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ABSTRACT 

Cardiovascular disease (CVD) remains the leading cause of mortality, resulting in 1 

out of 4 deaths in the United States at the alarming rate of 1 death every 36 seconds, 

despite great efforts in ongoing research. In vitro research to study CVDs has had limited 

success, due to lack of biomimicry and structural complexity of 2D models. As such, 

there is a critical need to develop a 3D, biomimetic human cardiac tissue within precisely 

engineered in vitro platforms. This PhD dissertation involved development of an 

innovative anisotropic 3D human stem cell-derived cardiac tissue on-a-chip model (i.e., 

heart on-a-chip), with an enhanced maturation tissue state, as demonstrated through 

extensive biological assessments. To demonstrate the potential of the platform to study 

cardiac-specific diseases, the developed heart on-a-chip was used to model myocardial 

infarction (MI) due to exposure to hypoxia. The successful induction of MI on-a-chip 

(heart attack-on-a-chip) was evidenced through fibrotic tissue response, contractile 

dysregulation, and transcriptomic regulation of key pathways. 

This dissertation also described incorporation of CRISPR/Cas9 gene-editing to create 

a human induced pluripotent stem cell line (hiPSC) with a mutation in KCNH2, the gene 

implicated in Long QT Syndrome Type 2 (LQTS2). This novel stem cell line, combined 

with the developed heart on-a-chip technology, led to creation of a 3D human cardiac on-

chip tissue model of LQTS2 disease.. Extensive mechanistic biological and 

electrophysiological characterizations were performed to elucidate the mechanism of 

R531W mutation in KCNH2, significantly adding to existing knowledge about LQTS2. 

In summary, this thesis described creation of a LQTS2 cardiac on-a-chip model, 
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incorporated with gene-edited hiPSC-cardiomyocytes and hiPSC-cardiac fibroblasts, to 

study mechanisms of LQTS2. 

Overall, this dissertation provides broad impact for fundamental studies toward 

cardiac biological studies as well as drug screening applications. Specifically, the 

developed heart on-a-chip from this dissertation provides a unique alternative platform to 

animal testing and 2D studies that recapitulates the human myocardium, with capabilities 

to model critical CVDs to study disease mechanisms, and/or ultimately lead to 

development of future therapeutic strategies.   
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PREFACE 

 The dissertation herein includes original review and research articles prepared and 

published by the primary author. Chapter 1 details an introduction and background to the 

material of this thesis (Veldhuizen, Migrino, & Nikkhah, 2019). Chapter 2 details the 

creation of a microfluidic chip with innate microposts to establish cardiac tissue 

anisotropy for the formation of mature cardiac tissues (Veldhuizen, Cutts, Brafman, 

Migrino, & Nikkhah, 2020). Chapter 3 describes the use of the microfluidic model to 

study myocardial ischemia via induction of hypoxia. Chapter 4 describes the combination 

of gene-editing techniques within the microfluidic chip to create model of Long QT 

Syndrome Type 2. 
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CHAPTER 1 

INTRODUCTION 

1.1 Cardiovascular Disease 

 Cardiovascular diseases (CVDs) persist as the leading cause of mortality and 

morbidity, accounting for over 30% of deaths worldwide (Benjamin, 2017). Notably, 

CVDs have become the most expensive chronic disease in the United States, with $318 

billion in total direct medical costs in 2015 (Khavjou, 2016). Additionally, it is predicted 

that 45.1% of the U.S. population will suffer from CVDs by 2035 (Khavjou, 2016). 

Current research strategies employed in healthcare (e.g., pharmaceutical) industries to 

study CVDs and to develop new therapeutic drugs mainly involve conventional two-

dimensional (2D) in vitro models, such as monoculture cellular assays, as well as in vivo 

animal models. However, these models have significant limitations in recapitulating 

human pathophysiology. 2D in vitro models are limited in simulating the 

pathophysiology of CVDs due to the high degree of complexity in structure and function 

of the myocardium. Specifically, these assays are unable to precisely recapitulate the 

complex cell-extracellular matrix (ECM), cell-cell, and tissue-level interactions. To 

address limitations in 2D assays, animal (e.g., mouse) models have been utilized as they 

are capable of complex tissue-level representation. To that end, we now have a greater 

understanding of the differences between mouse models and human disease, including 

alterations in gene expression that may affect translation of preclinical findings to human 

benefit (Blalock et al., 2005). However, there are many confounding factors involved in 
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animal models, imposing challenges with transferring disease-related knowledge from 

these models into human pharmaceutical testing (Rajamohan et al., 2013).  

To improve therapeutic outcomes from CVDs, attempts at addressing limitations of 

current 2D and animal models include creation of intricate three-dimensional (3D) 

cardiac tissue constructs with enhanced recapitulation of native myocardium that are 

useful for mechanistic studies, therapeutic discovery, and testing (Acun, Vural, & 

Zorlutuna, 2017; Agarwal, Goss, Cho, McCain, & Parker, 2013; Alford, Feinberg, 

Sheehy, & Parker, 2010; Annabi, Selimovic, et al., 2013; Birla, Borschel, Dennis, & 

Brown, 2005; Boudou et al., 2012; Breckwoldt et al., 2017; L. L. Chiu, Janic, & Radisic, 

2012; L. L. Y. Chiu & Radisic, 2013; Ellis, Acun, Can, & Zorlutuna, 2017; Engelmayr et 

al., 2008; Feinberg et al., 2012; Ghiaseddin et al., 2017; Lee, Razu, Wang, Lacerda, & 

Kim, 2015; Leung & Sefton, 2010; Mannhardt et al., 2016; Mathur et al., 2013; Mathur et 

al., 2015; Nunes et al., 2013; Pavesi et al., 2015; Radisic et al., 2006; Saini, Navaei, Van 

Putten, & Nikkhah, 2015; Sidorov et al., 2017; Tiburcy et al., 2017; Vandenburgh et al., 

2008; G. Wang et al., 2014; D. Zhang et al., 2013). To date, a variety of techniques to 

create 3D cardiac tissue models have been proposed, each presenting with advantages 

over currently available models, including incorporation of highly controllable 

environments for cellular- and molecular-level studies. Recent in vitro research has also 

advanced the use of human-derived cardiac cells, made possible by wide availability of 

methods for cardiac differentiation of human stem cells to generate patient-specific and 

genetically-edited cardiac cells (Ameen et al., 2008). Additionally, significant emphasis 

on emerging biomaterials and micro-/nano- scale technologies has opened new 
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opportunities to enhance the functionalities of engineered cardiac tissues through precise 

control over cell-cell and cell-ECM interactions (Annabi, Tsang, et al., 2013; Nikkhah, 

Edalat, Manoucheri, & Khademhosseini, 2012; Saini et al., 2015). These models also 

incorporate intricacies of the native myocardium, including mimicry of anisotropic 

structure and accommodation of electrical and mechanical stimulation. Notably, 3D 

microengineered cardiac tissue models have been successfully utilized (Figure 1.1) to 

better understand the biological basis of disease progression and enhance the efficacy of 

pharmaceutical testing of candidate therapeutics.   

Figure 1.1: Schematic of healthy adult myocardium and examples of the different 

platforms implemented for cardiac tissue modeling. 
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In this chapter, we provide a brief assessment of conventional 2D assays and animal 

models that have been utilized for cardiac-related disease studies. We will further review 

the recent progress in microengineering technologies to create 3D cardiac tissue models.  

A summary of current 3D diseased cardiac tissue models, with specific advantages for 

mechanistic biological studies and therapeutic testing, will also be provided. 

1.2 Animal and animal-derived models for cardiac research 

1.2.1 In vivo models 

The most implemented approach for subsequent studies of CVDs is through 

animal models (Brooks & Conrad, 2009; Duncker et al., 2015; Hofker, van Vlijmen, & 

Havekes, 1998; Y. B. Liu et al., 2003; McCauley & Wehrens, 2009; McLerie, 2003; 

Patten & Hall-Porter, 2009; Pilichou, Bezzina, Thiene, & Basso, 2011; Stengl, 2010; 

Stohr et al., 2013; Zaragoza et al., 2011). Such models range from small to large animals, 

and incorporate a variety of both environmentally and genetically derived diseases, to 

study corresponding cardiac pathophysiology. Specifically, environmentally-related 

diseases can be studied in animal models by delivery of physical, chemical, or metabolic 

insults, such as through extreme change in diet or chemical administration (Kumar et al., 

2016; McCauley & Wehrens, 2009; Zaragoza et al., 2011). Particularly, the use of animal 

models to study environmentally-related diseases is advantageous in the ability to 

recapitulate whole organ-level response to such systemic insults, an aspect that is lacking 

in current in vitro models. For example, to model myocardial infarction (MI), Brooks et. 

al. chronically administered isoproterenol to mice to induce MI-related symptoms, such 

as impairment of diastolic function and changes in heart size, allowing for study of 
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disease manifestation and related secondary injuries (Brooks & Conrad, 2009). 

Additionally, to model acute MI, left coronary artery (LCA) ligation has been established 

as a technique for arterial occlusion to induce myocardial infarction in multiple types of 

animal models (Kumar et al., 2016). Gao et. al. utilized this method to study heart 

remodeling and secondary pathways that occur after ligation-induced MI in mice. 

Significant alterations in echocardiographic characteristics, in addition to heart size and 

weight, were demonstrated in mice that experienced MI, thus demonstrating capabilities 

of animal models for systemic-level pathophysiology (Gao, Dart, Dewar, Jennings, & Du, 

2000). On the other hand, the use of transgenic animal models allows the study of 

genetically-derived diseases to elucidate the role of specific genes in manifestation of 

corresponding pathology, and potential responses to pharmaceuticals. For example, to 

study atherothrombotic disease, transgenic mice with mutant apolipoprotein-E have been 

used to recapitulate the lipoprotein profile observed in hyperlipidemia patients, causing 

atherosclerotic lesions to develop (Hofker et al., 1998).  

