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ABSTRACT

Engineering of Functional, Striated Muscle Tissues with Controllable 3D Architectures Using a
Novel, Thermoresponsive, Nanofabricated Substratum

Alex Jiao
Chair of the Supervisory Committee:
Deok-Ho Kim, Department of Bioengineering

Most tissues in the human body demonstrate multiscale organization, from extracellular matrix
(ECM) structure, to cell morphologies, to overall tissue architecture. Further, in the cases of
cardiac and skeletal muscle, tissue structure is critical to appropriate tissue function. However,
current tissue engineering methods lack the ability to properly recreate scaffold-free, cell dense
tissues with physiological structures. A platform which could engineer 3D tissues with controllable
architectures could thus enable the study of more complex biological phenomenon, such as the
effect of tissue structure on skeletal muscle development and engineered cardiac tissue function.
For this reason, we developed a simple, yet versatile platform combining a thermoresponsive
nanofabricated substratum (TNFS) incorporating nanotopographical cues and a gel casting
method for the fabrication of scaffold-free 3D tissues with controllable architectures. The
developed TNFS could be engineered with a variety of nanotopographies and thus cell monolayer
structures which can be spontaneously detached via a change in culture temperature. The
detached, nanoengineered cell sheets can then be stacked using our gel casting method to
engineer specifically structured, 3D tissues. To this end, we first used the developed TNFS to
engineer organized myoblast tissues with specific tissue architectures to demonstrate proof of
concept engineering of 3D tissues with layer-by-layer architectural control. We found that using
the gel casting method and TNFS, individual aligned myoblast sheets can be stacked into trilayer
tissues and maintain individual layer alignment and stacked layer angles without reorganization

between the individual sheets, whereas unpatterned controls demonstrated reorganization and



layer mixing. We then utilized our developed platform to analyze the effects of engineered
myoblast tissue structures on myoblast fusion and subsequent myotube morphology and
alignment. We found that parallel-aligned myoblast bilayers could differentiate into aligned
myotube sheets in a single layer, however orthogonally-oriented myoblast bilayers lost structural
organization during differentiation. Additionally, transferred ECM and tissue structure from the
TNFS could provide sufficient alignment cues to allow for the formation of aligned muscle tissue
in a 3D microenvironment similar to that of the myofiber niche. Finally, we utilized our developed
platform to engineer multilayered human cardiac tissues. We first found that by incorporating a
vascular cell population capable of producing ECM, aligned human induced Pluripotent Stem
(iPS) cell-derived cardiac sheets could be detached and stacked together. We then engineered
4-layer, aligned and helical cardiac tissues as microscale models of physiologically-structured
myocardium. Aligned and helical 3D tissues demonstrated different contractile profiles, such as
linear and spiraling, and also demonstrated improved contractile function over unpatterned
controls, with aligned 3D cardiac tissues demonstrating the largest contractile magnitudes and
velocities. These findings highlight the importance of tissue structure on cardiac function, and can
be utilized in future works to engineer structured cardiac organoids for eventual in vitro whole-
organ experiments. Taken together, these works present a novel platform which can be utilized

for a variety of studies to engineer complex cell microenvironments and tissue architectures.
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CHAPTER 1. Introduction

1.1 Overview and Specific Aims

The goal of this proposal is to develop a platform which can engineer tissues with controllable
3D architectures, and to use this platform to study the effects of 3D muscle structure on tissue
function. Current tissue engineering strategies are unable to precisely control 3D tissue
architecture in cell-dense tissues in vitro, preventing the study of tissue structure-function
relationships and hindering engineered tissue function. Thus, we aim to engineer novel 3D
tissues with controllable structures by utilizing biomimetic nanotopography and
thermoresponsive cell sheet engineering. We hypothesize that engineered 3D tissue scan
provide a physiological microenvironments which can enhance certain cell functions, such as
myoblast fusion, as well as improve engineered tissue function, such as enhanced cardiac
contractile function. Such work could lead to new clinical therapies to treat heart disease,
improve platforms for drug screening and disease modeling, and provide insights into stem cell
biology. Towards this, we propose the following specific aims:

Aim 1. Develop a platform to engineer cell dense tissues with controllable 3D
architecture. Our laboratory has previously utilized bioinspired nanotopographical cues to align
monolayers of cells, such as cardiomyocytes. In order to engineer 3D tissues, we hypothesize
that the thermoresponsive polymer, poly(N-isopropylacrylamide) (PNIPAm) can be grafted to
these nanofabricated scaffolds to promote temperature-dependent detachment of intact
anisotropic cell sheets. Further, such sheets could then be stacked together to engineer
multilayered, 3D tissues with layer-by-layer control. For this aim, we will optimize PNIPAmM

grafting to our nanofabricated scaffolds to allow for thermoresponsive detachment of anisotropic



cell sheets, as well as a method to manipulate and stack detached cell sheets to engineer
tissues. We will validate our platform and method through cytoskeletal and live/dead staining.

Aim 2. Engineer 3D skeletal muscle microenvironments with specific structures
to augment myoblast fusion. Skeletal muscle is comprised of aligned myofibers encased in an
extracellular matrix sheath or lamina, which also house satellite cells, which migrate to the site
of injury to dedifferentiate into myoblasts and fuse with myofibers to regenerate muscle tissue.
We hypothesize that the structure of skeletal muscle tissue in both 2D and 3D can affect the
organization and morphology of differentiating myoblasts and formed myotubes. Using our
TNFS platform developed in Aim 1, we will engineer multilayered myoblast tissues and analyze
the effects of tissue architecture on myoblast fusion and myotube morphology alignment. We
will assess myotube formation through immunofluorescent staining and imaging.

Aim 3. Assess the physiological structure-function relationship of engineered
cardiac tissue with varying 3D architectures. To achieve physiological ejection fractions,
muscle fibers in the heart must be organized in a complex, helical 3D structure. Although
promising, current engineered cardiac tissues are restricted to randomly organized and
uniaxially aligned structures, possibly inhibiting overall contractile function. We hypothesize that
fabricated 3D cardiac tissues with a helical structure will demonstrate improved overall tissue
function when compared to randomly organized or simply aligned 3D cardiac tissue. To test this,
we will use our developed platform to fabricate 4-layer 3D cardiac tissues with helical
(physiological), aligned and randomly organized structures and assess contractile function using

Correlation-based Contraction Quantification pixel tracking of cardiac tissue contraction.



1.2 Background

1.2.1 Motivation

Heart disease remains the leading cause of death both in the United States and in the
developing world. Clinical events such as myocardial infarction cause substantial necrosis in the
myocardium during a single incident [1], chronic conditions such as hypertension slowly
compound cardiomyocyte death over many years [2] and even aging is associated with
cardiomyocyte death and cardiomyopathy [3]. Unfortunately, the heart lacks robust regenerative
capability, demonstrating only 1% cardiomyocyte renewal per year under the most optimal
conditions [4]. Current treatments of heart disease are unable to fully restore lost heart function
without mechanical assistance, and therapies such as injection of hematopoietic or mesenchymal
stem cells have shown inconsistent results and ultimately are unable to regenerate heart tissue
[5]. Pluripotent stem cells offer a promising alternative to current treatments, as they can be
reliably differentiated into cardiomyocytes [6] and thus are a renewable cell source for the
treatment of heart disease. Additionally, as cardiac safety concerns accounted for 45% of all drug
withdrawals in the US in spite of stringent FDA requirements for cardiotoxicity screening [7],
pluripotent stem cell technology could have a large impact outside the clinic for drug development
and disease modeling.

However, several challenges face stem cell-based technology for the treatment of heart
disease or development of physiological heart models. First, pluripotent stem cell-derived
cardiomyocytes are phenotypically immature and lack the structure, electrical properties and
contractility of adult cardiomyocytes [8, 9]. For clinical therapies, it would be ideal to have
cardiomyocytes which can restore the function of lost myocardium, and currently, stem cell-

derived cardiomyocytes are only able to generate a small fraction of the contractile strength of
3



adult cardiomyocytes [10]. Second, current engineered cardiac tissues are unable to recapitulate
native cardiac structure. The heart is a highly organized organ, and the structure of the developing
and adult heart is critical to cardiomyocyte development and cardiac function. However, current
engineered cardiac tissues are restricted to unidirectional [11-13] or randomly organized 3D
tissues [14, 15]. Finally, many cardiac tissue engineering strategies incorporate a 3D scaffold.
Although 3D scaffolds are often scalable to tissue-relevant sizes, the use of a scaffold inherently
reduces cell-cell contacts, which is critical for a cell-dense tissue such as myocardium. Further,
scaffolds also often cause an uneven distribution of cardiomyocytes within the engineered tissue,
leading to heterogeneity between tissue constructs. As there currently remains no restorative
treatment option for heart disease, we believe systematic and purposeful improvements in

strategies to engineer heart tissue can advance the field and subsequent therapies.

1.2.2 Cardiac biology and structure-function relationship of the heart

The heart is a well-ordered organ, demonstrating specific multiscale organization from the
nano- to macroscale. Beginning with the cardiac extracellular matrix (ECM), structural proteins
within the cardiac (ECM) support, mechanically couple, and orient cardiac cells [16]. Fibrillar ECM
proteins, such as collagen, are well-aligned with cardiomyocytes, providing topographical and
alignment cues at the nanoscale. Cardiomyocytes subsequently connect to the extracellular
matrix through focal adhesions, which are connected to their cytoskeletal proteins, intrinsically
binding cardiomyocyte morphology with that of its extracellular microenvironment [16]. This
morphology is highly specific: adult cardiomyocytes have a rectangular shape, aligned
cytoskeletal proteins, and well-ordered sarcomere arrays [17]. This cellular structure is necessary
for the transmittance of stress as well as the generation of anisotropic contractile forces

throughout the cell. In order to transmit these forces as well as other signals, such as an action
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potential, to one another, cardiomyocytes are connected through junctions called intercalated
discs. These junctions are located at the lateral end of each cell and run transversely between
cardiomyocytes [18]. The location and structure of intercalated discs is critical for cell-cell
communication throughout the entire tissue.

In the myocardium, cardiomyocytes are organized in an anisotropic, laminar fashion [19,
20]. These myofiber sheets are anisotropic, transmit both electrical and mechanical forces, and
are layered together to create the thick tissue of the myocardial wall. In 3D, the orientation of
these sheets in the ventricle changes gradually from a right-handed helix in the subendocardium
to a left-handed helix in the subepicardium [21-23]. This change in myofiber sheet orientation
leads to a transmural helical structure in 3D [23]. Studies have found that this complex heart
structure is critical to many aspects of adult heart function. Electrically, the depolarizing action
potential is anisotropic, with the current guided by the fiber orientation in the heart [24-26].
Mechanically, the fiber orientation is an important determinant of the myocardial stress and strain
[27, 28], additionally affecting the perfusion and oxygen consumption of the heart [29]. Finally, the
helical fiber orientation allows for the unique twisting contractile motion of the heart [30-32]. This
wringing motion is critical for appropriate blood clearance and cardiac output [33, 34]. Fiber
orientation is also altered in disease states such as ischemic heart disease and ventricular
hypertrophy, and can also contribute to arrhythmias after cardiac injury [35-37]. Thus, normal
heart function is intrinsically tied to the physiological heart structure, and the disruption of cardiac
structure at both a single cell and tissue level due to disease can exacerbate a deterioration in

cardiac function.

1.2.3 The current state of the art in tissue engineering of the myocardium




Due to the lack of treatment options for heart disease and the advent of a reliable,
renewable source of cardiomyocytes from pluripotent stem cells, cardiac tissue engineering is a
popular and diverse field of study. Specifically, the ability to engineer an entire human heart is
often seen as an ultimate goal of cardiac tissue engineering. Whether or not this is achievable in
the near future remains to be seen, however even the engineering of small portions of the heart,
such as heart valves, pacemakers, or a piece of myocardium, can yield drastic benefits, both
therapeutically and in advancing discoveries or developments of other promising interventions.

Broadly, cardiac tissue engineering can be separated into two main approaches: scaffold-
free or scaffold-based. Scaffold-free approaches, as the name suggest, do not rely on a
supporting structure or scaffold to engineer 3D tissues. Instead, scaffold-free tissues are cell-
dense aggregates or layers of cardiac tissues. Scaffold-free human cardiac tissue patches have
been created by simply using an orbital shaker and a suspension of cardiomyocytes [38], and
human cardiac micro-tissue particles have been engineered by using PDMS molds to allow for
the aggregation of 3D cardiac spheroids [39]. Another approach, termed cell sheet engineering,
utilizes a thermoresponsive release layer on a culture surface to release sheets of cells, which
can then be stacked into 3D tissues. This technique has been successfully applied to engineer
multilayered, human cardiac tissues [40]. Scaffold-free approaches such as these have the
advantage of engineering cell-dense tissues, allowing for cell-cell contacts, transmission of
electrical signals and transmission of force. Additionally, these scaffold-free tissues can also be
vascularized simply with the incorporation of endothelial cells and a stromal support cell [41, 42],
offering promising approaches to address the oxygen diffusion limitations (~80um) of thicker,
avascular tissues [43]. However, due to the relatively uncontrolled nature of the formation of these
tissues, scaffold-free approaches do not allow for the manipulation of tissue structure beyond
overall tissue size. Indeed, histological examination of scaffold-free cardiac tissues often reveal
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no cellular or tissue alignment [42]. Additionally, although cell-cell connections in a dense tissue
allow for the transmission of an action potential, cells in the native heart are also elongated and
demonstrate organized gap junctions which allow for the anisotropic spread of the action potential
across the cardiac tissue [18]. The lack of physiologically-relevant cellular organization of scaffold-
free patches may thus also play a role in preventing electrical coupling with host tissue [39].
Thus, in order to engineer reproducible and more controllable cardiac tissues, often a
supporting scaffold is used. The simplest methods incorporating a scaffold typically use a
polymerized extracellular matrix component to encapsulate cardiac cells, such as collagen [13,
44], fibrin [45], or even broadly decellularized, digested, cardiac ECM [46]. Utilizing natural,
structural protein components of the cardiac ECM provides structural and mechanical support to
encapsulated cardiomyocytes, as well as biochemical cues allowing for cell attachment and
migration, which allow the encapsulated cells to then actively remodel and compact the supporting
scaffold [44]. Additionally, the mechanical properties of such natural ECM scaffolds allow for the
incorporation of uniaxial strain [47] and even dynamic, cyclic stretch [13]. Such scaffolds can also
incorporate vascularization to a degree [13], and due to the biocompatible nature of these
proteins, can be implanted into the heart without long-term foreign body responses [48, 49].
However, although promising, these scaffold-based approaches suffer from a number of
limitations, namely in the controllability of overall tissue architecture. Specifically, all approaches
using such scaffolds with any structural organization have all been uniaxial, utilizing mechanical
forces and active cell remodeling to orient cardiomyocytes through extended culture [13, 44, 47].
These tissues can therefore only exert force and transmit an action potential in a single
direction. However, in vivo, the myocardial wall changes alignment from interior to exterior, which
leads to a unique, 3D activation of both depolarization and contraction: endocardium to
epicardium, with an anisotropic wave form subsequently spreading across the ventricle [50, 51].
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Uniaxially-aligned tissues are thus incapable of investigation of tissue function in 3D, such as the
effects of infarct location on tissue contraction and conduction or helical tissue geometry on
cardiac output. This, in turn, limits both the application and relevance of such engineered tissues.

Finally, investigations have also analyzed the use of topographical or patterned culture
surfaces to structure and orient cardiac monolayers. Utilizing microfabrication techniques such as
microcontact printing, lanes of well-aligned cardiac tissues have been generated with robust
intercalated discs [52]. This technique has also been applied to flexible thin films to analyze the
effects of cardiac tissue alignment on force generation [53], and by manipulating thin film shape,
could even be used to engineer “walking” and “swimming” tissues [54]. Additionally, larger-scale
patches have utilized microtopography to create flexible cardiac tissues for therapeutic transplant
purposes [55]. Our previous investigations have utilized sub-cellular, nanoscale cues to align and
orient cardiac monolayers [56]. There are numerous advantages over using nanotopography over
microtopography: (1) the cues are subcellular and do not restrict or confine cell morphology, (2)
the cues allow for rapid and scalable generation of cardiac monolayers without preventing cell-
cell contacts, and (3) the use of biomimetic structures has also shown to modulate cardiomyocyte
function dependent on the specific dimension used, indicating a more profound effect on
cardiomyocytes than simple tissue alignment [56]. However, although these fabrication
techniques offer more precise control over engineered tissue structure than indirect mechanical
cues, such as uniaxial strain, these approaches also suffer a number of limitations. Namely, the
scaling of these tissues into 3D, thick tissues, remains a technical challenge. Many studies have
demonstrated differences in cellular morphology, gene expression and differentiation when
cultured as 3D tissues [28], limiting the utility of monolayer-focused approaches. More importantly,
a sufficient tissue volume is necessary to generate physiologically relevant forces and pressure.
For example, more recent approaches utilizing ~500 million human stem cell-derived
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cardiomyocytes and whole decellularized human hearts were only able to generate ~2.4 mmHg
[57]. For applications which would require generation of larger forces, such as engineered tissue
for therapeutic transplantation to increase contractile function (>10 mmHg to restore pulse
pressure [58]), a single, 2D cardiac monolayer, even while structured, would presumably be
insufficient.

Altogether, the field of cardiac tissue engineering offers numerous promising approaches
towards the lofty goal of engineering whole, human hearts. However, limitations remain in every
approach which has, thus far, prevented the engineering of even pieces of cardiac tissues which

can mimic the physiological structure and function of the native heart.

1.3 Summary

Heart disease remains the leading cause of death both in the United States and worldwide, with
a heart transplant as the only cure for end stage heart failure. Advancements in stem cell biology
as well as engineering technologies offer new hope to the millions afflicted with heart disease
worldwide of the possibility of engineering a functioning human heart. However, the lack of current
methods to engineer physiologically-structured tissues ultimately inhibits the utility of engineered
cardiac tissues for transplantation and functional purposes. Further, the lack of such tissues also
prevents in vitro investigations, specifically for the study of stem cell-derived cardiomyocytes and
tissue level structure-function relationships.

