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Abstract

Engineered skeletal muscle tissue is a three-dimensional contractile tissue made from

muscle cells and the extracellular matrix (ECM). It can be used as a drug testing

platform or an implantable tissue, but its practical use has been limited by inferior

contractile performance and small size compared to natural muscles. This thesis

aims to implement environmental cues and essential elements of natural muscles to

improve the contractile performance and increase its size beyond the diffusion limit.

Firstly, inspired by the observation that the natural muscles are exposed to electric

potentials from neurons in combination with mechanical stretching from surrounding

muscles, a new muscle training system was developed to apply coordinated electri-

cal and mechanical stimulation. Both the experimental results and the mechanistic

model suggest the combined stimulation reorients the ECM fibers in such a way that

the parallel ECM stiffness is reduced, while the serial ECM stiffness is increased,
which reduces resistance to muscle contraction and increases force transmission in

the engineered muscles, respectively. Secondly, large-sized natural muscles are fully

vascularized so that oxygen and nutrients can be supplied. However, vascularization

of the engineered skeletal muscle has been challenging because the microenvironmen-

tal requirement for differentiating myoblasts is incompatible with the one for culturing

endothelial cells. In contrast, the natural muscle tissue has a compartment structure,
where endothelial cells are exposed to blood plasma, while myoblasts are surrounded

by interstitial fluid. In this thesis, we modeled the natural fluid compartments by

creating an in vitro perfusable vasculature running through a skeletal muscle tissue

with physiologic cell density. The tissue is designed to have a coaxial tubular shape

with a perfusable vasculature at the center. Through the in vitro fluid compartments,
endothelial cells are exposed to endothelial cell growth medium running through the

vascular channel, and the skeletal muscle cells are surrounded by muscle differentia-

tion medium. By using this platform, engineered muscle tissue was successfully scaled

up from microscale to subcentimeter scale. This platform also enabled to show that

coculturing with the two separate media from an early stage of muscle differentiation

leads to increased contractile force, thicker myotubes, and more muscle differentiation
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compared to using a single coculture medium. Furthermore, the engineered skeletal

muscles were further vascularized by inducing angiogenic sprouting from the vascular

channel penetrating into the muscle tissue. This thesis will contribute to utilizing

engineered skeletal muscles in practical applications with improved functionalities

and provide a new model to study heterotypic cell-cell interactions in skeletal muscle

tissues.

Thesis Supervisor: H. Harry Asada

Title: Ford Professor of Engineering
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tissues were stained using immunofluorescence technique to visualize

the striations of a-actinin, which is a marker of differentiation and con-

tractility (b, Reproduced from reference [1] with permission from the

Mary Ann Liebert, Inc., New Rochelle, NY). Scale bars represent 5 mm

in (a) and 10 /im in (b). c. Schematic of the experimental setup used

to apply coordinated electric and mechanical stimulation to the eSMT.

The co-stimulation system consists of electrodes for applying the elec-

tric potential, a cantilever wire moved by a servomotor, and a laser

micrometer to monitor the displacement of the cantilever. The eSMT

is pulled sideways with the cantilever to stretch eSMT to the desired

strain. Contractile force was quantified by measuring deformation of

the cantilever whose bending stiffness is known. d, e. Cross-sectional

images of unstimulated eSMTs stained for collagen IV (red) and actin

(green) in longitudinal (d) and transverse (e) directions. Scale bars

represent 10 pm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
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2-2 Coordination of the combined electric and mechanical stimulation and

synergistic performance enhancement following 3 minutes of stimula-
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(Mech) stimulations alone, and in-phase (In, 0' phase shift) and out-of-

phase (Out, 180' phase shift) co-stimulations. b. Improvement in the

contractile force induced by the combined stimulation with different

phase shifts. SEM, n = 10, 5, 10, and 5. c. Improvement in the con-

tractile force induced by stimulations with different frequencies. SEM,

n = 3, 10, and 3. d. Comparison of the performance improvements

in the contractile force induced by the four patterns of stimulation in

(a): the two single types of stimulation (Elec and Mech) and two co-

stimulations (In and Out). SEM, n = 9, 11, 10, and 10. Out-of-phase

co-stimulation increased the contractile force by 18% in 3 minutes.

*P < 0.05, **P < 0.01, and ***P < 0.001. . . . . . . . . . . . . . . . . 36
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PE). b. Images of collagen IV (red) and actin staining in the myotubes

(green) of the eSMTs to measure the fiber orientation distribution of

the ECM network (left). Images of well-aligned collagen fibers (middle)

and less-aligned fibers (right). Scale bars represent 5 pm. c. Schemat-

ics showing the regions of the parallel and serial ECMs relative to the

myotubes, and ECM fiber orientation 0 measured from the longitudi-

nal direction of myotube. d, e. Orientation distribution of collagen

IV in the parallel (d) and serial (e) ECM regions. Most ECM fibers

were aligned parallel to the longitudinal direction of the myotubes (00)

by pretension. SEM, n = 8. 12, 11, and 10 (parallel), n = 3, 7, 3, and

7 (serial). f. Comparison of fiber orientation factors (Tl) to predict

the elastic modulus of the ECM network (EL). The out-of-phase co-

stimulation induced the highest elastic modulus (largest 77,) for the

Serial PE and a low elastic modulus for the Parallel PE. SEM, n is

the same as d and e. *P < 0.05, **P < 0.01, and ns, not signifi-

cant. g. Schematic depicting the mechanism underlying the changes
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force transmission to the load. . . . . . . . . . . . . . . . . . . . . . . 38
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(In), and out-of-phase co-stimulation (Out) for 3 minutes. c. Average
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Elec, Mech, In, and Out. SD, n = 69, 96, 64, and 145. d. Longer-term

performance enhancement of the eSMTs' contractile force following the

application of the four stimulations for 20 minutes, SEM, n = 3 for all.

Out-of-phase co-stimulation enhanced the contractile force by 31% in

20 m inutes. . . . . . . . . . . . . . . . . . . . . . . . . . . .... ..41

3-1 Engineered human vascularized skeletal muscle tissue with fluid com-

partments inspired by the in vivo muscle tissue structure. a. Extra-

cellular fluid compartments between the blood plasma and interstitial

fluid in natural skeletal muscle tissues. b. Design of the vascular-

ized engineered skeletal muscle tissue to recapitulate the fluid com-

partments. EGM: endothelial cell growth medium, MDM: muscle dif-

ferentiation m edium . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3-2 a. Schematics of transverse and longitudinal cross-sections of the en-

gineered tissue. HSMMs: human skeletal muscle myoblasts, HUVECs:

human umbilical vein endothelial cells. b. Image of the engineered

vascularized skeletal muscle tissue. The inner vascular channel is con-

nected to a microfluidic system through needles to produce fluid flow.

The scale bar represents 1 mm. . . . . . . . . . . . . . . . . . . . . . 59

14



3-3 a. Sectioned slides in the longitudinal direction to show that endothe-

lial cells cover the inner channel and are very close to muscle cells. In

the right image, blue and red indicate the nucleus and RFP-expressing

HUVECs, respectively. The scale bar represents 100 pm. In the left

image, dark brown and light purple indicate endothelial cells and the

nucleus, respectively. The scale bar represents 20 pm. b. Confocal

image of VE-cadherin (red) of the endothelial cells in the perfusable

vascular channel and nucleus (blue). Scale bars represent 100 and 10 pm. 61

3-4 Fluids compartments are shown by flowing FITC-dextran solution (70 kDa,

10 pM) in the inner channel of the vascularized muscle tissue for one

hour. The boundary of the inner channel is indicated by dashed lines. 62

3-5 Fabrication of an engineered human vascularized skeletal muscle tissue.

Skeletal muscle cells (MCs) mixed with the extracellular matrix are

injected into a cavity in a gelatin sacrificial mold with a pin to construct

3D tubular engineered muscle tissues. The gelatin is melted in the

incubator and removed by a medium change. When the MCs form a

solid tissue in the muscle cell growth medium (MGM), the pin in the

tissue is removed, and endothelial cells (ECs) are seeded into the inner

channel. One day after seeding endothelial cells, needles are connected

to a microfluidic system to supply the two separate media with flow.

Endothelial growth medium (EGM) for ECs and muscle differentiation

medium (MDM) for MCs can be compartmentalized by tubular tissue. 63

3-6 a. Phase-contrast microscopic images of the muscle tissue in a tubular

shape (left) and RFP-expressing HUVECs in the inner channel of the

muscle tissue (right) at three days (Day 3) and five days (Day 5) from

the muscle tissue formation. The scale bar represents 300 pm. b.

Outer and inner diameters of the vascularized tissue are decreased over

time by cell-mediated compaction and degradation of the extracellular

m atrix. SEM . n = all 13. . . . . . . . . . . . . . . . . . . . . . . . . . 64
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separate media (TwoM) with the muscle differentiation medium sur-

rounding the outer skeletal muscle layer and the endothelial cell growth

medium in the inner vascular channel. Both conditions provide fluid

flow in the inner channel. b. Using TwoM increased the contractile

force compared to that using a single COM on Day 8. SEM. n = 3 and

10. Student's t-test. c. Histological sectioned images of the muscle tis-

sues in the culture conditions of single COM (top) or TwoM (bottom).

Laminin and nuclei were stained in brown and blue, respectively. The

scale bar represents 10 pm. d. The thickness of myotubes, n = 1548

and 3585. Student's t-test. **P < 0.01 and ***P < 0.001. . . . . . . . 66

3-8 a. Image of the large-size vascularized ehSMT with TwoM. The scale

bar represents 3 mm. b. Fluorescent images of the vascularization of

the large-size ehSMTs. Red, green, and blue in the combined fluores-

cent image (top) indicate RFP-expressing HUVECs, dead cells, and

nuclei, respectively. The black and white image (bottom) shows RFP-

expressing HUVECs in the tissue. The scale bar represents 250 pm.

c. Viability of the large-size vascularized ehSMTs with an outer diam-

eter (O.D.) of approximately 2.2 mm and the small-size one with the

O.D. of approximately 0.6 mm were both greater than 80% when the

vascularized ehSMTs were under TwoM with flow. SEM. n = 2, 4, 3. 68

3-9 Fusion rate of myoblasts over time in the engineered skeletal muscle

tissues, SEM. n = all 9. ANOVA with the Bonferroni post-test. ***P <

0 .0 0 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
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3-10 Effects of the timing of vascularization with respect to muscle differ-

entiation. a. The contractile force of the engineered tissues made of

only muscle cells (MC) or muscle cells with endothelial cells from Day

2 (C02) or Day 5 (C05) of the muscle tissue formation. SEM. n = 4,

9, and 3. b. Distributions of the myotube thickness in the engineered

tissue sections in MC, C02, and C05 conditions. Triangles at the bot-

tom indicate averages of the thickness for each condition. n = 2556,

2331, and 956. ANOVA with the Tukey post-test (a, b). *P < 0.05,

**P < 0.01. . . . . . . . . . . . . . . . . . . . . . . . . . ...... 70

3-11 Results of the tube formation assay of endothelial cells on fibrin gel in

the conditioned medium (CM). Fluorescent images of RFP-expressing

HUVECs in the conditioned coculture medium (left) were analyzed

(right). The coculture medium was incubated with the muscle tissues

for two days from Day 2 (C02 CM) and Day 5 (C05 CM). The scale bar

represents 250 pm. SEM. n = 49 and 21. Student's t-test. *P < 0.05,

**P < 0.01 and ns, not significant. . . . . . . . . . . . . . . . . . . . . 71

3-12 Using vascularized ehSMTs as a drug testing platform. a. The contrac-

tile force of the vascularized muscle tissues cultured in the coculture

medium (COM) with 0 to 10 pM atorvastatin for three days from Day

3 of the tissue fabrication. SEM. n = 7, 2, 3, and 3. ANOVA with the

Bonferroni post-test. b, c. Decrease rate in cell viability (b) and the

contractile force (c) of the ehSMTs, comprising muscle cells only (MC

only) or muscle cells with endothelial cells (MC+EC) in the coculture

medium (COM) or the two separate media (TwoM), by culturing with

10 pM atorvastatin for three days. SEM. n = 3, 3, and 2 (b, un-

treated). n = 4, 5, and 4 (a, atorvastatin-treated). n = 2, 7, and 2 (b,

untreated). n = 4, 3, and 4 (b, atorvastatin-treated). ***P < 0.001,

and ns, not significant. . . . . . . . . . . . . . . . . . . . . . . . . . . 72
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3-13 Further vascularization of the ehSMTs. a. Induction of angiogenic

sprouting of RFP-expressing HUVECs by adding the 50 ng/mL of vas-

cular endothelial growth factor to the inner channel is shown in the

top view images of the 3D vascularized ehSMTs cultured in TwoM.

Red lines indicate the outer boundary of the muscle tissue layer. The

scale bar represents 500 pm. b. Branches of sprouted RFP-expressing

HUVECs in the muscle tissue layer were mostly aligned in the longitu-

dinal direction of the ehSMTs (horizontal direction of the images) with

some short vertical branches (yellow arrows). The scale bar represents

100 pm. c, d. Angiogenic sprouting (yellow arrows in c) from the

endothelial monolayer in the inner channel (top side, white triangles)

into the muscle tissue layer and lumen formation (white arrow in d)

were shown in the sectioned slides of the vascularized ehSMTs. Blue

and red indicate the nuclei and RFP-expressing HUVECs, respectively.

Scale bars represent 100 pm (c) and 50 pm (d). . . . . . . . . . . . . 74

A-1 Measurement of the muscle contractile force. These images are an

enlargement of the contact point between the eSMT and the tip of

cantilever in Fig. 2-1c during muscle contraction. The point of the

force balance between the elastic force of the cantilever wire and the

forces from the eSMT is shifted by inducing muscle contraction, and

the moving distance of the cantilever is proportional to the contractile

force. Yellow dot is original force equilibrium position, and the yellow

dot is shifted to the red one by the contractile force. . . . . . . . . . . 84

A-2 Immunostaining images of actin in the eSMTs following the application

of the electric potential (ELEC), mechanical stretching (MECH), in-

phase co-stimulation (IN), and out-of-phase co-stimulation (OUT) for 3

minutes. There was no notable difference in the actin networks between

the 3-minute stimulation conditions. Scale bar represents 100 pm. . . 85

18
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than collagen IV. Scale bar represents 10 pm. . . . . . . . . . . . . . 86
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the out-of-phase co-stimulation to the eSMT for 3 minutes. . . . . . . 87
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n = 4, 5, and 9. ***P < 0.001 and ns, not significant. . . . . . . . . . 91
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Chapter 1

Introduction

1.1 Motivation

Engineered skeletal muscle tissues (eSMTs) are three-dimensional (3D) tissues made

from muscle cells and scaffolds in the laboratory. They require appropriate soluble

factors and mechanical cues during the in vitro culture to recapitulate the function

and structure of natural skeletal muscles. These eSMTs have a variety of applica-

tions in the medical and engineering fields, such as drug testing, implantation, and

actuation of biological machines.

