of skeletal muscle defects, this approach has some distinct limitations.
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Despite reducing the manipulation of cells prior to transplantation and preserving their efficacy,
this approach still leaves cells susceptible to low viability, retention, and immune rejection.® !!7-
18 In vitro tissue engineering also involves cell delivery, but instead through the development
and implantation of a functional tissue engineered muscle graft (TEMG). This is achieved by
combining scaffolds, biological factors, and cells, creating cultured constructs in vitro that permit
cell differentiation into myofibers. Differentiation is often achieved through a combination of
biophysical and biochemical cues as well as mechanical and electrical stimulation. Biomaterial
scaffolds with strategic biophysical and biochemical cues create a synthetic microenvironment
conducive to cell expansion, differentiation, and ultimately enhanced tissue regeneration. TEMG
have the added benefit of being suitable for in vitro disease modeling and drug screening.>*+2%°
While in vitro TEMG have greater functionality prior to implantation than constructs
developed through in situ and in vivo tissue engineering strategies, they have several notable
limitations. Although TEMGs can generate contractile force, it is often significantly lower than
that observed in native muscle tissue.'” Additionally, oxygen and nutrient diffusion limitations
within these constructs often limit their size or require the development of a complex vascular
network to support extended cell viability. Prolonged in vitro culture times make TEMG clinical
scalability, cost-effectiveness, off-the-shelf availability, and regulatory compliance more
challenging than in situ and in vivo tissue engineering approaches. Implanted TEMGs have
resulted in varied degrees of skeletal muscle regeneration, which is likely due to vast assortment

of scaffold biomaterials, cell types, culture time and conditions, construct sizes, stimulation

regimes, custom bioreactors, and preclinical models evaluated.>

2.4.3.1 Aligned scaffolds

One of the most facile methods of generating functional TEMG constructs is by utilizing
scaffolds with anisotropic surface features to guide aligned myoblast orientation and
differentiation. Strategies to generate aligned features are discussed in detail in Section 2.4.1.2.3.

246-248 and aligned pores.'”! The

TEMG constructs have primarily utilized fibrous scaffolds
Grayson lab developed hydrogel microfibers by electrospinning co-extruded solutions of
fibrinogen and sodium alginate, where the latter acts as a sacrificial structure that when dissolved

creates a porous fibrin microfiber.’® 2*¢ They generated TEMGs by seeding these hydrogel
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microfibers with ASCs?**® or myoblasts*4’

, and evaluated their ability to regenerate murine VML
defects. ASC seeded fibrin microfiber bundles were implanted into a fully resected TA and
extensor digitorum longus (EDL) muscle injury.?*® Injuries treated with ASC seeded TEMGs
demonstrated minimal fibrosis and significantly more MHC+ cells compared to those treated
with acellular fibrin microfiber scaffolds. TEMGs made of fibrin microfibers and myoblasts
were also evaluated in a separate study for their ability to participate in skeletal muscle
regeneration after a partial ablation of the murine TA.2*’ At four weeks post-injury
measurements of maximal isometric torque indicated that defects treated with myoblast TEMGs
and acellular fibrin microfiber scaffolds demonstrated complete functional recovery, while
untreated defects demonstrated a 30% torque deficit compared to uninjured muscles. Another
group generated TEMGs by co-culturing myoblasts and ECs on aligned nanofibrillar collagen
scaffolds.>*® In vitro, co-cultured aligned nanofibrillar scaffolds generated constructs with longer
myotubes, more synchronized contractility, and higher secretion of angiogenic cytokines
compared to randomly oriented scaffolds. After nine days of in vitro culture, aligned scaffolds
co-seeded with myoblasts and ECs were implanted into a murine partial TA resection injury.
Organized myofibers and increased vascular perfusion were observed in muscles treated with
aligned TEMGs compared to muscles that received TEMGs with randomly oriented scaffolds.
Finally, Kroehne et al. used a controlled freeze-drying process of collagen gels to create aligned
pores 20-50 um in width.!”" When seeded with myoblasts, the anisotropic pore structure enabled
aligned myotube formation in vitro. Upon implantation into a murine TA and EDL resection
injury, the TEMG generated force when electrically stimulated. Because of its simplicity and
effectiveness, aligned scaffolds continue to be a commonly investigated method of generating
TEMGs with aligned myotubes, contractility, and the ability to promote skeletal muscle

regeneration in vivo.'7! 246248

2.4.3.2 Mechanical and electrical stimulation

Another commonly employed method for generating mature and contractile TEMGs is
the use of external stimuli such as electrical or mechanical stimulation. These methods create
culture conditions that mimic in vivo stimuli and initiate the activation of intracellular signaling

pathways involved in skeletal muscle development.?*® Mechanical stimulation regimes mimic
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uniaxial strains experienced during daily movement and exercise, while electrical stimulation
induces muscle contraction and mimics motor neuron electrical synapses. It is well known that
immobility (lack of mechanical stimulation) and denervation (lack of electrical stimulation) can
cause muscle atrophy.?**2>! Thus, researchers utilized mechanical and electrical stimulation to
promote myoblast fusion, alignment, hypertrophy, and contractile TEMGs in vitro.>>>*>® A range
of uniaxial mechanical stimulation regimes have been applied to TEMGs, including static and
cyclic stretch. Static stretching (or tension culture) provides a single strain at the beginning of a
culture period, while cyclic stretching applies periodic strain pulses to TEMGs. Researchers have
evaluated different frequencies, amplitudes, and “exercise” durations of cyclic stretch. Similar
variables are modified in the development of cyclic electrical stimulation regimes. It is important
to note the important role that bioreactors play in the application of these stimulation regimes.
Bioreactors are often custom built to control culture parameters as well as provide controlled and
precise application of external stimuli.

Electrical stimulation has been used to generate TEMGs that promote myofiber formation
when implanted in vivo.?>? Serena et al. seeded MDPCs in a porous collagen sponge and used
stainless steel electrodes to apply a cyclic electrical stimulation regime (33 mHz square wave
with 70 mM/cm impulses) starting three days after cell seeding.?>> When MDPC seeded collagen
constructs were allowed to mature in vitro for seven days, the investigators found that TEMGs
that received electrical stimulation had significantly higher expression of MyoD and desmin
compared to unstimulated control TEMGs. After one week, TEMGs were implanted into the TA
of syngeneic mice. Ten days after treatment, TEMGs were excised and found to contain desmin+
cells and new myofiber formation. While electrical stimulation is a commonly exploited
technique for generating mature muscle tissue in vitro, more studies evaluating the ability of
these constructs to facilitate functional muscle regeneration upon in vivo implantation must be
conducted.

Cyclic mechanical conditioning is also commonly utilized to generate mature TEMGs
prior to implantation into VML injuries.?>>>>® Moon et al. seeded decellularized ECM with
MDPCs and used a linear motor to create cyclic uniaxial 10% strain, which stretched the
constructs three times/min for the first five minutes of every hour.?>® The authors found that one

week of mechanical preconditioning generated TEMGs with cellular maturation and
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organization. Preconditioned TEMGs were implanted subcutaneously into the LD of mice.
Histological analysis revealed that preconditioned TEMGs demonstrate cellular alignment after
one week of implantation. After four weeks, preconditioned TEMGs generated specific force that
was 1% of native tissue upon stimulated tetanic contraction, where TEMGs with no
preconditioning did not generate detectable contractile force. Machingal et al. used this same
mechanical pre-conditioning regime to stimulate their TEMGs of decellularized UBM seeded
with MDPCs in a custom bioreactor for one week.>>* TEMGs were then implanted into a 50%
resection injury of the LD muscle in mice. After two months, muscles treated with mechanically
pre-conditioned TEMGs generated a maximum tetanic force representing 72% of native LD
muscle. This is a marked improvement compared to the 50% observed in muscles left untreated
or implanted with an acellular UBM scaffold. Corona et al. further investigated these findings by
evaluating three versions of the UBM/MDPC TEMG developed by Machingal et al., including
(1) a TEMG with short culture time and no pre-conditioning, (2) a TEMG with mechanical pre-

conditioning, and (3) a TEMG with pre-conditioning and a second application of MDPCs.??

234 muscle defects

Two months after implantation in the same LD model described previously,
that received the TEMG with pre-conditioning and second application of MDPCs had twice the
magnitude of functional recovery relative to the other two conditions evaluated.?>> These
TEMGs have also been implanted into a more clinically relevant, larger LD defect in an immune
competent rat.>>® Two months after injury, ex vivo functional assessment showed that muscle
defects implanted with pre-conditioned TEMGs had significantly higher contractile force
recovery than those treated with an acellular UBM scaffold or untreated controls. This TEMG
with the same cyclic mechanical pre-conditioning protocol has also been evaluated for its ability
to stimulate regeneration in murine TA defects, and displayed high variability in functional
regeneration.?>”2%® Collectively, these studies demonstrate the variability that the VML muscle
injury implantation model, anatomical location, and size contribute to observed functional
improvements.?*® Future investigations of various scaffold materials and cyclic mechanical
stimulation regimes may allow for further TEMG maturation and functionality.

In addition to cyclic mechanical pre-conditioning, many researchers have incorporated

static mechanical stimulation to provide uniaxial tension to TEMGs in vitro.>*> 26929 However,

many TEMGs generated with passive tension have not been evaluated in vivo for treating muscle
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defects, but instead have been developed for in vitro tissue modeling and drug screening.?4> 26!

263 Juhas et al. casted a Matrigel/fibrin matrix seeded with myoblasts into cylindrical
polydimethylsiloxane (PDMS) molds with Velcro tabs at either end which acted as gel
attachment sites and facilitated uniaxial tension.?®® After two weeks in culture, these TEMGs had
a high density of aligned myofibers encased in laminin, and generated twitch and tetanic
contractions upon electrical stimulation. Differentiated and undifferentiated TEMGs were both
implanted into a dorsal skinfold window chamber in nude mice to evaluate their ability to
survive and promote vascularization. Two weeks after implantation, TEMGs were saturated with
host vessels, and vessels in pre-differentiated TEMGs appeared to align with myofibers in a
manner that mirrors native tissue organization. Functional analysis of explanted TEMGs
demonstrated a 3.8-fold increase in specific force from one to two weeks post-implantation. The
ability of TEMGs generated with passive tension to treat VML injuries requires future
investigation and will allow us to better understand how these constructs may contribute to

skeletal muscle regeneration.

2.4.3.3 Angiogenesis and innervation

The ability of TEMGs to integrate into host vasculature and become innervated is
essential for their survival and ability to promote functional muscle regeneration. Vascularization
of these constructs is important because oxygen and nutrient diffusion limitations can inhibit
their survival and prohibit the creation of large constructs necessary to treat large-scale VML
injuries. To promote angiogenesis, researchers developed pre-vascularized TEMGs in vitro prior
to implantation to allow for extended cell viability. This is often achieved through co-culture,
where multiple cell types are used to generate TEMGs instead of myoblasts alone. To facilitate
the formation of NMJs and prevent denervation-related muscle atrophy of implanted TEMGs,
researchers investigated whether pre-forming these structures in TEMGs prior to implantation
would accelerate these connections upon in vivo implantation.?** Additionally, nerve activity has
been shown to be essential for skeletal muscle maturation because it provides electrical
stimulation and promotes the switch from fast to slow MyHC in regenerating muscle.’! The

development of TEMGs with vasculature and/or NMJs allows for the development of constructs
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that better mimic native skeletal muscle tissue and increase graft integration and success upon
implantation.

Several researchers developed pre-vascularized TEMGs and evaluated their ability to
participate in skeletal muscle regeneration in vivo.24-248: 265268 [ j et al. created TEMGs with
collagen hydrogels seeded with adipose-derived microvessels with or without myoblasts.?%
Upon implantation into a full thickness biceps femoris defect, vascularized constructs were
unable to prevent fibrosis and did not support muscle regeneration; this may suggest the
supportive role that vascularization plays in muscle regeneration. Other researchers utilized co-
and tri-cultures to generate vascularized TEMGs.247-248.266-267 Nakayama et al. seeded myoblasts
and ECs on aligned nanofibrillar collagen scaffolds.?*® Vascularized TEMGs yielded twice as
many donor-derived myofibers and a significantly higher perfused vascular density compared to
acellular scaffolds after implantation in a murine partial TA resection injury. Another group used
an electrospun fibrin scaffold co-seeded 1:1 with human ECs and ASCs and cultured the TEMG
in vitro for 11 days to form aligned vessels.?*’ The researchers implanted these vascularized
TEMGs into murine VML defects and found that the implanted human vessels anastomosed with
host vasculature and were perfusable. However, little host vessel infiltration into the TEMG was
observed, possibly because of the formation of a fibrous capsule around the implanted TEMG.
Others researchers evaluated a triculture system of myoblasts, fibroblasts, and ECs to generate
TEMGs.2%6-2¢7 K offler et al. seeded myoblasts, fibroblasts, and ECs on decellularized SIS ECM,
and found three weeks of culture promoted the formation of vessels with branched networks and
multinucleated myofibers.?% These TEMGs were implanted into a full thickness segment of the
abdominal wall of nude mice, and after 14 days exhibited branched vessel networks that
permitted higher perfusion than TEMGs of only myoblasts. Similarly, Shandalov et al. created
TEMGs by seeding a PLLA/PLGA scaffold with a tri-culture of myoblast, fibroblasts, and ECs
that was cultured in vitro for ten days.?$” One week after implantation into a full thickness
abdominal wall defect, tri-culture generated TEMGs demonstrated functional vascular perfusion
and anastomosis with host vessels. An alternative strategy by Lee et al. developed sheets of
myoblasts on a thermosensitive hydrogel transfected with VEGF plasmids.?*® The authors seeded
myoblasts on a Tetronic-tyramine-RGD hydrogel. The cells were transfected with VEGF

plasmids with poly(b-amino ester) nanoparticles. Transfected cells formed significantly more
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capillaries in vitro than non-transfected cells. Upon implantation into a mouse ischemia model,
muscles treated with transfected cell sheets had significantly enhanced capillary and arteriole
density relative to non-transfected cell sheets, indicating the ability of these transfected cells to
promote angiogenesis in the injury site. As in vitro tissue engineering strategies continue to be
developed, it is necessary to continue the development of strategies to enhance vascularization of
these constructs to ensure their survival after transplantation.

Other researchers have sought to form NMJs in vitro to accelerate innervation upon
implantation.?** One study evaluated the ability of agrin to create acetylcholine receptor clusters
on TEMGs of myoblast-seeded fibrin hydrogels.?** Agrin-supplemented TEMGs were implanted
subcutaneously into nude rats with the common peroneal nerve embedded within the construct.
Agrin-supplemented TEMGs enhanced contacts with host nerves and developed more mature
vasculature compared to TEMGs without agrin. However, these constructs did not generate
aligned myotubes, likely due to the isotropic nature of the fibrin hydrogel scaffold. Applying
agrin supplementation to scaffolds with unidirectional cues may allow for the generation of more
mature, innervated TEMGs. The development of TEMGs with a combination of vasculature and
NMJs would allow for a more biomimetic construct and one that is likely to have higher

survival, anastomosis, and innervation upon implantation.

2.5 CONCLUSIONS AND FUTURE DIRECTIONS

This chapter summarized the current tissue engineering approaches investigated to treat
VML defects, with a focus on biomaterials-based strategies. In situ, in vivo, and in vitro tissue
engineering strategies offer diverse approaches for treating VML injuries and have demonstrated
varied success. The variability of the outcomes is likely a result of the assortment of design
factors, including the use of numerous different preclinical defect models and assessment
strategies. Many factors impact these models, including the choice of animal, muscle, and the
method of generating muscle injury. While mice and rats are the most commonly utilized pre-
clinical animal models because of the ease of conducting high throughput studies with
standardized injury models, they typically create defects that are orders of magnitude smaller
than those seen clinically. More recently, researchers have used larger preclinical animal models

including dogs'* and pigs?®®, which generate defects on a more clinically relevant scale.?”
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Additionally, muscles in varying anatomical locations have different functions, anatomy, and
mechanical loading, which can influence regenerative outcomes.?’® Musculoskeletal injury
methods also vary and include myotoxic agents, hindlimb ischemia, and partial or total resection
models. While myotoxic agents and hindlimb ischemia can yield significant functional deficits,
these injuries retain native ECM, vasculature, and nerve structure. Thus, these injuries have a
pathophysiology that is different than that of destructive VML injuries.'®? Finally, researchers
utilize a broad range of metrics to evaluate VML regeneration from qualitative histology to
quantitative muscle functional analyses. Functional analyses are more useful in assessing
regenerative outcomes as a clinically feasible treatment, because VML is characterized by a
persistent loss of function. Ultimately, the use of a more standardized preclinical animal model
and corresponding functional assessment technique will help to make results more comparable
across the field.

Initially, tissue engineering scaffolds were simple scaffolds that provided mechanical
support to injuries or encapsulated cells for more efficient delivery. More recently, they have
progressed to more complex materials that recapitulate the ECM native milieu to locally control
host cellular functions and guide functional regeneration. To accomplish this, scaffolds
strategically combine biophysical and biochemical cues such as mechanics, topography, and
biologically active molecules. In the future, scaffolds that concurrently incorporate multiple both
biophysical and biochemical cues will more accurately recapitulate native skeletal muscle tissue
and likely lead to greater functional improvements. For example, a scaffold that provides
mechanical stability, alignment cues, and spatiotemporal control over the presentation of
bioactive molecules would provide both biophysical and biochemical cues that promote
functional skeletal muscle regeneration. Another important consideration is engineering these
scaffolds to promote vascularization and innervation, as both are paramount to normal muscle
function and successful regeneration.

Currently, clinical investigations have been limited to decellularized ECM scaffolds.
Ultimately, in situ tissue engineering strategies implanting acellular scaffolds will likely be the
first clinically available therapeutic for VML. They have off-the-shelf capabilities and simpler
scalability, cost-effectiveness, and path to FDA approval.'!® However, challenges still remain

regarding scalability of constructs for large defects and stability of incorporated biologic
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molecules. Cellular-based strategies have increased complexity compared to acellular strategies.
To avoid immune rejection autologous cell sourcing is necessary. This poses significant
challenges with manufacturing and maintaining cell plasticity. There is still an unresolved
conflict in the literature as to whether cell-based strategies are necessary for treating VML
defects. Further research into the mechanisms that govern endogenous regeneration may
elucidate mechanisms by which biomaterial-based treatments can successfully in promote
functional skeletal muscle in VML injuries.

In this thesis, we investigated fibrin microthreads as an instructive scaffold with both
biophysical and biochemical signaling cues that mimic the native skeletal muscle tissue
properties that are destroyed in large-scale VML injuries. Specifically, we sought to develop a
fibrin microthread scaffold with anisotropic surface features, robust mechanical properties, and
sustained release of FGF2 towards the ultimate goal of restoring function in VML injuries.
Anisotropic surface features were investigated to promote enhanced myoblast alignment, which
is essential for generating functional muscle tissue. To control scaffold mechanical properties
and decrease the rate of plasmin-mediated regeneration, we crosslinked fibrin microthreads with
horseradish peroxidase (HRP). To enhance the biochemical cues of this scaffold, we loaded
microthreads with FGF2 to improve myoblast proliferation and migration. Ultimately, we
hypothesize that improving the biophysical and biochemical cues of fibrin microthreads will

create a scaffold that enhances functional muscle regeneration after VML injuries.
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Chapter 3: Etching Anisotropic Surface Topography
onto Fibrin Microthread Scaffolds for Guiding
Myoblast Alignment!

Reproduced with permission from John Wiley and Sons publisher: Carnes, M. E. and Pins, G. D., Etching
Anisotropic Surface Topography onto Fibrin Microthread Scaffolds for Guiding Myoblast Alignment. Journal of
Biomedical Materials Research Part B 2020. 108 (5): 2308-2319. Copyright 2020.

3.1 INTRODUCTION

Biophysical cues such as scaffold topography are important regulators for directing
cellular alignment, differentiation, and migration, as well as for guiding tissue regeneration.
Tissue engineering of skeletal muscle often exploits biophysical cues to mimic the structure of
native muscle tissue. Skeletal muscle is a highly aligned and hierarchically organized tissue
responsible for uniaxial force transduction and voluntary locomotion. Efficient muscle
contraction results from this aligned tissue structure, where bundles of parallel multinucleated
myotubes synchronously contract. Initial myoblast alignment is an essential step prior to
myotube formation and maturation and is known to be guided by micron-scale grooves between
adjacent muscle fibers by a phenomenon known as contact guidance. The native extracellular
matrix (ECM) surrounding muscle fibers has a highly aligned and fibrous architecture, which
provides contact guidance cues and plays an important role in dictating muscle tissue structure
and function.” Incorporation of instructive biophysical cues such as micropatterning anisotropic
surface topography is a commonly exploited technique to promote myoblast alignment and
myotube formation on engineered scaffolds to ultimately enhance functional tissue regeneration.

Many strategies have been explored to create scaffolds with anisotropic surface

3-10 4,11-16 17-19

topography, including patterned substrates,’" electrospun fibers, microthreads, and
aligned pores.?*?? Electrospun fibers are one of the most commonly employed methods of
generating aligned fibrous scaffolds due to their facile production method, rapid fabrication, and
control over fiber thickness and orientation.>*> Aligned electrospun nano- and microfiber
scaffolds have been made from a range of synthetic and natural polymers, and have been shown
to stimulate myoblast adhesion, alignment, expression of myogenic proteins, and differentiation
Chapter 3

Etching Anisotropic Surface Topography onto Fibrin Microthread Scaffolds for Guiding | 71
Myoblast Alignment



into myotubes.* !"1¢ Despite this, electrospun scaffolds are limited by tight fiber packing, which
impedes cellular infiltration into the scaffold and challenges their clinical utility as a 3D
implantable scaffold.?6-?® Discrete polymer microthreads also mimic the morphological
architecture of native muscle tissue and have the unique capability of being hierarchically
organized into complex 3D scaffolds, such as bundles or composites, eliminating common
drawbacks of electrospun fiber scaffolds such as cellular infiltration.'® 23! In addition to tunable
mechanical properties, degradation rate, and presentation of biochemical signals, microfibers
have also been modified to incorporate nanoscale surface features for the purpose of further
stimulating cellular alignment.!'® 32-34

Our laboratory developed a strategy for creating discrete fibrin microthreads,
approximately 100 um in diameter.!” These scaffolds have robust and tunable mechanical

17.:32.35 a5 well as morphological properties

properties compared to fibrin hydrogel-based systems
that mimic native tissue architecture, making them an attractive platform technology for tissue
engineering applications.'® Scaffold tensile properties have been modified through changes in
production parameters®2, and through crosslinking with ultraviolet energy'’ or carbodiimide
chemistry.®> Fibrin microthreads have also been modified to incorporate growth factors such as
fibroblast growth factor 2 (FGF-2)*¢ and hepatocyte growth factor (HGF)*° to enhance cellular
functions such as proliferation and migration. Additionally, their cylindrical form mimics the
native fibril structure of ECM scaffolds and has been shown to promote alignment of a variety of
cell types, including myoblasts.!”-2% 3237

Fibrin microthreads have shown great promise as an implantable scaffold for treatment of
critical-size skeletal muscle defects.?® 3! Critical sized, non-healing defects in the tibialis anterior
of mice were created by excising muscle tissue. Muscle injuries treated with microthreads that
were bundled and seeded with primary muscle-derived cells significantly reduced collagen
deposition in the wound site, enhanced ingrowth of new muscle tissue, and improved functional
muscle regeneration compared to the untreated control 10 weeks after injury.*! Bundles of fibrin
microthreads crosslinked and loaded with HGF have also been evaluated using this in vivo
skeletal muscle defect model.>** HGF-loaded microthreads significantly increased the number of

myogenin-positive cells in the wound 14 days after injury and significantly enhanced muscle

force production 60 days post-injury. This enhanced muscle regeneration may be attributed to the
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biomimetic morphology of the microthread scaffold, as fibrin hydrogel implants did not promote
functional muscle regeneration. Immunohistochemical analysis of tissue explants revealed that
myofibers were located adjacent to microthreads and had a high number of nuclei per myofiber,
demonstrating that these scaffolds promote myoblast ingrowth and maturation in vivo. Although
microthreads have been shown to guide aligned muscle regeneration in muscle defects, in vitro
characterization of myoblast alignment reveals that only approximately 40% of cells on fibrin
microthreads are aligned along the long axis of the microthread.?> As such, there remains a
significant unmet need to generate highly oriented skeletal muscle tissue, and necessitates
exploration of new strategies to further enhance myoblast alignment on these scaffolds.

The goal of the present study is to develop and characterize a new method of imparting
grooved, aligned features onto the surface of fibrin microthread scaffolds to enhance myoblast
alignment. Initial studies in our lab showed that when microthreads were placed into a 2-(N-
morpholino)ethane-sulfonic acid (MES) acidic buffer prior to carbodiimide crosslinking, they
displayed surface features with anisotropically aligned grooves parallel to the long axis of
microthreads. Here we evaluate the effect of MES buffer pH on the generation of anisotropic
surface features, scaffold tensile properties, and myoblast alignment. We hypothesized that
anisotropic surface topography would promote myoblast alignment along the long axis of the
microthread, thus making these microthreads a promising scaffold to enhance functional skeletal

muscle regeneration.

3.2 MATERIALS and METHODS
3.2.1 Fibrin microthread extrusion

Fibrin microthreads were formed by 3D printing, co-extruding fibrinogen and thrombin
as previously described.!” Briefly, fibrinogen isolated from bovine plasma (MP Biomedicals)
was dissolved in HEPES (N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]) buffered
saline (HBS, 20 mM HEPES, 0.9% NaCl, pH 7.4) to a concentration of 70 mg/mL and stored at -
20°C until use. Thrombin isolated from bovine plasma (Sigma) was dissolved in HBS at 40
U/mL and stored at -20°C until use. To produce microthreads, fibrinogen and thrombin solutions
were thawed to room temperature, and thrombin was mixed with a 40 mM CaCl; solution to

form a 6 U/mL working solution. Equal volumes of fibrinogen and thrombin solutions were
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taken up separately into 1 mL syringes and inserted into the tip of a blending applicator
(Micromedics Inc., St. Paul, MN; SA-3670). The solutions were mixed in the blending applicator
and extruded 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. Threads were extruded at
0.225 mL/min using a dual syringe pump. After microthreads were incubated for 10-15 min to
allow for polymerization, the scaffolds were removed and stretched to approximately 300% of

their initial drawn length and hung overnight to dry under the tension of their own weight.

3.2.2 Microthread etching

To create anisotropic grooved features on the surface of fibrin microthreads, microthreads
were first suspended in 1-well dishes by inserting them between two slatted
polydimethylsiloxane (PDMS) columns placed on the edges of the dish (Figure 3.1).
Approximately 13 - S5cm long microthreads were suspended in each 1-well dish. 30 mL of 50
mM 2-(N-morpholino)ethane-sulfonic acid (MES) at a pH of 5.0 or 5.5 was added to 1 well
dishes for a period of 15 minutes. Additional timepoints of 30 minutes and 1 hour were initially
tested, but no difference in surface features were observed and therefore these conditions are not
reported in this chapter. After 15 minutes, MES buffer was removed and microthreads were
rinsed three times for five minutes with deionized (DI) water. Microthreads were then allowed to

air dry. Control microthreads were treated with DI water instead of MES buffer.