In this dissertation, we sought to address some of the limitations facing stem cell-derived
cardiac tissue engineering by first developing a platform to reliably generate scaffold-free, 3D
tissues with controllable structures in Chapter 2. This developed platform allows for the

investigation of structure-function relationships of a number of tissues, and was used to show the
9



effects if tissue structure on the morphology and formation of skeletal muscle tissue in Chapter 3.
More importantly, our platform has allowed us to engineer 3D, cardiac tissues with complex tissue
architectures in Chapter 4. We found that by organizing individual cardiac sheets, we can
significantly improve cardiac tissue function over unstructured tissues. Further, simply changing
sheet orientation to a helical structure can further affect contractile characteristics of the
engineered tissues. We believe that our developed platform will thus allow for the reproducible
engineering of structured, 3D cardiac tissues, which can be further utilized in investigations of

new therapies or in vitro diagnostic and modeling systems.
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CHAPTER 2. A Thermoresponsive Nanofabricated Substratum for the
Engineering of Three-Dimensional Tissues with Layer-by-Layer Architectural

Control

2.1 Abstract

Current tissue engineering methods lack the ability to properly recreate scaffold-free, cell dense
tissues with physiological structures. Recent studies have shown that the use of nanoscale cues
allows for precise control over large area 2D tissue structures without restricting cell growth or
cell density. In this study, we developed a simple and versatile platform combining a
thermoresponsive nanofabricated substratum (TNFS) incorporating nanotopographical cues and
the gel casting method for the fabrication of scaffold-free 3D tissues. Our TNFS allows for the
structural control of aligned cell monolayers, which can be spontaneously detached via a change
in culture temperature. Utilizing our gel casting method, viable, aligned cell sheets can be
transferred without loss of anisotropy or stacked with control over individual layer orientations.
Transferred cell sheets and individual cell layers within multilayered tissues robustly retain
structural anisotropy, allowing for the fabrication of scaffold-free, 3D tissues with hierarchal control

of overall tissue structure.

2.2 Introduction

Tissue engineering seeks to fabricate physiological tissues by utilizing a combination of cells,
biomaterials, and engineering methods. However, one of the challenges inherent in tissue

engineering is replicating the complex, three dimensional (3D) structures of most tissues which
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are critical to their function [59-61]. The importance of replicating physiological tissue structure
can be seen in the structure-function relationships of many tissues, such as in the orthogonal
layering of sheets of connective tissues in the annulus fibrosus of intervertebral discs, which allow
for their ability to withstand forces applied in multiple directions [62, 63]. Other examples of tissue-
level structure-function relationships include the complex 3D structure of both the sinoatrial and
atrioventricular nodes and connected Purkinje fiber network, which are responsible for the
appropriate depolarization sequence of the heart [64], and the pennation or angling of muscle
fibers in most muscle tissues to the line of action, which allows for a greater degree of control
through mechanically diverse functions [65, 66]. Tissue structure is also often altered in disease
states, such as the disarray of cardiac muscle in hypertrophic cardiomyopathy [67] and the
thinning of bone trabeculae in osteoporosis [68], which can contribute to a deterioration of tissue
function.

Despite significant efforts to study physiologically-relevant tissue structures and functions,
however, only recently have technological advancements allowed for the engineering of more
complex tissue structures. Microfabrication techniques have been used to engineer tissues with
defined microscale structures, such as strips, squares, and wells, and have been successful in
studies to understand single cell or tissue-like structure-function relationships [52, 69]. Other
methods such as directionally-defined mechanical strain [70-72], magnetic fields [73, 74] and
electrical stimulation [75, 76] have also allowed for the simple alignment or orientation of tissues.
Additionally, 3D scaffolds, such as self-assembling peptides [77], are commonly employed to
organize cells on biomaterials that can more accurately replicate tissues [78]. Finally, methods
utilizing thermoresponsive polymers, such as poly(N-isopropylacrylamide) (PNIPAM), termed cell
sheet engineering, have been able to fabricate 3D, cell-dense tissues without the use of a
supporting scaffolds [79-82]. All these methods have started to bridge the gap between the simple
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plating and culture of cells on flat culture surfaces and the complex tissue structures which are
actually found in the human body. However, although promising, most of these techniques are
ultimately still constrained to simplified aligned tissue structures [71, 75, 80], or sacrifice the cell-
dense nature of physiological tissues [83, 84].

Subcellular nanoscale cues are a promising alternative for engineering cell and tissue
structures which do not restrict the growth of cells. For instance, the addition of nanoscale cues,
such as protein-based nanopatrticles [85], nanorods [86], and nanotubes [87] have been explored
to align both individual cells as well as 2D tissues. Additionally, nanotopographically-defined
matrix guidance cues have been explored as an alternative method to structurally organize
monolayers of tissues [88]. Topographical cues at the nanoscale are subcellular and can replicate
the well-defined architectures of the local cellular microenvironment, such as mimicking structures
of the extracellular matrix [79]. The use of scalable soft nanofabrication techniques thus can allow
for the multiscale analysis of complex cell-matrix interactions and their role in tissue engineering.
Further, the use of nanotopography has shown more precise control of self-assembled monolayer
tissues over conventional alignment techniques and has also shown differential effects on
morphological characteristics of cells [88]. We previously explored the effects of nanoscale
surface topography on single cell and tissue level morphology and function with precise control
over cell and tissue structure, such as guided migration in response to topographical gradient[89,
90] or self-assembly of anisotropic cardiac monolayers [56]. The use of these techniques allows
for the study and characterization of specific monolayer tissue structures at a larger scale while
utilizing a platform which can mimic the local cellular microenvironment.

In this study, we report the development of a thermoresponsive, nanofabricated
substratum (TNFS) which can be used to structurally organize cell monolayers. By reducing
culture temperature, the monolayers detach spontaneously as intact cell sheets. Using an
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additionally developed tissue manipulation method termed “gel casting’, the cell sheets can be
transferred to a flat surface and will maintain structural organization long term. Further, the sheets
can be stacked using the gel casting method to engineer three dimensional, scaffold-free tissues.
These multilayered tissues robustly maintain both individual layer structure as well as the specific
angle at which the layers are stacked, providing layer-by-layer control over the fabricated tissue
structure. Thus, the developed TNFS and gel casting method can be used as a platform to
reproducibly engineer more complex tissues structures which can then be used in tissue

engineering applications, drug screening and disease modeling.

2.3 Materials and Methods

2.3.1 Fabrication of a poly(urethane acrylate)-poly(glycidyl methacrylate) (PUA-PGMA)

nanopatterned substratum

A UV-curable poly(urethane acrylate) (PUA, Minutatek, Korea) mold was fabricated using
capillary force lithography as published previously [89-91] and was used as the nanopatterned
template for the PUA-PGMA substratum (Fig. 2a). To allow for epoxy functionalization of the
fabricated nanopatterned substratum, 1% GMA weight/volume monomer (Sigma-Aldrich) was
added to the liquid PUA precursor (Norland Optical Adhesive) sonicated for 1 h and then hand
mixed for 10 min. Solution was then degassed under a vacuum for 1 h to remove air bubbles. A
glass coverslip (@18mm, Fisher) was cleaned using isopropyl alcohol and brush coated with an
adhesion promoter to allow for attachment of the polymer to the glass surface and air dried. 20l
of PUA-PGMA prepolymer was added to the coverslip and covered with the PUA template. The

PUA-PGMA prepolymer was spontaneously drawn into the nanofeatures of the PUA template via
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capillary force. The template-prepolymer-glass was cured via 365nm UV light to initiate
photopolymerization for 5 min. After polymerization, the PUA template was peeled off from the
PUA-PGMA substratum via forceps and the substratum was UV cured overnight to finalize

polymerization.

2.3.2  PNIPAM-grafting to the PUA-PGMA substratum

Amine groups react spontaneously with epoxy groups in an addition reaction to form a
hydroxyl group and a secondary amine (Fig. 2a). Amine-terminated poly(N-isopropylacrylamide)
(Mn: 2500, Sigma-Aldrich) was dissolved in deionized (DI) water at room temperature at a
concentration of 1g/30ml. The PNIPAM solution was reacted with the PUA-PGMA substratum in
a shaker at room temperature for 24 h at 55 rpm to allow for thermoresponsive functionalization.
The TNFS was then washed 3 times with DI water and sterilized with 294nm UV light overnight

prior to use.

2.3.3 Characterization of the TNFS

Scanning electron microscopy (SEM, FEI Sirion) was used to confirm nanotopographical
fidelity. X-ray photoelectron spectroscopy (XPS, Surface Science Instruments S-probe

spectrometer) was utilized to determine surface composition of the TNFS.

2.3.4 Cell culture and seeding on the TNES

C2C12 mouse myoblasts were cultured in Dulbecco’s Minimal Essential Media (DMEM,
Gibco) supplemented with 20% Fetal Bovine Serum (FBS, Sigma), 1% penicillin-streptomycin
(Sigma) and 1% amphotericin-B (Sigma) in an incubator at 37°C, 5% CO.. Cells were split at 80%

confluency to prevent spontaneous differentiation. To seed cells onto the TNFS, cells were split
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and seeded at a density of 40k cells/cm? to form a confluent monolayer within 24 h of culture and
cultured normally with a daily media change. Cells were imaged with a bright field microscope
(Nikon TS100) during culture. To visualize individual layers, cells were labeled with either 2uM
CellTracker CMFDA Green (Invitrogen) or 2uM CellTracker Red CMTPX (Invitrogen) for 30 min
before seeding onto the TNFS, and then washed gently 2 times with warmed media after

attachment.

2.3.5 Gel casting transfer and stacking of nanopatterned cell sheets

To prevent loss of anisotropy after sheet detachment, a gel casting method was developed
to preserve cell morphology. A 7.5% (wt/v) gelatin (Sigma) in media solution was made, which
forms a solid at room temperature but melts at 37°C. To detach the cell sheet, the TNFS was
removed from the incubator and placed in a tissue culture hood at 22°C, the media was aspirated
and room temperature (22°C) DPBS (Gibco) was added to the TNFS and incubated for 25 min to
initiate cell sheet detachment. After room temperature incubation, the DPBS was aspirated and
melted gelatin solution (37°C) was then added to the TNFS, and the TNFS and gelatin were then
incubated at 4°C for 5 min to allow the gelatin to solidify rapidly. The solidified gelatin (gel cast)
was then removed from the TNFS surface with forceps with the cell sheet adhered to the bottom
surface and transferred to a new surface. The cell sheet was allowed to adhere to new surfaces
in a 28°C, 5% CO; incubator for 1 h and then the gel cast was melted by transferring the sheet to
the 37°C, 5% CO, incubator for 1 h. After the gel cast was melted, the transferred cell sheet was
washed gently 3 times with warm media and cultured as normal. To create multilayered tissues,
during the 4°C incubation of the top sheet, the next layered sheet would first be removed from the
37°C incubator, placed in the tissue culture hood, and the media removed. The gel cast from the

first cell sheet (with the first sheet still adhered) would then be carefully placed on top of the

16



second cell sheet (still attached to the TNFS) with forceps, and the gel cast, cell sheets, and the
TNFS would then be transferred to the 28°C incubator and allowed to attach for 30 min (Fig. 7a).
After the 30 min incubation, the gel cast, cell sheets, and the TNFS would then be incubated at
4°C for 5 min to firm the gel cast for handling, at which point a subsequent cell sheet could be

prepared for stacking or the multilayered tissue could be transferred to a new surface (Fig. 7a).

2.3.6 Use of orientation key to control stacked layer angle

To create tissues with specific layer orientation, an orientation key was fabricated out of
transparent polystyrene. After gel casting, the gel cast and the TNFS could be visualized under a
microscope at a 20x objective, and the nanopatterns were aligned to the 0 degree position of the
orientation key. The gel cast was then cut parallel to the O degree position as a reference. During
stacking, the detaching layer was then placed upon the orientation key and oriented to the desired
angle relative to the casted layer and confirmed under the microscope. The gelatin cut line of the
casted layer was then oriented to the key and the casted layer was then stacked and allowed to

attach as normal (Fig. 7b).

2.3.7 Assessment of transferred cell sheet viability

A Live/Dead fluorescent staining kit (Invitrogen) utilizing calcein AM as a live cell reporting
dye and ethidium homodimer-1 as a dead cell reporting dye was used according to manufacturer’'s
instructions. Briefly, the kit reagents were added to sterile 1x DPBS to create a 1mM calcein AM
and 4mM ethidium homodimer-1 solution. Cells were washed gently with warm 1x DPBS and then
200uL of calcein AM/ethidium homodimer-1 solution was added to the cells and incubated
protected from light for 30 min at 37°C, 5% CO.. After incubation, cells were gently rinsed with

1x DPBS and then imaged with a confocal microscope (Nikon A1R).
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2.3.8 Immunofluorescent staining and imaging

Cells were washed with phosphate buffered saline (PBS, Sigma) and fixed in 4%
paraformaldehyde (Sigma) for 15 min at room temperature (22°C). Fixed cells were then washed
with PBS, and permeabilized and blocked with a solution of 5% bovine serum albumin (Sigma)
and 0.25% Triton X-100 (Sigma) in PBS for 1 h at room temperature, then washed with PBS. For
F-actin staining, cells were then incubated in AlexaFluor488-conjugated phalloidin (Invitrogen) at
a dilution of 1:200 in 1% BSA in PBS for 1 h at 37°C. All samples were then stained with a Hoechst
stain (Sigma) at a dilution of 1:1000, washed with PBS once, and then treated with Vectashield

(Vector Labs) and mounted on coverslips and imaged using a confocal microscope.

2.3.9 Quantitative analysis of cell alignment

To assess alignment, phase contrast or immunofluorescent images of phalloidin or
CellTracker stained cells were taken at 3 representative fields at 10x magnification and analyzed
using a modified, previously published MATLAB script utilizing pixel gradient analysis. Briefly, the
images were passed through a Gaussian low pass filter and Sobel horizontal edge-emphasized
filter (predefined MATLAB Image Analysis toolbox functions) to generate a 2D convolution. The
Sobel filter was then transposed to extract the vertical edge, and the horizontal and vertical edges
were combined to calculate the gradient magnitude of each pixel in the image. The image was
then thresholded to determine the borders of the areas of interest, and the orientation of the
gradient was calculated via respect to the x-axis (0 degree). A representative image of the filtering,
vector generation and histogram creation process is demonstrated in Figure 1. The orientation
gradient data obtained from the pixel gradient analysis MATLAB script was then used to generate

representative plots of overall cell alignment using a second custom MATLAB script. Each image
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was segmented into a grid of user-designated size. The gradient orientation angle for each pixel
in a given grid square was then shifted in order to take a circular average with respect to the angle
present with the highest incidence within that grid square’s orientation angle data. This circular

average is representative of the mean orientation of each pixel gradient within a given grid square.

2.4 Results

2.4.1 Fabrication of a polyurethane-epoxy copolymer nanofabricated substratum for

thermoresponsive polymer functionalization (TNES)

To develop a thermoresponsive, nanofabricated substratum, we sought to functionalize
substrata engineered with our well-established capillary force lithography (CFL)-based
nanofabrication techniques [89-91] with a thermoresponsive release layer while preserving
pattern fidelity. To do this, we utilized epoxy-amine chemistry (Fig. 2a) to covalently bind amine-
terminated poly(N-isopropylacrylamide) (PNIPAM) to surface epoxy groups present in our
composite polymer substratum fabricated with CFL (Fig. 2b). Our composite polymers consisting
of glycidyl methacrylate (GMA) and polyurethane acrylate (PUA) as a copolymer allowed for GMA
incorporation up to 75% wt/v in the PUA prepolymer mixture and still allow for photopolymerization
of the mixture and nanofabrication of topographical cues. Scanning electron microscopy (SEM)
analysis confirmed nanopattern fidelity of a TNFS consisting of 1% GMA (Fig. 2c), and the UV-
assisted CFL technique could scale the TNFS to large-area sizes (up to 25cm?), which were useful
for tissue-level fabrication and analysis. X-ray photoelectron spectroscopy analysis showed an
increase in nitrogen surface compositions of the TNFS reacted with amine-terminated PNIPAM,

confirming PNIPAM functionalization of the TNFS (Fig. 2d and Table 1).
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2.4.2 Biocompatibility of the TNFS and effects of PNIPAM grafting density on monolayer

formation

In order to determine the biocompatibility and thermoresponsive characteristics of the
TNFS, C2C12 mouse myoblasts were used as the cell model. As varying PNIPAM grafting
densities have been previously shown to affect cell adhesion and sheet formation [92], we
fabricated the TNFS using varying GMA percentages (1%-75%) to create various density of
available epoxy groups, and then reacted with PNIPAM for 24 h. C2C12 cells were seeded at a
high density (4x10° cells/cm?) and allowed to attach for 24 h at 37°C on the TNFS with varying
GMA percentages. Cells displayed increased attachment and monolayer formation with
decreasing GMA percentage, indicating that high-density grafted PNIPAM inhibits cell adhesion
(Fig. 2e and Fig. 3). Specifically, the TNFS consisting of 1% GMA (1% GMA TNFS) as well as a
1% GMA unpatterned, thermoresponsive substratum (controls) formed confluent monolayers
within 24 h after seeding. Cells on the 1% GMA TNFS also aligned to the direction of the
nanopatterns, indicating sensitivity to nanoscale topography (Fig. 2e). Cells attached to the 1%
GMA TNFS within 2 h of seeding, and continued to spread to form a confluent monolayer within
24 h. The self-organization of cells and monolayers to nanoscale cues happened quickly — within
2 h of seeding cells on the TNFS, which allows for rapidly, aligned monolayer formation.
Additionally, the cell monolayers are very well aligned to the nanotopographical cues even under
varying culture conditions such as cell seeding density or culture time, removing variability in the
degree of alignment of the forming monolayer. Other studies have shown that topographical
guidance cues to align cells even in the presence of conflicting cues such as mechanical strain
[93] or electrical stimulation [93, 94], suggesting these topographical cues provide a high degree

of control over structural organization.
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2.4.3 Thermoresponsive detachment of anisotropic cell sheets from the TNES

To assess thermoresponsive, spontaneous detachment of cell sheets, the 1% GMA TNFS
seeded with cells was removed from the culture incubator (37°C) and incubated in DPBS for 30
min at room temperature (22°C). Within 20 min, edges of the cell sheet began to detach from the
TNFS and controls and retract inwards and soon after, the cell sheet on the 1% GMA TNFS as
well as controls detached spontaneously (Fig. 4). During detachment from the 1% GMA TNFS,
cells contracted along the longitudinal axis and lost anisotropic morphology, with the entire cell
sheet shrinking and losing alignment (Fig. 5). The detached cell sheet could be transferred to a
new surface via forceps or pipets and allowed to reattach. However the sheet continued to
contract and became extremely cell-dense, aggregated tissues with no discernible anisotropy or
organization. Based on the ability to form confluent monolayers rapidly, as well as detach a cell
sheet spontaneously, the 1% GMA TNFS were used for all subsequent experiments and will be

referred to simply as the TNFS.