A particular advantage of use of animal models for study of CVDs is the ability to 

study diseases with systemic level pathology, and isolate the corresponding effects on 

cardiac function. For example, Fulop et. al. incorporated Zucker diabetic fatty (ZDF) rats 

to determine if development of Type 2 diabetes negatively affects CM function (Fulop et 

al., 2007). Their findings unveiled that contraction, relaxation, and calcium handling 

characteristics were impaired for CMs isolated from 22 week-old hyperglycemic ZDF 

rats as compared to both 6-week old hyperinsulinemic ZDF rats and healthy age-matched 
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controls. Thus, the use of the ZDF rat models delineated specific cardiac-related effects 

of diabetes. 

In vivo animal models have provided fundamental knowledge into the biology of 

cardiac disease, and correspondingly have served as helpful models for the translation of 

observed pathology into potential pharmaceuticals (Brooks & Conrad, 2009; Duncker et 

al., 2015; Hofker et al., 1998; Y. B. Liu et al., 2003; McCauley & Wehrens, 2009; 

McLerie, 2003; Patten & Hall-Porter, 2009; Pilichou et al., 2011; Stengl, 2010; Stohr et 

al., 2013; Zaragoza et al., 2011). However, the inability for precise control at molecular 

and cellular levels hampers the amount of mechanistic information that can be gained 

from these models. Incorporation of cardiac tissues within in vitro models has enabled the 

direct mechanistic studies of CVDs that complement the knowledge gained from in vivo 

models for enhanced clinical translation of disease-related findings. 

1.2.2 Neonatal rat cardiomyocytes in in vitro models 

There have been a vast number of in vitro models to date utilizing neonatal CMs 

derived from animals for cardiac tissue engineering due to the ease of access and 

availability of these cells (Annabi, Tsang, et al., 2013; M. Kharaziha et al., 2013; M. S. 

Kharaziha, S.; Nikkhah, M.; Topkaya, S. N. ; Masoumi, N.; Dokmeci, M. R. ; 

Khademhosseini, A., 2014; Navaei et al., 2017; Navaei, Truong, et al., 2016; Rashid, 

Salacinski, Hamilton, & Seifalian, 2004; Saini et al., 2015; Zimmermann et al., 2002). 

For example, Zimmermann et. al. demonstrated the utility of mechanical stretch in an in 

vitro model to generate aligned cardiac tissue from neonatal rat CMs and collagen 

hydrogel that resembles the structure of the native myocardium (Zimmermann et al., 
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2002). Saini et. al. developed cardiac micro-tissues, with variable geometrical features 

and CMs to cardiac fibroblast (CFs) ratios within gelatin methacrylate (GelMA) 

hydrogel, to assess the role of tissue confinement and cell ratios on the functionalities of 

the engineered tissues (Saini et al., 2015). Their findings demonstrated that 

supplementation of CMs with CFs enhanced the tissue structure and protein expression, 

in addition to the observation of the prominent role of surface topography on tissue 

formation. These in vitro models have also been advanced for elaborate cardiac tissue 

studies, with an emphasis on modeling CVDs (Ariyasinghe et al., 2017; He, Ma, Liu, & 

Wang, 2014; Horton et al., 2016; Katare, Ando, Kakinuma, & Sato, 2010; McCain, 

Sheehy, Grosberg, Goss, & Parker, 2013; Mosadegh et al., 2014; Parsa, Wang, & 

Vunjak-Novakovic, 2017; L. Ren et al., 2013; Sadeghi et al., 2017; Song, Zandstra, & 

Radisic, 2011; Spencer et al., 2016; van Spreeuwel et al., 2017). For example, Mosadegh 

et. al. created a 3D model for cardiac ischemia using rat neonatal CMs within a paper-

based platform (Mosadegh et al., 2014). Incorporation of cell culture within this in vitro 

model allowed for establishment of an oxygen gradient and the subsequent study of its 

effect on encapsulated tissue. Particularly, CF migration was observed against the oxygen 

gradient, in response to signaling from CMs, providing pertinent information about the 

intercellular mechanisms that occur during ischemia. Despite the significance of tissue 

model systems developed using animal-derived cardiac cells, the discrepancies inherent 

between animal and human physiology significantly limits the translation of knowledge 

gained from these studies to implementation into the clinic (Rajamohan et al., 2013). To 

complement these models, in vitro models that provide a tunable microenvironment for 
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precise biological studies are utilized with incorporation of human-derived cells for 

further insight into CVD research for translational applications. 

1.3 Human PSC-CMs (pluripotent stem cell-cardiomyocytes) in 2D monolayer 

assays 

Due to difficulties inherent in the isolation of human adult cardiomyocytes (CMs), 

their use within in vitro assays to date has been limited. The advent of CM differentiation 

from human pluripotent stem cells (hPSCs), including induced pluripotent (hiPSCs) and 

embryonic (hESCs), has introduced a potentially unlimited source of human cardiac cells 

for use in in vitro assays for disease modeling (Braam et al., 2010; Brandao, Tabel, 

Atsma, Mummery, & Davis, 2017; Guo et al., 2011; Harris et al., 2013; Yokoo et al., 

2009; M. T. Zhao et al., 2017). Cardiac diseases arise in one of the following ways: 

through genetic predisposition, acquired or both.  Therefore, methods for disease 

modeling generally fall into one of the following categories to highlight the different 

methods of disease induction: 1) either diseased cardiac cells are directly incorporated 

into these in vitro models, or 2) healthy CMs are subjected to external insults to model 

the role of environmental impact in disease etiology. This chapter will focus on models 

derived via the former approach, through stem cell-based techniques that allow for 

derivation of patient-specific and/or genetically-edited cardiac cells for precise modeling 

of disease manifestation. Specifically, to generate such diseased cardiac cells, hPSCs are 

generally either reprogrammed from patient-derived fibroblasts, or genetically modified 

from wild-type (WT) hPSCs, to produce the cells with diseased genotype for CM 
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differentiation and subsequent incorporation into cardiac models (Denning et al., 2016). 

In the following sections, the use of these cells within 2D assays will be discussed. 

1.3.1: Patient-derived hiPSC-CMs 

Patient-derived hiPSC-CMs have provided enormous potential for a wide variety 

of disease modeling applications (Brandao et al., 2017). Long-QT syndrome (LQTS), a 

disease characterized by prolonged ventricular repolarization phase, often leads to sudden 

cardiac death in afflicted patients (Moss A., 2007; Schwartz P., 1975). Moretti et. al. 

identified a missense mutation (R190Q) in KCNQ1, a gene that encodes for ion channels 

that generate the slow outward potassium current IKs, among patients with LQTS type 1. 

In order to elucidate mutation-related mechanisms among afflicted cardiac cells, Moretti 

obtained skin fibroblasts from LQTS1 patients with this mutation, performed hiPSC 

reprogramming, and then differentiated these pluripotent cells into CMs. 

Electrophysiological analysis of these CMs highlighted altered activation and 

deactivation properties of potassium ion channels. Subsequent stimulation through 

isoproterenol demonstrated an increase in action potential duration, worsening the 

pathophenotype in LQTS1. This finding demonstrated a possible relationship between 

abnormal potassium current channels and onset of sudden cardiac death, corroborating 

the clinical finding that fatal arrhythmias are preceded by increased sympathetic tone in 

patients with LQTS1 (D., 2008; Vyas, Hejlik, & Ackerman, 2006). Pretreatment of these 

cells with propranolol (a nonselective beta-blocker) blunted the effects of isoproterenol, 

thereby serving to protect these diseased cells from catecholamine-induced 
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tachyarrhythmia (Moretti et al., 2010). Overall, this study highlighted the utility of 

patient-derived hiPSC-CMs in mechanistic level studies and potential therapeutic testing. 

Pompe disease, a metabolic disorder defined by a mutation in the acid alpha-

glucosidase (GAA) gene, results in heart failure in a majority of affected patients by 18 

months of age (H. P. Huang et al., 2011). To study the relationship of this mutation with 

cardiac function, Huang et. al. obtained skin fibroblasts from patients with mutations in 

GAA, performed hiPSC reprogramming and subsequent CM differentiation, and 

incorporated these CMs into in vitro 2D modeling (H. P. Huang et al., 2011). The patient-

derived hiPSC-CMs recapitulated classic Pompe disease phenotypes, such as high levels 

of glycogen and ultrastructural defects, and responded to administration of recombinant 

GAA, a treatment commonly prescribed for Pompe disease. However, the CMs failed to 

exhibit dramatic autophagic abnormalities, a major component of disease pathology in 

Pompe disease, which could potentially be attributed to absence of a 3D complex 

structure and microenvironment that exist in native myocardium. 

Timothy syndrome (TS) is a specific form of long QT syndrome, a disorder 

defined by prolonged QT intervals arising from a missense mutation in the L-type 

calcium channel, Cav1.2, that leads to arrhythmia (Splawski et al., 2004). Yazawa et. al. 

derived hiPSC-CMs from TS patients, in junction with in vitro 2D culture, in order to 

study the molecular and cellular level properties of TS (Yazawa et al., 2011). The TS 

hiPSC-CMs demonstrated abnormal electrophysiological properties, including irregular 

calcium handling and prolonged action potential duration. To test potential therapies, the 

researchers supplied Roscovitine, a cycline-dependent kinase inhibitor shown to increase 
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voltage-dependent inactivation of Cav1.2 channel, and demonstrated that many of these 

abnormal characteristics were rescued. Despite these advancements, using patient-derived 

cells to study a disease makes it difficult to capture all of the various facets of the 

available disease phenotypes, with great interpatient heterogeneities that render study of 

mechanisms directly related to a genetic mutation difficult to accomplish.  

1.3.2: Genetically-induced diseased hPSC-CMs 

To bypass inter-patient heterogeneity and specifically identify the role of certain 

mutations/genes in disease pathology, gene editing, generally in the form of CRISPR 

(clustered regularly interspaced short palindromic repeats)/Cas9 technology, has been 

applied to hPSCs, which are then differentiated into CMs and incorporated into cardiac 

models for mechanistic investigations (Christdi E., 2018).  