A Coextrude fibrinogen and thrombin B Stretch threads 300% C Etch threads in MES D Dryin tension
through PE tubing. Polymerize in of drawn length, dry in buffer (pH 5.0 or 5.5) overnight
HEPES (pH 7.4) for 15 m tension for 15 m, diH,0 rinses

g
RITER » » »

Figure 3.1. Method of MES etching of fibrin microthreads. Fibrin microthreads are made by 3D printing of
fibrinogen and thrombin into HEPES buffer (A). Threads are stretched 300% of initial drawn length and hung to
dry in tension (B). MES buffer (pH 5.0 or 5.5) is added to threads for 15 minutes, followed by three 5-minute
dH»0 rinses (C). Threads are left to dry in tension overnight (D).

-
=
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3.2.3 Surface characterization

To characterize the surface topography of MES-etched fibrin microthreads, atomic force
microscopy (AFM) was used to visualize microthread surface features (NaioAFM, Switzerland).
10 um x 10 pm images were taken of thread surfaces using constant force contact mode and a
MikroMasch HQ: CSC17 contact mode cantilever (Figure 3.2 A) Gwyddion software was
utilized to flatten gross thread curvature with inputted average thread diameter using the revolve
arc feature (Figure 3.2 B - C). Root mean square roughness (Rq) and surface area (SA) were
acquired using the “Statistical quantities” tool in Gwyddion software on curve-flattened images.
Average maximum height of roughness and mean spacing of profile irregularities were acquired
by evaluating 5 horizontal lines evenly spaced across each original unflattened image at 1, 3, 5,
7, and 9 pm. The “Calculate roughness parameters” tool in Gwyddion was used to determine

roughness parameters, and the five values for each image were averaged.
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Figure 3.2. Method of AFM image analysis for MES-etched fibrin microthreads. Original AFM images of
the microthread surface (A) are flattened with Gwyddion software using average thread diameter (B). Flattened
images can also be represented in 2D (C). 2D fast Fourier transforms (FFT) of flattened surfaces are performed
(D). FFT outputs are binarized and rotated 90°. A yellow circle and line demonstrate circular angle pixel
analysis (E). Radial pixel analysis results in a plot of pixel intensity at each degree, where high peaks at 90° and
270° indicate anisotropic surface topography consistent with the long axis of the microthread (F).

Anisotropy of scaffolds were characterized by performing a Fast Fourier Transform
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(FFT).*® Fourier transform converts an image from the spatial domain to the frequency domain.
It represents the rate of change of pixel intensities across an image, with low frequencies in the
center and high frequencies furthest from the center of the transform. Fourier transforms with
frequencies along one axis represent surfaces with a high degree of surface alignment. FFT of
each flattened AFM image were generated using Gwyddion (Figure 3.2 D). ImageJ (NIH) was
used to convert FFT images to 16 bit and rotate 90°. Oval Profile ImagelJ plug-in was used to
further evaluate topography by summing pixels along each degree of a circle created around an
FFT plot (Figure 3.2 E). Pixel intensity values for each FFT plot were normalized so that data
for all samples could be compared. These values can then be plotted to show changes in pixel
intensity over 360° (Figure 3.2 F). Narrow, high peaks represent a high degree of alignment.

Etched microthreads were also imaged with scanning electron microscopy (SEM) to
characterize thread morphology and surface topography. Air-dried threads were mounted on
aluminum stubs (Ted Pella, Redding, CA) coated with double-sided carbon tape and sputter
coated with a thin layer or gold-palladium for 1 minute. Images were acquired with 5 kV
accelerating voltage using a Phenom G1 benchtop SEM (Thermo Fisher Scientific, Waltham,
MA).

3.2.4 Mechanical characterization of etched microthreads

Mechanical analysis of etched fibrin microthreads was performed using methods
described previously.*® Individual microthreads were attached with medical grade silicone
adhesive to vellum paper frames with precut windows of 2.0 cm, which defined the region of
loading. The 2.0 cm was the distance between the adhesive spots on the two edges of the vellum
frame window and was used as the initial gauge length for testing. Silicone glue was allowed to
cure for at least 12 hours. Microthreads adhered to vellum frames were hydrated in phosphate
buffered saline (PBS) (pH 7.4, room temperature) for one hour prior to testing. Hydrated
microthreads diameters were measured using a calibrated reticule with a 10x objective on a
Nikon Eclipse E600 upright microscope (Nikon, Melville, NY). To define the cross-sectional
area, microthreads were assumed to be cylindrical and three diameter measurements were taken
along the length of each microthread and averaged.

After hydration, microthreads were securely mounted in the grips of an ElectroPuls
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E1000 uniaxial testing machine (Instron, Norwood, MA) and a 1 N load cell. Once secured, the 2
edges of each vellum frame were cut, and the microthreads were uniaxially loaded until failure at
a 50% strain rate (10 mm/min). Force and displacement were recorded continuously through
each test at 10 Hz frequency. Engineering stress was calculated as the recorded force divided by
the initial cross-sectional area of the microthread. Strain was calculated as the increased
extension from the initial 2.0 cm gauge length. A MATLAB (MathWorks, Natick, MA) script
was written to analyze the ultimate tensile strength (UTS), maximum tangent modulus (MTM),
strain at failure (SAF), and load at failure for each sample. The MTM was defined as the highest
linear region in the stress-strain curve for each sample that corresponds to 20% of the total length
of each test. Outliers were identified as any microthreads whose wet diameters or load at failure
were 1.5 times greater than the inner quartile range (IQR) (average wet diameter +/- 1.5(IQR))

and were subsequently removed from further analysis, as previously described.?? 3*

3.2.5 Cell culture

C2C12 Immortalized mouse myoblasts (ATCC CRL-1772, Manassas, VA) were cultured
in complete medium, consisting of a 1:1 (v/v) ratio of high glucose Dulbecco’s modified Eagle
Medium (DMEM, Gibco, Thermo Fisher Scientific) and Ham’s F12 (Gibco), supplemented with
4 mM L-glutamine, 10% fetal bovine serum (FBS, HyClone, Logan, UT), 100 U/mL penicillin,
100 pg/mL streptomycin (Thermo Fisher Scientific, Waltham, MA), and 2.5 pg/mL amphotericin-
B (Thermo Fisher Scientific) as described previously.*> Cells were incubated at 37°C with 5%
CO2 and maintained at a density below 70% confluence using standard cell culture techniques.

Cell passage was carried out using 0.25% trypsin-EDTA (Corning, Corning, NY).

3.2.6 Nuclear alignment of myoblasts on etched microthreads

A cell alignment assay was conducted to determine myoblast alignment on microthread
scaffolds as previously described.?? Briefly, three individual microthreads of the same condition
were attached to a PDMS ring (inner diameter 3.4”) with medical grade silicone adhesive.
Microthreads were sterilized in 70% ethanol for at least 2 hours and rinsed 3 times with DI
water. Rings were placed on top of 13 mm diameter circular Nunc Thermanox™ coverslips

(Thermo Fisher Scientific) elevated in 6-well dishes by a PDMS post. Immediately prior to
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seeding, microthreads were rehydrated with 150 uL of PBS for 1 hour. After 1 hour, PBS was
aspirated and 100 pL of a 100,000 cells/mL cell suspension in complete medium supplemented
with 50 pg/mL aprotinin was added to the top of the coverslip. After a 4 hour incubation, PDMS
rings with seeded microthreads were moved to a new 6-well plate with fresh medium and
allowed to incubate for an additional 20 hours. After 24 hours, microthreads were fixed in 4%
paraformaldehyde and stained with Hoechst 33342 to visualize C2C12 myoblast nuclei.
Microthreads were imaged using a fluorescent microscope (Zeiss Axiovert 200M
microscope, Carl Zeiss, Germany). Fluorescent images were analyzed by thresholding greyscale
images in ImageJ and carrying out the particle analysis function within ImageJ to obtain the
orientation of the long axis of the nucleus with respect to the microthread, as previously
described.?? Cells with nuclei on the edge of the microthread or in contact with another cell were
excluded from analysis. All other nuclei orientations were normalized to fall between 0° and 90°,
binned in 15° increments, and plotted on a circular histogram using a custom MATLAB script.
The script displayed total nuclei within each increment and calculated kurtosis using the kurtosis

MATLAB function.

3.2.7 Cytoskeletal organization of myoblasts on single and bundled etched microthreads

Groups of five microthreads were bundled together by hydrating scaffolds dropwise with
PBS until microthreads adhered together, as previously described.?® Three individual
microthreads or one bundle were attached to 25 x 25 mm glass coverslips with medical grade
silicone adhesive and placed in 6-well plates for sterilization and culturing. Single or bundled
microthreads were sterilized in 70% ethanol for at least 2 hours and rinsed 3 times with DI water.
Immediately prior to seeding, microthreads were rehydrated with 200 pL of PBS for 1 hour.
After 1 hour, PBS was aspirated and 200 pL of a 250,000 cells/mL cell suspension in complete
medium supplemented with 50 pg/mL aprotinin was added to the top of the coverslip. After 4
hours of incubation, 3 mL of fresh medium was added to each well to completely submerge the
single or bundled microthreads and allowed to incubate for an additional 20 hours. After 24
hours, samples were fixed in 4% paraformaldehyde and stained with Alexa fluor 488 phalloidin
and Hoechst 33342 following manufacturer’s instructions to visualize C2C12 myoblast

filamentous actin (F-actin) and nuclei, respectively. Single and bundled microthreads were
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imaged using a Zeiss Axiovert 200M microscope and confocal microscope (TCS SP5 Point

Scanning Confocal, Leica, Germany), respectively.

3.2.8 Statistical analyses

Statistical analyses were performed using Graphpad Prism 7 software. For mechanical testing,
nuclear alignment, and roughness parameter data, statistical differences were determined by one-
way ANOVA (p < 0.05) with Dunnett’s pairwise multiple comparisons post hoc analysis, or by
Kruskal Wallis (p < 0.05) with Tukey’s pairwise multiple comparisons post hoc analysis if
ANOVA assumptions were not met. Two-way ANOVA (p < 0.05) with Dunnett’s pairwise
multiple comparisons post hoc analysis was used to evaluate FWHM and maximum pixel intensity
of FFT plots. Values reported are means + standard error of the mean (SEM) unless otherwise

stated.

3.3 RESULTS
3.3.1 Etching imparts anisotropic surface features on fibrin microthreads as a function of
pH

Anisotropic grooved features were created on the surface of fibrin microthreads by
incubating microthreads in MES buffer, where buffer pH was an important regulator in the
generation of surface features. SEM images of fibrin microthreads showed amorphous surface
features on control microthreads (dH>O) and those placed in MES buffer with a pH of 5.5 (MES
5.5), while microthreads placed in a more acidic MES buffer with a pH of 5.0 (MES 5.0)
exhibited highly aligned, grooved surface features parallel to the long axis of the microthread
(Figure 3.3 A - C). Preliminary studies evaluating a wide range of buffer pH conditions showed
that all MES buffer with a pH below 5.0 resulted in microthread degradation, and all MES buffer
with a pH above 5.5 exhibited amorphous surface features comparable to those observed at pH
5.5. For this reason, further analyses were limited to microthreads incubated in MES buffers with

pH of 5.0 and 5.5.
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AFM (3D)
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Figure 3.3. Surface characterization of etched fibrin microthreads. Representative SEM images of control
dH>0 microthreads (A) and MES-etched microthreads with pH 5.5 (B) and pH 5.0 (C). 10 pm x 10 um 3D (D-
F) and 2D (G-I) AFM images of fibrin microthread surfaces. Control dH,O microthreads (D, G) and threads
etched in MES pH 5.5 (E, H) do not demonstrate aligned surface features. Microthreads etched in MES pH 5.0
buffer (F, I) have grooved, anisotropic surface characteristics along the long axis of the thread, indicated by
black arrows. Scale bar is 20 pm on SEM images and 2 um on 2D AFM images.

Characterization of microthread surfaces with AFM confirmed our initial observations
with SEM. Images of microthread surfaces (10 um x 10 um) showed nanoscale surface features,
which appeared amorphous on dH>O and MES 5.5 microthreads, but highly anisotropic on MES
5.0 microthreads (Figure 3.3 D - I). Additionally, these anisotropic grooved features on MES 5.0
microthreads were consistent with the long axis of the microthreads, as indicated by the black
arrows in Figure 3.3. Anisotropy of microthread surfaces were characterized by performing a
FFT followed by a radial pixel summation of flattened AFM images to generate normalized pixel
intensity plots, where high, narrow peaks at 90° and 270° indicate anisotropic surface features
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consistent with the long axis of the microthread (Figure 3.2 F). All microthread conditions
exhibited characteristic peaks at 90° and 270°, indicating the presence of anisotropic features
(Figure 3.4 A). Normalized pixel intensity plots were quantified for peak height and steepness of
peaks at 90° and 270°. MES 5.0 microthreads had significantly higher pixel intensity at the 270°
peak than dH>O microthreads (Figure 3.4 B). Peak steepness was evaluated by calculating full
width half maximum (FWHM) for the two peaks. No differences in FWHM were observed

between microthread conditions (Figure 3.4 C).
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Figure 3.4. Alignment analysis of AFM surface topography. Average normalized pixel intensities of 2D FFT
plots of flattened AFM images have sharp spikes at 90° and 270°, which indicate aligned topography in the
direction of the long axis of the microthread for all conditions (A). Pixel intensity values for the three conditions
at peaks (90° and 270°) were compared and show significantly higher peak at 270° in the MES 5.0 microthread
compared to control dH>O microthreads (B). Full width half maximum (FWHM) of each pixel intensity plot was
evaluated to assess the steepness of the peaks (C). * indicates statistical significance between corresponding
groups using two-way ANOVA with Dunnett’s pairwise multiple comparisons post hoc analysis (p < 0.05, N >
3 experimental replicates).

Chapter 3
Etching Anisotropic Surface Topography onto Fibrin Microthread Scaffolds for Guiding | 81
Myoblast Alignment



Standardized AFM roughness parameters were also evaluated to further characterize the
surface properties of the microthreads. Surface area and roughness were evaluated from flattened
AFM images. No significant changes between microthread etching conditions were observed
(Figure 3.5 A, C). To elucidate information about the scale of observed surface features, average
maximum height of roughness and mean spacing of profile irregularities were evaluated from a 5
line average of roughness parameters (Figure 3.5 B, D). Average maximum height of roughness
was 38.9 +/- 12 nm for MES 5.0 microthreads, 25.0 +/- 0.7 nm for MES 5.5 microthreads, and
33.9 +/- 6.8 nm for dH20 control microthreads. This provided important information about the
depth scale of surface features. Mean spacing of profile irregularities provided information about
the width scale of these features and was found to range tightly between 646 - 676 nm for all 3

microthread conditions.
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Figure 3.5. Analysis of microthread surface area, roughness, and feature dimensions. Gwyddion software
was used to calculate average parameters for each 10 um x 10 pm AFM image. Surface area (A) and RMS
roughness (C) were evaluated with the general statistics tool in Gwyddion on AFM arc-subtracted images.
Average maximum height of roughness (B) and mean spacing of profile irregularities (D) provide height and
width information about observed surface features. These were calculated from 5-line averages of the Gwyddion
line roughness analysis tool. No statistically significant differences in surface area and roughness parameters
were found. (N = 3 experimental replicates).
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3.3.2 Etching does not attenuate the tensile mechanical properties of fibrin microthreads
Scaffold mechanical properties serve as another biophysical cue that regulates muscle
cell adhesion, proliferation, and differentiation.*’ Tensile mechanical testing was performed on
MES etched fibrin microthreads to ensure that this treatment to impart anisotropic surface
features did not significantly decrease scaffold mechanical properties. Microthreads were
uniaxially loaded at a 50% strain rate until failure to determine their mechanical properties. Prior
to testing, diameter measurements of hydrated microthreads were taken. There were no
significant differences found between MES 5.0, MES 5.5, and dH>O fibrin microthread
diameters (Figure 3.6 D). Stress-strain curves of all microthread conditions exhibited initial toe
regions where with increasing elongation there was small increase in stress, similar to previously

published work evaluating fibrin microthread tensile properties.*>
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Figure 3.6. Mechanical properties of control and MES etched fibrin microthreads. Uniaxial tensile testing
of fibrin microthreads was performed to failure and resulting stress-strain curves were analyzed to evaluate
ultimate tensile strength (UTS) of scaffolds (A), strain at failure (SAF) (B), and maximum tangent modulus
(MTM) (C). No statistically significant differences in mechanical properties between dH.O, MES 5.5, and MES
5.0 microthreads were found. No differences in hydrated microthread diameter were noted between control and
etched microthreads (D). (N = 5 experimental replicates, n > 20 microthreads).
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No significant differences were observed in UTS, SAF, or MTM between MES 5.0, MES 5.5,
and dH>O microthreads (Figure 3.6 A - C), indicating that the surface etching treatment had no

marked effect on bulk microthread mechanical properties.

3.3.3 Myoblasts preferentially align on fibrin microthread scaffolds

To investigate the effect of myoblast alignment on fibrin microthreads with anisotropic
surface features, C2C12 myoblasts were seeded on single and bundled microthreads for 24
hours, fixed, and stained with Hoechst to visualize nuclei. Single and bundled microthreads were
also stained with phalloidin to visualize F-actin organization of cells seeded on etched
microthreads. Myoblasts seeded on MES 5.0 microthread bundles appeared elongated along the
long axis of the microthreads, while those seeded on MES 5.5 and dH>O microthread bundles
demonstrated less preferential alignment (Figure 3.7 A). Additionally, F-actin stress fiber
organization appeared randomly oriented on MES 5.5 and dH>O microthread bundles, and highly
aligned along the long axis of the microthread on MES 5.0 microthread bundles. These results
were consistent with what we observed when myoblasts were seeded on individual microthreads
(Figure 3.8). We also noticed that on all bundled microthread conditions, myoblasts exhibited a
high degree of alignment when located in the grooves between adjacent microthreads. Nuclear
orientation was evaluated with respect to the long axis of the microthread, where an angle of 0°
corresponds to alignment with the long axis of the microthread. Circular histograms showing the
distribution of nuclear orientation angle indicate that myoblasts preferentially aligned with the
long axis of the microthreads in all experimental conditions (Figure 3.7 B). Kurtosis values were
calculated for each condition to indicate the sharpness of the peak in the data. The dH>O
condition had a kurtosis value of 0.0654, MES 5.5 was 0.219, and MES 5.0 was 0.683, indicating
a trend in increasing peakness of the data where the anisotropic MES 5.0 condition had the
greatest degree of peakness. The MES 5.0 condition had the highest percentage of total aligned
cells, 57.7 +/- 11.6%, which is defined as cells that align within 15° of the long axis of the
microthread (Figure 3.7 C). MES 5.0 microthreads had a significantly higher percentage of
aligned cells compared to MES 5.5 microthreads (Figure 3.7 C). However, anisotropic surface
features on MES 5.0 microthreads did not appear to influence total average cell angle (Figure

3.7D).
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Figure 3.7. Cellular alignment analysis of myoblasts seeded on single and bundled fibrin microthreads. To
visualize cellular spreading and F-actin organization, bundles of five microthreads seeded with myoblasts were
fixed and stained with phalloidin (green) and Hoechst (blue) to visualize F-actin and nuclei, respectively. White
dotted lines represent microthread bundle edges (A). To quantify nuclear orientation of myoblasts on single
microthreads, nuclear orientation with respect to the long axis of the fibrin microthread was analyzed using
ImagelJ software, where the long axis of the microthread is represented as 0°. Circular histograms of nuclear
orientation angle show that nuclei demonstrate preferential orientation along the long axis of the microthread in
all conditions (B). We also evaluated the percent of total cells on each microthread condition considered to be
aligned (0-15°) and note a significant increase in percent aligned cells on MES 5.0 microthreads compared to
MES 5.5. (C), Average cell angle on each microthread condition was also evaluated and found no statistically
significant differences between conditions (D). (N = 6 experimental replicates).
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Figure 3.8. Cytoskeletal alignment analysis of myoblasts seeded on single fibrin microthreads. To visualize
cellular spreading and F-actin organization, single microthreads were seeded with myoblasts, fixed, and stained

with phalloidin (green) and Hoechst (blue) to visualize F-actin and nuclei, respectively. Scale bar is 100 pm. (N

> 3 experimental replicates).

3.4 DISCUSSION

To recapitulate native skeletal muscle architecture and facilitate myoblast alignment, the
goal of this study was to fabricate and characterize fibrin microthread scaffolds with aligned
surface features. Anisotropic surface grooves were created on fibrin microthreads with a simple
and easily implemented method of acid etching, where the pH of MES buffer regulated the
topography of resulting nanoscale surface features. Addition of surface features did not change
surface area or roughness, indicating that changes in myoblast alignment are due specifically to
feature architecture. The generation of surface features did not attenuate the tensile properties of
the microthreads, demonstrating that scaffold topography can be tuned independent of other
important biophysical cues such as scaffold stiffness. Finally, myoblasts preferentially aligned
along the long axis of microthreads on MES 5.0 microthreads, suggesting that this surface
topography guides myoblast response.

Aligned features were created on the surface of fibrin microthreads with a facile method
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of acid etching, where the pH of MES buffer regulated the resulting nanoscale surface
topography. Initial studies evaluating a wide range of pH and time in buffer indicated that these
surface features were created in as early as 15 minutes, and in buffer with a pH of 5.0. MES
buffer with a pH lower than 5.0 resulted in microthread degradation, which would compromise
the structural integrity of the scaffold. MES buffer with a pH of 5.5 resulted in surface features
that appeared amorphous upon inspection with SEM and AFM. FFT analysis further confirmed
that MES 5.5 microthreads had less pronounced anisotropic surface features than MES 5.0
microthreads. We hypothesize that the anisotropic surface features are a result of an interaction
between the fibrin microthread surface and acidic buffer environment. One possible mechanism
for the generation of more aligned features on MES 5.0 microthreads is that the more acidic
MES bath degrades fibrin on the microthread surface, exposing aligned interfibrillar structures
within the fibrin microthread. A critical step in fibrin microthread fabrication is uniaxial
stretching after initial polymerization. Previous observations in fibrin gel and microthread
systems subjected to similar uniaxial strain exhibit a high degree of interfibrillar alignment, with
features on the same size scale as those observed on MES 5.0 microthreads. 632 41-43
Additionally, pH is known to play an important role in regulating fibrin clot formation and
fibrillar microstructure.** This may also explain why changes in fibrin microthread surface
topography were observed as a function of MES buffer pH. Future studies to investigate the role
of pH and buffer chemistry will elucidate the mode of action for surface feature generation.
MES surface treatment produces aligned surface features on fibrin microthreads that
recapitulate native ECM architecture in skeletal muscle. Skeletal muscle is a highly aligned and
hierarchically organized tissue with bundles of parallel multinucleated myotubes that
synchronously contract to generate uniaxial force transduction and voluntary locomotion. This
aligned tissue structure is essential for generating efficient tissue contraction and force
generation. Initial alignment of myoblasts is essential in dictating myotube formation, alignment,
and maturation, and is known to be guided in vivo by micron-scale grooves between adjacent
muscle fibers. Skeletal muscle ECM surrounding myofibers has a highly aligned and fibrous
architecture, which provides these contact guidance cues and plays an important role in dictating
muscle tissue structure, function, and repair.? During muscle repair, satellite cells are guided by

the basement membrane surrounding necrotic myofibers to facilitate aligned cell division,
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migration, and fusion into mature myofibers.*> % These mechanisms are driven in part by the
topographical cues provided by the basement membrane. Structural evaluation of skeletal muscle
basement membrane shows an aligned organization of ECM architecture, including perimysial
collagen bundles approximately 0.5-1 pm in diameter that run parallel to muscle fibers.> Through
AFM characterization, we found that grooves created on MES 5.0 microthreads had an average
spacing of 646 +/- 163 nm, which is consistent with the dimensions of hierarchically organized
collagen fiber bundles in native tissue. Dimensions of these surface features are also consistent
with reported dimensions in literature for nanofibers and grooved nanopatterned substrates that
have been effective in eliciting myoblast alignment and myotube formation.* % 12 Huang et al.
noted that although both micropatterned and nanofibrous substrates permitted cytoskeletal
alignment and myotube formation, the nanofibrous scaffolds (500 nm in diameter) were more
effective in promoting longer and wider myotubes.* This study supports our findings which
suggest that the addition of sub-micron grooves on microthreads may further promote myoblast
alignment. Future work will investigate the effect of fibrin microthread etched surface features
on focal adhesion formation and differentiation into mature myotubes. This may elucidate
underlying cellular mechanisms of how myoblasts respond to surface topography, which is still
not understood. Additionally, AFM characterization indicated that despite marked changes in
surface features, there were no significant differences in surface area and roughness between the
dH20, MES 5.5, and MES 5.0 microthreads. This suggests that it is specifically the aligned
features of the surface morphology, not just a change in surface area or roughness that is causing
trends in increasing cellular alignment.

Despite significant changes in surface features, fibrin microthreads etched with MES did
not exhibit any changes in tensile mechanical properties compared to control dH20 microthreads.
In addition to surface topography, other biophysical cues such as scaffold elasticity play an
important role in regulating muscle cell maturation. While substrate stiffness does not affect the
propensity for myoblasts to assemble into myotubes, it was shown to have an important role on
the formation of myosin/actin striations.*> Myoblasts cultured on substrates with a modulus of 12
kPa, which matches the elasticity of native muscle tissue, were found to have significantly
increased striations, indicating a more functional and mature cellular phenotype.*® While our

scaffolds have a stiffness that exceeds the 12 kPa static stiffness of native muscle tissue, tissue
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stiffness has been reported to increase to 11.2 MPa while contracting®’; this places our scaffolds
in the same range as native contracting muscle. Additionally, substrates stiffer than native
muscle tissue have previously been shown to promote enhanced myoblast differentiation via
upregulation of muscle creatine kinase and myogenin.** %’ Furthermore, we report fibrin
microthread scaffolds with strains at failure between 23-27%, which closely aligns with the 10-
30% strains experienced by native skeletal muscle.

In addition to surface topography, other methods of promoting skeletal muscle maturation
such as mechanical and electrical stimulation have demonstrated some success in recapitulating
skeletal muscle structure and function.’® /n vivo, skeletal muscle receives electric signals from
motor neurons via neuromuscular junctions, which initiate muscle contraction. When applied to
anisotropically aligned electrospun constructs, electrical stimulation has been shown to further
enhance myoblast alignment, contractile protein expression, and contractility.!">! These findings
motivate the future incorporation of electrical stimulation to fibrin microthread culture as a
method of further enhancing myoblast alignment on these scaffolds. In addition to electrical
signals, skeletal muscle experiences mechanical strains during development that are known to
play an important role in myogenesis. Researchers demonstrated that a wide range of mechanical
strain regimes on tissue engineered skeletal muscle constructs have resulted in enhanced
myogenic outcomes.>? There is promising potential in combining electrical and mechanical
stimulation regimes with anisotropically aligned scaffolds towards the goal of further enhancing
myoblast maturation, alignment, and differentiation. Preliminary work in our lab is focused on
providing these instructive mechanical and electrical cues to fibrin microthread scaffolds and
will be an important thrust of our research moving forward.