2.4.4 Use of the gel casting method to transfer nanopatterned cell sheets without loss of

structure

To transfer and manipulate anisotropic cell sheets without loss of structural organization,
a previously published cell sheet transfer method was investigated [79]. Using this plunger-like
manipulator method, a fully intact cell sheet was only able to be transferred from the unpatterned
thermoresponsive controls. The cell sheet from the TNFS only partially detached, allowing for
transfer of a partial cell sheet or cell sheet fragments. Further, the transferred cell sheet from the
TNFS demonstrated some loss of anisotropy immediately after transfer and subsequently lost all

anisotropy after 5 days of culture on the flat surface of a standard tissue culture dish (Fig. 6a).
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We hypothesized that the lack of adhesion strength to the gelatin-coated manipulator from the
TNFS may result in partial or difficult cell sheet detachment as well as the lack of morphological
maintenance. As a result, a new method was developed to transfer hanopatterned cell sheets,
termed the gel casting method (Fig. 7a), in which we aimed to encase the cell sheet in the gelatin
in order to increase cell sheet-gelatin adhesion strength and preserve morphology. Briefly, melted
gelatin is added to the TNFS which is incubated at room temperature and then cooled to solidify
and encase the detaching cell sheet prior to full sheet detachment. These sheets can then be
stacked onto another TNFS to form multilayer tissues or transferred to a new surface. Using a
developed orientation key (Fig. 7b), the relative layer angle between the top and subsequent
layers can also be controlled during the stacking process. The use of gelatin also allows for the
easy manipulation of delicate cell sheets using forceps (Fig. 7¢). Using the gel casting method,
cell sheets from both the TNFS and controls were able to be recovered intact and transferred to
glass coverslips. After transfer, cell sheets remained firmly attached to the glass and could be
cultured as normal. The transferred nanopatterned cell sheet retained anisotropic cytoskeletal
structure immediately (24 h) after transfer as well as up to 7 days post-transfer (Fig. 8a). Gel
casted transferred cell sheets also maintained near 100% viability 24 h after transfer (Fig. 9), and
cell growth continued outward from the edges of the cell sheets, albeit in a random growth pattern
for the transferred nanopatterned cell sheet. Immunofluorescent staining of cellular cytoskeletal
proteins also indicated that cells within the transferred nanopatterned cell sheet demonstrated a
well aligned cellular cytoskeleton in addition to cell morphology (Fig. 8b). Automated image
analysis was used to quantify alignment of transferred cell sheets from both TNFS and controls
24 h and 7 days after transfer to a flat glass coverslip. The transferred nanopatterned cell sheet

demonstrated significant structural alignment immediately after transfer, which was maintained
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overall tissue alignment long term (7 days) comparable to the transferred, unpatterned cell sheet

(Fig. 8c).

2.4.5 Engineered orthogonal bilayer tissues

To determine whether the gel casting method could be used to successfully fabricate 3D
tissues, nanopatterned cell sheets were stained with fluorescent live cell red and green membrane
dyes to discern individual layers when stacked. The gel casting method was then used
sequentially to transfer a green-dyed nanopatterned cell sheet onto a red-dyed nanopatterned
cell sheet and then the bilayer tissue onto a glass coverslip. After 3 days of culture after stacking
and transfer, the transferred bilayer tissue was fixed and imaged. The gel casting method was
able to successfully fabricate the bilayer tissue which maintained individual layer morphologies
even after transfer (Fig. 10a,c) with distinct red and green layers, indicating no layer mixing or
migration of cells between layers (Fig. 10b). The average overall thickness of the bilayer tissue

was 33.2um, with both layers having the same thickness.

2.4.6 Fabrication of helical, trilayer myoblast tissues which retain structure

Next, using the gel casting method and orientation key, a 3D tissue with specific layer
orientations, and specific inter-layer angles, was fabricated. To confirm this, stained red and
green nanopatterned cell sheets were detached and stacked sequentially with specific inter-layer
angles (Fig. 11a) to form a trilayer tissue and transferred to a flat glass coverslip and cultured for
3 days. The fabricated tissue demonstrated 3D, multi-colored structures when analyzed using
confocal microscopy (Fig. 11b). Individual layers were easily discernible (Fig. 11d) and did not
mix. Further, the red/green signal from individual cell sheets was analyzed using a modified image

analysis technigue to quantitatively evaluate alignment of individual layers within the tissue. The
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individual layers maintained alignment as well as the specific layer angle at which they were
stacked, indicating no reorganization both within the sheets and between layers (Fig. 11c). The
overall thickness of the layered tissue was 48.9um, with an average layer thickness of 16.3um,
similar to the results from the bilayer stacking experiments. The tissue maintained this distinct
structural organization 3 days after transfer, and no retraction or detachment of either individual

sheets or the whole tissue was noted during this time.

2.5 Discussion

While other groups have fabricated aligned tissues using cell sheet engineering [80] and have
demonstrated multilayered tissues with specifically arranged layers [81], to our knowledge, this is
the first demonstration of 3-layered tissues with clear anisotropy, defined individual layers, and
fabricated utilizing a method to control the specific inter-layer angles. Interestingly, we observed
the maintenance of both layer anisotropy and stacked layer angle of tissues utilizing myoblasts.
It has recently been reported using human myoblasts that aligned cell sheets reorganize
themselves to match the alignment of the top sheet, generating a completely aligned 3D muscle
tissue [80]. Further, this rearrangement of all bottom sheets happens within 24 h of stacking, and
cells within individual sheets migrate between sheets, indicating intermixing between layers of
fabricated tissue. In a clear contrast to these results, our method allows the maintenance of
individual layer orientations as well as prevention of intermixing of individual sheets for 3 days.
Myoblasts are well known as migratory cells due to their migration to sites of injury for
muscle repair, and recent studies have also shown that myoblasts can migrate vertically through
multilayered tissue constructs [95, 96]. This cell fluidity has been hypothesized to contribute to

the loss of individual layer orientations in multilayered myoblast tissues constructs. However, we
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did not observe this phenomenon in our experiments utilizing a mouse myoblast line and our
nanotopography-based platform. Our recent study showed an upregulation of myogenic markers
of myoblasts when cultured on the nanopatterned substratum, and an increase in dystrophin
expression when nanopatterned monolayer muscle patches were implanted in an in vivo mouse
muscular dystrophy model, relative to unpatterned controls [97]. Other studies have reported
differential response of myoblasts to nanotopography versus micropatterning [98]. It is possible
that the utilization of nanotopographical cues to structurally organize monolayers may evoke a
different biological response within the chosen cell model when compared to methods such as
micropatterning. With such results, we believe this platform can allow for the facile, reproducible

fabrication of well-defined 3D tissue structures which may not be achievable via other means.

In this study, we have developed a simple, yet versatile platform for the fabrication of
scaffold-free 3D tissues using our newly developed TNFS and gel casting method. This platform
enables the reproducible and robust fabrication of scaffold-free 3D tissues with control of overall
tissue architecture via nanoscale control of cell and tissue structure. Although other groups have
demonstrated the fabrication of 3D tissues using scaffolds with controllable 3D architectures [78,
99] or micropatterned molds or scaffolds functionalized with thermoresponsive polymers [80, 81,
100], in contrast, the use of nanotopographical cues allows for the structural organization of cells
and cell monolayers at a sub-cellular level, thus not preventing or restricting cell growth and
reducing variabilities such as degree of alignment due to pattern size or cell seeding density.
Additionally, the fabrication method of our TNFS is highly reproducible, cost-effective, and
scalable, allowing for a variety of applications in cell biology and tissue engineering. The
developed substratum incorporated our CFL-based nanofabrication method, which allows us to

fabricate a variety of nanotopographical cues in a large-area format with an epoxy-based
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chemistry which allowed the surface immobilization of a thermoresponsive polymer. The TNFS
had variable cell attachment based on GMA percentage incorporation and thus PNIPAM grafting
density, with the 1% GMA TNFS allowing for both rapid monolayer formation as well as
spontaneous, thermoresponsive detachment of intact cell sheets. Next, the gel casting method
was used to transfer aligned sheets to a flat surface, and the transferred cell sheets maintain long
term structural organization without presentation of additional nanotopographical cues. Finally,
the gel casting method also allowed for the stacking of aligned sheets at specific angles between
subsequent layers. The multilayered tissues retained specific layer organization, layer integrity,
and overall tissue architecture upon transfer to a flat surface for 3 days, demonstrating the
feasibility of our platform in the creation of complex 3D tissues with highly controllable
architecture. Interestingly, when stacked into multilayered tissues, individual sheets also retain
their specific alignment and cells from individual sheets do not mix or migrate. This allows for the
fabrication of 3D tissues with defined layer structures which can also have precisely controlled
architectures, or changing of the tissue organization in three dimensions, allowing for the
engineering of complex and physiological tissues. Our developed platform could be readily
extended to the engineering of other complex, defined 3D tissues of interest and used in

guantitative studies of structure-function relationship.
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Figure 1. Quantitative analysis of alignment using pixel gradient algorithm. Confocal image
of phalloidin stained, transferred anisotropic cell sheet. Image is then converted to grey scale and
gaussian filtered. Pixel gradient vectors are calculated based on filtered image (representative
gradient vectors overlaid on image). Vectors are then binned to 10 degree ranges with major
vector angle set to zero and a histogram plot is displayed.
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Figure 2 Fabrication and characterization of the thermoresponsive nanofabricated
substratum. (a) Epoxy amine addition reaction equation and experimental conditions. (b)
Schematic of capillary force lithography to create the nanofabricated substratum and subsequent
functionalization of the substratum with amine-terminated PNIPAM (a-PNIPAM). (c) SEM image
of PNIPAM-functionalized polymeric nanofabricated substratum (top) and photo of a large-area,
scalable TNFS (bottom). Scale bar, 5 ym; 1 um (inset). (d) XPS analysis of the TNFS surface
chemical composition with varying GMA prepolymer concentration before PNIPAM reaction and
after 1% GMA TNFS PNIPAM reaction. (e) DIC image of C2C12 cells cultured on 25, 5, and 1%
GMA TNFS after PNIPAM reaction for 24 h at 37 °C. Cells demonstrated varying degrees of
confluent monolayer formation. Scale bar, 50 um.
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Table 1. Atomic concentration percentages of various substrate surfaces.

Sample Percent

C1s O1s N1s
0% GMA 721+£10 12361209 43+0.2
1% GMA 7124+06 |23.0+£05( 45+0.2
5% GMA 7/19+£10 1238209 42+0.2
25% GMA 7112+£04 1253106 24 +0.1
1% GMA-PNIPAM| 75.0+£06 | 124 +0.3[12.3+0.3
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Figure 3. Varying GMA incorporation prior to PNIPAM functionalization affects cell
attachment. Phase contrast image showing varying substrate GMA composition and subsequent
cell attachment and monolayer formation after 24 h culture at 37°C. Scale bars, 200um.
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Nanopatterned

T

37°C

Figure 4. TNFS aligns cell monolayers and spontaneously detaches cell sheets in response
to temperature change. (a) Bright field image of C2C12 myoblasts cultured on the TNFS and
control at 37 °C 24 h after seeding. The TNFS aligns the cell monolayer. Scale bar, 100 um. (b)
Phase contrast image of C2C12 monolayers after incubation at 22 °C for 30 min undergoing
spontaneous detachment on both the TNFS and control. Black arrows indicate detaching edge of
cell sheet. Yellow arrows indicate TNFS nanopattern direction. Scale bar, 200 um.
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Figure 5. Cells lose anisotropic morphology during detachment. (a) Phase contrast image
showing detachment of nanopatterned cell sheet and subsequent loss of anisotropic cell
morphology. Scale bar, 200um. (b) Magnified DIC image of detaching edge of a nanopatterned

cell sheet. Scale bar, 100um.
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Figure 6. Comparison of two methods to transfer nanopatterned cell sheets. (a) Phase
contrast image of nanopatterned cell sheets transferred using the plunger-like manipulator
method 1 day and 5 days after transfer onto a flat surface. Scale bar, 200um. (b) Phase contrast
image of nanopatterned cell sheets transferred using the gel casting method 1 day and 5 days
after transfer onto a flat surface. Yellow arrows represent cell sheet alignment. Scale bars, 200um.
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Melted gelatin

Nanopatterned Gelatin solidifies Detach gelafin Stack detached
sheet pre-incubated at 4°C, sheet backing with sheet sheet at 28°C in
with 22°C DPBS detaches from incubator
TNFS
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@“ » > « -
Scaffold-free Attach to glass at Recover stacked Bottom sheet
multilayer tissue 28°C, melt gelatin cell sheets adheres to top
at 37°C sheet, detaches
from TNFS

90° Layer angle

Figure 7. Gel casting method to preserve cell sheet anisotropy and control relative layer
angle during stacking. (a) Schematic showing the gel casting method process to stack and
transfer nanopatterned cell sheets. (b) Schematic of the orientation key (left) used to control
relative layer angle during nanopatterned sheet stacking (right). (c) Image of gel cast sheet after

gelatin solidification. Sheet was fixed and stained with trypan blue while casted to enhance
visibility.
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Figure 8. Transferred nanopatterned cell sheets are viable and maintain alignment. (a) DIC
image of a transferred nanopatterned cell sheet 7 days after transfer onto glass. Scale bar, 100
um. (b) Confocal image of phalloidin (green) and Hoechst (blue) staining showing maintenance
of aligned cytoskeletal structure of nanopatterned cell sheets. Scale bar, 100 um. (c) Quantitative
analysis of cytoskeletal alignment of transferred nanopatterned (NP) cell sheets and unpatterned
(UP) controls 1 day and 7 days after transfer. Yellow arrows indicate direction of transferred cell
sheet alignment.
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Figure 9. Viability of gel casted, transferred nanopatterned cell sheets. Confocal image of a
live (green)/dead (red) assay performed on a transferred cell sheet indicating near 100% viability.
Scale bar, 100um.
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c

Figure 10. Individual nanopatterned cell sheets can be stacked together using the gel
casting method. (a) Max projection confocal image of a z-stack showing two membrane-
stained nanopatterned cell sheets stacked together to form a bilayer tissue. Top layer stained
with red membrane dye, bottom layer stained with green membrane dye. Bilayer tissue was
transferred to a glass coverslip and cultured 3 days before fixation and imaging. Scale bar, 100
um. (b) Three-dimensional tissue rendering utilizing confocal z-stack images of membrane-
stained cell sheets stacked into bilayer tissue, with individual layer colors discernible when

magnified (bottom). Scale bar, 40 um. (c) Confocal image of top and bottom sheets. Scale bar,
100 pm.
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Figure 11. Stacked nanopatterned cell sheets maintain individual layer alignment and
demonstrate precise control over 3D structure. (a) Schematic of the trilayer myoblast tissue
with individual layer orientations. (b) Three-dimensional tissue rendering utilizing confocal z-
stack images of membrane-stained cell sheets stacked into trilayer tissue. Top and bottom
layers were stained with red membrane dye; middle layer was stained with green membrane
dye. Trilayer tissue was transferred to a glass coverslip and cultured 3 days before fixation and
imaging. (¢) Quantitative analysis of cell sheet alignment of individual layers demonstrates
retained alignment 3 days after stacking as well as maintained interlayer angles. (d) Confocal
images of the individual layers with representative alignment vectors generated via the image
analysis program overlaid. Scale bar, 100 pm.
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CHAPTER 3. Nanoengineered Myoblast Constructs to Assess Tissue Structure

on Myoblast Fusion and Myotube Morphology

3.1 Abstract

Skeletal muscle is comprised of aligned myofibers encased in an extracellular matrix sheath or
lamina. Within this lamina resides satellite cells, which migrate to the site of injury to
dedifferentiate into myoblasts and fuse with myofibers to regenerate muscle tissue. Biochemical
cues have most often been implicated to direct cell migration and fusion, however other
microenvironmental stimuli, such as ECM or tissue structure, are largely unstudied. We
hypothesize that the structure of skeletal muscle tissue in both 2D and 3D can affect the
organization and morphology of differentiating myoblasts and formed myotubes. Further, we
believe that cellular and extracellular matrix cues, in the absence of biochemical factors, can be
a strong director of myoblast function in a 3D tissue environment. In this study, we utilized a
thermoresponsive nanofabricated substratum (TNFS) to engineer anisotropic sheets of myoblasts
which can be transferred and stacked into multilayered tissues. We found that myoblasts rapidly
sense topography and deposit structured ECM proteins. Further, the initial tissue structure was a
strong determinant of eventual myotube formation and organization. When organized into
bilayers, competing alignment cues led to formation of disorganized myotubes, whereas
alignment allowed for larger, organized myotubes. Finally, when transferred to a 3D hydrogel
cylinder as a muscle surrogate, myoblasts fused and formed myotubes along the original tissue
structure, even when oriented circumferentially to the cylinder, providing insights into additional

strategies to repair damaged muscles.
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3.2 Introduction

The cellular microenvironment comprises of local physical and chemical stimuli surrounding the
cells which often dictate or regulate cell function. These stimuli include the extracellular matrix,
which often has an inherent structural organization which is also critical to the appropriate function
of cells and tissues [101]. The structure of tissues is dictated by a complex interplay between cells
and ECM: the extracellular matrix imparts topographical cues which can direct cell orientation and
migration, and many cells also actively secrete and remodel their ECM [102-104]. One well known
example of a cellular microenvironment with defined structure is that of the satellite cell niche.
Satellite cells are skeletal muscle stem cells which aid in muscle regeneration after injury and are
located at the periphery of individual adult skeletal muscle myofibers, in between the basal lamina
(endomysium) and the plasma membrane of the myofiber (sarcolemma) [105, 106]. Under normal
conditions, these satellite cells are quiescent, however, after injury, satellite cells have remarkable
regenerative capable and can both self-renew as well as fuse with existing myocytes to repair
damaged muscles [105]. In development, myoblasts also fuse end to end to form myotubes, which
then mature and become myocytes [107]. When engineering tissue, it is thus important to analyze
the structure of both cells and ECM when engineering tissues in order to impart correct
physiological function.

