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Human In Vitro Disease Models of Pediatric Muscular Diseases 

 
Abstract 

  

The development of new therapies for pediatric diseases over the past few decades has 

been hampered by a lack of human-relevant model systems and inherent challenges with 

pediatric clinical trials. In particular, many diseases of childhood are rare genetic diseases that 

limit clinical trial utility due to small patient populations. Recent advances in stem cell, gene 

editing, and organ on chip technologies present a unique opportunity to develop in vitro analogs 

of pediatric patients that can potentially expedite drug screening and development. Here, we 

review the spatiotemporal scales of muscular diseases of childhood in order to specify the design 

criteria of in vitro disease models requisite for recapitulation of diseased muscle structure and 

function. Moreover, we review advances in the development of induced pluripotent stem cell-

derived muscle, gene editing, as well as approaches to mimic diseased microenvironments in 

vitro. Next, we present an in vitro model of allergic asthma developed using human cells. We 

replicated the laminar, anisotropic structure of the human airway musculature through 

microcontact printing of extracellular matrix protein cues. To mimic the inflammation critical for 

driving airway dysfunction, we treated the engineered airway smooth muscle tissues with 

interleukin-13, a known mediator of asthma. We tested our system by replicating the cholinergic 

challenge, used clinically to diagnose asthma, in vitro. We found that interleukin-13 promoted 

hypercontractility in the engineered airway smooth muscle, but even hypercontractions could be 



 
 

 
 

reversed using standard airway drugs, an important hallmark that distinguishes asthma from 

other obstructive diseases of the airway. Furthermore, we observed that interleukin-13 promoted 

greater cell spreading, increased alignment of the actin cytoskeleton, and upregulation of RhoA. 

As a proof of principle, we targeted the RhoA-ROCK pathway and demonstrated ROCK 

inhibition could both prevent hypercontractions and improve airway smooth muscle relaxation 

beyond existing therapies. Lastly, we present a model Duchenne muscular dystrophy (DMD), the 

most common childhood-lethal genetic disease. Specifically, we sought to recapitulate the 

impaired muscular repair and contractile weakness of DMD skeletal muscle. We found that 

myoblasts, a muscle stem cell, from DMD patients failed to align and polarize with respect to the 

extracellular matrix cues, resulting in poorer muscle formation and maturation. These deficits in 

muscle formation were reflected by profound contractile weakness in these tissues, as observed 

in quantitative muscle testing performed clinically. Collectively, these human-derived in vitro 

diseases models represent substantial progress towards the ultimate goal of replacing animal 

models with human-based models in preclinical trials.  
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1 Muscular Diseases in Children – Can Organ on Chips Improve 

the Current Paradigm for Pediatric Clinical Trials? 

1.1 Introduction 

Pediatric clinical trials face significant challenges due to inherently smaller patient 

populations1, 2.  Clinical trials rely on large patient populations in order to achieve the statistical 

power needed to distinguish treatment effect3. However, many of the diseases that afflict 

children are rare genetic diseases like Duchenne muscular dystrophy (DMD)4. In addition, the 

specificity of emerging therapeutic approaches such as morpholino antisense oligomers1 and 

CRISPR/Cas95, 6 presents similar issues due to the targeting of genetic mutations implicated in 

disease subpopulations1, 7. In 2012, in effort to minimize the barriers for development of 

therapies for rare diseases, the FDA Safety and Innovation Act was passed to expand approval of 

new drugs on the basis of drug effects on surrogate endpoints likely to predict clinical benefit for 

serious conditions that lack effective treatments, instead of randomized controlled trials designed 

to assess a clinical effect8.  However, the recent, controversial approval of eteplirsen (Exondys 

51)1, a morpholino antisense oligomer therapy for DMD, highlights the persisting challenges of 

rare disease clinical trials that have small numbers of patients. Hence, new tools are needed to 

supplement rare disease clinical trials with human safety and efficacy data in order to speed the 

development of new therapies. 

Traditionally, human diseases are modeled using animal models, which are often used in 

preclinical screening prior to drug testing in humans. But, these pre-clinical animal models often 

fail to predict drug toxicity and efficacy in human patients, as just 12% of drugs9 that 



 
 

 
 

successfully proceed through the preclinical stage of drug approval are eventually approved by 

the FDA due to safety or efficacy issues in human patients. One reason for this failure is the poor 

recapitulation of the spatiotemporal scales of human disease in animal models. For example, in 

the primary mouse model of DMD, skeletal muscle exhibits an upregulation of the protein 

utrophin10, which functions similarly to the absent protein dystrophin, unlike human forms of 

DMD11. As consequence, decreased muscle degeneration and improved muscle regeneration are 

observed in these mice compared to human DMD patients, resulting in a less severe disease 

phenotype11-13. Hence, it is unsurprising that therapies optimized to improve the condition in 

mice have not yielded an efficacious therapy for humans. 

The development of human-relevant organ-on-chips in conjunction with advances in stem 

cell biology14-19 and gene editing techniques15, 20, 21 can provide the basis for improved models of 

human disease and thus enable a new paradigm for testing drug safety and efficacy in pediatric 

diseases. Improved in vitro models of pediatric diseases can be engineered through the 

reconstitution of native microenvironmental cues in the form of cellular, mechanical, and 

chemical components. Moreover, in vitro systems are amenable to quantification of many 

clinically-relevant readouts such as protein expression, tissue structure, and functional readouts 

like contractile force16. Hence, engineering in vitro systems that possess functional readouts that 

register with clinical diagnostics could significantly supplement clinical trials. And while 

significant progress has been made in in vitro modeling of the liver 22-26, the kidney 27, 28, the 

heart 16, 29-32, the small airway 33, 34, the alveolus 35, 36, and the gut 37-39 using human-derived cells, 

in vitro models that recapitulate diseases of skeletal and smooth muscle in children remain an 

unmet need.  

1.2 Design Considerations for In Vitro Models of Pediatric Muscle Diseases 



 
 

 
 

1.2.1 The Spatiotemporal Scales of Skeletal Muscle Diseases 

The goal of organ on chips is to mimic the simplest structural and functional units of 

tissues and organs that enable recapitulation of human organ function36, 40. In vivo, skeletal 

muscle is critical for locomotion, breathing, mastication and swallowing, vision, as well as 

maintenance of sphincter tone for urinary and fecal continence. These functions are facilitated by 

a highly ordered, multi-scale hierarchical structure. Tensional forces are generated by nanoscale 

actomyosin crossbridging interactions within microscale contractile apparati, called sarcomeres. 

Assemblies of linear arrays of sarcomeres, called myofibrils, extend beyond the millimeter 

length scale along the entire length of a single myofiber and couple to each other radially within 

the cellular cytosol through cytoskeletal linkages enabling generation of the strong forces 

requisite for organ-scale movement. Forces generated within myofibrils are transmitted from 

inside the myofiber extracellularly to a fibrous network of connective tissue that envelops 

myofibers through the transmembrane dystroglycan complexes and integrins that couple of the 

cellular cytoskeleton to the extracellular matrix (ECM). The ECM of skeletal muscle is a 

hierarchal structure, where the basal lamina surrounding a single myofiber integrates 

continuously with the connective tissue of thousands of myofibers thereby facilitating 

coordinated force transmission from thousands of myofibers to a single tendon to actuate 

movement41. The assembly of single myofibers into tissue and organ structures differs 

throughout the body. Within large leg muscles, myofibers are aligned anisotropically within 

densely packed, 3-dimensional structures that enable generation of strong forces. Whereas, the 

myofibers within the tongue that enable sagittal bending during swallowing assemble as a thin 

laminar, anisotropic skeletal muscle tissue. Hence, it is most critical to replicate the architecture 



 
 

 
 

of sub-myofiber scales in order to replicate the simplest structural and functional unit of skeletal 

muscle. 

In developing in vitro disease models of skeletal muscle, it is similarly critical to replicate 

the spatiotemporal scales of disease. The majority of skeletal muscle diseases of childhood result 

from single gene mutations that scale across several orders of spatial magnitude to result in 

clinical symptoms. For example, in Duchenne muscular dystrophy (DMD), a mutation in the 

dystrophin gene results in loss of expression of the dystroglycan complex within the sarcolemma 

of myofibers, potentiating injury at a single cell-level that scales to the organ and patient-level in 

the form of clinical symptoms such as weakness that disrupts the patients’ ability to walk, eat, 

breathe, and ultimately survive (Fig.1-1). Moreover, skeletal muscle diseases manifest over 

many temporal scales. In DMD, dystrophin-deficiency results in muscle weakness and injury 

acutely, and repeated cycles of muscle injury and failed muscle repair over the time course of 

days and weeks results in progression of replacement of muscle with fibrofatty tissue over a time 

course of years that ultimately results in early patient death (Fig. 1-1). 

 

  



 
 

 
 

 

Figure 1-1. Spatiotemporal scales of skeletal muscle diseases of childhood. 

  



 
 

 
 

1.2.2 The Spatiotemporal Scales of Smooth Muscle Diseases 

Smooth muscle lines airways, vasculature, gastrointestinal tract, sphincters, and the 

stomach and function to modulate the flow of air, blood, waste, and digested food through the 

body. Within the walls of these organs, anisotropic smooth muscle tissue layers 42, 43 wrap 

circumferentially or helically around the lumen such that muscle contraction causes narrowing of 

the lumen restricting the flow of fluids like air and blood and initiating flow of solids like 

digested food. Similar to skeletal muscle, smooth muscle generates tensional forces within its 

cytoskeleton through interactions of actin and myosin 44. However, in contrast to skeletal muscle, 

actin and myosin are not organized into periodic structures like sarcomeres44. Instead, actin 

filaments anchor to the plasma membrane at sites called dense plaques via a complex of adhesion 

proteins including talin, vinculin, paxillin, and α-actinin which couple actin to the cytoplasmic 

tails of integrin proteins, which couples the cell’s cytoskeleton to the ECM, or to cadherin 

proteins, which mechanically couple adjacent cells 44-48. Actin filaments extend in each direction 

from the dense bodies in parallel with the longitudinal axis of the cell and hence form a principal 

axis for force generation.  

Throughout health and disease, smooth muscle exhibits a range of phenotypes ranging 

from quiescent and contractile to proliferative and migratory43, 49. In order to modulate their 

phenotype, smooth muscle cells sense and transduce chemical and mechanical cues within the 

microenvironment and remodel their cytoskeleton, alter expression of contractile proteins, and 

modulate the composition of cellular organelles within the cytosol49.  Throughout the body, 

smooth muscle is exposed to a broad range of mechanical and chemical cues including pulsatile 

flow, shear stresses, tensile stress, inflammation, as well as contractile and relaxation agonists. In 

contrast to skeletal muscle, the majority of diseases affecting smooth muscle in pediatric 



 
 

 
 

populations are caused by changes to microenvironmental cues that in turn modulate the 

phenotype or contractile state of smooth muscle cells rather than genetic mutations43, 50-52. For 

example, in asthma, hypersensitivity of the immune system triggers large immune responses 

when exposed to allergens and other stimuli53. The immune response causes immune cells to 

secrete chemicals called cytokines that can act directly on membrane-bound receptors of smooth 

muscle, eliciting changes in cellular behavior that can include increased contractility, increased 

proliferation, and increased ECM deposition as well as many other functions53. These distinct 

consequences of inflammation manifest over several orders of temporal magnitude (Fig. 1-2). In 

asthma, an early phase immune response can trigger smooth muscle contraction resulting in 

airway narrowing on a time scale of minutes that traps carbon dioxide within the lungs. Hours 

later, the early phase immune response is followed by a second immune response that occurs as 

consequence of recruitment of more immune cells to the airway wall that again elicits dangerous 

airway narrowing causing the clinical symptoms of coughing and breathlessness. Over a time 

course of years, uncontrolled inflammation potentiates remodeling of the airway wall causing a 

transition from disease of reversible airway narrowing to irreversible airway narrowing due to 

increased deposition of fibrotic tissue within the airway wall. 



 
 

 
 

 

Figure 1-2. Spatiotemporal scales of smooth muscle diseases of childhood. 

 

1.3 Engineering Human In Vitro Models 

1.3.1  Healthy and Diseased Human Cell Sources 

The development of human in vitro disease models relies on the availability and quality 

of the relevant healthy and diseased cell types (Fig.1-3). For many years, primary, patient-

derived human cells have served as the only available substrate for engineering these models. 

While smooth muscle cells are not terminally differentiated and exhibit phenotypic plasticity42 

enabling expansion as well as de novo tissue formation54-56, human skeletal muscle myoblasts, 

the precursor to mature skeletal muscle myofibers,  have demonstrated only limited ability to 

fuse and form contractile muscle tissue57, 58. However, the development of induced pluripotent 

stem cells over last decade 15, 17, 33 now offers a renewable source of patient-specific muscle 



 
 

 
 

progenitors that can be differentiated into muscle. Generation of induced pluripotent stem cells 

consists of reprogramming of mature somatic cells to an embryonic-like state through the 

introduction of the transcription factors Oct3/4, Sox2, c-Myc, and Klf4 19. Since this discovery, 

many protocols have been developed enabling the differentiation of specific cell types, including 

smooth and skeletal muscle 14, 15, 17. Specifically, Chal et al. recently demonstrated the ability to 

differentiate induced pluripotent stem cells in to myofibers that exhibit sarcomeres and 

spontaneous contraction in culture 14, 15 through recapitulation of chemical signaling that occurs 

during sequential stages of paraxial mesoderm development. In addition to myofibers, their 

differentiation protocol generated satellite cells that associate with myofibers reminiscent of in 

vivo muscle 14, 15.  These advances provide a critical building substrate for the development of 

human-relevant models, although significant work remains to develop models of diseased muscle. 

To this end, the development of accurate gene editing techniques has enabled 

introduction of diseased genotypes into the genome of healthy cells for modeling disease. In 

particular, programmable nucleases derived from the microbial adaptive immune system have 

been leveraged for targeted and efficient genome editing in mammalian cells 21. RNA-guided 

endonucleases, called Cas9, can be targeted to host DNA with high specificity through 

predesigned guide RNA sequences21. There, the Cas9 endonucleases introduce double strand 

breaks within the host DNA59, 60, which, in the absence of an exogenous homology repair 

template, can induce deletions or insertions via the native non-homologous end-joining process61. 

Hence, in conjunction with induce pluripotent stem cell technology, the ability to develop 

healthy and diseased genotypes of human cell types for modeling of disease now exists. These 

tools have been leveraged to model the mitochondrial cardiomyopathy Barth Syndrome16 but 

have not yet been utilized for modeling diseases of smooth and skeletal muscle. 



 
 

 
 

 

Figure 1-3. Critical components for developing accurate pediatric muscular disease models 

1.3.2 Recapitulating Structure-Function Relationships in Health and Disease 

The structure and function of healthy and diseased muscle is largely derived from cues 

provided by the local microenvironment. A number of techniques have been developed to 

recapitulate the structure and composition of the ECM, the mechanical cues, and the chemical 

cues of healthy and diseased microenvironments that in turn guide the structure and function of 

engineered tissues. For example, soft lithography is a widely used technique that enables high 

fidelity microscale patterning of ECM proteins on to a two dimensional surface62, 63. When 

muscle cells are seeded on to defined patterns of ECM proteins, the myocytes sense the 

boundaries of the ECM pattern and take on the shape of the pattern62-64. Furthermore, myocytes 

organize their cytoskeletal architecture with respect to their cell shape56, 64. Previously, McCain 



 
 

 
 

et al. leveraged this technique to engineer cellular aspect ratios of cardiomyocytes on hydrogels 

of different elasticities to study the structure-function relationships of the heart65. They found 

that cardiomyocytes that had similar aspect ratios of those found in hypertrophic cardiomyopathy 

had greater stress generation on hydrogels of stiffness similar to the diseased heart compared to 

myocytes that had aspect ratios similar to those found in a healthy heart65. These findings 

indicate that myocytes reorganize their structure with respect to microenvironmental cues to 

optimize their functional performance; hence, by replicating the microenvironmental cues of 

health and disease, diseased structure-function relationships can be engineered in vitro (Fig. 1-3). 

In addition, mechanical cues have been utilized to engineer healthy and diseased 

muscular tissues in vitro. In order to replicate the mechanical forces present in homeostatic 

conditions of mature skeletal muscle, Grossi et al. differentiated mouse myoblasts on a substrate 

coated with ferromagnetic beads coated with ECM proteins. The application of a magnetic field 

mechanically stimulated the myoblasts bound to the magnetic beads. They found that mechanical 

stimulation improved muscle differentiation 66. Furthermore, the application of distinct 

mechanical stimuli has also been leveraged to model disease function. Gilbert et al. engineered 

hydrogels of stiffnesses reminiscent of healthy and fibrotic muscle and demonstrated that skeletal 

muscle stem cells on stiff substrates exhibited poorer self renewal compared to those on 

substrates of stiffness similar to healthy muscle67.  In another study, vascular smooth muscle 

tissues were engineered on an elastic substrate that enabled application of large tensional forces 

to mimic those experienced in the vasculature during traumatic blast injury55.  Using this 

technique, they found that the large tensional forces induced a phenotypic switch in the smooth 

muscle tissues that resulted in altered functional performance providing important insight into 



 
 

 
 

blast-induced vasospasms. Hence, mechanical cues can also be utilized to direct both healthy and 

diseased function in vitro.  

Lastly, the chemical microenvironment additionally plays a critical regulatory role in 

function of muscle tissues. Accurate temporal recapitulation of chemical growth factors is 

critical for successful differentiation of human skeletal muscle from pluripotent stem cells 14, 15. 

Similarly, a microenvironment rich in growth factors promotes a synthetic phenotype in smooth 

muscle tissues; whereas, the removal of growth factors promotes a mature, contractile phenotype 

in smooth muscle tissues in vitro42, 56. Moreover, our group mimicked the inflammation that 

occurs during an acute asthma attack to promote the hypercontractility of airway smooth muscle 

seen in asthmatic bronchospasms54. A short term treatment with the asthmatic cytokine 

interleukin 13 caused upregulation of contractile proteins, induced reorganization of the actin 

cytoskeleton, and promoted hypercontractility of the smooth muscle in response to the 

contractile agonist acetylcholine54. Hence, both timing and concentration of chemical mediators 

within the local microenvironment can be utilized in vitro to direct either healthy or diseased 

function of muscle tissues. 