First of all, 3D eSMTs recapitulate the function and structure of natural muscles

have been used in preclinical drug discovery [2] to reduce the costs of drug development

and animal tests [3, 4J. In the preclinical testing for a drug, conventional 2D in vitro

cell culture models poorly reproduce the physiological and pathological complexity

of the human body, and the testing results from in vivo animal models show critical

interspecies differences in disease mechanisms [4, 5, 61. To overcome these problems,

organs-on-a-chip (OOC) has been developed to mimic the microarchitecture, func-

tions, heterotypic cell-cell interactions, and complex chemical and mechanical cues

of real organs using human cells [4]. Since skeletal muscle comprises approximately

40% of the human body mass, the development of an in vitro skeletal muscle model

is significant as part of the OOC [7].

Besides, eSMTs have been used as implantable tissues that improve muscle func-
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tion in patients with volumetric muscle loss (VML), from which one cannot recover

naturally [8, 9, 10]. In particular, when a large amount of muscle grafts is needed for

implantation, such as VML, lack of implantable tissue or donor site morbidity can be

severe problems. Also, implantation of the eSMTs using patient cells, such as human

induced pluripotent stem cells or primary cells, can reduce the risk of immune rejec-

tion [11]. Moreover, eSMTs have been used as actuators for engineering biological

machines, such as grasping or walking across a surface using a design strategy and

coordinated muscle movements [12, 13, 14]. To utilize eSMTs practically, they should

have a similar level of the functions and key features of natural muscles.

1.2 Literature review

To meet the numerous needs of eSMTs, 3D eSMTs have evolved to be more similar to

natural skeletal muscles after they were first constructed by Strohman et al. in 1990

[15]. They developed a method to spontaneously form the 3D tissues through the

detachment of myocytes and fibroblasts from a 2D synthetic membrane and rolling

up after they were cultured about a week. This method was later refined by Dennis et

al. [16] and they termed these 3D constructs as myooids. In 1991, Vandenburgh et al.

created well-aligned 3D tissues, as natural skeletal muscles, by applying mechanical

stretching from the monolayer of myoblasts on the stretchable membrane to the spon-

taneous formation of 3D tissue [17]. Lam et al. also obtained 3D muscle constructs

with improved contractile forces using a micropatterned synthetic membrane through

the alignment-mediated promotion of muscle differentiation [181.

Unlike the previously described 2D to 3D formations, Okano et al. successfully

fabricated rod-shaped tissues by gelating the myoblast-embedded collagen I solution

in a cylindrical mold [19]. This technique allows 3D eSMTs to be constructed in

various shapes and sizes according to their mold including a ring shape [20, 21].

Instead of the natural hydrogel, synthetic biodegradable polymers such as poly-(L-

lactic acid) and polylactic-glycolic acid were also used as a tissue scaffold [22, 23].

These 3D tissue formation methods using scaffolds aligned the muscle cells as well
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by fixing both ends of the tissue with metal, velcro, or polydimethylsiloxane (PDMS)

during cell-mediated gel compaction to produce axial stress [24, 25, 261.

Based on the previous work, our group developed a new method to form the

3D muscle tissues, called the fascicle-like 3D eSMTs [271. This technique uses the

gelatin sacrificial mold, which can shape the tissue like a natural fascicle and be

easily removed after the tissue formation by medium change. In addition, both ends

of the tissues are anchored to the PDMS to align the myotubes in the longitudinal

direction of the tissues, and there is no hard contact with a hard surface except at

the ends, to promote the better diffusion of the surrounding culture medium into the

tissues. Moreover, the no hard contact in the middle allows the axial stress produced

by the cell-mediated gel compaction to be uniform in the tissue. Furthermore, the

fascicle-like eSMTs were fabricated by mixing myoblasts and the natural hydrogel

scaffold, particularly fibrin and Matrigel, to have high volumetric cell density. Using

these features of accessibility to the tissue, no hard contact, and the long rod shape

like a fascicle, a novel force measurement system was developed to quantify the force

generation, which is one of the basic functions of the skeletal muscle f11. In these

eSMTs, striated a-actinin, which is a marker of muscle contractility, and tetanus

have been observed [271. Because of these compelling advantages, this technique was

used to fabricate and characterize eSMTs in this thesis.

1.3 Scope of the thesis

Although the formation of the fascicle-like eSMTs is an advanced tissue-engineering

technique, there are still limitations in the previously developed eSMTs including the

fascicle-like eSMTs to be widely utilized in the practical applications instead of natural

skeletal muscles. Firstly, a contractile force of the current eSMTs is still in the range of

1 to 45 kPa [1, 28, 29, 301 although natural skeletal muscles generate approximately

250 kPa [31, 321. Moreover, the size of eSMTs, which do not have any perfusable

blood vessel to supply oxygen and nutrients and remove waste from host tissues,

cannot be greater than the diffusion limit. Since their environments in vitro are much

25



simpler than the extremely complex one in vivo, which incorporates many types of

cells, mechanical cues, and sophisticated microstructures, we hypothesized that these

limitations are caused by missing key elements from natural skeletal muscles that

are required to be stronger and bigger eSMTs. The inferior contractile performance

and restricted size may decrease the predictability of drug-induced muscle response,

delay functional recovery after implantation, and prevent the construction of large-

sized eSMTs for treating the VML; thus they should be addressed appropriately for

practical applications of eSMTs.

This thesis proposes two new approaches to improve the limitations in contractile

force and size by applying the solutions of a in vivo system to in vitro eSMTs. In-

spired by the fact that natural muscles are exposed to both electric potentials from

motor neurons and mechanical stretching from surrounding muscles, a novel muscle

training system using coordinated electrical and mechanical stimulation to improve

the contractile force of eSMTs is described in chapter 2. In chapter 2, the increased

contractile force by stimulation is explained in relation to changes in the extracel-

lular matrix (ECM) network configuration. In chapter 3, in vitro vasculature was

constructed in eSMT to increase the size of the tissue. Chapter 3 describes a newly

developed coculture platform to vascularize eSMTs, which provides two separate cul-

ture media for each cell type to mimic the extracellular fluid compartments between

blood plasma and interstitial fluid in the body. By using this innovative platform,

the integrative effects of incorporating the perfusable vasculature through the eSMTs,

the fluid compartments, and the temporal coordination of coculturing timing were

investigated. Finally, the important findings of each chapter are summarized and

directions of future work are discussed in chapter 4.
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Chapter 2

Extracellular matrix remodeling

induced by coordinated electrical and

mechanical stimulation increases the

contractile force

This chapter is modified from Ref. [331 with the publisher's permission.

2.1 Introduction

Engineered skeletal muscle tissue (eSMT) is made of myoblasts and extracellular

matrix (ECM). To be contractile eSMT, myoblasts become myotubes through cell

fusion, and then myotubes should be further matured through muscle differentiation.

Muscle training is well known as a key step in myotube maturation to achieve a higher

contractile force of eSMTs. Previously, electrical or mechanical stimulation has been

applied for several days to weeks to obtain more proliferation and differentiation [34,

35, 361. Although those training methods helped to increase the muscle performance,

the trained eSMTs still displayed a significantly lower contractile force than natural

muscles [371.

The limited performance of eSMTs is due to several differences between eSMTs
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and native muscles, such as less differentiated myotubes, a low cell density, less orga-

nized sarcomeres and immature Ca'+ handling [381. In particular, distinct features

of the eSMT ECM significantly influence the force production and transmission. The

ECM in natural skeletal muscles mainly comprises collagens [39, 401 and each my-

ofiber is circumferentially surrounded by a 3 to 4.5 pm thick ECM layer, called the

endomysium 141]. Active force is generated from sarcomeres in myofibers and trans-

mitted to the ECM through costameres 1421. The ends of myofibers inside a fascicle

are serially connected to other myofibers, mostly by overlapping with each other [391

or sometimes through very short collagen-bridged junctions that are less than 10 /Im

in length, termed intrafascicularly terminating ends [43, 441. Unlike the natural skele-

tal muscle tissues, eSMTs currently have a higher volume fraction of the ECM gel.

Moreover, eSMTs are usually formed by a mixture of myoblasts and the ECM and

then cultured for up to 3 weeks. In the eSMTs, myoblasts fuse to form myotubes and

premature myofibers during this period, but they are still thinner and much shorter

with less muscle differentiation than natural adult muscles. Thus, the eSMTs have a

thicker ECM layer, approximately 5 to 15 pm thickness, between myotubes. Addition-

ally, a multitude of the shorter myotubes is connected serially at the intrafascicularly

terminating ends, which are approximately 2 to 100 pim long, where the connecting

ECM is much longer than in natural muscles (10 pm). Notably, these differences in

the ECM significantly decrease muscle performance [31]. The much thicker ECM of

the eSMTs impedes the muscle contraction by increasing stiffness of the ECM net-

work and the nonfunctional fibrotic part [451. Furthermore, the strength and stiffness

of serial connections between the shorter myotubes are critical for the longitudinal

transmission of tension. Therefore, the parallel ECM at the side of the myotubes

must be soft, but the serially connected ECM at the intrafascicularly terminating

ends must be stiff to transmit a higher force.

The ECM network is remodeled as it is exposed to mechanical stress and strain

that change fiber orientations and their connectivity. Consequently, while most mus-

cle training is designed to facilitate muscle differentiation, training of eSMTs may

cause remodeling of the ECM fibers surrounding the myotubes as well as the ECM
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connecting myotubes in series. Mechanical stretching generates tensile stress on the

whole ECM in the direction of the load. In addition, muscle contraction triggered

by an electric potential induces shear stress on the ECM at the side of the myotubes

[39, 461 and tensile stress at the intrafascicularly terminating ends [47J. The ap-

plication of these electrical and mechanical stimulations to the eSMTs may have a

significant impact upon the remodeling of the ECM [48, 49].

Inspired by the fact that the regenerating parts of natural muscles are naturally

exposed to electric potentials from motor neurons in combination with mechanical

stretching from surrounding muscles, we hypothesize that applying a combined elec-

trical and mechanical stimulation in a coordinated manner may produce higher con-

tractile forces in eSMTs than a single type of stimulation. We aim to explain the

increase in the contractile force in relation to changes in the ECM network configura-

tion. It is known that mechanical changes in the viscoelastic eSMTs strongly depend

on time [50]. Therefore, temporal coordination of electrical and mechanical stimula-

tions is important to produce desired changes in the ECM. In this thesis, we show how

the two types of stimulation should be combined and coordinated in a programmable

manner with a certain phase shift and frequency.

Previously, several studies have applied static stretching with electrical stimula-

tion to the natural skeletal muscles [51, 52, 53]. More studies on combining electrical

and mechanical stimulations in a coordinated manner are needed to understand their

synergistic effects on muscle training. Recently, in vitro systems for combined stim-

ulation were developed for human mesenchymal stem cells [54], induced pluripotent

stem cell-derived human cardiac tissue [55], rat cardiac cells [561, and mouse skeletal

myoblasts [57], but no report has described temporal coordination, particularly the

alternation of the two types of stimulation for eSMTs, instead of their synchroniza-

tion. To our knowledge, this work is the first to assess the synergistic coordination of

electrical and mechanical stimulation and utilizing it to enhance the contractile force

of eSMTs by inducing structural remodeling of the ECM. We used fascicle-inspired

three-dimensional (3D) eSMTs created with high-density and aligned C2C12s, mouse

skeletal muscle myoblasts, and the fibrinogen/Matrigel ECM using a sacrificial mold-
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ing technique [1] (Fig. 2-1). Several unique features of these eSMTs made them

suitable for use in this study. The fascicle-inspired eSMTs only contact a culture

medium, without any hard contact except for both ends; this design allows the tissue

to have uniform axial stress during an external mechanical stretching and less hin-

drance to muscle contraction during an electrical stimulation. In addition, a system

for measuring the contractile force of the fascicle-inspired eSMTs was developed [1].

We applied the external stimulation to the eSMTs for only 3 minutes to focus on the

changes in mechanical properties and reduce possible effects caused by changes at the

RNA/protein levels [581, such as proliferation and differentiation. We built a mech-

anistic model to better elucidate the effect of ECM remodeling upon the generation

and transmission of the eSMT contractile force.

2.2 Materials and methods

2.2.1 Cell culture

The C2C12 mouse myoblast cell line (ATCC, Manassas, VA, USA) was used for

the experiments in this chapter. Myoblasts were maintained in the growth medium

(GM) comprising Dulbecco's modified eagle medium (DMEM, Sigma-Aldrich, St.

Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich,

St. Louis, MO, USA), 1% penicillin-streptomycin (PS, Sigma-Aldrich, St. Louis, MO,

USA), and 0.2% Normocin (InvivoGen, San Diego, CA, USA). Cells were passaged

when they reached 70% confluence to ensure that the cells remained unfused. The

growth media was changed daily after we seeded the cells in the fabricated chip to

form the fascicle-like eSMTs.

2.2.2 Fascicle-like eSMTs

The 3D fascicle-like muscle constructs used in this thesis were formed using the sacrifi-

cial molding technique [271. The eSMT made using this new technique is a 6 mm long

and about 0.1 mm thick well-aligned tissue in 3D environment. This special tissue is
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Figure 2-1: Co-stimulation system and fascicle-like engineered skeletal muscle tissue

(eSMT). a, b. The fascicle-like eSMT formed a cylindrical shape with length of 6

mm and diameter of approximately 75 pm (a). The tissues were stained using im-

munofluorescence technique to visualize the striations of a-actinin, which is a marker

of differentiation and contractility (b, Reproduced from reference [11 with permission

from the Mary Ann Liebert, Inc., New Rochelle, NY). Scale bars represent 5 mm in

(a) and 10 pm in (b). c. Schematic of the experimental setup used to apply coordi-

nated electric and mechanical stimulation to the eSMT. The co-stimulation system

consists of electrodes for applying the electric potential, a cantilever wire moved by

a servomotor, and a laser micrometer to monitor the displacement of the cantilever.