Cell sheet engineering utilizes thermoresponsive polymers on culture surfaces to detach
monolayers of cells intact as a sheet [108]. Contrasting enzymatic digestion, cell sheet
engineering preserves cell-deposited ECM and cell sheets detach with their ECM intact [109].
The use of such thermoresponsive culture platforms thus allows for the engineering of cell-dense
tissues which also contain cell-secreted ECM. This additionally allows for the analysis of more

physiological microenvironments, which natively consist of both cells and extracellular matrix.
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However, typical cell sheet engineering utilizes a substrate which cannot organize cells or tissues,
subsequently generating randomly organized and structured 3D tissues [110]. This, in turn,
prohibits investigation of cell microenvironments which have specific structures, such as the
endomysium [106, 111], on satellite cell fate and function. To this end, we previously have
developed a platform utilizing nanotopographical cues to align cell monolayers as well as a
thermoresponsive release layer termed thermoresponsive nanofabricated substratum or TNFS
[112]. Nanopatterned cell sheets can be transferred from the TNFS and maintain alignment long
term, even when stacked into multilayered tissues. This contrasts other methods using cell sheet
engineering which cannot maintain independent sheet alignment after stacking [80].

We hypothesize that the TNFS also allows for organization and transfer of cell-deposited
ECM, which provides alignment cues and prevents cell sheet reorganization after detachment
and transfer. Further, we believe that, due to the necessity of myoblast alignment to form
myotubes [113], multilayered, aligned myoblast tissues will be able to form aligned myotubes from
myoblasts in both sheets while orthogonally oriented myoblast tissues will only be able to form
myotubes within the individual sheets, with the respective sheet alignment dictating myotube
alignment. Using C2C12 mouse myoblasts, we found that cells quickly sensed nanotopographical
cues and structurally organized deposited ECM. After 24 hours in culture, cell cytoskeleton and
cell-deposited ECM was structurally organized and well aligned to the nanotopographical cues
and could be transferred to flat surfaces with maintained cell and ECM alignment of up to 1 week
after transfer. To analyze the effects of cell and ECM structure on myoblast function, bilayer
orthogonally stacked tissue maintained both cell and ECM structure for up to 7 days post-stacking,
even in the absence of nanotopographical cues from the TNFS, while maintained in a growth
state. However, while undergoing differentiation, only myoblasts in the top layer were able to fuse
to form myotubes, whereas the bottom layer remained as myoblasts. Contrasting that, aligned

41



bilayers formed myotubes from both layers of myoblasts. The myotubes formed from the aligned
bilayers also demonstrated larger morphology and maturity. Finally, to assess the formation of
myotubes in a transplanted, nanopatterned cell sheet onto a 3D structure as a possible
therapeutic cell patch, we transferred single nanopatterned myoblast sheets circumferentially
onto a crosslinked gelatin cylinder as a surrogate of muscle tissue. We observed that the cell
sheets maintained alignment after transfer and differentiated into myotubes in accordance to the
original cell and ECM alignment rather than to the longitudinal direction of the cylinder as would
be more typical of regenerating or developing muscle. These results highlight the importance of
tissue and ECM structure on the function of myoblast differentiation and fusion to provide insights
into satellite and stem cell biology towards development of novel and more effective engineered

tissues and therapeutics.

3.3 Materials and Methods

3.3.1 Fabrication of a poly(urethane acrylate)-poly(glycidyl methacrylate) (PUA-PGMA)

thermoresponsive nanofabricated substratum (TNFS)

PUA-GMA TNFS were fabricated as previously described [112]. Briefly, a UV-curable PUA
mold was fabricated and used as the nanopatterned template for the PUA-PGMA substratum.
Glass coverslips were primed with an adhesion promotor and allowed to dry. A previously mixed
and degassed 1% PUA-GMA (w/v) prepolymer was aliquoted onto a PUA template consisting of
800 nm ridge and groove width and 500 nm deep parallel grooves and ridges; a dried coverslip
was then placed primed-side down onto the prepolymer. The template-prepolymer-glass was

cured under 365 nm UV light to initiate photopolymerization for 5 min. After polymerization, the
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PUA template was peeled off from the PUA-PGMA substratum using forceps and the substratum
was UV-cured overnight to finalize polymerization. To functionalize the surface of the
nanofabricated substrate with a thermoresponsive polymer, amine-terminated poly(N-
isopropylacrylamide) (PNIPAM) solution (1g/mL) was reacted with the PUA-PGMA substratum in
a shaker at room temperature for 24 h at 55 rpm to allow for thermoresponsive functionalization.
The TNFS was then washed with DI water to remove excess PNIPAM and sterilized with 294 nm

UV light for 1 hour prior to use.

3.3.2 Cell culture and seeding on the TNES

C2C12 mouse myoblasts were cultured in Dulbecco's minimal essential media (DMEM,
Gibco) supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% penicillin-streptomycin
(Sigma) in an incubator at 37 C, 5% CO2. Cells were split at 80% confluency to prevent
spontaneous differentiation and used within 7 passages of a thaw. To seed cells onto the TNFS,
cells were split and seeded at a density of 1x10° cells/cm? to form a confluent monolayer within
48 hours of culture for subsequent transfer. Cells were imaged with a bright-field microscope
(Nikon TS100) during culture. Cell sheets were allowed to reach 100% confluency (2 to 3 days in
culture after seeding) before transfer onto treated glass or stacked on top of another cell sheet
using our gel casting method. Once transferred, the single or bilayer tissues were cultured either
in growth media (10% FBS) to maintain quiescence or differentiation media (2% horse serum,
HS) to induce myotube fusion for up to 7 days after transfer. Tissues were subsequently fixed at

24 hours and 7 days after transfer.

3.3.3 Gel casting transfer and stacking of nhanopatterned cell sheets
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To transfer individual cell sheets or to engineer bilayer tissues, the gel casting method
was used as previously described. Briefly, the cells on the TNFS are rinsed and incubated with
room temperature DPBS for 25 minutes to promote sheet detachment, at which point the DPBS
is removed and melted (37C) 7.5% wt/v gelatin is added to the culture dish and incubated at 4C
for 10 minutes to allow for the gelatin to solidify. The solidified gelatin can then be transferred with
the adhered cell sheet to a new surface or transferred to another cell sheet cultured on a TNFS
for multilayered stacked tissues. An orientation key is used to allow for orthogonal or aligned
tissue stacking. The single and bilayer sheets are then transferred to a glass coverslip for
subsequent culture. Using the gel casting method, complex tissue and ECM microenvironments

can be engineered for studies on myoblast function (Fig. 12).

3.3.4 Engineering nanopatterned myoblast sheet-wrapped gelatin cylinders

To engineer tissue surrogates for subsequent analysis of myotube formation of transferred
nanopatterned cell sheets in a 3D environment, first the TNFS was adapted to a surface treated,
flexible, polyethylene terephthalate film (SKC films) instead of a treated glass coverslip. The cells
were seeded on the flexible TNFS (fTNFS) as described previously. For transfer onto a gelatin
cylinder, the fTNFS and attached cell sheet was first incubated with room temperature DPBS for
30 minutes to initiate sheet detachment, then rolled into a tube structure and placed into a plastic
cylindrical mold (&: 3mm). 7.5% wt/v gelatin in DMEM with 4% v/v transglutaminase (used to
crosslink and thermally stabilize the gelatin) was melted and then added to the mold, and the
mold, fTNFS and gelatin was incubated at 4C for 10 minutes and then room temperature for 30
minutes, at which point the plastic mold and fTNFS were removed, with the nanopatterned cell

sheets attached to the outside of the gelatin cylinder. A schematic of the engineering process is
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shown in Figure 12. Cells and cylinder were then cultured as normal for up to 7 days in either

growth media or differentiation media, then fixed, stained, and sectioned for imaging.

3.3.5 Immunofluorescent and CellTracker staining and imaging

Cells were washed with phosphate buffered saline (PBS, Sigma) and fixed in 4%
paraformaldehyde (Sigma) for 15 min at room temperature (22 ‘C). Fixed cells were then washed
with DPBS, permeabilized and blocked with a solution of 5% bovine serum albumin (Sigma) and
0.25% Triton X-100 (Sigma) in PBS for 1 h at room temperature, then washed with PBS. For
fibronectin (produced in rabbit, Abcam) and myosin heavy chain staining (produced in mouse,
Abcam), cells were incubated with the respective primary antibody at a dilution of 1:1000
(fibronectin) or 1:500 (MHC) in 1% BSA in PBS over night at 4C. After primary incubation, cells
and sheets were subsequently washed with DPBS and incubated with the respective fluorescently
labeled secondary antibodies for 1 hour at 37C. For F-actin staining, cells were incubated with
AlexaFluor488-conjugated phalloidin (Invitrogen) during the secondary staining step. For
CellTracker cell sheet labeling, cells were incubated with either CellTracker Red CMTPX dye
(ThermoFisher) or CellTracker Green CMFDA dye (ThermoFisher) at 2uM concentration in serum

free media prior to TNFS seeding.

3.3.6  Quantitative analysis of cytoskeletal alignment

To assess cytoskeletal alignment, immunofluorescent images were analyzed using an
automated, modified pixel gradient-based MATLAB script as previously published. Briefly, images
of phalloidin-stained cells were taken at three representative fields at 10x magnification and

analyzed by being passed through a set of filters to calculate the gradient magnitude of each
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image pixel and generate an orientation vector. This orientation gradient data is then used to

generate a histogram plot of overall cell alignment.

3.3.7 Quantification of myotube alignment and morphology

Confocal microscope images were taken at 10x magnification at 3 randomly chosen
locations per sample stained for MHC (n=3 per condition). The MHC channel was isolated from
each image and subsequently analyzed using ImageJ. To quantify myotube morphology, a free-
hand trace of myotubes with a positive MHC signal was drawn per each identifiable myotube. An
ellipse was fit to the freehand trace to determine overall orientation angle and length, and the area
of the trace was divided by the length of the major ellipse axis to determine average myotube
width. At least 10 myotubes were traced per sample, yielding at least 30 myotube measurements
per condition. Myotube lengths and widths were averaged and statistical significance was
characterized using a 2-way ANOVA, with significance determined as a p-value < 0.05. Myotube
orientations were binned into 10 degree increments, with each myotube having 1 orientation and
counted. The orientations were then plotted as a histogram, with the major axis of alignment set

to O degrees, and the y-axis as a percent of myotube population per bin.

3.4 Results

3.4.1 Seeded myoblasts sense nanotopography quickly and deposit aligned ECM shortly after

attachment

We have previously shown that myoblasts grown on the TNFS align within 24 hours to

form an anisotropic cell sheet, but the time course of morphological alignment as well as
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deposition and structure of extracellular matrix has not been investigated. After initial seeding of
cells on the TNFS, microscope images were taken and samples were fixed at 15 minutes, 1 hour,
4 hours and 24 hours to assess the speed at which myoblasts sensed the underlying substrate
topography. We found that cells were able to attach to the TNFS within 15 minutes but remained
spherical in shape, similar to a cell in suspension. However, the cells remained firmly attached
even after washing prior to fixation and cell processes were apparent even in bright field
microscopy. Within 1 hour, cells began to elongate along the direction of the topography, with a
confluent, anisotropic sheet formed within 4 hours. By 24 hours, cells were tightly packed in a
confluent monolayer and cell borders were not readily apparent.

Subsequent immunostaining and confocal microscopy imaging revealed that cell
cytoskeletal filaments were primarily on the periphery of cells (15 min) and were predominately
concentrated at the leading edges of the cells aligned to the topography (1 hour) (Fig. 13a).
Clearly filamentous cytoskeletal structure was evident within 4 hours of seeding, well aligned to
the nanotopographical cues, and continued to develop throughout culture. As we were interested
as to the presence and structure of the ECM during anisotropic sheet formation of cells seeded
on the TNFS, we also analyzed fibronectin through immunostaining and confocal imaging. Within
15 minutes, the presence of fibronectin was apparent within the body of the attached cells, but
was not present on the remainder of the TNFS surface. As cell morphology started to elongate,
ECM was still predominately within the cell body. After 4 hours of culture, ECM was deposited
around the periphery of the cells and began to assume an aligned structure. Within 24 hours, the
ECM deposited had a well-defined anisotropic, web-like structure characteristic of fibronectin and
indicative of a cell-deposited basal lamina (Fig. 13a). Control sheets also had cell-deposited ECM,
however these were predominately isotropic, web-like structures. These results demonstrate that
cells rapidly attach to the TNFS, sense topographical cues and elongate, and then deposit ECM,
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which subsequently is also aligned to the cells and nanotopographical cues. Quantification of the
alignment of both cytoskeleton and fibronectin demonstrated a time-dependent increase in

alignment (Fig. 13b).

3.4.2 Cell-deposited ECM is transferred along with the cell sheet, maintains structure long term,

and direct myotube fusion alignment

To analyze the effects of the gel casting method and the TNFS on cell-deposited ECM,
we transferred nanopatterned myoblasts sheets and analyzed cytoskeletal and ECM structure 24
hours after transfer and 7 days after transfer to a flat surface via immunofluorescent staining and
imaging. We observed that both cytoskeletal structure as well as cell-deposited ECM structure
are maintained when a nanopatterned cell sheet is transferred from the TNFS using the gel
casting method (Fig. 14a). Further, when maintained in a growth state long-term, both cells and
ECM structure maintained overall anisotropy, with cytoskeletal alignment actually increasing
during a growth state, presumably as cells continue to divide and compact the transferred sheet
further (Fig. 14b). Additionally, under differentiation conditions, nanopatterned myoblast sheets
differentiated along the original tissue alignment (Fig. 14b). To determine the effects of cell and
ECM structure on myotube fusion, we also differentiated nanopatterned cell sheets while on the
TNFS (presence of nanotopography) as well as a transferred to a flat surface (no
nanotopography). Myaoblasts in both cell sheets fused along the direction of alignment to form
myotubes aligned to either the nanotopography or overall sheet alignment, however myotubes
still on the TNFS were better aligned than transferred cell sheets, presumably due to the presence
of physical nanotopographical cues restricting transverse migration (Fig. 15). However, sheets of
differentiated myotubes were unable to be transferred from the TNFS, indicating that myotube

studies would have to be conducted on transferred nanopatterned cell sheets which are
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subsequently differentiated. As myoblasts remodel their cytoskeleton and microenvironment both
in growth and differentiation conditions, we quantified F-actin and fibronectin alignment of
transferred nanopatterned sheets over time and by condition (Fig. 16a,b). Interestingly, for
transferred and differentiated nanopatterned cell sheets, ECM alignment increased (Fig. 16d), as
large areas of fibronectin were removed and the remaining areas remodeled to allow for myotube
formation, however for growth conditions, cytoskeletal alignment increased (Fig. 16c) as the cells
began to demonstrate more elongated morphologies (yet still stained negative for MY-32). This
indicates that the transferred ECM structure alone is sufficient to dictate myotube formation in a
specified direction without needing continued culture on a nanofabricated substrate, and further,

that myoblasts actively remodel either their cytoskeleton or ECM depending on culture conditions.

3.4.3 Nanopatterned cell sheets can be stacked into multilayer tissues while retaining overall

tissue and ECM structure

We previously demonstrated that nanopatterned cell sheets can be stacked into
multilayered tissues while maintaining overall sheet alignment and stacked tissue architecture.
Based on the results of single nanopatterned sheet transfers, we hypothesized that transferred,
anisotropic ECM provides a sufficient alignment cue to allow for maintenance of cell morphology
when cultured long term in a growth environment. To test this, we stacked nanopatterned cell
sheets using our gel casting method in an orthogonal configuration and cultured the bilayer
tissues in growth media for up to 7 days after transfer. Bilayer stacked tissues had a noticeable
cross-hatching structure apparent in bright field microscopy images (Fig 17a,b) immediately after
transfer, which was subsequently maintained throughout culture in growth media. Interestingly,
myoblasts continued to grow out of the edge of the bilayer tissues aligned to the direction of the

bottom sheet (Fig. 17b). Confocal microscopy images revealed that both layers maintained both
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cytoskeletal as well as ECM anisotropy immediately after stacking (Fig. 18a) long term (Fig. 18b).
These results demonstrate the utility of our developed TNFS for engineering tissue environments
with complex tissue and ECM structures for the subsequent analysis of tissue structure-function

relationships.