1.4 Conclusions 

Collectively, advances in stem cell, gene editing, materials, and organ on chip technologies 

have provided an opportunity to overcome many of the limitations of disease modeling in 

animals for improved modeling of human muscular diseases. Induced pluripotent stem cells and 

gene editing techniques such as CRISPR/Cas9 afford generation of healthy and diseased muscle 

cells that possess human genotypes. Materials engineering and microfabrication techniques 

enable recapitulation of native ECMs that enable extended culture of engineered muscle tissues. 

And lastly, exposure to homeostatic and pathologic mechanical and chemical cues can be utilized 



 
 

 
 

to induce healthy and diseased structure-function relationships in vitro. While many of these 

techniques have been utilized independently to model aspects of human disease, significant work 

remains to be done in order to replicate the full spatiotemporal scales of human disease. In 

particular, long-term exposure to pathologic stimuli has not been well modeled in human in vitro 

models. Improvement in this regard is critical for improved models of human disease for 

development and screening of new therapies.   



 
 

 
 

2 Human Airway Musculature on a Chip:  An In Vitro Model of 

Allergic Asthmatic Bronchoconstriction and Bronchodilation 

Many potential new asthma therapies that show promise in the pre-clinical stage of drug 

development do not demonstrate efficacy during clinical trials.  One factor contributing to this 

problem is the lack of human-relevant models of the airway that recapitulate the tissue-level 

structural and functional phenotypes of asthma. Hence, we sought to build a model of a human 

airway musculature on a chip that simulates healthy and asthmatic bronchoconstriction and 

bronchodilation in vitro by engineering anisotropic, laminar bronchial smooth muscle tissue on 

elastomeric thin films. In response to a cholinergic agonist, the muscle layer contracts and 

induces thin film bending, which serves as an in vitro analogue for bronchoconstriction. To 

mimic asthmatic inflammation, we exposed the engineered tissues to interleukin-13, which 

resulted in hypercontractility and altered relaxation in response to cholinergic challenge, similar 

to responses observed clinically in asthmatic patients as well as in studies with animal tissue. 

Moreover, we reversed asthmatic hypercontraction using a muscarinic antagonist and a β-agonist 

which are used clinically to relax constricted airways. Importantly, we demonstrated that 

targeting RhoA-mediated contraction using HA1077 decreased basal tone, prevented 

hypercontraction, and improved relaxation of the engineered tissues exposed to IL-13. These 

data suggest that we can recapitulate the structural and functional hallmarks of human asthmatic 

musculature on a chip, including responses to drug treatments for evaluation of safety and 

efficacy of new drugs. Further, our airway musculature on a chip provides an important tool for 

enabling mechanism-based search for new therapeutic targets through the ability to evaluate 

engineered muscle at the levels of protein expression, tissue structure, and tissue function. 

 



 
 

 
 

2.1 Introduction 

Asthma is a leading cause of emergency department visits and hospitalization in pediatric 

populations 227. In allergic asthma, the clinical symptoms of coughing, wheezing, and 

breathlessness result from an exaggerated increase in smooth muscle tone in response to allergen 

provocation of the immune system 228, 229. Current therapeutic strategies target inflammation 

using glucocorticoids and excessive airway narrowing with β agonists230.  Unfortunately, many 

patients remain resistant to these treatments and are at greater risk for exacerbation 181, 231, 232. 

Despite this sizable clinical problem, only two new classes of airway drugs have been approved 

by the FDA in the last thirty years: anti-leukotrienes and  anti-IgE antibodies 157. This suggests 

an emergent need to accelerate the pipeline for discovery and validation of airway drugs. 

Preclinical studies for therapies against diseases such as asthma are traditionally 

performed using animal models that may present translational challenges due to interspecies 

differences 233, 234. In addition to animal models, there are several ex vivo and in vitro approaches 

to assess the contractility of airway smooth muscle (ASM) in response to the allergic immune 

response observed in asthma.  Airway smooth muscle strips and rings mounted on force 

transducers are advantageous for studying tissue-level structure and contractility,  but the assays 

are lower-throughput and human tissue supply is scarce 235.  In addition, magnetic twisting 

cytometry and traction force microscopy are effective tools for studying the effects of chemical, 

mechanical, and pharmacological stimuli on cellular stiffness and cellular force generation, 

respectively 236, 13, 14. However, it remains unclear how to extrapolate the single cell data 

obtained from these studies to tissue-level structural and functional responses to drugs 237, 238. 

Three dimensional ASM-fibroblast microtissues have been fabricated and exhibited basal tone, 

active contraction, and relaxation, but have not yet been used to model disease 239. Hence, we 



 
 

 
 

sought to develop a robust, functional, human-relevant model that can be used for screening new 

therapies against asthma.  

We hypothesized that we could build a model of a human airway musculature on a chip 

that recapitulates healthy and asthmatic bronchoconstriction and bronchodilation in vitro. We 

recapitulated the simplest structural and functional unit of the human airway by engineering 

anisotropic human bronchial smooth muscle (BSM) lamellae and mimicked the local immune 

response in the asthmatic airway by exposing the engineered tissue to interleukin-13 (IL-13), a 

cytokine prominently found in the airway of asthmatic patients 240, 241.  IL-13 caused an increase 

in the expression of proteins in the RhoA/ROCK2 pathway, increased co-alignment of actin 

fibers within the tissue, and elicited hyperresponsiveness to acetylcholine, similar to results seen 

both in clinical studies and animal models. We reversed hypercontraction using standard 

therapies as well as a recently proposed strategy such as treatment with a rho kinase inhibitor. 

Lastly, we prevented hypercontraction using a rho kinase inhibitor prior to induction of 

contraction, demonstrating the utility of our in vitro model as a means for evaluating new 

pharmaceutical compounds, identifying disease mechanisms, and performing mechanism-based 

searches for therapeutics. 

2.2 Results 

2.2.1 Mimicking Allergic Asthma with a Human Airway on a chip 

The human airway consists of anisotropic smooth muscle layers that wrap 

circumferentially around the lumen and contract and relax to decrease and increase its diameter, 

respectively (Fig. 2-1 A).  To recapitulate the architecture and contraction of BSM in vitro, we 

designed an airway musculature chip that consists of human bronchial smooth muscular thin 

films (bMTF). bMTFs comprise a bottom layer of the elastic polymer polydimethylsiloxane 



 
 

 
 

(PDMS) and a top layer of engineered BSM (Fig. 2-1 B) 242, 243. When the muscle layer contracts, 

the bMTF bends reducing the radius of curvature of the tissue in the same manner that smooth 

muscle causes the airway to narrow.  The bMTF chips were fabricated on glass coverslips by  

spincoating a layer of the temperature-sensitive polymer poly(N-isopropylacrylamide) (PIPAAm) 

within spatially defined regions, spincoating a layer of PDMS 243-247, and laser engraving arrays 

of cantilevers 247 (Fig. 2-1 B, 2-2). Using microcontact printing, a fibronectin pattern of 15 µm 

wide lines with 2 µm spaces was transferred to the PDMS substrate to enable cellular adhesion 

and anisotropic tissue formation (SM). Normal human primary BSM cells in growth medium 

were then seeded on to the micropatterned lines, promoting self-assembly of anisotropic 

monolayers that recapitulate the lamellar muscle architecture of the airway.   

  



 
 

 
 

 

 

Figure 2-1. Design, build, test: airway musculature on a chip.  

(A) Schematic of the healthy and asthmatic airway. Anisotropic, muscular lamellae wrap around 

the human airway to control airway tone. (i) The healthy airway is characterized by few immune 

cells and a patent airway. (ii) The asthmatic airway is characterized by influx of immune cells, 

structural remodeling, and a constricted airway. (B) Schematic depicting acetylcholine-induced 



 
 

 
 

(continued) contraction of healthy bMTF chip.  (i) The healthy airway was recapitulated by 

engineering anisotropic, muscular lamella on thin films. (ii) The bMTFs are peeled and assumed 

a basal tone. (iii) Active contraction is induced by administering acetylcholine (ACh). Scale bar 

represents 2 mm. (C) Schematic depicting ACh-induced contraction of asthmatic bMTF chip. (i) 

The asthmatic airway was recapitulated by administering interleukin 13 (IL-13) to the engineered 

BSM (BSM) during culture. (ii) The asthmatic bMTFs are peeled and assume a basal tone. (iii) 

Active contraction is induced by administering ACh. Scale bar represents 2 mm. (D) 

Representative images of bMTFs at basal tone and post-ACh administration. Scale bar represents 

1 mm. The blue outline and red tracker represent the original length and horizontal projection of 

the film, respectively. (E) Stress is plotted against ACh concentration (10 nM to 1 mM) and 

measured from the initial basal tone. n=15 films, 3 chips for the healthy phenotype; n=23 films, 4 

chips for the IL-13 induced asthmatic phenotype. Data points represent mean +/- standard error. 

* indicates p<0.05 at a given dose of ACh. 

  



 
 

 
 

 

Figure 2-2. Representative airway chip. 

(A) Example airway on a chip substrate prior to cell seeding. The glass cover slip is 22 x 22 mm. 

The films are 5 mm long and 2 mm wide. Scale bar represents 2 mm. (B) Representative 

contractile stress experiment. The blue region enables thresholding for tracking of the film edge 

and is equal in length to the unpeeled film. The red line tracks the projection of the film and is 

used for calculating the radius of curvature of the film. Scale bar represents 1 mm. 

 

IL-13 is a cytokine prominently found in the airway of asthmatic patients and is known to 

contribute to increased constriction of the airway as well as structural remodeling181.  To induce 

an allergic asthma phenotype in our engineered BSM, growth medium was replaced with serum-

free medium to induce the switch to a physiological, contractile phenotype for 24 hours. Next, 

IL-13 was administered to the anisotropic, laminar BSM for an additional 10-14 hours (Fig. 2-1 



 
 

 
 

C). When tissue was ready for experiments, the bMTF chip was transferred to Tyrode’s solution 

and the bMTFs were peeled from the substrate.  The temperature was briefly dropped below 

32°C to allow PIPAAm to dissolve and to leave a freestanding, cantilevered film. The film 

assumed an initial curvature corresponding to the basal tone within the tissue (Fig. 2-1 B-C). 

Active contraction of the BSM was induced by directly adding the cholinergic agonist 

acetylcholine, which is natively secreted from autonomic innervation of the bronchi, causing the 

film to curl further over a time scale of minutes (Fig. 2-1 B-C). Tissue stresses were derived 

from observing the extent of bMTF bending and hence our chip provides quantitative 

measurements of basal tone and active contraction in engineered human tissue. 

We asked if we could mimic an allergic bronchoconstriction on our chip. Clinically, 

airway hypersensitivity and hyperresponsiveness are assessed using spirometry, where the 

maximal forced expiratory volume (FEV) and the forced expiratory volume in one second 

(FEV1) are measured 183, 248. In this diagnostic test, bronchoconstriction is elicited using a 

cholinergic agonist and changes in the FEV and FEV1 are measured as a result of the smooth 

muscle contraction and subsequent airway narrowing. Asthmatic patients experience a 

significant decrease in their FEV1 compared to healthy patients249, suggesting excessive airway 

narrowing due to BSM contraction leading to coughing and wheezing. To test whether we could 

mimic allergic asthma bronchoconstriction in vitro, we simulated this diagnostic test by 

quantifying the contractile stresses of bMTFs in response to increasing concentrations of the 

bronchoconstrictor acetylcholine. Contraction of tissues was elicited by cumulatively dosing 

acetylcholine from 10 nM to 1 mM with ten minute dosing intervals (Fig. 2-1 D). Prior to 

constriction, the basal tone of healthy and asthmatic phenotypes was not statistically different, a 

result that may be clinically analogous to the normal specific airway resistance seen in asthmatic 



 
 

 
 

children 250.  All stress values were quantified as the difference from the basal tone, denoted as 

normalized stress (Fig. 2-1 E).  The tissues exposed to IL-13 generated greater stress at each dose 

of acetylcholine (10 nM-1 mM) when compared to healthy phenotype at the same dose (Fig. 2-1 

E).  This increased contractile response in our IL-13 induced asthmatic phenotype is reminiscent 

of the reduction of FEV1 seen in spirometry studies of human asthmatic patients 249, 251 and 

corresponds with elevated agonist-induced increases in cellular stiffness in human and rabbit 

airway smooth muscle measured with atomic force microscopy and magnetic twisting 

cytometry106, 252. These data suggest IL-13 exposure does not increase the basal tone, but induces 

hypercontraction of human BSM in response to acetylcholine. Thus, bMTFs model a hallmark 

pathological feature of asthma related to hypercontraction of BSM. 

2.2.2 Physiological and impaired relaxation in asthma 

Clinically, asthma is distinguished from other obstructive airway diseases by the 

reversibility of airway obstruction in response to β-agonists 253, such as albuterol and 

isoproterenol, which induce relaxation by reducing intracellular calcium through production of 

cyclic adenosine monophosphate (cAMP) 254. We asked if we could recapitulate these responses 

in our airway on a chip model. Healthy and IL-13 treated bMTFs were peeled and assumed a 

basal tone (Fig. 2-3 A-B). Next, 100 µM isoproterenol and 1 mM isoproterenol doses were 

administered to the tissues in order to induce relaxation. The IL-13 induced asthmatic phenotype 

had a greater magnitude of relaxation in response to 1 mM isoproterenol compared to the healthy 

phenotype, indicating IL-13 alone does not cause impaired relaxation of human BSM although it 

has been shown to reduce the ISO-induced reduction of cell stiffness117. This result is 

reminiscent of greater increases in pulmonary function in response to dosing with a β-agonist 

seen in asthmatic patients compared to control groups 255, 256. 



 
 

 
 

 

Figure 2-3. Impaired relaxation due to synergistic effect of IL-13 and ACh.  

(A) Schematic depicting (i) the basal tone and (2) bronchodilator-induced relaxation of bMTF 

chip. (B) Relaxation was quantified in response to the β-agonist isoproterenol (ISO). Stress is 

measured from the basal tone. n=12 films, 2 chips for the healthy phenotype; n=10 films, 2 chips 

for the IL-13 induced asthmatic phenotype. Data points represent mean ± standard error. (C) 

Schematic depicting (i) basal tone (ii) preconstriction and (iii) bronchodilator-induced relaxation 

of airway on a chip after initially constricting the tissue. (D) Tissues were constricted using ACh 

then subsequently treated with ATO 50 µM, ISO 100 µM, and ISO 1 mM in series to induce 

relaxation. Stress is measured from the basal tone. n=11 films for the healthy phenotype, 2 chips; 

n=12 films, 2 chips for the IL-13 induced asthmatic phenotype. Data points represent mean ± 



 
 

 
 

standard error. (continued) (E) The magnitude of relaxation in response to ISO was quantified 

for non-constricted tissues (dark gray) and constricted tissues (black). For non-constricted tissues, 

the change in stress was measured between the basal tone and the tone after administration of 1 

mM ISO (seen in the stress traces in Fig. 2B). For constricted tissues, the change in stress was 

measured between the tone after administration of 50 µM ATO and the tone after administration 

of 1 mM ISO (seen in the stress traces in fig. 2D). * and # indicate p<0.05. 

 

Despite the clinical success of β-agonists and glucocorticoids in the majority of asthma 

patients, 5% to 10% are non-responsive to these therapies and are at a greater risk for 

hospitalization 156, 232. Previous work in animals has shown functional antagonism between 

cholinergic-induced contraction and β-agonist-induced relaxation 257, 258. We sought to determine 

if one reason for impaired BSM relaxation in therapy-resistant patients is exposure to specific 

cytokines and subsequent triggering of intracellular signaling by acetylcholine as IL-13 has been 

shown to reduce ISO induced relaxation in acetylcholine-preconstricted rabbit airway smooth 

muscle252. To determine the effect of acetylcholine on isoproterenol-induced relaxation in our 

engineered human tissues, we constricted tissues with acetylcholine prior to inducing relaxation 

and compared this response to tissues that were relaxed from their basal tone.  We peeled the 

healthy and IL-13 treated bMTFs, allowing them to assume a basal tone (Fig. 2-3 C), and then 

constricted the tissues using 100 nM acetylcholine. Next, the muscarinic antagonist and 

bronchodilator atropine was administered to prevent any further contraction due to acetylcholine 

binding to muscarinic receptors, as well as to induce relaxation to a stress level near the initial 

basal tone (Fig. 2-3 C). Further relaxation was induced using 100 µM  and 1 mM isoproterenol, 

and the magnitude of relaxation was quantified by calculating the difference of stress after the 1 



 
 

 
 

mM isoproterenol dosing interval and the 50 µM  atropine dosing interval (Fig. 2-3 D). The 

healthy phenotypic tissues constricted with acetylcholine prior to induction of relaxation with 

isoproterenol did not have a statistically different magnitude of relaxation compared to the 

healthy phenotype that had not been constricted prior to induction of relaxation (Fig. 2-3 E).  

However, the IL-13 induced asthmatic phenotypic tissues constricted prior to induction of 

relaxation had a significant decrease in the magnitude of relaxation in response to isoproterenol 

compared to the IL-13 induced asthmatic phenotypic tissues that had not been constricted prior 

to induction of relaxation (Fig. 2-3 E). These data suggest IL-13 and acetylcholine may act 

synergistically on the same pathway to disrupt relaxation of human BSM. 

2.2.3 Effect of IL-13 on structure and protein expression 

Thickening of BSM in the airway wall is a structural hallmark of asthma186, 259 and 

potentiates airway narrowing. We asked whether IL-13 induced cellular hypertrophy of human 

BSM in our system. To test this hypothesis, we stained the actin cytoskeleton and nuclei in 

confluent tissues after culture and treatment with either IL-13 or vehicle (Fig. 2-4 A). We then 

determined the number of cells per field of view as a measure of average cell under the 

assumption of confluence (Fig. 2-4 B). The healthy phenotype had a statistically larger number 

of cells per field of view compared to tissue exposed to IL-13. These results suggest that IL-13 

caused increased cellular size of human BSM. This result is similar to the cellular hypertrophy 

observed in the peripheral airways of asthmatic patients 260. 