The eSMT is pulled sideways with the cantilever to stretch eSMT to the desired

strain. Contractile force was quantified by measuring deformation of the cantilever

whose bending stiffness is known. d, e. Cross-sectional images of unstimulated eSMTs

stained for collagen IV (red) and actin (green) in longitudinal (d) and transverse (e)

directions. Scale bars represent 10 pm.
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only anchored at both ends, and there is no hard contact in the middle of the tissue.

Therefore, this enables improved diffusion of medium into the eSMT, and the whole

tissue has the uniform tensile stress by cell-mediated gel compaction. There were mul-

tiple steps to make the fascicle-like eSMT. Steel pin with nominal diameter 508 [Im

was inserted into the mold that was printed using 3D printer (Dimension 1200es,

Stratasys, Eden Prairie, MN, USA). After poured Polydimethylsiloxane (PDMS) was

solidified in the mold, removing the steel pins made the tubular holes in the PDMS. 6

mm holes were formed using a punch. The size of the holes decides the length of the

muscle tissue and the holes were used as a reservoir for medium. The PDMS chips

were cut into small pieces with 3 holes each and bonded with 0.5 mm thin PDMS

film. Before putting the cells into the fabricated chips, the chips were autoclaved in

order to prevent contamination. One of the key techniques for the fascicle-like device

was the sacrificial molding to make tubular shape of the eSMT. The material for the

sacrificial mold should be kept solid at blow a certain temperature and form desired

shape. However, it should be melted at high temperature to remove the sacrificial

mold. Thus, we used 5% gelatin solution melted at 37 'C to growth medium and solid-

ified at room temperature The gelatin solution also contained thrombin to use fibrin

as the ECM, and 0.05 M NaOH solution for pH adjustment. This gelatin solution was

poured into the PDMS chips with a pin, and the chips were in the refrigerator for 30

minutes to accelerate gelatin solidification. The trypsinized C2C12 mouse myoblasts

were centrifuged, and the cell pellets were mixed with 80% fibrinogen (Sigma-Aldrich,

St. Louis, MO, USA), 20% growth factor reduced Matrigel (Corning, NY, USA), and

cold growth medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA). After removing

the pins from the gelatin-solidified chips, the cell and gel mixture was injected in the

holes of the gelatin sacrificial mold. In the 37 'C incubator, gelatin-thrombin solution

was melted and formed the fibrin matrix. Remaining gelatin was diluted out through

medium change every day. For two days after seeding, the cells were cultured in GM

with 1 mg/mL aminocaproic acid (AA, Sigma-Aldrich, St. Louis, MO, USA). AA was

added to mitigate ECM degradation. After that, we changed the media into muscle

differentiation medium (MDM) with 1 mg/mL AA to induce muscle cell development
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in vitro. MDM was the same as GM except for 4% horse serum instead of the fetal

bovine serum (FBS). The medium was changed every day for totally 10 days.

2.2.3 Measurement of the contractile forces of skeletal muscles

Using the single apparatus, we not only applied the co-stimulation to the eSMT,

but also measured its contractile force. Unlike the isometric force measurements in

previous researches inhibits shortening of muscle tissues, we measured the concen-

tric contractile force with shortening, which is a more natural way to contract. To

allow muscle to shorten during contraction, first we stretched muscle (2.3% strain)

using the tip of the cantilever wire (Enameled Copper 33 AWG, Remington Indus-

tries, Johnsburg, IL, USA). Then, a tension of the stretched eSMT and a restoring

force of elastic wire were balanced (Fig. A-1). When we apply the electric potential

(1.5 V/mm, bipolar pulses of 1 ms each, for 3 seconds) additionally, the wire tip is

displaced because of the additional contractile force towards muscle's original position

during the shortening (Fig. A-1). We use the same cantilever wire for all the results

here, thus the stiffness of the tip kept the same value. We track the displacement of

the wire tip using the tracker program (comPADRE). In Fig. A-1, yellow dot is the

original force equilibrium position, and the dot is shifted to the red dot by the con-

tractile force. The distance between the two dots is proportional to muscle contractile

force.

2.2.4 Co-stimulation system

A programmable co-stimulation system was constructed by integrating an electric

device required to generate an electric potential and a motor-driven stage (Thorlabs,

Auburn, CA, USA) for stretching 3D eSMTs, both of which were controlled by a

computer (Fig. 2-1c). The electric potential was administered with two platinum

wires placed in the medium beside the muscle tissue using a 3D printed wire holder

(Dimension 1200es, Stratasys, Eden Prairie, MN, USA). An electrical field of 2.5

V/mm was applied with bipolar pulses of 1 ms each for 0.5 seconds per time for
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training. The two electrodes were placed parallel to the longitudinal direction of

the eSMT, and the electric field was generated between the electrodes perpendicular

to their direction. Mechanical stretching was produced through the cantilever wire

(Enameled Copper 33 AWG, Remington Industries, Johnsburg, IL, USA) by pulling

the muscle sideways (Fig. A-1).

2.2.5 Immunostaining

Type IV collagen was immunostained with primary antibodies against collagen IV

(Sigma-Aldrich, St. Louis, MO, USA) and a-actinin (Thermo Fisher Scientific,

Waltham, MA, USA) after fixing the trained eSMTs with 4% paraformaldehyde

(Santa Cruz Biotechnology, Dallas, TX, USA), and permeabilizing them with 0.2%

Triton-X (Thermo Fisher Scientific, Waltham, MA, USA). Trained eSMTs were incu-

bated with 1% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA) to block

the nonspecific binding of antibodies. Hoechst (Thermo Fisher Scientific, Waltham,

MA, USA) and rhodamine phalloidin (Thermo Fisher Scientific, Waltham, MA, USA)

were applied together for 30 minutes to visualize nucleus and actin, respectively.

2.2.6 Measurement of the orientation distribution of ECM

fibers and sarcomere length

We used the ImageJ plugin OrientationJ [591 and DDecon (The Scripps Research

Institute, La Jolla, CA) to measure the orientation distributions of the collagen IV

fibers and sarcomere length in the immunostaining images, respectively.

2.2.7 Statistical analyses

Statistical analyses were conducted using Student's t-test. Data were considered

statistically significant if the P-value was 0.05 (*), 0.01 (**), or 0.001 (***).
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2.3 Results

2.3.1 Increased contractile forces generated through short-term

training with diverse types of stimulation

We developed a testbed that applies combined electrical and mechanical stimulation,

which is defined as co-stimulation. Fascicle-like eSMTs with pronounced a-actinin

striation were formed using a 3D sacrificial molding technique and suspended between

two holes (Fig. 2-la-b). We modified an existing system [1] into a new testbed that

allowed us to apply mechanical stretching and electric potential, as well as to facilitate

contractile force measurements (Fig. 2-1c and A-1). We used a cantilever wire with a

known stiffness to measure contractile force and to stretch the eSMT by pulling it in

the direction perpendicular to the longitudinal direction of the eSMT. The cantilever

was moved by an actuator that was programmed to stretch tissue to the desired

strain. We also simultaneously administered an electric potential using the platinum

electrodes to achieve combined electrical and mechanical stimulation.

Both electric potential and mechanical stretching were repeatedly applied to the

eSMTs (Fig. 2-2a). The two periodic stimulations were alternated with phase differ-

ences of 0', 900 1800 , and 2700. Although an electromechanical coupling of contrac-

tion exists [60, 61], the delay time of the coupling is only 30 to 100 ms [601, which is

almost negligible compared to one period of the stimulation used in this study (4.3 s).

The contractile force of the trained eSMTs was normalized by the original contractile

force before the training to evaluate the performance improvement. Interestingly,

a 1800 of phase shift produced the greatest performance improvement and achieved

nearly 20% better performance than the 270' phase shift (Fig. 2-2b), although all

other conditions were identical. Furthermore, we applied the co-stimulation at di-

verse frequencies in similar range reported in previous studies, spanning 0.1-0.5 Hz

[62, 63, 641. When we applied the co-stimulations at three frequencies of 0.1, 0.23, and

0.45 Hz, the contractile force was more improved to a greater extent when stimulated

at 0.23 Hz (Fig. 2-2c). In addition, the out-of-phase (1800 phase shift) co-stimulation
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Figure 2-2: Coordination of the combined electric and mechanical stimulation and
synergistic performance enhancement following 3 minutes of stimulation. a. Four pat-
terns of coordination: electrical (Elec) and mechanical (Mech) stimulations alone, and
in-phase (In, 00 phase shift) and out-of-phase (Out, 1800 phase shift) co-stimulations.
b. Improvement in the contractile force induced by the combined stimulation with
different phase shifts. SEM, n = 10, 5, 10, and 5. c. Improvement in the contractile
force induced by stimulations with different frequencies. SEM, n = 3, 10, and 3. d.
Comparison of the performance improvements in the contractile force induced by the
four patterns of stimulation in (a): the two single types of stimulation (Elec and
Mech) and two co-stimulations (In and Out). SEM, n = 9, 11, 10, and 10. Out-of-
phase co-stimulation increased the contractile force by 18% in 3 minutes. *P < 0.05,
**P < 0.01, and ***P < 0.001.

improved the performance more than the in-phase (00 phase shift) co-stimulation, re-

gardless of frequencies (Fig. 2-2c). Therefore, we chose the out-of-phase co-stimulation

at 0.23 Hz as the condition to effectively enhance the contractile force.

Co-stimulation was also compared to individual electrical (Elec) and mechanical

(Mech) stimulations (Fig. 2-2d). The average contractile force of the eSMTs before

the stimulation was 4.0 t 1.7 pN. The performance improvements of single stimula-

tion types were significantly inferior to the out-of-phase co-stimulation (Out), which

produced an 18% of improvement after only 3 minutes of training (Fig. 2-2d). A

synergistic improvement was observed in the out-of-phase co-stimulation, compared

to the single type of stimulation. The in-phase co-stimulation (In), on the other
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hand, yielded only an 8.9% improvement, a value that was less than the out-of-phase

condition and similar to the mechanical stimulation alone.

2.3.2 Mechanistic model of a myotube in the eSMT coupled

with the surrounding ECM

In an attempt to elucidate the cause of the significant increase in contractile force

induced by short-term training, a simple mechanistic model for the myotube in the

eSMT was constructed. In the experiments described above, a significant increase

in force was obtained in only 3 minutes of the training. This implies that mechani-

cal factors may be responsible for the improvements rather than biochemical factors,

which would need more time to cause such significant changes. Myotubes are exten-

sively coupled with the surrounding ECM and, thereby, the net contractile force of the

eSMT is highly dependent on the ECM properties. Mechanical factors of the muscle

tissues are attributed to active and passive elements (Fig. 2-3a). Sarcomeres inside

the myotube, which generate contractile force, represent the active element (AE).

The passive elements (PE) comprise all the components that do not produce a force

in the tissue, including the ECM and non-contractile parts of muscle cells. However,

a noticeable difference between the actin networks in the eSMTs was not observed

following the administration of the difference stimulations for 3 minutes (Fig. A-2),

as all of the actin fibers were well-aligned in the longitudinal direction.

As we mentioned above, the ECM of the eSMTs shows distinct features from

the ECM of natural skeletal muscles: a) much thicker ECM layers in parallel to

the myotubes, and b) a much longer serial ECM that connects the two ends of the

intrafascicularly terminating myotubes (Fig. 2-ld-e). These coupled myotubes and

ECM properties were represented with a mechanistic model consisting of the parallel

and serial passive elements (Parallel PE and Serial PE, respectively) in conjunction

with the AE (Fig. 2-3a). According to this model, as the stiffness of the Parallel

PE increases, the displacement induced by the contractile force at the AE decreases.

This explains possible impediments of muscle contraction due to the thick ECM,
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allel PE), and serial passive element (Serial PE). b. Images of collagen IV (red) and
actin staining in the myotubes (green) of the eSMTs to measure the fiber orienta-
tion distribution of the ECM network (left). Images of well-aligned collagen fibers
(middle) and less-aligned fibers (right). Scale bars represent 5 Am. c. Schematics
showing the regions of the parallel and serial ECMs relative to the myotubes, and
ECM fiber orientation 0 measured from the longitudinal direction of myotube. d, e.
Orientation distribution of collagen IV in the parallel (d) and serial (e) ECM regions.
Most ECM fibers were aligned parallel to the longitudinal direction of the myotubes
(00) by pretension. SEM, n = 8,12, 11, and 10 (parallel), n = 3, 7,3, and 7 (serial). f.
Comparison of fiber orientation factors (r,,) to predict the elastic modulus of the ECM
network (EL). The out-of-phase co-stimulation induced the highest elastic modulus
(largest 77,) for the Serial PE and a low elastic modulus for the Parallel PE. SEM, n
is the same as d and e. *P < 0.05, **P < 0.01, and ns, not significant. g. Schematic
depicting the mechanism underlying the changes in performance induced by ECM
remodeling following the application of the out-of-phase co-stimulation. The out-of-
phase co-stimulation decreases the stiffness of the parallel ECM for less impedance
on muscle contraction and increases the stiffness of the serial ECM to increase force
transmission to the load.
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particularly when the ECM is stiffer than myotubes 1651. The mechanistic model also

explains that the force generated from the active element cannot be transmitted to

the load when the Serial PE is too soft. Therefore, the contractile force generated

from the myotubes of the eSMTs is not transmitted well to the end of the tissue if

they are connected by a soft serial ECM. In summary, the parallel ECM should be

soft, but the serial ECM should be stiff enough to transmit a higher contractile force.

2.3.3 ECM fiber orientation

Based on the mechanistic model that shows the mechanical effects of the Parallel and

Serial PEs on the force generation, we hypothesized that effective structural remod-

eling of the parallel and serial ECMs is induced by the out-of-phase co-stimulation

compared to other training methods (Fig. 2-2d). We assumed that 3 minutes of the

training did not change the composition and amount of the ECM because the time

was too short to produce significant quantities of new ECM proteins. We measured

the distribution of the ECM fiber orientations of the trained eSMTs to examine the

changes in the mechanical property of the ECM network. The endomysium of the

natural muscles contains collagen 1, 111, IV, and VI 166, 671. Collagen IV, which is

one of the main components of the muscle ECM, particularly in the ECM surround-

ing newly formed myotubes during skeletal muscle regeneration [681, contributes to

muscle contraction by attaching to a sarcolemma and connecting the other types of

collagen to myotubes [67, 69]. In this sense, collagen IV and muscle contraction are

significantly influenced by each other through the cell-ECM interaction. In the case of

the eSMTs, myoblasts were seeded with a fibrin and the Matrigel matrix to form the

tissue. Staining of collagen IV, which is one of the main components of the Matrigel,

showed that myotubes were largely surrounded by collagen IV (Fig. 2-1). When we

imaged fibrin, the training did not produce any noticeable change in fibrin, which

consists of a highly aggregated network (Fig. A-3). Therefore, we observed collagen

IV near the myotubes to study the effects of the structural remodeling of the ECM

induced by the stimulation on the contractile performance.