3.4.4 Tissue and ECM structure affects myotube formation and morphology

To assess the effects of tissue and ECM structure on myoblast function, nanopatterned
myoblast sheets were stacked either orthogonally or parallel and subsequently differentiated, with
the hypothesis that the individual sheet anisotropy would direct myotube fusion to form bilayered,
myotube tissues with either orthogonal or parallel oriented myotubes in 2 separate layers.
Interestingly, in both conditions, differentiation caused myoblast remodeling of the overall tissue
structure, such that the ECM was remodeled significantly and cells migrated between sheets in
order to form myotubes in a single layer. For bilayer, orthogonal myoblast sheets, bilayer tissues
“flattened” into a monolayer with the differentiated myotubes aligned primarily in two directions,
the original orthogonal alignments, with no dominant alignment direction (Fig. 19a). Additionally,
the ECM of the bilayer, orthogonal tissue, lost anisotropy in either cell sheet direction. Conversely,
parallel bilayer sheets “flattened” to form aligned myotubes in the original direction of the stacked
sheets (Fig. 19b). Myotubes formed in parallel bilayer tissues also demonstrated significantly
larger average morphologies as measured by average length and width than myotubes formed in
orthogonal bilayer tissues, as well as more unified orientation in the original sheet direction (Fig.
19c). Myotubes in parallel conditions also formed denser myotube tissues, possibly because the
cells were already aligned and in parallel, allowing for more efficient myotube fusion and
organization. These results demonstrate that tissue and ECM structure can affect the formation

and alignment of myotubes. Further, myoblasts within cell sheets actively remodel their
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microenvironment during differentiation and can migrate between cell sheets in order to form
myotubes. Finally, aligning myoblasts in a singular direction for differentiation facilitates the

formation of larger myotubes.

3.4.5 Nanopatterned myoblast sheets can be transferred to 3D structures and differentiate into

structured skeletal muscle tissues

To determine whether transferred nanopatterned myoblast sheets would retain original
sheet and tissue alignment and could differentiate into aligned muscle tissue after transplantation
onto a 3D surface, nanopatterned cell sheets were transferred onto a cross-linked gelatin cylinder
and cultured for up to 7 days with the sheet alignment oriented circumferentially. Cells transferred
using the fTNFS and gelatin cylinder retained their alignment immediately after transfer as
confirmed via bright field microscopy. The gelatin cylinders noticeably compacted in the
differentiation conditions compared to growth. Immunofluorescent staining of the cylinders in both
conditions indicated that cytoskeletal alignment was maintained during culture. Further, in the
differentiation condition, the nanopatterned cell sheet was able to form circumferentially oriented
myotubes (Fig. 20b), indicating that the initial nanopatterned cell sheet alignment was the greatest
determinant of myotube direction during fusion, even in a 3D cylinder environment (Fig. 20c).
Quantification of cytoskeletal and ECM alignment matched that of transferred nanopatterned cell
sheets to flat surfaces (Fig. 20d). Finally, using z-stack imaging and analysis, it was determined
that the basal lamina deposited by the cells during culture remained on the outside of the cylinder
(Fig. 20a), mimicking the endomysium or basal lamina sheath found in native muscle tissue.
These results demonstrate the feasibility of transplanting aligned, myoblast patches onto tissues

to generate myotubes and subsequent muscle tissue with a specific structure.
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3.5 Discussion

We previously have demonstrated the feasibility of engineering multilayered tissues stacked in
specific configurations which maintained alignment after stacking and subsequent culture. Other
groups have used cell sheet engineering and microfabrication to engineer aligned cell sheets that
have also been stacked into multilayered configurations, however these tissues subsequently
reorganized into uniaxially aligned, multilayered tissues using similar cell types [80]. As
maintained tissue structure is often advantageous for creating multilayered tissues with complex
architectures, and allows for more robust structure-function analysis, we sought to understand the
phenomenon of maintained tissue architecture using our TNFS system. We found that cells
rapidly sensed the underlying nanotopographical cues, subsequently changed morphology, and
then subsequently deposited ECM along the periphery of the cell, creating an anisotropic,
confluent cell sheets within 24 hours of culture. The nanopatterned sheets could then be
transferred and stacked as individual sheets or multilayered tissues with intact ECM structure
which does not reorganize during growth conditions. We hypothesize that the use of
nanotopographical cues allows for the rapid deposition of ECM to form a structurally organized
basal lamina, which is then transferred as part of the nanopatterned cell sheet. This basal lamina
thus prevents reorganization and migration of myoblasts during a growth state. However, under
differentiation conditions, myoblasts actively migrate and remodel their microenvironment in order
to fuse to form nascent myotubes, expressing matrix metalloproteinases both during in vitro
studies of myoblast fusion as well as in vivo studies of muscle regeneration [114, 115]. In lines
with these studies, we observed the remodeling of tissue ECM during the fusion process for both

2D and 3D tissues.
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During in vivo regeneration of damaged muscle tissues, satellite cells migrate to the site
of injury and differentiate to form multiple small myotubes within the basal lamina sheath of the
original myofiber [116]. Many studies have focused on the chemotactic response of satellite cells
and myoblasts to form myotubes, but few studies have examined the specific role of
microenvironment structure on myoblast biology. As satellite cells have been well documented to
mobilize from up or downstream of the site of injury [117], and as the muscle basal lamina survives
various types of tissue injury and is believed to play a critical role on regeneration [118], our
studies indicate the structure of the basal lamina can be an important determinant of myotube
alignment during differentiation in the absence of chemotactic signals. Further, other studies have
shown the importance of F-actin remodeling and structure for myoblast fusion [116]. The
alignment of 2 layers of myoblasts could thus make it easier for myoblasts to form larger and more
numerous myotubes due to the structural organization of the cells and cytoskeleton versus the
orthogonally-layered constructs. Finally, during muscle injury and regeneration, myotubes form
within the basal lamina in the original orientation to fuse and regenerate the injured myofiber. It
has been hypothesized that the lamina structure may allow for orientation of myoblast fusion,
however a number of different cues are present, such as longitudinal stress and strains and
mechanical forces. Although only in a muscle tissue surrogate, the transfer of nanopatterned cell
sheets with the cells directly contacting the transfer surface (as opposed to transferred with the
lamina contacting the surface) allows for the engineering of a pseudo-lamina, which maintains
orientation and directs myotube fusion in 3D. These studies could thus inform future strategies
for engineered skeletal muscle tissues for repair. Specifically, the use of structurally organized,
3D myoblast tissues could be used as a promising patch or tube, which could be transplanted on

the site of injured tissues and maintain structure.
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from mold nanopatterned cell sheet

Figure 12. The use of a flexible TNFS to engineer nanopatterned cell sheet-wrapped
hydrogel cylinders for 3D tissue engineering. Schematic showing the use of a flexible TNFS
which can be rolled to form 3D shapes and subsequently casted to engineer 3D tissues while
utilizing cell sheet engineering.
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Figure 13.Time course analysis of myoblast attachment and subsequent morphological
and cell-deposited extracellular matrix alignment. (a) Confocal microscope image of phalloidin
(red), fibronectin (green), and Hoecsht (blue) staining showing TNFS-seeded C2C12 myoblasts
at various times after seeding, demonstrating the rapid detection and subsequent alignment due
to nanotopographical cues. Scale bar, 20um. Quantitative analysis of cytoskeletal alignment (b)
and cell-deposited extracellular matrix alignment (c) over time of seeded cells. Yellow double-
sided arrows indicate substrate nanopattern direction.
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Unpatterned

Figure 14. Nanopatterned myoblast sheets are transferred with retained cytoskeletal and
extracellular matrix structure, can maintain structure long-term, and can differentiate along
initial alignment. (a) Confocal microscope image of phalloidin (red), fibronectin (green), and
Hoecsht (blue) staining showing a gel-casted, transferred nanopatterned myoblast sheet and
unpatterned control 24 hours after transfer onto a flat glass surface. Scale bar, 100um. (b)
Confocal microscope image of phalloidin (red), fibronectin (green), MY-32 (magenta) and Hoecsht
(blue) staining showing transferred nanopatterned myoblast sheets after 7 days of culture in
growth and differentiation conditions maintaining original alignment even during myotube fusion.
Scale bar, 100pm. Yellow double-sided arrows indicate initial substrate nanopattern direction.
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Figure 15. Persistent topographical cues are not necessary to induce aligned, myotube
tissue formation of myoblasts. Bright field microscope images of myoblast monolayers
differentiated for 7 days while on TNFS (@) or transferred to a flat glass surface (b) demonstrating
the formation of aligned myotubes. Scale bar, 100um. Yellow double-sided arrows indicate initial
substrate nanopattern direction.
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Figure 16. Transferred nanopatterned myoblast sheets remodel cytoskeletal and
extracellular matrix structure depending on culture condition. Confocal microscope image
of phalloidin (red), fibronectin (green), MY-32 (magenta) and Hoecsht (blue) staining structural
organization of transferred myoblasts under growth conditions (a) and differentiation conditions
(b). Sheets cultured under growth conditions did not stain positive for myotubes. Scale bar, 20um.
Quantitative analysis of cytoskeletal alignment ¢) and cell-deposited extracellular matrix
alignment (d) under different culture conditions of transferred, nanopatterned myoblast sheets.
Yellow double-sided arrows indicate initial substrate nanopattern direction.
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Figure 17. Stacked myoblast bilayers maintain structural alignment and can affect
subsequent morphology of proliferating cells. (a) Bright field microscope images of an
orthogonally stacked myoblast bilayer maintained in growth media for 24 hours after transfer
showing cross-hatching pattern. Scale bar, 100um. (b) Bright field microscope image of the edge
of an orthogonally stacked myoblast bilayer showing continued cell proliferation in the orientation
of the bottom sheet 24 hours after transfer in growth media. Scale bar, 100pum. Yellow double-
sided arrows indicate initial substrate nanopattern direction of top sheet, white double-sided
arrows indicate initial substrate nanopattern direction of bottom sheet.
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Figure 18. Stacked myoblast bilayers maintain cytoskeletal and extracellular matrix
structure long term under growth conditions. Confocal microscope image of phalloidin (red),
fibronectin (green), MY-32 (magenta) and Hoecsht (blue) staining structural organization of
transferred myoblasts under growth conditions 24 hours (a) and 7 days (b) after transfer. Neither
condition stained positive for myotubes. Scale bar, 20um. Yellow double-sided arrows indicate
initial substrate nanopattern direction of top sheet, white double-sided arrows indicate initial
substrate nanopattern direction of bottom sheet.
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Figure 19. Structure of myoblast bilayers dictates subsequent myotube alignment and
structure. Confocal microscope image of phalloidin (red), fibronectin (green), MY-32 (magenta)
and Hoecsht (blue) staining structural organization of transferred orthogonal (a) and parallel (b)
myoblast bilayers under differentiation conditions for 7 days. Both conditions formed myotubes
after differentiation. Scale bar, 100um. (¢) Quantification of myotube morphology and orientation
from orthogonal and parallel differentiated bilayers. Error bars are SEM. Asterisks indicate p value
< 0.05. Yellow double-sided arrows indicate initial substrate nanopattern direction of top sheet,
white double-sided arrows indicate initial substrate nanopattern direction of bottom sheet.
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Figure 20. Nanopatterned myoblast sheets can be transferred onto 3D hydrogel structures
and subsequently differentiated while maintaining original tissue structure. Z-stack slices
view of confocal microscope images of phalloidin (red), fibronectin (green), MY-32 (magenta) and
Hoecsht (blue) stained nanopatterned myoblast sheets casted around a gelatin cylinder.
Transferred ECM (green) is on the outside edge, similar to the basal lamina sheath of myofibers.
(b) Confocal image showing maintained cytoskeletal and myotube alignment. Scale bar, 100um
(c) Transverse section of cylinder-tissue construct showing curvature of cylinder and presence of
myotubes. Scale bar, 200um. (d) Quantitative analysis of cytoskeletal and cell-deposited
extracellular matrix alignment of differentiated skeletal muscle tissue constructs. Yellow double-
sided arrows indicate initial substrate nanopattern direction.
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CHAPTER 4. Multiscale Engineering of Physiologically structured, Stem Cell-

Derived, 3D Cardiac Tissues

4.1 Abstract

The heart has a complex, 3D structure comprised of sheets of aligned, elongated cardiomyocytes
which form a transmural helical structure, crucial to appropriate function. However, current tissue
engineering strategies are unable to precisely control 3D tissue architecture in cell-dense tissues
in vitro. In this work, we engineered novel 3D cardiac tissue which can recapitulate the anisotropic,
helical heart structure by utilizing nanofabrication-based cell sheet engineering and human
induced pluripotent stem cell-derived cardiomyocytes (hiPS-CMs). We utilized a combination of
our previously developed thermoresponsive, nanofabricated substratum (TNFS), endocardial-like
endothelial cell coculture, and gel casting method to fabricate 3D, scaffold-free tissues with layer-
by-layer structural control. We found that a high purity cardiomyocyte population combined with
an ECM producing, cardiac-specific stromal cell coculture was able to yield aligned, synchronous
cardiac monolayers which could be detached and transferred without loss of structure. Further,
these nanopatterned cardiac sheets could be stacked into multilayered cardiac tissues in an
aligned or helical fashion to mimic the physiological structure of the myocardium. Finally, the
structure of the engineered, 3D multilayered cardiac tissues affected contractile function, with
aligned cardiac constructs demonstrating improved contraction magnitude and velocity but with
helical cardiac constructs generating a contractile torque, indicating a direct structure-function

relationship of our engineered cardiac tissues.

4.2 Introduction
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The human heart has a complex 3D structure consisting of layered anisotropic myofiber sheets
[19, 20]. The myofiber sheets are comprised of elongated, parallel cardiomyocytes, which are well
aligned to the underlying extracellular matrix (ECM) fibers [56]. In 3D, the orientation of these
sheets in the ventricle changes gradually from a right-handed helix in the subendocardium to a
left-handed helix in the subepicardium [21-23]. This change in myofiber sheet orientation leads to
a transmural helical structure in 3D [23]. Studies have found that the complex, helical heart
structure is critical to many aspects of adult heart function. Electrically, the depolarizing action
potential is anisotropic, with the current guided by the fiber orientation in the heart [24-26].
Mechanically, the fiber orientation is an important determinant of the myocardial stress and strain
[27, 28] and additionally affects the perfusion and oxygen consumption of the heart [29]. Finally,
the helical fiber orientation allows for the unique twisting contractile motion of the heart [30-32].
This wringing motion is critical for appropriate blood clearance and cardiac output [33, 34].
Additionally, altered cardiac tissue structure is often an indication of disease and can also
contribute to deteriorating cardiac function in diseases such as hypertrophic cardiomyopathy and
dilated cardiomyopathy, amongst others [35-37].

Induced pluripotent stem cell (iPSC) technology allows for the reprogramming of adult
cells into pluripotent stem cells, which can then be differentiated into cardiomyocytes and other
cardiac-specific cells. These cells can subsequently be used to engineer cardiac tissues for
therapeutic, diagnostic or screening purposes, showing great promise in advancing medical
treatments for cardiovascular diseases. However, current attempts to engineer cardiac tissue
often fall well short of recapitulating this complex cardiac architecture and are often restricted to
unidirectional [11-13] or randomly organized 3D tissues [14, 15]. Newer attempts to utilize
decellularized whole hearts as a scaffold for seeded cardiomyocytes in a top-down approach
show promise but still ultimately lack well-defined cardiac tissue structure and cell density [57,
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119]. This lack of physiologically structured, cell-dense cardiac tissues prevents optimal function
due to the closely related structure-function relationship of the heart. This, in turn, limits the
therapeutic and diagnostic efficacy of current engineered cardiac tissues. Alternatively, several
groups have utilized a bottom-up approach to engineer cardiac tissues by manipulating surface
cues, such as topography or patterned ECM proteins, to allow for the alignment of cardiomyocytes
and cardiac monolayers [17, 52, 120]. The advantage of a bottom-up approach allows for finer
control of cell morphology and the ability to form well-aligned, cell-dense monolayers which more
closely mimic the native myofiber sheets. However, one major limitation using these surface cues
to engineer structured tissues is the inability to generate thick, anisotropic cell dense tissues
characteristic of the myocardium.

Inspired by the underlying extracellular matrix of the myocardium, we have developed
nanofabricated substrates which allow for the robust and scalable alignment of single
cardiomyocytes to anisotropic cardiac monolayers [56, 121]. We hypothesized that the successive
stacking of these anisotropic cardiac sheets can yield aligned functional units of myocardium,
similar to the 4 myocyte thick aligned myofiber sheets native to the heart, or even helically
arranged multilayered cardiac tissues [27, 122-124]. Such an approach should yield 3D, cell-
dense cardiac tissues which can be engineered for a variety of purposes, such as aligned tissues
which demonstrate improved contractile function due to the alignment of force vectors or helical
tissues that more physiologically represent the transmural structure of the myocardium. To this
end, we have functionalized our nanofabricated substrates with a thermoresponsive polymer
release layer, which would allow for the detachment of intact cell sheets by a reduction in culture
temperature. However, cell sheets released by this method require cell-deposited extracellular
matrix proteins to allow for the sheet to remain intact upon detachment. We additionally
incorporated a stromal cell population of cardiac-specific endothelial cells to allow for the
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deposition of ECM to detach intact, anisotropic cardiac cell sheets. Anisotropic cardiac cell sheets
engineered using our TNFS are able to be transferred as viable individual monolayers or stacked
together as 4-layered tissues. The stacked tissues can be engineered to be unidirectional or even
helical in structure, which in turn affects contractile parameters such as contraction and relaxation
velocity. These results demonstrate, for the first time, engineering of cell-dense cardiac tissues
with precisely controllable structures, allowing for specific, reproducible and controllable

investigations of the cardiac structure-function relationship.

4.3 Materials and Methods

4.3.1 Thermoresponsive nanofabricated substratum (TNES) fabrication

The thermoresponsive nanofabricated substrate was fabricated as previously described
[112]. Briefly, a polyurethane acrylate (PUA, Norland Optical Adhesive) and epoxy-containing
glycidyl methacrylate (GMA, Sigma-Aldrich) solution was mixed together and utilized in capillary
force lithography to fabricate nanotopographical substrata as previously published [19]. Once
polymerized, the substrate was incubated with an amine-terminated PNIPAM solution (Mn: 2500,
Sigma-Aldrich) in DI H20 and allowed to react for 24 h on a rocker at room temperature. The
GMA percentage was varied (0.5%, 1%, 5%, 10%, 15%, 25% v/v) to change the PNIPAM grafting

density.