Fibrin microthreads with aligned topographical surface features have broader applications
in tissue engineered systems where alignment of cells is of paramount concern for tissue
maturation and functionality. Scaffolds with aligned nanoscale features have been used to
promote endothelial cell and cytoskeletal alignment, gap-junction formation, and increased
resistance to detachment towards the goal of developing tissue engineered vascular grafts.’* >4
Scaffolds with aligned topographical features have been explored for the generation of nerve
guidance conduits for treatment of peripheral nervous system injuries to facilitate axonal

growth.>® Toward the development of tendon and ligament grafts, microthreads have been
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bundled, knitted, braided, and incorporated into composites towards the goal of matching native
tendon mechanical properties, tuning scaffold degradation rate, and enhancing cellular
response.'® Finally, aligned scaffolds have also been used to stimulate the generation of mature
and contractile cardiomyocytes. Notably, recent work by Chrobak et al. found that incorporating
fibrin microthreads into a composite scaffold allowed for the development of a cardiac patch that
mechanically matched native myocardium and supported cardiomyocyte maturation, contraction,

and alignment.?’

With their tunable biochemical, mechanical, and surface properties, microthread
scaffolds have the potential to serve as a platform technology to significantly enhance the

restoration of many axially aligned and hierarchically complex tissues.'®

3.5 CONCLUSIONS

In this study, we presented a new method of creating anisotropic topography on the
surface of fibrin microthread scaffolds. Characterization of these surface features with multiple
imaging modalities indicated the generation of aligned, sub-micron sized grooves as a function
of MES buffer pH. Microthreads etched with surface features had comparable tensile mechanical
properties, indicating that this surface treatment does not inhibit the bulk properties of this
scaffold. The ability to tune scaffold topography independent of mechanical properties is a useful
tool for microthread-based scaffold modifications and has the potential to have an important role
in further stimulating desired cellular functions such as alignment and differentiation. Myoblasts
preferentially aligned on etched and control microthreads, likely due to the fact that microthread
architecture initiates cellular alignment. However, our data suggests that MES 5.0 microthreads
may further enhance myoblast alignment on microthread scaffolds. Future work to investigate
myotube differentiation will further elucidate the ability of this anisotropic scaffold topography

to promote functional skeletal muscle regeneration.
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Chapter 4: Horseradish Peroxidase-Catalyzed
Crosslinking of Fibrin Microthread Scaffolds’

Reproduced with permission from Mary Ann Liebert, Inc. publishers: Carnes, M. E., Gonyea, C. R., Mooney, R. G.,
Njihia, J. W., Coburn, J. M., and Pins, G. D., Horseradish peroxidase-catalyzed crosslinking of fibrin microthread
scaffolds. Tissue Engineering Part C: Methods 2020. 26(6): 317-331. Copyright 2020.

4.1 INTRODUCTION

Native tissues possess extracellular matrix (ECM) architectural cues that are highly
complex and dictate tissue-specific functions. The primary structural components of ECM are
fibrillar elements, arranged into hierarchically ordered structures from the nano- to macro-scale.
The organization of these fibers varies from tissue to tissue to optimize the mechanical
properties, contact guidance cues, and function of specific tissues. In tendon and ligament, type I,
II, and V collagen fibrils organize into dense and highly aligned cable-like bundles to facilitate
uniaxial force transduction.? In skin, type I and III collagen fibers form sheet-like arrays in
various orientations, capable of resisting tension in multiple directions.® This structure-function
relationship has motivated the rational design and development of microfiber scaffolds that
mimic this complex, fibrous tissue architecture. Microthreads are discrete, fibrous scaffolds
comprised of naturally derived biopolymers including fibrin,*® collagen,’!? silk,'* * and
chitosan.!> !¢ Their structure is analogous to native ECM fibrils, and they can be similarly
arranged to create hierarchically complex scaffolds to recapitulate a variety of tissue
architectures.!” Microfiber scaffolds also provide provisional structural and mechanical support,
topographic cues, and biochemical signaling cues to direct cell-mediated tissue regeneration.!”

Fibrin microthreads are a microfiber scaffold whose cylindrical form mimics native ECM
fibrils, promoting cellular alignment and guided tissue regeneration.* > - % 18- Fibrin, the
bioactive provisional matrix protein responsible for blood clotting, recruits cells that direct
wound healing and functional tissue regeneration, making it a beneficial scaffold material.??
Fibrin microthreads are fabricated by extruding solutions of fibrinogen and thrombin, which
triggers the polymerization of a fibrin matrix.* These scaffolds can be modified to deliver

therapeutic proteins such as fibroblast growth factor 22* and hepatocyte growth factor!® 24 to
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enhance cellular proliferation and migration. Discrete fibrin microthreads hierarchically
organized into bundles or aligned composite patches mimic the organization and mechanical
properties of muscle and cardiac tissue, respectively.>® ¥ While fibrin microthreads have robust
mechanical properties compared to fibrin hydrogel-based systems, uncrosslinked fibrin scaffolds
remain susceptible to rapid degradation by fibrinolytic proteases when implanted in vivo,
limiting the regenerative capacity of these matrices.* %7 This motivated the investigation of
production and post-processing modifications to increase the structural stability and persistence
of these scaffolds.

Towards this, the mechanical properties of fibrin microthread scaffolds have been
modified through both production’ and post-processing crosslinking techniques.* © Increasing the
degree to which fibrin microthreads are stretched during production yields scaffolds with
significantly greater tensile strength and stiffness, but does not decrease the scaffold degradation
rate.” Fibrin microthreads have also been ultraviolet (UV)* and carbodiimide crosslinked® via
post-processing methods. While the facile method of UV crosslinking produced microthreads
with two-fold greater ultimate tensile strength and moduli, UV crosslinked microthreads
attenuated fibroblast proliferation.* This significantly limits the utility of UV crosslinking for
implantable tissue engineering scaffolds. Carbodiimide crosslinking of fibrin microthreads also
resulted in tunable scaffold mechanics.® However, when carbodiimide crosslinked microthreads
were implanted into a murine muscle injury, scaffolds demonstrated minimal signs of
degradation, even 60 days after implantation.'® The results of this study suggest that the high
degree of crosslinking limited scaffold degradation and cell mediated scaffold remodeling. Thus,
there is a significant unmet need for a crosslinking strategy that tunes fibrin microthread
mechanical properties and degradation while maintaining cell viability.

One alternative method of crosslinking biomaterial scaffolds is through dityrosine
crosslinking.?> 26 Dityrosine crosslinks are responsible for stabilizing biopolymers in vivo*” 28 by
exploiting naturally occurring tyrosine residues within biomaterial scaffolds.? Fibrin has the
requisite phenol groups, containing approximately 3.3 mol% tyrosine, to enable utilization of this
crosslinking method.?” *° Formation of dityrosine bonds can be facilitated by fenton-like, photo-
initiated, and enzymatic reactions.”® Researchers investigated the use of both fenton and photo-

initiated reactions to dityrosine crosslink fibrin.?3* Fibrinogen was crosslinked through a fenton
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reaction by exposure to hematin and non-thermal plasma treatment, which generates hydrogen
peroxide (H202).>* H20; and the ferrous ion in hematin are requisites for fenton-like dityrosine
crosslinking, and resulted in the formation of dityrosine bonds in fibrinogen.** Photo-initiated
reactions to dityrosine crosslink fibrin with ruthenium sodium persulfate have also been
investigated as a means of enhancing structural stability and limiting cellular remodeling and
degradation.’**? Finally, enzymatic reactions to dityrosine crosslink scaffolds take place in
aqueous solutions and at neutral pH, making this method amenable to biopolymer scaffold
modifications. Additionally, enzymes have high specificity, limiting deleterious side chain
reactions common with other dityrosine crosslinking methods such as photo-initiated reactions.

Horseradish peroxidase (HRP) is one of the most commonly used enzymes, with H,O»
frequently used as the substrate. H,O» interacts with the Fe(IIl) core of HRP, generating a high
oxidation state intermediate compound. This intermediary consists of an Fe(IV) oxyferryl center
and porphyrin-based cation radial.** In the presence of a phenol that acts as a reducing substrate,
the intermediate compound undergoes two consecutive reduction steps to return HRP to its
resting state. Resulting phenol radicals create a covalent dityrosine bond between polymer-
phenol conjugates. Because the catalytic cycle of HRP consumes one H>0> molecule and
generates two phenolic radicals (and thus one crosslink), varying H>O> concentration has been
utilized to easily tune polymer scaffold mechanical properties, swelling ratio, gelation time, and
degradation rate in a variety of phenol-containing biomaterial scaffolds.>*® Additionally,
biomaterials crosslinked with HRP are biocompatible, and have demonstrated desired cellular
responses in applications such as cartilage regeneration, wound healing, and stem cell
differentiation and delivery.?% 4> 44753 While enzymatic dityrosine crosslinking has been used
for many biomaterials, to our knowledge it has yet to be used to crosslink fibrin.

Here we report the results of the first study to investigate the HRP-catalyzed dityrosine
crosslinking of a fibrin scaffold. We examined the effect of varying HRP and H>O» incorporation
approaches on the resulting crosslink density and structural properties of fibrin microthreads. We
evaluated both primary and secondary scaffold modification techniques to crosslink fibrin
microthreads. The incorporation of crosslinking agents into the precursor solutions during
microthread extrusion was considered a primary method, while soaking microthreads in a post-

processing crosslinker bath was considered a secondary method of scaffold modification. Fibrin
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microthreads were enzymatically crosslinked through primary, secondary, or both approaches.
Resulting microthreads were evaluated for crosslink density, mechanical properties, resistance to
proteolytic degradation, and their ability to support cell viability. We hypothesized that
strategically varying the incorporation strategy of HRP and H>O> through extrusion or post-
processing modifications would yield scaffolds with tunable crosslink densities, tensile
mechanical properties, and degradation rates. The purpose of this work was to enable the rational
design of enzymatically crosslinked fibrin microthreads with tunable structural properties,
facilitating their use for tissue engineering applications that target a broad range of tissues with

varying mechanical and structural properties.

4.2 MATERIALS and METHODS
4.2.1 Fibrin Microthread Extrusion

Fibrin microthreads were generated by co-extruding fibrinogen and thrombin as
previously described.* Briefly, fibrinogen isolated from bovine plasma (MP Biomedicals, Irvine,
CA) was dissolved in HEPES (N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid])
buffered saline (HBS, 20 mM HEPES, 0.9% NaCl, pH 7.4) to a concentration of 70 mg/mL and
stored at -20°C until use. Thrombin isolated from bovine plasma (Sigma Aldrich, St. Louis, MO)
was dissolved in HBS at 40 U/mL and stored at -20°C until use. To produce uncrosslinked
(UNX) control microthreads, fibrinogen and thrombin solutions were thawed to room
temperature, and thrombin was mixed with a 40 mM CaCl; solution to form a working solution
of 6 U/mL thrombin and 34 mM CaCl,. Equal volumes of fibrinogen and thrombin solutions
were aspirated into separate 1 mL syringes and inserted into the end of a blending applicator
(Micromedics Inc., St. Paul, MN; SA-3670). The solutions were mixed in the blending applicator
and extruded through 0.86 mm inner diameter polyethylene tubing (Becton Dickinson, Sparks,
MD) into a 10 mM HEPES buffer bath (pH 7.4) in a Teflon coated pan. Threads were extruded
at 0.225 mL/m using a dual syringe pump. After 15 m incubation to allow for polymerization,
the microthread scaffolds were removed and stretched to 300% of their initial drawn length and
hung overnight to dry under the tension of their own weight. Previous work demonstrated that

stretching microthreads enhances mechanical properties compared to unstretched microthreads.’
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UNX control microthreads are defined as microthreads that were not subject to additional

processing or crosslinking beyond thrombin-mediated polymerization.

4.2.2 Preparation of HRP crosslinked microthreads

Three different crosslinking methods were developed to evaluate the effect of scaffold
crosslinking techniques on fibrin microthread crosslink densities, mechanical properties, and
degradation rates. Primary extrusion and secondary post-processing scaffold modification
techniques were utilized to crosslink fibrin microthreads. HRP and H>O; were either included in
precursor solutions prior to microthread extrusion, referred to as a primary (1°) incorporation
method, included in a post-processing bath, referred to as a secondary (2°) method, or a
combination of both approaches (1°/2°) (Figure 4.1 B). A 1000 U/mL HRP stock solution was
prepared by reconstituting type VI lyophilized HRP powder (Sigma Aldrich) in deionized (DI)
water and stored at -20°C until use. A stock solution of 0.165 M H,0, was made by diluting H,O>
(Sigma Aldrich) in DI water and stored at 4°C until use.

For the first crosslinking method, 2° HRP crosslinking, fibrin microthreads were extruded
and then crosslinked through a post-processing bath. Fibrin microthreads were extruded into a
bath of HBS, stretched, and dried overnight as described earlier to generate UNX microthreads.
These microthreads were secured in 1-well plates (Nunc, Thermo Fisher Scientific) by
suspending them taught between two slatted polydimethylsiloxane (PDMS) columns placed on
the edges of the 1-well plates, as described previously.>* Approximately thirteen (13) 5 cm long
microthreads were suspended in each 1-well plate. Microthreads then underwent post-processing
by first hydrating with 30 mL of DI water for 30 m, then replacing DI water with 30 mL of HRP
(0.02 U/mL) and H>O> (4.83 uM) solution and incubating at 37°C on a shaker plate for 4 h. After
4 h, threads were rinsed three times with DI water and dried under tension. An additional control
was included, UNX 2° H,O,, where microthreads were incubated in a bath containing only H>O»
(4.83 uM) solution with no HRP. Without the addition of HRP to catalyze the reaction, these

UNX 2° H>07 microthreads are considered uncrosslinked.
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Figure 4.1. Method of HRP-catalyzed dityrosine crosslinking. (A) Schematic of HRP-catalyzed oxidation
reaction of tyrosine residues on fibrin, yielding the formation of dityrosine and isodityrosine bonds. (B)
Incorporation strategies utilized to crosslink fibrin microthreads. HRP and H202 were either included in
precursor solutions prior to microthread extrusion, referred to as a primary (1°) incorporation method, or
included in a post-processing bath, referred to as a secondary (2°) method.

For the second crosslinking method, 1°/ 2° HRP crosslinking, HRP was added to the
fibrinogen solution prior to extrusion (1°), and H>O> was introduced via a post-processing bath
(2°). We chose to incorporate HRP into the fibrinogen precursor solution based on previous work
crosslinking fibrinogen with hematin, a molecule of similar size and structure to HRP, which
showed that fibrinogen maintained its activity with this molecule incorporated.>* A solution of

fibrinogen (70 mg/mL) and HRP (0.22 U/mL) was coextruded with thrombin (6 U/mL) into

Chapter 4

Horseradish peroxidase-catalyzed crosslinking of fibrin microthread scaffolds 9



HBS. Microthreads were stretched, dried, and affixed within a 1-well plate suspended between
PDMS columns. Microthreads were then post-processed by incubation in a H>O» (4.83 uM) bath
at 37°C on a shaker plate for 4 h. After 4 h, threads were rinsed three times with DI water and
dried in tension. The intermediary product of fibrin microthreads extruded with HRP (UNX 1°
HRP) served as an additional uncrosslinked control for this study.

For the third crosslinking method, 1° HRP crosslinking, both HRP and H>O, were mixed
into precursor fibrinogen and thrombin solutions, respectively, immediately prior to microthread
extrusion. A fibrinogen (70 mg/mL) and HRP (0.22 U/mL) solution was coextruded with a
thrombin (6 U/mL) and H>O» (52.5 uM) solution into HBS. Prior to stretching, threads were
incubated at 37°C in HBS for 4 h, then stretched and dried.

For all methods, the concentration of H,O» in the preparations was calculated to be 10x
greater than the theoretical amount required to react with all the tyrosine groups in the fibrin
microthreads. The HRP concentration was determined by holding the ratio of H>O>: HRP
constant, 240 uM H>O»: 1 U/mL HRP, based on previously published literature which sought to

optimize HRP crosslinking parameters.>®

4.2.3 Fluorescence spectroscopy

Ultraviolet (UV) fluorescence microscopy using a Zeiss Axiovert 200M microscope (Carl
Zeiss, Germany) was performed with uniform exposure time to assess the fluorescence of
dityrosine crosslinked scaffolds, where excitation of a dityrosine crosslinked material at 315 nm
results in an emission centered at 400 nm.>> To quantify changes in fluorescence between
microthread conditions, pixel intensities of images from randomly selected regions were
quantified using ImagelJ by converting the blue channel to 8-bit gray scale and determining the
mean grey value from 3 regions on the microthread. Mean grey values of the image background

were subtracted to normalize data (n > 9).

4.2.4 Fourier transform infrared spectroscopy
To further characterize HRP mediated isodityrosine bonds in fibrin microthreads,
analyses of samples were conducted with Fourier transform infrared spectroscopy (FTIR).

Twelve (12) - 2 cm long microthread samples were positioned onto the attenuated total
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reflectance (ATR) crystal of a Bruker Vertex 70 instrument (Bruker, Billerica, MA) with a
Golden Gate ATC accessory (Specac, Swedesboro, NJ). FTIR absorbance spectra data were
collected in the mid-IR range, 4500-800 cm™!, and obtained by averaging 1024 scans.
Backgrounds were subtracted from each spectrum. Three batches of microthreads for each
condition were analyzed and averaged to obtain a representative spectrum for comparison to
other conditions. Baseline correction of absorbance was performed by normalizing data at 4200
cm’!, a region of the spectra with no characteristic peaks. For quantitative comparison of
isodityrosine peaks, ratio of the 1040 cm™ characteristic peak to C-H stretch (2955 cm™) for each

sample were compared and statistically evaluated (n > 3).

4.2.5 Mechanical characterization

Mechanical analysis of HRP crosslinked fibrin microthreads was performed using
methods described by our laboratory previously.® >® Briefly, individual microthreads were
attached with medical grade silicone adhesive (Factor II, Lakeside, AZ) to vellum paper frames
with precut windows of 2.0 cm, which defined the region of loading. The 2.0 cm distance was
the space between the adhesive spots on the two edges of the vellum frame window and was
used as the initial gauge length for testing. The microthreads adhered to vellum frames were
hydrated in phosphate buffered saline (PBS) (pH 7.4, room temperature) for 1 h prior to testing.
Th hydrated microthread diameters were measured using a calibrated reticule with a 10x
objective on a Nikon Eclipse E600 upright microscope (Nikon, Melville, NY). To define the
cross-sectional area, the microthreads were assumed to be cylindrical. Three measurements were
taken along the length of each microthread and averaged. The hydrated microthreads within the
vellum frame were mounted in the grips of an ElectroPuls E1000 uniaxial testing machine
(Instron, Norwood, MA) with a 1 N load cell. Once secured, the two edges of each vellum frame
were cut, and the microthreads were uniaxially loaded until failure at 10 mm/min. Force and
displacement data were recorded every 0.1 s through each test.

The engineering stress was calculated as the recorded force divided by the initial cross-
sectional area of the microthread. The strain was calculated as the increased extension from the
initial 2.0 cm gauge length. A MATLAB (MathWorks, Natick, MA) script was written to

analyze the ultimate tensile strength, maximum tangent modulus (MTM), strain at failure, and
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load at failure for each sample. The MTM was defined as the highest linear region of the stress-
strain curve for each sample that corresponds to at least 20% of the total length of each test.
Outliers were identified as datum that fell outside the mean + two standard deviations within

each data set and were subsequently removed from further analysis (n > 23).

4.2.6 Degradation assay

To assess proteolytic degradation of HRP crosslinked microthreads, an in vitro plasmin
degradation assay was performed, as described previously.® Single crosslinked microthreads
were cut to 1 cm in length and secured to the bottom of 48-well plates with medical grade
silicone adhesive. Each experimental condition was run in triplicate. Brightfield images of
microthreads were taken on a Nikon Eclipse TS100 inverted microscope before and after
hydration (do) in 0.5 mL tris buffered saline (TBS, 25 mM Tris-HCl, 0.9% NaCl, pH 7.5). After
1 h hydration, TBS was replaced with 0.5 mL of 0.5 U/mL human plasmin (EMD Biosciences,
San Diego, CA) in TBS and incubated at 37°C. The microthreads were imaged at O h, 1 h,3 h, 6
h,9h,1d,2d,3d, and 4 d after addition of plasmin. Each image was analyzed with ImageJ to
measure microthread diameter at three different positions along the length of the microthread.

Data were plotted as a ratio to the initial diameter (d/do) (n > 9).

4.2.7 Swelling ratio

Fibrin microthread swelling ratios were determined by measuring microthread diameter
measurements before and after hydration, using a well characterized tool for evaluating
microthread swelling ratio.* ® 7> 1% 57 Microthread diameter measurements made before and after
1 h hydration in TBS (prior to addition of plasmin) in the degradation assay were used to
calculate swelling ratio, based on previous work.® In a preliminary experiment we observed no
appreciable changes in diameter beyond 1 h, and therefore, this was deemed adequate to fully
hydrate the microthreads. The three measured diameters for each microthread were averaged.
Swelling ratio was defined as the ratio of the wet diameter of a microthreads to its dry diameter

(wet/dry diameter) (n > 9).
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4.2.8 Cell culture

C2C12 immortalized mouse myoblasts (ATCC CRL-1772, Manassas, VA) were cultured
in complete medium, consisting of a 1:1 (v/v) ratio of high glucose Dulbecco’s modified Eagle
Medium (DMEM, Gibco, Thermo Fisher Scientific) and Ham’s F12 (Gibco), supplemented with
4 mM L-glutamine, 10% fetal bovine serum (FBS, HyClone, Logan, UT), 100 U/mL penicillin,
100 pg/mL streptomycin (Thermo Fisher Scientific, Waltham, MA), and 2.5 pg/mL ampho-
tericin-B (Thermo Fisher Scientific), as described previously.® Cells were incubated at 37°C with
5% COz and maintained at a density below 70% confluence using standard cell culture

techniques. Cell passage was carried out using 0.25% trypsin-EDTA (Corning, Corning, NY).

4.2.9 Myoblast viability

To facilitate cell attachment, five microthreads were bundled together by hydrating
scaffolds dropwise with PBS until microthreads adhered together, as previously described.’® The
microthread bundles were adhered with medical grade silicone adhesive to Thermanox™
coverslips (Thermo Fisher Scientific, Waltham, MA) cut to 2.5 cm by 2.5 cm. Individual
coverslips with adhered microthread bundles were placed in 6-well plates, sterilized with
ethylene oxide (EtO), and allowed to aerate for at least 24 h to remove residual EtO. Immediately
prior to seeding, the microthread bundles were rehydrated with 1 mL of PBS for 1 h. After 1 h,
PBS was aspirated and 500 pL of a 250,000 cells/mL cell suspension in complete medium
supplemented with 50 ug/mL aprotinin was added to the top of the coverslip. After 4 h of
incubation, medium and unattached cells were aspirated from each well immediately followed
by replacing with 2 mL of fresh medium to completely submerge the microthread bundles.
Seeded microthreads were cultured for 3 d. Cell viability was qualitatively assessed with a
LIVE/DEAD staining kit (Molecular Probes, Eugene, OR) according to manufacturer’s protocol.
After staining, microthreads bundles were removed from the culture coverslips and placed on
glass slides for fluorescence imaging, to ensure that only cells that are directly attached to the
microthread bundles are imaged. The microthreads were imaged using a fluorescence

microscope (Zeiss Axiovert 200M microscope, Carl Zeiss, Germany) (n > 6).
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4.2.10 Statistical analyses

Statistical analyses were performed using Graphpad Prism 7 software (Graphpad,
Software, La Jolla, CA). Statistical differences between means of the fluorescence pixel intensity
and normalized FTIR peak intensity were determined by one-way ANOVA (p < 0.05) with
Tukey’s multiple comparisons post hoc analysis. When ANOV A assumptions were not met, a
non-parametric equivalent Kruskal Wallis test was run with Tukey’s multiple comparison post
hoc analysis; this was performed to analyze statistical differences between the medians for
swelling ratio and mechanical data. Two-way ANOVA (p < 0.05) with Tukey’s multiple
comparisons post hoc analysis was used to evaluate degradation. Values reported are means +
standard error of the mean (SEM) unless otherwise stated. Significance is indicated as * p < 0.05,
** p<0.01, *** p<0.001, and **** p <0.0001. Additionally, y indicates significance (p < 0.05)

from all other groups.

4.3 RESULTS
4.3.1 Altering HRP incorporation strategy yields microthreads with varying crosslink density
Three methods of crosslinking fibrin microthreads were investigated by varying the
incorporation strategy of crosslinking reagents HRP and H>O». Crosslinking reagents were either
1) incorporated with fibrinogen and thrombin precursor solutions prior to microthread extrusion
(1° HRP crosslinking), 2) mixed into a post-processing bath (2° HRP crosslinking), or 3)
combined using both extrusion and post-processing strategies (1°/2° HRP crosslinking) (Figure
4.1 B). The addition of HRP and H>O, to fibrin microthread extrusion and/or post-processing
resulted in the formation of covalent bonds between tyrosine residues of fibrin (Figure 4.1 A),
which was confirmed by quantitative fluorescence microscopy and FTIR (Figure 4.2). UV
fluorescence microscopy and subsequent pixel intensity quantification was performed to assess
the fluorescence properties of dityrosine crosslinked scaffolds. All fibrin microthread scaffolds
crosslinked with HRP and H>O»> via primary and/or secondary methods exhibited increased
fluorescence compared to UNX controls, indicating an increase in dityrosine crosslink density
(Figure 4.2 A). Pixel intensity analyses of fluorescence images was performed to further
quantify this finding (Figure 4.2 B). Pixel intensity quantification suggests increasing dityrosine

bond formation in all HRP crosslinked fibrin microthreads compared to UNX microthreads.
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Figure 4.2. Analyses of crosslink density for HRP crosslinked fibrin microthreads. (A) Representative
images of microthread fluorescence indicate dityrosine bond formation. (B) Pixel intensity quantification of
microthread fluorescence suggests increasing dityrosine bond formation in HRP crosslinked fibrin microthreads.
(C) Average normalized FTIR spectrum of control and HRP crosslinked microthreads. The peak at 1040 cm-1,
indicative of an ether bond, indicates the addition of isodityrosine bonds in 1° HRP crosslinked microthreads.
(D) Peak normalization indicates a significant increase in isodityrosine bonds in 1° HRP crosslinked
microthreads. Scale bars are 50 pm.

To further characterize the effect of HRP-catalyzed crosslinking on fibrin microthread

secondary structure, FTIR was performed (Figure 4.2 C). In addition to dityrosine bonds, HRP-

catalyzed crosslinking can yield the formation of isodityrosine, a diphenyl ether bond.>

Isodityrosine bonds were characterized by the formation of peaks in FTIR spectra centered at

1040 cm’!, indicative of ether bonds. Only 1° HRP crosslinked microthreads exhibited a peak in

the FTIR spectra at 1040 cm™ (Figure 4.2 C). A significant increase in the relative amount of
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this bond compared to C-H stretch (2955 cm™!) was observed in 1° HRP crosslinked microthreads
compared to UNX controls, suggesting that only this method of crosslinking microthreads

yielded the formation of isodityrosine bonds (Figure 4.2 D).