After we trained the eSMTs with the four different methods shown in Fig. 2-2d,
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the collagen IV network of the eSMTs was imaged (Fig. 2-3b) to measure the fiber

orientation distributions at the parallel and serial ECM regions (Fig. 2-3c). The

orientations of the fibers were mostly aligned in the longitudinal direction of the

myotubes (0') due to the pretension generated during the formation of the fascicle-

like eSMTs (Fig. 2-3d-e). From the orientation distributions, we compared the elastic

modulus of the ECM network (EL) in the longitudinal direction to the myotubes using

the rule of mixtures: EL 17Ef Vf + EmV, where q, is fiber orientation factor, Ef

is the elastic modulus of the single ECM fiber, Em is the elastic modulus of medium,

Vf is the volume fraction of the ECM fiber, and Vm is the volume fraction of medium

[701. We set 0 to the angle of the ECM fiber with respect to the longitudinal direction

of the myotubes (Fig. 2-3c) and f(0) to the proportion of fiber content in the angle

0. The fiber orientation factor was calculated as rl = f f(0) cos' OdO. The value of

this equation becomes 1 when all the fibers in the network are aligned in the loading

direction (00) and 0.375 for randomly oriented fibers. We assumed that 3 minutes of

the training did not influence Ef or Vf, and thus the dominant change caused by the

training was the fiber orientation. Since Em for the liquid medium in the network is

almost zero, the EmVm term is negligible. Therefore, we compared EL of the parallel

and serial ECM regions in the trained eSMTs by calculating the fiber orientation

factor qO (Fig. 2-3f).

2.3.4 Changes in ECM fiber orientation of the eSMTs upon

stimulation

Differences in the distributions of fiber orientations shown in Fig. 2-3d-e indicate

that each type of stimulation exerted a different effect on the structural remodeling

of the ECM. As summarized in Fig. 2-3f, the out-of-phase co-stimulation generated

the highest fiber orientation factor for the collagen IV network of the serial ECM

and the low orientation factor for the parallel ECM. Therefore, the out-of-phase co-

stimulation induced the greatest stiffness in the serial ECM and a low stiffness for the

parallel ECM, both of which are desired for effectively generating and transmitting
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a contractile force (Fig. 2-3g). According to Fig. 2-3e, the electrical stimulation

alone did not adequately align the fibers of the serial ECM. On the other hand,

the mechanical stimulation alone resulted in more aligned fibers of the serial ECM,

but the alignment was less than that induced by the co-stimulations. In addition,

the mechanical stimulation increased the alignment in the parallel ECM (Fig. 2-

3d), which is not desirable. The in-phase co-stimulation also aligned more fibers

of the parallel ECM than other stimulations. Therefore, as shown in Fig. 2-3, the

out-of-phase co-stimulation most effectively increased performance by promoting the

desired structural remodeling of the ECM, particularly by differently altering the

ECM depending on its location relative to the myotube. Furthermore, these ECM

remodeling improved both the contractile force and stability of the contractile force

by switching from the unfused tetanus to fused tetanus (Fig. A-4).

2.3.5 Effect of the short-term stimulation on the active ele-

ment

In addition to the changes in the passive elements, the active element might also

contribute to the improvements in the force generated by the eSMTs (Fig. 2-3a). A

sarcomere has an optimal range of lengths to produce a high active tension with

optimal actin-myosin overlap, that is, 2 to 2.4 pm [711. Therefore, we measured the

sarcomere length in the trained tissues (Fig. 2-4a) to investigate the changes in the

active element. Since the sarcomere length is the distance between adjacent Z-lines,

we stained a-actinin of the trained eSMTs, a key component of the Z-line (Fig. 2-

4a). The average sarcomere lengths after applying the mechanical stimulation and

out-of-phase co-stimulation were 2.3 ym, and the lengths after applying the electrical

stimulation and in-phase co-stimulation were 2.1 and 2.0 pm, respectively (Fig. 2-4b-

c). Because all the lengths were ranged from 2 to 2.4 pm, the differences in the force

generation due to the active element following the four different types of stimulations

(Fig. 2-2d) were negligible. Consequently, the performance enhancement induced

by the short-term stimulation resulted mostly from changes in the passive elements,
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specifically through the ECM remodeling.

The four types of stimulations were administered for 20 minutes to examine the

effects of longer stimulations. We obtained a 31% performance improvement in the

contractile force for the out-of-phase co-stimulation (Fig. 2-4d), a value that was 1.7

times higher than the improvement induced by the 3-minute stimulation. Apply-

ing the co-stimulation for 20 minutes may induce more remarkable ECM remodeling

than the 3-minute stimulation. This structural change in the ECM, which alters its

mechanical properties, may affect muscle differentiation induced by mechanotrans-

duction on much longer time scale than 20 minutes, as substrate stiffness has been

shown to play an important role in muscle differentiation [721.

2.4 Discussions and future directions

Fascicle-like eSMTs improved the generation of contractile forces by 18% in 3 minutes

and 31% in 20 minutes following alternating the two types of stimulation, electric

potential and mechanical stretching. In contrast, the single type of stimulations

produced significantly lower improvements: only 2% for the electric potential alone

and 8.8% for mechanical stretching alone after 3 minutes of the stimulation. The

sum of these two numbers is only 10.8%, which is approximately half of the increase

in performance induced by the out-of-phase co-stimulation. Thus, alternating the

two types of stimulation produces a synergistic effect. In addition, applying the in-

phase and out-of-phase co-stimulations resulted in differences in ECM remodeling

at the eSMTs, although they were subjected to identical electrical and mechanical

stimulations.

Mechanical stretching applies a tensile stress to the eSMT, while electric poten-

tial causes contraction, which induces shear and compressive stresses. In the co-

stimulation, where the two single stimulations are combined, temporal coordination

of the various stresses is important to induce the appropriate ECM remodeling. In

particular, in the parallel ECM, which should be less aligned in the myotube di-

rection not to hinder the muscle contraction, the in-phase co-stimulation develops
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both the shear stress and tensile stress simultaneously, which can create the highest

shear stress, resulting in the highest parallel ECM alignment (the highest percentage

of fiber distribution between 0 and 15 degrees). On the other hand, in the out-

of-phase condition, this alignment is avoided by alternately administrating the two

single stimulations. This difference leads to more ECM alignment of the parallel

ECM in the myotube direction by the in-phase co-stimulation than the out-of-phase

co-stimulation (Fig. 2-3d). In addition, the two co-stimulations further align the serial

ECM to a greater extent (Fig. 2-3e) than the single stimulations (electric potential

and mechanical stretching). This finding might be explained by the bi-polar, push-

pull effects of alternating these two single stimulations on the ECM network, which

can yield a grater ECM alignment than mono-polar effects induced by the single

stimulations. Moreover, the ECM is a viscoelastic material with the characteristics of

strain stiffening and stress relaxation. These properties will behave differently during

the application of the two co-stimulations, which have different temporal coordination

of the various stresses and result in the different ECM remodeling.

Although the out-of-phase co-stimulation produces more desirable ECM remodel-

ing than the other stimulations, the difference between eSMTs and the natural skeletal

muscles is still significant. The endomysium of natural muscles comprises a quasi-

random network of wavy ECM fibers [391. The ECM of the eSMTs was mostly aligned

in the longitudinal direction to myotubes (Fig. 2-3d-e), because of a pretension be-

tween the fixed ends of the eSMTs generated by cell-mediated gel compaction. This

ECM orientation was similar to the one of highly extended natural muscles 1491. In

addition, the serially connected ECM at the intrafascicularly terminating myotubes

should be stiff in the eSMTs for force transmission, but this is not required for the

case of the natural muscles with myotubes of a sufficient length, which allows having

myotube overlapping. In some regions, the serial ECM was also the parallel ECM

for other myotubes. In this case, the ECM might be neither too stiff nor too soft to

generate the force from the tissues. Moreover, the incorporation of fibroblasts, the

major source of the endomysium, and the endomysium-embedded blood vessels into

the eSMT will help to more closely mimic the mechanical and chemical environment
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of the endomysium in native muscles. We also used the myoblast cell line (C2C12) to

prepare the eSMTs that have been used in this chapter. If primary myoblasts were

used, the eSMTs would have greater heterogeneity owing to donors variability, a lower

myotube fusion rate because of a hindrance by non-myoblasts cells in cell population,

and the ECM with distinct thickness and composition due to the influence of the non-

myoblast cells. On the other hand, performing experiments with primary cells would

allow us to study donor characteristics and mimic the tissue complexity caused by

various types of cells. Therefore, future studies using primary cells would contribute

to creating a personalized drug testing platform and understanding the diversity of

native muscles.

An improvement in performance was obtained in only 3 minutes, but further

investigations are needed to identify other possible mechanisms in addition to ECM

remodeling. During such a limited time of 3 minutes, many mechanical and biological

factors could be altered by the external stimulations, such as the production of reactive

oxygen species (ROS) [731, opening of the stretch-activated channels (SACs), and cell

fluidization [741. However, changes in the ROS levels and opening of the SAC do

not substantially affect the muscle contractile force in such a short time [75, 761.

Cell fluidization is characterized by an immediate reduction in F-actin levels right

after stretching of the cells, but the F-actin levels are recovered completely within

5 minutes [741. On the other hand, our results show that the improvement in the

contractile performance of the trained eSMTs maintained for 3 hours (-0.269 4.25%

change, n = 4). Applying a mechanical or electrical stimulation can also activate some

translation/transcription-related mechanisms, such as PI3K/Akt/TOR signaling [77]

and nitric oxide-activated proliferation [781. However, transcription and translation

speeds [791 are too slow to facilitate performance improvement in the stimulation

time of 3 minutes. Therefore, we conjecture that the increase in contractile force of

the eSMTs observed in a short time is likely due to the ECM remodeling rather than

these biological changes. Even so, further investigation is required of other possible

mechanisms that are potentially activated by the short-term stimulations.

In this thesis, we proposed a new method for increasing the contractile force of
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the eSMTs through short-term stimulation. Alternating mechanical and electrical

stimulations resulted in approximately a 18% higher contractile force in 3 minutes

when the two stimulations are alternated with a 1800 phase shift at a frequency of

0.23 Hz. In an attempt to explain the mechanism underlying the synergistic improve-

ments induced by the co-stimulation, we generated a mechanistic model based on the

morphology of the myotubes and the surrounding ECM in the eSMTs. We examined

changes in both passive and active elements involved in the mechanistic model by

measuring the orientation distribution of ECM fibers and the length of sarcomeres

after applying the stimulation. This model and the experimental results showed how

the out-of-phase co-stimulation mechanically enhanced the contractile force by induc-

ing desirable ECM remodeling and cell-ECM interactions for force generation. We

obtained two insights from these results: 1) coordinating and harmonizing the two

stimulations that produce bi-polar effects is important to produce a higher contrac-

tile force of engineered muscles; and 2) the contractile force of engineered muscles

is significantly improved not only by biological changes, such as differentiation and

proliferation but also by mechanical changes. This work will contribute to overcoming

the performance limitation of the engineered muscles and meeting the requirements

for eSMTs to serve as a drug testing platform and actuators of micro bio-bots.
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Chapter 3

Coaxial engineered human skeletal

muscle tissue with tubular

vasculature recapitulating the

extracellular fluid compartments

3.1 Introduction

Various types of small engineered human skeletal muscle tissues (ehSMTs) and skeletal-

muscle-on-a-chip have been developed to examine the dose-dependent recocse to my-

otoxic drugs 121, to study the physiology of human skeletal muscles [801, and for use

as regeneration models 1301. Furthermore, it has been attempted to implant large

ehSMTs for the treatment of volumetric muscle loss (VML) [811. Implantation of

ehSMTs composed of cultured muscle cells alleviates issues associated with donor site

morbidity and the shortage of donor tissues [821. However, the creation of the scalable

ehSMTs, especially those over 200 pm in general and up to 1.5 mm in the case of in

vitro skeletal muscle tissues 1831, has been hampered by the problem of oxygen and

nutrient diffusion, which induces hypoxia-induced necrosis and apoptosis [84, 851.

Vascularization is a critical requirement for many of these applications. In par-
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ticular, prevascularization, defined as the creation of vasculature in tissue before im-

plantation [86I, is known to increase the viability of the implanted cells and promote

recovery of the implanted site by facilitating connection to the host vasculature [871.

Furthermore, the prevascularization of ehSMTs can create the heterotypic cell-cell

interactions between skeletal muscles and blood vessels in vitro, which affect their

functionalities. Coculturing muscle cells with endothelial cells enhances myogenesis

and muscle contractile performance through Angiopoietin-l/Neuregulin-1 signaling

[881. Conversely, angiopoietin-1 secreted by skeletal muscle myoblasts increases the

angiogenic properties of endothelial cells [88, 891. In summary, the formation of pre-

vascularized skeletal muscle tissues is required to 1) scale up the ehSMTs beyond a

diffusion limit, 2) increase the survival rate of implanted tissues, 3) better understand

the physiological heterotypic cell-cell interactions, and 4) improve the functionalities

of both muscle and endothelial cells in the ehSMTs.

Although culturing endothelial and muscle cells together is mutually beneficial,

these cell types require different biochemical environments. It has been a challenge

in in vitro cocultures to accommodate conflicting media requirements and provide

both types of cells with desired microenvironments. To promote the differentiation of

skeletal muscle cells in vitro, myoblasts need a muscle differentiation medium (MDM)

containing low levels (2%) of horse serum (HS) and high levels (4500 mg/L) of glucose

[901. The low HS condition inhibits the proliferation of myoblasts and initiates the

muscle differentiation with cell fusion. On the other hand, the endothelial cell growth

medium (EGM) usually contains more nutrients than the MDM, supplemented with

fetal bovine serum (FBS), vascular endothelial growth factor (VEGF), or bovine brain

extract (BBE) to support endothelial cell growth. Additionally, since the composi-

tions of sera, such as growth factors and immunoglobulins, notably vary with species

and age [911, the use of the HS or FBS can affect the morphology and behaviors of

the cells [921. As a result, culturing myoblasts in the EGM (endothelial cell growth

medium, EGM-plus, Lonza) yields much inferior contractile performance, and incuba-

tion of endothelial cells in MDM incurs apoptotic morphology (Fig. B-i a,b). Desired

nutrient conditions for the differentiation of skeletal muscle and growth of endothelial
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cells are therefore conflicting. The current practice, however, mixes endothelial cells

and muscle cells homogeneously and incubates them in a coculture medium (COM),

usually a half-and-half mixture of the two media or containing many nutrients, which

hinders the muscle differentiation [22, 93, 941. Since merely using the mixed media

cannot meet the requirement for both cell types at the same time, we hypothesize that

coculturing the two cell types with two separate media enhances muscle differentiation

and blood vessel formation compared to coculturing with the mixed media.