4.3.2. Derivation and differentiation of human induced pluripotent stem cells (hiPSCs) into

cardiomyocytes and endothelial cells
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Human urine-derived iPS cells were obtained from the lab of Dr. Martin Childers at the
University of Washington [125]. A modified monolayer-based directed differentiation method was
used as previously published for cardiomyocytes [7]. Briefly, the day prior to induction,
undifferentiated hiPSCs were treated with mTeSR 1 media (Stem Cell Technologies)
supplemented with CHIR-99021 (Selleck). On the day of induction, undifferentiated hiPSCs were
treated with RPMI-1640 media supplemented with B-27 without insulin and activin A (R&D
Systems) and matrigel (BD Biosciences). 18 hours post-induction, the media was exchanged for
media supplemented with BMP4 (R&D Systems) and CHIR-99021. Cells were then fed on day 3
with cytokine-free RPMI-1640 media supplemented with B-27 without insulin (ThermoFisher) and
XAV-939 (Tocris Bioscience), on day 5 with cytokine-free RPMI-1640 media supplemented with
B-27 without insulin, and then finally on day 7 and every other day thereafter using RPMI-1640
media supplemented with B-27 with insulin. Beating cells were first seen at ~7 days post-
induction, cultured for 7 more days, and then were subsequently split and seeded at a lower
density (100k cells/cm?) into a new culture dish for cardiomyocyte purification using metabolic
selection as previously published [126]. Cardiomyocytes used for subsequent experiments were
90% cTnT+ or higher and used between 28 to 35 days post-induction. For differentiation into
endothelial cells, a similar monolayer-based directed differentiation method was used as
previously published [127]. Briefly, after cytokine treatment, media was switched to StemPro
media supplemented with ascorbic acid, BMP4, bFGF and VEGF for 3 days. Cells were split at
day 5 post-induction and then fed with endothelial-specific media, EGM supplemented with CHIR-
99021, bFGF and VEGF, to induce an endothelial phenotype. ECs were analyzed at 5 days post-
induction to determine CD31+ purity via FACS and used at 14 days-post induction and were 85%

CD31+ or higher and were maintained in endothelial-specific media.
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4.3.3 Culture of cardiac and stromal cells on the TNFES for cardiac cell sheet engineering

Human bone marrow-derived stromal cells hs27a and hs5 were derived by and obtained
from Dr. Beverly Torok-Storb at the Fred Hutchinson Cancer Research Center. They were thawed
and maintained in DMEM (Lonza) supplemented with 10% fetal bovine serum (Lonza) and 1%
penicillin/streptomycin (Sigma). Human dermal fibroblasts (hDFs) were acquired via a skin punch
biopsy from the forearm of a healthy 52-year old male. Endocardial-like endothelial cells (ECs)
were differentiated and maintained as described above. For cardiac cell sheet seeding, hiPSC-
derived cardiomyocytes and stromal cells were split from their culture plates using 0.25%
trypsin/EDTA (Lonza) and resuspended and mixed at stromal cell concentrations of 10%, 20%
and 30% and seeded onto fibronectin-coated (5pug/cm2) TNFS at a seeding density of 175,000
cells/cm?, Cells were cultured using a 1:1 mix of RPMI-1640 media with B-27 supplementation
(Lonza) and EGM (Lonza) and cultured for 7 days after seeding. For fluorescent labeling of
specific cell sheets, cells were suspended for 30 minutes in serum-free media supplemented with

2uM CellTracker Green or Red (ThermoFisher) prior to seeding.

4.3.4 Transfer and stacking of nanopatterned cardiac cell sheets using the gel-casting method

Cell sheets contract upon detachment from the TNFS surface and require a method to
transfer sheets without loss of cell morphology. We utilized the gel-casting method as previously
described [112] to transfer and stack nanopatterned cardiac cell sheets. Briefly, cell-seeded TNFS
were incubated with room-temperature DPBS for 30 minutes to initiate cardiac cell sheet
detachment. Prior to full sheet detachment, the DPBS was aspirated and melted 37°C 7.5% w/v
gelatin (Sigma-Aldrich) in media was added to the TNFS and then casted at 4°C for 15 minutes

to firm the gelatin and prevent full sheet detachment and subsequent compaction. The TNFS was

68



then incubated at 28°C for 1 hour to allow for full cardiac cell sheet detachment. The gel-casted
nanopatterned cardiac cell sheet could then be transferred to a new surface, such as a plasma-
treated (100W, 5 minutes), matrigel-coated glass coverslip, or onto another cell-seeded TNFS
and incubated for 2 hours at 28°C to stack multilayered cardiac tissues. The stacking process was
repeated up to 4 times to generate 4-layer thick nanopatterned cardiac sheets, which were then
transferred to plasma-treated, matrigel-coated glass coverslips for subsequent culture. 4-layered
cardiac tissues were either structured to have uniaxial alignment (aligned), 20° separation
between individual cardiac sheets (helical), or were unpatterned controls. A schematic of the gel-

casting method and stacking process is shown in Figure 21.

4.3.5 Immunostaining, imaging and image analysis of cardiac cell sheets

Cells were washed with PBS (Sigma) and fixed in 4% paraformaldehyde (Sigma) for 15
min at room temperature (22°C). Fixed cells were then washed with PBS and permeabilized and
blocked with a solution of 5% bovine serum albumin (BSA, Sigma) and 0.25% Triton X-100
(Sigma) in PBS for 1 h at room temperature, then washed with PBS. Multilayered sheets were
permeabilized and blocked for up to 4 hours. Cells and cell sheets were then incubated with
primary antibodies to a-sarcomeric actinin (1:200, Abcam), fibronectin (1:1000, Abcam), or CD31
(1:20, Abcam) in 1% BSA in PBS overnight at 4C. For secondary antibody labeling,
AlexaFluor488-conjugated phalloidin (1:200, Invitrogen) and the appropriate AlexFluor-
conjugated secondary antibodies (Invitrogen) in a 1% BSA in PBS solution were added to the
cells and cells sheets for 1 hour at 37 °C. All samples were then stained with a Hoechst stain
(Sigma) at a dilution of 1:1000, washed with PBS once, then treated with Vectashield (Vector
Laboratories), mounted on coverslips, and imaged using a confocal microscope. Imaging studies

were supported by the Mike and Lynn Garvey Cell Imaging Lab at the Institute for Stem Cell and
69



Regenerative Medicine at the University of Washington. Images were collected on a Nikon Al
Confocal System attached to a Nikon Ti-E inverted microscope platform. To quantitatively assess
cytoskeletal alignment, confocal microscopy images of phalloidin or CellTracker-stained cells
were taken at three representative fields at 60x magnification and analyzed using a modified,

MATLAB script utilizing pixel gradient analysis as previously published [112, 128].

4.3.6 Correlation-based Contraction Quantification (CCQ) analysis of cardiac cell sheet

contractile function

In order to assess contractile function, videos of paced, contracting cell sheets were used. To
acquire the videos, media was replaced with warmed Tyrode’s solution and the cardiac sheets
were field stimulated using the MyoPacer Field Stimulator (lonoptix) at 1HZ, 10V, square waves
with a 5ms duration. Videos of at least 4-5 contractions and 3-5 fields of view per sample were
then analyzed. For the analysis, our CCQ method was used as previously published to quantify
contractile function of cardiac cell sheets [129]. Briefly, a reference video frame is divided into a
grid of windows of a set size. Each window is run through a correlation scheme with a second
frame, providing the new location for that window in the second frame. This displacement is
converted into a vector map, which provides contraction angles and, when spatially averaged,
contraction magnitudes and velocities. The co-relation equation used provides a Gaussian
correlation peak with a probabilistic nature that provides sub-pixel accuracy. The videos used to

perform this analysis were taken with a (core camera info) at 60FPS.

4.3.7 Statistical analysis

Statistical significance between unpatterned control cardiac cell sheets and

nanopatterned cardiac cell sheets was determined using Two-Way ANOVA with Tukey’s pairwise
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post-hoc analysis using SigmaPlot software unless otherwise stated. For the contraction angle
analysis, a Chi square test run at 5% significance was utilized to quantify uniformity in alignment
distributions. This test was calculated using MATLAB. For all statistical analyzes, a p-value less

than 0.05 was considered significant. Error bars are standard error mean (SEM).

4.4 Results

4.4.1 Formation of anisotropic cardiac cell sheets on the TNFS requires consistent input

cardiomyocytes and specific surface chemistry

To engineer 3D, anisotropic cardiac tissues, we first started by using bioinspired
nanotopographical cues mimicking the aligned, native cardiac ECM fibers found in the
myocardium (Fig. 21a). Although differentiation of hiPSCs into cardiomyocytes can yield highly
pure cardiomyocyte populations, there are often variabilities between differentiation runs as well
as a small percentage of non-cardiomyocytes which can increase variability of subsequent
experiments. In order to ensure consistent formation of cardiac cell sheets, we incorporated
metabolic selection to purify all cardiomyocyte differentiation runs. Using metabolic selection, non-
cardiomyocytes detached within the first few days of purification, leaving highly pure populations
of beating cardiomyocytes at the end of selection (Fig. 22), which were used for subsequent
experiments. Next, to determine the appropriate surface chemistry parameters to allow for
nanopatterned cardiac cell sheet engineering, we investigated altering the density of the grafted
PNIPAM. The density of the grafted PNIPAM chains can affect the attachment and detachment
of cell sheets, with too-densely grafted PNIPAM preventing formation of cell monolayers due to

the hydrophobicity of the polymer. We seeded pure (99% cTnT+) cardiomyocytes on 0.5%, 1%,
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5%, 10%, 15% and 25% GMA v/v TNFS, with the GMA concentration affecting PNIPAM grafting
density. Cardiomyocytes were able to form aligned cardiac monolayers on 0.5%, 1% and 5%
GMA TNFS, but did not form confluent monolayers on 10%, 15% or 25% GMA TNFS (Fig. 23).
Cardiomyocytes seeded on 0.5% and 1% GMA TNFS demonstrated synchronous beating
monolayers and especially well-aligned cytoskeletons and defined sarcomeric striations after 7
days of culture on the TNFS (Fig. 24, Fig. 25a). To test thermoresponsive detachment of cell
sheets, TNFS were subsequently incubated with room-temperature DPBS to promote cell sheet
detachment, however none of the tested conditions allowed for the detachment of intact cell
sheets, with cells clumping together instead of detaching as intact sheets (Fig. 25b). Attempt to

transfer cardiomyocyte clumps did not yield aligned cardiac sheets (Fig. 25c).

4.4.2 Endocardial-like endothelial cell incorporation promotoes detachment of nanopatterned

cardiac cell sheets from the TNES

Previous studies have shown that extracellular matrix must be deposited by the cells to
allow for an intact cell sheet to detach from a thermoresponsive surface, and after a change in
culture temperature below the PNIPAM lower critical solution temperature (32°C), the deposited
ECM and cell monolayer detaches spontaneously while maintaining cell-ECM and cell-cell
connections [108]. To allow for deposition of ECM, four different cell cocultures comprised of
stromal and vascular cells used in other cardiac tissue engineering studies were investigated
towards the formation of detachable, nanopatterned cardiac cell sheets: primary human dermal
fibroblasts (hDFs), stromal cell lines hs27a and hs5, and hiPSC-derived endocardial-like
endothelial cells (ECs) in varying ratios. Confluent cardiac monolayers were unable to be formed
utilizing stromal cell line hs5 (Fig. 26a), while hDFs, hs27as and ECs formed confluent, aligned

cardiac monolayers (Fig. 26b-d). The remaining three stromal cell conditions were incubated with
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room-temperature DPBS for 60 minutes to test for detachment capabilities. hDF cocultures were
unable to be detached from the TNFS under any coculture ratio and additionally formed
heterogeneous tissues with nodes of aligned cardiomyocytes beating asynchronously (Fig. 27a).
This was likely due to an overproduction of ECM proteins during culture onto the TNFS which
would not detach even after substrate swelling. Stromal cell line hs27a cocultures and EC
cocultures detached spontaneously from the TNFS during DPBS incubation and were
subsequently transferred using the gel-casting method, however hs27a cocultured cardiac cell
sheets lost alignment after transfer (Fig. 27b); hs27a cells were also unable to detect
nanotopography while cultured on the TNFS and subsequently overgrew remaining
cardiomyocytes after transfer. Only EC cocultured cardiac cell sheets were able to be transferred
with maintained alignment (Fig. 27¢). From these experiments, 0.5% and 1% GMA TNFS seeded
with 1.5 EC:CM ratio allowed for formation of confluent, synchronous, anisotropic cardiac
monolayers which could detach spontaneously from the TNFS surface with a reduction in culture
temperature (Fig. 28). Additionally, the detaching nanopatterned cardiac cell sheet maintained
cell-cell connections during detachment, as evidenced by synchronous beating detached cardiac
cell sheets. As the cardiac sheets were cultured for up to 14 days on the TNFS and would continue
to beat throughout culture, premature detachment of cardiac sheets was occasionally noted on
1% GMA TNFS. As a result, subsequent transfer and stacking experiments utilized 0.5% GMA

TNFS and controls.

4.4.3 Transferred nanopatterned cardiac cell sheets maintain alignment long term and can be

stacked to form multilayered, aligned cardiac tissues with discrete cardiac layers

To determine feasibility of engineering aligned cardiac tissues for further structure-function

studies, we first investigated transfer of single aligned cardiac sheets and then subsequently
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multilayered, stacked aligned cardiac tissues. Using the gel-casting method, nanopatterned
cardiac cell sheets were transferred to a matrigel-coated coverslip. Transferred sheets maintained
alignment and beating immediately after transfer (Fig. 29a) as well as long term, 7 days post-
transfer (Fig. 29b). Analysis of cytoskeletal alignment using automated image analysis
demonstrated maintained structural alignment relative to unpatterned controls (Fig. 29c).
Morphological analysis of cardiomyocytes within the transferred nanopatterned sheet
demonstrate well-ordered sarcomeres, demonstrating a more mature structural phenotype (Fig.
29h). To engineer and visualize aligned multilayered cardiac tissues, nanopatterned cardiac cell
sheets were first stained with CellTracker Red or Green dyes, then stacked uniaxially aligned to
generate 4-layered thick cardiac tissues in alternating red-green fashion (Fig. 31la).
Nanopatterned cardiac sheets that were only cultured for 7 days on the TNFS and subsequently
stacked demonstrated a “loose” sheet morphology and formed gaps between cells as well as
holes and tears within the sheet, but were still able to be stacked into 4-layer tissues. Confocal
imaging of these tissues revealed subsequent reorganization within 24 hours after stacking
between the sheets, indicating that individual layers were not maintained (Fig. 30). Nanopatterned
cardiac sheets were then cultured for 14 days on the TNFS to determine if eventual deposition of
ECM could allow for “thicker” cardiac sheets which could be stacked to form 4-layered tissues.
Indeed, cardiac sheets cultured for 14 days demonstrated a different morphology, evidenced by
the lack of distinct cell borders. When 14 day-cultured nanopatterned cardiac sheets were
stacked, individual sheets would contract simultaneously but were connected loosely enough
such that individual sheets were discernible during contractions, however, after 24 hours of
culture, the sheets contracted and relaxed simultaneously, indicating some degree of tissue
compaction or tighter cardiac sheet connections after culture. Analysis of CellTracker labeled
tissues indicated that individual cardiac sheets did not intermix and instead maintained integrity

74



long term (7 days) after transfer to a new surface (Fig. 31b). Inmunostained 4-layer aligned tissue
images demonstrated maintained structural alignment similar to single nanopatterned sheet
transfers throughout the entire multilayered tissue (Fig 31. c,d). Additionally, cardiomyocytes
demonstrated well-ordered sarcomeres similar to the single nanopatterned sheets (Fig. 31e).
Using z-stacked confocal microscope images of the tissues, individual nanopatterned sheets were
measured as roughly 8-10um thick, with a total tissue thickness of ~40um. Staining for endothelial
markers revealed that the incorporated ECs did not form vasculature in the laminae and instead

remained as discrete individual cells within the tissue.

4.4.4 Enqgineered multilayered cardiac tissues retain individual layer alignment even when

stacked in complex, 3D tissues, which subsequently affects tissue function

Based on the findings from the aligned, multilayered cardiac tissues, we sought to
engineer more complex cardiac tissue structures using our developed platform and fabrication
parameters. Nanopatterned cardiac sheets were thus cultured, detached and stacked in
multilayered aligned, helical and unpatterned cardiac tissues. Aligned and helical cardiac tissues
demonstrated cytoskeletal alignment in the individual nanopatterned sheets, as well as well-
ordered sarcomere formation (Fig. 32c). Quantitative assessment of cytoskeletal alignment
showed that overall multilayered tissue architecture was maintained as either aligned or helical
long term in culture. Both conditions also demonstrated alignment of deposited and transferred
ECM mimicking that of the individual layer alignment. Neither condition experienced
reorganization or migration between cardiac sheets (Fig. 31b, Fig. 32a). To assess if alignment
of cardiac tissues could affect function, and if multilayered tissues functioned differently than
single cardiac sheets, we analyzed video recordings of the contracting tissues. Both aligned and

helical multilayered tissues demonstrated significantly greater contraction velocities (p < 0.05)
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than unpatterned controls (Fig. 33a), with aligned tissues also demonstrating greater contraction
magnitude than helical tissues (p < 0.05, Fig. 33b). There were no significant differences between
aligned and helical tissues for contraction velocity, or any of the conditions for relaxation velocity
(Fig. 33c). Interestingly, helical multilayered cardiac tissue demonstrated a “swirl” or twisting
contraction pattern, likely due to the differing orientations of the stacked, individual cardiac sheets
(Fig. 32d). Contraction vectors of the aligned cardiac tissues were less disperse than helical

tissues, which were less disperse than unpatterned controls (Fig. 33d).