 



 
 

 
 

 

Figure 2-4. Structural and protein expression changes due to IL-13. 

(A) Representative (i) healthy and (ii) IL-13 exposed engineered BSM tissues immunostained for 

f-actin (gray) and nuclei (blue). Scale bar is 25 µm. (B) The average number of cells per field of 

view (222 µm by 166 µm) was quantified with the assumption each cell had a single nucleus. 

Mean ± standard error, n=5 chips, for healthy and the IL-13 induced asthmatic phenotypes, 10 

fields of view per sample, * indicates p<0.05. (C) The actin orientational order parameter (OOP) 

is plotted for each condition. Mean ± standard error, n=5 chips, 10 fields of view per sample for 

healthy and the IL-13 induced asthmatic phenotypes, * indicates p<0.05. (D) Western blot gel 



 
 

 
 

using β-actin as  (continued) a control for total protein expression.  (E) Normalized protein 

expression, measured by Western blot, for ROCK2 and RhoA. Mean ± standard error, n=4 

tissues for each condition, * indicates p<0.05. 

 

We also asked if IL-13 altered contraction by modifying the organization of the actin 

cytoskeleton.  In the human airway, actin cytoskeletal fibers orient in parallel to the longitudinal 

axis of the BSM cells 261, which wrap circumferentially around the airway 262, 263. To investigate 

tissue architecture, we measured actin orientation angles using an algorithm based on fingerprint 

identification 264 and quantified their global alignment by calculating the orientational order 

parameter (OOP), where 1 represents perfect alignment and 0 represents random organization 265 

(Fig. 2-4 C). Both healthy and IL-13 induced asthmatic phenotypes had high values of OOP, 

suggesting highly aligned tissues, reminiscent of BSM in human airway 262, 263. The IL-13 

induced asthmatic phenotype had a greater OOP than the healthy phenotype, indicating IL-13 

induced increased alignment of actin fibers. Together, these results mimic changes of the cellular 

architecture seen in the culture of hypercontractile BSM in previous reports 266 and post mortem 

tissue 267. 

Next, we asked whether IL-13 altered expression of proteins that regulate contraction in 

bronchial smooth muscle. Expression of α-smooth muscle actin and smooth muscle myosin 

heavy chain are thought to be indicative of the contractile phenotype of airway smooth muscle 

268. To determine whether a phenotypic switch contributed to hypercontraction of the tissues 

exposed to IL-13 in our system, we used Western blot to determine the normalized expression of 

α-smooth muscle actin in the IL-13 induced asthmatic and healthy phenotypes. The contractile 

phenotype was supported by observation of diffuse expression of α-smooth muscle actin in 



 
 

 
 

immunostained images (Fig. 2-5 A), but there was no statistical difference between protein 

expression in the healthy and asthmatic conditions (Fig. 2-5 B). Upregulation of the 

RhoA/ROCK pathway has been implicated as a key player in augmented bronchoconstriction in 

asthma 118, 130. Here, we asked if the RhoA/ROCK pathway acts as an effector of 

hypercontraction of BSM in human asthma. We used Western blot to determine the normalized 

expression of RhoA and ROCK2 relative to β actin (Fig. 2-4 D). IL-13 induced statistically 

greater expression of RhoA in the IL-13 induced asthmatic phenotype compared to the healthy 

phenotype (Fig. 2-4 E), similar to previous reports 117, 118. Additionally, there was increased 

expression of ROCK2, a downstream effector of RhoA in the IL-13 induced asthmatic 

phenotype, but this result was not found to be statistically significant. These results suggest that 

the hypercontraction of the IL-13 induced asthmatic phenotype observed in our system may be 

induced through upregulation of RhoA. 



 
 

 
 

 

Figure 2-5. Bronchial smooth muscle phenotype. 

(A) Example tissues immunostained for f-actin (white) to detect the actin cytoskeleton, α-smooth 

muscle actin (red) to identify muscular phenotype, and nuclei (blue). Scale bar is 25 µm.  (B) 

Western blot gel using β-actin as a control for total protein expression. Normalized protein 

expression, measured by Western blot, for α-smooth muscle actin. Mean ± standard error, n=3 

tissues for each condition, no statistical significance. 

  



 
 

 
 

2.2.4 Regulation of hypercontraction and impaired relaxation by ROCK  

The contractile strength of smooth muscle is dependent on the intracellular 

concentration of calcium and calcium sensitization mediated through RhoA 170. Since we 

observed that IL-13-induced upregulation of RhoA, we asked if pretreatment with HA1077, an 

inhibitor of Rho-mediated calcium sensitization and contraction, would prevent hypercontraction 

as seen in IL-13-treated mouse BSM118 and ovalbumin-sensitized guinea pigs 269. To test this 

hypothesis, we pretreated the IL-13 induced asthmatic phenotype with 10 µM HA1077 for 

fifteen minutes in serum-free culture media and washed the drug out with PBS thirty minutes 

prior to initiation of the acetylcholine dose response. The IL-13 induced asthmatic phenotypic 

tissues that were pretreated with HA1077 exhibited a statistically lower basal tone than both the 

healthy phenotype and untreated, IL-13 induced asthmatic phenotype (Fig. 2-6 A). HA1077-

pretreated, IL-13 induced asthmatic phenotypic tissues additionally exhibited statistically lower 

stresses than both the healthy and untreated IL-13 induced asthmatic phenotypic tissues up to 1 

µM acetylcholine (Fig. 2-6 A). For the doses of 10 µM to 1 mM acetylcholine, HA1077-

pretreated tissues exposed to IL-13 did not have statistically different stresses compared to the 

healthy phenotype, but did have statistically lower stress compared to untreated tissues exposed 

to IL-13 (Fig. 2-6 A). This result indicates HA1077 decreases the basal tone of our engineered 

BSM tissue and prevents hypercontraction.  



 
 

 
 

 

Figure 2-6. Regulation of hypercontraction via the RhoA/ROCK2 pathway. 

(A) The contractile response of the IL-13 induced asthmatic phenotype pretreated with 10 µM 

HA1077. n=15 films, 3 chips for the healthy phenotype; 4 chips, n=23 films for the IL-13 

induced asthmatic phenotype; n=12 films, 2 chips for IL-13 tissue pretreated with HA1077.  Data 

points represent mean ± standard error. The ACh dose response was plotted versus concentration 

denoting statistical significance at each dose, * indicates p<0.05 relative to IL-13 tissue 

pretreated with HA1077 and # indicates p<0.05 relative to both healthy phenotypic tissues and 

the IL-13 induced asthmatic phenotypic tissues pretreated with HA1077. (B) For the healthy and 

the IL-13 induced asthmatic phenotypes, relaxation was quantified in response to HA1077. 



 
 

 
 

Stress is (continued) measured from the basal tone. n=12 films for the healthy phenotype, 2 

chips; n=12 films, 2 chips for the IL-13 induced asthmatic phenotype. Data points represent 

mean ± standard error. (C) The magnitude of relaxation in response to HA1077 was quantified 

measuring the change in stress between the basal tone and the tone after the administration of 

100 µM HA1077. This response was compared to the relaxation induced in response to 1mM 

ISO seen in Fig. 2B. * and # indicate p<0.05. (D) Healthy and the IL-13 induced asthmatic 

phenotypes were relaxed from the basal tone using ISO and HA1077 in series. Stress is measured 

from the basal tone. n=10 films, 2 chips for the healthy phenotype; n=11 films, 2 chips for the 

IL-13 induced asthmatic phenotype. Data points represent mean ± standard error. (E) Tissues 

were constricted using ACh, then relaxed using ATO, ISO, and HA1077 in series. Stress is 

measured from the basal tone. n=11 films for the healthy phenotype, 2 chips; n=12 films, 2 chips 

for the IL-13 induced asthmatic phenotype. Data points represent mean ± standard error. (F) The 

relaxation was quantified by measuring the change in stress between the basal tone and the tone 

after administration of 100 µM HA1077. * indicates p<0.05 between non-constricted and 

constricted tissues within a condition. # indicates p<0.05 of the non-constricted/constricted 

tissues between the healthy and IL-13 conditions. 

 

Next, we asked whether inhibiting rho kinase would also be effective for inducing 

relaxation. Similar to the relaxation studies performed using isoproterenol, we peeled the bMTFs, 

allowed them to assume a basal tone, and then induced relaxation with 10 µM and 100 µM 

HA1077 (Fig. 2-6 B). Similar to the results of the isoproterenol-induced relaxation without prior 

constriction (Fig. 2-6 B), HA1077 induced a statistically greater relaxation of the IL-13 induced 

asthmatic phenotype compared to the healthy phenotype (Fig. 2-6 C). Additionally, we compared 



 
 

 
 

the efficacy of 100 µM HA1077 to the efficacy of 1 mM isoproterenol (Fig. 2-6 C). For both 

healthy and the IL-13 induced asthmatic phenotypes, HA1077 elicited a statistically greater 

relaxation compared to the isoproterenol-induced relaxation.  

Because isoproterenol and HA1077 induce relaxation via different mechanisms, we 

asked whether using both drugs together would have additive effects. To test this hypothesis, we 

administered 100 µM isoproterenol, 1 mM isoproterenol, 10 µM HA1077, and 100 µM HA1077 

at fifteen minute intervals and measured the decrease in stress relative to the basal tone (Fig. 2-6 

D). Additionally, we tested the additive effects of isoproterenol and HA1077 of healthy and the 

IL-13 induced asthmatic phenotypes that had been constricted with acetylcholine prior to 

inducing relaxation (Fig. 2-6 E). The magnitude of relaxation was measured as the difference of 

stress after the 100 µM HA1077 dosing interval and the basal tone (Fig. 2-6 E). In non-

constricted tissues, we found the serial dosing of isoproterenol and HA1077 induced 

significantly greater relaxation in the IL-13 induced asthmatic phenotype compared to the 

healthy phenotype (Fig. 2-6 D, F).  However, in constricted tissues, the IL-13 induced asthmatic 

phenotype had significantly less relaxation compared to the healthy phenotype (Fig. 2-6 E-F). 

The constricted, IL-13 induced asthmatic phenotype also had significantly less relaxation 

compared to non-constricted, IL-13 induced asthmatic phenotype, while the constricted, healthy 

phenotype relaxed significantly more than the non-constricted, healthy phenotype (Fig. 2-6 D-F). 

These data indicate IL-13 and acetylcholine act synergistically to alter the ability of asthmatic 

human BSM to relax.  Lastly, we found using both isoproterenol and HA1077 improved 

relaxation compared to tissues relaxed with isoproterenol alone, suggesting that rho kinase 

inhibitors represent a new class of therapeutics for patients who are resistant to current asthma 

therapies. 



 
 

 
 

  



 
 

 
 

2.3 Discussion 

The challenge of organ on chips is to recapitulate healthy and diseased physiology of 

multiple tissue or organ mimics that communicate in vitro in order to supplement animals in 

preclinical drug development 270. Developing platforms that allow for acquisition of robust, 

reliable tissue or organ-level structural and functional outputs while maintaining the simplicity 

requisite for high throughput fabrication is an immense challenge. In this study, we designed, 

built, and tested an in vitro model of healthy and asthmatic human airway musculature. On our 

human airway musculature chip, we demonstrated that we could recapitulate many of the 

hallmark clinical features of asthmatic airway smooth muscle: hyperresponsiveness to 

acetylcholine, physiological and impaired relaxation in distinct experiments, cellular remodeling, 

and increased expression of contractile proteins.  We tested our system using standard airway 

drugs and observed appropriate functional responses to β-agonists and muscarinic antagonists. 

Further, we demonstrated the efficacy of HA1077 in prevention of ACh triggered 

hypercontraction of IL-13 treated tissues and relaxing the muscle from its basal tone and after 

contraction as well as showed that HA1077 had an additive effect with isoproterenol in inducing 

relaxation of human airway musculature.  

Reversible airway narrowing in asthma elicits the clinical symptoms of breathlessness, 

wheezing, and coughing 228, 248. In asthma, the BSM is hyperresponsive to a number of 

nonspecific stimuli such as tobacco smoke 271, air pollution 272, cleaning agents 273, and drugs 

such as non-steroidal anti-inflammatories 274. Clinically, hyperresponsiveness is assessed using 

spirometry after exposing the airway to the cholinergic agonist methacholine249. In this study, the 

IL-13 induced asthmatic phenotype did not have statistically different basal tone compared to the 

healthy phenotype but generated greater contractile stress in response to doses of 10 nM to 1 mM 



 
 

 
 

of acetylcholine, potentially explaining why asthmatic patients have increased reductions in 

FEV1 measurements compared to healthy patients 249. These results indicate that IL-13 does not 

increase human BSM tone alone but instead acts synergistically with acetylcholine to cause 

hypercontraction. This result may explain why using the synthetic muscarinic antagonist 

ipratropium bromide as an adjunct to β agonists has successfully reduced asthmatic exacerbation 

rates in asthma patients275. 

Episodes of excessive airway narrowing are typically managed using β agonists 275. Here, 

we tested the relaxation capability of healthy and the IL-13 induced asthmatic phenotypes using 

the β agonist isoproterenol. First, the tissues were relaxed from their basal tone, and the IL-13 

induced asthmatic phenotype achieved a greater magnitude of relaxation compared to the healthy 

phenotype. This result suggests that IL-13 alone does not alter the relaxation response of 

bronchial smooth muscle. However, when we tested relaxation after acetylcholine-induced 

constriction, the constricted, IL-13 induced asthmatic phenotype had significantly less relaxation 

compared to the IL-13 induced asthmatic phenotype that had not been constricted. The same 

effect was not observed in constricted healthy phenotypic tissues. Together, these results indicate 

that synergism occurs between IL-13 and acetylcholine to alter the relaxation response to 

isoproterenol. Similar functional antagonism between cholinergic-induced contraction and β 

agonist-induced relaxation has been observed in canine and guinea pig airway smooth muscle 257, 

258, which may be due to inhibition of β agonist-induced cAMP production 276. Here, the 

impaired relaxation may manifest when both acetylcholine disables cAMP regulation of 

intracellular calcium and IL-13 upregulation of the Rho/ROCK pathway, consequently causing 

increased intracellular calcium and increased calcium sensitivity. 



 
 

 
 

Structural remodeling is an additional clinical hallmark of the asthmatic human airway186, 

259. Further, the severity of asthma is related to the extent of airway remodeling 186.  In this study, 

we found that IL-13 caused increased cellular size within the tissue. Additionally, an increased 

alignment of actin fibers within tissue treated with IL-13 was observed. Many studies provide 

evidence indicating that phosphorylation of myosin light chain and remodeling of the actin 

cytoskeleton possess independent roles in the contraction of smooth muscle 277, where maximum 

stress generation may be dependent both on length of actin fibers and myosin light chain 

phosphorylation. Thus, the structural remodeling of BSM cells may play an important role in 

hypercontraction in asthma. 

Protein expression is commonly used to assess the phenotype of smooth muscle in 

disease. Expression of α-smooth muscle actin and smooth muscle myosin heavy chain are 

thought to be indicative of a contractile phenotype of airway smooth muscle 268.  Increased 

expression of RhoA and coupling to ROCK has been associated with diseases involving 

hypercontraction of smooth muscle like subarachnoid hemorrhage induced vasospasm and 

asthma 130. In this study, the increased expression of RhoA in the IL-13 induced asthmatic 

phenotype was consistent with pathologically hypercontractile smooth muscle tissue.  

Lastly, we evaluated newly proposed treatment strategies, specifically HA1077, as a 

treatment for preventing hypercontraction of human BSM as well as a treatment for acute 

bronchoconstriction.  Pretreatment of the IL-13 induced asthmatic phenotype with HA1077 

caused decreased basal tone compared to both healthy and the non-treated, IL-13 induced 

asthmatic phenotype. Further, this treatment lowered the maximal contractile response of the IL-

13 induced asthmatic phenotype, suggesting that upregulation of the Rho/ROCK pathway plays a 

critical role in hypercontraction of human bronchial smooth muscle. We found that HA1077 



 
 

 
 

induced greater relaxation in both healthy and IL-13 tissues than isoproterenol.  Because 

isoproterenol and HA1077 act on regulation of intracellular calcium and calcium sensitivity, 

respectively, we tested the additive effects of relaxing both non-constricted and constricted 

tissues.  This resulted in greater relaxation in constricted healthy phenotypic tissues relative to 

non-constricted healthy phenotypic tissues, while prior constriction reduced the ability of the IL-

13 induced asthmatic phenotypes compared to the non-constricted, IL-13 induced asthmatic 

phenotype. This demonstrates synergism between acetylcholine and IL-13 in altering relaxation 

capacity.  Importantly, it was additionally demonstrated that isoproterenol and HA1077 together 

induce greater relaxation compared to isoproterenol, the current standard treatment.      

Human organs on chips are of interest because of their promising potential to replace in 

vivo animal studies due to improved specificity, sensitivity, and predictiveness33. Our work 

represents the next stage of development where we build more fidelity into our system by 

mimicking disease.  This is important for drug safety and efficacy testing and disease modeling 

as well as mechanism-based search for therapeutics. Further, the airway musculature on a chip is 

amenable to integration into microfluidic system which will enable coupling with other healthy 

and diseased organ mimics. 

2.4 Material and Methods 

2.4.1 Chip Fabrication 

Glass coverslips (22 mm X 22 mm, VWR, Westbury NY, catalog# 48366-067) were 

cleaned in 70% ethanol via sonication for thirty minutes and subsequently air dried. A piece of 

low adhesion Scotch tape (3M, St. Paul, MN) was applied to cover the entire surface of the glass 

coverslip. Two rectangles with rounded corners with dimensions of 13 mm X 5.5 mm were laser 

engraved into the tape using a CO2 laser (VersaLaser 2.0, 10.6 µm wavelength, 10 W, Universal 



 
 

 
 

Laser systems, Scottsdale, AZ) using 10% power and 2% speed settings 247. The rectangles were 

then peeled from the coverslip while leaving the remaining surface covered by the tape. A thin 

layer of poly(N-isopropylacrylamide) (PIPAAm) (Polysciences, Warrington, PA) dissolved in1-

butanol (10% w/v) was spin coated at a maximum speed of 6000 RPM for one minute onto the 

exposed areas of the coverslip in order to serve as a sacrificial layer. After removing the 

remaining tape, Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Midland, MI) was 

mixed at a 10:1 base to curing agent ratio and spin coated at a maximum speed of 4000 RPM for 

one minute so that a thin layer of PDMS coated both the uncoated and PIPAAm-coated regions 

of the coverslip. After curing of the PDMS layer over night at 65°C, two rows of six cantilevers 

with dimensions of 2 mm X 5 mm were laser engraved (Laser cutter settings: 0.2% power and 

0.1% speed ) 247 into the regions consisting of both PIPAAm and PDMS layers. 