In the body, different extracellular fluids are compartmentalized between blood

plasma in the capillaries and interstitial fluids in skeletal muscle tissues 1951 (Fig. 3-

la). Here, we aim to model these fluid compartments for ehSMTs to solve the incom-

patible medium problem and investigate the effects of coculturing endothelial cells

and skeletal myoblasts. To closely mimic the fluid compartments in vivo, three func-

tional requirements must be considered. One is that the two media must be separated

through a perfusable vascular channel. Second, the same type of cells must be lumped

together, rather than mixing one type with the other, so that each cell cluster can

be exposed to a separate chemical environment. For myoblasts, lumping the cells of

the same type also promotes cell fusion to create myotubes since the fusion needs

direct contact between adjacent myoblasts. Third, the two types of cells must be

placed proximately enough to interact through paracrine signaling. A new approach

to forming vascularized ehSMTs is required to meet these requirements.

Previous studies on the vascularization of ehSMTs have used a single mixed cocul-

ture medium. Vascular networks have been formed in the engineered skeletal muscles

[94, 961, but they are not the type of perfusable vasculature. Successful constructs

of perfusable vascular channels in ECM gels containing skeletal myoblasts or muscle

tissues have been reported 188, 971. However, the muscle cell density of the entire

tissue is much lower than the physiological level [981 with the use of a large portion of

the ECM gel. The non-functional thick ECM gel also hinders the contraction of the

myotubes. Another study used the three-dimensional (3D) bioprinting technology

for constructing large ehSMTs with multiple perfusable microchannels in the muscle

tissues [99], but the tissues had only muscle cells and were not prevascularized. Re-
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Figure 3-1: Engineered human vascularized skeletal muscle tissue with fluid compart-
ments inspired by the in vivo muscle tissue structure. a. Extracellular fluid com-
partments between the blood plasma and interstitial fluid in natural skeletal muscle
tissues. b. Design of the vascularized engineered skeletal muscle tissue to recapitu-
late the fluid compartments. EGM: endothelial cell growth medium, MDM: muscle
differentiation medium.
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cent organ-on-a-chip platforms have succeeded in modeling the fluid compartments

for other organs[100, 1011. They used a synthetic membrane for separating host cells

from endothelial cells, which hindered direct cell-cell interactions. In addition, us-

ing the polydimethylsiloxane (PDMS) membrane not only reduces muscle contractile

performance due to an increased non-functional portion but also makes it unsuitable

for implantable tissues.

To overcome the limitations of the previous works, we developed a new method for

coculturing human skeletal muscle cells and endothelial cells with two separate media

by creating a tubular, perfusable vasculature inside a 3D skeletal muscle tissue. Using

a sacrificial molding technique, a coaxial tubular structure was constructed, in which

the inner tube is covered by a confluent monolayer of endothelial cells and the outer

layer consists of aligned skeletal myotubes of a physiological cell density. Endothelial

cells are exposed to their matched medium EGM running through the inner tube,

and the skeletal muscle cells are surrounded by differentiation medium MDM. Muscle

cells and endothelial cells make contact at the tubular boundary, through which

heterotypic cell-cell interactions are observed. These media separation and cell-cell

interactions are achieved without using a synthetic membrane. Furthermore, skeletal

muscle cells are also exposed to axial tension due to cell-mediated gel compaction,

which promotes cell alignment and differentiation, while endothelial cells receive a

shear force due to fluid flow through the inner tube.

By using this newly developed coculture model of vascularized ehSMTs, we inves-

tigated the integrative effects of incorporating 1) the fluid compartment for each cell

type, 2) the perfusable vascular channel through the ehSMTs, and 3) the temporal

coordination of coculturing timing upon the improvement of functionalities of the

ehSMTs. By administrating perfusion through the compartmentalized vasculature

channel, we increased the size of the ehSMTs beyond the diffusion limit. Moreover,

we tested the responses of vascularized ehSMTs to myotoxic drugs. To our knowledge,

this is the first work constructing multi-scaled vascularized ehSMTs under natural-

like compartmentalized environments and investigating the effects of temporal and

spatial environmental cues on the functionalities of vascularized ehSMTs in vitro.
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Additionally, we increased the capillary density of the ehSMTs by promoting an-

giogenesis, a natural process to form new vasculatures from existing ones, to mimic

the morphology and environments of capillaries in natural muscles. Capillaries are

mostly aligned in the longitudinal direction of myofibers with some short intercon-

necting capillaries within endomysium, and their density determines the metabolic

capacity by providing molecule exchange [113]. Although natural skeletal muscles

have approximately six hundred capillaries per square millimeter 11101, the vascu-

larized ehSMT is designed to have a single perfusable vascular channel when it is

constructed. To obtain further vascularization of the ehSMTs through angiogenesis,

a pro-angiogenic factor, vascular endothelial growth factor (VEGF), is added to the

perfusable vascular channel.

3.2 Materials and methods

3.2.1 Cell culture

In chapter 2, we fabricated the engineered skeletal muscle tissues composed of mouse

myoblast cell line (C2C12). In this chapter, we used human primary skeletal muscle

myoblasts (HSMMs) to construct ehSMTs, which can be utilized as a drug testing

platform with human response and an implantable tissue. HSMMs (Lonza, Walk-

ersville, MD) were grown in StemLife Sk medium (Lifeline Cell Technology, Ocean-

side, CA) supplemented with 1% (v/v) penicillin-streptomycin (PS, Sigma-Aldrich,

Saint Louis, MO) and 0.2% (v/v) Normocin (InvivoGen, San Diego, CA). Human um-

bilical vein endothelial cells (HUVECs, Lonza, Walkersville, MD) or RFP-expressing

HUVECs (RFP-HUVECs, Angio-Proteomie, Boston, MA) were cultured using en-

dothelial cell growth media (EGM)-Plus (Lonza, Walkersville, MD) supplemented

with 1% (v/v) PS and 0.2% (v/v) Normocin.
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3.2.2 Fabrication of the vascularized ehSMTs

We modified a previously published protocol for constructing a solid cylindrical shape

of engineered mouse skeletal muscles [271 into the fabrication of a coaxial vascular-

ized ehSMT in a tubular shape. In short, we created a cavity by putting the 5%

(w/w) gelatin (Sigma-Aldrich, Saint Louis, MO) and 10 U/mL thrombin solution

(Sigma-Aldrich, Saint Louis, MO) with a stainless pin (McMaster-Carr, Robbinsville,

NJ) and removing the pin when the solution is solidified. A mixture of HSMMs (15

million cells/mL) and the ECM solution, comprising 4.5 mg/mL of fibrinogen (Sigma-

Aldrich, Saint Louis, MO) and 10% (v/v) growth factor-reduced Matrigel (Corning,

Corning, NY), was injected into the cylindrical cavity in the gelatin sacrificial mold

with insertion of a stainless pin (McMaster-Carr, Robbinsville, NJ) at the center.

The diameter of this pin was smaller than the diameter of the first pin to form tubu-

lar ehSMTs. The sacrificial gelatin mold dissolved at 370 C, and released thrombin

(10 U/mL, Sigma-Aldrich, Saint Louis, MO) in the gelatin solution gelated the fib-

rinogen in the cell mixture. The ehSMTs were incubated in growth medium composed

of StemLife Sk Medium and 1 mg/mL aminocaproic acid (AA, Sigma-Aldrich, Saint

Louis, MO).

Two days after ehSMT formation (Day 2), the stainless pin in the tissue was re-

moved, which created the inner channel. Then, 4 million cells/mL of HUVECs or

RFP-HUVECs were seeded into the inner channel of the tubular ehSMTs to vascu-

larize the channel. After seeding the endothelial cells, the ehSMTs were incubated for

one day with the coculture medium, comprises a half-and-half mixture of Dulbecco's

Modified Eagle's medium (DMEM, 4500 mg/L glucose, Sigma-Aldrich, Saint Louis,

MO) and endothelial basal medium (EBM)-Plus (Lonza, Walkersville, MD), sup-

plemented with EGM-plus SingleQuots (Lonza, Walkersville, MD), 1% (v/v) horse

serum (Sigma-Aldrich, Saint Louis, MO), 1 mg/mL AA, 1% (v/v) PS, 0.2% (v/v)

Normocin, 50 ng/mL insulin-like growth factor-1 (IGF-1, Sigma-Aldrich, Saint Louis,

MO), and 1x insulin-transferrin-selenium (Life Technologies Corp, Carlsbad, CA).

From Day 3 to Day 8, we provided TwoM, which comprises the EGM-plus with 1%
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(v/v) PS, 0.2% (v/v) Normocin, and 1 mg/mL AA in the inner channel with flow

and the MDM surrounding the outer muscle layer of the ehSMTs. The MDM is

composed of 2% (v/v) horse serum, 1% (v/v) PS, 0.2% (v/v) Normocin, 1 mg/mL

AA, 50 ng/mL IGF-1, and 1x insulin-transferrin-selenium in DMEM. The ehSMTs

of the single coculture medium condition continued to be incubated in the coculture

medium until Day 8.

3.2.3 Measurement of the contractile force

We measured the contractile force of the ehSMTs using a system that was previously

developed in our group 11, 271. In brief, we stretched the cylindrical ehSMTs (2.3%

strain) using the tip of the cantilever (Remington Industries, Johnsburg, IL). When

the tension of the stretched ehSMTs and the elastic restoring force of the cantilever

were balanced, we applied the electric field (2.5 V/mm, pulses of 1 ms each, for 3

seconds) to induce muscle contraction. The tip of the cantilever was moved to a

new position of force balance by the additional contractile force during the concentric

contraction. The distance between the original and new force balance positions was

measured to calculate the deformation of the elastic cantilever by the contractile force.

We knew the stiffness of the cantilever; thus, the deformation was calculated into the

force by Hooke's law. More detailed calculations of the force are introduced in the

previously published paper [1.

3.2.4 Flow in the perfusable vascular channel

Both ends of the ehSMT were anchored to a previously reported PDMS device 1271

that contained the ehSMTs and reservoirs for culture medium. Through two blunt-

tip needles (McMaster-Carr, Robbinsville, NJ), the inner channel of the ehSMTs in

the PDMS device was connected to the microfluidic system, which consisted of a

peristaltic pump (Cole-Parmer, Vernon Hills, IL) and peroxide-cured silicone tubing

(Cole-Parmer, Vernon Hills, IL) containing the culture medium. Using the peristaltic

pump caused a circumferential strain to the ehSMTs at 0.05 Hz by the squeezing of
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the tubing that the pump created. The average circumferential strain was 2.5% on

Day 4 of the ehSMT formation, but because the diameter of the inner channel became

smaller due to cell-mediated gel compaction, the strain was increased to 5.0% on

Day 8. We also calculated the shear stress applied to the endothelial cells in the inner

channel by measuring the flow rate. When we assumed that the diameter of the inner

channel was constant on the same day and laminar flow, the shear stress on the wall

of the inner channel was 0.6 dyne/cm 2 on Day 4 and increased to 7 dyne/cm 2 on Day

8 as the flow rate remained the same and the inner channel decreased.

Fluid compartments and diffusion of the medium from the inner channel to the

muscle layer of the ehSMTs were shown by flowing fluorescein isothiocyanate (FITC)-

dextran solution (70 kDa, 10 pM, Sigma-Aldrich, Saint Louis, MO) in the inner

channel of the vascularized skeletal muscle tissue for one hour. FITC-dextran was im-

aged by an Olympus IX-81 inverted fluorescence microscope (Olympus Corp., Tokyo,

Japan), and the intensity was quantified by ImageJ software (NIH, Bethesda, MD).

The measured intensity was normalized by the dextran intensity in the inner channel.

3.2.5 Histological analyses and immunohisto chemistry

The ehSMTs were fixed with 4% paraformaldehyde (Santa Cruz Biotechnology, Dal-

las, TX) for 24 hours and stored in 70% ethanol. After the tissues were embedded

in paraffin using standard processing techniques (Sakura VIP 5 tissue processor, Tor-

rance, CA), they were sectioned at 4 Um and analyzed by staining techniques. Hema-

toxylin and eosin (H and E) staining was used to measure the fusion rate of myoblasts

over time. Moreover, immunohistochemical (IHC) staining using the antibodies of

laminin (Sigma-Aldrich, Saint Louis, MO) and CD31 (Abcam Inc, Cambridge, MA)

allowed us to measure the myotube thickness and observe the contact between the en-

dothelial cells and skeletal muscle cells. The slides were heat induced epitope retrieved

(HIER) using citrate buffer (pH 6, Thermo Fisher TA250 PM1X, Thermo Fisher Sci-

entific, Waltham, MA) for 20 minutes at 97'C and cooled for 20 minutes. The sections

were quenched with H202 (Thermo Fisher Scientific, Waltham, MA), blocked with

Rodent Block M (RBM 961 Biocare Medical, Concord, CA) for 30 minutes and in-
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cubated with the primary first antibodies for 60 minutes. After being washed with

Tris buffered saline and Tween (TBST, Thermo Fisher Scientific, Waltham, MA), the

sections were incubated with mouse-AP/rabbit-HRP-labeled polymers for 30 minutes

(Biocare Medical, Concord, CA). Labeling was achieved with 3,3'-diaminobenzidine

(DAB, Fisher Scientific, Waltham, MA) or Vulcan Fast Red AP chromogen (Bio-

care Medical, Concord CA). The stained sections were imaged by bright field light

microscopy (Aperio slide scanner, Leica, Buffalo Grove, IL).

3.2.6 Immunostaining and cell viability

The vascularized ehSMTs were fixed with 4% (w/v) paraformaldehyde (Santa Cruz

Biotechnology, Dallas, TX), washed with Dulbecco's phosphate buffered saline (DPBS),

and permeabilized with 0.1% Triton X-100 (Thermo Fisher Scientific, Waltham, MA).