4.5 Discussion

In the present study, we demonstrate a robust, “bottom-up” approach for engineering cell-dense
cardiac tissues that allows for precise control of 3D tissue structure. By utilizing biomimetic
nanotopographical cues, we are able to align entire cardiac monolayers. With the incorporation
of athermoresponsive release layer, as well as modifying tissue parameters such as the inclusion
of a stromal cell population to allow for ECM deposition, the anisotropic cardiac sheets can be
detached and transferred without loss of structure. Even more promisingly, the anisotropic sheets
can be stacked to form multilayered cardiac tissues with a variety of tissue structures. The stacked
nanopatterned cardiac sheets are able to beat in sync with one another while maintaining
individual sheet anisotropy, allowing for the fabrication of both aligned and helical 3D cardiac
tissues. Further, the different 3D cardiac tissue structures also demonstrated different contractile
properties, highlighting the importance of overall cardiac tissue structure on tissue function even
at the scale of individual cardiac sheets.

Although the heart contains an abundant amount of structurally organized extracellular

matrix proteins, the myocardium is a cell-dense tissue. Cardiomyocytes must be in direct contact
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with one another to transmit an action potential and transmit force during a contraction [130, 131].
As a result, the use of scaffolds to engineer cardiac tissue often limits the engineered tissue utility
due to inflammatory response of implanted materials as well as difficulties with host tissue
integration [13, 132]. The advent of scaffold-free cardiac tissue engineering has yielded promising
results, specifically showing improvements in cardiac function after transplantation, but to our
knowledge, all scaffold-free, engineered cardiac tissues thus far have lacked structural
organization [42, 133]. Our engineered, structured, 3D cardiac tissues demonstrated improved
contractile properties over unstructured controls. For aligned 3D cardiac tissues, the alignment of
contractile direction, and subsequently, contractile force, would have an obvious additive effect.
However, interestingly, even helically structured 3D cardiac tissues demonstrated improved
contractile properties over controls, even though the top and bottom layer were oriented nearly
perpendicularly. This could potentially be due to the fact that individual cardiac sheets in the
helical tissue were still structured and therefore had an anisotropic, uniaxial direction of
contraction, whereas control tissue contraction vectors were isotropic. This could lead to a greater
overall contraction magnitude and velocity when summed throughout the 3D cardiac tissue, albeit
blunted as the individual cardiac sheets were not aligned in a single direction. Thus, although a
seemingly subtle experimental variable, our results demonstrate that tissue structure alone can
play an important role in augmenting and improving tissue function. Our engineering approach
could thus advance the already promising field of cardiac tissue engineering for therapeutic
approaches.

Additionally, the ability to engineer more complex 3D cardiac tissue structures, like a
helical architecture, also allows for more robust exploration of the role of cardiac structure into
additional fields, such as developmental biology. For instance, although the adult cardiac structure
is well-documented, the underlying processes regulating the development of this structure are still
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under active research. Fibronectin and other ECM components assist in migration of cardiac
precursors early in heart development [134], followed by elongation of individual cardiomyocytes
which form lateral cell-matrix connections to aligned ECM fibers [135] and then self-organization
of aligned fiber tracts into a helical structure late in fetal development and progressing through
postnatal development [136]. These in vivo studies have suggested that both the ECM and the
3D cardiac microenvironment may contribute to the maturation of cardiomyocytes as well as the
structural organization of the myocardium. Our platform could subsequently allow for the analysis
of cardiac microenvironmental effects, including structure, on the development of embryonic stem
cell-derived cardiomyocytes. Subsequently, as we have used our platform with a variety of other
cell types, including cells derived from similar developmental lineages as cardiomyocytes, we
could theoretically engineer complex, multilayered cardiac tissues, comprised of endocardium,
myocardium, and epicardium, for the analysis of cardiomyocyte and supporting cell interactions
during development. We believe that this initial proof of concept engineering of a variety of cardiac
tissue structure thus could provide interesting insights into stem cell biology and development in

addition to advancing tissue engineering for clinical purposes.
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Figure 21. Bioinspired design and implementation of a flexible thermoresponsive,
nanostructured substrate to engineer organized cardiac tissues. (a) Schematic illustration of
helically structured myocardial sheets in the heart, which are organized in anisotropic cardiac
layers comprised of aligned cardiomyocytes and extracellular matrix fibers 4-6 myocytes thick. (b)
Schematic illustration of cardiac cell sheet engineering using the thermoresponsive
nanostructured substrate (TNFS) to engineer multilayered cardiac tissues.
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Figure 22. Metabolic purification of hiPS-derived cardiomyocytes yields high purity cell
cultures. (a) Bright field microscope images showing the loss of non-cardiomyocyte cells due to
metabolic purification in during cell culture over the course of 7 days. Scale bars, 100um. (b) Flow
cytometry analysis of FITC-cTnT stained cells before and after metabolic purification
demonstrating a 3-fold increase in cTnT+ cells after selection. (c) A confocal microscope image
of a-sarcomeric actinin (red), phalloidin (green), and Hoechst (blue) stained cells after metabolic
purification. Scale bar, 200pum.
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Figure 23. PNIPAM grafting density affects formation of anisotropic cardiac monolayers.
Bright field microscope image demonstrating varying degrees of cardiac monolayer and
subsequent sheet formation dependent on the concentration of GMA copolymer used in the
TNFS. Scale bars, 200um. Yellow double-sided arrows indicate substrate nanopattern direction.
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Figure 24. Pure cardiomyocytes form structurally-aligned monolayers on the TNFS. A
confocal microscope image of a-sarcomeric actinin (red), phalloidin (green), and Hoechst (blue)
stained cells demonstrating alignment of structural proteins and contractile apparatus in pure
cardiac sheets seeded onto a TNFS. Scale bar, 50um. Yellow double-sided arrow indicates
substrate nanopattern direction.
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Figure 25. Pure cardiac sheets do not detach as intact, anisotropic cell sheets. (a) Bright
field microscope image of 99% cTnT+ cardiomyocytes seeded on a 1% GMA TNFS show
formation of elongated, aligned cardiomyocytes 24 hours after seeding. Scale bar, 100um. (b)
Bright field microscope image of reduction of culture temperature from 37°C to 22°C causes cells
to detach from the surface but not as an intact sheet. Scale bar, 100um. (c) Bright field microscope
image of gel-casted, transferred pure cardiac “sheets” demonstrating loss of initial alignment and
only partial transfer. Scale bar, 100um. Yellow double-sided arrows indicate substrate

nanopattern direction.
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Figure 26. Stromal cell coculture with cardiomyocytes to engineer detachable, anisotropic
cardiac sheets. Bright field microscope image showing incomplete cardiac sheet formation
during coculture of the hs5 stromal cell line (a) and formation of aligned cardiac sheets of
cocultures of the hs27a stromal cell line (b), primary human dermal fibroblasts (c), and hiPS-
derived hemogenic anterior endocardial-like endothelial cells (d, ECs). All stromal cells mixed in
a 1:5 ratio with cardiomyocytes. Scale bars, 100um. Yellow double-sided arrows indicate
substrate nanopattern direction.
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Figure 27. Endocardial-like endothelial cells (ECs) demonstrate best formation and transfer
of aligned cardiac sheets. (a) Confocal microscope image of immunofluorescently stained,
transferred hs27a cocultured cardiac sheets, demonstrating lost alignment after transfer to a glass
surface. (b) Confocal microscope image of immunofluorescently stained, transferred hDF
cocultured cardiac sheets, demonstrating sheet formation but asynchronous beating with uneven
distribution of cardiomyocytes. (c) Confocal microscope image of immunofluorescently stained,
transferred EC cocultured cardiac sheets, demonstrating but well-aligned, synchronous
monolayers. a-sarcomeric actinin in red, phalloidin in green, Hoechst in blue. Scale bar, 200um.
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Figure 28. Tissue and substrate parameters to engineer anisotropic cardiac sheets. (a)
Representative bright field microscope images of TNFS with varying GMA percentages, affecting
PNIPAM grafting density and monolayer formation. Scale bars, 100um. (b) Representative bright
field microscope images of cardiac sheets with unpurified, hiPS-CMs (top) and metabolically
purified hiPS-CMs (bot) on 1% GMA TNFS, demonstrating increased alignment and synchronous
monolayer formation with incorporation of purified cardiomyocytes. Scale bars, 100um. (c)
Representative bright field microscope images of detaching nanopatterned (NP) cardiac sheets
without incorporation of stromal cells (top) and with incorporation of 20% endocardial-like
endothelial cells (bot) demonstrating intact, spontaneous cardiac sheet detachment only in the
presence of an ECM producing stromal cell coculture. Scale bars, 100um. Yellow double-sided
arrows indicate substrate nanopattern direction.
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Figure 29. Nanopatterned endocardial-cardiomyocyte (cardiac) cocultured sheets can be
transferred to other surfaces while maintaining alignment and deposited extracellular
matrix proteins. (a) Bright field microscope image showing aligned structure of a transferred,
nanopatterned cardiac sheet 24 hours after transfer onto a flat glass surface. Scale bar, 100um.
(b) Confocal microscope image of an immunofluorescently labeled cardiac cell sheet 7 days after
transfer to a glass coverslip demonstrating maintained cytoskeletal alignment long-term, well-
ordered sarcomeric arrays, and organized cell-deposited extracellular matrix proteins. Scale bar,
100um, inset, 10um. (c) Quantitative assessment of cytoskeletal alignment of both nanopatterned
(NP) cardiac sheets and unpatterned (UP) controls illustrating the degree of alignment in NP
cardiac sheets 7 days post-transfer to a glass coverslip. Yellow double-sided arrows indicate initial
substrate nanopattern direction.
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Figure 30. 7-day cultured anisotropic cardiac sheets can undergo sheet mixing and
reorganization while maintaining alignment. (a) Confocal microscope z-stack image of red and
green CellTracker-labeled, 4-layer aligned cardiac sheets, demonstrating layer mixing between
sheets from bottom (upper left) to top (bottom right) 24 hours after transfer. Scale bar, 100um. (b)
Confocal microscope z-stack 3D-rendering of the CellTracker-labeled, 4-layer aligned cardiac
tissue demonstrating intermixed red and green cardiac cells. (c) High resolution confocal
microscope image demonstrating mixed red and green cells within a single layer. Scale bar,
100um. Yellow double-sided arrows indicate initial substrate nanopattern direction.
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Figure 31. 14-day cultured, multilayered, aligned cardiac tissues maintain discrete layers
and overall tissue alignment. (a) Schematic representation of the fluorescently labeled cell
sheets stacked in a RGRG configuration with uniaxial alignment. (b) Confocal microscope image
of CellTracker labeled cardiac cell sheet 1 day after stacking and transfer to a glass coverslip
demonstrating maintained tissue alignment (top) while also maintaining discrete, individual layers
(bottom). Scale bar top, 100um, bottom, 40um. (c) Confocal microscope z-stack 3D-rendering of
the immunofluorescently stained cardiac sheet with a-sarcomeric actinin (red), phalloidin (green),
fibronectin (magenta) and Hoechst (blue) demonstrating cytoskeletal alignment (top) and overall
cell-dense, 3D tissue thickness (bottom). Scale bar, 40um. (d) Quantitative assessment of
cytoskeletal alignment throughout the 4-layer cardiac tissue, demonstrating maintained uniaxial
alignment throughout the tissue and individual layers. Layer 1 is the top cell layer, Layer 4 is the
bottom, surface-contacting cell layer. (e) Individual channels from a confocal microscope image
of an immunofluorescently stained individual cardiac sheet within the multilayered tissue,
demonstrating cytoskeletal alignment, well-ordered sarcomere structures, and presence of cell-
deposited extracellular matrix. Scale bar, 50um. Yellow double-sided arrows indicate initial
substrate nanopattern direction.
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Figure 32. Helical cardiac tissues maintain discrete layers, helical alignment, and contract
in a swirl pattern. (a) 3D rendering from z-stack confocal images of CellTracker Red and Green
labeled, stacked cardiac tissues demonstrating maintained individual layers in helical tissues 24
hours after stacking. (b) Isolated channel from the same 3D rendering (a) of a-sarcomeric actinin
labeled tissues, demonstrating high cardiac purity. (c) Isolated channels for a-sarcomeric actinin
signal showing well-ordered sarcomere arrays aligned to different direction dependent on layer
depth. Scale bar, 20um (d) Freeze frames of videos of contraction with a quiver plot overlay based
on CCQ analysis of contraction showing the swirl contraction pattern in helical tissues. Yellow
double-sided arrows indicate initial substrate nanopattern direction.
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Figure 33. Structural organization of 3D cardiac tissue improves contractile function. CCQ-
based quantification of contraction videos of nanopatterned (NP) cardiac sheets and unpatterned
(UP) controls demonstrating increased contraction magnitude (a), velocity (b), and relaxation
velocity (c). d, representative average contraction angle histograms of NP cardiac sheets and
unpatterned controls.
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CHAPTER 5. Conclusions and Implications for Future Studies

5.1 Summary

Towards the goal of engineering physiological skeletal and cardiac muscle tissues, we first
considered some of the design parameters of a chosen approach. First, the approach would need
to be able to align or structure cardiomyocytes so that the cellular cytoskeleton and contractile
machinery within the cells would be able to generate and transmit force in a singular direction.
Second, a scaffold-free approach would be necessary for subsequent engineering of cardiac
tissues, as cardiomyocytes must be connected to one another via gap junctions and desmosomes
in order to transmit electrical signals and mechanical forces. Finally, the approach would
ultimately have to allow for control over the tissue structure in three-dimensions, as the native
myocardial tissue has a complex, helical transmural structure which is critical to the clearance of
blood. Thus far, no engineering platforms or methods have been developed to address these
three design parameters for the engineering of more physiological cardiac tissues, and as a result,
we proceeded to develop our own. Our platform would incorporate the use of biomimetic,
nanotopographical cues due to its promising effects of rat cardiac tissue structure and function.
We then hypothesized that by releasing structured monolayers of cells, cell sheets could be
stacked to form multilayered tissues and allow us to control the structure and orientation of each
individual cell sheet, ultimately allowing for control over 3D tissue architecture without relying on
a supporting scaffold, fulfilling all three design parameters.

To achieve this, we first examined the fabrication of nanostructured polymer substrates
utilizing a novel copolymer blend which would allow for the presentation of epoxy groups on the
substrate surface. These epoxy groups could be functionalized with amine-terminated PNIPAM,

a thermoresponsive polymer which would allow for the detachment of entire cell monolayers. We
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found that our novel copolymer could be utilized to fabricate nanostructures with high fidelity,
which could further be functionalized with PNIPAM — we termed the developed substrate as a
thermoresponsive, nanofabricated substratum (TNFS). We then utilized C2C12 myoblasts and
optimized TNFS parameters to allow for the formation and thermoresponsive, spontaneous
detachment of anisotropic cell sheets. By developing a transfer method, termed the gel casting
method, we could transfer viable, anisotropic cell sheets to new, unpatterned surfaces, with the
transferred cell sheets retaining structure long term. Finally, we utilized our developed TNFS and
gel casting method to engineer labeled, 3-layer myoblast tissues in a helical structure, which
retained tissue architecture and sheet integrity after subsequent culture, demonstrating the
feasibility of our developed platform for engineering structured, scaffold-free 3D tissues.

We then sought to investigate the biological underpinnings behind the maintenance of
engineered tissue structure using the TNFS and gel casting method. Since tissues maintained
individual layer alignments even after transfer to a new surface or other layers with competing
alignment cues, we hypothesized that other alignment cues must be present with the transferred
cell sheet to allow for tissue structure maintenance. Specifically, we believed that cells seeded on
the TNFS would deposit and structure extracellular matrix proteins to form a basal lamina, which
would subsequently be transferred with the cell sheet and provide structural cues for maintenance
of cell and tissue structure. To test this, we analyzed the time course of C2C12 myoblast
morphology changes and subsequent ECM structure after seeding onto our TNFS and found that
cells rapidly sense the nanotopographical cues, elongate and change morphology, and then
deposit ECM proteins. Both nanopatterned and unpatterned control cell sheets were transferred
using our gel casting method without loss of tissue or ECM structure, and both retained initial
structure while cultured under growth conditions. We also found that myoblasts undergoing
differentiation would fuse and form myotubes along the direction of cell and ECM alignment.
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Further, both cell cytoskeletal and ECM structure were reorganized during differentiation,
indicating a dynamic and active microenvironmental remodeling process. To analyze the effects
of 3D tissue structure on myoblast differentiation, myoblast bilayer tissues were engineered with
orthogonal and parallel sheet structures. Interestingly, we found that bilayer orthogonal tissues
maintained a specific crosshatched cellular and ECM morphology when cultured in growth
conditions, but this structure was subsequently lost during differentiation. Further, we found that
during differentiation, the initial alignments of the myoblasts was general lost after differentiation
for orthogonal bilayers, whereas the parallel bilayers maintained overall alignment during myotube
fusion. Additionally, parallel bilayers formed longer and thicker myotubes than the orthogonal
bilayers. Finally, we transferred nanopatterned myoblast sheets onto a hydrogel cylinder to
analyze whether myotubes would fuse in the direction of initial alignment in a curved, 3D
microenvironment similar to that of a myofiber. We found that the nanopatterned cell sheets
transfer onto 3D hydrogel surfaces, maintain a cell-deposited ECM, and differentiate into
myotubes along the original axis of alignment. These findings demonstrate the importance of both
tissue and ECM structure on engineered tissue function.