4.3.2 HRP-mediated crosslinking modulates the tensile mechanical properties of fibrin
microthreads

Uniaxial tensile testing was performed on HRP crosslinked microthreads to characterize
the effect of crosslink density on scaffold mechanical properties. After crosslinking, fibrin
microthreads were mounted onto vellum frames, hydrated, and uniaxially loaded until failure to
determine their tensile mechanical properties. Characteristic stress-strain curves of UNX
microthreads revealed initial toe regions where there was small increase in stress with increasing
elongation, similar to previous work evaluating fibrin microthread tensile properties (Figure 4.3
A).” HRP crosslinked microthreads displayed shorter toe regions with more rapid increase in
stress until failure than UNX microthreads (Figure 4.3 A). Regardless of whether HRP and H»>O»
were incorporated during extrusion (1°), post-processing (2°), or a combination of both methods
(1°/2°), all crosslinked microthreads exhibited significantly greater ultimate tensile strengths
compared to UNX controls (p < 0.01) (Figure 4.3 B). Ultimate tensile strengths of HRP
crosslinked microthreads ranged between 6 and 9.5 MPa. HRP crosslinking yielded varying
MTM values depending on HRP and H>O; incorporation strategy (Figure 4.3 C). The MTM of
1°/2° HRP crosslinked microthreads was approximately 4.5-fold greater than UNX control
threads (p <0.0001) (Figure 4.3 C). However, no significant increase in MTM was observed for
both 1° and 2° HRP crosslinked microthreads compared to UNX controls. The significant
differences between tangent moduli for each HRP crosslinking method suggests the dependence
of scaffold mechanical properties on crosslinker incorporation strategy. While all HRP
crosslinked microthreads displayed trends in lower strain at failure, 1°/2° HRP crosslinked
microthreads was the only crosslinked condition with significantly reduced strain at failure
compared to UNX controls (p<0.001) (Figure 4.3 D).

Moreover, the addition of either HRP or H>O; alone to fibrin microthreads affected
scaffold mechanical properties. Both UNX 1° HRP and UNX 2° H>O; microthreads exhibited
significantly higher ultimate tensile strength and MTM compared to UNX microthreads (Figure
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4.3 B-C). Additionally, UNX 1° HRP microthreads possessed significantly reduced strain at

failure compared to UNX control microthreads (Figure 4.3 D). All mechanical data are

summarized in Table 4.1.
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Figure 4.3. Tensile mechanical properties of HRP crosslinked microthreads. (A) Representative stress strain
curves from uniaxial tensile testing of fibrin microthreads to failure show that crosslinked microthreads exhibit
shorter toe regions with more rapid increase in stress until failure than UNX control microthreads. (B) Ultimate
tensile strength of all HRP crosslinked scaffolds regardless of incorporation strategy was increased compared to
control UNX microthreads. (C) Strain at failure is significantly decreased in 1°/2° HRP crosslinked microthreads
compared to control microthreads. (D) MTM is significantly higher in 1°/2° and 2° HRP crosslinked
microthreads compared to control. y indicates significance (p < 0.05) from all other groups.
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4.3.3 Microthread swelling ratio is influenced by HRP incorporation strategy

To further elucidate the effect of HRP-catalyzed crosslinking on microthread crosslink
density, the swelling ratios of the scaffolds were analyzed. Microthreads were hydrated in TBS
for 1 h and imaged on an inverted microscope before and after hydration to measure microthread
diameters. These measurements were used to calculate swelling ratios.® % %% A trend of
decreased swelling ratios relative to UNX microthreads was observed for all microthread
scaffolds processed with HRP and/or H20», although not all swelling ratios showed significant
reductions (Figure 4.4). Scaffolds crosslinked by means of post-processing (2° HRP crosslinked
microthreads), as well as UNX 2° H,O; microthreads, swelled significantly less than UNX
microthreads (Figure 4.4). All microthread diameters and swelling ratios are summarized in

Table 4.1.
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Figure 4.4. Swelling ratios of fibrin microthreads as a function of HRP and H2QO2 incorporation strategy.
UNX 2° H202 and 2° HRP crosslinked microthreads both had significantly lower swelling ratios compared to
UNX microthreads, suggesting an increase in crosslink density.

4.3.4 Prolonged degradation of 1° HRP crosslinked fibrin microthreads
The structural integrity of HRP crosslinked microthreads was evaluated by performing an
in vitro plasmin degradation assay. Plasmin is the primary enzyme responsible for fibrinolysis in

vivo.®! Hydrated fibrin microthread diameters were measured before (do) and after the addition of
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plasmin (d). Diameter measurements of degrading microthreads were made up to 4 d after the
addition of plasmin and used to calculate the ratio d/do. Degradation profiles of all plasmin-
treated microthreads over time exhibited an initial rapid decrease in diameter within the first 24
h, followed by slower degradation through day 4 (Figure 4.5 A). In contrast, UNX microthreads
not exposed to plasmin (negative control) did not decrease in diameter over time, validating that

observed degradation is solely plasmin-mediated (Figure 4.5 A).
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Figure 4.5. In vitro plasmin degradation assay. The structural integrity of HRP crosslinked microthreads was
evaluated as a function of time by measuring the diameters of degrading microthreads (d) relative to their initial
hydrated diameters prior to the addition of plasmin (d0) by calculating the ratio d/d0. (A) Degradation profiles of
all plasmin-treated microthreads indicate an initial rapid decrease in diameter. (B) The same data was plotted as
a column graph to compare differences between conditions at discrete time points. At all time points after 1 h,
UNX microthreads with no plasmin exposure had significantly less degradation than all plasmin-treated
conditions. Additionally, 1° HRP crosslinked microthreads had significantly lower degradation than UNX
microthreads at early time points before 24 h, suggesting that incorporating crosslinkers during extrusion yields
scaffolds with increased resistance to proteolytic plasmin degradation.
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To further elucidate differences in degradation between control and crosslinking
conditions at discrete time points, the data were also plotted as a column graph (Figure 4.5 B).
At all time points beyond 1 h, UNX microthreads with no plasmin exposure had significantly
less degradation than all other plasmin-treated conditions at that time point (Figure 4.5 B).
Notably, at 3, 6, and 9 h after the addition of plasmin, 1° HRP crosslinked microthreads had
significantly less degradation than UNX microthreads. This suggests that incorporating
crosslinkers during microthread extrusion yields scaffolds with increased resistance to

proteolytic degradation (Figure 4.5 B).

4.3.5 Cellular viability is retained on crosslinked scaffolds

To verify that HRP crosslinked fibrin microthreads were suitable to support extended cell
viability, C2C12 murine myoblasts were seeded on the surface of crosslinked microthread
bundles. Seeded microthread bundles were cultured for 3 days before Live/dead staining and
fluorescence imaging was performed to qualitatively evaluate cell viability. Cells grown on
tissue culture plastic (TCP) served as a positive control, and cell growth on TCP and exposed to
70% ethanol for 1 h immediately prior to staining served as a negative control. One hundred
percent viability was observed for the live cell TCP positive controls, and no living cells were
observed for the negative controls (Figure 4.6). To account for fibrin microthread
autofluorescence, an unseeded thread bundle also served as a negative control to denote the
diffuse background fluorescence observed in several seeded conditions, such as the 1° HRP
crosslinked condition (Figure 4.6). While it is possible that this background fluorescence may
attenuate the ability to visually quantify dead cells, a high degree of cell viability was observed

for all control and HRP crosslinked microthread bundles (Figure 4.6).
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Figure 4.6. Cellular viability on HRP crosslinked fibrin microthreads. C2C12 murine myoblasts
demonstrate high viability after 3 d on control and HRP crosslinked fibrin microthread bundles, as demonstrated
by fluorescence imaging of live/dead staining. Only a few dead cells could be identified on the surface of
microthreads bundles (white arrows). Scale bars are 100 um.

4.4 DISCUSSION

The goal of the present study was to dityrosine crosslink fibrin microthreads to facilitate
tunable scaffold crosslink density, mechanical properties, and degradation rates. While dityrosine
crosslinking of fibrin has been achieved by photochemical®**? and fenton-like reactions,* the
use of HRP-catalyzed dityrosine crosslinking had never been investigated for crosslinking fibrin
scaffolds. HRP and H>O> mediated crosslinking strategies were varied through primary and/or
secondary scaffold modification techniques by mixing reagents with precursor solutions prior to
extrusion (1°), by adding reagents into a post-processing bath (2°), or through a combination of
both methods (1°/2°). Utilization of primary and/or secondary incorporation strategies yielded
microthreads with a range of crosslink densities, evaluated by FTIR and dityrosine fluorescence
analyses. Characterization of tensile mechanical properties revealed that all HRP crosslinked
microthreads were significantly stronger than UNX control microthreads and exhibited a range
of MTM and strain at failure values. Additionally, 1° HRP crosslinked microthreads
demonstrated significantly slower plasmin degradation rates than UNX microthreads, suggesting
that incorporating HRP and H>O, during extrusion yields scaffolds with increased resistance to

proteolytic degradation. Finally, cells seeded on all crosslinked microthreads exhibited a high
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degree of viability, demonstrating that HRP crosslinking yields biocompatible scaffolds suitable
for tissue engineering applications. Taken together, these findings support the strategic design of
engineered fibrin microthreads with a range of biophysical properties, using a facile method of
varying crosslinker incorporation strategy. Tunable scaffold mechanics and degradation rates
enable the application of fibrin microthreads to a diverse array of target tissues with varying
structure, mechanical properties, and functions, such as skeletal or cardiac muscle, tendon,
ligament or skin.

Most notably, altering HRP incorporation strategy resulted in fibrin microthreads with
varying degrees of crosslink density. In both primary and secondary crosslinking methods,
important parameters that govern this reaction including temperature, pH, protein concentration,
reaction time, and HRP:H»O; ratio were held constant.>® 3® To account for differences between
the crosslinking methods, concentrations of H>O» were normalized for each method by
calculating the concentration needed to react 10 times the theoretical amount of tyrosine in the
fibrin microthreads. Quantification of dityrosine fluorescence within fibrin microthreads
indicated that 1° HRP crosslinked microthreads had the highest degree of dityrosine crosslinking.
We believe the fluorescence gradient observed in 1° HRP crosslinked can be attributed to fibrin
autofluorescence and imaging inhomogeneities related to the cylindrical geometries of the
scaffolds, rather than an uneven distribution of crosslinking throughout the microthread. The
initiation of crosslinking was further substantiated by FTIR analyses, which confirmed the
formation of isodityrosine chemical bonds on 1° HRP crosslinked microthreads, which occur
between phenol groups of fibrin.*® ©% 3 Interestingly, 2° and 1°/2° HRP crosslinked microthreads
did not appear to contain detectable levels of isodityrosine bonds. Isodityrosine bonds are a less
common reaction product of this enzymatic reaction, and may be dependent on factors such as
reaction pH, steric hinderance of tyrosine residues within fibrin, and the degree of surface
exposure of tyrosines.** Taken together, these results confirm that HRP-catalyzed crosslinking of
fibrin occurs as hypothesized, and that the crosslinking is dependent on whether HRP and H,O»
are incorporated during extrusion or post-processing steps. Future analyses of crosslink density
with liquid chromatography and/or mass spectroscopy may provide additional information about
this reaction, including the percentage of tyrosines participating in the crosslinking reaction.?> ¢°

This data would enable further tuning of this system to optimize crosslink density toward the

Chapter 4

Horseradish peroxidase-catalyzed crosslinking of fibrin microthread scaffolds 113



precise engineering of an instructive biomaterial scaffold.

Differences in the extent of crosslinking observed between HRP incorporation strategies
may likely be explained by the distribution of HRP and H>O: within the microthreads. When
crosslinked through primary means, HRP and H>O; were mixed with fibrinogen and thrombin
precursor solutions, respectively, immediately prior to extrusion. This ensured a uniform
distribution of enzyme and substrate within the fibrin during polymerization, which may
facilitate the generation of more phenol radicals. Additionally, this crosslinking method took
place during polymerization when we anticipate a higher degree of polymer chain mobility,
which is important for permitting radical collisions that result in covalent crosslinks.*¢ In
contrast, the secondary crosslinking strategy of soaking microthreads in a post-processing bath
relied on diffusion of HRP and H>O, from the surface of the material into the microthreads.
Fibrin microthreads are dense structures made with markedly higher concentrations of fibrinogen
than fibrin hydrogels, which may limit the diffusion of HRP into the microthreads. We
hypothesize that this limited diffusion may result in crosslinking occurring predominantly on the
surface of the microthreads where it comes in direct contact with the crosslinking bath,
significantly reducing the generation of phenolic radicals and thus crosslinks. Additionally, this
post-processing technique took place after microthreads underwent polymerization and likely
exhibit lower polymer chain mobility, which may also limit radical collisions. This hypothesis
has previously been proposed by researchers who crosslinked electrospun gelatin and collagen
fibers with glutaraldehyde.®® ¢7 They speculated that a lack of glutaraldehyde diffusion into the
collagen and gelatin fibers resulted in uneven crosslinking and the generation of a highly
crosslinked outer shell on the fiber scaffolds.®® ¢7 This hypothesis may explain the discrepancies
observed between crosslink density and the swelling ratio of microthreads. Secondary (2°) HRP
crosslinked microthreads were the only crosslinked scaffold that had significantly lower swelling
ratio than UNX microthreads. This may be due to a high degree of crosslinking along the
periphery of the microthread, preventing diffusion of buffer into the scaffold and limiting
swelling.®® 7 While 1° HRP crosslinking generated the most dityrosine and isodityrosine
crosslinks, we did not observe a significant decrease in the swelling ratio of 1° HRP crosslinked
microthreads compared to UNX controls. This may be a result of the uniform distribution of

crosslinks throughout the microthread, allowing buffer to diffuse into the microthread.
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HRP crosslinking of fibrin microthreads yielded enhanced biophysical properties,
including increased tensile strength and stiffness. HRP crosslinking produced ultimate tensile
strengths approximately 2 - 3 times greater than UNX microthreads, depending on crosslinking
strategy. These results are consistent with previous literature performing photochemical
dityrosine crosslinking on fibrin hydrogel scaffolds. Work by Elvin and colleagues irradiated
fibrinogen in the presence of ruthenium trisbipyridyl chloride and sodium persulfate to generate
covalent dityrosine crosslinks.>* They found that crosslinked fibrinogen reached an ultimate
tensile strength of 45 kPa, representing a 60% increase compared to their previously reported
fibrin hydrogel crosslinked with thrombin and factor XIII.>* % Ultimate tensile strengths of HRP
crosslinked microthreads are comparable to UV and carbodiimide crosslinked fibrin
microthreads, which ranged from 1.2 - 3.8 times greater than UNX microthreads.* ¢
Additionally, we found that the MTM values of fibrin microthreads increased by approximately
1.5 - 3.5 times by utilizing varying HRP crosslinking strategies. This is similar to UV crosslinked
microthreads, which had MTM values approximately 1.3 — 1.9 times greater than UNX
microthreads.* Other researchers reported a two-fold increase in fibrin hydrogel compressive
stiffness after photochemical crosslinking to initiate dityrosine bond formation.*? Finally, the
conservation of the 1° HRP crosslinked and UNX 1° HRP microthreads structural and
mechanical properties suggests that the addition of H>O» to thrombin prior to extrusion did not
inhibit the enzyme’s functional activity.

Interestingly, the addition of HRP or H>O; alone to fibrin microthreads enhanced the
mechanical properties of the scaffolds. UNX 1° HRP microthreads and UNX 2° H,O»
microthreads both had significantly increased ultimate tensile strength and MTM values, relative
to control UNX microthreads. We hypothesize that trace quantities of native reactive oxygen
species (ROS) from serum are among the non-specific molecules within the fibrinogen
preparation, and they are activated by the HRP in UNX 1° HRP microthreads to initiate
crosslinking.®® The enhanced mechanical properties of UNX 2° H,O» microthreads may be
explained by the peroxide generating free radical side groups in the fibrin, which can trigger non-
specific crosslinking events.”® Alternatively, trace quantities of native serum heme peroxidases
such as myeloperoxidase may also be present in the fibrinogen preparation.”! Myeloperoxidase is

present in serum and has been shown to crosslink tyrosine residues in the presence of H,0,.7% 7
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Additional native serum peroxidases may activate H>O; in the UNX 2° H>O» microthreads and
initiate dityrosine crosslinking. These hypotheses of crosslinking within UNX 2° H>O»
microthreads are further strengthened by observations of a significant increase in dityrosine
autofluorescence, as well as a significant decrease in swelling ratio compared to control UNX
microthreads. Future work will seek to elucidate the mechanisms by which these HRP and H>O»
control microthreads are able to seemingly undergo crosslinking and yield enhanced tensile
mechanical properties.

The range of microthread ultimate tensile strengths and moduli permitted by utilizing
primary and/or secondary HRP crosslinking strategies enables the application of these scaffolds
to an array of target tissues that possess varying structures, mechanical demands, and functions.
Tunable mechanical stiffnesses of biomaterial scaffolds can regulate an array of cellular
processes including adhesion, proliferation, migration, and differentiation.”® To further exploit
this, we plan on conducting future studies that systematically vary fibrinogen, HRP, and H,O,
concentrations; it is well recognized that modifying these concentrations yields scaffolds with a
range of mechanical properties including modulus and strength.*>*! However, an excessive
increase of H20O2 concentration inhibits the enzymatic activity of HRP, so these modifications
must be done with discretion.*® %8 Additionally, future work to hierarchically assemble these
microthreads into complex 3D scaffolds such as composites, braids, and bundles will allow us to
further optimize bulk scaffold mechanics and mimic tissue-specific ECM architecture such as
skeletal muscle, ventricular myocardium, tendon, ligament, or skin.!”

HRP-catalyzed crosslinking further mediated the resistance of fibrin microthreads to
proteolytic degradation. While fibrin microthreads have robust mechanical properties compared
to fibrin hydrogels, fibrin remains susceptible to cell-mediated compaction and rapid degradation
by proteinases when implanted in vivo.* % 7-32 Despite significant increases in crosslink density
and tensile mechanical properties, both 1°/2° and 2° HRP crosslinked microthreads did not
exhibit increased resistance to proteolytic degradation compared to UNX control microthreads.
In contrast, 1° HRP crosslinked microthreads, which exhibited the highest degree of crosslink
density, demonstrated prolonged degradation at early time points compared to control
microthreads. One possible explanation may be that the increased crosslink density inhibits

plasmin from accessing its cleavage sites, which was previously hypothesized for carbodiimide
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crosslinked microthreads.® This may be a result of the location of dityrosine crosslinks between
and within monomer units. Tyrosine residues are most abundant on fibrinogen’s B-chain (4.9%)
and y-chain (5.6%), which are both cleaved by plasmin to form fibrin degradation products.?
HRP-mediated crosslinking appears to have a less pronounced effect on fibrin microthread
degradation than carbodiimide crosslinking.® This result is desired, as carbodiimide crosslinked
microthreads implanted into a murine muscle defects showed minimal signs of degradation at the
60 day terminal time point, suggesting that the high crosslink density limited cell mediated tissue
remodeling.'® For applications in tissue regeneration, scaffold degradation should match the rate
of new tissue ingrowth and ECM deposition.”> HRP-catalyzed crosslinking has been previously
shown to prolong the enzyme-mediated degradation of hyaluronic acid (HA)-tyramine and silk-
HA composite hydrogels.>”-#!:*? Tunable scaffold degradation was achieved by altering H,O>
concentration,?’ percent concentration of composite components,*! and delivery method.** Future
work varying fibrinogen, HRP, and H>O» concentrations within our crosslinked microthreads
will allow us to develop more robust changes in scaffold degradation kinetics.

In addition to controlled degradation, tissue engineered scaffolds must support cellular
viability and not elicit an immunological response. We qualitatively observed robust myoblast
viability after three days of culture on all HRP crosslinked fibrin microthreads. C2C12 myoblasts
were chosen as an immortalized musculoskeletal cell line to perform initial cellular viability
assessments. These results are consistent with previous literature supporting extended viability
and proliferation of cells seeded on or encapsulated within HRP crosslinked scaffolds fabricated
from a large range of biomaterials including silk,*>* HA, "% silk-HA composites,*! alginate,**

49,51,52,76 and dextran.*’ Future studies to further characterize myoblast

chitosan,*® gelatin,
seeding efficiency, proliferation, and metabolic activity may better elucidate their interaction
with HRP crosslinked fibrin microthreads.

Despite this, concerns remain regarding the in vivo immunological response to plant-
derived HRP, which could potentially hinder its efficacy as a crosslinker for implantable
biomaterial scaffolds.*® 77 In two in vivo rodent models, HRP immunization with subsequent
boosters containing Freund’s adjuvant elicited the production of antibodies against HRP.””- 78

While immunization with Freund’s adjuvants likely heighted this immune response, the efficacy

of HRP-based treatments still must be rigorously evaluated before its clinical application can be
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realized. Some groups have addressed this limitation by generating enzyme-free scaffolds
whereby HRP is immobilized to magnetic or silica beads.””*° By passing the hydrogel solutions
through a syringe filled with beads, immobilized HRP is able to catalyze the crosslinking
reaction and subsequently be contained within the syringe, eliminating it from the final
crosslinked hydrogel.”®- Alternatively, the use of human peroxidases or oxidoreductases capable
of catalyzing phenolic coupling could alleviate the aforementioned concerns with
immunogenicity and clinical translation.* #83 One example is myeloperoxidase, which has been
shown to crosslink tyrosine residues in the presence of H»0>.”* Alternative human-derived
catalysts such as hematin, obtained through decomposition of hemoglobin, have been evaluated
for their ability to catalyze dityrosine crosslinking.*3 8+ 8

In addition to HRP’s immunogenicity, additional concerns regarding cytocompatibility of
H,0> have also been raised.>® #*-86-87 Both Gardner et al. and Gulden et al. determined that
increasing concentration of and/or exposure time to H,O» in vitro resulted in increasing
cytotoxicity in murine fibroblasts and C6 glioma cells, respectively.®” Others demonstrated
senescence-like growth arrest upon exposure of human diploid fibroblasts to low concentrations
(200 uM) of H,0» ®® We anticipate cytotoxicity resulting from H>O: to be minimal in our HRP
crosslinked fibrin microthreads because these scaffolds are crosslinked and subsequently rinsed
thoroughly prior to being seeded with cells, removing residual H>O». This is unlike many HRP
crosslinked hydrogel scaffolds that encapsulate cells during the crosslinking process, where cells
are directly exposed to H2Oz. Nonetheless, the immunological and cytotoxicity concerns of HRP
and H,O; emphasize the importance of thoughtful scaffold design in order to minimize
deleterious effects from crosslinking and warrants further investigation. Future scaffold
modifications could include careful consideration of HRP and H,O» concentrations and exposure
times, the development of enzyme-free systems, and use of human peroxidases or HRP-

mimetics.

4.5 CONCLUSIONS
In the present study we demonstrated that fibrin microthread scaffolds can be dityrosine
crosslinked using HRP as a catalyst. To our knowledge, this is the first investigation to apply

HRP-catalyzed dityrosine crosslinking to fibrin-based scaffolds. We investigated the effect of
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varying HRP and H>O, incorporation strategy through primary extrusion and/or secondary post-
processing scaffold modification techniques to facilitate the generation of tunable scaffold
crosslink density, mechanical properties, and degradation rate. HRP crosslinking of fibrin
microthreads resulted in the generation of dityrosine bonds and increased crosslink density.
Characterization of tensile mechanical properties revealed that all HRP crosslinked microthreads
were significantly stronger than control microthreads and demonstrated a range of moduli and
strain at failure values. Scaffolds crosslinked by primary processing demonstrated significantly
slower degradation rates than control microthreads, suggesting that incorporating HRP and H>O»
during microthread extrusion yields scaffolds with increased resistance to proteolytic
degradation. Lastly, cells seeded on HRP crosslinked microthreads retained a high degree of
viability. Together, these findings demonstrate that HRP crosslinking yields biocompatible
scaffolds suitable for tissue engineering applications. Furthermore, these results demonstrate the
strategic engineering of fibrin microthread scaffolds with a tunable range of microthread
biophysical properties by a facile method of varying crosslinker incorporation strategy. The
ability to generate tunable scaffold mechanics and degradation rates will enable the application
of fibrin microthreads for the biomimetic design of engineered tissues with varying tissue

architectures, mechanical properties, and functional requirements.
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Chapter 5: Sustained release of fibroblast growth
factor 2 from fibrin microthread scaffolds for skeletal
muscle tissue engineering

5.1 INTRODUCTION

A total of 65.8 million Americans suffer from musculoskeletal injuries annually, costing
approximately 176 billion dollars to treat.!> Although these injuries are not commonly life
threatening, they profoundly impact the quality of life of patients. These traumatic injuries known
as volumetric muscle loss (VML) are characterized by a large-scale injury that results in limited
functional recovery. Skeletal muscle is capable of endogenous regeneration through activation of
resident progenitor cells known as satellite cells, but this ability is greatly reduced in VML. These
large-scale injuries destroy native signaling cues and growth factor reservoirs such as the basement
membrane and connective tissue, hindering the damaged tissue’s ability to direct regeneration.
Instead of regenerating functional, contractile muscle, non-functional scar tissue is deposited to
fill the void. Current standard of care for VML injuries is autologous tissue transfer, where a
muscle flap is excised from an undamaged muscle and grafted into the injury.® This procedure is
complicated, time consuming, and has exhibited limited ability to restore function.”® Additionally,
approximately 10% of muscle flap procedures result in complications such as infection or donor
site morbidity due to tissue necrosis.® As such, there is a need for an alternative treatment for VML
capable of enhancing functional muscle regeneration.

Growth factors serve to guide regeneration in vivo and have been shown to promote
functional muscle regeneration when delivered to an injury, thus representing a promising
therapeutic strategy for treating VML.>! Fibroblast growth factor 2 (FGF2) is an ideal growth
factor for treating skeletal muscle injuries due to its pleiotropic effects on myogenesis,
angiogenesis, and innervation.?’ After injury, the basement membrane releases heparan sulfate
proteoglycan-bound growth factors such as FGF2.2!"2> FGF2 is responsible for stimulating the
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2-8 days after injury and peaks at 6-8 days.’® FGF2 has also been shown to stimulate endothelial
migration and sprouting, as well as pericyte and smooth muscle cell migration.*! In vivo, FGF2
stimulates the formation of more mature vessels than other proangiogenic growth factors such as
vascular endothelial growth factor (VEGF).** Additionally, FGF2 has been shown to have
neurotrophic activity, stimulating the synthesis and secretion of nerve growth factor (NGF) and
promoting neuronal survival and outgrowth.?® 336 Taken together, FGF2 is a promising growth
factor for treating complex, multi-tissue VML injuries.

Initially, FGF2 was investigated for treating cardiovascular disease, with the goal of
stimulating revascularization in ischemic heart regions.’’ However, early Phase II clinical trials
delivering FGF2 via bolus intra-coronary or intra-arterial infusion did not demonstrate therapeutic
effectiveness at trial end points.*®3? This was due to the inability to sustain physiologically relevant
levels of FGF2 for the necessary time frame, due to its short in vivo half-life on the order of
minutes.” %’ To mitigate these issues, biomaterial-based strategies have been employed that either
chemically immobilize or physically encapsulate growth factors within a polymer matrix,
sustaining their release over a clinically-relevant time frame and preventing their denaturation.*!
One method of chemical immobilization uses heparin, a glycosaminoglycan that binds with high
affinity to certain growth factors including FGF2.2!-22-42:43 Heparin sulfate is a proteoglycan found
in the basement membrane that acts as a reservoir for growth factors essential for myogenesis,
including FGF2.2! 2> % Heparan sulfate also significantly enhances FGF2 signaling, binding to
both the growth factor and its receptor, forming a ternary complex.* % Heparin-conjugated
scaffolds provide controlled release of growth factors and mimic the presentation of growth factors
in the extracellular matrix.?!s 2% 3% 35.43.47 A Phase I clinical trial delivered sustained release of
FGF?2 via heparin-alginate microcapsules implanted in ischemic myocardial regions of patients.*®
Significant improvement in perfusion after 90 days was demonstrated in the high dose FGF2 group
compared with controls. A three year follow-up study found patients treated with heparin-delivered
FGF2 had significantly lower symptom recurrence, indicating a prolonged revascularization due
to sustained heparin-mediated FGF2 release.*’

More recently, the therapeutic effects of sustained FGF2 release have been applied in early
clinical trials to treat ischemic skeletal muscle tissue.>*>? Two phase I-Ila studies investigating the

safety and efficacy of FGF2-incorporated gelatin hydrogel microspheres delivered via
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intramuscular (IM) injection to patients with critical limb ischemia (CLI) demonstrated significant
improvements in primary endpoints compared to pretreatment.’” > Another pilot clinical study
tested the safety and efficacy of IM injection of FGF2-incorporated hydrogels on patients with
CLL and found no adverse events and improved ischemic symptoms compared to pretreatment at

the trial end point.>!