Type-2 Ryanodine receptors (RyR2) release calcium through a calcium-induced 

mechanism in the sarcoplasmic reticulum, and its mutation has been found in a majority 

of cases of catecholaminergic polymorphic ventricular tachycardia type 1 (CPVT1), with 

more than 150 associated mutations demonstrated [27]. For instance, Wei et. al. used 

CRISPR/Cas9 to introduce point mutations in WT RyR2 of hiPSCs, then differentiated 

these cells into CMs (Wei, Zhang, Clift, Yamaguchi, & Morad, 2018).  Calcium handling 

and spontaneous beating properties were compared of the gene-edited cells to patient-

derived hiPSC-CMs with the disease-associated mutation, F2483I. This approach enabled 

precise study of specific mutations among cells that are isogenic to specifically highlight 

the role of RyR2 in disease pathology, corroborating similar findings in patient-derived 

hiPSCs with mutated RyR2. 
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Additionally, gene editing techniques have been integrated with patient-derived 

hiPSCs to validate the pathogenicity of a genetic variant, through correction of the iPSCs 

through genome editing. For example, Liang et. al. derived hiPSC-CMs from patients 

with Brugada syndrome (BS), a disorder associated with ST-segment elevation that leads 

to ventricular fibrillation and sudden cardiac death, and analyzed the cardiac pathologies, 

such as abnormal calcium transients (Liang et al., 2016). To study the implication of the 

SCN5A variant, CRISPR/Cas9 was used to introduce correct SCN5A into the cells 

derived from BS patients. Correction of this genetic variant resolved many of the 

irregularities in the electrical profile of the CMs, such as improved peak-to-peak interval 

variability, highlighting the importance of this gene in pathological onset. 

In summary, animal models and 2D in vitro assays constitute appropriate 

platforms for CVDs research. However, human native myocardium has additional 

structural and functional complexities, in regard to anisotropic architecture, ECM and 

cell-cell interactions, that are not replicated by 2D in vitro models.  Incorporation of 

higher complexity models that better mimic human myocardium could potentially 

improve recapitulation of disease pathophysiology. In the next section, we will highlight 

some of the recent advances in development of 3D biomimetic cardiac tissue models 

through the use of microengineered technologies and advanced biomaterials.  

1.4. Microengineering of 3D cardiac tissue models 

There is now increased use of 3D cardiac models that provide greater freedom in 

complex tissue-level interactions in addition to the incorporation of critical physiologic 

conditions such as whole-tissue electrical stimulation and establishment of precise 
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gradients. Specifically, the integration of methods such as photolithography, soft 

lithography, and 3D printing along with advanced biomaterials and human CMs has 

enabled the emergence of various biomimetic 3D human cardiac tissue microengineered 

models (Acun et al., 2017; Agarwal et al., 2013; Alford et al., 2010; Annabi, Selimovic, 

et al., 2013; Birla et al., 2005; Boudou et al., 2012; Breckwoldt et al., 2017; L. L. Chiu et 

al., 2012; L. L. Y. Chiu & Radisic, 2013; Ellis et al., 2017; Engelmayr et al., 2008; 

Feinberg et al., 2012; Ghiaseddin et al., 2017; Horton et al., 2016; Lee et al., 2015; Leung 

& Sefton, 2010; Mannhardt et al., 2016; Mathur et al., 2013; Mathur et al., 2015; Nunes 

et al., 2013; Pavesi et al., 2015; Radisic et al., 2006; Saini et al., 2015; Sidorov et al., 

2017; Tiburcy et al., 2017; Vandenburgh et al., 2008; G. Wang et al., 2014; D. Zhang et 

al., 2013). The complexity of these 3D microengineered models continues to advance for 

further physiological relevance, including methods to induce cardiac tissue maturation 

through use of co-culture of multiple cell types, incorporation of surface topography, and 

electrical and/or mechanical stimulation (Besser et al., 2018). Engineered cardiac tissue 

models within microfluidic platforms have the advantage of providing highly controllable 

fluid flow to model the vasculature within the native heart, in addition to increased 

throughput due to significant reduction in necessary reagents and cells through platform 

miniaturization (Verhulsel et al., 2014). Mathur et. al. incorporated hiPSC-CMs into an 

ECM-coated straight microfluidic channel, composed of polydimethylsiloxane (PDMS), 

with bordering arrays of microposts to serve as endothelial-like barriers for nutrient and 

drug diffusion (Mathur et al., 2015) (Figure 1.2A). To validate the model, therapeutic 

agents administered via the media channels served to model intravenous drug 
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administration and expected responses were observed from the aligned hiPSC-CM tissue 

layer, better modeling the tissue-scale response than other cellular-level studies. 

Recapitulation of cardiac response in addition to the ability to control external inputs 

such as drug administration, while measuring relevant output such as contractile response 

demonstrate the utility of this platform in 3D cardiac tissue modeling.  

Figure 1.2: Three-dimensional microengineered models of healthy cardiac tissue. 

(A) i: Microfluidic channel with endothelial-like borders for cardiac tissue culture. ii: 

Phase contrast and cardiac-specific marker immunofluorescent staining of cultured tissue 

within microfluidic platform, reprinted with permission from (Mathur et al., 2015).  (B) i: 

Schematic of cardiac tissue culture around surgical suture. ii: Cardiac-specific marker 

immunofluorescent staining of tissues with and without electrical stimulation, reprinted 

with permission from (Nunes et al., 2013). (C) i: Phase contrast and cytoskeletal staining 

of cardiac tissue formed within engineered patch. ii: Cardiac-specific and other cell-

specific marker immunofluorescent staining of 2-week old cardiac tissue patches, 

reprinted with permission from (D. Zhang et al., 2013). (D) i: Schematic of the process of 
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engineering MTFs, reprinted with permission from (Agarwal et al., 2013). ii: Cardiac-

specific marker immunofluorescent staining of tissues cultured on MTFs and 

representation of tissue contractility measurements, reprinted with permission from (G. 

Wang et al., 2014). (E) i: Schematic of process for engineering Biowire II. ii: Cardiac-

specific marker immunofluorescent staining of atrial and ventricular tissues, either under 

electrical stimulation or not, reprinted with permission from (Y. Zhao et al., 2019). 

 

The electrophysiological, phenotypic, and genotypic signatures of CMs generated 

from differentiation of hPSCs demonstrate the immature state of these cells (Laflamme & 

Murry, 2011), therefore multiple strategies have been implemented to enhance their 

maturation to better model adult human cardiac cells. For example, electrical stimulation 

has been incorporated into 3D microengineered models to allow electrophysiological-

related studies, as well as to promote maturation of cardiac tissue (Nunes et al., 2013; 

Ronaldson-Bouchard et al., 2018). Nunes et. al. cultured 3D hydrogel-encapsulated 

cardiac tissues along a surgical suture, and supplied electrical field stimulation, through 

submersion of tissue constructs within an external stimulation chamber, to enhance 

maturation of the cardiac tissues (Figure 1.2B). Stimulated cardiac tissues displayed 

greater maturation than their non-stimulated counterparts, as shown by increased 

myofibril ultrastructural organization and changes in both electrophysiological and 

calcium handling characteristics. Additionally, the Biowire models responded to 

physiological activation through β-adrenergic stimulation, as evidenced by increased 

frequency of spontaneous beating, thereby recapitulating clinical observations of the 
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native myocardium. These findings demonstrate the usefulness of electrical stimulation to 

mature hPSC-CM-derived tissue, enhancing the physiological relevance of the model. 

Another method to enhance maturation of hPSC-CM tissue is through cellular 

alignment to mimic the highly anisotropic nature of native myocardium. Zhang et. al., 

through standard soft lithography, fabricated a tissue-engineered patch with surface 

topography, in the form of staggered hexagonal microposts of precise spacing and 

geometry, to induce alignment of hPSC-derived cardiac tissue (D. Zhang et al., 2013) 

(Figure 1.2C). The aligned, anisotropic structure of the encapsulated cardiac tissue, when 

compared to monolayers of isotropic tissue of identical cellular composition, 

demonstrated increased maturity as evidenced by a higher ratio of expressed 

MLC2v/MLC2a and longer striated sarcomeres. Various other works from this group 

have also demonstrated the merit of topographical features in creation of physiologically 

relevant human cardiac tissue constructs with enhanced maturation that better represent 

the native myocardium (Jackman, Carlson, & Bursac, 2016; Shadrin et al., 2017; D. 

Zhang et al., 2013). 

To better study the functionality of engineered cardiac tissue, methods to allow 

for measurement of the contractility of the tissue have been explored [19, 40, 47, 52]. 

One technique, muscular thin films (MTFs), involves the use of a flexible PDMS thin 

layer that deflects into a 3D formation during contraction of cultured CMs (Denning et 

al., 2016; G. Wang et al., 2014), with distance of deflection reflecting force of contraction 

(Figure 1.2D). The layer is microcontact patterned with fibronectin to induce an 

anisotropic formation of the CM tissue that synchronously contracts uniaxially, causing 
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the deflection of the MTF in one direction, thus enabling the calculation of contractile 

force generation from the entire tissue. MTF technology has been incorporated with 

many cell types for tissue formation (Alford et al., 2010; Feinberg et al., 2012; Grosberg, 

Alford, McCain, & Parker, 2011; Grosberg et al., 2012), including cardiac, to elucidate 

alterations in tissue contraction from tissue-specific insults that influence contractile 

properties. 

In another method to measure mechanical force of 3D cardiac tissue, the 

incorporation of elastic deformable silicone microposts allowed direct measure of force 

during tissue contraction (Mannhardt et al., 2016; Schaaf et al., 2011). Mannhardt et. al. 

produced highly anisotropic hESC-derived cardiac tissue around elastomeric silicone 

microposts with organized sarcomeres, denoted as engineered heart tissue (EHT). 