After blocking with 5% (v/v) goat serum (Sigma-Aldrich, Saint Louis, MO)/1% (w/v)

bovine serum albumin (BSA, Sigma-Aldrich, Saint Louis, MO) in DPBS, the tissues

were incubated with the primary antibodies of vascular endothelial (VE)-cadherin

(Abcam Inc., Cambridge, MA) in 1% (w/v) BSA/DPBS, washed with DPBS, and

incubated with the Alexa Fluor 568 secondary antibody (Life Technologies Corp,

Carlsbad, CA) in 1% (w/v) BSA/DPBS. To stain the nuclei, Hoechst solution (Life

Technologies Corp, Carlsbad, CA) was added to the tissue and washed with DPBS.

Images were taken with a FluoView FV1000 series laser scanning confocal microscope

(Olympus Corp., Tokyo, Japan), and the confocal z-stack images were processed using

Fiji/ImageJ (NIH, Bethesda, MD).

We used a cell viability imaging kit (Blue/Green, Life Technologies Corp, Carls-

bad, CA) to image the live and dead cells in the tissues, indicated in blue and green,

respectively. Images were taken by using an Olympus IX-81 inverted fluorescence

microscope (Olympus Corp., Tokyo, Japan), and the images were analyzed by Im-

ageJ software (NIH, Bethesda, MD) to count the number of nuclei. Cell viability

was calculated by dividing the total number of nuclei minus the number of nuclei

of dead cells by the total number of nuclei. The decrease rate in the percentage of

viability and contractile force in testing myotoxic drugs was calculated by dividing
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the mean value of the untreated samples and the average of the samples treated with

atorvastatin by the mean value of the untreated samples and then multiplying by

100. The standard error means (SEM) of this value was calculated by the following

propagation of the error equation with the assumption that it is a random error:

E( /SEMuntreat2 +SEMtreat 2 
2 SEMtreat 2

Meanuntreat -Meantreat Meantreat

3.2.7 PCR

PCR experiments were conducted by Dr. Tatsuya Osaki as a collaboration. To quan-

tify muscle differentiation from the tissue, total RNA was isolated from tissues with

Trizol reagent (Life Science, Waltham, MA). Reverse transcription was performed us-

ing a SuperScript VILO cDNA Synthesis Kit (Invitrogen, Waltham, MA). RT-PCR

was performed with a 7900HT Fast Real-Time PCR System (Applied Biosystems,

Waltham, MA) using SYBR Premix Ex Taq (Takara, Kusatsu, Japan). The primer

sequences are as follows:

MyoDi-forward: 5'-CGGCCTGAGCAAAGTAAATGA-3',

MyoDi-reverse: 5'-GGCAACCGCTGGTTTGG-3',

myosin heavy chain (MHC)-forward: 5'-CCCTACAAGTGGTTGCCAGTG-3',

MHC-reverse: 5'-CTTCCCTGCGCCAGATTCTC-3',

Myogenin-forward: 5'-GTCCCAACGCAGGAGATCATT-3',

Myogenin-reverse: 5'-GCAGATTGTGGGCGTCTGTAG-3',

and CSNK2A2-forward: 5'-GAACCTTCGTGGTGGAACAAA-3',

CSNK2A2-reverse: 5'-CCTGTGCATGATTCCCTTGC-3'.

The mRNA level of CSNK2A2 as a housekeeping gene was set to 100% and used as

the internal standard in all experiments. The RT-PCR experiment was repeated at

least three times for cDNA prepared from at least three batches.

3.2.8 Tube formation assay

For this assay, 25 U/mL thrombin (Sigma-Aldrich, Saint Louis, MO) and 2.5 mg/mL

fibrinogen (Sigma-Aldrich, Saint Louis, MO) dissolved in DMEM (Sigma-Aldrich,
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Saint Louis, MO) was placed in a 24-well plate (VWR Scientific, Pittsburgh, PA)

with 300 pL/well and incubated for an hour. Then, RFP-HUVECs (Angio-Proteomie,

Boston, MA) were mixed with the conditioned medium and seeded onto the gelated

fibrin in the plate. The conditioned medium was the coculture medium incubated

for two days with the vascularized ehSMTs from Day 2 and Day 5 of the ehSMT

formation. The HUVECs were incubated again for 36 hours and imaged by the

Olympus IX-81 inverted fluorescence microscope (Olympus Corp., Tokyo, Japan).

The images were analyzed with WimTube online software (Onimagin Technologies

SCA, CAerdoba, Spain).

3.2.9 Measurement of permeability

We measured the permeability of the perfusable vascular channel as described pre-

viously [971. In short, we put the FITC-dextran solution (70 kDa, 25 pM, Sigma-

Aldrich, St. Louis, MO) into the inner channel and measured the diameter of the

inner channel and the average intensities of the tissues at the initial and final time

points using ImageJ software (NIH, Bethesda, MD). To calculate the permeability, we

assumed that the cross-section of the vascular channel was a circle, and the detailed

equation can be obtained from the reference [971.

3.2.10 Statistical analyses

Statistical analyses were conducted using Student's t-test, ANOVA with Tukey's post-

test and ANOVA with Bonferroni's post-test. Data were considered statistically sig-

nificant if the P-value was 0.05 (*), 0.01 (**), or 0.001 (***).
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Figure 3-2: a. Schematics of transverse and longitudinal cross-sections of the engi-
neered tissue. HSMMs: human skeletal muscle myoblasts, HUVECs: human umbilical
vein endothelial cells. b. Image of the engineered vascularized skeletal muscle tissue.
The inner vascular channel is connected to a microfluidic system through needles to
produce fluid flow. The scale bar represents 1 mm.

3.3 Results

3.3.1 Two culture media are compartmentalized with a coaxial

tubular tissue construct

To meet the three functional requirements for coculturing (separation of two media;

lumping of the same type of cells; and placing the two cell types within the reach

of heterotypic cell-cell interactions), we designed a coaxial vascularized ehSMT in

a tubular structure (Fig. 3-1b). The outer layer consists of human skeletal muscle

tissue, and the inner layer is a perfusable vascular channel comprising a monolayer of

endothelial cells. The muscle cells and endothelial cells contact at the boundary of the

inner and outer layers. This design allowed us to administer the two separate culture

media: EGM to endothelial cells through the perfusable vascular channel and MDM

to muscle cells in the medium space surrounding the outer muscle layer (Fig. 3-2a).

The inner channel of the coaxial construct was connected to needles at both ends,

which were further connected to tubing and a microfluidic pump that circulated
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EGM through the inner channel and provided the endothelial cells with a shear stress

(Fig. 3-2b). Both EGM and MDM were replaced by fresh media every day. The outer

muscle layer comprised HSMMs and ECM with 4.5 mg/mL fibrinogen and 10% (v/v)

Matrigel when the cells were seeded. The inner vascular channel comprises HUVECs

seeded into the inner channel by suspending them in EGM without adding ECM.

The longitudinal cross-sections of the vascularized ehSMT showed that the inner

channel was well covered with a monolayer of HUVECs (Fig. 3-3a). The HUVECs

covering the inner channel were aligned in the longitudinal direction of the tissue

(Fig. 3-3b). Furthermore, those HUVECs directly contacted the skeletal myotubes or

adhered to the inner wall of the muscle tissue. Unlike the prior works using permeable

synthetic membranes [100, 101] for separating them, this method allows the muscle

cells and endothelial cells to be placed closely together, so that the two sides can

directly interact. When we seeded the endothelial cells into the inner channel of

the ehSMT, the contractile force was much higher than when seeding them at the

reservoir bottom approximately 3 mm away from the ehSMT (Fig. B-2).

Two cell culture media for each cell type were compartmentalized by the tubular

tissue and replaced with fresh EGM and MDM every day. The MDM and EGM

in this study had different colors, generally due to differences in the concentrations

of phenol red (MW: 354 Da), 16 mg/L and 1.17 mg/L, respectively. We confirmed

that they maintained their colors after one day (Fig. B-3a-d). Despite the fact that

the two media maintained their colors, the diffusion experiment using the fluorescein

isothiocyanate (FITC)-dextran (70 kDa, 10 ytM) with EGM in the inner channel

(Fig. 3-4) showed that some soluble factors were still able to diffuse through the

vasculature and the outer muscle layer. However, the intensity of the FITC-dextran

was still almost zero in the outer medium space. This reconfirmed that the two media

remained different, which was achieved by the high cell density of ehSMTs, flow in the

inner channel, a large volume of outer medium space, and daily media replacement

to keep the two media from mixing.

This coaxial, double layer construct was made by using a sacrificial molding tech-

nique [271. The existing method for forming a fascicle-like 3D skeletal muscle tissue
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b

Figure 3-3: a. Sectioned slides in the longitudinal direction to show that endothelial
cells cover the inner channel and are very close to muscle cells. In the right image,
blue and red indicate the nucleus and RFP-expressing HUVECs, respectively. The
scale bar represents 100 ptm. In the left image, dark brown and light purple indicate
endothelial cells and the nucleus, respectively. The scale bar represents 20 /tm. b.
Confocal image of VE-cadherin (red) of the endothelial cells in the perfusable vascular
channel and nucleus (blue). Scale bars represent 100 and 10 pm.

61



Outer space (MDM)

Inner channel (EGM)

Inner channel Tissue layer Outer space

1.0-

Z%0.8 -

0.6-

.> 0.4-

a 0.2-

0.0--

0.0 0.2 0.4 0.6
Distance (mm)

Figure 3-4: Fluids compartments are shown by flowing FITC-dextran solution
(70 kDa, 10 pM) in the inner channel of the vascularized muscle tissue for one hour.
The boundary of the inner channel is indicated by dashed lines.
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Figure 3-5: Fabrication of an engineered human vascularized skeletal muscle tissue.
Skeletal muscle cells (MCs) mixed with the extracellular matrix are injected into a
cavity in a gelatin sacrificial mold with a pin to construct 3D tubular engineered
muscle tissues. The gelatin is melted in the incubator and removed by a medium
change. When the MCs form a solid tissue in the muscle cell growth medium (MGM),
the pin in the tissue is removed, and endothelial cells (ECs) are seeded into the
inner channel. One day after seeding endothelial cells, needles are connected to a
microfluidic system to supply the two separate media with flow. Endothelial growth
medium (EGM) for ECs and muscle differentiation medium (MDM) for MCs can be
compartmentalized by tubular tissue.
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Figure 3-6: a. Phase-contrast microscopic images of the muscle tissue in a tubular
shape (left) and RFP-expressing HUVECs in the inner channel of the muscle tissue
(right) at three days (Day 3) and five days (Day 5) from the muscle tissue formation.
The scale bar represents 300 pm. b. Outer and inner diameters of the vascularized
tissue are decreased over time by cell-mediated compaction and degradation of the

extracellular matrix. SEM. n = all 13.

[27] was extended to create a coaxial structure using two stainless pins with differ-

ent diameters (Fig. 3-5). We embedded the thicker stainless pin, with a diameter of

the desired tissue size, in a solution of 5% gelatin and 10 U/mL thrombin in muscle

growth medium (MGM). When the gelatin solution was solidified in 4'C, the pin

was removed to make a cylindrical cavity in the solid gel. Then, this cylindrical cav-

ity was filled with HSMMs with 4.5 mg/mL fibrinogen in MGM and 10% (v/v) of

growth factor-reduced Matrigel. With this cell solution, a thinner pin was placed at

the center to create an inner channel in the muscle tissue. When the cell solution

was fully solidified to form the muscle tissue in an incubator, the thinner pin was

extracted linearly, and HUVECs suspended in the EGM were seeded into the inner

channel of the tubular ehSMTs. The seeding cell density of the muscle layer was 15

million cells/mL, which is in the physiological range (10-500 million cells/mL), and

the ratio of seeded HSMMs to HUVECs was 5 to 1. After the seeded HUVECs were

incubated for one day for attachment to the surface of the inner channel, the channel

was connected to the microfluidic system to provide the EGM with flow, and the

MDM was used to fill the reservoir outside the tissue.

The constructed vascularized ehSMTs became thinner over time because of the

cell-mediated gel compaction [27] (Fig. 3-6a). The changes in the inner and outer
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diameters of the tubular tissue were characterized for 8 days (Fig. 3-6b). The ehSMT

shown is a smaller-scale model, which measured approximately 1.5 mm in outer diam-

eter and 8 mm in length in the beginning. Due to cell-mediated gel contraction, the

diameter was reduced to approximately 600 pm on Day 8 (Fig. 3-6b). However, since

muscle cells at both ends of the tissue adhered to the PDMS reservoir, the length was

not reduced but tension was generated in the longitudinal direction. This mechanical

tension aligns myoblasts and promotes muscle differentiation [94, 1021.

3.3.2 Use of two compartmentalized media with perfusable

vasculature improves muscle functionalities and scales

up the ehSMTs

To quantify the effects of the use of two separate media (TwoM), we measured con-

tractile force and evaluated myotube morphology and muscle differentiation. Compar-

isons were made between single coculture media (COM) and TwoM under the same

flow conditions (Fig. 3-7a). The difference is that EGM and MDM were supplied

for endothelial cells and skeletal muscle cells, respectively, in TwoM, while the same

coculture media was provided to both in single COM. We seeded endothelial cells

on Day 2 of the ehSMT formation and provided TwoM and single COM with inner

channel flow from Day 3 through Day 8. The wall shear stress was estimated based

on the flow rate and the inner channel diameter. The shear stress was 0.6 dyne/cm 2

on Day 4 and increased to 7 dyne/cm 2 on the last day because the tissue became

narrower during the incubation (Fig. 3-6b).

As shown in Fig. 3-7b, the contractile force of TwoM was approximately 76%

higher than that of single COM. The morphological evaluation revealed that the fused

myotubes in the ehSMTs were well aligned in the longitudinal direction of the tissues

with high volumetric cell density in both single COM and TwoM cases (Fig. 3-7c),

but TwoM produced thicker myotubes on average than single COM (Fig. 3-7c, d).