While sustained release of FGF2 shows promise in treating ischemic skeletal
muscle injuries, its use in treating the more complex, multi-tissue injuries incurred in VML is still
actively under investigation.

Several groups have investigated delivering FGF2 to VML defects in preclinical animal
models. Multiple biomaterial scaffold strategies to deliver FGF2 to these injuries have been
investigated, including delivering FGF2 alone,'!: %1753 FGF2 in tandem with cells,'! 12335% FGF2
transgenes,’® and myoblasts overexpressing FGF2.>” When plasmid and adenoviral vectors
encoding FGF2 immobilized in a collagen-gelatin hydrogel were delivered to rat quadriceps
injuries, FGF2 gene delivery enhanced the number of CD31+ endothelial cells and CD56+
myotubes compared to matrix alone, indicating enhanced angiogenesis and myogenesis in FGF2-
treated wounds.’® Another study evaluated delivery of FGF2-overexpressing myoblasts
encapsulated within alginate spheres to a soleus muscle crush injury in a rat.>’ They found that
delivery of FGF2 overexpressing myoblasts increased microvessel density and skeletal muscle cell
proliferation at 4 days after injury. Other studies have utilized FGF2 delivery to enhance
transplanted myoblast or stem cell survival and proliferation.’* >3 Co-delivery of FGF2 and human
adipose-derived stem cells resulted in functional recovery, revascularization, reinnervation, and
minimal fibrosis in a murine VML laceration injury.”® Co-delivery of FGF2 and myoblasts in
gelatin microspheres to a rat muscle injury found significantly enhanced relative gene expression
levels of CD31 and myogenin in FGF2/myoblast scaffolds compared to myoblasts alone or
unloaded gelatin microspheres.® Similarly, polymeric delivery of FGF2 alone to rat VML defects
has demonstrated enhanced host cell infiltration and myofiber regeneration,!” as well as functional
recovery.'? Taken together, FGF2 has shown marked enhancement of myogenesis,
revascularization, and reinnervation when delivered alone or in tandem with cells to a VML injury.
While this work demonstrates the therapeutic potential of sustained FGF2 delivery from polymer
scaffolds, it has primarily utilized hydrogel scaffolds, which lack the mechanical support and

aligned contact guidance cues of fiber-based scaffolds.” % >° The delivery of FGF2 from polymer
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scaffolds with robust mechanical properties and topographic alignment cues has yet to be explored
for treating VML injuries.

The goal of the present study is to develop an instructive fibrin microthread scaffold, with
inherent topographic alignment cues, to provide a physiologically-relevant sustained release of
FGF2. To accomplish this, we passively adsorbed or covalently conjugated heparin to the surface
of fibrin microthreads, creating a biomimetic conjugation strategy mimicking FGF2 sequestration
in the basement membrane. Fibrin is an ideal scaffold material for incorporating FGF2, as it binds
with high affinity to FGF2 and protects it from proteolytic degradation.®® As such, we also
evaluated whether co-incorporation of FGF2 within the fibrin microthread scaffolds by mixing
prior to extrusion would promote sustained release of FGF2. We evaluated the effect of both FGF2
incorporation techniques on release kinetics as well as myoblast proliferation and outgrowth. We
hypothesized that heparin conjugated and co-incorporated fibrin microthreads would facilitate a
sustained physiologic release of FGF2 from the scaffold and enhance in vifro myoblast

proliferation and outgrowth.

5.2 MATERIALS and METHODS
5.2.1 Fibrin microthread extrusion

Fibrin microthreads were formed by co-extruding fibrinogen and thrombin solutions as
described previoulsy.®! Briefly, fibrinogen isolated from bovine plasma (MP Biomedicals) was
dissolved in HEPES (N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid]) buffered saline
(HBS, 20 mM HEPES, 0.9% NaCl, pH 7.4) to a concentration of 70 mg/mL and stored at -20°C
until use. Thrombin isolated from bovine plasma (Sigma Aldrich) was dissolved in HBS at 40
U/mL and stored at -20°C until use. To create microthreads, fibrinogen and thrombin solutions
were thawed to room temperature, and thrombin was mixed with a 40 mM CaCl; solution to form
a 6 U/mL working solution. Equal volumes of fibrinogen and thrombin solutions were taken up
separately into 1 mL syringes and inserted into the tip of a blending applicator (Micromedics Inc.,
St. Paul, MN; SA-3670). The solutions were mixed in the blending applicator and extruded 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. Threads were extruded at 0.225 mL/min using a dual
syringe pump. After microthreads were incubated for 10-15 min to allow for polymerization, the
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scaffolds were removed and stretched to approximately 300% of their initial drawn length and
hung overnight to dry under the tension of their own weight.

Fibrin microthreads co-incorporated with FGF2 (co-inc) were created as previously
described.®? Recombinant human FGF2 (Peprotech, Rocky Hill, NJ) stock solution was mixed
with 70 mg/mL fibrinogen precursor solution to reach a final FGF2 concentration of 1 ug/mL prior
to co-extrusion with thrombin. Microthread extrusion, polymerization, and stretching followed the

same procedure as described above for uncrosslinked (UNX) microthreads.

5.2.2. Fibrin film generation

Fibrin films were used to evaluate heparin binding due to their ease of production and
analysis. Fibrin films are generated by mixing 1:1 (v:v) 70 mg/mL fibrinogen with 6 U/mL
thrombin, the same components coextruded 1:1 through a blending applicator to make fibrin
microthreads. A non-adhesive casting surface was created by coating a PDMS sheet with 1%
Pluronic-F127 (Sigma Aldrich) in deionized water (dH>O) for 30 min. Immediately after mixing
fibrinogen and thrombin solutions together, 150 uL was cast on top of square vellum frames (1.2
x 1.2 cm), which were placed on top of Pluronic-coated PDMS. After 30 minutes of polymerization
gels were carefully peeled off PDMS, rinsed three times for 5 min in dH>O to de-salt, and dried

overnight to form a film.

5.2.3 Heparin conjugation to fibrin microthreads and films

To create a bioinspired conjugation strategy to tether FGF2 to fibrin microthreads, heparin
was immobilized to the fibrin microthread surface with or without carbodiimide crosslinking.
UNX fibrin microthreads were suspended in 1-well dishes by inserting them between two slatted
polydimethylsiloxane (PDMS) bars located on the edges of the dish. Approximately 13 - 5 cm
long microthreads were suspended in each 1-well dish. Microthreads to be crosslinked were
hydrated in 30 mL of 100 mM sodium phosphate buffer (NaH>POa, pH 7.4, Sigma Aldrich) for 30
min at RT. After 30 min, hydrating buffers were removed and replaced with 100 mM sodium
phosphate buffer containing 28 mM 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC;
Sigma Aldrich), 16 mM N-hydroxysuccinimide (NHS; Sigma Aldrich), and heparin sodium salt

derived from porcine submucosa (Calbiochem, Gibbstown, NJ) at a final concentration of 0
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(EDC), 10 (EDC HEP 10), 100 (EDC HEP 100), or 1000 pg/mL (EDC HEP 1000). After 2 hrs in
crosslinking solution, the EDC/NHS solution was aspirated and microthreads were rinsed three
times for 5 min with deionized water (dH2O). Next, a 0.5% glycine in PBS solution was added to
microthreads for 1 hr to extract the NHS reaction product and quench any residual activated
carboxylic acid groups.®* %* After 1 hr, the glycine solution was removed and two 5 min rinses
with dH»0. Suspended microthreads were allowed to dry overnight in tension.

Control microthreads that remained uncrosslinked were hydrated with phosphate buffered
saline (PBS) for 30 min at RT. After 30 min, PBS was removed and replaced with 30 mL of 10
(UNX HEP 10), or 1000 pg/mL (UNX HEP 1000) heparin sodium salt in PBS. After 2 hrs, the
heparin solution was aspirated and microthreads were rinsed three times for 5 min with deionized
water (dH20). Next, a 0.5% glycine in PBS solution was added to microthreads for 1 hr, then
removed and two 5 min rinses with dH>O were performed. Suspended microthreads dried
overnight under the tension of their own weight.

A final condition evaluated fibrin microthreads that were first EDC crosslinked and
subsequently adsorbed with heparin (EDC then HEP 1000). Microthreads were hydrated in 30 mL
of 100 mM sodium phosphate buffer (NaH2PO4, pH 7.4, Sigma Aldrich) for 30 min at RT. After
30 min, hydrating buffers were removed and replaced with 100 mM sodium phosphate buffer
containing 28 mM EDC and 16 mM NHS for 2 hrs. Next, EDC/NHS solution was aspirated and
microthreads were rinsed three times for 5 min with dH>O. After rinses, a 0.5% glycine in PBS
solution was added to microthreads for 1 hr, then removed and two 5 min rinses with dH>O were
performed. Next, 30 mL of 1,000 pg/mL heparin sodium salt in PBS was added to microthreads
for 2 hrs, followed by two 5 in rinses with dH>O. Suspended microthreads dried overnight under
the tension of their own weight. Fibrin films underwent the same heparin conjugation method with

or without crosslinking described above for the fibrin microthreads.

5.2.4 Toluidine blue staining of heparin conjugated scaffolds

Toluidine blue staining was performed to assess the degree of heparin conjugation to fibrin
films. Toluidine blue binds with high affinity to heparin via electrostatic interactions, and is a
commonly employed method of assessing heparin incorporation in scaffolds.** %7 To perform

staining, heparin conjugated fibrin films were placed in toluidine blue stain (0.1 M HCI, 2 mg/mL
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NaCl, 0.4 mg/mL toluidine blue) for 4 hrs at RT, as previously described.®® After 4 hrs, films were
then rinsed two times with dH>O and allowed to dry. Dried films were placed on a white backdrop
and imaged on a Nikon SMZ-U stereo microscope. To quantify changes in dye uptake between
microthread conditions, pixel intensity of the images was quantified using Imagel by converting
images to 8-bit gray scale and determining the mean grey value from three 144 x 144 square pixel
regions on the film. Mean grey values of the image background from three 144 x 144 square pixel
regions were subtracted to normalize data. All conditions were run in duplicate for each

experimental replicate, and a total of three experimental replicates were performed.

5.2.5 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was utilized as an additional method to
identify heparin conjugation to fibrin film scaffolds by determining that the carboxyl groups of
heparin reacted with the amine groups of fibrin.**%>-6%% Dried fibrin film samples were positioned
onto the attenuated total reflectance (ATR) crystal of a Bruker Vertex 70 instrument (Bruker,
Billerica, MA) with a Golden Gate ATC accessory (Specac, Swedesboro, NJ). FTIR absorbance
spectra data were collected in the mid-IR range, 4500-800 cm™!, and obtained by averaging 1024
scans. Backgrounds were subtracted from each spectrum. Three batches of films for each condition
were analyzed and averaged to obtain a representative spectrum for comparison to other
conditions. Baseline correction of absorbance was performed by normalizing data at 4200 cm’, a
region of the spectra with no characteristic peaks. To assess whether an amide link was formed
through heparin conjugation, amide I, II, and III bands were evaluated.** 6> 6% ¢ Amide I (<1630
cm™!) peaks are primarily a result of C=O stretching, while the amide II (<1520 cm™) peak is a
result of N-H bending and C-N stretching.®> %% Sulfonated groups and amide III are characterized

by a peak at 1240 cm! .43 65.68.69

5.2.6 Determine FGF?2 release from fibrin microthreads

To quantify FGF2 release from fibrin microthreads over time, an FGF2-specific enzyme-
linked immunosorbent assay (ELISA) was performed. Microthread samples were prepared by
gluing ten 1.8 cm-long microthreads of the same condition side-by-side onto a medical grade

stainless steel ring (1.8 cm inner diameter) with medical grade silicone adhesive. Each ring was
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placed in a separate well of a 6-well dish, where it was blocked in 0.25% bovine serum albumin
(BSA) in PBS for 1 hr, then replaced with 1 mL of a 3.5 pg/mL solution of human FGF2
(Peprotech) in sterile PBS. Microthread rings were incubated in FGF2 solution for 16 hrs at RT,
then the solution was aspirated from wells and excess FGF2 was carefully dabbed off stainless
steel rings. Immediately after removing excess FGF2, 1 mL of sterile PBS was added to samples,
each remaining in its own well of a 6-well dish. Plates were wrapped with parafilm and placed in
a 37°C oven on a shaker plate for continuous agitation. This marked the beginning of the release
assay. To evaluate release of FGF2 over time, PBS from samples was collected at 1hr, 4 hr, 8 hr,
1 day, 2 days, 3 days, 4 days, 5 days, 6 days, and 7 days after initiation of the release study, and
stored at -20°C in low-bind microcentrifuge tubes.

After all samples were collected, an FGF2-specific ELISA (Peprotech) was performed in
accordance with the manufacturer’s instructions. Briefly, ELISA plates were coated with capture
antibody overnight, blocked in blocking buffer for 1 hr, and then incubated with appropriately
diluted samples for 2 hrs. After specific binding of sample antigens, a detection antibody was
added to plates for 2 hrs, followed by enzyme-linked avidin-horseradish peroxidase (HRP) which
reacted for 30 minutes. Finally, ABTS substrate was added to produce a soluble, colored product.
Plates were read at 405 and 650 nm on a spectrophotometer (SpectraMax 250, Molecular Devices,
San Jose, CA) so a wavelength subtraction of 405-650 could be performed before converting
optical density readings to FGF2 concentration. Finally, the cumulative release of two control
samples were subtracted from other samples; these controls were UNX microthreads that did not
receive FGF2 and a stainless-steel ring with silicone glue and no microthreads that was passively

adsorbed with FGF2.

5.2.7 Cell Culture

C2C12 immortalized mouse myoblasts (ATCC CRL-1772, Manassas, VA) were cultured
in complete medium, consisting of a 1:1 (v/v) ratio of high glucose Dulbecco’s modified Eagle
Medium (DMEM, Gibco) and Ham’s F12 (Gibco), supplemented with 4 mM L-glutamine, 10%
fetal bovine serum (FBS, HyClone, Logan, UT), 100 U/mL penicillin, 100 pg/mL streptomycin
(Thermo Fisher Scientific, Waltham, MA), and 2.5 pg/mL amphotericin-B (Thermo Fisher

Scientific) as described previously.”® Cells were incubated at 37°C with 5% CO> and maintained
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at a density below 70% confluence using standard cell culture techniques. Cell passage was carried

out using 0.25% trypsin-EDTA (Corning, Corning, NY).

5.2.8 Transwell®-based bioactivity and proliferation assay

To determine the bioactivity of FGF2 released from fibrin microthreads, a Transwell®-
based myoblast proliferation assay was developed (Figure 5.1). Five 1.5-cm long fibrin
microthreads of the same condition were attached to PDMS rings, hydrated in PBS for 1 hr, and
sterilized for 2 hrs in 70% ethanol. After sterilization microthread constructs were rinsed three
times for 5 min with dH>O and left to dry in the biosafety cabinet overnight. Sterile microthread
constructs were then blocked with 0.25% BSA for 1 hr, then loaded with 1 pg/mL sterile FGF2 in
PBS for 16 hrs. Then, FGF2 solution was aspirated and excess solution on microthread constructs
was carefully blotted off. Microthread constructs were then placed into 6-well Transwell® inserts.
50,000 C2C12 myoblasts were seeded onto the bottom of 6-well dishes in complete medium for
20 hrs. Then, the medium was removed and replaced with serum free medium (SFM; 1:1
DMEM:F12, 100 L.U. penicillin, 100 pg/mL streptomycin, and 2.5 pg/mL amphotericin B) 4 hrs
prior to adding the Transwell® insert to the well. Once the Transwell® insert was placed into the
well, an additional 1 mL of SFM was added on top of the microthread construct to ensure it was
fully submerged.

After the Transwell® was in the plate for 24 hours, it was then moved to a new 6-well dish,
which was seeded 24 hrs prior following the same method as the previous plate. The original 6-
well dish was then fixed with ice cold methanol. This was continued for 4 days in culture to
evaluate the effect of FGF2 release from microthreads on C2C12 proliferation as a function of
time. Controls included cells that remained in complete medium or in SFM, PDMS rings (no
microthreads) adsorbed with FGF2, and UNX microthreads with and without adsorbed FGF2. At
the end of the experiment, plates from all timepoints were permeabilized, blocked, and stained
with Hoechst and a primary antibody against Ki67. Microthreads were imaged using a fluorescent
microscope (Zeiss Axiovert 200M microscope, Carl Zeiss, Germany). Nuclei were counted with
ImagelJ software to evaluate the percent of proliferating cells (Ki67" count/Hoechst count) x 100).
Normalized cell number relative to the SFM negative control was also determined by taking the

Hoechst count of each condition and dividing by the SFM Hoechst count at each timepoint.
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Figure 5.1. Transwell®-based proliferation assay. Myoblasts were seeded in 6-wells 24 hrs prior to addition
of the Transwell® insert, which contained the microthread constructs. Medium was switched from complete
medium (CM) to serum free medium (SFM) 4 hours prior to the addition of the Transwell®. After 24 hrs in a
specific well, the Transwell® insert was moved to a new well, which was seeded 24 hrs prior. The well from
which Transwell® was moved from was immediately fixed with ice cold methanol until assay completion, when
all wells were stained.

5.2.9 3D myoblast outgrowth assay

A three dimensional (3D) cellular outgrowth assay was performed over a period of 4 days
to evaluate myoblast proliferation and migration onto fibrin microthreads, as previously described
(Figure 5.2).7" 2 Briefly, rectangular Thermanox™ platforms (3 x 13 mm) were elevated 2 mm
above the bottom of a 6-well with PDMS plugs (2 mm diameter) glued with medical grade silicone
adhesive. These custom plates were sterilized in 70% ethanol for 2 hrs, rinsed three times for 5
min with dH>O, and left to dry in a laminar flow hood overnight. Three 1.5 cm long microthreads

of the same condition were attached to PDMS rings, hydrated in dH>O for 1 hr, sterilized in 70%
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ethanol for 2 hr, rinsed 3 times for 5 min with dH>O, and left to dry in a laminar flow hood
overnight. Microthreads were blocked with sterile 0.25% BSA in PBS for 1 hr, then passively
adsorbed with 1 mL of 0 or 1 pg/mL sterile FGF2 in PBS for 16 hrs. FGF2 was aspirated and ring
constructs were carefully blotted off to remove excess FGF2 solution, then transferred to the sterile
6-well dishes containing the elevated Thermanox™ platforms, so microthreads laid centered and
flush against the platforms. To ensure they maintained this position, rings were affixed to the

bottom of 6-well plates with sterile vacuum grease.

SIDE VIEW TOP VIEW

Fibrin microthread Gel-microthread interface

— -
ﬁ

Leading cell

PDMS ring -~

Myoblast seeded fibrin hydrogel

Figure 5.2. Three-dimensional myoblast outgrowth assay. Side and top view of myoblast outgrowth assay,
where PDMS rings holding three fibrin microthreads are placed on top of an elevated Thermanox coverslip, onto
which a myoblast-seeded fibrin hydrogel is cast. The distance of the leading cell from the gel-microthread
interface is measured over the course of four days.

Next, 80 uL of a myoblast-seeded fibrin gel was cast on top of each Thermanox™ platform.
These gels were produced by mixing fibrinogen (5.22 mg/mL), calcium chloride (31.25 mM),
thrombin (3.25 U/mL), and cell solution (1,500,000 cells/mL) in an 8:1:1:2 ratio. This produced a
fibrin gel with a final concentration of 3.5 mg/mL fibrinogen and a final cell concentration of
250,000 cells/mL. Prior to mixing the fibrin gel components, C2C12 myoblasts were loaded with
Dil lipophilic tracer (Thermo Fisher Scientific) following manufacturer’s instructions to facilitate
tracking cellular outgrowth throughout culture. Myoblast-populated fibrin gels were incubated at
37°C for 1 hr to facilitate gel formation, then wells were flooded with 4 mL of SFM supplemented
with 20 pg/mL of aprotinin to submerge the entire gel. Each condition was run in duplicate, where
each replicate was considered one PDMS ring containing three microthreads of the same condition,
with 6 microthread-coverslip interfaces.

To analyze cell outgrowth on the fibrin microthreads, the microthread—coverslip interfaces

were imaged daily on a Zeiss Axiovert 200M fluorescent microscope, and the position of the
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leading cell was determined based on its distance from the edge of the thread/gel interface, as
previously described (Figure 5.2).”> Medium was exchanged every 2 days. After 2 days, C2C12s
were reloaded with Dil, as described previously.”? To quantify the effect of FGF2-loaded
microthreads on myoblast outgrowth, we evaluated outgrowth distance and outgrowth rate. Due
to regional variations in myoblast concentration throughout the fibrin hydrogel, the microthread-
coverslip interfaces at day 1 were evaluated to determine if cell density was too low in that region.
All microthreads with low initial cell density in the hydrogel surrounding them were eliminated
from further analysis. The outgrowth rate was calculated as the slope of the linear regression curve.
After imaging the final day 4 timepoint, microthread constructs were fixed in 4%
paraformaldehyde, permeabilized in 0.1% Triton X-100, blocked with 5% BSA in PBS, and
stained with Hoechst and a primary antibody against Ki67 (1:400, D3B5; Cell Signaling
Technologies, Danvers, MA). Microthreads were imaged using a Zeiss Axiovert 200M fluorescent

microscope.

5.2.10 Statistical Analyses

Statistical analyses were performed using Graphpad Prism 7 software (Graphpad, Software,
La Jolla, CA). Data was tested for normal distribution using a Shapiro-Wilk test and equal variance
using a Bartlett’s test. When these assumptions were met, statistical differences between
conditions were determined by one-way ANOVA (p < 0.05) with Tukey’s multiple comparisons
post hoc analysis for toluidine blue, ELISA, and outgrowth data. For the Transwell® proliferation
assay data, a two-way ANOVA (p <0.05) was performed with Tukey’s multiple comparisons post
hoc analysis. Values reported are means + standard error of the mean (SEM) unless otherwise

stated. Significance is indicated as * p < 0.05, ** p <0.01, *** p <0.001, and **** p < 0.0001.

5.3 RESULTS

5.3.1 Heparin can be covalently coupled to fibrin microthreads in a dose dependent manner
To create a conjugation strategy that mimics the native sequestration of FGF2 by heparan

sulfate proteoglycans in the basement membrane, we covalently conjugated heparin to the surface

of fibrin microthread and film-based scaffolds. This was done by employing carbodiimide

chemistry, which covalently reacted the free amine groups of fibrin with the activated carboxylic
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acid groups on heparin. The dose-dependent conjugation of heparin to fibrin microthreads was
evaluated with toluidine blue staining (Figure 5.3) and FTIR (Figure 5.4). Toluidine blue staining
of fibrin films showed an increase in dye uptake with increasing heparin concentration, as
anticipated (Figure 5.3 B). The same trend was observed when toluidine blue staining was
performed on heparin conjugated fibrin microthreads (data not shown). Pixel intensity analyses of
images was performed to further quantify this finding on fibrin films (Figure 5.3 A). Pixel
intensity quantification demonstrates increasing dye uptake with increasing heparin concentration.
The highest concentration of heparin evaluated, EDC HEP 1000 films, had significantly higher
pixel intensity compared to UNX (p < 0.01) and EDC (p < 0.05) films. No statistically significant
differences were observed between UNX and EDC films with the same heparin concentrations,
indicating that the EDC crosslinking reaction did not increase heparin binding to fibrin

microthreads compared to corresponding passively adsorbed UNX conditions.
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Figure 5.3. Toluidine blue analysis of heparin-conjugated fibrin films. (A) Pixel intensity analysis of UNX
passively adsorbed (EDC -) and covalently conjugated (EDC +) fibrin films with varying heparin concentrations
stained with toluidine blue. (B) Stereo microscope images of toluidine blue dyed fibrin films, where the blue
dye uptake increases with increasing heparin concentration. Statistical significance is indicated by * (p < 0.05)
and ** (p < 0.01) between corresponding groups determined by one-way ANOVA with Tukey’s multiple
comparisons post hoc analysis (N = 3 experimental replicates).
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To further analyze the binding of heparin to fibrin scaffolds, FTIR analysis was performed
to analyze changes in secondary structure as a result of heparin incorporation (Figure 5.4 A).
Heparin adsorption was characterized by the formation of amide bonds and analyzed by amide I,
11, and III peaks centered at 1630 cm™, 1520 cm™, and 1240 cm™, respectively. All scaffold
conditions covalently coupled with heparin appeared to have higher amide peaks than UNX
scaffolds (Figure 5.4 B-C). The adsorption band at 1240 cm™! is also indicative of the presence of
sulfonated groups (-SOs stretching), which suggests the presence of heparin as it is a sulfated
polysaccharide (Figure 5.4 C).* Taken together, these data may suggest the incorporation of

heparin on fibrin films, despite challenges in differentiating variations in overlapping peaks.
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Figure 5.4. FTIR analysis of heparin-conjugated fibrin films. (A) Representative FTIR spectra of fibrin films
passively adsorbed or covalently conjugated with heparin. Spectral regions of interest representing (B) Amide I
and II, and (C) Amide III and sulfonated groups (-SO3) (N = 3 experimental replicates).

5.3.2 Sustained release of FGF2 from heparin conjugated and co-incorporated microthreads
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Cumulative release kinetics of FGF2 from heparin conjugated and co-incorporated fibrin

microthreads were evaluated over a period of 7 days with an ELISA. Co-inc fibrin microthreads

demonstrated sustained release of FGF2 over the course of five days, at which point the scaffolds

were largely degraded and FGF2 release diminished (Figure 5.5 A, B). A linear regression analysis

of co-inc microthread release kinetics through 5 days, constrained through the origin, showed that

co-inc scaffolds achieved zero-order release kinetics of FGF2 (R? = 0.94) (Figure 5.5 B). Co-inc

microthreads had the lowest total quantity of FGF2 release compared to passively adsorbed

microthread conditions (Figure 5.5 C).
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Figure 5.5. FGF2 release kinetics from fibrin microthreads. (A) Cumulative sustained release of FGF2 over
one week from heparin conjugated and co-incorporated fibrin microthreads. (B) A linear regression of FGF2
release from co-inc microthreads through day five (dashed line) showed that co-inc scaffolds achieved zero-
order release kinetics of FGF2 (R? = 0.94). (C) Total FGF2 released from fibrin microthreads after one week
reveals that UNX HEP 1000 microthreads had the highest total FGF2 release at seven days. Statistical
significance is indicated by * (p < 0.05) between corresponding groups determined by one-way ANOVA with
Tukey’s multiple comparisons post hoc analysis (N > 3 experimental replicates).
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Fibrin microthreads passively adsorbed with FGF2 also yielded sustained release of FGF2
over the course of one week (Figure 5.5 A). Fibrin microthreads covalently conjugated with
heparin via EDC crosslinking appeared to have a higher cumulative release compared to EDC
crosslinked threads, although this finding is not significant (Figure 5.5 C). EDC HEP 100 and
EDC HEP 1000 had similar release profiles, with similar total FGF2 release. Interestingly, UNX
microthreads also yielded sustained release of FGF2 over the course of one week, with an average
total release comparable to EDC HEP 100 and EDC HEP 1000 microthreads (Figure 5.5 A, C).
Microthreads passively adsorbed with heparin appeared to have higher total FGF2 release
compared to microthreads carbodiimide conjugated with heparin at the same concentration. UNX
HEP 1000 microthreads released 2.75-fold more FGF2 than EDC HEP 1000 microthreads. UNX
HEP 1000 released a total of 363 + 289 ng FGF2, while EDC HEP 1000 microthreads released
133 £ 120 ng FGF2. UNX HEP 1000 microthreads also appeared to have a higher initial burst
release, where 77% of total FGF2 was released within the first two days, compared to 65% and

64% released from EDC HEP 100 and EDC HEP 1000 microthreads at two days, respectively.