Through gene expression analysis, they demonstrated the physiological relevance of the 

model in the upregulation of cardiac markers, including MYH7, within the platform 

compared to cardiac-differentiated embryoid bodies. Additionally, they validated the 

ability of the EHTs to study the effect of various inotropic modulators, i.e. calcium, 

isoprenaline, and ryanodine, on tissue contractility through average contraction peaks and 

contraction kinetics. Calculation of these metrics after drug administration, clinically-

relevant, expected changes in contractility were demonstrated. The ability of these 

models to study the contractility of engineered cardiac tissues presents a significant 

advantage in assessing function in addition to structural and biochemical changes. 

Correspondingly, various methods that are incorporated to mature stem cell-derived 



18 
 
 

cardiac tissues serve as a great advantage of these models over standard 2D in vitro 

assays for studies on CVDs.  

A majority of available stem cell differentiation protocols result in generation of 

ventricular-specific CMs, that are usually incorporated in the aforementioned models. As 

the different chambers in the heart have largely different electrophysiological signatures 

(Grandi et al., 2011), there have been strides to incorporate both ventricular and atrial 

CMs within these models, through chamber-specific directed differentiation protocols. 

For example, Zhao et. al. demonstrated a chamber-specific cardiac tissue platform, 

denoted as Biowire II, with sustained electrical conditioning both to mature encapsulated 

cells and provide distinctive pacing regimes for the different types of CMs (Figure 1.2E) 

(Y. Zhao et al., 2019).  Specifically, the Biowire II model incorporated flexible wires 

within an array of microwells for cardiac tissue attachment, cellular compaction, and 

alignment. Atrial and ventricular tissues were formed separately, and corresponding 

electrical conditioning was applied for an extended period (up to 42 days). The stimulated 

cardiac tissues were then analyzed with comparison to their non-stimulated counterparts. 

In the conditions with applied electrical conditioning, they found that the different 

chamber-specific tissues mapped to their corresponding cardiac region gene expression 

patterns. This platform demonstrated its physiologic relevancy to the human native 

myocardium, with incorporation of both atrial and ventricular CMs, in addition to 

enhanced maturation of CMs through sustained electrical conditioning.  
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1.5 Application of 3D microengineered cardiac tissues for disease modeling 

In the past few years, significant progress in establishing a biomimetic, clinically 

relevant healthy 3D cardiac tissue models has been accomplished. In the next section, we 

will outline some of these currently available 3D cardiac microengineered platforms that 

have been successfully used for cardiac disease modeling.  

To model heart failure caused by neurohumoral overstimulation, Tiburcy et. al. 

utilized EHT technology for hPSC-CM tissue formation, then administered either 

norepinephrine and/or endothelin-1 over 7 days (Tiburcy et al., 2017). Long-term 

administration of norepinephrine (NE), an adrenoceptor agonist, induced CM 

hypertrophy as demonstrated through contractile dysfunction of the engineered heart 

tissue, which proved unreceptive to rescue with isoprenaline in conditions with chronic 

application of 1 µM NE. This finding demonstrates β-adrenergic desensitization of the 

hypertrophied tissues, thereby corroborating the clinical phenotype often observed in 

patients with heart failure. This study demonstrated the successful induction of a 

pathophenotype through chronic application of an external insult to a healthy 3D cardiac 

tissue.  

Mutations in myosin-binding protein C cardiac isoform (MYBPC3), the accessory 

protein of the sarcomere A-band, have been found in various types of cardiomyopathy 

(Carrier et al., 1997), however the relationship between these mutations and disease onset 

remains unknown. To investigate the hypothesis that physiologic stress exacerbates 

disease symptoms in patients with these mutations, Ma et. al. generated cardiac tissues 

from CRISPR/Cas9-edited hiPSCs deficient in MYBPC3 to identify the gene-specific 
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response to mechanical stress (Ma et al., 2018). Specifically, two-photon polymerization 

was used to fabricate filamentous matrices of different sized parallel fibers, with thicker 

fibers exhibiting higher mechanical resistance. Cardiac tissues composed of WT hiPSC-

CMs exhibited adaptation to mechanical load alterations through changes in contraction 

velocity and force, mimicking the behavior of the native myocardium. Although the 

structural properties of tissues composed of mutated MYBPC3-dervied CMs appeared 

similar to the WT cardiac tissues (Figure 1.3D), when exposed to higher mechanical 

resistance, the mutated CMs exhibited increased probability of early after-depolarizations 

(EADs) than the WT counterparts. These results were in fact consistent with the clinical 

finding that patients with cardiomyopathy are more prone to EADs. Therefore, the 

incorporation of a substrate with adjustable stiffness enabled assessment of tissue-level 

response to mechanical stress, highlighting the possible connection between onset of 

cardiomyopathy and mutations in MYBPC3. 

3D tissue models have been also integrated with genetically-edited human-

derived cardiac cells to create complex 3D diseased tissue models. For example, 

hypertrophic cardiomyopathy (HCM) has been widely studied because of its 

heterogeneity, as evidenced by the fact that half of the patients with HCM have mutations 

in one or more of >20 sarcomeric genes (Cahill, Ashrafian, & Watkins, 2013). In order to 

better understand the role of various known mutations in HCM, Mosquiera et. al. 

produced 11 different variants of the HCM-causing mutation cC9123T-MYH7 in 3 

different hPSC lines via CRISPR/Cas9 gene editing (Mosqueira et al., 2018) (Figure 

1.3A). After CM differentiation, the cells were incorporated into EHT models and the 
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functionalities of the different variant-derived hPSC-lines were compared to their 2D 

counterparts. Through transcriptomics of the tissues, opposing trends were demonstrated 

between 2D and 3D culture formats.  Specifically, there were decreases in expression of 

genes involved in calcium handling and less pronounced changes in apoptosis and 

autophagy in the 3D tissues as compared to 2D assays. Incorporation of these gene-edited 

hiPSC-CMs within EHTs also allowed measurements of tissue contraction, revealing 

reduced contraction force and increased contraction time in tissue formed from mutated 

hiPSC-CMs. This study demonstrated the merit of a 3D platform over conventional 2D 

for disease modeling applications. Additionally, the use of various gene-edited hiPSC-

CMs enabled the study of cardiac function pathology that is directly attributable to 

specific mutations, an advantage over the genetic heterogeneity present in patient-derived 

CMs. However, many works tend to use both gene-edited and patient-derived hiPSC-

CMs to understand both disease-specific and patient-specific mechanisms of disease 

progression at the tissue-level (Hinson et al., 2015; G. Wang et al., 2014). 

Wang et. al. for instance investigated both patient-derived and genetically 

engineered hiPSC-CMs of Barth syndrome (BTHS), a syndrome characterized by 

mitochondrial myopathy from an X-linked mutation in tafazzin (TAZ). After assessment 

of structural irregularities in both types of diseased CMs, cells were incorporated into 

MTF technology to create a 3D cardiac tissue diseased model to highlight the specific 

contractile mechanisms that are affected in CMs with these mutations (G. Wang et al., 

2014). Through electrical stimulation of the MTFs, they successfully calculated radii of 

curvature, diastolic and peak systolic stresses, and twitch stress to measure differences in 
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tissue contractility (Figure 1.3B). Both the BTHS-derived and the gene-edited heart 

tissues demonstrated significantly reduced twitch and peak systolic stresses than controls, 

recapitulating the BTHS myopathic phenotype in an in vitro model. They further studied 

whether the functionalities of the disease tissues could be restored through treatment with 

TAZ synthetic chemically modified mRNA (modRNA). Upon TAZ modRNA 

administration, they observed restoration of contractile function, demonstrating the utility 

of this approach in reversing myopathy disease phenotype. Particularly, incorporation of 

these cardiac cells within MTFs allowed the study of contractility to highlight cardiac 

dysfunction in BTHS in a highly controllable 3D format that is not possible in animal 

models or 2D in vitro assays. In a similar experimental format, a study by Hinson et. al., 

investigated the role of mutations of the sarcomeric protein, titin, in dilated 

cardiomyopathy using hiPSC-CMs from patients with titin-truncating variants (TTNtvs) 

(Hinson et al., 2015). Incorporation of elastomeric microposts, known as microarray post 

detectors (mPADs), led to the formation of an aligned cardiac microtissue (CMT) 

(Boudou et al., 2012) (Figure 1.3C). The microposts contained embedded fluorescent 

microbeads that allowed for computerized cantilever deflection tracking, providing a 

quantitative, objective method to measure the contraction force generated by the CMTs. 

They further used CRISPR/Cas9 technology to induce similar mutations of the titin gene 

within CMTs. In both types (i.e., patient vs genetically-derived) of disease-derived 

CMTs, reduction in contractile force was observed when compared to CMTs generated 

from WT hiPSCs.  However a more significant reduction (more than 50%) was found in 

patient-derived CMTs, raising the possibility that additional genetic variants affect the 
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function of titin and thus the emulation of pathophysiology. Similarly, there was an 

observed reduction in contractility of the genetically-edited CMs when compared to WT, 

however it was not as significant as the patient-derived CMs. The limited change in 

functionalities of the gene-edited CMs demonstrates the role of genetic background in the 

manifestation of cardiomyopathy. Similarly, Zhao et. al. incorporated the Biowire II 

model to study left ventricular hypertrophy (LVH), through generation of cardiac tissues 

with LVH patient-derived hiPSC-CMs (Y. Zhao et al., 2019). However, with the cause 

unknown for the underlying phenotype of LVH, chronic electrical conditioning protocols 

were also applied to the tissues to better mimic the clinically-observed increases in 

cardiac workloads in patients with hypertension. After 8 months of electrical 

conditioning, significant upregulation in gene expression for hypertrophy and heart 

failure were identified in biowires formed from LVH-patients in comparison to non-

affected controls. Therefore, through use of both patient-derived cardiac tissues and 

external conditioning, recapitulation of pathophysiology was achieved within this 3D 

cardiac tissue model. Overall, the aforementioned studies demonstrate the utility of 3D 

diseased cardiac tissue models to recapitulate the corresponding pathophysiology, and 

their potential to serve as platforms for more precise cellular-level mechanistic studies. 
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Figure 1.3: Three-dimensional microengineered models of cardiac diseases.  