2.4.2 Cell Culture 

Normal human BSM cells (Lonza, Walkersville, MD) were purchased at passage two 

and cultured in growth medium consisting of M199 culture medium (GIBCO, Invitrogen, 

Carlsbad, CA) supplemented with 10% heat inactivated fetal bovine serum, 10 mM HEPES, 0.1 

mM MEM nonessential amino acids, 20 mM glucose, 1.5 µM vitamin B-12, 50 U mL-1 penicillin, 

and 50 U mL-1 streptomycin (GIBCO) 246. Cells were allowed to proliferate in tissue culture 

flasks until they reached 70-80% confluence. Experiments were performed using cells from 

passage 5-7. The cells were trypsinized with 0.25% of trypsin-EDTA (GIBCO), seeded onto 

chips at a density of 25,000 cells cm-2, and cultured in the growth media for 48 hours to form a 

confluent tissue. The growth media was then replaced with a serum free media of M199, 

supplemented with 10 mM HEPES, 0.1 mM MEM nonessential amino acids, 20 mM glucose, 

1.5 µM vitamin B-12, 50 U mL-1 penicillin, and 50 U mL-1 streptomycin for 24 hours to induce a 



 
 

 
 

contractile phenotype 245. After 24 hours, induction of the asthmatic phenotype was achieved by 

supplementing the serum free media with 100 ng mL-1 human IL-13 (Sigma-Aldrich) during the 

final 10-14 hours of culture prior to experiments. Interleukin-13 was reconstituted in 20 mM 

acetic acid at a concentration of 0.1 mg mL-1 then further diluted to 1 µg 1 mL-1 in 0.1% BSA for 

long term storage at -20 °C per the vendor specifications.  The vehicle, consisting of 20 mM 

acetic acid diluted in 0.1% BSA, was added to the control tissue. The tissues were triple rinsed 

with PBS prior to experiments. 

2.4.3 Contractility Experiments 

bMTF experiments were performed on a Leica MZ9.5 stereomicroscope (Wetzlar, 

Germany) with 0.63X magnification, coupled to a National Instruments LabVIEW data 

acquisition board which was programmed to capture the horizontal projection of the films by 

taking an image every 30 seconds through the course of the experiment using a Basler A601f-2 

camera (Exton, PA). bMTF chips were transferred to a 35 mm Petri dish containing Tyrode's 

solution (1.8 mM CaCl2, 5 mM glucose, 5 mM HEPES, 1 mM MgCl2, 5.4 mM of KCl, 135 mM 

of NaCl, and 0.33 mM of NaH2PO4 in deionized water, pH 7.4 at 37 °C; reagents from Sigma-

Aldrich). Tyrode’s solution was allowed to cool below 32 °C to allow dissolution of the 

PIPAAm layer. The bMTFs were then gently peeled and the dish was placed in a heated plate to 

re-equilibrate to 37 °C, allowing the films to reach a basal tone. For contractile studies, 

contraction was induced with cumulative dosing of acetylcholine chloride (Sigma-Aldrich) (ACh) 

dissolved in distilled water: 10 nM ACh, 100 nM ACh, 1 µM ACh, 10 µM ACh, 100 µM ACh, 

and 1mM ACh at ten minute intervals.  

2.4.4 Relaxation Experiments 



 
 

 
 

For relaxation, there were two types of studies: relaxation without preconstriction and 

relaxation after preconstriction. For relaxation without preconstriction, the bMTFs were peeled 

and allowed to achieve a basal tone as done in contractility experiments. Relaxation was then 

induced using cumulative dosing of isoproterenol (100 µM and 1 mM) (Sigma-Aldrich) 

dissolved in distilled water, dosing 15 minutes after previous dose. For relaxation after 

preconstriction, the bMTFs were released to their basal tone and then induced to contract with 

100 nM ACh. Next, 50 µM atropine (Sigma-Aldrich) dissolved in water was added to induce 

relaxation and prevent further contraction. Further relaxation was induced using cumulative 

dosing of 100 µM isoproterenol and 1 mM isoproterenol with 15 minutes between doses. 

2.4.5 Rho Kinase Inhibition Experiments 

To test the effect of rho kinase in acetylcholine-induced hypercontraction, asthmatic 

tissues were pretreated with 10 µM HA1077 (Sigma-Aldrich) for 15 minutes in serum free 

culture medium. Thirty minutes prior to the contractile experiment, HA1077 was triple washed 

out using PBS, then moved to Tyrode’s solution as described above. To test the relaxation 

response to HA1077, the bMTFs were peeled and allowed to achieve a basal tone as described, 

then induced to relax with cumulative dosing of HA1077 (10 µM and 100 µM). To determine 

whether HA1077 would have an additive effect with isoproterenol, tissues relaxed with 

cumulative dosing of 100 µM and 1 mM isoproterenol were further relaxed with 10 µM and 100 

µM HA1077, with 15 minute intervals between doses. 

2.4.6 Microcontact Printing 

In order to engineer anisotropic BSM oriented along the longitudinal axis of the thin 

films, the chips were microcontact printed,  as previously published 243, 245, 278. Briefly, a silicon 

wafer was coated with a thin layer of SU8-2002 (MicroChem Corporation, Newton, MA), a 



 
 

 
 

negative photoresist, via spin coating. After baking the photoresist-coated silicon wafer, a 

photomask was brought into contact with the wafer using a mask aligner, and UV light was 

shown through the mask. Regions exposed to UV light became insoluble and the rest was 

dissolved away with developer solution. After development, the etched wafer served as a 

template for fabrication of PDMS stamps.  PDMS stamps with 15 µm lines and 2 µm spacing 

were incubated with 200 µl of human fibronectin (BD Biosciences, Sparks, MD) at 50 µg mL-1 

in distilled water for one hour. Excess fibronectin was air blown from the PDMS stamp and 

applied to the chip which had been recently exposed to UV ozone (Model# 342, Jetlight 

Company Inc., Phoenix, AZ) for eight minutes in order to transiently switch the substrate to a 

hydrophilic state. Stamps were manually positioned so that lines were oriented along the 

longitudinal axis of the thin films. Seeding of cells occurred immediately after microcontact 

printing. 

2.4.7 Western Blotting 

Tissues were lysed in urea lysis buffer consisting of 100 mM Tris, 4 M urea, 5 mM 

EDTA, 0.5% SDS, 0.5% NP-40 (Sigma-Aldrich), and Halt Protease and Phosphatase Inhibitor 

Cocktail (Thermo Scientific, Rockford, IL).  Licor TG-SDS running buffer (Lincoln, NE) was 

used for electrophoresis. Protein concentration was quantified using a bicinchoninic acid assay 

and a SpectraMaxM2e microplate reader (Molecular Devices, Vienna, VA). 10 µg of total 

protein was loaded into Criterion 4-15% polyacrylamide gels (Bio-Rad, Hercules, CA) and the 

gel was run for 90 minutes at 120 V. The gel was transferred to PVDF membranes (Licor) at 70 

V for 40 minutes for Western analysis. Membranes were incubated in primary antibody diluted 

in PBS and Licor blocking buffer for 48 hours at 4°C. Primary antibodies used were α-smooth 

muscle actin (1:200 dilution, Abcam, Cambridge, MA), ROCK2 (1:50 dilution, Santa Cruz 



 
 

 
 

Biotechnology, Santa Cruz, CA), RhoA (1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, 

CA), and β actin (1:1000 dilution, Santa Cruz Biotechnology, Santa Cruz, CA). Secondary 

antibodies were conjugated with infrared labels (1:1000 dilution, Licor, Lincoln, NE) and 

imaged with a Licor Odyssey reader (Licor, Lincoln, NE). Densitometry analysis was carried out 

using Odyssey 3.0 software and ImageJ (NIH, Bethesda, MD) and the quantified values were 

compared using the student’s t-test. 

2.4.8 Actin alignment quantification 

Engineered tissues were fixed with 4% paraformaldehyde (16% stock diluted in PBS, 

Electron Microscopy Sciences, Hatfield, PA) for 10 minutes and subsequently permeabilized 

with 0.05% Triton X-100 (Sigma-Aldrich) for 12 minutes. Tissues were triple rinsed with PBS.  

These fixed and permeabilized tissues were stained with the Alexa Fluor 488-conjugated 

Phalloidin (Product# A12379 Invitrogen, Carlsbad, CA) and 4', 6-diamidino-2-phenylindole 

(DAPI) (Catalog #D1306, Invitrogen, Carlsbad, CA) 245. Ten randomly chosen fields of view for 

each coverslip were imaged on an inverted light microscope (Leica DMI 6000B, Wetzlar, 

Germany) in epifluorescence using a 40x objective lens and a Coolsnap HQ CCD camera (Roper 

Scientific, Tucson, AZ) controlled by IPLab Spectrum (BD Biosciences/Scanalytics, Rockville, 

MD). Custom MATLAB software (MathWorks, Natick, MA) based on fingerprint detection, as 

previously reported 244, 245, was used to threshold actin immmunosignals and detect the 

orientation angles of continuous pixel segments. The orientation angles were consolidated for 

each tissue for calculation of the orientational order parameter (OOP) 244, where 1 represents 

perfect alignment and 0 represents random organization 265.  Quantified values were compared 

using the student’s t-test. 

2.4.9 Calculation of bMTF Tissue Stress 



 
 

 
 

bMTF tissue stresses were calculated using previously published methods 243, 244.  Images 

of bMTFs were thresholded using custom ImageJ (NIH, Bethesda, Maryland) software, as 

previously described 244.   MATLAB software (MathWorks, Natick, MA) was used to calculate 

the stress generated by each film based on the horizontal projection of the radius of curvature, 

thickness of the PDMS film, and tissue layer thickness, using methods previously described 244. 

The thickness of the PDMS thin films was determined using a contact profilometer (Dektak 6M, 

Veeco Instruments Inc., Plainview, NY). F-actin was stained with Alexfluor 488 phalloidin 

(Product# A12379 Invitrogen, Carlsbad, CA) and local thickness was measured using the z-plane 

projections of f-actin filaments using a Zeiss LSM 5 LIVE confocal microscope with a Plan-

Neofluar 40X/1.3 oil objective. Contractility experiments comparing stress values of healthy and 

IL-13 exposed tissue at each concentration of acetylcholine failed the Shapiro-Wilkinson test for 

normality and were thus statistically evaluated using the Mann-Whitney Rank Sum Test.  For 

contractility experiments comparing the stress values of healthy tissues, IL-13 exposed tissues, 

and IL-13 exposed tissues pretreated with HA1077, stresses at each concentration failed the 

Shapiro-Wilkinson test for normality and therefore were evaluated using the Kruskal-Wallis One 

Way ANOVA on Ranks and compared pairwise using Dunn’s Method. Results with p-values 

less than 0.05 were considered statistically significant. 

2.4.10 Statistical Analysis 

Contractility experiments comparing stress values of healthy and the IL-13 induced 

asthmatic phenotypes at each concentration of acetylcholine failed the Shapiro-Wilkinson test for 

normality and were thus statistically evaluated using the Mann-Whitney Rank Sum Test.  For 

contractility experiments comparing the stress values of the healthy phenotype, the IL-13 

induced asthmatic phenotype, and the IL-13 induced asthmatic phenotype pretreated with 



 
 

 
 

HA1077, stresses at each concentration failed the Shapiro-Wilkinson test for normality and 

therefore were evaluated using the Kruskal-Wallis One Way ANOVA on Ranks and compared 

pairwise using Dunn’s Method. Results with p-values less than 0.05 were considered statistically 

significant. 

  



 
 

 
 

3 A Human In Vitro Model of Duchenne Muscular Dystrophy 

Muscle Formation and Contractility 

Tongue weakness, like all weakness in Duchenne muscular dystrophy (DMD), occurs 

due to contraction-induced muscle damage and deficient muscular repair. While membrane 

fragility is known to potentiate injury in DMD, whether or not muscle stem cells are implicated 

in deficient muscular repair remains unclear.  We hypothesized that DMD myoblasts are less 

sensitive to cues in the extracellular matrix designed to potentiate structure-function relationships 

of healthy muscle. To test this hypothesis, we drew inspiration from the tongue and engineered 

contractile human muscle tissues on thin films. On this platform, DMD myoblasts formed fewer 

and smaller myotubes, and exhibited impaired polarization of the cell nucleus and contractile 

cytoskeleton when compared to healthy cells. These structural aberrations were reflected in their 

functional behavior as engineered tongues from DMD myoblasts failed to achieve the same 

contractile strength as healthy tongue structures. These data suggest that dystrophic muscle may 

fail to organize with respect to extracellular cues necessary to potentiate adaptive growth and 

remodeling. 

3.1 Introduction 

Duchenne muscular dystrophy (DMD) is a progressive muscle wasting disease that 

occurs in childhood and results in early death. Improvements in clinical management 279, 280 have 

lengthened the lifespan of DMD patients despite the present lack of an etiologic therapy. As 

patients live longer, management of late stage clinical manifestations such as dysphagia 95, 281, 

has become increasingly important for maintaining quality of life. In DMD, dysphagia occurs 

during the oral phase of swallowing 282 where tongue weakness causes failed propulsion of food 

from the oral cavity to the pharynx. The cause of tongue weakness, like all muscle weakness in 



 
 

 
 

DMD, is failure of muscle stem cells to repair damaged muscle - which is instead replaced with 

fibrofatty tissue.  

We reasoned that muscular repair in the tongue proceeds in the same manner as other 

muscles: satellite cells proliferate and differentiate into myoblasts which align with the 

underlying extracellular matrix (ECM), elongate, and fuse to form nascent myotubes 283-285. In 

DMD, loss-of-function mutations to dystrophin cause impairment of satellite cell division 68 and 

degrade the structural integrity of skeletal muscle cells 286. However, whether dystrophin-

deficiency affects myoblasts and the role of ECM cues in fusion and myofibrillogenesis 

processes is still largely unknown. A study comparing myoblasts derived from young and old 

mdx mice 287, a murine model of DMD, found that fewer cells from old-aged mdx muscle 

exhibited myogenic markers and instead had increased expression of collagen type I. The 

disparate expression profile of myogenic markers between young and old mdx mice suggests 

DMD myoblasts may have reduced potential to proceed through myogenesis due to acquisition 

of a fibrotic phenotype. 

In this chapter, we introduce a tongue-inspired in vitro platform for study of muscle 

formation and function using myoblasts from healthy and DMD patients.  The film bending 

elicited by muscle contraction on our cantilevered design 244 mimics the tongue bending that 

occurs during swallowing, where the superior muscle layer contracts more than the inferior 

muscle layers 288 producing a bending motion. We hypothesized that DMD myoblasts are less 

sensitive to cues in the ECM designed to potentiate the structure-function relationships of 

healthy muscle. To test this hypothesis, we analyzed the cytoskeletal and nuclear alignment of 

healthy or DMD myoblasts seeded on to an array of narrowly spaced ECM bands patterned on 

our engineered tongue on a chip. We found that the cytoskeleton (CSK) and nuclei of DMD 



 
 

 
 

myoblasts failed to polarize to the same degree as healthy tissues. These structural differences 

yielded fewer and smaller myotubes in DMD tissues. Furthermore, comparison of contractile 

function of healthy and DMD tissues revealed profound contractile weakness in DMD 

engineered tongues. These data suggest impaired polarization with respect to the underlying 

ECM observed in DMD myoblasts may prevent the muscular repair necessary to potentiate 

strong and efficient contractile function of healthy muscle. 

3.2 Results and Discussion 

3.2.1 Developing a tongue on a chip 

Tongues are muscular hydrostats whose movements are facilitated by a complex, 

multilayer architecture 289, where the superior extrinsic muscles align in parallel to the 

longitudinal axis of the tongue (Fig. 3-1 A) and the intrinsic muscles of the tongue orient 

orthogonal to the tongue surface. The sagittal tongue bending that occurs during swallowing is 

achieved by contraction of the superior longitudinal muscle and antagonistic contraction of the 

intrinsic muscular core, which prevents shortening of the longitudinal muscle 290 and instead 

causes bending (Fig. 3-1 A). Here, we took inspiration from the bending motion of the tongue to 

engineer laminar anisotropic muscles on stiff but elastic thin films that bend, instead of shorten, 

upon muscle contraction (Fig. 3-1 B). We refer to this bio-inspired platform as tongue on a chip 

as the contractile measurements obtained using this platform can serve as a strength assessment 

test analogous to measurements of tongue strength performed clinically that quantify the pressure 

generated during sagittal bending against the palate of the mouth 95, 281. 



 
 

 
 

 

Figure 3-1. Designing tongue on a chip. 

(A) Schematic representation of tongue bending due to contraction of a longitudinal skeletal 

muscle. (B) Schematic representation of tongue on a chip. Immunostain shows myotube cultured 

on PDMS film (SAA: black; nuclei: blue, Scale = 50 µm). (C) Representative tissue culture 

images of (i) myoblasts and (ii) differentiated skeletal muscle. Scale = 100 µm. 

  



 
 

 
 

3.2.2 DMD myoblasts exhibit decreased CSK and nuclear anisotropy 

We engineered the tongue chips with human myoblasts from healthy or DMD patients. 

An inherit limitation of primary cell sources is the variability within the host muscle 

microenvironment. To minimize differences in host muscle microenvironments such as fibrosis 

in DMD muscle, myoblasts derived from a 2 year old DMD patient were utilized, an age that 

typically precedes clinical symptoms 69. Western blot studies confirmed expression of myogenin 

in healthy and DMD tissues, indicating the myoblasts had maintained a myogenic phenotype 

(Fig. 3-2 A); however, contributions of distinct host microenvironments cannot be entirely 

eliminated in interpretation of the data in this report. 