5.3.3 FGF2 released from fibrin microthreads remains bioactive and stimulates myoblast
proliferation

A Transwell®-based proliferation assay was performed to determine the bioactivity of
FGF2 released from fibrin microthreads over the course of four days. Fibrin microthread constructs
in Transwell® inserts were placed in 6-well plates seeded with myoblasts cultured in SFM for 24
hrs before moved to a new myoblast-seeded well (Figure 5.1). Plates for each timepoint were fixed
and stained with proliferation marker Ki67 to evaluate the effect of FGF2 released from fibrin
microthreads on myoblast proliferation over time. At each timepoint, there was no statistically
significant difference in the percent of Ki67" myoblasts between FGF2-loaded fibrin microthread
conditions (Figure 5.6 A). FGF2-loaded fibrin microthreads appeared to stimulate higher percent
Ki67" myoblasts on days 2-4 compared to SFM and UNX no FGF2 control conditions, although
this trend was not statistically significant (Figure 5.6 A). We also analyzed proliferation data by
looking at each condition as a function of time (Figure 5.6 B). The percent of Ki67" myoblasts
significantly increased from day 1 to day 4 in all microthread conditions passively adsorbed with

FGF2, including UNX, EDC, and EDC HEP 10, 100, and 1000 microthreads (Figure 5.6 B).
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Figure 5.6. Transwell®-based proliferation assay to determine FGF2 bioactivity and its effect on in vitro
percent Ki67" myoblasts. (A) Percentage of Ki67* cells are presented as a function of time and demonstrates
trends in increasing percent Ki67* cells with fibrin microthreads passively adsorbed with FGF2. (B) The same
data presented as a function of FGF2 incorporation strategy demonstrates that the percent Ki67" myoblasts
significantly increase with time for all conditions passively adsorbed with FGF2. Statistical significance is
indicated by * (p < 0.05) between corresponding groups determined by two-way ANOVA with Tukey’s
multiple comparisons post hoc analysis (N = 3 experimental replicates).

Further analyses were conducted to evaluate myoblast number normalized to the SFM
negative control (Figure 5.7). At each timepoint, all microthreads loaded with FGF2, including
co-inc and EDC HEP microthreads, had elevated cell numbers relative to the SFM negative control
condition (Figure 5.7 A). Additionally, normalized myoblast cell numbers remained elevated over
the course of four days for FGF2 co-inc and EDC HEP microthreads (Figure 5.7 B). Taken
together with the Ki67 data, these data demonstrate that FGF2 co-incorporated within or passively
adsorbed to fibrin microthreads is released from the scaffolds over time and acts as a mitogen to

stimulate myoblast proliferation.

Chapter 5
Sustained release of fibroblast growth factor 2 from fibrin microthread scaffolds for skeletal | 141
muscle tissue engineering



A E; T 4 ==
2 3
N o
T L
EE
S5 .
c ©
2 8
5= mm UNX no FGF2
gé 1- Bl co-inc
% 2 Bm ring + FGF2
- UNX

0.5 EDC
DAY 1 DAY 2 DAY 3 DAY 4 EDC HEP 10

— 47

B 8o | mm EDC HEP 100
83 mm EDC HEP 1000
gL ,. I ] I == SFM + 5 ng/mL FGF2
Eg ] l I ]“ I gé mm Complete medium
£33 |
o O 7
) ~
C = 11
c O J
£ 2 |
° £
T >
o <
('8

5
1234 1234 1234 1234 1234 1234 1234 1234 1234 1234
Time (days)

Figure 5.7. Transwell®-based proliferation assay to determine FGF2 bioactivity and its effect on in vitro
myoblast normalized cell number. (A) Fold change in cell number normalized to serum free media (SFM) cell
number as a function of time and (B) the same data presented as a function of FGF2 incorporation strategy
indicate increased cell numbers in all FGF2 loaded microthreads. Statistical significance is indicated by * (p <
0.05) between corresponding groups determined by two-way ANOVA with Tukey’s multiple comparisons post
hoc analysis (N = 3 experimental replicates).

5.3.4 Mpyoblast outgrowth on FGF2-loaded fibrin microthreads

A cellular outgrowth assay was performed to determine the effect of FGF2-loaded fibrin
microthreads on myoblast proliferation and migration over the course of four days. A 3D
outgrowth assay developed by our lab was used, where a myoblast seeded fibrin hydrogel is cast
over suspended fibrin microthreads so myoblasts can proliferate and migrate onto the microthreads
over several days (Figure 5.2). For most conditions, outgrowth was observed as several “leading”

myoblasts on the microthread, which was followed by a more confluent layer of cells (Figure 5.8).
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Figure 5.8. Representative images of myoblast outgrowth on fibrin microthreads. Outgrowth on fibrin
microthreads with no FGF2 (UNX no FGF2), co-incorporated with FGF2 (co-inc), or passively adsorbed with
FGF2 (EDC, UNX HEP 1000). Myoblast outgrowth (visualized with Dil staining) was observed as several
“leading” myoblasts furthest out on the microthread, which was followed by a more confluent layer of cells.
White dotted lines show the microthread-gel interface at day one. White arrows indicate the leading cell
position. Scale bar is 100 pm.

All fibrin microthread conditions evaluated demonstrated a linear outgrowth rate, where
outgrowth increased over time (Figure 5.9 A). A linear regression analysis of myoblast outgrowth
kinetics through day four constrained through the origin, demonstrated that myoblast outgrowth
rate was linear on all microthread conditions (0.92 < R? < 0.99). Myoblast outgrowth rate was
highest on co-inc and UNX HEP 1000 microthreads, which both had a rate of 145 um/day (Figure
5.9 B). This is approximately 1.5-fold higher than the rate of myoblast outgrowth observed on
UNX microthreads with no FGF2. When comparing microthread conditions loaded with 1000
pg/mL of heparin, UNX HEP 1000 microthreads had the highest outgrowth rate, followed by EDC
HEP 1000, and finally EDC then HEP 1000. Similar trends between conditions were observed
when evaluating distance of the leading cell at day four (Figure 5.9 C). Myoblasts traveled an
average of 273 — 614 um over the course of four days in culture, depending on microthread

condition.
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Figure 5.9. Myoblast outgrowth on FGF2-loaded fibrin microthreads. (A) C2C12 myoblast outgrowth
distance on fibrin microthreads as a function of time. Linear regression analysis constrained through the origin
revealed that myoblast outgrowth rate was linear on all microthread conditions (0.92 < R? < 0.99). (B) Myoblast
outgrowth was calculated as the linear slope over a period of four days and indicates that myoblasts on co-inc
and UNX HEP 1000 microthreads had the highest rate of outgrowth. (C) Similar trends were observed when
evaluating total distance traveled of the leading cell at day four (N > 3 experimental replicates).

Myoblast outgrowth is known to be a function of both proliferation and migration.”" > To
uncouple the cellular mechanism primarily contributing to the myoblast outgrowth observed on
FGF2-loaded fibrin microthreads, we performed Ki67 staining of fibrin microthreads from the 3D
myoblast outgrowth assay at the terminal day four timepoint by fixing and removing microthreads
from the assay to stain and image (Figure 5.10 A). Representative images of Ki67-stained fibrin

microthreads display minimal Ki67 staining at four days in conditions with no FGF2, co-
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incorporated with FGF2, and passively adsorbed with FGF2 (Figure 5.10 B-K). Due to low

staining, this result could not be further quantified.
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Figure 5.10. Evaluating myoblast proliferation on fibrin microthreads from the 3D outgrowth assay. (A)
At the terminal day four timepoint of the myoblast outgrowth assay, microthreads were fixed, removed from
outgrowth assays, and stained with Hoechst and Ki67 to determine the extent of myoblast proliferation. (B-K)
Representative images of Ki67 stained microthreads, including (B) uncrosslinked microthreads with no FGF2,
(C) microthreads co-incorporated with 1 ug/mL FGF2, and (D-K) UNX or EDC crosslinked microthreads with 0
(D, H), 10 (E, I), 100 (F, J), and 1000 pg/mL (G, K) heparin and passively adsorbed with 1 ug/mL FGF2. White
arrows indicate sparse Ki67* nuclei microthreads. Scale bar is 100 pm.

5.4 DISCUSSION

The goal of this study was to develop fibrin microthread scaffolds with sustained,
physiologically relevant release of FGF2, towards the goal of developing an implantable scaffold
to treat VML injuries. To generate fibrin microthreads with sustained release of FGF2, we
evaluated two strategies to incorporate the growth factor. First, we covalently conjugated heparin
to fibrin microthreads via carbodiimide coupling, creating a biomimetic strategy mimicking FGF2
sequestration in native skeletal muscle ECM (EDC HEP). A second strategy incorporated FGF2
within fibrin microthreads by mixing FGF2 with fibrinogen prior to co-extrusion (Co-inc). Fibrin

is ideally suited for incorporating FGF2 because it binds with high affinity to FGF2 and protects
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it from proteolytic degradation.®® Toluidine blue staining and FTIR confirmed heparin conjugation
to fibrin microthreads by demonstrating increasing dye uptake and amide bond peaks, respectively.
FGF2 release kinetics revealed that fibrin microthreads conjugated with heparin had sustained
release over one week and may deliver a higher total amount of FGF2 than EDC microthreads
without heparin. Additionally, microthreads co-incorporated with FGF2 achieved zero-order
release kinetics over five days. UNX HEP 1000 microthreads had the highest total FGF2 release
but appeared to have a greater initial burst release compared to EDC HEP 1000 microthreads,
which may be due to the non-covalent attachment of heparin. A Transwell®-based proliferation
assay demonstrated that FGF2 released from fibrin microthread scaffolds was bioactive,
stimulating myoblast proliferation over a period of four days in vitro. Finally, a 3D outgrowth
assay demonstrated that co-inc and heparin conjugated microthreads may enhance myoblast
outgrowth. Minimal Ki67" myoblasts on these microthreads suggest that outgrowth may be
primarily driven by cellular migration. Taken together, these results suggest that heparin
conjugated fibrin microthreads create a biomimetic delivery strategy for FGF2 with the added
benefit of mechanical strength and alignment cues from a fiber-based scaffold. This work
addresses limitations in the field to develop a scaffold that synergistically provides biochemical
and biophysical cues simultaneously. The combined effect of fibrin microthread mechanical
properties, topographic alignment cues, and FGF2 may be an effective scaffold for treating VML
injuries in the future.

We implemented a biomimetic FGF2 delivery strategy by passively adsorbing or
chemically immobilizing heparin sodium salt to fibrin microthreads. In passively adsorbed
conditions, heparin likely binds to fibrin primarily through electrostatic interactions, as well as the
hydrophobic effect and hydrogen bonding.”® Carbodiimide crosslinking was employed to create a
covalent amide bond between the carboxyl groups of heparin and the amine groups of fibrin. We
chose to utilize carbodiimide crosslinking because it creates a stable covalent bond and is a “zero
length” crosslinker, meaning that no residues from the crosslinking reaction become a part of the
bond structure.” Previous studies have demonstrated that EDC crosslinking chemistry can be used

to covalently couple heparin to polymer scaffolds with free amine groups, including collagen®? 7#

).65

76, fibrin** 77, poly-lactic-co-glycolic acid (PLGA)’® , and poly(e-caprolactone) (PCL).% Toluidine

blue staining and FTIR confirmed that heparin was successfully conjugated to fibrin microthreads

Chapter 5
Sustained release of fibroblast growth factor 2 from fibrin microthread scaffolds for skeletal | 146
muscle tissue engineering



in a dose-dependent manner. Both passively adsorbed (UNX HEP) and covalently conjugated
(EDC HEP) conditions demonstrated increasing toluidine blue dye uptake and amide bond peaks
with increasing concentrations of heparin from 0 to 1000 pg/mL. Other researchers demonstrated
an increasing amount of conjugated heparin on collagen scaffolds by increasing the concentration
of heparin within the crosslinking solution, which were determined by a toluidine blue or
dimethylmethylene blue assay.”* 7

In the future, additional methods to modify the degree of heparin conjugation to fibrin
microthreads could be investigated. This could include altering the EDC crosslinking reaction time
and pH, which have both been shown to effect the degree of heparin conjugation to polymer
scaffolds.%> 7 Despite being an effective conjugation strategy, EDC crosslinking can yield
scaffolds that are largely resistant to proteolytic degradation.'® Upon implantation into a hind limb
murine VML defect, EDC crosslinked fibrin microthreads persisted through 60 days post
implantation.'® Ideally, we want these scaffolds to degrade at the same rate of new tissue
infiltration, so it can provide provisional structural support yet ultimately be replaced by functional
tissue. Alternative, more sophisticated heparin conjugation strategies have also been
investigated.®> %2 Sakiyama-Elbert et al. covalently immobilized a bi-domain peptide to fibrin
through transglutaminase activity, and then bound heparin to this peptide through non-covalent,
electrostatic interactions.’ This release system was able to sustain the release of FGF2 from
heparinized fibrin matrices, improving dorsal root ganglia neurite extension in vitro.®! Finally, the
development of synthetic heparin mimetics eliminate concerns with heparin’s inherent
heterogeneity and allows for the precise control over structure and binding affinity.”> Maynard et
al. developed a tetra-peptide of sulfated amino acids, which bound VEGF with high affinity.*?
Freeman et al. mimicked heparin binding by sulfating the uronic acid groups in alginate and
hyaluronan (HA),® based on the knowledge that the degree of heparin sulfation influences growth
factor binding.®* % They found that sulfated alginate and HA provided strong binding and
sustained release of heparin-binding growth factors such as FGF2.3 Ultimately, tuning of the EDC
covalent crosslinking conjugation strategy, or development of more sophisticated linker peptides
or heparin mimetics may allow for further tuning of heparin conjugation to fibrin microthread

scaffolds.
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Co-inc fibrin microthreads yielded sustained release of FGF2 over the course of five days.
After a muscle crush injury, FGF2 is detected in wound fluid 2-8 days after injury and peaks at 6-
8 days.** This emphasizes the need for sustained release of FGF2 over the course of one week to
mimic its in vivo temporal release. Previous work in our laboratory initially developed this co-
incorporation strategy and found that FGF2 was well distributed throughout the fibrin
microthreads, but did not evaluate its release kinetics from the scaffold.®> We found that co-inc
microthreads had sustained release of FGF2 over five days, at which point the scaffolds were
largely degraded and FGF?2 release tapered off. FGF2 binds with high affinity to fibrin and protects
it from proteolytic degradation,’® which we hypothesize is why we these scaffolds achieved
sustained release. A linear regression analysis of release kinetics through day five revealed that
co-inc scaffolds achieved zero-order release kinetics of FGF2 (R? = 0.94). Jeon et al. also achieved
zero-order release of FGF2 from heparin conjugated PLGA microspheres encapsulated within a

fibrin hydrogel.”®

They found that zero-order release kinetics of FGF2 were achieved over four
weeks by increasing the fibrinogen concentration to 94 mg/mL or higher. Fibrin microthread
scaffolds are analogous to dense hydrogels as they also have a high fibrinogen concentration (35
mg/mL), which may explain how they mediate the controlled release we observed. Because these
scaffolds were not crosslinked, we hypothesize that release was mediated by a combination of
hydrolysis, bulk degradation, dissociation of FGF2 from fibrin, and diffusion through the
microthread. Co-inc microthreads also had the smallest total quantity of FGF2 release which is
likely explained by differences in loading strategy.

Fibrin microthreads covalently conjugated with heparin yielded sustained release of FGF2
over the course of one week, where higher heparin conjugation resulted in a more sustained release
and a higher total amount of FGF2 released. This result is similar to work by other researchers
who conjugated heparin to polymer scaffolds to mediate the release of FGF2** 7% 86 and other
heparin-binding growth factors.”® 77 87 8 Younesi et al. also showed that increasing the
concentration of heparin in the EDC crosslinker bath from 0 to 10 mg/mL created a more sustained
release of platelet-derived growth factor (PDGF) from collagen microthreads over the course of
15 days, with the majority of release taking place in the first week.”® Yang et al. observed similar
sustained release of FGF2 from a fibrinogen scaffold conjugated with heparin via EDC

crosslinking.* They found only 40% of FGF2 released from their scaffold by one week, and
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sustained release of FGF2 continued up to three weeks. Because this study utilized the same
scaffold biomaterial (fibrin), heparin conjugation strategy (EDC), and growth factor (FGF2) as
this work, we hypothesize it is very likely that FGF2 remains bound to heparin conjugated fibrin
microthreads after one week. This would be expected, as the electrostatic interaction between
FGF2 and heparin is a strong noncovalent bond.”* We performed a glycine rinse to prevent any
residual activated carboxylic acid groups from the EDC reaction to covalently bind FGF2 to
fibrin.%* ® FGF2 release from heparin conjugated fibrin microthreads likely occurs through
different mechanisms, including FGF2 dissociation from heparin and degradation of fibrin.>> 8¢ In
vivo, additional factors would influence FGF2 release including proteolytic degradation of fibrin
via plasmin and enzymatic degradation of heparin via heparinase,*® which may likely lead to faster
release of FGF2 than what we observed in vitro. Future analyses to evaluate extended release of
FGF2 over several weeks and to quantify FGF2 remaining on our scaffolds will provide more
information about how heparin-conjugated fibrin microthreads mediate FGF2 binding,
sequestration, and release.

Interestingly, UNX and UNX HEP 1000 microthreads both yielded higher total FGF2
release compared to EDC microthreads crosslinked with the same corresponding heparin
concentration (EDC and EDC HEP 1000, respectively). UNX HEP 1000 microthreads also
exhibited a higher initial burst release, where 77% of total FGF2 was released within the first two
days, compared to 65% and 64% of total FGF2 released from EDC HEP 100 and EDC HEP 1000
microthreads at two days, respectively. This is a similar finding to work by Yang et al., who
compared FGF2 release from fibrin hydrogels containing free and EDC conjugated heparin.** They
found that fibrin hydrogels containing free heparin had less sustained release than heparin
conjugated fibrinogen, and exhibited a much higher initial burst release within the first few days.*
This is likely because electrostatic attraction forces in fibrin with free heparin are weaker than the
covalent bond formed when heparin is carbodiimide crosslinked to fibrin. The high sustained
release from UNX microthreads may be due to the high binding affinity FGF2 has for fibrin, with
reported equilibrium dissociation constant (Kg) ranging from 0.8 — 261 nM.%° Thus, we
hypothesize that FGF2 binds with specificity to saturate UNX microthreads, which mediates its
sustained release from the scaffold. Visual inspection indicated that UNX and UNX HEP 1000

microthreads were largely degraded after the one week release assay, so it is likely that that total
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FGF2 release reported is close to the total amount of FGF2 initially loaded on these scaffolds. In
contrast, EDC microthreads had not noticeably degraded at the terminal one week timepoint of the
release assay.

A limitation of this work is that we were unable to accurately quantify the amount of FGF2
initially bound to fibrin microthreads with an ELISA. We hypothesize that differences in
cumulative release between fibrin microthread conditions is likely a result of differences in initial
FGF2 binding as well as the release mechanisms. Researchers demonstrated that increasing
concentrations of heparin when EDC crosslinked to collagen scaffolds is correlated with an
increase in FGF2 binding.®® 8% A 2 to 3.4-fold increase in the amount of bound FGF2 was
observed on heparinized collagen matrices compared to unmodified collagen scaffolds, as
determined by measuring the radioactivity of '>’[-FGF2.5% %0 Higher FGF2 binding was also
observed on heparinized, EDC crosslinked PLGA nanofibers compared to unmodified
nanofibers.®® Based on these studies, we hypothesize that with increasing concentrations of
heparin, we are increasing the amount of FGF2 binding to fibrin microthreads. It is not clear
whether the effect of passively adsorbing vs. chemically conjugating heparin would influence the
efficiency of FGF2 binding. Quantification of toluidine blue staining did not reveal any significant
differences in heparin incorporation on passively adsorbed vs. chemically conjugated scaffolds
with the same heparin concentration. Because of this, we hypothesize that FGF2 binding is
comparable on passively adsorbed and EDC coupled scaffolds when heparin concentration is held
constant. This should be investigated in future studies by quantifying the amount of bound FGF2
with a Western blot, fluorescently conjugated FGF2, or radioactive '*I-FGF2, following complete
scaffold digestion.

FGF2 incorporated onto or within fibrin microthreads remained bioactive, as it was able to
stimulate myoblast proliferation in a Transwell®-based assay. FGF2 is a known mitogen for
myoblasts.?6->- %122 FGF2-loaded microthreads stimulated myoblast proliferation comparable to 5
ng/mL FGF2 supplemented SFM. Additionally, the percent of Ki67" myoblasts increased
significantly from day 1 to 4 in all microthread conditions passively adsorbed with FGF2. These
results further confirmed that (1) co-inc and heparin-mediated FGF2 incorporation strategies did
not inhibit the bioactivity of FGF2, and (2) FGF2 released from heparin-conjugated microthreads

is able to act on myoblasts over a prolonged time. Other researchers performed similar bioactivity
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assays by placing FGF2-loaded scaffolds into Transwell® culture inserts and evaluating the effect
of FGF2 release on fibroblast’® 3¢ or endothelial cell** number over time.** 7® These studies also
found that released FGF2 remained bioactive, as it was able to stimulate proliferation to the same
degree as FGF2 supplemented medium. The Transwell®-based proliferation assay relies on bound
FGF2 releasing from fibrin microthreads and diffusing through the Transwell® membrane to
stimulate myoblast proliferation. To assess the ability of bound FGF2 on fibrin microthreads to
stimulate myoblast proliferation and migration, we performed a 3D cellular outgrowth assay.

Our lab developed a 3D cellular outgrowth assay, an in vitro model system that examines
the combined effect of cellular proliferation and migration, termed outgrowth, onto fibrin
microthreads from a myoblast-populated hydrogel.”"> 7 This assay more accurately recapitulates
myoblast outgrowth from a wound margin compared to other commonly used migration assays
including Transwell® inserts and scratch assays.”® The outgrowth assay allows for evaluation of
proliferation and migration of myoblasts directly attached to the microthreads; this allows us to
measure the influence of the bound heparin and FGF2 complex, where other migration assays rely
of FGF2 being released from the scaffold. This is particularly important for analyzing heparin-
conjugated scaffolds because they likely sequester more FGF2, and bound heparin facilitates FGF2
binding with its receptor.*> 46 %4

FGF2-loaded fibrin microthreads appeared to influence myoblast outgrowth as a function
of growth factor incorporation strategy. Outgrowth rates were highest on co-inc and UNX HEP
1000 microthreads, which were both approximately 1.5-fold higher than the rate of myoblast
outgrowth observed on UNX microthreads with no FGF2. Similarly, Cornwell et al. saw an
approximately 2-fold increase in fibroblast outgrowth on fibrin microthreads co-incorporated with
200 ng/mL FGF2.°> However, this assay was carried out in proliferation media with 2% FBS,
which is more conducive to cellular proliferation and migration than the SFM used in the present
study. Although not significant, there appeared to be a trend where EDC crosslinked microthreads
directed lower myoblast outgrowth rates and distances compared to UNX microthreads with
corresponding heparin concentrations. Researchers demonstrated that EDC crosslinking of
collagen films reduced C2C12 binding and spreading, which they hypothesize was caused by a
reduction in the number of available cell binding sites.”> Bax et al. demonstrated that with an

increasing degree of EDC crosslinking of collagen, B integrin-mediated cell spreading, apoptosis,
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and proliferation were reduced in HT1080 fibrosarcoma and C2C12 cell lines.”® This study
suggests that EDC crosslinking utilizes the same carboxylic side chain chemistry that is necessary
for integrin-mediated cell interactions. This is further substantiated by work confirming that
C2C12s highly express i integrin subunits.”” Thus, we hypothesize EDC crosslinking of fibrin
microthreads may utilize and subsequently block the functional groups necessary for integrin-
mediated cellular attachment.

To uncouple which cellular mechanism, proliferation or migration, is primarily responsible
for myoblast outgrowth, Ki67 staining was performed on myoblast-seeded fibrin microthreads
from the outgrowth assay. All conditions, regardless of the presence of FGF2 or its incorporation
strategy, revealed minimal expression of Ki67" nuclei. Thus, it is likely that the outgrowth
observed on fibrin microthreads is driven by myoblast migration, rather than proliferation. Ki67
staining of myoblasts on fibrin microthreads at earlier timepoints during the outgrowth assay
would further elucidate the role of cellular proliferation at earlier stages during outgrowth. We
hypothesize that minimal Ki67" nuclei were observed because the outgrowth assay was conducted
in SFM. There are conflicting reports in the literature regarding whether FGF2 is able to stimulate
myoblast proliferation in the absence of serum.’’*® Performing this assay in the presence of serum
may allow for more robust myoblast outgrowth, as was demonstrated on fibrin microthreads
passively adsorbed with hepatocyte growth factor (HGF), another well-known mitogen.”” In the
future, optimization of FGF2 concentration may allow for a more pronounced effect on myoblast
proliferation and migration. A dose-dependent effect of FGF2 concentration on C2C12
proliferation has been previously observed.”

In the future, FGF2-loaded fibrin microthreads could also be investigated for their ability
to promote angiogenesis, re-innervation, and fibrosis, which are essential elements of VML
regeneration in addition to myogenesis. FGF2 has been shown to stimulate endothelial sprouting,
and pericyte and smooth muscle cell migration, allowing FGF2 to stimulate the formation of more
mature vessels than other proangiogenic growth factors such as VEGF.?? Researchers found that
heparin conjugated collagen scaffolds crosslinked with EDC and loaded with FGF2 promoted
angiogenesis upon subcutaneous implantation in rats.*> %% Fibrin-based scaffolds are also ideal
for delivering FGF2 for angiogenesis, as it potentiates FGF2 mediated endothelial cell

proliferation.'” Researchers delivered EDC crosslinked, heparinized, FGF2-loaded fibrin
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hydrogels to treat murine ischemic hind limb injuries.*® Injuries treated with FGF2-loaded
heparinized fibrin had significantly lower fibrosis and enhanced vascularization compared to
controls. Additionally, FGF2 has neurotrophic activity, stimulating NGF synthesis and secretion
and promoting neuronal survival and outgrowth.?% 333 Heparinized fibrin hydrogels loaded with
FGF2 significantly enhanced neurite length in vitro compared to fibrin hydrogels alone.*> Patel et
al. developed aligned poly(L-lactide) (PLLA) nanofibers conjugated with heparin to provide
sustained release of FGF2, and found these scaffolds stimulated a significantly higher rate of
neurite outgrowth compared to unloaded scaffolds.®’ Neurite outgrowth was also enhanced in part
due to the aligned, fibrous architecture of this scaffold. This further motivates the use of
biopolymer microthread scaffolds with both topographic alignment cues and biomimetic growth
factor delivery strategies.!’! Future work should also investigate FGF2 signaling, as many
intracellular signaling pathways are known to be activated by FGF2 including mitogen-activated
protein kinases (MAPKs), mTOR, STAT, and PLCy.'? Variations in FGF2 signal transduction
pathways explains its pleiotropic nature and may better elucidate its role in a variety of
regenerative processes including fibrosis, myogenesis, angiogenesis, and innervation.
Additionally, this heparin conjugation strategy can also be used to deliver other heparin-binding
growth factors, including PDGF, VEGF, bone morphogenetic protein-2 (BMP-2), and HGF, and

combinations therein.!?