(A) Relevant gene expression changes in 2D and 3D-EHT cardiac tissue models of 

hypertrophic cardiomyopathy, reprinted with permission from (Mosqueira et al., 2018). 

(B) Sarcomere organization of cardiac tissues from patient-derived and gene-edited cells 

for modeling of BTHS with response to TAZ restoration, reprinted with permission from 

(G. Wang et al., 2014). (C) Representative image of CMTs and twitch forces of CMTs 

from WT and patient-derived cells to study dilated cardiomyopathy, reprinted with 

permission from (Hinson et al., 2015). (D) Cardiac-related marker expression and 

electrical activity of WT and gene-edited cardiac tissues within constructs of different 

sized fibers, reprinted with permission from (Ma et al., 2018).  
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1.6 Thesis Aims and Overview 

 The limitations faced in cardiovascular disease research have been attributed to 

the lack of suitable in vitro models to supplement in vivo animal studies. Particularly, the 

advent of stem cell in vitro differentiation has enabled the abundant sourcing of human 

stem cell-derived CMs, however these cells present with a highly immature phenotype. 

The physiologic dissimilarities of these cells compared to healthy adult myocardium 

creates a hindering obstacle in the translation of in vitro research to clinical studies. 

This thesis primarily aims to create a microfluidic heart on-a-chip model that can 

enhance the maturation state of stem cell-derived CMs, to serve as a suitable platform for 

in vitro cardiac tissue modeling. Furthermore, the engineered chip is utilized to model 

complex cardiovascular disease (CVD) to perform mechanistic biological studies on 

disease progression due to environmental and genetic factors. Specifically, in this work, 

we have developed a 3D microengineered heart on-a-chip platform with innate, precisely 

designed microposts that induce structural anisotropy of co-cultured cardiac tissue. We 

thoroughly study the formed cardiac tissue characteristics, and particularly investigate the 

role of mesoscopic-induced anisotropy on tissue maturation state. Upon validation of the 

microfluidic platform in its ability to promote formation of a 3D, mature, and anisotropic 

cardiac tissue composed of stem cell-derived CMs, this thesis further aims to examine the 

capability of the microfluidic platform to model complex CVD. Specifically, we 

primarily expose the microengineered cardiac tissues to hypoxic conditions to induce an 

ischemic response, and study the resultant tissue through transcriptomic profiling and 

contractile function. Moreover, we utilize gene-editing techniques to create an hiPSC line 
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with a mutation in KCNH2, then incorporate this line within the platform to model 

LQTS2 on-a-chip. 

 Completion of this study will be accomplished through the following specific 

aims: 

1.6.1 Specific Aim 1 

Develop a novel microfluidic heart on-a-chip platform and optimize 3D 

cardiac tissue formation with both rat-derived and human stem cell-derived cardiac 

cells. We will present the creation of a microfluidic heart on-a-chip model for 3D cardiac 

tissue formation and study the effect of micropost-induced anisotropy on cardiac tissue 

formation, structure, and function. 

1.6.2 Specific Aim 2 

 Incorporate the optimized microfluidic platform to create a model of cardiac 

ischemia on-a-chip to investigate cellular and molecular response of myocardial 

tissue under hypoxia. Using our microfluidic model developed in Specific Aim 1, we 

investigate the effect of extended hypoxia on human stem cell-derived mature cardiac 

tissue. Particularly, through subjection of the tissue to varying levels of ischemic insult, 

we present a model of myocardial ischemia on-a-chip. 

1.6.3 Specific Aim 3 

 Create an hiPSC line with a KCNH2 mutation, using CRISPR/Cas9 gene-

editing, and model Long QT Syndrome Type 2 on-a-chip within developed 

microfluidic platform.  We will utilize CRISPR/Cas9 gene-editing to induce a missense 
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mutation in the gene KCNH2 at base 1591 into hiPSCs to create a LQTS2 cell line. We 

will differentiate cardiomyocytes and cardiac fibroblasts from this line and incorporate 

the edited cardiac cells within the microfluidic device developed in Specific Aim 2 to 

model LQTS2 on-a-chip. 
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CHAPTER 2 

AIM 1: Develop a novel microfluidic heart on-a-chip platform and optimize 3D 

cardiac tissue formation with both rat-derived and human stem cell-derived cardiac 

cells 

2.1 Abstract  

Despite significant efforts in the study of cardiovascular diseases (CVDs), they 

persist as the leading cause of mortality worldwide. Considerable research into human 

pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) has highlighted their immense 

potential in the development of in vitro human cardiac tissues for broad mechanistic, 

therapeutic, and patient-specific disease modeling studies in the pursuit of CVD research. 

However, the relatively immature state of hPSC-CMs remains an obstacle in enhancing 

clinical relevance of the engineered cardiac tissue models. In this study, we describe 

development of a microfluidic platform for 3D modeling of cardiac tissues, derived from 

both rat derived- and hPSCs-CMs, to better recapitulate the native myocardium through 

co-culture with interstitial cells (specifically cardiac fibroblasts), biomimetic collagen 

hydrogel encapsulation, and induction of highly anisotropic tissue architecture. The 

presented platform is precisely engineered through incorporation of surface topography in 

the form of staggered microposts to enable long-term culture and maturation of cardiac 

cells, resulting in formation of physiologically relevant cardiac tissues with anisotropy 

that mimics native myocardium. After two weeks of culture, hPSC-derived cardiac tissue 

exhibited well-defined sarcomeric striations, highly synchronous contractions, and 

upregulation of several maturation genes, including HCN1, KCNQ1, CAV1.2, CAV3.1, 
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PLN, and RYR2. These findings demonstrate the ability of the proposed engineered 

platform to mature animal- as well as human stem cell-derived cardiac tissues over an 

extended period of culture, providing a novel microfluidic device with the capability for 

cardiac disease modeling and therapeutic testing. 

2.2 Introduction 

Heart disease remains the leading cause of mortality, despite abundant 

advancements in cardiovascular research (Heidenreich et al., 2011). Research involving 

animal models has contributed significantly to cardiovascular disease-related knowledge 

gathered to date, however challenges remain in translating preclinical findings to human 

conditions due to pronounced physiological differences (Rajamohan et al., 2013). 

Additionally, inherent difficulties in studying the heart in vivo at cellular and molecular 

levels hinder the discovery and extensive study of disease-specific mechanisms. In the 

past few years, synergistic in vitro models using human cells/tissue that enable detailed 

mechanistic studies of cell-cell and cell-environment interactions serve to complement in 

vivo preclinical findings (Guo et al., 2011; Liang et al., 2016; Mosqueira et al., 2018; Sun 

et al., 2012; G. Wang et al., 2014). In vitro research based on the use of human cardiac 

cells is now more accessible, due to advances in the development of robust and 

reproducible methods for directed differentiation of high yield human stem cell-derived 

CMs, from both human embryonic stem cells (hESCs) and human induced pluripotent 

stem cells (hiPSCs), referred to collectively as hPSCs (Lian et al., 2013). Particularly, 

methods to purify differentiated cardiac populations for cardiomyocytes (CMs)  (Ban, 

Bae, & Yoon, 2017), including magnetic-activated cell sorting (MACS) (Uosaki et al., 
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2011), fluorescence-activated cell sorting (FACS) (Dubois et al., 2011), and metabolic 

selection (Sharma et al., 2015), have enabled consistent yields of highly pure CM 

populations, that have been extensively used, among many other applications, to engineer 

in vitro human cardiac tissue models for mechanistic, disease-specific, and therapeutic 

research. However, although CMs comprise most of the volume, cardiac fibroblasts (CFs) 

constitute a majority of the cell population within the heart (Radisic et al., 2007), causing 

structural misalignment in the majority of in vitro studies that rely on mono-culture of 

hPSC-CMs. Some studies continue to use unpurified hPSC-CM populations to address 

the need for multi-culture populations (Ronaldson-Bouchard et al., 2018; D. Zhang et al., 

2013), that include interstitial non-CM cells, such as fibroblasts, smooth muscle cells, and 

endothelial cells at differing ratios. However, CM purity and cellular composition have 

proven quite difficult to control during human stem cell differentiation, resulting in 

extensive variation in cellular composition of heart tissues in models that utilize mono-

culture of unpurified hPSC-CMs. Therefore, there is a need for the incorporation of 

controlled and consistent co- or multi-culture ratios of purified CMs and supporting 

interstitial cells within in vitro platforms to better recapitulate the native architecture and 

function of human myocardium. 

The complex cellular composition within intricate architecture in the native 

myocardium is necessary for highly synchronous organ-level contraction (Valderrabano, 

2007). During myocardial development, CMs are exposed to physical, electrical, and 

mechanical stimuli that enhance alignment of overall tissue structure, promote cell 

elongation and increase cell length-to-width ratios, thereby influencing intracellular 
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contractile machinery, including alignment of sarcomeres and localization of gap 

junctions (Bray, Sheehy, & Parker, 2008). Due to these stimuli, the muscle fibers arrange 

in a parallel array, and the cells organize in an anisotropic manner, with 

electromechanical connections forming through intercalated discs at the perpendicular 

edges. To that end, it is crucial to recapitulate the native-like 3D tissue anisotropy within 

engineered in vitro tissue models for physiologically relevant cellular- and molecular-

level studies. Previous studies have utilized numerous strategies to align cardiac tissue by 

simulating relevant stimuli that are experienced by the native myocardium, including 

environmental cues, such as micropatterned substrates (Agarwal et al., 2013) or surface 

topography (Shadrin et al., 2017; D. Zhang et al., 2013), mechanical tension and 

electrical stimulation (Agarwal et al., 2013; Nunes et al., 2013; Ronaldson-Bouchard et 

al., 2018; Schaaf et al., 2011).  