 

Figure 3-2. Healthy tissues begin fusion before DMD tissues 

(A) Normalized myogenin expression is plotted for healthy and DMD tissues for day 0-4 of 

differentiation. Bars represent mean ± SEM of n=2 independent experiments, where protein was 

collected from 2 biological replicates for each condition, on each day for each experiment. No 

statistical significant differences were observed. (B) Normalized M-cadherin expression is 

plotted for healthy and DMD tissues for day 0-4 of differentiation. Bars represent the mean ± 

SEM of n=2 independent experiments, where protein was collected from 2 biological replicates 

for each condition, on each day for each experiment. * indicates p<0.05 relative to another day 



 
 

 
 

within a (continued) condition. ** indicates p<0.05 relative to the DMD condition on the 

corresponding day.  (C) Normalized myosin heavy chain expression is plotted for healthy and 

DMD tissues for day 0-4 of differentiation. Bars represent the mean ± SEM of n=2 independent 

experiments, where protein was collected from 2 biological replicates for each condition, on each 

day for each experiment. No quantifiable myosin heavy chain expression was observed in 

healthy samples on day 0-1. No quantifiable myosin heavy chain expression was observed in 

DMD samples at any investigated time point during this study. 

 

In vivo, myoblast migration and polarization are guided by ghost fibers left behind by 

damaged myofibers promoting myotube formation 283. Fibronectin (FN) 81 and merosin (M) 84 

have been identified as critical ECM proteins within the muscle stem cell niche for muscle 

regeneration. We hypothesized DMD myoblasts are less sensitive to cues in the ECM that guide 

the alignment and polarization requisite for myotube formation.  To test this hypothesis, FN, M, 

or a mixture of FN and M (FNM) was microcontact printed in an array of narrowly spaced bands 

and seeded with myoblasts. Myoblasts were cultured in growth media to allow for formation of a 

confluent tissue (Day 0). Immunohistochemistry was used to identify the actin CSK and nuclei 

within the tissues (Fig. 3-3 A i-ii). The alignment of the actin CSK was quantified by calculating 

the orientational order parameter (OOP) 291, a score of global anisotropy ranging from 0 to 1, 

representing random or parallel alignment, respectively. The actin CSK of the DMD myoblast 

tissues was less aligned compared to the healthy myoblast tissues cultured on FN, M, and FNM 

(Fig. 3-3 B, 3-4 A, D, 3-5 A, D), suggesting DMD myoblasts do not align with the underlying 

ECM as effectively as healthy controls. 



 
 

 
 

 

Figure 3-3. DMD myoblasts exhibit decreased cytoskeletal and nuclear anisotropy. 

(A) Representative (i) healthy and (ii) DMD myoblast tissues immunostained for f-actin (black) 

and nuclei (blue). Scale = 50 µm. (B) Actin OOP is plotted. N=5 coverslips, 10 FOVs per sample, 

for each condition. (C) Myoblast nuclear OOP is plotted. N=5 coverslips, 3 FOVs per sample, 

>700 nuclei analyzed for each condition. (D) Myoblast nuclear eccentricity is plotted. N=5 

coverslips, 3 FOVs per sample, >700 nuclei analyzed for each condition. (E) Schematic 

representation of (i) healthy and (ii) DMD myoblasts and summary of results. Black lines 

represent actin fibrils. White arrows represent orientation of the nuclei (blue). For all data in this 

figure, ** indicates p<0.05. All FOVs were 318.5 µm x 318.5 µm. Bars represent mean ± 

standard error of the mean (SEM). 



 
 

 
 

Moreover, polarized cells of larger aspect ratio exhibit nuclei of greater eccentricity 292, 

293 and decreased nuclear offset than cells of smaller aspect ratio 293. To quantify nuclear 

alignment and shape, we used a previously described method that utilizes an ellipse-fitting tool 

to outline each nucleus within a field of view 294.   Nuclear OOP was calculated using the 

orientations of the major axis of the fitted ellipses. A comparison of the nuclear alignment 

revealed DMD myoblast tissues had decreased nuclear alignment (Fig. 3-3 C, 3-4 E, 3-5 E) 

relative to healthy controls regardless of ECM composition. Healthy myoblasts formed organized 

tissues with high nuclear eccentricity when seeded on FN and FNM substrates (Fig. 3-3 D, 3-5 F). 

Tissues formed on merosin alone exhibited decreased actin OOP, nuclear OOP, and eccentricity 

in both healthy and DMD samples (Fig. 3-3 B-D, 3-4 D-F, 3-5 D-F).  Collectively, these data 

indicate DMD myoblasts do not align and polarize in same manner as healthy myoblasts in 

response to ECM cues alone.  



 
 

 
 

 

Figure 3-4. Healthy and DMD myoblasts have decreased alignment and form fewer 

myotubes when cultured on M.  

(A) Representative image of D0 DMD myoblast tissue immunostained for actin (black) and 

nuclei (blue). Scale = 50 µm.  (B-C) Representative (B) D3 DMD tissue and (C) D6 DMD tissue 

immunostained for sarcomeric α-actinin (black) and nuclei (blue). Scale = 50 µm. (D) Actin 

OOP is plotted for healthy and DMD tissues. Bars represent the mean ± SEM, n=5 coverslips, 10 

fields of view (318.5 µm x 318.5 µm) per sample, for each condition. (E) Nuclear OOP is plotted 

for healthy and DMD tissues. Bars represent the mean ± SEM, n=5 coverslips, 3 fields of view 

(318.5 µm x 318.5 µm) per sample, >400 nuclei analyzed for each day, for each condition. (F) 



 
 

 
 

Nuclear (continued) eccentricity is plotted for healthy and DMD tissues. Bars represent the 

mean ± SEM, n=5 coverslips, 3 fields of view (318.5 µm x 318.5 µm) per sample, >400 nuclei 

analyzed for each condition. (G) The α-actinin to actin area ratio is plotted for each condition for 

D3 and D6. Bars represent mean ± SEM, n=5 coverslips, 10 fields of view (318.5 µm x 318.5 

µm) per sample, for each condition, for each day. (H) The myotube number per field of view 

(318. 5 µm x 318.5 µm) is plotted for each condition. Bars represent the mean ± SEM. (I) 

Myotube diameter is plotted for each condition. Bars represent the mean ± SEM, n=5 coverslips, 

10 fields of view (318.5 µm x 318.5 µm) per sample, for each condition, for each day. * 

indicates p<0.05 relative to another day within a condition. ** indicates p<0.05 relative to the 

other condition on the corresponding day. 



 
 

 
 

 

Figure 3-5. Healthy and DMD tissues align and form myotubes similarly when cultured on 

a mixture of FN and M as compared to FN alone. 

(A) Representative image of D0 DMD myoblast tissue immunostained for actin (black) and 

nuclei (blue). Scale = 50 µm.  (B-C) Representative (B) D3 DMD tissue and (C) D6 DMD tissue 

immunostained for sarcomeric α-actinin (black) and nuclei (blue). Scale = 50 µm. (D) Actin 

OOP is plotted for healthy and DMD tissues. Bars represent the mean ± SEM, n=5 coverslips, 10 

fields of view (318.5 µm x 318.5 µm) per sample, for each condition. (E) Nuclear OOP is plotted 

for healthy and DMD tissues. Bars represent the mean ± SEM, n=5 coverslips, 3 fields of view 



 
 

 
 

(continued) (318.5 µm x 318.5 µm) per sample, >400 nuclei analyzed for each day, for each 

condition. (F) Nuclear eccentricity is plotted for healthy and DMD tissues. Bars represent the 

mean ± SEM, n=5 coverslips, 3 fields of view (318.5 µm x 318.5 µm) per sample, >400 nuclei 

analyzed for each condition. (G) The α-actinin to actin area ratio is plotted for each condition for 

D3 and D6. Bars represent the mean ± SEM, n=5 coverslips, 10 fields of view (318.5 µm x 318.5 

µm) per sample, for each condition, for each day. (H) The myotube number per field of view 

(318. 5 µm x 318.5 µm) is plotted for each condition. Bars represent the mean ± SEM, n=5 

coverslips, 10 fields of view (318.5 µm x 318.5 µm) per sample, for each condition, for each day. 

(I) Myotube diameter is plotted for each condition. Bars represent the mean ± SEM, n=5 

coverslips, 10 fields of view (318.5 µm x 318.5 µm) per sample, for each condition, for each day. 

* indicates p<0.05 relative to another day within a condition, ** indicates p<0.05 relative to the 

other condition on the corresponding day. # indicates p<0.05 relative to the other day within a 

condition and to the other condition on the corresponding day. 

 

3.2.3 DMD myotubes form aligned CSK but have less eccentric nuclei 

Previous studies 295, 296 report changes in myoblast morphology from fibroblast-like to an 

elongated, bi-polar morphology in response to switching to a low-serum differentiation media, 

prior to fusion. We hypothesized that DMD myoblasts would undergo more significant 

morphological changes in response to a serum deficit due to decreased polarization in response 

to ECM cues alone. To test this hypothesis, we assessed cellular polarization in the presence of 

media containing high (Day 0 (D0)) and low (D3 and D6) amounts of serum by quantifying the 

actin OOP, nuclear OOP, and nuclear eccentricity (Fig. 3-6 A, Fig. 3-4 D-F, Fig. 3-5 D-F). In 

healthy and DMD tissues cultured on FN, the actin alignment increased from D0 to D6, but not 



 
 

 
 

in healthy tissues cultured on M or FNM (Fig. 3-6 A-B, 3-4 D, 3-5 D). Additionally, a significant 

increase in nuclear alignment occurred from D0 to D3 and D6 in healthy and DMD tissues 

cultured on FN and FNM, as well as DMD tissues cultured on M (Fig. 3-6 C, 3-4 E, 3-5 E). 

Similarly, nuclear eccentricity increased from D0 to D6 in healthy and DMD tissues cultured on 

FN or FNM (Fig. 3-6 D, S3 F) but not on M (Fig. 3-4 F). The relatively large increase in nuclear 

alignment and eccentricity in DMD tissues from D0 to D3 is consistent with the morphological 

changes observed in myoblasts prior to fusion297, whereas healthy myoblasts on FN and FNM 

exhibited highly aligned and eccentric nuclei on D0 due to the ECM patterning alone. 

Collectively, these data suggest myoblasts align their actin CSK and nuclei in parallel with the 

underlying ECM prior to fusion; however, DMD myoblasts require additional cues, such as 

deficits in growth factors, to achieve the alignment and polarization observed in healthy tissues.  



 
 

 
 

 

Figure 3-6. DMD myotubes form aligned actin CSK but have less eccentric nuclear shape 

(A) Representative images of D3 (i-ii) and D6 (iii-iv) healthy (i, iii) and DMD tissues (ii, iv) 

immunostained for f-actin (black) and nuclei (blue). Scale = 50 µm. (B) Actin OOP is plotted. 

N=5 coverslips, 10 FOVs per sample, for each condition. (C) Nuclear OOP is plotted. N=5 

coverslips, 3 FOVs per sample, >400 nuclei analyzed for each day, for each condition. (D) 

Nuclear eccentricity is plotted. N=5 coverslips, 3 FOVs per sample, >400 nuclei analyzed for 

each condition. For all data in this figure, * indicates p<0.05 relative to other days within a 

condition, ** indicates p<0.05 relative to the other condition on the corresponding day. All 

FOVs were 318.5 µm x 318.5 µm. Bars represent the mean ± SEM. 



 
 

 
 

3.2.4 DMD myoblasts form fewer, smaller, and more immature myotubes 

Myoblasts deficient of RhoE were shown to exhibit poor alignment and elongation, 

similar to DMD myoblasts prior to switching to a low-serum differentiation media, that resulted 

in failure of myotube formation 297. We asked whether the decreased and delayed polarization 

observed in DMD tissues in the present study would result in decreased myotube formation as 

well. To answer this question, we quantified myotube density by counting the number of 

myotubes expressing sarcomeric α-actinin (SAA) per field of view. We found that healthy 

tissues had a greater density of myotubes on D3 and D6 compared to DMD tissues (Fig. 3-7 A, B, 

3-4 H, 3-5 H).  Moreover, we used Western blot to compare the expression of M-cadherin which 

localizes at the cell to cell junction of fusing myoblasts 298. Consistent with the measurements of 

myotube density, healthy tissues had greater M-cadherin expression on D0 prior to induction of 

differentiation compared to DMD tissues and continued to have greater expression on D1-4 (Fig. 

3-3 B). Comparison of mean myotube diameter revealed healthy myotubes cultured on FN had 

significantly larger diameters relative to DMD myotubes (Fig. 3-7 A, C), but mean healthy 

myotube diameter was decreased in tissues cultured on M and FNM compared to FN (Fig. 3-3 I, 

3-4 I).  



 
 

 
 

 

Figure 3-7. DMD myoblasts form fewer, smaller, and more immature myotubes. 

(A) Representative (i-ii) D3 healthy and DMD tissues and (iii-iv) D6 healthy and DMD tissues 

immunostained for SAA (black) and nuclei (blue). Scale = 50 µm.  (B) Myotube density is 

plotted. (C) Myotube diameter is plotted. (D) The SAA to actin area ratio is plotted for D3 and 

D6. (E) SPD is plotted. The D3, DMD condition did not have significant enough SAA 

expression for statistical comparison. (F) Schematic representation of (i) healthy and (ii) DMD 

tissues and summary of results. Unfused myoblasts are represented in red and fused myotubes 



 
 

 
 

are represented (continued) in pink. For all data in this figure, n=5 coverslips, 10 FOVs (318.5 

µm x 318.5 µm) per sample, for each condition, for each day. Bars represent mean ± SEM. * 

indicates p<0.05 relative to D3 within a condition, ** indicates p<0.05 relative to the DMD 

condition on the corresponding day. # indicates p<0.05 relative to the other day within a 

condition and to the other condition on the corresponding day. 

 

In addition to remodeling cellular architecture during myoblast fusion, fused myoblasts 

undergo myofibrillogenesis. Briefly, premyofibrils form at the edges of the myotube in the form 

of Z-bodies, rich in punctate SAA. Over time, these Z-bodies fuse to form Z-disks that represent 

the boundaries of the contractile unit called sarcomeres 299. We asked if the slower alignment of 

DMD myoblast tissues resulted in delayed myofibrillogenesis. To answer this question, the 

abundance and ordered structure of SAA of healthy and DMD engineered muscle were 

quantified. The abundance of SAA was measured by quantifying the projected area of SAA 

immunosignal relative to the area of f-actin immunosignal on D3 and D6. On D3 in healthy 

tissues cultured on FN and FNM, myotubes had significant expression of SAA, while very little 

SAA expression was observed in DMD tissues on any ECM and healthy tissues on M (Fig. 3-7 A, 

D, 3-4 G, 3-5 G).    Furthermore, we observed greater projected area of SAA immunosignal in 

the healthy condition compared to the DMD condition on D6 (Fig. 3-7 A, D, 3-4 G, 3-5 G) 

indicating healthy tissues were at a later stage of myogenesis compared to DMD tissues. To 

determine whether Z-bodies were undergoing organized assembly into Z-disks, we quantified the 

fraction of periodically distributed SAA immunosignal, termed sarcomeric packing density (SPD) 

300. Healthy tissues had significantly greater SPD compared to DMD tissues on D6 (Fig. 3-7 E).  

The SAA immunosignal was not significant enough in the DMD condition on D3 to compare 



 
 

 
 

statistically to the healthy condition. The relative lack of SAA and SAA organization observed in 

the DMD tissues at these time points is likely, in part, due to the delayed fusion in these tissues, 

not dystrophin deficiency alone. Collectively, these data indicate that DMD myoblasts form 

myotubes and undergo myofibrillogenesis but these processes are delayed relative to healthy 

tissues. Moreover, these data, in conjunction with previous reports301-303, suggest that α5β1 

integrin binding to FN during muscle regeneration may serve as a transient, developmental 

anchor to the ECM prior to forming robust focal adhesions through the α7β1 integrin and the 

dystroglycan complex binding to M in stronger, mature muscle. 

3.2.5 Engineered DMD tissues exhibit contractile weakness 

The majority of force transmission from sarcomeres propagates laterally through the 

CSK to integrin-associated and dystroglycan complexes in the sarcolemma to the ECM 304-306.  

We hypothesized that engineered tissues from DMD myoblasts would contract significantly less 

than healthy tissues due to the absence of dystrophin as well as the relative structural immaturity 

observed in DMD tissues. When engineered tissues were stimulated with increasing frequency of 

electrical stimulation, contractile strength increased causing film bending. Using a high-speed 

camera, we acquired videos of film bending and used a geometrical relation to calculate the 

change in the radius of curvature 244. The change in the radius of curvature, the film thickness, 

and the material properties of the PDMS film were imputed into the growth theory-based model 

used to calculate contractile stress 243.  

To compare the relative contractile strength of the healthy and DMD tissues, baseline 

stress, peak stress, and dynamic stress were quantified (Fig. 3-8 A-B).  DMD tissues had a lower 

baseline stress on both D3 and D6 compared to healthy tissues (Fig. 3-8 D). Similarly, DMD 

tissues had weaker peak stress compared to healthy tissues on D6 (Fig. 3-8 E). However, no 



 
 

 
 

observable contractions were obtained from DMD tissues on D3, so a comparison of peak stress 

was not included for this time point. Lastly, in both conditions, we observed increases in 

dynamic stress as stimulation frequency was increased (Fig. 3-8 F), but no observable 

contractions were obtained in DMD tissues when stimulated at frequencies ranging from 1-4 Hz 

on D6. Healthy tissues had at least an order of magnitude greater dynamic stress on D3 and D6 

relative to the D6 DMD tissues at all stimulation frequencies (Fig. 3-8 F). The large differences 

in dynamic stress could be a result of the structural immaturity, dystrophin deficiency, or a 

combination of the two, but these factors cannot be decoupled at these time points. Together, 

these data, for the first time, quantify contractile weakness in engineered human dystrophic 

skeletal muscle in vitro. Hence, we have demonstrated that we can recapitulate aspects of both 

the decreased muscle regeneration and muscle weakness observed in DMD patients utilizing a 

human in vitro model. 