5.5 CONCLUSIONS

In the present study we developed fibrin microthread scaffolds to provide physiologically
relevant, sustained release of FGF2 by evaluating two incorporation strategies. The first strategy
coupled heparin to microthreads through either passive adsorption or covalent carbodiimide
coupling, mimicking the presentation of heparan sulfate bound FGF2 in native ECM. Second, we
co-incorporated FGF2 by mixing with fibrinogen prior to co-extrusion of microthreads. This
strategy sought to leverage fibrin’s high binding affinity to FGF2, which also protects FGF2 from
proteolytic degradation. To validate heparin conjugation to microthreads, toluidine blue staining
and FTIR were performed, and demonstrated increasing dye uptake and amide bond peaks with
increasing concentrations of heparin, respectively. Release kinetics of FGF2 from fibrin

microthreads indicated that microthreads passively adsorbed and covalently coupled with heparin
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had sustained release of FGF2 over one week. Co-incorporated microthreads achieved zero-order
release of FGF2 over five days. An in vitro Transwell®-based proliferation assay confirmed that
FGF2 released from fibrin microthreads with both incorporation strategies remained bioactive, as
it was able to stimulate myoblast proliferation over four days. A 3D outgrowth assay demonstrated
that co-inc and heparin conjugated microthreads may enhance myoblast outgrowth. Overall, we
demonstrated that both FGF2 incorporation strategies achieved sustained growth factor release and
were able to stimulate myoblasts in vitro. This scaffold addresses limitations of current FGF2
delivery strategies, which primarily use hydrogels that often lack the mechanical strength and
alignment cues of microthread scaffolds. Fibrin microthreads that provide mechanical support,
topographical alignment cues, and sustained release of FGF2 are a promising scaffold for treating
VML injuries and will be investigated for their ability to promote functional muscle regeneration

in the future.
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Chapter 6: Conclusions and Future Work

6.1 OVERVIEW

The goal of this thesis was to develop fibrin microthread scaffolds with anisotropic surface
features, robust mechanical properties, and sustained release of FGF2 towards the ultimate goal of
restoring function in volumetric muscle loss (VML) injuries. We developed a novel method to
create aligned, grooved features on the surfaces of fibrin microthreads by etching microthreads in
2-(N-morpholino)ethane-sulfonic acid (MES) acidic buffer. We evaluated the effect of buffer pH
on the generation of these features and found that etched microthreads improved myoblast
alignment. We were also the first to implement an enzymatic crosslinking strategy using
horseradish peroxidase (HRP) and hydrogen peroxide (H202) on fibrin microthreads. We
evaluated the effect of varying HRP and H>O: incorporation strategies by incorporating
crosslinking agents during or after microthread production. HRP crosslinking enhanced scaffold
mechanical properties, decreased the rate of plasmin-mediated degradation, and did not inhibit
myoblast viability. Finally, we developed fibrin microthreads with a physiologically-relevant,
sustained release of fibroblast growth factor 2 (FGF2) by covalently conjugating heparin to fibrin
microthreads, mimicking native FGF2 sequestration, or by mixing FGF2 within microthreads prior

to extrusion. FGF2-loaded microthreads enhance myoblast proliferation and outgrowth in vitro.

6.2 RESULTS AND CONCLUSIONS
6.2.1 Specific Aim 1: Create and characterize anisotropic surface topography on fibrin
microthreads to enhance myoblast alignment

Myoblast alignment is an essential step towards myotube formation, which is guided in
vivo by extracellular matrix (ECM) structure and submicron-scale grooves between adjacent
muscle fibers.! During muscle repair, satellite cells (SCs) are guided by the basement membrane

to facilitate aligned cell division, migration, and fusion into myofibers.>* To mimic these native
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cues and regenerate functional muscle tissue, engineered scaffolds often impart aligned
topographical features to induce myoblast alignment. Microthreads are discrete fibrous scaffolds
that have a structure resembling native ECM fibrils, and have been shown to promote cellular
alignment.* Fibrin microthread scaffolds mimic the morphological architecture of native muscle
tissue and have demonstrated promise as an implantable scaffold for treating skeletal muscle

injuries.>® While microthreads facilitate aligned muscle regeneration in vivo’

, an in vitro analysis
revealed that only 40% of myoblasts on fibrin microthreads were aligned along the long axis of
the microthread.” To improve myoblast alignment on fibrin microthreads, we developed and
characterized a new method of etching the surface of fibrin microthreads to incorporate aligned,
sub-micron grooves that improve myoblast alignment.

To generate aligned topographic features on the surface of fibrin microthreads, we placed
microthreads into MES acidic buffer for 15 minutes and evaluated the effect of buffer pH on the
generation of these features. Initial studies in our lab demonstrated that when microthreads were
placed in MES buffer prior to carbodiimide crosslinking (EDC), they displayed anisotropically
aligned groves on the surface of microthreads.® We found that MES buffer pH played an important
role in regulating surface feature generation. Scanning electron microscopy (SEM) revealed that
microthreads etched in MES for 15 minutes with pH 5.0 (MES 5.0) had aligned, grooved surface
features parallel to the long axis of the microthread, whereas those etched in MES with pH 5.5
(MES 5.5) had amorphous surface features similar to control threads placed in deionized water
(dH20). This finding was further substantiated with atomic force microscopy (AFM), and an
anisotropy surface characterization analysis using fast fourier transform confirmed that all MES
5.0 microthreads had surface features that were anisotropic and consistent with the long axis of the
microthreads. AFM also revealed that surface features on fibrin microthreads were on the sub-
micron scale. Surface features were approximately 25-40 nm in height and 0.5 pm in width. These
features are consistent with the 0.5 - 1 pm wide perimysial collagen bundles that run parallel to
muscle fibers in native skeletal muscle ECM that play in important role in myofiber alignment.!
These dimensions are also consistent with those reported in literature to promote myoblast
alignment and myotube formation.”!! We hypothesize that anisotropic surface features are
generated on MES 5.0 microthreads because the more acidic bath degrades fibrin on the

microthread surface, exposing aligned interfibrillar structures within the microthread. An
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important fabrication step in fibrin microthread production is uniaxial stretching.” Researchers
have demonstrated that uniaxially stretched fibrin gel and microthread scaffolds have a high degree
of interfibrillar alignment.” 1213

Despite marked changes in surface features, MES etched fibrin microthreads did not
exhibit changes in scaffold tensile mechanical properties compared to control dH>O microthreads.
Scaffold mechanics are known to play an important role in myotube maturation.'® All microthread
conditions strained 23% - 27% before failure, which is consistent with the 10% - 30% strains
experienced in native skeletal muscle. Control and etched microthreads had maximum tangent
moduli (MTM) that ranged from 103 - 147 MPa. This is considerably higher than native skeletal
muscle tissue which has a static stiffness of 12 kPa that increases up to 11.2 MPa during muscle
contraction.!” It has been demonstrated previously that substrates significantly stiffer than native
muscle promoted the generation of enhanced myogenic differentiation via an upregulation in
muscle creatine kinase and myogenin expression.!® ! The lack of significant changes to fibrin
microthread mechanics with this surface etching technique is significant, because it allows us to
tune scaffold topography independent of mechanics. This makes MES etching a versatile tool for
modulating the structural features of fibrin microthreads.

MES 5.0 microthreads with anisotropic grooved surface features enhanced myoblast
alignment compared to MES 5.5 microthreads. Cytoskeletal staining of filamentous actin revealed
that myoblasts appeared elongated with aligned stress fibers consistent with the long axis of MES
5.0 single and bundled microthreads. A nuclear orientation analysis of myoblasts seeded on single
microthreads revealed that myoblasts preferentially aligned on all microthread conditions. This
finding is expected, as it has been previously reported that microthreads promote alignment of a
variety of cell types, including fibroblasts?’, cardiomyocytes?!, and myoblasts.” We found that a
significantly higher percentage of myoblasts (58%) were aligned within 15° of the thread long axis
on MES 5.0 microthreads compared to MES 5.5 microthreads (36%). Aligned micropatterned and
electrospun scaffolds with similar sub-micron sized features have been shown to promote
enhanced myoblast alignment and myotube formation.’!!

In conclusion of Specific Aim 1: Create and characterize anisotropic surface topography
on fibrin microthreads to enhance myoblast alignment, we developed and characterized a new

method of etching the surface of fibrin microthreads to incorporate aligned, sub-micron grooves
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by placing fibrin microthreads into MES acidic buffer. We evaluated the effect of buffer pH on
the generation of these features. Surface characterization with AFM and SEM indicated the
generation of aligned, sub-micron sized grooves on microthreads in MES buffer with pH 5.0.
Microthreads etched with surface features had tensile mechanical properties comparable to
controls, indicating that surface treatment does not inhibit scaffold bulk properties. Our data
demonstrates that etching threads in MES buffer with pH 5.0 enhanced alignment and filamentous
actin stress fiber organization of myoblasts on the surface of scaffolds. The ability to tune
topographic features on the surfaces of scaffolds independent of mechanical properties provides a
valuable tool for designing microthread-based scaffolds to enhance regeneration of functional

muscle tissue.

6.2.2 Specific Aim 2: Enzymatically crosslink fibrin microthreads with horseradish
peroxidase to enhance mechanical properties and decrease degradation rate while
maintaining myoblast viability

This aim sought to further alter the biophysical cues of fibrin microthreads by generating
a new method to enzymatically crosslink the scaffolds to enhance their mechanical properties and
decrease their degradation rate. Uncrosslinked (UNX) fibrin microthreads are susceptible to rapid
degradation by fibrinolytic proteases when implanted in vivo which greatly limits their clinical
utility for promoting functional tissue regeneration.® 7 2% 22 This motivated the development
strategies to increase the structural stability and persistence of these scaffolds. Fibrin microthread
mechanical properties have been modified through production and post-processing crosslinking
techniques.”> 2 22 Increasing microthread uniaxial stretching during production yields scaffolds
with significantly greater tensile strength and moduli, but does not decrease scaffold degradation
rate.” Fibrin microthreads have also been crosslinked with ultraviolet (UV) light*® and EDC,*
which both enhanced scaffold mechanics. However, both strategies have distinct disadvantages.
UV crosslinked fibrin microthreads attenuated fibroblast proliferation,?’ and EDC crosslinked
microthreads did not degrade when implanted in an in vivo murine VML defect, which limited cell
mediated scaffold remodeling.’ Thus, we sought to develop a new strategy to crosslink fibrin
microthreads that might significantly enhance their mechanics and prolong their degradation

without inhibiting cellular viability.
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We investigated dityrosine crosslinking of fibrin microthreads using an enzymatic reaction
driven by HRP. Enzymatic HRP reactions have high specificity and occur in aqueous solutions
with neutral pH, making them amenable to fibrin microthread modifications. HRP crosslinking of
phenol-containing polymer scaffolds with H>O2 used as the substrate has enabled tunable scaffold
mechanical properties and degradation rates while maintaining biocompatibility,?>?* but it had yet
to be explored for crosslinking fibrin-based scaffolds. We examined the effect of varying HRP and
H>O> incorporation strategies on resulting crosslink densities, structural properties, and myoblast
viability. The incorporation of crosslinking agents into the precursor solutions during extrusion of
microthreads was considered a primary (1°) modification method, while soaking microthreads in
a post-processing crosslinker bath was considered a secondary (2°) method of scaffold
modification. Microthreads were enzymatically crosslinked through primary, secondary, or a
combination of both approaches (1°/2°).

The incorporation of HRP and H»O; through 1° and 2° methods resulted in the formation
of covalent bonds between tyrosine residues of fibrin, which was confirmed by quantitative
fluorescence microscopy and fourier transform infrared spectroscopy (FTIR). All fibrin
microthreads crosslinked with HRP and H>O; via primary and/or secondary methods exhibited
increased fluorescence compared to UNX microthreads, suggesting dityrosine bond formation in
these scaffolds. FTIR analyses further confirmed the formation of isodityrosine bonds on 1° HRP
crosslinked microthreads, which are a less common product of this enzymatic reaction. Taken
together, these results demonstrate that HRP-catalyzed crosslinking of fibrin microthreads occurs
as hypothesized, and that the degree of crosslinking is dependent on crosslinker incorporation
strategy. We hypothesize that differences in the extent of crosslinking observed with different
incorporation strategies are due to the distribution of HRP and H>O» within the microthreads. In 1°
HRP crosslinked microthreads, HRP and H2O: are evenly distributed through the microthread and
added during polymerization, when polymer chain mobility is higher. In contrast, 2° HRP
crosslinking relies on HRP and H»O: diffusion through the microthreads and occurs after
polymerization when polymer chain mobility is lower. Because of this, we hypothesize that 2°
HRP crosslinking is primarily crosslinking the surface of the microthreads. We believe this may
also explain our finding that 2° HRP crosslinked microthreads had a significantly lower swelling

ratio than UNX microthreads.
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HRP crosslinking yielded enhanced biophysical properties of microthreads, including
improved tensile mechanical properties and resistance to plasmin-mediated degradation. All HRP
crosslinked microthreads had significantly increased (1.5 - 3.5-fold higher) ultimate tensile
strengths (UTS) compared to UNX microthreads. MTM were significantly higher in 1°/2° and 2°
HRP crosslinked microthreads compared to UNX microthreads. The degree to which HRP
crosslinking enhanced microthread mechanics is consistent with previous literature performing
photochemical dityrosine crosslinking of fibrin scaffolds.?>?® HRP-catalyzed crosslinking further
mediated the resistance of microthreads to plasmin-mediated proteolytic degradation. Despite
significant dityrosine bond formation and enhanced tensile mechanics, 1°/2° and 2° HRP
crosslinked microthreads did not have increased resistance to plasmin-mediated degradation
compared to UNX microthreads. 1° HRP crosslinked microthreads, which exhibited the highest
crosslink density, had prolonged degradation at early timepoints compared to UNX control
microthreads. We hypothesize that the increased crosslink density of 1° HRP crosslinked
microthreads inhibits plasmin from accessing its cleavage sites. Plasmin cleaves the B-chain and
y-chain of fibrin, which also have the most abundant tyrosine residues that would participate in
crosslinking.?’” HRP crosslinking had a less pronounced effect on prolonging plasmin-mediated
degradation than EDC crosslinking,?? which would be expected as there are less tyrosine residues
readily available for HRP crosslinking than amides, which are abundant in fibrin for EDC
crosslinking.

Finally, we observed robust viability of myoblasts seeded on HRP crosslinked microthread
bundles after three days in culture by performing LIVE/DEAD staining. All crosslinked
microthreads regardless of HRP and H>O» incorporation strategy demonstrated a high degree of
viability, with only a few dead cells that could be identified on the surface of the microthread
bundles. This is consistent with previously published work that demonstrated extended viability
and proliferation of cells seeded on or encapsulated within HRP crosslinked scaffolds made of
silk,?® 2 HA?® 3! and gelatin,**> among others. Despite reported biocompatibility of this
crosslinking technique, immunogenicity and cytotoxicity of HRP and H20> remain concerns of
this crosslinking method.*® However, we hypothesize that we observed minimal cytotoxicity
because HRP crosslinked microthreads are subsequently rinsed after crosslinking, removing any

residual HRP and H>O; from the scaffold before cells were seeded on the microthreads. This is

Chapter 6

. L 1
Conclusions and Future Directions 66



unlike hydrogel-based systems that encapsulate cells during hydrogel crosslinking, thus directly
exposing cells to HRP and H>O».

In conclusion of Specific Aim 2: Enzymatically crosslink fibrin microthreads with
horseradish peroxidase to enhance mechanical properties and decrease degradation rates while
maintaining myoblast viability, we reported findings of the first study investigating HRP
crosslinking of a fibrin scaffold. We examined the effect of varying HRP and H>O» incorporation
strategies by using primary (1°) and secondary (2°) scaffold modification techniques to crosslink
fibrin microthreads. The incorporation of crosslinking agents into the precursor solutions during
extrusion of microthreads was considered a 1° modification method, while soaking microthreads
in a post-processing crosslinker bath was considered a 2° method of scaffold modification. All
fibrin microthreads crosslinked with HRP and H>O> via 1° and/or 2° methods exhibited an increase
in dityrosine crosslink density compared to UNX microthreads, demonstrated by scaffold
fluorescence. FTIR indicated the formation of isodityrosine bonds in 1° HRP crosslinked
microthreads. Characterization of tensile mechanical properties revealed that all HRP crosslinked
microthreads were significantly stronger than UNX microthreads. 1° HRP crosslinked
microthreads also demonstrated significantly slower degradation than UNX microthreads,
suggesting that incorporating HRP and H>O> during extrusion yields scaffolds with increased
resistance to proteolytic degradation. Finally, myoblasts seeded on HRP crosslinked microthreads
retained a high degree of viability, demonstrating that HRP crosslinking yields biocompatible
scaffolds suitable for tissue engineering. This work will facilitate the rational design of
enzymatically crosslinked fibrin microthreads with tunable structural properties, enabling their
application for engineered tissue constructs with varied mechanical and structural properties,

including skeletal muscle.

6.2.3 Specific Aim 3: Develop fibrin microthreads with fibroblast growth factor 2 (FGF2)
release profiles to enhance myoblast proliferation and outgrowth

FGF2’s pleiotropic effect on promoting myogenesis, angiogenesis, and innervation make
it an ideal growth factor for treating VML injuries. FGF2 is present in muscle tissue 2-8 days after
injury, highlighting the need for sustained release of FGF2.?” To mitigate challenges with FGF2

delivery such as supraphysiological dosing and its short in vivo half-life,*® 3° bioinspired
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conjugation strategies have been investigated using heparin to mimic sequestration of FGF2 in the
ECM. % While the therapeutic potential of sustained FGF2 delivery to VML defects has been
demonstrated, it has primarily been performed in hydrogel scaffolds, which lack biophysical cues
such as mechanical support and aligned contact guidance.***¢ The physiologically-relevant,
sustained delivery of FGF2 from scaffolds with robust mechanical properties and topographic
alignment cues has yet to be explored for treating VML injuries.

The goal of this aim was to develop an instructive fibrin microthread scaffold with
physiologically-relevant, sustained release of FGF2. To accomplish this, we coupled heparin to
fibrin microthreads, creating a biomimetic conjugation strategy recapitulating FGF2 sequestration
in the basement membrane. Heparin sodium salt was either passively adsorbed or covalently
coupled to fibrin microthreads in increasing concentrations from 0 to 1000 pg/mL. Passively
adsorbed heparin likely binds to fibrin primarily through electrostatic interactions.*’ Carbodiimide
crosslinking was employed to create a covalent amide bond between the carboxyl groups of
heparin and the amine groups of fibrin, producing a stable bond with no residues from the
crosslinking reaction in the bond structure.*® Toluidine blue staining and FTIR were used to
confirm heparin incorporation to fibrin scaffolds. Both passively adsorbed (UNX HEP) and
covalently conjugated (EDC HEP) conditions demonstrated increasing toluidine blue dye uptake
with increasing concentrations of heparin from 0 to 1000 pg/mL, which was quantified with a
pixel intensity analysis. FTIR was used to evaluate an increase in amide bond and sulfone (-SO3)
peaks as a result of heparin incorporation onto the microthreads. All microthreads covalently
coupled with heparin appeared to have higher amide and sulfone peaks than UNX microthreads,
despite challenges seeing clear differences in overlapping peaks. This data may indicate the
presence of heparin on these scaffolds. Other studies have also demonstrated an increasing amount
of conjugated heparin on collagen scaffolds by increasing the heparin concentration of the
crosslinking solution.* 4’

In addition to heparin conjugated microthreads, we evaluated whether co-incorporation of
FGF2 within the fibrin microthread scaffolds by mixing prior to extrusion (co-inc) would yield
sustained release of FGF2. Fibrin is an ideal scaffold material for incorporating FGF2, as it binds
with high affinity to FGF2 and protects it from proteolytic degradation.’® Co-inc fibrin

microthreads yielded sustained release of FGF2 over the course of five days, at which point the
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scaffolds were largely degraded and FGF2 release was attenuated. A linear regression analysis of
FGF2 release kinetics through the first 5 days showed that co-inc microthreads achieved zero-
order release kinetics of FGF2 (R? = 0.94). We hypothesize that FGF2 release was mediated by a
combination of hydrolysis, bulk degradation, dissociation of FGF2 from fibrin, and diffusion
through the microthread. Co-inc microthreads had the smallest total cumulative FGF2 release
compared to microthreads passively adsorbed with FGF2, which is likely due to differences in the
initial loading strategies.

Fibrin microthreads covalently conjugated with heparin also demonstrated sustained
release of FGF2 over one week. Concentrations of 100 and 1000 pg/mL heparin appeared to yield
more sustained release and higher cumulative FGF2 delivery compared to EDC microthreads with
no heparin. Yang et al. observed similar sustained release of FGF2 from a fibrinogen scaffold
conjugated with heparin via EDC crosslinking.*® After a crush injury, FGF2 is present in muscle
tissue 2-8 days after injury, and peaks at 6-8 days;>’ this highlights the need for a scaffold capable
of providing sustained release of FGF2 over the course of one week. We hypothesize FGF2 release
from heparin conjugated fibrin microthreads occurs through a combination of FGF2 dissociation
from heparin and degradation of fibrin.*!> 42

Microthreads passively adsorbed with 1000 pg/mL heparin (UNX HEP 1000) had the
highest total FGF2 release, which was 2.75-fold higher than EDC microthreads with the same 1000
pg/mL heparin concentration (EDC HEP 1000). However, UNX HEP 1000 microthreads appeared
to have a greater initial burst release of FGF2 compared to EDC HEP 1000, which may be a result
of the non-covalent attachment of heparin. Yang et al. compared FGF2 release from fibrin
hydrogels containing free and EDC conjugated heparin, and found that fibrin hydrogels containing
free heparin had less sustained release than heparin conjugated fibrinogen, and exhibited a higher
initial burst release within the first few days.*” The sustained release of FGF2 from UNX
microthreads may be due to the high binding affinity FGF2 has for fibrin, allowing FGF2 to bind
with specificity to saturate UNX microthreads, mediating its sustained release from the scaffold.
We hypothesize that differences in cumulative release between fibrin microthread conditions is
likely a result of differences in initial FGF2 binding as well as release mechanisms and should be

investigated in the future.
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A Transwell®-based proliferation assay was performed to evaluate whether FGF2 released
from fibrin microthreads remained bioactive by measuring its ability to stimulate myoblast
proliferation over the course of four days. At each timepoint, there was no significant difference
in the percent of Ki67" myoblasts between FGF2-loaded fibrin microthread conditions, although
they appeared to stimulate higher percent Ki67" myoblasts on days 2-4 compared to serum free
medium (SFM) and UNX no FGF2 control conditions. All FGF2 loaded microthreads stimulated
myoblast proliferation comparable to 5 ng/mL FGF2 supplemented SFM, suggesting that our
incorporation strategies did not inhibit FGF2 bioactivity. The percent of Ki67" myoblasts
significantly increased from day 1 to day 4 in all microthread conditions passively adsorbed with
FGF2, including UNX, EDC, and EDC HEP 10, 100, and 1000 microthreads, indicating that FGF2
was able to release and stimulate proliferation over a prolonged time. Hoechst count was also used
to determine fold changes in cell number normalized to SFM at each timepoint. Co-inc
microthreads, as well as UNX and EDC crosslinked microthreads with 10, 100, and 1000 ug/mL
heparin and passively adsorbed with FGF2 all had heightened normalized cell number, ranging
from a ~1.1 to 2.5-fold increase over those cultured in SFM. Additionally, normalized myoblast
cell number remained elevated over four days in all FGF2 loaded microthreads.

To assess the ability of FGF2 that remains bound on fibrin microthreads to stimulate
myoblast proliferation and migration, we performed a three dimensional (3D) cellular outgrowth
assay. Myoblast outgrowth was observed as several leading myoblasts furthest out on the
microthread, which were followed by a more confluent layer of cells. Myoblast outgrowth rate on
fibrin microthreads was linear for all conditions (R? values for each condition ranged from 0.92 <
R? < 0.99) and was highest on co-inc and UNX HEP 1000 microthreads (both 145 pm/day).
Although not significantly different, there appeared to be a trend where outgrowth was higher on
UNX microthreads compared to EDC crosslinked microthreads with the same heparin
concentration. Researchers demonstrated that EDC crosslinking of collagen films reduced C2C12
binding and spreading, which they hypothesize is due to EDC crosslinking using the functional
groups necessary for integrin-mediated cellular attachment.>!->2 Finally, to uncouple which cellular
mechanism is primarily contributing to the myoblast outgrowth observed on FGF2-loaded fibrin
microthreads, we performed Ki67 staining of myoblasts on fibrin microthreads from the 3D

outgrowth assays. All conditions, regardless of FGF2 incorporation strategy, showed minimal
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expression of Ki67" nuclei. Thus, we may conclude that the outgrowth observed on fibrin
microthreads is driven by myoblast migration, rather than proliferation.

In conclusion, the goal of Specific Aim 3: Develop fibrin microthreads with fibroblast
growth factor 2 release profiles to enhance myoblast proliferation and outgrowth was to develop
an instructive fibrin microthread scaffold with physiologically-relevant, sustained release of FGF2.
To accomplish this, we coupled heparin to fibrin microthreads, creating a biomimetic conjugation
strategy. We also evaluated whether incorporation of FGF2 within the fibrin microthreads by
mixing prior to extrusion would yield sustained release of FGF2. We hypothesized that heparin
conjugated and co-incorporated fibrin microthreads would provide sustained release of FGF2 from
the scaffold and enhance in vitro myoblast proliferation and outgrowth. Toluidine blue staining
and FTIR confirmed heparin conjugation to fibrin microthreads by demonstrating increased dye
uptake and amide bond peaks, respectively. FGF2 release kinetics revealed that fibrin microthreads
conjugated with heparin had sustained release over one week and delivered a higher total amount
of FGF2 than microthreads without heparin conjugation. A Transwell®-based proliferation assay
demonstrated that FGF2 released from fibrin microthread scaffolds was bioactive, stimulating
myoblast proliferation over a period of four days in vitro. Finally, a 3D outgrowth assay
demonstrated that co-inc and heparin conjugated microthreads may enhance myoblast outgrowth.
Sustained release of FGF2 from fibrin microthreads addresses limitations in the field and it will
enable the development of a scaffold that synergistically provides biochemical and biophysical
cues. We anticipate that the combined effect of fibrin microthread mechanical properties,
topographic alignment cues, and FGF2 will be an effective scaffold to enhance the regeneration of

functional muscle tissue in VML injuries.