However, a current obstacle for clinical translation of in vitro platforms is the 

relatively immature state of hPSC-CMs, evidenced by round cell morphology, lack of 

mature contractile machinery, and gene expression profiles resembling fetal CMs (Binah 

et al., 2007; Ivashchenko et al., 2013; Jiang, Park, Hong, & Ban, 2018; Lundy, Zhu, 

Regnier, & Laflamme, 2013; Snir et al., 2003; Veerman et al., 2015; X. Yang, Pabon, & 

Murry, 2014). To enhance clinical relevance and future translation of stem cell-derived 

CMs, a multitude of techniques have been investigated to aid in their maturation (X. 

Yang et al., 2014). These methods range from applied stimulation, i.e. electrical or 

mechanical (Nunes et al., 2013; Y. Zhao et al., 2019); culture variation, i.e. long-term 

culture (Lundy et al., 2013), media supplementation (Chattergoon et al., 2012), or co-
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culture with non-CMs (C. Kim et al., 2010); or environmental cues, i.e. extracellular 

matrix (Herron et al., 2016), mesoscopic architecture (Shadrin et al., 2017; D. Zhang et 

al., 2013), or micropatterned substrates (Saini et al., 2015). The CM populations that 

result from these methods exhibit more mature structure and function, evidenced through 

enhanced morphology, function, protein and gene expression, and electrophysiology. 

Recent in vitro studies have utilized some of these maturation techniques to model more 

adult-like cardiac tissues from hPSC-derived CMs within complex biomimetic platforms 

(Veldhuizen et al., 2019). Such platforms include 3D anisotropic patches (Shadrin et al., 

2017), flexible thin films (Agarwal et al., 2013), electrically-stimulated biowires (Nunes 

et al., 2013), engineered heart tissues (EHT) suspended between micropillar arrays 

(Schaaf et al., 2011), as well as heart-on-a-chip tissues within microfluidics (Ellis et al., 

2017; Mastikhina et al., 2019; Mathur et al., 2015). Among these engineered cardiac 

tissues, incorporation of microfluidic technology retains certain advantages for organ 

modeling, mainly due to precise control over diffusion of gradients (i.e. drug or chemical) 

and cell culture environment, low cost and ease of manufacture, and requirement for 

minimal quantity of tissues and corresponding reagents (Ellis et al., 2017; Mastikhina et 

al., 2019; Mathur et al., 2015). Due to the minimal cell and low-cost requirements 

involved in manufacture of each microfluidic device, a multitude of devices can be 

incorporated simultaneously to facilitate high throughput experimentation. This allows 

for a single batch of differentiated stem cell-derived CMs to be utilized for the same set 

of experiments, reducing variability from interdifferentiation population differences 

(Laco et al., 2018) that may obscure underlying biological results. 
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To date, notable progress has been made in engineering in vitro cardiac tissue 

models using microfluidic platforms (Bergstrom, Christoffersson, Schwanke, Zweigerdt, 

& Mandenius, 2015; Ellis et al., 2017; Mathur et al., 2015). Similar to macroscale 

approaches, microfluidic cardiac tissues have also been formed both with and without 

scaffolds. The related advantages and disadvantages of scaffold-based vs scaffold-free 

approaches that have been discussed extensively (Zuppinger, 2019) can also be applied to 

tissues created at the microscale. Despite significant findings of both approaches using 

microfluidics, many in vitro platforms have incorporated mono-culture of hPSC-CM 

derived populations to specifically model 3D myocardial tissue. In addition, the majority 

of these studies have characterized the functionalities of the engineered micro-tissues 

through immunofluorescence, drug responsiveness, and force generation, to provide 

important information about the engineered tissue structure and function. To further 

enhance these findings, it is critical to additionally perform extensive molecular-level 

studies, including protein or gene expression analyses, in comparison to age-matched cell 

populations. Such validation of the resultant tissues generated within microengineered 

models is crucial for their effective translation in future disease-specific and therapeutic 

studies. Furthermore, as the anisotropic architecture of the myocardium is pertinent for its 

proper function, some of these microfluidic models utilize extracellular matrix (ECM) 

coating and confined features to create aligned cardiac tissues (Mathur et al., 2015). To 

better mimic the inherent 3D extracellular matrix and fibers of the native myocardium, 

there is a need for incorporation of aligned 3D cardiac tissues within microfluidic 

platforms.  
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In this study, we demonstrate the development of a novel microfluidic platform 

precisely designed and further characterized with three distinct cell types, to induce 

anisotropy of co-cultured 3D hydrogel-encapsulated cardiac tissues, while enabling 

enhanced nutrient diffusion through the creation of repeated elliptical pores throughout 

the tissue (Bian, Liau, Badie, & Bursac, 2009). Specifically, surface topography was 

incorporated within the central 3D tissue region of the microfluidic platform, in the form 

of staggered microposts, to mimic the anisotropic structure of the human native 

myocardium, serving to further enhance physiological relevance of our model. In 

addition, to better control the composition and reduce variation among cardiac tissues 

from different differentiation batches, we utilized a metabolic purification protocol to 

select for high percentages of CMs from hPSC-derived populations. The highly pure CM 

populations (85.5+/-5.3% cTnT+) were co-cultured with human CFs at a consistent ratio 

(4:1 CM:CF), encapsulated in a hydrogel, and housed within the 3D microfluidic device 

to generate biomimetic myocardial tissue. The microfluidic nature of the platform 

enabled establishment of exact temporal and spatial gradients for possible future drug-

related studies, while maintaining a minimal cell (i.e. <35,000 cells per device) and 

reagent requirement for optimal experimental design. Cardiac tissues formed within the 

designed microfluidic chip were reproducibly generated from three distinct cell types, 

and present with enhanced mature cellular structure, protein expression, gene expression 

and tissue function. 
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2.3 Methods 

2.3.1 Microfluidic device fabrication 

Photolithography and replica molding technique were used to create the 

microfluidic devices, consistent to our previous work (Nagaraju, Truong, Mouneimne, & 

Nikkhah, 2018; Peela, Barrientos, Truong, Mouneimne, & Nikkhah, 2017; Truong et al., 

2016; D. D. Truong et al., 2019), composed of staggered elliptical microposts within the 

main channel, bordered by arrays of trapezoidal microposts. Briefly, SU8 2075 was spin-

coated to 200 µm on a 4” silicon wafer. The wafer was exposed to ultraviolet light 

through a transparent mask of the microfluidic channel design (created in AutoCAD). 

After development of the SU8, the wafer was prepared for polydimethylsiloxane (PDMS, 

Essex Brownell) replica molding via silanization, using methyltrichlorosilane (MTCS) of 

the surface to reduce attraction between cast PDMS and SU/8 features. PDMS base and 

crosslinker were mixed at a 10:1 ratio and poured on the master silicon wafer. After 1.5 

hours of curing at 80°C, the PDMS mold was peeled and holes for the inlets and outlets 

of the tissue and media channels were made with biopsy punches (1 mm for tissue 

channel and 1.5 mm for media channels). The PDMS channels were then bonded to 

18x18 mm coverslips with oxygen plasma (PDC-32G, Harrick Plasma), and baked at 

80°C overnight to secure bonds. The devices were sterilized via two cycles of autoclave, 

first through liquid cycle and then through gravity cycle. The devices were baked at 80°C 

overnight to ensure dehydration before use in cell culture experiments. 

2.3.2 Diffusion analysis through the 3D cardiac tissue region 
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Simulation of diffusion of 10kDa FITC-Dextran through the 3D cardiac tissue 

region was performed with COMSOL Multiphysics. With the assumption that the gel is 

uniform in the z-direction, simulation of diffusion was only performed in the x-y region 

(Truong et al., 2016). Using the Stokes-Einstein equation D=(kT)/(6ηπR) (Kothapalli & 

Honarmandi, 2014) where D is diffusion coefficient, R is stokes radius (69 angstroms), T 

is temperature (310.15K), K is the Boltzmann coefficient (1.38*10-23 J/K), and η is the 

dynamic viscosity of media at 37°C (0.78*10-3 N*s/m2) (Wang, Lu, & Schwartz, 2012), 

the value for the diffusion coefficient of 10 kDa of FITC-Dextran in media at 37°C was 

found to be 4.22*10-12 m2/s. In order to determine the diffusion coefficient of the tissue 

region, the diffusion hindrance coefficient was determined as 0.94 with the main 

hydrogel component as collagen type 1 (2 mg/mL), therefore the diffusion coefficient for 

media was multiplied by 0.94 (Truong et al., 2016), to find the diffusion coefficient of the 

hydrogel to be 3.97*10-12 m2/s. The concentration of dextran within the media channels 

was set to 10 µg/mL, and the tissue channel at t=0 to be 0 µg/mL.  

2.3.3 Neonatal rat cardiac cell isolation and culture 

  Neonatal ventricular rat-derived cardiomyocytes (rCMs) and cardiac fibroblasts 

(rCFs) were obtained from two-day old neonatal rats based on a well‐defined protocol 

approved by Institution of Animal Care at Arizona State University, as demonstrated in 

our earlier work (Navaei et al., 2017; Navaei et al., 2019; Navaei, Saini, et al., 2016; 

Navaei, Truong, et al., 2016; Saini et al., 2015). The thorax of the rats was opened and 

the heart was surgically removed. Upon removing the atria, the hearts were cut into 3-4 
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medium sized pieces and placed in 0.05% trypsin solution (without EDTA; Gibco) 

prepared in Hank's balanced salt solution (HBSS; Gibco) for 14–16 h at 4 °C with 

continuous gentle agitation. After trypsination, the heart pieces were neutralized in cell 

culture media and further subjected to collagenase treatment to digest the ECM and 

isolate the cells, comprised mainly of rCMs and rCFs. The cell suspension was preplated 

and the cells left to attach for an hour. The suspended cells were collected, as the rCMs, 

and the attached cells were isolated as the rCFs. The rCMs and rCFs were immediately 

used for device culture. Both cell types were suspended for a final density of 30x106 

cells/mL and mixed to desired ratio (i.e. 1:0, 8:1, or 4:1 CM:CF), then this cell mixture 

was mixed with bovine thrombin, bovine fibrinogen, and rat tail collagen type 1 

(Corning), for a final concentration of fibrin (2 mg/mL) and collagen (1 mg/mL) at a ratio 

of 85:15. The cell:hydrogel solution was injected into the microfluidic device, flipped and 

polymerized at 37°C for 18 minutes, then media (DMEM 1X, 10% FBS, 1% Pen/strep, 

1% L-glutamine) was added to the side channels. Media was changed daily.  