 
 

 
 

 

Figure 3-8. DMD tissues exhibit contractile weakness.  

(A) Schematic representation of tissues prior to film release, at baseline stress, and at peak stress. 

(B) Representative images of (i-ii) healthy and (iii-iv) DMD tissues at baseline (i, iii) and peak 

stress (ii, iv). Blue rectangles represent film length. The red bar represents the tracking of the 

film edge. The yellow arrows represent the distance between the projected film length and the 

unstressed film length. (C) Representative stress trace of a healthy and DMD contraction in 



 
 

 
 

(continued) response to 23 Hz stimulation. (D) Baseline stress is plotted for the healthy and 

DMD conditions on D3 and D6. Bars represent median ± SEM. (E) Peak stress is plotted for the 

healthy condition on D3 and D6 and the DMD condition on D6. For the DMD condition, no 

contraction was observed on D3. Bars represent median ± SEM.  (F) Dynamic stress is plotted 

for the healthy condition on D3 and D6 and the DMD condition on D6. For the DMD condition, 

no contraction was observed on D3. Data points represent the mean ± SEM. For all stress 

measurements (D-F): for the healthy condition, D3 condition n=11 films 3 chips; for the healthy, 

D6 condition n=10 films, 3 chips; for the DMD, D3 condition n=12 films, 2 chips; for the DMD, 

D6 condition n=14 films, 3 chips. ** indicates p<0.05 relative to both conditions on either day. * 

indicates p<0.05 relative to the DMD condition on D6. 

 

In this chapter, we demonstrate the maladaptive functional consequences of the failure of 

self-assembly of DMD myoblasts during multiple stages of myogenesis. DMD myoblasts failed 

to self-organize their actin CSK and nuclei in the same manner as healthy myoblasts in response 

to ECM cues. These structural aberrations led to impaired myotube assembly in DMD tissues, 

reflected by reduced density and size of myotubes. Moreover, self-assembly of the contractile 

apparatus in DMD tissues was reduced and disordered compared to healthy tissues. Collectively, 

these structural deficits were reflected by severe contractile weakness in DMD tissues. These 

insights may explain, in part, how the incomplete repair of muscle results in profound muscle 

weakness in DMD. 

 

  



 
 

 
 

3.3 Materials and Methods 

3.3.1 Tongue chip fabrication 

Glass coverslips (VWR, Westbury, New York) were placed vertically within a metal rack 

for cleaning via immersion into 70% ethanol, followed by 30 minutes of sonication. After 

allowing for drying, a low adhesive tape (Patco 5560) was applied to cover the entire surface of 

the coverslip. Next, a single rectangular island (9 mm by 5.5 mm) was laser engraved into the 

tape using a CO2 laser (Epilog, Golden, CO). After removing the rectangular island, leaving the 

remainder of the coverslip masked, a thin layer of the thermally-sensitive polymer, poly(N-

isopropylacrylamide) (PIPAAm) (Polysciences, Warrington, PA) dissolved in 1-butanol (10% 

w/v), was spin-coated on the exposed glass region of the chip, using a maximum rotational speed 

of 6000 RPM. After removal of the remaining tape, polydimethylsiloxane (PDMS) (Sylgard 184, 

Dow Corning, Midland, MI) was mixed at a 10:1 base to curing agent weight ratio and spin-

coated at a maximum speed of 4000 RPM for one minute such that a thin, uniform layer of 

PDMS coated both the entire coverslip surface as well as they thin layer of PIPAAm. 

Subsequently, the chips were allowed to cure over night at 65˚C. Next, an array of 4-6 

cantilevers (2 mm wide, 5 mm long) was laser engraved into the polymer layers. Subsequently, 

the tongue chips were washed vigorously in sterile, 37˚C phosphate-buffered saline. 

3.3.2 Human skeletal muscle culture 

Human skeletal muscle myoblasts (Lonza, Walkersville, MD) were purchased and 

cultured in a growth media consisting of M199 culture media medium (GIBCO, Invitrogen, 

Carlsbad, CA) supplemented with 10% heat inactivated fetal bovine serum, 10 mM HEPES, 0.1 

mM MEM nonessential amino acids, 20 mM glucose, 1.5 µM vitamin B-12, and 50 U mL-1 

penicillin (GIBCO). The myoblasts derived from a Duchenne muscular dystrophy patient were 



 
 

 
 

purchased from DV Biologics (Costa Mesa, CA) and were cultured in the same growth media.  

Cells were plated and expanded in T-75 culture flasks (Corning, Corning, NY) prior to cell 

seeding. Prior to cell plating, T-75 culture flasks were incubated with 1 wt% gelatin from porcine 

skin (Sigma Aldrich, St. Louis) in a cell culture incubator for 30 minutes. The 1% gelatin 

solution was subsequently replaced with grow media in preparation for cell plating. The skeletal 

muscle myoblasts were allowed to proliferate over the course of 2-3 days and were seeded prior 

to reaching 70% confluence. Cell culture media was replenished after 48 hours after 3 rinses with 

sterile phosphate-buffered saline. For myoblast seeding, cells were removed from the cell culture 

flask using   0.25% of trypsin-EDTA (GIBCO), seeded onto chips at a density of 62,000 cells 

cm-2. The myoblasts formed confluent monolayers of tissue after 2 days in growth media when 

cultured on either FN or FNM. On M, healthy and DMD myoblasts formed confluent tissues 

after 5 days in growth media. Next, to induce differentiation of the myoblasts, the growth media 

was replaced with a differentiation media consisting of DMEM-F12 (Lonza), supplemented with 

2% horse serum (GIBCO). Differentiation media was replenished every 48 hours. Experiments 

were performed during a period ranging from 3 days culture in differentiation media to 6 days 

culture in differentiation media. 

3.3.3 Microcontact printing  

In order to direct anisotropic tissue formation along the longitudinal axis of the muscular 

thin film, FN, M, or FNM was microcontact printed in a geometrical pattern of an array of 15 µm 

bands, with 2 µm spacing, using a previously published method 245, 278. Briefly, a silicone stamp 

with a defined geometrical pattern on one surface was fabricated by first fabricating a negative 

replica on a silicon wafer using photolithography. A silicon wafer (76 mm diameter) was coated 

with a layer of the negative photoresist, SU8-2002 (MicroChem Corporation, Newton, MA) 



 
 

 
 

using spin-coating. After baking the photoresist-coated silicon wafer, a chrome photomask was 

carefully applied to the surface of the photoresist-coated wafer using a mask aligner, and UV 

light was shown through the mask for 7-10 seconds. Subsequently, the regions not exposed to 

UV light were washed away using a development solution and curing was completed by a final 

baking step at a maximum temperature of 180°C for 30 minutes.  This etched wafer serves as a 

negative template for the silicone stamp. PDMS (Sylgard 184, Dow Corning) was poured over 

the template and degassed. The PDMS was allowed to cure overnight at 65°C. Next, the PDMS 

was carefully removed from the etched silicon wafer, and were cut into individual rectangular 

stamps for application to single coverslips. To transfer a defined pattern of ECM on to the tongue 

chips, the PDMS stamps were coated and subsequently incubated with human fibronectin (BD 

Biosciences, Sparks, MD), human merosin (Sigma Aldrich), or an equimass mixture of merosin 

and fibronectin at 50 µg mL-1 in sterile, distilled water for one hour. Next, excess ECM protein 

was removed from the PDMS stamp using compressed air, and the PDMS stamp was carefully 

applied to the MTF chip which had been recently exposed to UV ozone (Model# 342, Jetlight 

Company Inc., Phoenix, AZ) for 8 minutes to transiently functionalize the surface for protein 

binding. After removal of the PDMS stamp, the chips were rinsed with phosphate-buffered saline 

and promptly seeded with cells. 

3.3.4 Immunohistochemistry 

Engineered human skeletal muscle tissues were fixed by treatment with 4% (v/v) 

paraformaldehyde for 15 minutes (16% stock diluted in phosphate-buffered saline, Electron 

Microscopy Sciences, Hatfield, PA) and permeabilized with 0.05% (v/v) Triton X-100 in PBS at 

room temperature for 5 minutes. The samples were then washed with phosphate-buffered saline 

prior to incubation with primary antibodies. The samples were incubated with a primary antibody 



 
 

 
 

solution consisting of a 1:200 dilution of monoclonal anti-sarcomeric α-actinin antibody (A7811, 

clone EA-53, Sigma Aldrich, St. Louis, MO) in phosphate-buffered saline for 2 hours at room 

temperature. After 3X rinsing with room temperature phosphate-buffered saline, the engineered 

tissues were incubated with a secondary solution consisting of 1:200 dilutions of Alexa Fluor 

546-conjugated goat anti-mouse IgG secondary antibody (Invitrogen, Carlsbad, CA), Alexa 

Fluor 488-conjugated Phalloidin (Product # A12379 Invitrogen, Carlsbad, CA), and 4', 6-

diamidino-2-phenylindole (DAPI) (Catalog # D1306, Invitrogen, Carlsbad, CA) for 1 hour at 

room temperature. Fluorescence microscopy was performed using a Zeiss LSM confocal 

microscope (Carl Zeiss Microscopy, Jena, Germany) using the EC Plan-Neofluar 40x/1.3 oil 

DIC M27 objective at room temperature. 

3.3.5 Quantitative analysis of nuclear architecture 

Nuclear eccentricity and orientation were quantified using a custom MATLAB software 

(MathWorks, Natick, MA) developed in our group and described previously 294. Briefly, an 

ellipse-fitting algorithm was utilized to trace the perimeter of nuclei in immunofluorescence 

images, enabling measurement of major and minor axes lengths, and eccentricity. In order to 

measure orientation angle, an orientation vector was drawn through the longitudinal axis of the 

fitted ellipse. To quantify global nuclear alignment, the orientational order parameter (OOP) was 

calculated using the mean resultant vector of the measured orientation angles from circular 

statistics 307. Measurements were repeated for every nucleus within a field of view, excluding 

overlapping nuclei as well as nuclei not fully within the field of view. Statistical analysis to 

compare nuclear data was performed using SigmaPlot™ 12.0 software (San Jose, CA). Data 

from each condition was analyzed using Two Way ANOVA and compared pairwise using the 



 
 

 
 

Holm-Sidak method. Results with p-values less than 0.05 were considered statistically 

significant.  

  



 
 

 
 

3.3.6 Quantitative analysis of actin CSK and sarcomere organization 

We utilized custom image analysis software developed in our group and published 

previously 300 to analyze the organization of the actin CSK and sarcomeres. Briefly, for analysis 

of the actin CSK, the orientation of actin fibers was determined using the OrientationJ plugin 308 

and the actin OOP was calculated for each sample. The global OOP was calculated for each 

sample by analyzing ten fields of view (318. 5 µm by 318.5 µm). Five samples were compared 

for each condition on each day of comparison. Statistical analysis was performed using 

SigmaPlot™ 12.0 software (San Jose, CA). Data from each condition was analyzed using a Two 

Way ANOVA and compared pairwise using the Holm-Sidak method. Results with p-values less 

than 0.05 were considered statistically significant.  

To quantify the expression of SAA, we measured the projected area of the pixels 

positive for SAA immunosignal relative the projected area of the pixels positive for phalloidin 

immunosignal using custom MATLAB software (MathWorks, Natick, MA). In order to 

determine the relative presence of sarcomeres as periodic structures in the SAA stainings,  we 

employed a previously published method from our group 300. In brief, the 2D Fourier transform 

of the SAA immunostaining is radially integrating in a 1D signal that contains the relative 

importance of each spatial frequency. This signal was then fitted, to separate the aperiodic 

contribution of the z-bodies from the periodic contribution of the z-disks. The ratio of the areas 

under the periodic and aperiodic components, named sarcomeric packing density, was used 

compare the relative assembly of sarcomeres among the conditions. 

Myotube density was quantified by counting the number of myotubes per field of view 

for 10 fields of view, for 5 coverslips, for each condition on D3 and D6.  The myotube diameter 

was quantified by measuring the projected, cross-sectional diameter of each myotube in each 



 
 

 
 

field of view using ImageJ. The average myotube density and diameter were calculated for each 

sample. The means of 5 coverslips were compared using a Two Way ANOVA and compared 

pairwise using the Holm-Sidak method. Results with p-values less than 0.05 were considered 

statistically significant. 

3.3.7 Muscular thin film contractility measurements 

For contractility experiments, the tongue chips were transferred to a 60 mm Petri dish 

containing normal Tyrode’s solution (1.8 mM CaCl2, 5 mM glucose, 5 mM HEPES, 1 mM 

MgCl2, 5.4 mM of KCl, 135 mM of NaCl, and 0.33 mM of NaH2PO4 in deionized water, pH 7.4 

at 37 °C; Sigma-Aldrich). Field stimulation electrodes made of 1 mm platinum wire (VWR, 

Radnor, PA) were built into an acrylic lid and fitted on to the 35 mm Petri dish. Contraction of 

the skeletal muscle was induced using an external field stimulator (Myopacer, IonOptix Corp., 

Milton, MA) which applied field stimulation over a range of frequencies spanning from 1 Hz to 

23 Hz, with an amplitude of 10V.  The horizontal projection of film bending was captured using 

a Leica MZ9.5 stereomicroscope (Wetzlar, Germany) with 0.63X magnification, which was 

coupled to a National Instruments LabVIEW data acquisition board which was programmed to 

capture the experiment using a Basler A601f-2 camera (Exton, PA) at a frame rate of 100 frames 

per second. Contractile stress quantification was performed using a previously published method 

from our group 243, 244. Briefly, the change in radius of curvature was measured by first 

thresholding each frame of the videos of the contractile experiments to measure the projection 

length of each film using a custom macro ImageJ software (NIH, Bethesda, MD) that has been 

previously described 244. MATLAB software (MathWorks, Natick, MA) was used to then 

calculate the film stress using the film projection length from each frame, the film thickness, and 

the PDMS material properties. The film thickness was measured using a contact profilometer 



 
 

 
 

(Dektak 6M, Veeco Instruments Inc., Plainview, NY). Baseline stress was measured as the stress 

within the engineered muscle at rest, prior to electrical stimulation. Peak stress was measured as 

the stress at maximum contraction. Dynamic stress was calculated as the difference between the 

baseline and peak stresses, representative of the contractile stress induced by electrical 

stimulation. Statistical analysis was performed using SigmaPlot™ 12.0 software (San Jose, CA). 

Data from each condition was analyzed using the Mann-Whitney Rank Sum Test for the baseline 

stress and dynamic stress, and t-test for peak stresses. Results with p-values less than 0.05 were 

considered statistically significant. 

3.3.8 Western blot protein analysis 

Protein was isolated from engineered human skeletal muscle tissue by lysing cells at 

4°C in RIPA lysis buffer (Sigma, St. Louis, MO) plus Complete Mini (Roche Diagnostic, 

Mannheim, Germany). A capillary-based Wes™ Simple Western Analysis (ProteinSimple, San 

Jose, CA) was used to quantify protein expression levels according to the manufacturer’s 

protocol. Briefly, 0.5 µg lysate samples were loaded into each capillary and proteins were 

separated by size in the separation matrix. Target skeletal muscle differentiation proteins were 

identified with the following primary antibodies: myogenin (Catalog # sc576, Santa Cruz 

Biotechnology, Santa Cruz, Ca), m-cadherin(Catalog # sc274093, Santa Cruz Biotechnology, 

Santa Cruz, Ca), and fast myosin heavy chain (Catalog # M4276, Sigma-Aldrich, St. Louis, MO). 

α-Tubulin antibody (Catalog #ab7291, Abcam, Cambridge, MA) was used as a loading control to 

normalize expression levels in each sample. The proteins were immunoprobed using mouse and 

rabbit secondary antibodies and chemiluminescent substrate provided by the manufacturer. 

Chemiluminescent signals were detected and quantified using Compass Software (ProteinSimple, 

San Jose, CA). Data was analyzed using a two way ANOVA and compared pairwise using the 



 
 

 
 

Holm-Sidak method. Results with p-values less than 0.05 were considered statistically 

significant. 

  



 
 

 
 

4 Modeling Contractile Weakness in Duchenne Muscular 

Dystrophy Using Human Induced-Pluripotent Stem Cells and 

Soft Gelatin Muscular Thin Films 

Cell-based therapeutic approaches for treatment of Duchenne muscular dystrophy (DMD) 

have been limited by poor engraftment and maturation of skeletal muscle myoblasts, a late stage 

muscle progenitor cell. Similarly, development of functional engineered human skeletal muscle 

in vitro and disease models of human skeletal muscle have been limited by poor myoblast fusion 

and immature sarcomerogenesis. However, it is unclear whether poor engraftment and in vitro 

differentiation is due to impairments inherent to myoblasts or due to an inhospitable 

microenvironment.  Satellite cells, which are earlier stage muscle progenitor cells, have exhibited 

robust ability to repair muscle after transplantation in animal studies. But, human sources of 

satellite cells are scarce, and expansion in vitro while maintaining their phenotype has not yet 

been achieved. Recently, recapitulation of developmental stages of muscle formation in vitro 

have enabled differentiation of human pluripotent stem cells (hPSCs) into satellite cells capable 

of self-renewal and differentiation into myoblasts and eventually myofibers with mature 

sarcomere structure.  Here, in order to distinguish the role of the microenvironment and cells 

source in muscle formation, we adapted gelatin muscular thin films, previously developed by our 

group for cardiac tissue engineering, to better recapitulate the stiffness and geometry of the 

native skeletal muscle extracellular matrix. We then compared the contractile strength of healthy 

and DMD human engineered muscle derived from primary myoblasts and hPSCs after an 

extended differentiation on the gelatin muscular thin films. 