Furthermore, the evaluation of differentiation using PCR indicated that the expression

of MyoD and MHC, which are muscle differentiation-related genes, increased when
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Figure 3-7: Fluid compartments for using the two different culture media for each cell
type enhance the functionalities of the vascularized skeletal muscle tissues. a. Tested
conditions using the coculture medium (COM) both inside and outside of the tissue
(Single COM) or using the two separate media (TwoM) with the muscle differentiation
medium surrounding the outer skeletal muscle layer and the endothelial cell growth
medium in the inner vascular channel. Both conditions provide fluid flow in the inner
channel. b. Using TwoM increased the contractile force compared to that using a
single COM on Day 8. SEM. n = 3 and 10. Student's t-test. c. Histological sectioned
images of the muscle tissues in the culture conditions of single COM (top) or TwoM
(bottom). Laminin and nuclei were stained in brown and blue, respectively. The scale
bar represents 10 pm. d. The thickness of myotubes, n = 1548 and 3585. Student's
t-test. **P < 0.01 and ***P < 0.001.
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TwoM was used (statistically not significant, Fig. B-4). These results showed that

the contractile performance and differentiation of the skeletal muscle cells were more

improved by using TwoM than by using single COM.

Instead of simply adding endothelial cells to the ehSMT by mixing, we formed a

perfusable vascular channel. This provided a more optimized medium with flow to

the endothelial cells and delivered a fresh medium into the muscle tissue, similarly

to the blood vessels of the body. This perfusable vasculature and flow in the channel

allowed us to build a subcentimeter-sized large ehSMT (Fig. 3-8a), which had an

average outer diameter of 2.2 t 0.038 mm (SEM, n = 2) on Day 8. The viability of

cells in the large-scale vascularized ehSMTs was higher than 80% at both the edge and

center parts of the tissues (Fig. 3-8b, c). The viability of the small-scale ehSMT with

an average outer diameter of 600 pm had almost the same viability as the large one.

However, the viability of the large-scale tissues was significantly lower at the center

if the vasculature and medium flow were not created (Fig. B-5). This result shows

that the constructed ehSMTs with TwoM can be scalable, ranging from micrometer

to subcentimeter scales, through the perfusable vascular channel and flow through it.

3.3.3 Timing of the vascularization influences the functional-

ities of the muscle tissues and endothelial cells

Each stage of muscle differentiation is governed by different signaling pathways f1031,

thus, the results of the coculture could be affected by the timing of seeding endothelial

cells relative to the muscle differentiation stage. Since the newly developed technique

enables seeding the two cell types not only spatially (B-2) but also temporally sep-

arated, we investigated the appropriate timing to initiate the coculture to create

high-performance ehSMTs. Between Day 2, the day of producing the inner channel

in the ehSMTs, and Day 8, the last incubation day, we chose Day 2 and Day 5 as

testing time points. These time points had a sufficient time interval to show a sig-

nificant difference in fusion rate (Fig. 3-9 and B-6, [90]) and an adequate interaction

time between muscle and endothelial cells. To examine the effects of the coculture
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Figure 3-8: a. Image of the large-size vascularized ehSMT with TwoM. The scale

bar represents 3 mm. b. Fluorescent images of the vascularization of the large-size

ehSMTs. Red, green, and blue in the combined fluorescent image (top) indicate RFP-

expressing HUVECs, dead cells, and nuclei, respectively. The black and white image

(bottom) shows RFP-expressing HUVECs in the tissue. The scale bar represents

250 pm. c. Viability of the large-size vascularized ehSMTs with an outer diameter

(O.D.) of approximately 2.2 mm and the small-size one with the O.D. of approx-

imately 0.6 mm were both greater than 80% when the vascularized ehSMTs were

under TwoM with flow. SEM. n = 2, 4, 3.
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Figure 3-9: Fusion rate of myoblasts over time in the engineered skeletal muscle

tissues, SEM. n = all 9. ANOVA with the Bonferroni post-test. ***P < 0.001.
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timings on the functionalities of the ehSMTs, we seeded endothelial cells into the in-

ner channel at Day 2 (C02) and Day 5 (C05) of the ehSMT formation. Additionally,

the ehSMTs with only muscle cells (MC) were compared to determine the effect of

the coculture. Because the endothelial cell layer could influence diffusion from the

inner channel to the muscle tissue, the use of TwoM with different vascularization

timings inevitably provided different chemical environments to the cells. Therefore,

we used COM in both fluid compartments for all the conditions (MC, C02, and C05

conditions) in Fig. 3-10 and 3-11 to investigate the effects of the coculture starting

time under the same chemical conditions. As a result, the coculture from the ear-

lier stage of muscle differentiation (C02) induced higher contractile force and thicker

myotubes than did the C05 and MC conditions (Fig. 3-10a, b, and B-7). In the

PCR results, the expression of the muscle differentiation markers (MyoD, MHC, and

Myogenin) was higher in the C02 condition than in the MC condition (Fig. B-8a).

However, unlike the previous results for the contractile force and myotube thickness,

the mRNA expression of the differentiation markers was higher in the C05 condition

than in the C02 condition, although this difference was not statistically significant

(Fig. B-8b).

We also investigated the effect of coculture initiation timing on endothelial cells.

In both C02 and C05 conditions, we could not observe sprouting of endothelial cells

into muscle cells, and we found no significant difference in endothelial cells in the inner

channel between the two conditions (Fig. B-9a, b). To further examine the effect of

the coculture timing on the reorganization stage of angiogenesis, we performed a

tube formation assay of endothelial cells using the conditioned media (Fig. 3-11). We

seeded endothelial cells onto the fibrin gel and cultured them for 36 hours in the

conditioned medium (CM) that was incubated with the vascularized ehSMTs for two

days from Day 2 (C02 CM) and Day 5 (C05 CM), respectively. The results showed

that the C02 CM promoted more vascular network formation than the C05 CM in

terms of the coverage area, total tube length, and number of loops. Therefore, we

could examine how the timing of starting the coculture with respect to the muscle

differentiation stage influences the functionalities of muscle cells and endothelial cells.
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Figure 3-10: Effects of the timing of vascularization with respect to muscle differen-
tiation. a. The contractile force of the engineered tissues made of only muscle cells
(MC) or muscle cells with endothelial cells from Day 2 (C02) or Day 5 (C05) of the
muscle tissue formation. SEM. n = 4, 9, and 3. b. Distributions of the myotube
thickness in the engineered tissue sections in MC, C02, and C05 conditions. Trian-
gles at the bottom indicate averages of the thickness for each condition. n = 2556,
2331, and 956. ANOVA with the Tukey post-test (a, b). *P < 0.05, **P < 0.01.
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Figure 3-11: Results of the tube formation assay of endothelial cells on fibrin gel in the
conditioned medium (CM). Fluorescent images of RFP-expressing HUVECs in the
conditioned coculture medium (left) were analyzed (right). The coculture medium
was incubated with the muscle tissues for two days from Day 2 (C02 CM) and Day 5
(C05 CM). The scale bar represents 250 pm. SEM. n = 49 and 21. Student's t-test.
*P < 0.05, **P < 0.01 and ns, not significant.

Although the PCR results showed oppositely, we found that starting the coculture

before HSMMs were fused at the early differentiation stage was more favorable for

muscle contractile force, myotube thickness, and vascular network formation. For

these reasons, we performed the previous experiments (Fig. 3-7) under the condition

of seeding endothelial cells on Day 2 of ehSMTs.

3.3.4 The engineered human skeletal muscles are applicable

in the drug testing

By using the vascularized ehSMTs, we examined the effect of a myotoxic drug on

viability and the contractile force of vascularized ehSMTs by adding atorvastatin.

Although the mechanism underlying statin-induced muscle damage remains unclear,

the results of many clinical trials [104, 105] and in vitro experiments [26, 106] show

solid evidence that statins cause myotoxicity in a dose-dependent manner, especially
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Figure 3-12: Using vascularized ehSMTs as a drug testing platform. a. The contractile
force of the vascularized muscle tissues cultured in the coculture medium (COM) with
0 to 10 pM atorvastatin for three days from Day 3 of the tissue fabrication. SEM. n
= 7, 2, 3, and 3. ANOVA with the Bonferroni post-test. b, c. Decrease rate in cell
viability (b) and the contractile force (c) of the ehSMTs, comprising muscle cells only
(MC only) or muscle cells with endothelial cells (MC+EC) in the coculture medium
(COM) or the two separate media (TwoM), by culturing with 10 pM atorvastatin for
three days. SEM. n = 3, 3, and 2 (b, untreated). n = 4, 5, and 4 (a, atorvastatin-
treated). n = 2, 7, and 2 (b, untreated). n = 4, 3, and 4 (b, atorvastatin-treated).
***P < 0.001, and ns, not significant.

when the concentration is higher than 0.1 jpM. This drug is also known to be critically

toxic to endothelial cells when it is higher than 10 pM [107, 108].

To utilize the vascularized ehSMTs for testing this toxicity, we treated them with

atorvastatin from Day 3 to Day 6 of the ehSMT formation and showed that the

contractile force of the vascularized skeletal muscle tissues in the coculture medium

was significantly decreased at the high concentration (10 pM) (Fig. 3-12a). As high-

dose atorvastatin is known to be toxic to both cell types, 10 pM of this drug was

more toxic to both viability and contractile force when the ehSMTs were vascularized

(Fig. 3-12b, c, statistically not significant). We also showed that the cell culture

condition influences susceptibility to drug toxicity (Fig. 3-12b, c, statistically not

significant), as it is known to be more critical when the cells are cultured under less

optimized culture conditions [109]. By testing the myotoxic drug with our vascularized

ehSMTs, the high-dose toxicity of atorvastatin was successfully reproduced in various

conditions by quantifying their viability and contractile performance.
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3.3.5 Further vascularization of engineered skeletal muscle tis-

sues is achieved by inducing angiogenesis

Although we successfully achieved de novo formation of a perfusable blood vessel, de-

fined as vasculogenesis, in the ehSMTs (Fig. 3-3), the capillary density of the ehSMTs

was still insufficient compared to natural skeletal muscles (approximately 600 cap-

illaries per square millimeter [110]), and more investigation was still needed for the

efficient formation of capillaries in engineered tissues [1111. As in vivo adult muscles

increase their capillary density mostly through angiogenesis [1121, we added 50 ng/mL

of VEGF to promote angiogenesis from the main vascular channel into the muscle

tissue layer. VEGF is known as the most commonly used pro-angiogenic factor to

stimulate the angiogenic sprouting of endothelial cells [113, 114]; thus, it was supple-

mented with EGM of TwoM in the vascular channel for three days from Day 3. As a

result, sprouting of endothelial cells from the inner vascular channel into the muscle

tissue layer was well induced (Fig. 3-13a). Notably, similar to capillaries in natu-

ral skeletal muscles, the sprouted endothelial cells in the muscle layer (Fig. 3-13b)

were mostly aligned in the longitudinal direction of both myotubes (Fig. 3-7c) and

eSMT (Fig. 3-2b) with some short vertical branches (indicated by orange arrows in

Fig. 3-12b). At the same time, we also observed many angiogenic sproutings near the

perfusable vascular channel, which were still short and mostly grew vertically from

the monolayer (Fig. 3-12c). Moreover, lumen formation of sprouted endothelial cells

was seen in the muscle layer (Fig. 3-12d). These results demonstrated that this fur-

ther vascularized ehSMT has morphologically similar vascular networks with natural

skeletal muscles on top of the perfusable vascular channel and allows access to the two

main processes of blood vessel formation, namely, vasculogenesis and angiogenesis, in

in vitro skeletal muscles. To the best of our knowledge, this study is the first to re-

produce both vasculogenesis and angiogenesis in vitro directly in contractile ehSMTs

with a physiological level of muscle cell density.
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Figure 3-13: Further vascularization of the ehSMTs. a. Induction of angiogenic

sprouting of RFP-expressing HUVECs by adding the 50 ng/mL of vascular endothe-

lial growth factor to the inner channel is shown in the top view images of the 3D

vascularized ehSMTs cultured in TwoM. Red lines indicate the outer boundary of

the muscle tissue layer. The scale bar represents 500 pm. b. Branches of sprouted

RFP-expressing HUVECs in the muscle tissue layer were mostly aligned in the longi-

tudinal direction of the ehSMTs (horizontal direction of the images) with some short

vertical branches (yellow arrows). The scale bar represents 100 Am. c, d. Angiogenic

sprouting (yellow arrows in c) from the endothelial monolayer in the inner channel

(top side, white triangles) into the muscle tissue layer and lumen formation (white

arrow in d) were shown in the sectioned slides of the vascularized ehSMTs. Blue

and red indicate the nuclei and RFP-expressing HUVECs, respectively. Scale bars

represent 100 pm (c) and 50 tim (d).
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3.4 Discussions and future directions

3.4.1 Main contributions

This thesis reports the development of novel vascularized ehSMTs incorporating two

separate media to recapitulate the extracellular fluid compartments in the body and

solve the incompatible media problem for coculturing muscle cells and endothelial

cells. Although using MDM alone induced apoptotic behavior in endothelial cells

(Fig. B-la), using TwoM allowed us to create a perfusable channel covered with a

monolayer of endothelial cells (Fig. 3-3a, b). At the same time, the use of TwoM was

able to improve the contractile performance of the ehSMTs by 76% compared to using

single COM (Fig. 3-7b). Not only the chemical cues but also the appropriate me-

chanical cues for each cell type were successfully delivered to improve their functions

by administering an alignment of myotubes in the longitudinal direction (Fig. 3-7c)

and shear stress by flow for endothelial cells. Moreover, the newly developed ehSMTs

allow spatial (Fig. B-2) and temporal (Fig. 3-10) control of the interactions between

skeletal muscle cells and endothelial cells. In particular, the effects of vascularization

timing relative to muscle differentiation were addressed in this investigation for the

first time. Furthermore, we showed that this platform can be scaled up for construct-

ing the ehSMTs of subcentimeter size (Fig. 3-8).

Notably, this study enhanced the potential of two important applications of ehSMTs,

namely, large-size implantable tissues and small-size drug-testing platforms, by us-

ing the single scalable vascularization platform. To create a successful and well-

functioning implantable skeletal muscle tissue, ehSMTs need 1) prevascularization

with a perfusable vasculature for prompt blood perfusion after implantation [1151,

2) a high muscle cell density so as not to hinder muscle contraction by the non-

contractile stiff gel [33], 3) natural ECM or synthetic biodegradable polymers as a

scaffold [1161 but no synthetic membrane between the two cell types, and 4) a natural-

like microstructure, such as alignment of skeletal muscles [117]. Although previously,

prevascularized ehSMTs have been implanted into mice[22, 118, 1191 and have re-

vealed that endothelial cells in the ehSMTs promotes blood perfusion and contractile
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performance in vivo, the construction of a perfusable vasculature in the contractile

ehSMT with a high muscle cell density has not yet been achieved. To the best of

our knowledge, the vascularized ehSMT in this study is the first that meets all four

requirements to be utilized in implantation. In addition, the ehSMTs were even able

to be further vascularized by the addition of VEGF (Fig. 3-13), which could make

them more advantageous due to a high capillary density after the implantation. How-

ever, more studies of the actual implantation of ehSMTs and constructing much larger

ehSMTs with multichannels for VML patients are required to practically use them in

the future.