2.3.4 Human stem cell culture 

hESCs, that were edited through delivery of a plasmid encoding GFP under the 

hTNNT2 promoter, were received as a generous gift from Dr. David Brafman’s lab 

(ASU). hiPSCs (cell line: SCVI20) were purchased from Stanford Cardiovascular 

Institute Biobank. Pluripotency of hPSC lines was continually validated through 

immunofluorescence of SOX2 and Nanog (Appendix Figure A.1).  Both hESCs and 

hiPSCs were cultured with defined Essential-8 (E8) media (made in house) on Matrigel 

(Corning)-coated plates. Media was changed daily, and cells were passaged every 3-4 
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days depending on confluency. For passaging, 0.5 mM EDTA (Corning) was used, and 

E8 media was supplemented with 5 µM Y27632 (Stem Cell Technologies) for 24 hours 

to enhance cell survival. Cells were cryopreserved in 90% FBS and 10% DMSO. 

2.3.5 Human cardiac fibroblast (CF) culture 

Human ventricular cardiac fibroblasts (hCFs) were purchased from Lonza and 

were grown in DMEM supplemented with 10% FBS (Thermo), 1% 

Penicillin/streptomycin (Thermo), and 1 ng/mL bFGF (PeproTech). hCFs were passaged 

with 0.05% Trypsin-EDTA (Thermo), and used for experiments from passage 4-10. hCFs 

were characterized for protein expression of vimentin and CX43, and validated for lack 

of differentiation to myofibroblasts, through α-smooth muscle actin (αSMA) expression 

(Appendix Figure A.2). 

2.3.6 Human cardiomyocyte (CM) differentiation 

The differentiation protocol used for ventricular-specific CMs from hPSCs 

involved the use of small molecule induction (Lian et al., 2013) and CM selection 

through glucose starvation (Sharma et al., 2015; Tohyama et al., 2013). Specifically, after 

culture of hPSCs in E8 media until near confluency (~80%), the differentiation protocol 

was initiated by media change to RPMI+B27 minus insulin (RPMI, 2% B27 minus 

insulin, 1% Pen/strep), and activation of the Wnt pathway, through inhibition of the 

Glycogen Synthase Kinase-3 (GSK) pathway, with 12 μM CHIR99021 (BioVision) on 

Day 0 (D0). After 24 hours of Wnt activation (D1), the media was changed to simply 

RPMI+B27 minus insulin to allow for cell recovery. At D3, half of the media was 
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removed, and the rest of the media was resupplied as conditioned media, and the Wnt 

pathway was inhibited with 5μM IWP-2 (Sigma). At D5, the media was changed to 

RPMI+B27 minus insulin for cell recovery. Then, D7 and D9, the media was changed to 

RPMI+B27 plus insulin (RPMI, 2% B27 plus insulin, 1% Pen/strep) to support cardiac 

maturation. At D11 and D14, the media was changed to RPMI without glucose +B27 

plus insulin, supplemented with 4 mM sodium lactate and 1% pen/strep, to purify the 

population for CMs (Sharma et al., 2015). Then, on D17 for cell recovery, the media was 

switched back to RPMI+B27 plus insulin. At D19, the purified CMs were replated, with 

TrypLE Express (LifeTech) to lift cells onto new Matrigel-coated plates, to remove dead 

cells and cell debris. At this point, the CMs were characterized (i.e., via flow cytometry 

and IF; Appendix Figure A.3) and were then used for the formation of the 3D cardiac 

tissue within the microfluidic platform.  

2.3.7 Formation and culture of 3D hPSC-CM tissue within the microfluidic platform  

After differentiation and purification of hPSC-CMs, the CMs were prepared for 

use in experiments.  Specifically, the wells were washed with 1X DPBS (Dulbecco’s 

phosphate buffered solution), and the cells were lifted off with TrypLE Express 

(LifeTech) incubation following 37°C for 10 minutes. Then, the cells were mechanically 

dissociated through pipetting up and down against the culture vessel, and the enzyme was 

buffered with RPMI + B27 + insulin. CMs were centrifuged at 300g for 3 minutes. The 

supernatant was aspirated, then the cell pellet was resuspended in RPMI+B27+insulin. 

Similarly, in parallel, CFs were trypsinized and collected for device loading. CMs were 

mixed with CFs at a 4:1 ratio (as determined through a series of optimization, and thus 
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used for all subsequent experiments), mixed with collagen (final concentration 2 mg/mL), 

and 20% Matrigel, rendering the final cell density as 35x106 cells/mL. Cell-embedded 

hydrogel solution was mixed and subsequently injected into tissue region of microfluidic 

platforms (3 μL per device). Devices were flipped and incubated at 37°C for 18 minutes 

for hydrogel polymerization, then RPMI+B27+insulin was injected into the flanking 

media channels. Media was changed everyday. Similarly, 4:1 CM:CFs were plated in 

Matrigel-coated 24-well plates for age-matched monolayer experimental setting. 

2.3.8 Microscopy 

Phase contrast and fluorescence images were acquired using Zeiss Axio Observer 

Z1 equipped with Apotome2 (Zeiss) and ZenPro software. Throughout the cell culture 

period, samples were imaged every other day using phase contrast at a 10X objective. 

Time-lapse imaging was recorded at 10X objective for 30 seconds at 37°C on Day 14 to 

analyze spontaneous contraction of the 3D tissue inside the chip. To calculate inter-beat 

interval variability, the contraction peaks were extracted, and the time between beats was 

calculated using custom written Matlab codes, adapted from (S. B. Kim et al., 2011). The 

standard deviation of the inter-beat interval was calculated and deemed the measure of 

inter-beat interval variability. 

2.3.9 Immunofluorescence (IF) 

For IF staining, samples were fixed in 4% paraformaldehyde (PFA) at Day 14 of 

culture. The devices were incubated at 37°C for 15 minutes. Afterwards, the cells were 

rinsed with PBS-glycine 2X for 10 minutes of incubation each at room temperature. The 
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final wash was with PBS-Tween-20 ((PBS-Polyoxyethylene (20) sorbitan monolaurate) 

(0.05% (v/v) Polyoxyethylene (20) sorbitan monolaurate in PBS) for 10 minutes at room 

temperature. Then, the cells were  permeablized with 0.1% Triton-X-100 for 30 minutes 

at room temperature. To inhibit non-specific binding of the antibodies, blocking was then 

performed with 10% goat serum solution for one hour at room temperature. To stain for 

cardiac-specific markers, the primary antibodies were diluted in 10% goat serum and 

added to the samples at 4°C overnight. The following primary antibodies were used for 

immunofluorescence staining: rabbit anti-Sox2 (Cell Signaling, 1:100), mouse anti-

Nanog (Abcam, 1:200), rabbit anti-Connexin 43 (Abcam, 1:200), mouse anti-Sarcomeric 

α-actinin (Sigma, 1:200), rabbit anti-α smooth muscle actin (Abcam, 1:100), mouse anti-

cTnT (Thermo, 1:200), mouse anti-von Willebrand Factor (Santa Cruz,  1:200), and 

rabbit anti-Vimentin (Cell Signaling, 1:250). 

Upon addition of the primary antibodies, the following day, the samples were 

washed with PBS-Tween-20 three times for 20 mintues each at room temperature. Then, 

the secondary antibodies were diluted in PBS-Tween-20 (1:500), centrifuged at 14K 

RPM for 10 minutes, then added to the samples. After 30 minutes-1 hour, the samples 

were washed with PBS-Tween-20 three times for 10 minutes each at room temperature. 

To stain for the actin cytoskeleton and the nucleus, Alexa Fluor488- or Alexa Fluor647-

Phalloidin (1:40) and 4’,6-diamidino-1-phenylindole (DAPI) (1:1000) were added to the 

samples and left at 4°C overnight. Then the samples were washed with PBS-Tween-20 

three times for 20 minutes each at room temperature. Finally, the samples were imaged 

using fluorescence microscopy (Zeiss Axio Observer Z1 with the Zen Pro software suite) 
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equipped with Apotome2 at 10X, 20X, and 40X objectives and Z-stacked images were 

captured and reconstructed to form representative 3D images. Alternatively, samples 

were imaged with the Leica SP8 Confocal Microscope at 40X and 63X objectives, with 

z-stacked images captured and reconstructed to form representative 3D images. 

2.3.10 Analysis of 3D cardiac tissue alignment 

Tissues stained for F-actin and DAPI were used for assessment and calculation of 

cellular alignment. F-actin images were measured with FIJI software for Fast Fourier 

Transform (FFT), and DAPI images were used to quantify nuclei alignment (Raymond, 

Ray, Kaur, Singh, & Wan, 2016). Specifically, for calculation of alignment, images were 

rotated based on phase contrast to set alignment axis at 0°. DAPI images were 

thresholded, processed through the Watershed plugin, and the nuclei were analyzed 

through the Analyze Particles Plugin. Proportion of nuclei at each angle was calculated 

and graphed in a histogram with bins spanning 10°. 