  



 
 

 
 

4.1 Introduction 

Skeletal muscle is maintained throughout life by a local pool of muscle stem cells called 

satellite cells 74, 309. In vivo, satellite cells rest in a quiescent state, tightly constrained between the 

plasma membrane of the underlying myofiber and the basal lamina that envelops the myofiber 

and the satellite cell 309, 310. In response to mechanical stresses or muscle injury, satellite cells 

undergo rapid proliferation and differentiate to become myoblasts, which further differentiate 

and fuse to repair or replace the damaged myofiber 311, 312. Muscular repair, though, is often 

disrupted in aging and diseased muscle due to deleterious changes to the skeletal muscle 

microenvironment such as fibrosis and decreased expression of fibronectin 81, 313. These in vivo 

findings are consistent with in vitro studies that indicate substrates of tissue-like stiffness are 

optimal for maintenance of  satellite cell quiescence 314 and differentiation of myoblasts 315.  

Development of functional, in vitro disease models of skeletal muscle derived from 

humans has been limited by the availability of patient cell sources and limited differentiation and 

maturation of human myoblasts, often exhibiting only passive force generation  316, 317. In a 

recent study, Madden et al. demonstrated robust physiologic function of 3-D, human skeletal 

muscle for the first time by seeding high densities of myoblasts within a soft matrigel hydrogel 

102. The human myobundles mimicked responses to drugs known to cause hypertrophy as well as 

atrophy and contracted in response to chemical and electrical stimulation, but the studies utilized 

only healthy human cell sources and required large numbers of cells 102. Our group developed a 

functional, in vitro model of Duchenne muscular dystrophy (DMD) by directing muscle 

formation through careful control of healthy and DMD myoblasts’ alignment and shape 

conferred through microcontact printing of specified patterns of fibronectin 318, an important 

ECM protein for muscle repair. However, the stiff substrate and flat surface geometry limited the 



 
 

 
 

length of culture and the contractile strength of the DMD engineered muscle. Moreover, recent 

advances have demonstrated the ability to robustly differentiate mouse and human, healthy and 

DMD induce pluripotent stem cells (hPSCs) into mature myofibers through temporal 

recapitulation of the chemical cues that drive development of muscle lineages in vivo 11, 12. 

However, hPSC-derived engineered muscle has not yet been tested functionally or compared to 

primary-derived engineered muscle. 

Previously, our group developed gelatin hydrogel-based muscular thin films for extending 

the culture of engineered cardiac tissue 319, utilizing a micromolding technique to provide 

topographical cues to direct anisotropic tissue formation 319, 320.  Here, we aimed to leverage the 

advantages of the physiological stiffness and composition of gelatin hydrogels with the 

micromolding technique 319, 320 to improve myogenesis and, therefore, contractile function of 

engineered muscle.  Furthermore, we hypothesized hPSC-derived muscle progenitors would 

form myofibers more efficiently than primary-derived myoblasts and as consequence greater 

contractile stress. 

4.2 Results and Discussion 

4.2.1 High throughput manufacture of gelatin muscular thin films (MTFs) 

In vivo, myofibers are enveloped by a basal lamina composed of extracellular matrix 

(ECM) proteins laminin and collagen as well as proteoglycans 56. Moreover, the basal lamina is 

within a larger, hierarchical fibrous structure that becomes continuous with tendons at the ends 

of muscle, providing a physical path for force transmission from thousands of myofibers to a 

tendon 321. In addition to functioning as a conduit for force transmission, the composition and 

geometry of the ECM guides muscular repair by directing myoblast migration, polarization, and 

fusion 322.  In the present study, we aimed to adapt gelatin-based muscular thin films previously 



 
 

 
 

developed in our group319 for cardiac tissue engineering to better mimic the structure of the 

native muscle ECM. Based on our previous work engineering human skeletal muscle 318, we 

used PDMS stamps with 20 µm wide topographical features (grooves), spaced 20 µm (ridges) 

apart with 10 µm depth (Fig. 4-1 A) such that individual myofibers would be anchored to the 

gelatin hydrogel on all sides except for the exposed top surface.  Furthermore, we aimed to 

engineer gelatin hydrogels of physiological stiffness 314 since a stiffness ranging from 2-12 kPa 

was found to be optimal for maintenance of satellite cell quiescence 314 and a stiffness ranging 

from 6-18 kPa was found optimal for sarcomerogenesis 315. A previous report indicated that a 

16.5% (w/v) gelatin solution crosslinked with 4% (w/v) microbial transglutaminase (MTG) 

resulted in a hydrogel with a Young’s modulus of ~ 15 kPa 323. However, during preliminary 

testing, we found that these concentrations formed thin films too thick to enable detection of film 

bending for the weak contractions of the engineered DMD muscle. By reducing the gelatin 

concentration to 10%, we found that we could fabricate thin films sufficiently thin (100 – 200 

µm) for our purposes while still being of suitable stiffness. We measured the Young’s modulus 

to be ~5 kPa by measuring the slope of the tangent of the stress-strain curve, in the linear low 

strain region, derived from applying equibiaxial strain to thin gelatin films while recording the 

applied force on a biaxial strain tester (Fig 4 – 1 B). 



 
 

 
 

 

Figure 4-1. Manufacture of micromolded gelatin hydrogel substrates for engineered 

skeletal muscle. 

(A) (i) The PDMS stamp has three salient features: 1) depth of grooves – 10 µm, 2) width of 

grooves – 20 µm, and 3) width of ridges - 20 µm. (ii) The pattern of the PDMS stamp is molded 

into the gelatin substrate. Scale bar is 200 µm. (B) (i) The Young’s modulus was determined 



 
 

 
 

(continued)  using a biaxial mechanical tester at low strain (less than 10 %). (ii) The Young’s 

modulus was determined by measuring the slope of the stress-strain curve along each axis. The 

average modulus was 4.96 ± 0.45 kPa, n=5 films. (C) Acrylic substrates are masked for selective 

surface activation for gelatin adhesion: (i) A large sheet of acrylic is masked with a low adhesion 

tape. (ii) Laser engraving enables rapid cutting of the tape layer as well as the underlying acrylic 

to form coverslip substrates.  (iii) The middle region of the masked acrylic substrate is cut in half. 

Scale bar is 20 mm.    (iv) Prior to plasma etching, the bottom half of the masked region is 

removed. This region will be plasma-treated to enable secure gelatin bonding at the base of 

gelatin cantilevers. Scale bar is 20 mm. (v) The chip base is treated with plasma for 10 minutes. 

(vi) The upper region is removed after plasma treatment leaving just the mask frame, and freshly 

mixed gelatin-microbial transglutaminase is added to the chip and is micromolded using a PDMS 

stamp. A 500 g weight is added on top of the PDMS stamp to ensure a flat surface during curing.  

 

Additionally, we adapted the manufacturing process for the gelatin MTF chips in order 

to better facilitate scaling for higher throughput applications. Gelatin MTFs necessitate selective 

binding of the gelatin hydrogel that each film is anchored to the underlying substrate on one end 

while the other end is free 319. Our previous method utilized masking of individual glass 

coverslips with a low adhesion tape and several hour, multistep chemical activation to achieve 

selective activation 319. Here, we chose to use a thin, optically-transparent acrylic that was 

flexible enough to prevent fracturing, as is common with glass coverslips during the masking 

process, and amenable laser engraving thereby enabling a facile and efficient masking technique 

(Fig. 4-1 C i-ii). After the acrylic sheet was masked with the low adhesion tape, laser engraving 

was used to cut ~100, 22 mm  x 22 mm coverslips. The masking on each coverslip is laser 



 
 

 
 

engraved with an inner rectangle (16 mm x 10 mm) that is cut in half (2 rectangles: 16 mm x 5 

mm) and an outer frame.  In order to bond the gelatin hydrogel to the underlying acrylic substrate, 

the masking of the bottom half of the inner rectangle was removed, serving as the base for 

multiple MTFs (Fig. 4-1 C iii-iv), and was plasma treated (Fig. 4-1 C v), transiently 

functionalizing the substrate for protein binding 324. After plasma treatment, the masking of the 

top half of the inner rectangle was removed leaving the outer frame. The gelatin-MTG solution 

was then rapidly pipetted on to the unmasked, inner rectangle in order to micromold the hydrogel 

prior to gelation and crosslinking. The PDMS stamp was carefully, but forcefully applied to the 

gelatin, pushing out excess hydrogel, facilitating a thin gelatin layer. A 500 g weight was placed 

on top of the PDMS stamp during the molding process to ensure homogenous thickness 

throughout (Fig. 4-1 C vi). After allowing for the crosslinking reaction to complete, the samples 

were immersed in phosphate buffered saline in order to rehydrate the hydrogel and to aid 

removal of the PDMS stamp. Lastly, 2 mm x 5 mm cantilevers were laser engraved into the 

hydrogel, leaving cantilevers anchored on one end and free on the other end (Fig. 4-2 A-B).  

  



 
 

 
 

 

 

Figure 4-2. Functional Testing of Healthy and DMD hPSC-derived Engineered Muscle. 

(A) Sample image of experimental set up. The chip is immersed in a 37˚C experimental media 

maintained through feedback control. Platinum electrodes are fitted on to the petri dish. Scale bar 

is 20 mm. (B) Sample image of gelatin muscular thin films. Scale bar is 2 mm. (C) 

Representative immunostain of healthy, hPSC-derived muscle tissue stained for sarcomeric titin. 

Scale bar is 500 µm.  (D) Sample stress traces of healthy hPSC-derived engineered muscle 

electrically stimulated at 1, 5, 20, and 99 Hz. (E) Contractile stress is plotted for healthy and 

DMD HPSC-derived engineered muscle as well as healthy and DMD primary-derived 

engineered muscle, stimulated from 1-99 Hz. Data points represent the mean ± SEM. N= 18 

films, 6 chips, from 3 patients for the healthy, HPSC condition. N= 28 films, 6 chips, from 3 

patients for the DMD, HPSC condition. N= 19 films, 6 chips for the healthy, primary-derived 



 
 

 
 

condition. N= 24 films, 6 chips for the DMD, (continued) primary-derived condition. # indicates 

p<0.05 for healthy, HPSC condition relative to all other conditions. 

4.2.2 Comparing Contractile Strength of Healthy and DMD, hPSC-Derived and Primary-

Derived Engineered Muscle  

Satellite cells exhibit robust ability to regenerate muscle after transplantation 325 in contrast 

to myoblasts that have demonstrated poor engraftment and maturation during clinical trials 326, 327. 

Studies performed in young and old dystrophic mice indicate that the microenvironment may 

play a significant role in the success of subsequent engraftment and muscle formation: satellite 

cells in old mdx mice, a mouse model of DMD, exhibit poor muscular repair in comparison to 

young mdx mice 328. However, when satellite cells from old mdx mice were transplanted into 

young mdx mice, muscular repair occurred as efficiently as in young mdx mice suggesting that 

increased ECM stiffness due to fibrosis in the extracellular microenvironment in dystrophic 

muscle may also contribute to decreased muscle repair 328. It remains unclear though whether the 

failed engraftment of myoblasts in clinical trials was due to the use of myoblasts or due to a 

remodeled microenvironment.  

We hypothesized healthy and DMD engineered muscle derived from hPSCs would be 

stronger than muscle derived from myoblasts harvested from patients, which we term primary-

derived. We reasoned that primary myoblasts lose regenerative potential throughout life. One 

recent study demonstrated that the aged stem cell niche has significantly less fibronectin and 

deletion of the fibronectin gene in young muscle, recapitulated the poor regeneration observed in 

old muscle 81, suggesting that decreased synthesis and deposition of ECM proteins by muscle 

stem cells may underlie poor muscle regeneration. And, another recent study showed that 

satellite cells in both aged and dystrophic muscle exhibited impaired β-1 integrin activity 



 
 

 
 

suggesting that the inability to sense the microenvironment and appropriately respond to cues 

critical for muscle repair is an acquired phenotype 329. Hence, to test our hypothesis, we seeded 

primary-derived and hPSC-derived myoblasts on to the micromolded gelatin MTFs that are of 

similar stiffness to that of young muscle 315. Moreover, we refrained from further functionalizing 

the gelatin hydrogel with ECM proteins like fibronectin known to guide muscle repair reasoning 

that hPSC-derived myoblasts would be able to appropriately sense its microenvironment and 

synthesize the needed ECM proteins while primary-derived myoblasts would fail to do so. We 

found that hPSC-derived myoblasts robustly formed myofibers (Fig. 4-2 C) and exhibited 

contractile kinetics similar to that of mature muscle over a broad range of stimulation frequencies 

(Fig. 4-2 D). Additionally, we found that hPSC-derived healthy muscle was significantly 

stronger than primary-derived healthy muscle, as well as both primary-derived and hPSC-derived 

DMD engineered muscle at stimulation frequencies greater than 40 Hz (Fig. 4-2 E). The 

significant and large differences in contractile stress at high frequencies is consistent with 

clinical observations that type 2 muscle, the stronger myofiber type with stimulation frequencies 

of greater than 40 Hz 330, is more severely affected in DMD 96. Interestingly, hPSC-derived 

DMD muscle was not significantly stronger than primary-derived DMD muscle (Fig. 4-2 E). 

This result may be due to poor force transmission to the substrate due to loss of the dystroglycan 

complex in both of these conditions, instead of poorer muscle formation; but, this must be 

investigated further through structural and protein expression studies. Collectively, these data 

indicate hPSC-derived myoblasts or satellite cells may offer an improved therapeutic option over 

myoblast transplantation.  

Here, we have presented an improved manufacturing method for fabrication of gelatin 

muscular thin films that better recapitulate the native muscle microenvironment for 



 
 

 
 

quantification of engineered skeletal muscle contractile strength. Moreover, for the first time, we 

have demonstrated recapitulated the contractile weakness observed in DMD in vitro using hPSC-

derived muscle progenitors. Furthermore, we have demonstrated that hPSC-derived healthy 

myoblasts exhibit greater regenerative potential compared to primary-derived healthy myoblasts. 

However, these results are preliminary and further investigation to better elucidate mechanistic 

understanding of impaired muscle formation in DMD. But, we believe this work represents a 

valuable tool for testing new pharmacological and cell-based therapies. 

4.3 Methods and Materials 

4.3.1 Gelatin Hydrogel Preparation 

In order to fabricate gelatin hydrogels of physiologically-relevant stiffness, we mixed 

equivolume solutions of 20% (w/v) 175 bloom, porcine, type A gelatin (Sigma, St. Louis) in 

phosphate buffered saline (GIBCO) and 8% (w/v) microbial transglutaminase (MTG) 

(Ajinomoto, Fort Lee, NJ) in phosphate buffered saline as previously described 319. The 20% 

gelatin solution was incubated at 65 ˚C to ensure all of the gelatin dissolved and to minimize the 

solution viscosity prior to micromolding. The 8% microbial transglutaminase solution was 

incubated at 37 ˚C prior to micromolding. Upon careful mixing to prevent bubble formation, a 

final 10% gelatin, 4% MTG final solution was formed immediately prior to micromolding. 

4.3.2 Fabrication of PDMS stamps 

In order to direct anisotropic tissue formation, the curing gelatin-MTG hydrogel is 

simultaneously micromolded by a microfeatured, polydimethylsiloxane (PDMS) (Sylgard 184, 

Dow Corning, Midland, MI) stamp as utilized for microcontact printing and soft lithography as 

described previously 319. The PDMS stamps were fabricated utilizing previously published 

protocols 243, 245, 278. Briefly, a custom chrome photomask was used to block selected regions of 



 
 

 
 

an SU-8 2010 negative photoresist (MicroChem, Newton, MA) coated silicon wager. Using a 

mask aligner, the photoresist-coated silicon wafer was exposed to UV light for 10 seconds. 

Subsequently, regions shielded from the UV light were washed away using a development 

solution and remaining regions were cured via incubation at 180 °C for 30 minutes. The etched 

wafer serves as the negative mold for the PDMS stamp. After silane treatment, PDMS is poured 

over the etched silicon wafer, degassed, and allowed to cure at 65°C overnight. Lastly, the cured 

PDMS was carefully peeled from the etched silicon wafer and cut for application to 22 mm x 22 

mm substrates. Both the stamps and the silicon wafer were stored for reuse. 

4.3.3 Gelatin Muscular Thin Film Chip Fabrication 

A 20 inch by 10 inch by 400 µm sheet of optically clear acrylic (Astra Products, Freeport, 

NY) was neatly covered or “masked” by a low adhesion tape (3M, St. Paul, MN). In order to 

selectively activate regions of the acrylic substrate, an 18 mm x 10 mm rectangle was laser 

engraved into the masking tape covering the acrylic sheet such that each rectangle was centered 

within a 22 mm by 22 mm chip (Fig. 4-1 C) that is simultaneously cut using a CO2 laser (Epilog, 

Golden, CO). Next, the bottom half of the inner rectangle masking the acrylic substrate was 

removed from each chip, leaving the remaining tape. Each chip was placed in a 100 W Plasma 

Prep III plasma cleaner (SPI Supplies, West Chester, PA) for 10 minutes. Subsequently, the 

chips are removed from the plasma cleaner, and the masked upper region of the inner rectangle 

was removed, remaining the outer frame of the tape. Next, the 20% gelatin solution was carefully 

mixed with 8% microbial transglutaminase solution, forming a 10% gelatin, 4% microbial 

transglutaminase solution. Quickly, 400 µL of this solution was applied to the exposed rectangle 

on the acrylic substrate and gently applied to coat the entire region. Then, a microfeatured, 

PDMS stamp was carefully applied to each chip and a 500 g weight is placed on top of the 



 
 

 
 

PDMS stamp. The samples are allowed to cure at room temperature overnight. Next, the samples 

were immersed in phosphate buffered saline for 20 minutes to allow for gel rehydration and to 

minimize gel tearing during removal of the PDMS stamp. The PDMS stamps were then carefully 

removed and stored for reuse.  Next, an array of 4-6 cantilevers (2 mm wide, 5 mm long) was 

laser engraved into the gelatin hydrogels. Excess regions were removed with forceps. Lastly, the 

gelatin substrates were vigorously rinsed five times in phosphate buffered saline and sterilized 

using UV ozone exposure (Model# 342, Jetlight Company Inc., Phoenix, AZ) for 30 seconds and 

promptly sealed and stored for seeding. 