Finally, combining the findings from the previous two studies, we investigated the use of
our TNFS to engineer 3D, stem cell-derived human cardiac tissues. Our initial findings indicated
that immature, stem cell-derived cardiomyocytes are able to sense the nanotopographical cues
and form anisotropic cardiac monolayers, however are unable to detach as an intact sheet. Based
on the findings from our skeletal muscle studies, we hypothesized that the deposition of ECM
proteins by the seeded cells was an important component of cell sheet engineering. We then
analyzed varying cocultures of different, ECM-producing stromal cells and ultimately optimized
our protocols to allow for the formation and transfer of nanopatterned, cardiac sheets by
incorporating a coculture of endocardial-like endothelial cells. The transferred, nanopatterned
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cardiac sheets maintained cytoskeletal and ECM alignment, demonstrated well-ordered
sarcomere arrays, and maintained synchronous beating. Based on these results, we then
proceeded to engineer multilayered, 3D cardiac tissues with varying tissue structures, specifically
aligned cardiac tissues and helical cardiac tissues. We were able to successfully engineer 4-
layered cardiac tissues of both structures. Both tissues were able to retain individual cardiac layer
integrity after stacking, as well as individual layer alignment. Interestingly, both architectures also
demonstrated improved contractile functions when compared to controls, with aligned cardiac
tissues demonstrating the greatest overall contractile function, but with helical cardiac tissues
demonstrating a “swirling” contractile motion. Based on these results, we successfully
demonstrated, to our knowledge, the engineering of scaffold-free, 3D cardiac tissues with specific
3D architectures. Further, we also discovered that we are able to alter contractile function of the

engineered tissues simply by manipulating the layer orientations.

5.2 Future Directions

Taken as whole, we believe that our developed platform and preliminary investigations into
structured cardiac tissue engineering represents a modest but distinct advancement towards
engineering whole human hearts as well as other structured tissues, specifically by incorporating
and highlighting 3D cardiac tissue architecture. However, many investigations remain towards
improving upon our developed platform for further cardiac structure-function analysis. One
limitation of our current approach is the limited overall tissue thicknesses using the layer-by-layer
stacking method. Each individual cell sheet thickness ranges between 8-10um in thickness, with
our thickest, 4-layered cardiac tissues only 40um in thickness. As the native human myocardium

ranges between 5-8mm in thickness [137], our engineered tissues are still hundreds of times
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thinner than the myocardial tissue we seek to replicate. Although cardiac sheets can continued to
be layered indefinitely, the continued addition of cardiac sheets to generate thicker tissues raises
another potential hurdle, which is the diffusion limit of oxygen into thick, avascular tissues.
Although we have incorporated endocardial-like endothelial cells within our cardiac sheets, we
have been unable to observe the formation and presence of any vasculature. The native heart is
highly vascularized, with capillaries closely apposed to cardiomyocytes and forming an
anisotropic structure aligned to the laminar cardiac sheets [138]. Subsequent investigations
towards engineering thicker cardiac sheets should thus be aware of the limitations of oxygen
diffusion, and either incorporate an ad hoc vasculature or induce vascularization to allow for the
engineering of thicker tissues. Should these limitations be addressed to engineer thick, structured
cardiac tissue, such findings would represent a significant advancement towards the ultimate goal
of engineering a human heart. It is our hope and belief that our modest contributions in this aspect
may thus contribute to humanity’s body of knowledge and eventually provide relief for millions of

individuals afflicted with heart disease.
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APPENDIX 1. Towards engineering structured, functional cardiac organoids

Al.1l Overview

One additional, nascent, area of study, based on our works highlighted in Chapter 4 regarding
nanopatterned cell sheet culture on gelatin cylinders, is the investigation of engineering 3D
cardiac organoid. Although engineering cardiac tissues in 3D with specific structures has yielded
measurable differences in contractile function using video analysis of contractions, a direct
measurement of tissue function is ideal, especially when addressing a working organic such as
the heart. Towards this, we have begun preliminary investigations towards engineering fully 3D
tissue structures or organoids, meaning tissues with depth and architecture within the tissue
thickness as well as an additional structure or organization in 3D, which could allow for direct
measurement of contractile forces, pressure generation and potentially biological mechanisms
such as the Frank-Starling law. Our preliminary investigations have focused on utilizing a
simplified organoid structure — a closed, hydrogel tube — and our developed platform and
techniques to engineer contractile tissues wrapped around said tube. We hypothesize that our
engineered tissues will be able to deform the closed hydrogel tube via muscle contractions, and
this deformation, when in a closed-system, will generate pressure measurable with conventional
instruments, such as pressure catheter. Towards this, we have begun preliminary results utilizing
myoblast sheets and differentiating them into contractile muscle tissue as a surrogate for cardiac
tissue. It is our hope that such an eventual developed organoid system could then be used for

physiological structure-function investigations of overall cardiac tissue structure.

Al.2 Materials and Methods

97



Al.2.1 Production of aligned cellular tubes from fTNES

Two days after fTNFS were seeded with C2C12 myoblasts, fTNFS cell sheets were rolled
and casted into a tube format. Cell sheets were washed with DPBS to initiate a temperature
change within the fTNFS scaffold and were observed for signs of cellular detachment using bright
field microscopy; cell detachment was typically observed within 5-7 minutes after the temperature
change. The fTNFS were then removed from the DPBS using forceps and excess liquid was
dabbed off using a sterile tissue. Using forceps, the rectangular fTNFS (Fig. 34a) were rolled
perpendicularly to their short axis so that the resulting cylinder was the length of the scaffolds’
shortest side (1.25 cm). The cylinder was inserted into a tubular polystyrene mold (internal
diameter = 2.81 mm) (Fig. 34b, iii) and the mold was attached to a custom base 3D printed from
poly-lactic acid (PLA) (Fig. 34b, iv). Next, melted 10% gelatin wt/v in DMEM was mixed with a
10% transglutaminase solution in DPBS at a 1:1 ratio. TG is an enzyme that non-specifically
crosslinks gelatin to create a thermostable hydrogel and was used to prevent the gelatin cell tubes
from melting at culturing temperatures. 200 ul of the final gelatin-TG solution was pipetted into
the lumen of the tubular mold containing the fTNFS and cell sheet. Immediately after, a custom
printed cap was attached to the top of the mold (Fig. 34b, ii) and a glass capillary (& = 2mm) was
inserted through the hollow cap and into the lumen of the gelatin filled mold. The glass capillary
would allow for the formation of a lumen within the final cell laden tube. The entire mold was then
chilled to 4°C from 1 hour to allow the gelatin to firm and crosslink, and cast the cell sheets onto
its surface. After 1 hour at 4°C, the cap and capillary tube were carefully removed from the gelatin
and mold. The base was then loosened from the mold and forceps were then used to gently push
the fTNFS with the gelatin tube out of the mold. The fTNFS was then unwrapped from the cell

tube and the tube was gently placed back onto its base with which it was casted. The base and
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cell tube were then clipped into a custom stand (Fig. 34b, v) with the free end of the cell tube
resting in the U-shaped slot as to hold the tube horizontally. Next, 15 pl of the melted gelatin-TG
mixture was then added to the open end of the cell tube as to form a gelatin seal and a closed
hollow lumen within the cell tube. This gelatin seal would later be punctured with a needle to take
pressure measurements. Finally, the cell tube, base, and stand were then placed into a well of a
6-well plate, and warmed growth medium was added (DMEM, 10% FBS, 1% penicillin-

streptomycin) (Fig. 34c).

Al1.2.2.Cell tube culture and differentiation

The cell tubes were maintained in growth medium for up to 5 days or until full confluency
around the entire tube was reached. Differentiation medium (DMEM, 2% horse serum, 1%
penicillin-streptomycin) was added once confluency was reached. The cell tubes were
differentiated and monitored with regular medium changes for 5-7 days or until myotubes were
observed throughout the entire cell tube. Upon differentiation, a 6-well plate carbon-electrode
insert (lonoptix) was used to electrically stimulate the cell tubes (3V, 1Hz, 24 ms). The cell tubes
were constantly stimulated for up to 7 days and single myotube contractions could be observed
after 24 hours and uniform cell tube contractions after 48 hours. After uniform whole tube

contractions were observed pressure measurement could be taken as described below.

Al1.1.3.Cell tube pressure measurements

The cell tube, base, and stand were gently transferred to a 10 cm tissue culture dish and
warmed Tyrode’s solution was added until the cell tubes were completely submerged. The cell
tubes were allowed to acclimate at 37°C without stimulation for 1 hour. The culture dish was then

transported into a cell culture hood and a custom electrode holder was placed into the medium
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surrounding the cell tube so that one carbon rod electrode was distanced 2 cm from the cell tube
on either side. Platinum wires were used to connect the electrodes to alligator clips and adaptor
cords that were plugged into the lonoptix Myopacer system. A flexible catheter with a needle
adaptor at its end was stabilized with clamps onto a movable stand so that the needle could be
positioned to line up with the end of the cell tube submerged under the liquid. The stand could
then be carefully moved forward until the tip of the needle punctured through the gelatin seal and
into the air filled lumen of the cell tube. A baseline pressure without electrical stimulation and
contraction could then be determined from the Lab Chart software. Finally, the tube could then be
stimulated (3V, 1Hz, 24 ms) through the electrodes and the change in pressure within the lumen

of the tube as a result of cellular contraction could be recorded.
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Figure 34. Methods for engineering hydrogel tubes for organoid engineering. (a)
Photograph of an fTNFS scaffold to demonstrate flexibility and handling to wrap cell sheets into
tubular shapes. Scale bar, 1cm. (b) Implements used to cast cell sheets into tubular shape (right)
and housing platform for long-term culture (left). All parts were 3D-printed using PLA plastic. i. A
glass capillary tube used to cast a hollow lumen down the center of the cellular tube. ii. A cap with
hollow shaft to hold the glass capillary (i) in place during casting. iii. A hollow plastic cylinder where
the fTNFS is inserted to create tubular tissues. iv. The cell tube base onto which the cellular tube
is mounted. v. A stand which the tube base (iv) is snapped into in order to culture the cellular tube
horizontally within a 6 well culture dish. Scale bar, 1cm. (c) Cell tube with housing platform in
culture medium within the well of a 6 well culture dish.
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APPENDIX 2. Detailed notes on TNFS-based cell sheet engineering

A2.1 Overview

The developed TNFS platform is a versatile, scalable platform that can allow for the engineering
of many tissue types and is not limited simple to muscle tissues, as was presented in this
dissertation. However, the TNFS platform has many variables which can affect the outcome of
successful cell sheet formation, transfer, and stacking, which are each unique to the specific
tissue being engineered, e.g., the incorporation of a stromal, ECM producing cell type for cardiac
tissue engineering. As the inventor of this platform, | will provide a set of comprehensive notes
into the variables and parameters affecting the TNFS platform. Through my many trials and
experiments using the TNFS, | believe these to be factors which can affect tissue engineering
success. Although many of these parameters may seem innocuous, they are all involved in some
way towards successful TNFS-based cell sheet engineering and should be examined and tested

empirically for new cell and tissues types, or re-evaluated in the event of troubleshooting.

A2.2 TNES fabrication and material parameters

A2.2.1 Initial material selection

The polymer used in this dissertation was a mixture between NOA76 (Norland Optical)
and glycidyl methacrylate (Sigma). NOA76 is a proprietary polymer and thus its chemical
composition is unknown, but it is listed as a polyurethane acrylate by its supplier. For the
immobilization of PNIPAM, epoxy groups must be present on the substrate surface. Additionally,
the polymer must be compatible with capillary force lithography in order to engineer high-fidelity
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nanostructures. | chose NOA76 due to its fast cure time and compatibility with a copolymer with
protected epoxy groups. The curing of NOA76 uses UV light and therefore free radical
polymerization, which then reacts with the acrylate groups of GMA and does not interact with the
epoxy group. Other polymers and polymerization reactions could be used, in theory, should the
end product yield high-fidelity nanostructures with epoxy functionalization. One unknown aspect
about the materials chosen is the distribution of epoxy groups within the polymer. Although the
polymer is mixed together vigorously before use, and used within 1 month of mixture, it is difficult
to characterize the spatial organization of epoxy groups, and thus PNIPAM reaction sites, on the
surface of the TNFS. Methods that can ensure consistent distribution and validation of epoxy

groups on the TNFS surface would be a great improvement to the platform.

A2.2.2 PNIPAM molecular weight selection

In theory, based on the product number, the PNIPAM purchased was from Sigma with a
listed molecular weight of 2,500 daltons. However, Sigma relabeled the molecular weight of the
same product number twice — first, relabeled from 2,500 daltons to 4,500 daltons, and then
relabeled back to 2,500 daltons. When contacted about this change, Sigma insisted that the
methods to measure molecular weight had been improved (both times) such that the product was
essentially the same with different labeling. However, | have found lot to lot variations coinciding
with the changes in listed molecular weight. Molecular weight of the PNIPAM to be grafted has
an important effect on the ability of the PNIPAM to undergo a thermoresponsive change in
conformation. For the purposes of cell sheet engineering, PNIPAM thickness should be roughly
15-20um, or the grafting density should be roughly 1.4ug/cm2. Changing the molecular weight of
the PNIPAM affects the polymer length and subsequently thickness and density. This can be

compensated by altering GMA percentage to change the free epoxy groups present for reaction.
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My recommendation is to lot test PNIPAM with a cell type known to be responsive to a specific

GMA percentage and culture condition before use with an unknown or valuable cell type.

A2.2.3 GMA concentration

Thus far, most cell types investigated have utilized a GMA percentage ranging between
0.5% to 5% wt/wt. In general, increasing GMA percentage should allow for more PNIPAM grafting
and thus a more responsive substrate surface for the detachment of cell sheets. However, too
densely grafted PNIPAM can also prohibit the initial adhesion of seeded cells, and over-
responsive surfaces may cause spontaneous, uncontrolled detachment of cell sheets. Depending
on culture length, it is thus important to initially test a range of GMA percentages (0.5%-5%) for
the duration of the planned culture; prolonged culture and overconfluent sheets detach more

readily, and therefore spontaneously, than sheets cultured for one to two days.

A2.2.4 Miscellaneous TNES notes

| have noticed a difference between NOA76-GMA scaffolds which are dip coated
immediately after polymerization versus scaffolds that have been cured overnight to finalize
polymerization, with an overnight cure being preferred. Additionally, the number of uses the
current PNIPAM solution has been utilized is also important — freshly made PNIPAM solutions
will tend to graft more PNIPAM due to increased concentration. As the PNIPAM is slowly depleted,
the concentration of the solution decreases, and thus the amount of PNIPAM grafted during each
dip coat decreases. For a volume of 30ml DI H2O, 1g of PNIPAM typically lasts me 4-5 whole
volume uses. A method to easily characterize PNIPAM amount remaining in solution (PNIPAM
can self-aggregate out of a solution if heated, but is difficult to quantify) or a detailed protocol

investigating the concentration of PNIPAM over several rounds of dip coating with specific GMA
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percentage and area scaffolds would allow for more reproducibility between scaffolds. Finally,
polymerized scaffolds that have not been dip coated have an indefinite shelf life, but should be

stored in a desiccator. Once dip-coated, the TNFS should be used within the week.

A2.3 Cell sheet parameters

A2.3.1 Initial cell selection

As extensively investigated in chapters 3 and 4, extracellular matrix deposited by the
seeded cells is critical for successful cell sheet engineering. Attempts to pre-coat the TNFS with
a matrix for cell sheet engineering have been unsuccessful. When investigating a new tissue type,
preliminary background on cell ECM production is recommended. Should the cell investigated
produce little to no ECM, a stromal cell population should be included to facility ECM deposition
for cell sheet engineering. Additionally, due to this necessity of a cell-deposited sheet lamina, the
TNFS has been unsuccessful in detaching single cell cardiomyocytes and myoblasts from the

surface.

A2.3.2 Increasing cell attachment

Due to the polymeric nature of the TNFS, several cell types do not attach well to the TNFS
without pre-treatment. In general, my pre-treatment solution of choice is fetal bovine serum — the
nonspecific adsorption of inert proteins as well as abundant presence of adsorbed proteins which
facilitate cell connections has generally been successful for more sensitive cell types. Additionally,
FBS pre-treatment does not affect topographical cues. However, FBS is an undefined mixture of

proteins and also an animal product, which may cause some concerns. As a result, the use of
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fibronectin, gelatin, and matrigel have also been investigated, with varying levels of success
dependent on cell type. In a head to head comparison of fibronectin with FBS for cardiac tissue
engineering, cell sheets formed more confluent monolayers with pre-treatment of FBS over
fibronectin, however this was in an impure cell population. Given the specific need to purify
cardiomyocytes for cardiac tissue engineering, it is possible that there may be a more optimal
ECM pre-treatment for TNFS-based cardiac tissue engineering work. However, all results in this
dissertation used FBS pre-treatment to facilitate cell attachment for cardiac tissue engineering.
Additionally, surface modifications, such as plasma or ozone treatment, should be avoided, as
these destroy the grafted PNIPAM. Ozone and plasma pre-treatment prior to dip coating has been
investigated, as well as the use of allylamine to react with non-reacted epoxy groups (theorized
to potentially cause issues with cell detachments) as other pre-treatment protocols, but results

were inconclusive.

A2.3.2 General cell sheet engineering notes

The process of detachment from the TNFS is an active cellular one, as is the process of
attaching to other cell sheets. As a result, the wash buffer and wash buffer temperature, as well
as incubation temperature, affects sheet detachment and sheet to sheet attachment. For instance,
cold media will allow for faster sheet detachment than room temperature DPBS, however often
this detachment is too quick for gel casting to be used. Additionally, as the sheet to sheet
attachment is an active cellular process, appropriate time and environmental conditions may be
specific to the cell type. Specifically, cardiomyocytes take longer to attach to one another in the
form of cardiac sheets than C2C12 myoblasts. In general, for an unknown cell type it is better to
err on the side of caution and allow for 2 hours+ for cell-cell connections to be formed and strong

enough to hold cell sheets together and then optimized later. Finally, for particularly stuck cell
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sheets which do not attach to one another but still spontaneously detach — such as, two sheets
are stacked onto one another for two hours, then upon transfer, the sheets rip from one another
and the bottom, TNFS contacting sheet still detaches and instead contracts into a small,
condensed tissue — the edges of the cell sheet can be scraped around the periphery using a
scalpel or micropipette tip and then immediately incubated with the gel-casted sheet to prevent

bottom sheet detachment.
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