3.4.2 Discussions for results

We obtained improvements in muscle contractile force and differentiation by provid-

ing TwoM (Fig. 3-7), and this result may have occurred through favorable cell culture

conditions for muscle differentiation by the incorporation of MDM, which is one of

the TwoM. Consequently, the contractile force of the vascularized tissues in TwoM

was more similar to that of the muscle-only tissues grown in MDM (30.5 + 2.37 [IN,

n = 5, SEM) than in single COM. However, using TwoM induced a slightly lower

contractile force than using MDM because EGM from the inner channel (Fig. 3-4)

may interfere with muscle differentiation (Fig. B-lb). The improved functionalities

are also due to interactions between skeletal muscle cells and endothelial cells. A pre-

vious study has shown that endothelial cells improve muscle differentiation through

Angiopoietin-1/Neuregulin-1/ErbB2 signaling [881. In addition to paracrine signaling

between endothelial cells and skeletal muscle cells, our results (Fig. B-2) demonstrate

that close contact and interaction might play an important role in improving the con-

tractile force. Thus, further investigation of mechanical and biochemical interactions

between skeletal muscle cells and endothelial cells will also help to answer biological

questions in the human developmental process and to elucidate regeneration.

We also compared the amount of diffused FITC-dextran (70 kDa) from the inner

channel to the muscle tissue layer that passed through the endothelial cell layer. The

results showed that the dextran was less diffused into the muscle tissue layer when
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TwoM was provided compared to when the COM without flow was used (Fig. B-10).

This is probably due to the influence of the application of a shear stress by flow, which

is known to have a critical role in decreasing the permeability of vasculature [122].

However, the permeability that we obtained with flow (Fig. B-10) was higher than the

values of the in vitro vasculature from other studies in acellular collagen gels [97, 1221.

This may be because muscle cells made the vasculature more leaky, as it was shown

that the permeability was increased approximately eight times when the vasculature

was constructed in the C2C12-containing collagen gel [97], and we even tested it with

much a higher muscle cell density. Previously, the effects of the muscle cells on the

function of endothelial cells have shown in detail that C2C12 induces more angiogen-

esis through Angiopoietin-1 via Angiopoietin-1-Tie2 signaling [88]. Nonetheless, the

exact mechanism of the increased permeability of the vasculature through paracrine

signaling with muscle cells needs to be elucidated through more future studies.

Although we significantly improved the function and architecture of the ehSMT,

these features may still not be sufficient to fully mimic the complex environment

of natural muscles. For example, the current ehSMTs do not include immune cells,

fibroblasts, motor neurons, and other stromal cells. In particular, constructing more

natural-like ECM in vascularized ehSMTs, such as the basement membrane and the

endomysium between myofibers and capillaries, will enhance the separation of the

two media to further improve the functionalities of the two cell types by reducing the

diffusion of the media through the tissues. Additionally, the EGM and MDM that we

used to mimic the extracellular fluid compartments in the body are different from real

body fluids. In future studies, ehSMTs will become more similar to natural muscles

if these other types of cells are incorporated into the platform and make the culture

media more similar to the real ones.

3.4.3 Future applications

This newly developed platform for vascularized ehSMTs can be utilized as in vitro

skeletal muscle models or drug testing platforms, which can closely mimic the archi-

tectures and heterotypic cell-cell interactions of natural muscles by incorporating a
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perfusable vasculature, fluid compartments, and appropriate mechanical cues. Addi-

tionally, the platform enables us to test key functions of the vascularized ehSMTs,

including the contractile force, myotube fusion rate, myotube thickness, and per-

meability of the vasculature. These features will contribute to testing the toxicity

and effectiveness of drugs, particularly affecting those functions and both cell types.

Additionally, drugs are commonly delivered by oral, subcutaneous, intravenous, or

intramuscular administration, but only the intramuscular injection has been simu-

lated with the ehSMTs [1201. Because our ehSMTs contain an in vitro perfusable

vasculature with the fluid compartments, they could be used as a novel drug testing

device to study intravenous and oral drug delivery.

The most representative alternative to creating a similar structure to our tubu-

lar 3D tissues is the 3D bio-printing. Unlike our platform, which can make only a

straight channel by using a stainless pin, 3D bio-printing can construct the channel

in the tissues, with more complex shapes. Although the 3D bio-printing technique

provides channels with desired shapes, there are some drawbacks that hinder the ap-

plication of this technique more easily. For example, printing large-size tissues with

high resolution (less than 100 pm) using a 3D printer takes a long time; thus, the

size or resolution of the tissues is limited by the printing time so as not to damage

cells [1211. In contrast, the time it takes to fabricate the tissue using our technique is

not much increased by the size of the desired tissues since our approach only requires

a single instant injection by pipette, even for a larger structure. Additionally, the

cell density of the printed tissues is usually lower than the physiological cell density

(10-500 million cells/mL) because of the crosslinking solution of the inks and reducing

shear stress in most inkjet bio-printing cases 198]. Since our technique can overcome

these limitations and requires only two stainless pins with a gelatin solution, it could

be used instead of a 3D printer when a straight vasculature is needed in engineered

muscles with high cell density. This technique can also be broadly applied in the

fields of tissue engineering and regenerative medicine by replacing the outer skeletal

muscle layer with other organ cells.
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Chapter 4

Conclusion

Although there is a growing demand for high-performance engineered skeletal muscle

tissues (eSMTs) as drug testing platforms, implantable tissues, and actuators for a

biological machine, their practical use has been delayed by the critical gap between

in vitro and in vivo skeletal muscles' functionality and micro-structure. This thesis

explored the two different ways to improve the functionalities and overcome the size

limit of eSMTs inspired by nature of in vivo skeletal muscles: 1) training the eSMTs

to manipulate their extracellular matrix (ECM) appropriately through application of

alternating electrical and mechanical stimulation (chapter 2) and 2) creating perfus-

able vascular channel in the tissue and incorporating two separate media for each cell

type to increase the size of eSMTs and to enhance contractile performance (chapter

3).

In chapter 2, the contractile force of eSMTs is improved by 20% in 3 minutes and

30% in 20 minutes through coordinated mechanical stretching and electric potential

stimulation. The interactions between the myotubes and the surrounding ECM during

the stimulation were investigated, and it was shown that the ECM fibers changed their

orientations and thereby changed the stiffness of the ECM network as the alternating

mechanical and electrical stimulation was applied. This ECM remodeling decreases

the stiffness of the ECM network that is parallel to the myotubes so that the parallel

ECM does not impede the muscle contraction. Furthermore, this ECM remodeling

increases the stiffness of the ECM network that is serial to the myotubes, so that the
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contractile force can be transmitted along a series of myotubes connected by the serial

ECM. This is shown in chapter 2 by measuring the orientation distribution of collagen

fibers to characterize the ECM remodeling induced by the coordinated stimulation.

Moreover, a mechanistic model was proposed to better elucidate the effect of ECM

remodeling upon the generation and transmission of the contractile force in eSMTs.

This work sheds light on the difficulty of enhancing the contractile performance of

eSMTs in two aspects. The first is the development of the novel training method

using coordinated electric and mechanical stimulation, and the second is the discovery

that ECM remodeling is heavily involved in this performance enhancement with the

mechanistic model, allowing the myotubes to generate a higher contractile force and

effectively transmit the force to the load.

In chapter 3, a novel platform to fabricate human eSMTs with a perfusable vas-

cular channel is described to increase their size through the vasculature. Achieving

muscle differentiation and growth of endothelial cells at the same time by coculturing

myoblasts and endothelial cells has been challenging because of incompatible medium

problem. By implementing the extracellular fluid compartments to the in vitro plat-

form, the two separate media for each cell type were provided to eSMTs with direct

contact between muscle and endothelial cells for their interactions. Using the two

separate media led to significant enhancement of muscle contractile force with the

formation of a vasculature simultaneously. Moreover, vascularized human eSMTs

were constructed in various sizes of submillimeter to subcentimeter by forming the

perfusable vascular channel in the eSMT. Experiments using the small-scale tissues as

a model of human skeletal muscles uncovered the effects of coculture timing relative

to muscle differentiation on the functionalities of the two cell types and the influence

of vascularization on the responses to a myotoxic drug. The newly developed eSMTs

with a physiological level of muscle cell density were further vascularized by inducing

angiogenesis from the perfusable vasculature into the muscle tissue layer. Addition-

ally, the prevascularized large-size eSMTs without using a synthetic membrane will

be used as implantable tissues for treating volumetric muscle loss. Lastly, the ability

to recapitulate the blood-organ barrier will be invaluable for vascularization of engi-
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neered tissues, especially when cell culture conditions for host cells and endothelial

cells are incompatible. We believe this promising methodology for scaling up eSMTs

and improving their functionalities will open new opportunities in multidisciplinary

fields, translational research, tissue engineering, and pharmacology.
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Appendix A

Supplementary Figures for Chapter 2
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Figure A-1: Measurement of the muscle contractile force. These images are an en-
largement of the contact point between the eSMT and the tip of cantilever in Fig. 2-1c
during muscle contraction. The point of the force balance between the elastic force of
the cantilever wire and the forces from the eSMT is shifted by inducing muscle con-
traction, and the moving distance of the cantilever is proportional to the contractile
force. Yellow dot is original force equilibrium position, and the yellow dot is shifted
to the red one by the contractile force.
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Figure A-2: Immunostaining images of actin in the eSMTs following the applica-
tion of the electric potential (ELEC), mechanical stretching (MECH), in-phase co-
stimulation (IN), and out-of-phase co-stimulation (OUT) for 3 minutes. There was no
notable difference in the actin networks between the 3-minute stimulation conditions.
Scale bar represents 100 /Lm.
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Figure A-3: Immunostaining images of collagen IV (red), fibrin (blue), and actin

(green) in the unstimulated eSMT. Fibrin was much more aggregated than collagen

IV. Scale bar represents 10 pm.
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Figure A-4: An unfused tetanus of the untrained muscles became a fused tetanus
by applying 3 minutes of the out-of-phase co-stimulation. (Left) The concept of the
twitch, unfused tetanus and fused tetanus. In the general case of the native muscles,
they show twitch, unfused or fused tetanus according to the frequency of the applied
electrical stimulation. (Right) Although the stimulation frequency (2.5 V/mm, 1 ms,
60 Hz) was same, the unfused tetanus changed to the fused tetanus after applying
the out-of-phase co-stimulation to the eSMT for 3 minutes.
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Appendix B

Supplementary Figures for Chapter 3
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Figure B-1: Incompatible two cell culture media for endothelial cells and muscle cells.
a. Images of endothelial cells on flasks cultured in muscle differentiation medium
(MDM) on Day 0, 1, and 2. Scale bars represent 100 pm. b. Contractile force of the
three-dimensional engineered skeletal muscle tissues on Day 8 cultured in MDM and
endothelial cell growth medium (EGM).
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Figure B-2: The effect of the contact between muscle cells (MCs) and endothelial
cells (ECs) on the function of the engineered muscle tissues. The contractile forces of
tissues in the conditions of MCs only (Muscle Only), MCs cultured with ECs without
contact between the two cell types by seeding the ECs at the surface approximately
3 mm far from the muscle tissue (W/O Contact) or with the contact by seeding ECs in
the inner channel of the muscle tissue (W Contact). The tissues with the contact (W
Contact) produced the highest contractile force. SEM, n = 4, 5, and 9. ***P < 0.001
and ns, not significant.
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Figure B-3: Tubular vascularized muscle tissues were incubated with the endothelial
cell growth medium (EGM) and the muscle differentiation medium (MDM) in the

inner channel and the outer medium space for one day, and the two differently colored

liquids were not mixed. a, b. Fresh EGM (a) and MDM (b). c, d. Conditioned
EGM (c) and MDM (d) that were incubated with the vascularized muscle tissue for

24 hours.
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Figure B-4: Relative mRNA expression (the two separate medium over the single
co-culture medium with flow) of the muscle differentiation markers (MyoD, myosin
heavy chain (MHC), and Myogenin). SD, n all 3. TwoM: the two separate medium,

COM-Flow: the single co-culture medium with flow.
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Figure B-5: Culturing the engineered skeletal muscle tissues in the TwoM using the
vascular channel (EC channel) enhanced viability of the cells at the center part of the
large-size tissue compared to the eSMTs without the channel and with the vascular
channel cultured in the COM without a flow. SEM. n = 3, 4, 4, 2, 3, and 3. ANOVA
with Thkey post-test. *P < 0.05
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Figure B-6: Hematoxylin-eosin (H&E) staining of longitudinal sections of the eSMTs

at Day 2, 4, 5, and 8 from the eSMT formation in the co-culture medium to measure

the fusion rate over time.
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Figure B-7: Histological sectioned images of the muscle tissues in the conditions of the
muscle only (top), co-culture from day 2 (middle) or day 5 (bottom) of muscle tissue
fabrication show myotube thickness and cell alignment in the longitudinal direction of
the tissue. Laminin and nucleus were stained in brown and blue, respectively. Scale
bar isl10 m.
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Figure B-8: Relative mRNA expression of the muscle differentiation markers (MyoD,

myosin heavy chain (MHC), and Myogenin). a. mRNA expression of the condition

of seeding the endothelial cells at day 2 of tissue fabrication (C02) relative to the

muscle-only condition (MC). SD, n = all 3. b. mRNA expression of the condition of

seeding the endothelial cells at day 5 of tissue fabrication (C05) relative to the C02

condition (MC). SD, n = all 3.
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Figure B-9: In the conditions of the co-culture from day 2 (a) or day 5 (b) of muscle
tissue fabrication, the RFP-human umbilical vein endothelial cells that seeded in the
inner channel of the tubular muscle tissue stayed in the inner channel, instead of
sprouting into the muscle tissue.
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Figure B-10: Permeability of the inner channel in the conditions of muscle only (MC)

and co-culture (MC+EC) in the COM without flow and co-culture (MC+EC) in the

TwoM with flow. SEM. n = all 4. ANOVA with Tukey post-test. *P < 0.05 and ns,
not significant.
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