4.3.4 hPSC-derived Skeletal Muscle Culture 

hPSCs were differentiated according to previously published protocols 11, 12. Briefly, 

embryoid bodies were dissociated to single cells and seeded at low density (~20,000 cells cm -2) 

on to Matrigel-coated wells (Dow Corning). Dissociated cells are maintained in a growth 

medium containing a ROCK inhibitor for 1-2 days to prevent apoptosis. Subsequently, cultures 

of less than 25% confluence were utilized for primary differentiation. Primary differentiation of 

hPSCs was directed through sequential recapitulation of critical stages of paraxial mesoderm 

differentiation as described in detail by Chal et al.11. Subculturing of hPSC cultures was 

necessary every few days due to rapid proliferation. hPSCs were detached from the underlying 

substrate using 0.25% trypsin (GIBCO) and replated. After 2 weeks of primary differentiation, 

cultures can be cryopreserved for future use. At this stage of differentiation, the hPSCs exhibited 

markers characteristic of myoblasts. Myoblasts were seeded on to the gelatin substrates at a 

concentration of 62,000 cells cm -2. Myoblast cultures were allowed to proliferate to confluence 

in normal growth media consisting of DMEM (GIBCO) and 20% fetal bovine serum (GIBCO). 

Next, to induce differentiation of the myoblasts, the growth media was replaced with a 



 
 

 
 

differentiation media consisting of DMEM-F12 (Lonza), supplemented with 2% horse serum 

(GIBCO). Differentiation media was replenished every 48 hours. Experiments were performed 

after 2 weeks of differentiation. 

4.3.5 Primary-Derived Skeletal Muscle Culture 

Primary-derived, healthy human skeletal muscle myoblasts (Lonza, Walkersville, MD) 

were purchased and cultured in normal growth media consisting of DMEM (GIBCO) and 20% 

fetal bovine serum (GIBCO). Similarly, primary-derived, DMD human myoblasts were 

purchased from DV Biologics (Costa Mesa, CA) and were cultured in the same growth media. 

Myoblasts were seeded directly from the vial after thawing on to the gelatin substrates at a 

concentration of 62,000 cells cm -2 and permitted to proliferate to confluence in normal growth 

media. And, differentiation was induced using the same differentiation media. Experiments were 

performed after 2 weeks of differentiation. 

4.3.6 Young’s Modulus Measurements 

To determine the Young’s modulus of the gelatin hydrogels, we used a biomaterials 

mechanical tester (BioTester, CellScale Inc., Waterloo, ON) applying equibiaxial tensile loading. 

Biaxial strain was applied to the substrate at a rate of 1% strain per second and increased to 70% 

while the applied force was recorded at 15 Hz. The modulus was measured by calculating the 

slope of the tangent in the linear portion of the low strain region on the stress-strain curve. We 

averaged the modulus of the x and y axes. The tests were performed in Tyrode’s solution: 1.8 

mM CaCl2, 5 mM glucose, 5 mM HEPES, 1 mM MgCl2, 5.4 mM of KCl, 135 mM of NaCl, and 

0.33 mM of NaH2PO4 in deionized water, pH 7.37-7.42 at 34-37 °C (Sigma-Aldrich). 

4.3.7 Muscular Thin Film Contractility Measurements 



 
 

 
 

For contractility experiments, the chips were transferred to a 60 mm Petri dish containing 

normal Tyrode’s solution. Field simulation electrodes, composed of 1 mm platinum wire (VWR, 

Radnor, PA) were assembled within an acrylic top that fit on to the 60 mm Petri dish.  

Application of electrical field stimulation (Myopacer, IonOptix Corp., Milton, MA) was utilized 

to induce contraction of the engineered muscle. For each chip, we stimulated the engineered 

muscle with a range of frequencies: 1, 5, 10, 20, 40, 60, 80, and 99 Hz, with an amplitude of 20V 

or 30V when 20V was insufficient.  Videos of film bending were acquired using a Leica MZ9.5 

stereomicroscope (Wetzlar, Germany) with 0.63X magnification and a Basler A601f-2 camera 

(Exton, PA) at a frame rate of 100 frames per second. The contractile stress was quantified using 

a modified Stoney’s equation previously described by our group 13, 242. Briefly, the video of film 

bending is converted to a stack of thresholded images, utilized to acquire the projection length of 

each film during contraction using a custom ImageJ macro (NIH, Bethesda, MD). Contractile 

stress is then calculated using custom Matlab software (MathWorks, Natick, MA) that uses the 

project film lengths, the film thickness, and the Young’s modulus of the gelatin as inputs. Film 

thickness was quantified for each substrate using a Zeiss LSM 5 LIVE confocal microscope 

(Oberkochen, Germany) using a 20x objective. The gelatin substrates were doped with 200 nm 

fluorescent beads (Invitrogen, Carlsbad, CA) that were well distributed throughout the gel. For 

each substrate, a Z-stack was taken and the thickness was measured manually, ranging between 

150-200 µm. The software generates absolute stress values throughout the contraction. We 

calculated the contractile stress by taking the difference of the peak and minimum stress 

measurements. 

4.3.8 Statistical Analysis 



 
 

 
 

The contractile stress of healthy and DMD tissues were compared in SigmaPlot™ 12.0 

software (San Jose, CA) using a Two-way ANOVA, by frequency and condition. Results with p-

values less than 0.05 were considered significant.  



 
 

 
 

5 Conclusion 

5.1 How Can Human In Vitro Models Improve the Drug Pipeline for Pediatric Muscular 

Diseases? 

Presently, the drug development pipeline is extremely inefficient. The cost and time-cost 

of drug approval is more than $1 billion and 10 years, respectively, while the success rate is less 

than 12% for drugs entering clinical trials after successfully passing through preclinical studies. 

Hence, improved preclinical screening, i.e. early identification of ineffective drugs, prior to 

costly clinical trials could significantly improve efficiency by decreasing the expenditure of time 

and resources towards an unsafe or ineffective drug.  

From a clinical perspective, developing new drugs for pediatric populations presents an 

ethical dilemma. In order for the new drug to be beneficial, physicians must have drug dosing, 

safety, and efficacy data collected from well-controlled clinical trials. Including children in 

clinical trials, though, presents many issues including 1) risk of harm, 2) potential assignment to 

a placebo group and thereby purposely withholding a potentially effective therapy, and 3) limited 

statistical power of trials due to limited patient population size. Moreover, historically, there has 

been less incentive to develop new drugs for pediatric populations because children make up a 

smaller portion of the entire population and are relatively healthy compared to adults. 

Collectively, these issues have resulted in limited drug safety and efficacy data for children. And, 

as consequence, physicians are often faced with the dilemma of withholding a potentially 

beneficial treatment or administering a potentially harmful treatment, which has caused a high 

rate of adverse drug reactions in children as well as suboptimal care for the most vulnerable of 

our population. 

  



 
 

 
 

5.2 A Human In Vitro Model of Allergic, Asthmatic Bronchoconstriction and 

Bronchodilation 

In chapter 2, we aimed to model allergic asthma in vitro utilizing a tissue engineering 

approach. In the human airway, laminar, anisotropic smooth muscle tissue wraps 

circumferentially around the airway lumen such that contraction causes airway narrowing and 

relaxation dilates the airway. To recapitulate this structure, we used microcontact printing of 

fibronectin to direct anisotropic tissue formation of primary human smooth muscle cells. In order 

to mimic the inflammation found in the airway of asthma patients, we treated the engineered 

smooth muscle tissues with the cytokine, interleukin-13. Interleukin-13 is found in high 

concentrations in the airways of some asthma patients resistant to existing therapies. And, a 

monoclonal antibody directed against interleukin-13, similar to mepolizumab which is directed 

against interleukin-5, has been tested in phase 3 clinical trials for asthma and atopic dermatitis.  

To test our model, we designed an experiment based on pulmonary function tests used 

clinically for airway diseases. During pulmonary function testing, clinicians measure the rate and 

volume of forceful expiration at rest and after treatment with a muscarinic agonist that triggers 

airway narrowing. Asthma patients experience an exaggerated decrease in forced expiratory 

volume (FEV) in response to the muscarinic agonist. Using our in vitro platform, we triggered 

smooth muscle contraction in placebo-treated and interleukin-13-treated tissues using a 

muscarinic agonist and measured the contractile stress. We found interleukin-13 potentiated 

approximately a 100% increase in contractile stress relative to the placebo-treated tissues. 

Moreover, clinically, asthma is distinguished from other obstructive diseases of the airway by the 

reversibility of airway narrowing as measured with pulmonary function testing. Using standard 

airway drugs, namely β agonists and muscarinic antagonists, we demonstrated the reversibility of 



 
 

 
 

healthy and asthmatic contraction. Importantly, we demonstrated that we could replicate the two 

major functional characteristics by acquiring a readout of contractile stress in our in vitro model. 

In addition, we aimed to determine whether interleukin-13 potentiated hypercontractility 

through remodelling of expression of contractile proteins or smooth muscle structure. We found 

that interleukin-13 did not alter expression of canonical markers of smooth muscle’s contractile 

phenotype but did cause increased expression of RhoA, consistent with findings in mice. 

Additionally, tissues treated with interleukin had fewer cells per area, indicating the smooth 

muscle cells within these engineered tissues had greater spreading area compared to tissues 

treated with the placebo, consistent with previous in vitro studies showing cell spreading caused 

increased phosphorylation of myosin light chain, a key regulator of smooth muscle contraction. 

Furthermore, we found that tissues treated with interleukin-13 had greater alignment of the actin 

cytoskeleton controlled to the healthy condition. 

Lastly, we aimed to target the upregulated Rho/ROCK pathway with a ROCK inhibitor 

to test its potential utility as a treatment for asthma. We found that administering a ROCK 

inhibitor prior to performing contractile experiments significantly decreased the basal tone of 

healthy and asthmatic tissues. Moreover, the ROCK inhibitor prevented the hypercontraction 

observed previously in tissues treated with interleukin-13, suggesting a ROCK inhibitor could be 

efficacious in prevent bronchospasms in asthma patients. We also tested whether ROCK 

inhibitors could improve existing rescue therapy for asthma. The ROCK inhibitor exhibited 

greater efficacy in inducing relaxation in both healthy and asthmatic tissues when compared to 

standard β agonist treatment. And, furthermore, combined treatment of contracted asthmatic 

engineered muscle with β agonist and a ROCK inhibitor showed greater efficacy than either 

treatment alone. 



 
 

 
 

Collectively, with this work, we have shown that the functional attributes of allergic 

asthma can be modelled by exposing engineered muscle to a key component of the inflammation 

in asthma patients. By engineering a system amenable to quantification of contractile stress, the 

assay readout is analogous to the clinical readout enabling straightforward interpretation of drug 

effects. As proof of principle, we demonstrated that we could use this model to assess the 

efficacy of new drugs through the testing of the ROCK inhibitor, HA1077. We believe this 

system can be utilized in preclinical screening of new asthma drugs, as well as preclinical safety 

studies for other types of drugs. While we utilized a single cytokine for our model, a patient-

specific asthma model could be achieved through quantification of cytokine levels in the airway 

of an asthma using bronchoalveloar lavage. Reconstituting the patient-specific chemical 

microenvironment will enable a broad range of allergic asthma phenotypes to be modelled and 

utilized for preclinical screening. Hence, prior to testing in humans, we can identify potential 

treatment responders and non-responders which could speed drug development and approval, 

reduce costs, and prevent unnecessary exposure to harm. 

5.3 A Human, In Vitro Model of Duchenne Muscular Dystrophy Muscle Formation and 

Contractility 

In chapter 3, we presented a human in vitro model of DMD muscle formation and 

contractility. In DMD, dystrophin-deficiency potentiates muscle injury during muscle 

contraction due to weakening of the sarcolemma. And, muscular repair is impaired due to 

disrupted assymmetic division of DMD satellite cells. So, progressive muscle wasting as 

consequence of injury and failed repair underlies the rapid disease progression. We aimed to 

develop a platform that would enable assessment of muscular formation as well as contractile 

function. We engineered human skeletal muscle tissues by seeding myoblasts derived from 



 
 

 
 

healthy or DMD patients on to substrates micropatterned with ECM found in healthy and 

regenerating muscle. We then differentiated the myoblasts for approximately a week prior to 

experimentation. 

We found that both healthy and DMD myoblasts formed more muscle fibers when seeded 

on to fibronectin, which is upregulated in muscle niche after injury. However, healthy myoblasts 

demonstrated superior cytoskeletal and nuclear alignment indicating that DMD myoblasts had an 

inferior ability to sense microenvironmental cues and appropriately organize its intracellular 

structures prior to myofiber assembly despite exhibiting key indicators of progression through 

myogenesis , e.g. myogenin. The poor integration of microenvironmental cues was reflected by 

reduced myofiber formation and the immature structure of their contractile apparatus. This 

finding is important because it indicates new therapies will need to target both the muscle stem 

cell population as well as the mature muscle. Collectively, the structural deficits observed in the 

DMD tissues resulted in profound contractile weakness. 

The small study size of the eteplirsen trial is representative of the challenges of executing 

clinical trials for rare diseases and for emerging gene-based therapies that are often effective for 

only subpopulations of a disease. Small clinical trials raise practical and ethical questions due to 

limited statistical power and hence limited ability to distinguish clinical effects. The contractile 

stress readout of our in vitro system provides a critical clinical analogue to quantitative muscle 

function tests. Systems amenable to measurement of surrogate end points, such as dystrophin in 

DMD or other components of the dystroglycan complex for other muscular dystrophy, as well as 

contractile strength can provide invaluable data that was lacking in the eteplirsen trial and 

supplement clinical trials. Moreover, early preclinical trials utilizing this platform could measure 

the ability of a drug to improve muscle formation and contractile strength. Furthermore, we 



 
 

 
 

would be able to quantify the targeted protein expression and determine how much dystrophin 

expression is required for improved contractile function. Implementation of this platform could 

significantly improve preclinical screening of drugs for DMD as well as provide clinical data 

supporting the use of specific markers as surrogate endpoints in clinical trials for rare diseases. 

5.4 Modeling Contractile Weakness in Duchenne Muscular Dystrophy Using Induced-

Pluripotent Stem Cells and Soft Gelatin Muscular Thin Films 

In chapter 4, we extend our work from chapter 3 modeling DMD in vitro utilizing muscle 

progenitor cells derived from human induced-pluripotent stem cells, for the first time. 

Therapeutic approaches utilizing myoblasts have failed in multiple clinical trials, though it is 

unclear whether the failure was due to the use of myoblasts or due to maladaptive changes within 

the muscle microenvironment. Here, we present data that suggests hPSC-derived muscle 

progenitor cells may have greater ability to engraft, form muscle, and exhibit functional 

attributes of mature muscle compared to primary-derived myoblasts. Furthermore, the advance 

of achieving functional hPSC-derived is also significant for development of preclinical models 

for drug screening. Our work in chapter 3 demonstrated the first human model of a genetic 

muscular disease. This was in part due to the limited availability of patient-derived myoblasts but 

was also due to the poor regenerative capacity of myoblasts. However, hPSC-derived muscle 

progenitors offers a renewable cell source with potentially greater function. These advances 

combined with platforms such the ones described here present opportunities to better understand 

the muscular diseases described in chapter 1 and muscle wasting that occurs during aging, in 

cancer, in acquired immunodeficiency syndrome (AIDS) as well as the interactions of muscle 

with other metabolic organs such as fat and the pancreas that have significant implications for 

public health. 



 
 

 
 

Moreover, we adapted our MTF platform to better recapitulate the native 

microenvironment of muscle using a high throughput manufacturing process for gelatin muscular 

thin film chips. Gelatin muscular thin films present an important advance for understanding 

muscle biology and diseases for several reasons. Throughout life, the muscle microenvironment 

changes significantly. It naturally becomes fibrotic and the composition of deposited ECM 

protein changes. And, these changes have significant functional consequences in a broad range 

of conditions. Gelatin muscular thin films can function as substrate that can be tuned for its 

application. The stiffness can be modulated simply by adjusting the concentration of the enzyme 

crosslinker. Similarly, simple chemistry techniques enable bonding of different ECM proteins to 

gelatin scaffold.  

Lastly, advances in manufacturing processes are critical for adaptation of in vitro models. 

The pharmaceutical industry often operates at the opposite end of the throughput/data quality 

spectrum: pharmaceutical companies often use high quantities of easily acquirable data, while 

academic institutions obtain low quantities of often novel data. Manufacturing science must aim 

to bridge these gaps to speed adaption and translation of in vitro models. 

5.5 Limitations and Future Directions 

This dissertation has demonstrated a proof of principle of human-relevant in vitro disease 

models of the airway musculature and skeletal muscle for the first time. As such, several 

important limitations can be addressed in future adaptations of this work. First of all, both of 

these models lack mechanical cues that guide the structure and function of these tissues in vivo. 

In the airway, breathing presents a cyclic tension force that may help prevent the bronchospasms 

observed in asthma patients. Integrating dynamic mechanical cues in future airway musculature 

models will enable greater insight into the interaction of new drugs with homeostatic mechanical 



 
 

 
 

cues. Similarly, in vivo, skeletal muscle is constantly exposed to mechanical loads, which play an 

important part in disease progression in muscular dystrophies. These mechanical forces also help 

developing muscle grow and mature.  

Additionally, both asthma and muscular dystrophies have a natural history lasting 

throughout the life of the patient. For the purposes of this dissertation, we focused on 

recapitulating key pathological hallmarks of the diseases at relatively short time courses (on the 

order of a week). Future work should focus on extending the culture of these models to better 

understand the chronic nature of disease progression. In asthma, in addition to exacerbations 

resulting in hypercontractility and airway narrowing, slow remodeling of the airway occurs and 

is not well understood. New insights into how airway smooth muscle contributes to long term 

remodeling in the context of chronic airway inflammation could significantly improve the 

treatment of asthma patients, particularly children. Similarly, assessing contractile function and 

muscular repair after repeated experiments of contractions induced by different stimulation 

frequencies could provide new insights into muscle injury and weakness in DMD. Collectively, 

these models and improved adaptations of these models can be utilized for improved preclinical 

screening of new drugs, supplementation of clinical trials for treatments for rare diseases, as well 

as academically to gain new insights into underlying pathophysiology. And furthermore, these 

models can be further adapted to model other smooth muscle diseases affecting the gut and 

vasculature as well as skeletal muscle diseases. 
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