6.3 FUTURE WORK

The goal of this thesis was to develop fibrin microthread scaffolds with instructive
biophysical and biochemical cues which direct the cellular processes that will ultimately enhance
functional muscle regeneration in VML injuries. We accomplished this by developing
microthreads with sub-micron anisotropic surface features, robust mechanical properties, and
physiologically-relevant, sustained release of FGF2. Moving forward, we are interested in

combining the strategies developed herein and evaluating this microthread scaffold in an in vivo
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VML defect to investigate its ability to facilitate functional muscle regeneration. Fibrin
microthread biophysical properties can be further developed by additional tuning of HRP
crosslinking, altering microthread diameter, and incorporating microthreads into a composite
scaffold. The addition of biochemical cues such as multi-growth factor delivery and cell-laden
microthreads may also be worth investigating and are also discussed herein. Finally, the
development of a multi-cellular in vitro outgrowth assay will be beneficial in creating a more
predictive in vitro model of how fibrin microthreads will facilitate myogenesis, angiogenesis,

innervation, and ECM deposition upon implantation.

6.3.1 Evaluate fibrin microthreads in an in vivo VML defect

Before making additional modifications to fibrin microthreads, we are first interested in
combining the methods described in this thesis to ultimately develop an off-the-shelf scaffold with
anisotropic surface features, robust mechanical properties, and sustained release of FGF2. We
envision this scaffold to include several different types of discrete microthreads combined into one
microthread bundle, which could then be implanted into a VML defect. The implantation of fibrin
microthread bundles in VML defects remains a limitation of this proposed method, and an
alternative composite-based scaffold is addressed in detail in Section 6.3.2. To evaluate functional
muscle regeneration in vivo, we plan on using a murine tibialis anterior (TA) partial resection
injury model, which has been previously described and used to assess fibrin microthreads in vivo.>
6 Using this same defect model, timepoints of 14 and 60 days, and functional assessment
methodology allows results from these studies to be directly compared to previous work assessing
fibrin microthread scaffolds.

Before creating a scaffold that combines several types of microthreads, we first need to
evaluate individual conditions from each aim alone to assess their ability to promote in vivo
functional muscle regeneration. From aim 1, we are interested in evaluating MES 5.0 microthreads
in an in vivo VML defect, as they enhanced myoblast alignment in vitro. By evaluating these
scaffolds in vivo, we can determine their ability to promote cellular infiltration, aligned
differentiation, and tetanic contractile force. We would also like to assess 1° HRP crosslinked
microthreads from aim 2 because they had the most di- and isodityrosine bonds formed, the highest

resistance to in vitro plasmin-mediated degradation, and enhanced mechanical properties. By
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evaluating this scaffold in vivo, we can further assess its degradation and biocompatibility in vivo.
Finally, we want to assess both EDC HEP 1000 and UNX HEP 1000 microthreads in vivo, as these
scaffolds had the highest heparin adsorption. UNX HEP 1000 microthreads had the highest FGF2
release and stimulated the highest in vitro myoblast outgrowth rate. EDC HEP 1000 microthreads
also had sustained FGF2 release, despite being less total release than UNX HEP 1000
microthreads. Evaluating EDC HEP 1000 microthreads in vivo will also better inform us about the
scaffold biocompatibility, especially when compared directly to UNX HEP 1000 microthreads. An
in vivo study will also allow for a more thorough investigation of how these scaffolds influence
myoblast response, as well as angiogenesis, fibrosis, and innervation. An injury with no treatment
and treatment with control UNX fibrin microthreads will serve as controls for these experiments.
After a thorough characterization of individual microthread scaffolds is performed, future
work can then address the delivery of combinations of microthreads in an in vivo VML defect. We
would be interested in evaluating the combination of MES 5.0 microthreads, 1° HRP crosslinked
microthreads, and UNX HEP 1000 FGF2 microthreads as one bundled microthread scaffold. It
would also be interesting to make 1° HRP crosslinked microthreads and assess whether they can
be subsequently etched or passively adsorbed with heparin and FGF2. This would allow us to
generate one microthread with alignment cues, enhanced mechanics, and sustained FGF2 delivery,

and eliminate the need to create microthread bundles that consist of various microthreads.

6.3.2 Further enhancing biophysical cues: Microthread structural modifications

In specific aim 2, we demonstrated that the structural properties of fibrin microthreads
could be altered through HRP-mediated enzymatic crosslinking, whereby incorporating HRP and
H>0O> during microthread extrusion or in a post-processing crosslinker bath resulted in varying
degrees of crosslinking and microthread structural properties. To further modulate the degree of
HRP-mediated crosslinking, tensile mechanics, and enzymatic degradation, other aspects of this
crosslinking reaction can be varied. Future work varying fibrinogen, HRP, and H>O»
concentrations will enable the development of more robust changes in fibrin microthread tensile
mechanics and degradation kinetics. Other researchers demonstrated that tunable scaffold
mechanics and degradation were achieved by altering H>O concentration,” percent concentration

of composite components,? and delivery method.>* Further modifications of HRP crosslinking
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may allow for a greater range of microthread ultimate tensile strengths and moduli, enabling the
application of these scaffolds to an array of target tissues that possess varying structures,
mechanical demands, and functions. Tunable mechanical stiffnesses of biomaterial scaffolds
regulate cellular processes including adhesion, proliferation, migration, and differentiation.>®
Additionally, hierarchically assembling these microthreads into complex 3D scaffolds such as
composites, braids, and bundles enable further optimization of scaffold mechanics and mimic
tissue-specific ECM architectures including skeletal muscle, ventricular myocardium, tendon,
ligament, or skin.*

We found that HRP crosslinked microthreads supported myoblast viability, which is
consistent with previous literature demonstrating extended cell viability and proliferation of cells
on or within HRP crosslinked scaffolds.?®3% 363 However, concerns remain regarding the
immunogenicity and cytotoxicity of HRP and H>O», which may be more prevalent upon scaffold
implantation.*® Future work should focus on replacing plant-derived HRP with a human peroxidase
such as myeloperoxidase. Myeloperoxidase has been shown to crosslink tyrosine residues in the
presence of H,0,.> Human-derived catalysts such as hematin could also be used to catalyze
dityrosine crosslinking.5-*> Myeloperoxidase may also be a more effective catalyst, as previously
researchers have shown it was ten times more effective than HRP as a catalyst of crosslinking
bovine serum albumin (BSA).®® Additionally, future studies to further characterize myoblast
seeding efficiency, proliferation, and metabolic activity may better elucidate their interaction with
HRP crosslinked fibrin microthreads.

Additional methods to alter microthread mechanics independent of crosslinking could also
be explored in future studies. Our lab has previously demonstrated that altering the degree to which
microthreads are uniaxially stretched during their production yields scaffolds with varying tensile
strengths and stiffnesses.” Preliminary work in the Pins lab sought to alter fibrin microthread
diameter by altering the diameter of the polyethylene tubing which combine the fibrinogen and
thrombin solutions prior to being drawn into a HEPES buffer bath. Preliminary studies used
conventional 0.86 mm inner diameter (ID) tubing, as well as large 1.67 mm and small 0.38 mm
ID tubing. Large diameter tubing created microthreads with a hydrated diameter of approximately
300 microns, while small microthreads had a hydrated diameter of 44 microns (Figure 6.1 A, B).

Interestingly, microthreads with different diameters also demonstrated varying tensile mechanics.
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Small diameter microthreads had the highest UTS and MTM, while large diameter microthreads
had a lower UTS and MTM compared to small and normal diameter microthreads (Figure 6.1 C,
D). We hypothesize that changes in scaffold mechanics are likely due to the degree of interfibrillar
alignment of the fibrin within microthreads, which we hypothesize is lower in large diameter
microthreads and higher in small diameter microthreads. We hypothesize that interfibrillar
alignment is primarily a function of uniaxial stretching and could be assessed with SEM, as
demonstrated previously.'> ! Upon further investigation, altering microthread diameter may serve
as an additional production parameter that can be varied to yield scaffolds with altered mechanics,

and could be exploited to create scaffolds for a range of tissues with varying mechanical demands.
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Figure 6.1. Fibrin microthreads with varying diameter. (A) Brightfield image of hydrated large diameter
(top) and small diameter (bottom) microthreads. (B) Diameter, (C) Ultimate tensile strength, and (D) Maximum
tangent modulus of fibrin microthreads with small, normal, and large diameters made with 0.38, 0.86, and 1.67
mm L.D. tubing, respectively (Mean = SD; N> 1).

In addition to their enhanced tensile mechanics, smaller diameter fibrin microthreads may
also promote enhanced myoblast alignment. Hwang et al. generated poly(lactic-co-glycolic acid)
(PLGA) microfibers with diameters ranging from 10 to 250 um and assessed their ability to
promote fibroblast alignment.®* They found that cellular alignment increases with decreasing
microfiber diameter. Low 10 pum diameter microfibers yielded mean cell angle of 3° within the
long axis of the microfiber, whereas fibers with 250 um diameter had a 38° mean orientation. This
work demonstrates the importance of microfiber diameter in directing cellular orientation, with
fibers on the same size scale as those reported in our pilot study. Myoblast alignment is critical for
myotube formation and functional muscle regeneration; enhancing the ability of myoblasts to align

on fibrin microthreads likely strengthens their regenerative potential. Small diameter microthreads
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may serve as an alternative strategy to obtain a higher degree of myoblast alignment on fibrin
microthreads than MES etching, which was described in specific aim 1 of this thesis. However, it
should be noted that small diameter fibrin microthreads made with the same co-extrusion method
will likely remain on the micron-scale, unless other methods to generate these are developed such
as electrospinning, which can create microthreads with nanoscale diameters. MES etching
generates anisotropic surface grooves on the sub-micron scale, which better recapitulate the size
scale of native ECM fibrils and have been shown to promote enhanced myoblast alignment and
myotube formation.”!! Additionally, MES etching of small diameter microthreads may provide
more robust cellular alignment than what we demonstrated in this thesis.

Other strategies to enhance myoblast alignment on fibrin microthreads other than surface
topography could also be explored. Mechanical and electrical stimulation have demonstrated
success in recapitulating skeletal muscle structure and function.%® Native skeletal muscle tissue
receives electric signals from motor neurons via neuromuscular junctions, initiating muscle
contraction. Electrical stimulation has been shown to further enhance myoblast alignment,
contractile protein expression, and contractility when used in conjunction with anisotropically
aligned electrospun scaffolds.®® ¢7 Future work incorporating electrical stimulation into fibrin
microthread culture may serve as a method to further enhance myoblast alignment on these
scaffolds. In addition to electrical signals, skeletal muscle experiences mechanical strains during
development that play an important role in myogenesis. A range of mechanical strain regimes
applied to tissue engineered skeletal muscle constructs have resulted in enhanced myogenic
outcomes.®® There is promising potential in combining electrical and mechanical stimulation
regimes with anisotropically aligned scaffolds towards the goal of further enhancing myoblast
maturation, alignment, and differentiation. Preliminary work in our lab is focused on providing
these instructive mechanical and electrical cues to fibrin microthread scaffolds.

Future work to develop composite scaffolds of fibrin microthreads encapsulated within a
hydrogel or film may also allow for further mechanical tunability, easier handling and
implantation, and a more efficient strategy to incorporate cells within the scaffold. Our lab
previously developed a composite scaffold consisting of aligned fibrin microthreads encapsulated
within a fibrin hydrogel.?! By increasing the number of threads within the composite (and thus the

microthread volume fraction), Chrobak et al. were able to significantly increase the moduli of the
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scaffolds. They also demonstrated that cells could be encapsulated within the fibrin hydrogel
portion of the composite, creating an efficient strategy for seeding a microthread-based scaffold.
Furthermore, they demonstrated that encapsulated cardiomyocytes within 100 pm of a fibrin
microthread preferentially aligned in the direction of the microthread. Taken together, fibrin
microthreads within composite scaffolds can create mechanically tunable scaffolds and promote
regional cellular alignment. Composite scaffolds with encapsulated microthreads may serve as a
more efficient strategy for treating the large size-scale VML injuries. Previous pre-clinical in vivo
studies filled the VML defect by individually placing microthreads to pack the wound,> ¢ which is
not scalable for clinical-sized defects. Additionally, current strategies to seed fibrin microthreads®
972 may not be as efficient as delivering hydrogel-encapsulated cells, which is known to be a

highly efficient delivery method.

6.3.3 Further enhancing biochemical cues: Multi-growth factor dual delivery

Growth factors are among some of the most commonly investigated biologic molecules to
treat VML injuries because they play an instrumental role in facilitating native skeletal muscle
regeneration.”” While delivery of a single growth factor has shown promising results for promoting
skeletal muscle regeneration and angiogenesis, this strategy represents a highly simplified version
of the complex, spatiotemporal presentation of multiple factors during regeneration. Toward the
goal of recapitulating in vivo regeneration, researchers investigated the synergistic presentation of
multiple growth factors.”* We hypothesize that we can further enhance fibrin microthread
biochemical cues and improve myoblast proliferation, migration, and differentiation through the
strategic temporal incorporation of an additional growth factor along with FGF2.

Researchers investigated the co-stimulatory effect of FGF2 in combination with hepatocyte
growth factor (HGF)”> 7% or insulin-like growth factor (IGF-1).”7-7® Sheehan et al. showed that the
co-stimulatory effect of HGF and FGF2 enhanced SC proliferation in vitro significantly more than
either of the factors alone.”” Hill et al. implanted alginate scaffolds containing SCs, HGF, and
FGF2 into murine tibialis anterior (TA) laceration injuries to assess their ability to promote muscle
regeneration.”’ Myoblasts delivered on scaffolds releasing both HGF and FGF2 had notably higher
engraftment into the regenerating muscle compared to myoblasts delivered via bolus injection or

acellular scaffolds loaded with HGF and FGF2. In addition to promoting myogenesis, the co-
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stimulatory effect of HGF and FGF2 has also been shown to promote angiogenesis. Marui et al.
found that the co-release of HGF and FGF2 from collagen microspheres yielded higher capillary
density, maturation, and perfusion than either factor alone in an ischemic injury.”® Despite these
promising findings, the enhanced myogenic and angiogenic capability of HGF and FGF2 co-
delivery has yet to be explored for treating VML injuries. Our laboratory delivered HGF from
fibrin microthread scaffolds, and found that after 60 days implanted into a murine TA VML defect,
they enhanced force production, recovering 200% of force relative to post-injury levels.’ Future
studies could incorporate HGF onto microthreads with this incorporation strategy, which
demonstrated pre-clinical success for treating VML. These could be delivered alongside co-inc or
heparin conjugated FGF2 microthreads developed in this thesis.

The co-delivery of FGF2 and IGF-1 from fibrin microthreads is also a promising future
direction of this work. The Christ lab evaluated the co-stimulatory effect of keratin hydrogels
loaded with FGF2 and IGF-1 for the treatment of VML defects in rat mouse latissimus dorsi (LD)
VML defects.”® Acellular keratin hydrogels loaded with FGF2 and IGF-1 enabled significantly
improved recovery of contractile force compared to treatment with scaffolds loaded with either
FGF2 or IGF-1 alone.”® Because IGF-1 stimulates both proliferation and differentiation of SCs

73.80-83 we hypothesize that a sustained release of this factor

during skeletal muscle regeneration,
from fibrin microthreads would enhance its ability to participate in myogenesis. Future work could
develop strategies to provide sustained release of IGF-1 from fibrin microthreads, so the co-
stimulatory effect of FGF2 and IGF-1 from fibrin microthreads can be realized for treating VML
injuries. Taken together, past work demonstrates that FGF2 in combination with HGF or IGF-1
has a co-stimulatory effect in promoting myogenesis and angiogenesis. By further developing
growth factor incorporation strategies on fibrin microthreads, the release of multiple growth factors
in a spatiotemporal manner that mimics in vivo presentation can be achieved, and will likely

enhance regenerative outcomes.’* %

6.3.4 Utilizing fibrin microthreads for efficient cell delivery
While acellular fibrin microthreads have demonstrated success in promoting endogenous
skeletal muscle regeneration through the recruitment of host cells,’ it remains uncertain whether

an acellular strategy has the potential to facilitate full functional recovery after the large-scale
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injuries incurred from VML.5 8¢ Researchers hypothesize that limited host SC infiltration is the
primary limitation to the success of acellular strategies, which was demonstrated after implantation
of an acellular ECM scaffold into a murine VML defect.®® Because of this, researchers often
develop scaffolds to deliver SCs, myoblasts, or stem cells to VML defects. Scaffolds with strategic
biophysical and biochemical signaling cues creates a synthetic microenvironment conducive for
cell survival and engraftment upon transplantation. Delivered cells can then provide host cells with
paracrine signaling and/or participate in regeneration.®’

It has been well demonstrated that fibrin microthreads can be efficiently seeded with

69.88 and induced pluripotent

muscle derived progenitor cells (MDPCs),® mesenchymal stem cells,
stem cells (iPS)”! through static and dynamic seeding methods. Furthermore, fibrin microthreads
served as an efficient cell delivery method to murine acute myocardial infarcts’” 7" 38 and VML
defects.® Fibrin microthreads seeded with MDPCs restored function in a mouse TA partial
resection VML injury.® Implanted cells were found to migrate into the host tissue, and mice treated
with cell-seeded fibrin microthreads had significantly reduced collagen deposition and higher
muscle area compared to injuries that received no treatment. At four months post treatment, mice
receiving treatment with MDPC-loaded microthreads had significant improvements in tetanic
force generation compared to untreated injuries. This study suggests that fibrin microthreads in
combination with MDPCs are a promising scaffold for treating VML defects.

Encapsulating myoblasts within fibrin microthreads may serve as an alternative, more
efficient cell delivery system that better directs myoblast alignment and differentiation.'®
Keijdener et al. recently demonstrated less dense fibrin microthreads with lower fibrinogen
concentrations (10 mg/mL vs. 70 mg/mL reported by our laboratory) can support encapsulated
endothelial cells, fibroblasts, and Schwann cells.!* They found that 30% and 60% stretching of
microthreads after extrusion induced alignment of the fibrin fibrils parallel to the long axis of the
microthread. When cells were extruded within fibrin microthreads (final concentration of 3 x 10°
— 5 X 10° cells/mL), 60% stretching induced a small but significant decrease in cell viability,
where ~7-11% of encapsulated cells were dead, depending on cell type. 60% stretching of cell-
laden microthreads induced 75% alignment of fibroblasts within 20° of the long axis of the
microthread. Based on these results, we hypothesize myoblasts could be successfully encapsulated

within fibrin microthreads and stretching could induce alignment without detrimentally impacting
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cell viability. We have conducted preliminary proof-of-concept work demonstrating that C2C12
myoblasts can be incorporated within fibrin microthreads by mixing a cell suspension with the 70
mg/mL fibrinogen solution prior to co-extrusion with 40 U/mL thrombin (Figure 6.2). Final cell
concentrations of 0, 0.5 X 10°, and 1 X 10° cells/mL were evaluated. We demonstrated that cells

were evenly distributed throughout the fibrin microthreads.

Figure 6.2. Myoblasts encapsulated within fibrin microthreads. C2C12 myoblasts were pre-loaded with
Hoechst and encapsulated within fibrin microthreads by mixing cell suspensions with fibrinogen prior to co-
extrusion. Final cell concentrations of 0, 0.5 x10°, and 1 x10° cells/mL (A, B, and C, respectively) were
evaluated and demonstrated even distribution of cells throughout the microthreads. Scale bar is 100 um.

Based on the results from the Keijdener et al. study, we are interested in investigating the
effect of fibrinogen concentration, cell concentration, and degree of stretching on encapsulated
myoblast viability and alignment. More specifically, myoblast viability could be evaluated with
LIVE/DEAD staining and a metabolic assay such as an MTT, while alignment could be assessed
by immunostaining for filamentous actin and evaluating nuclear orientation. Other researchers
developed C2C12-laden gelatin methacrylate microfibers, and they found that uniaxial strain of
these fibers induced C2C12 alignment and differentiation into aligned myotubes.® Thus, future
work could also evaluate extended culture time of myoblast-encapsulated microthreads to
determine whether they will induce the formation of aligned and mature myotubes. This could be
performed by quantifying myosin heavy chain (MyHC) in samples with a Western blot or reverse
transcription polymerase chain reaction (RT-qPCR). Immunostaining for MyHC would also allow
for an assessment of myotube alignment, width, length, and myogenic index. Overall, myoblast-
laden fibrin microthreads may serve as an alternative method of incorporating cells that is able to
maintain cell viability, induce cellular alignment, and promote aligned myotube formation. In

addition to myoblasts, future work could also investigate the use of additional cell types that are
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essential to VML regeneration, such as endothelial cells, neurons, or fibroblasts to generate a co-
culture system.”?> Ultimately, these scaffolds may allow for more efficient cellular delivery to
VML injuries, enhancing transplanted cell participation in regeneration and ultimately improving

functional outcomes.

6.3.5 Development of a multi-cellular outgrowth assay

The in vitro cellular outgrowth assay developed by our lab is a useful tool for predicting in
vivo cellular ingrowth onto fibrin microthreads scaffolds after skeletal muscle injury and
subsequent scaffold implantation.’® °” Further development of this model may elucidate the
response of other cell types to fibrin microthreads, including macrophages, endothelial cells,
neurons, and fibroblasts. Many of these cell types play an important role in regulating various
phases of skeletal muscle regeneration. Creating a more complex in vitro model with multiple cell
types could allow for the study of multi-cellular interactions and paracrine signaling and may
ultimately serve as a more predictive model of skeletal muscle regeneration.

Researchers have utilized co-cultures of myoblasts and neurons to assess neuromuscular
junction (NMJ) formation, maturation, and signaling.”®!% While both 2D and 3D co-culture
systems can generate NMJs, Bakooshli et al. demonstrated that 3D co-cultures of MDPCs and iPS-
derived motor neurons had upregulated epsilon acetylcholine receptor (AChR) subunit protein and
activity, indicating a transition to a more mature phenotype than those cultured in 2D.%®
Furthermore, the addition of sera from patients with myasthenia gravis, a congenital disease caused
by mutations in AChR genes, to the 3D co-culture system enabled the study of this disease. This
study emphasizes the important role of 3D culture in more accurately recapitulating the native
cellular microenvironment and highlights the application of 3D cellular assays towards disease
modelling and drug screening applications. We hypothesize that co-culture of myoblasts and
neurons within our cellular outgrowth assay may serve as a better predictor of multi-cellular
interactions in response to fibrin microthreads than other conventionally used migration assays
such as a 2D scratch assay or a Transwell® migration assay. Determining muscle- and nerve-
specific protein regulation with Western blotting or immunofluorescence would indicate how this
co-culture system influences myogenic differentiation and AChR formation and clustering.

Additionally, it would be interesting to compare the 3D microthread-based co-culture system with
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a 2D co-culture system to determine differences in the number and size of AChR clusters, MyHC
expression, rapsyn expression, and calcium handling by transfecting myoblasts with GCaMP6, a
fluorescent calcium indicator. To isolate the effect of paracrine signaling from one cell type to
another, a Transwell®-based assay could be used to isolate cell types while allowing for secreted
molecules to diffuse and act on the other cell type.

Vascularized muscle constructs have also been developed through the co-culture of
myoblasts and endothelial cells and have demonstrated successful outcomes upon implantation
into VML defects.!”' Because endothelial cells play an important role in facilitating muscle
regeneration, it would be interesting to investigate their response, alone or in tandem with
myoblasts, to fibrin microthreads. Kurpinski et al. demonstrated that aligned poly(l-lactide)
(PLLA) nanofibers significantly enhanced endothelial cell migration and infiltration into the

1.192 Moreover, endothelial cell

scaffold in vitro and in a murine in vivo dermal wound mode
infiltration was further enhanced when aligned nanofibers were covalently conjugated with heparin
via EDC crosslinking. Based on the results of this study, we anticipate heparin and FGF2-modified
fibrin microthreads will stimulate endothelial cell migration. Further characterization of
endothelial cell migration when cultured with myoblasts and/or pericytes may elucidate the multi-
cellular response to these cells, including the effects of paracrine signaling between cell types, and

the formation of more mature, pericyte-stabilized vasculature.

6.4 FINAL CONCLUSIONS

In this thesis, we developed fibrin microthreads with strategic biophysical and biochemical
cues that direct cellular processes to ultimately enhance the functional regeneration of skeletal
muscle in VML injuries. Specifically, we developed and characterized a novel method of etching
aligned, sub-micron grooves onto microthreads by placing them in MES acidic buffer. AFM and
SEM analyses indicated that this technique generated aligned, sub-micron sized grooves on
microthreads in MES buffer with pH 5.0. Microthreads etched with surface features had tensile
mechanical properties comparable to controls, indicating that surface treatment does not inhibit
scaffold bulk properties. Microthreads etched in MES buffer with pH 5.0 enhanced alignment and
filamentous actin stress fiber organization of myoblasts on the surface of scaffolds. The ability to

tune topographic features on the surfaces of scaffolds independent of mechanical properties
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provides a valuable tool for designing microthread-based scaffolds to enhance regeneration of
functional muscle tissue.

To modulate fibrin microthread tensile mechanical properties and degradation rates, we
developed an enzymatic crosslinking strategy for fibrin microthreads and examined the effect of
varying HRP and H»O; incorporation strategies. Mixing crosslinking reagents into microthread
precursor solutions prior to extrusion was considered a 1° modification method, while soaking
microthreads in a post-processing crosslinker bath was considered a 2° method of scaffold
modification. Microthreads crosslinked via 1° and/or 2° methods exhibited an increase in dityrosine
crosslink density compared to UNX microthreads. All HRP crosslinked microthreads were
significantly stronger than UNX microthreads, and 1° HRP crosslinked microthreads also
demonstrated significantly slower degradation than UNX microthreads. Myoblasts seeded on all
HRP crosslinked microthreads retained a high degree of viability, indicating that HRP crosslinking
yields biocompatible scaffolds suitable for skeletal muscle tissue engineering.

Finally, we developed fibrin microthreads with physiologically-relevant, sustained release
of FGF2. We covalently conjugated heparin to fibrin microthreads, creating a biomimetic
conjugation strategy mimicking native sequestration in the ECM. We also incorporated FGF2
within fibrin microthreads by mixing prior to extrusion. We confirmed heparin conjugation to
fibrin microthreads by demonstrating increased dye uptake and amide bond peaks with increasing
heparin concentration, respectively. FGF2 release kinetics revealed that fibrin microthreads
conjugated with heparin had sustained release over one week and delivered a higher total amount
of FGF2 than microthreads without heparin conjugation. A Transwell® proliferation assay
demonstrated that FGF2 released from fibrin microthread scaffolds was bioactive, as it was able
to stimulate myoblast proliferation over the course of four days in vitro. A 3D outgrowth assay
demonstrated that co-inc and heparin conjugated microthreads may enhance myoblast outgrowth.
Sustained release of FGF2 from fibrin microthreads addresses limitations in the field of scaffold
that synergistically provides biochemical and biophysical cues. We anticipate that the combined
effect of fibrin microthread mechanical properties, topographic alignment cues, and FGF2 will be
an effective scaffold to enhance the cell-mediated regeneration of functional muscle tissue in VML
injuries. Future work to further modulate the biophysical and biochemical cues of these scaffolds

may enable more robust skeletal muscle regeneration.
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