2.3.11 Quantitative real-time reverse transcription-PCR (qRT-PCR) 

Gene expression was performed on hESC-derived cardiac tissues for up to n=4 

experiments. Specifically, tissues within microfluidic chips were digested with 1 mg/mL 

collagenase type I (Alfa Aesar), and cells were collected from devices. Total RNA was 

extracted from cell suspension with Total RNA Microprep kit (Zymo). RNA quality and 

concentration were assessed with High Sensitivity RNA tapes, and Regular Sensitivity 

RNA tapes.  cDNA was synthesized from total RNA using iScript Reverse Transcriptase 

Supermix (BioRad). iTaq Universal SYBR Green Supermix (BioRad) was used to 
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perform qPCR on synthesized cDNA, with 18S as the housekeeping gene. Primers were 

validated via melt curve analysis and PCR product size verification. For qPCR, 8 μM 

dilution of forward and reverse primers was used for 10 μL reactions within 384-well 

plates, with 0.1 μL per of cDNA. The qPCR plates were analyzed with CFX384 Touch 

Real-Time PCR Detection System (BioRad). 

2.3.12 Epinephrine testing 

 After spontaneous contractions were recorded as the baseline for day 14 of 

hiPSC-derived cardiac tissue culture within devices with and without posts, tissue 

responsiveness to epinephrine was evaluated. Specifically, epinephrine was first 

resuspended in 0.5M HCl at 0.1 mg/mL, then it was diluted in RPMI + B27 + insulin at a 

final concentration of 0.2 μg/mL and administered to the devices for 5 minutes at 37°C 

(Birla et al., 2005). Then, tissues were transferred to the Zeiss microscope for 30 second 

video recordings at 37°C. Using the custom-written Matlab code, BPM and inter-beat 

interval variability were extracted for both baseline contraction and in response to 

epinephrine. The change in BPM and inter-beat interval variability in response to 

epinephrine dosing for each tissue was calculated. 

2.3.13 Calcium transients 

To assess calcium (Ca2+) transients within engineered cardiac tissues, calcium 

indicator dye, Fluo-4AM assay kit (LifeTech), was used. Specifically, on day 14 of 

culture, tissues in devices both with and without posts were incubated with calcium 

indicator solution (50 μg of Fluo-4AM in 50 μL of Pluronic F127), in a dilution of 10 μL 



44 
 
 

in 1mL of DPBS 1X, for 40 minutes at 37°C.  Then, devices were washed with media 

(RPMI +B27+insulin) to wash solution for 25 minutes at 37°C, then 10 μM of 

blebbistatin was diluted in Tyrode’s solution and incubated for 5 minutes to reduce 

motion artifacts. Then, tissues were transferred to the microscope, maintained at 37C, and 

imaged with Zeiss fluorescent microscope (at 25.23 frames/sec) at 488nm wavelength. 

Movies were recorded for a duration of 30 seconds, and calcium concentration changes 

were calculated by normalizing the fluorescent dye intensity (F) during cells’ 

contractions to the background intensity (F0) and plotted over time (Navaei, Saini, et al., 

2016). 

2.3.14 Statistical analysis 

 Paired, two-sided t-tests were used for statistical analysis of calculated final 

CM:CF ratios, inter-beat interval variability, and beats per minute for each condition 

using R. For gene expression data, two-way ANOVA was performed on the DCT values 

from qPCR data, using GraphPad Prism. Two-way ANOVA was performed using 

GraphPad Prism on the tissue alignment and thickness analysis.  

2.4 Results and Discussion 

2.4.1 Development of a microfluidic platform for generation of 3D aligned cardiac tissue  

The 3D anisotropic architecture of the myocardium is highly correlated to its 

function; a key component that is missing in most of the microfluidic platforms. 

Throughout development, the human myocardium experiences a complex myriad of 

stimuli that induce transcriptional, electrophysiological, and structural changes, resulting 
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in aligned tissue architecture (C. Kim et al., 2010; Martherus et al., 2010; X. Yang et al., 

2014).  Although the exact sequence of events and related mechanisms that occur during 

development to induce tissue-level anisotropy are unknown, electrical and mechanical 

stimulation have been demonstrated in vitro to affect cardiac alignment. Similarly, 

micropatterning in the form of ECM printing and surface topography also enhances 

tissue-level alignment. Particularly, microposts have been demonstrated to serve as 

mesoscopic topographical cues that induce cell elongation and alignment similar to that 

seen in the native developing myocardium when implemented in 3D cell culture (Bian et 

al., 2009). Despite this, none of the existing microfluidic platforms for hPSC-CM culture 

have incorporated microposts as topography within the main tissue region to induce 3D 

cellular anisotropy. To that end, we incorporated and optimized staggered microposts 

within the central tissue chamber of the fabricated microfluidic platform to provide a 

highly controllable environment that favors induction of 3D cardiac tissue anisotropy. 

Through formation of repeated elliptical pores that force cells via passive tension to 

shape around the pore boundaries (Bian, Jackman, & Bursac, 2014),  the model serves to 

replicate the highly anisotropic nature of the human myocardium (Figures 2.1A, B).  The 

3D tissue region was surrounded by media channels to allow for nutrient and oxygen 

diffusion. Specifically, the tissue region was separated from the flanking outer channels 

through borders of trapezoidal posts, that contain the hydrogel while allowing media 

diffusion (C. P. Huang et al., 2009), regularly spaced at 100 µm with heights and lengths 

of 100 µm and 200 µm, respectively. Simulation of diffusion of 10 kDa FITC-conjugated 

Dextran was performed with COMSOL Multiphysics to ensure proper diffusion of 
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molecules applied from the flanking media channels throughout tissue (Figure 2.1C). 

Simulation results demonstrated that the array of trapezoidal posts around the hydrogel 

allowed diffusion across the interface of the media channels and the 3D hydrogel-

encapsulated tissue, creating a concentration gradient that levels out 3 hours after 

supplementation. In order to evaluate possible functionalities of the enclosed microfluidic 

device with perfusable media on diffusion of nutrients through the encapsulated cardiac 

tissue, we further performed simulation 10 kDa FITC-conjugated Dextran (Appendix 

Figure A.4) under constant fluid flow through the media channels. Compared to stagnant 

media supplementation, it appears that continuous media exchange results in enhanced 

diffusion to the tissue region by the 3 hour time point. Thus, further targeted studies 

utilizing this platform could take advantage of the intrinsic properties of its microfluidic 

nature to establish dynamic culture conditions, and study effects of enhanced nutrient 

supplementation on cardiac tissue function. However, the scope of this manuscript herein 

is the creation, optimization, and extensive characterization of the proposed novel 

microfluidic device with innate microposts to culture engineered cardiac tissue, therefore 

media was set to be stagnant and changed every 24 hours. Additionally, stagnant media 

supplementation necessitates a much simpler set up as it does not require extensive 

pumping or tubing, thus rendering the use of device easier and more adaptable for several 

biological studies.  
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Figure 2.1: Microfluidic device for 3D cardiac tissue modeling. 

(A) Schematic of microfluidic platform with inset of US penny for scaling. (B) Phase 

contrast image of cardiac tissues formed in device, with horizontal post spacing (hPS) 

and vertical post spacing (vPS) defined. (C) Simulation of 10kDa dextran diffusion from 

media to tissue channels, demonstrating the concentration gradient over time. 

 

2.4.2 Generation of 3D aligned neonatal rat cardiac tissue within the microfluidic chip  

We hypothesized that the 3D co-culture of hydrogel-encapsulated cardiac cells, 

within a microfluidic platform with precise architecture to induce tissue anisotropy over 

extended culture, would serve to mature the cardiac tissue. In order to test this, we 

performed our initial experiments using neonatal rat cardiac cells. To form the tissue, we 

specifically utilized co-culture of rat ventricular cardiomyocytes (rCMs) and cardiac 

fibroblasts (rCFs), as the co-culture of these cells better mimics the composition of the 

myocardium, through coordination of electrical and mechanical signal propagation and 

ECM deposition (Radisic et al., 2007). The co-culture of rCMs and rCFs was 



48 
 
 

incorporated within various microfluidic device designs to determine optimal parameters 

for the formation of 3D mature cardiac tissue, including hydrogel composition, cellular 

co-culture ratio, culture time, and precise device architecture (i.e., channel size and width, 

micropost geometry and distance). Specifically, hydrogel compositions that were tested 

include mixtures of fibrin, collagen, and Matrigel®. Co-culture ratios tested were 1:0, 

8:1, and 4:1 CM:CFs. In order to isolate the optimal architecture of the microfluidic 

platform, in addition to different micropost shapes (elliptical vs hexagonal), the sizes of 

the microposts (200-800 µm long, 100-300 µm wide), and the staggering of the 

microposts (vertical post spacing: 100-300 µm, horizontal post spacing: 100-300 µm) 

were further studied. Within the microfluidic platforms with innate microposts, the 3D 

encapsulated cardiac tissues compacted the hydrogel and formed elliptical pores around 

the designated microposts, that varied in size and shape along with varying device design 

parameters. Formation of these pores induced high cell alignment around the pore 

boundaries, while enhancing cell elongation and nutrient diffusion across the tissue 

region (refer to Figure 2.1B). 

Based on a series of initial experiments to enhance cell elongation and tissue 

formation, the optimal hydrogel composition and co-culture ratio for rCMs were found to 

be 85:15 of fibrin (2 mg/mL): collagen (1 mg/mL), and 4:1 CM:CF, respectively (data 

not shown). Dimensions of the microposts identified as optimal for tissue anisotropy 

were 500 µm long and 100 µm wide, with horizontal post spacing (hPS) as 150 µm. With 

determined hydrogel, co-culture ratio, and micropost dimensions remaining constant, 

iterations of device designs were tested, by varying the micropost geometry (i.e., 
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elliptical vs. hexagonal) as well as vertical post spacing (vPS) (Figure 2.2A). Co-culture 

of cardiac cells encapsulated within a fibrin:collagen hydrogel was injected into designs 

with hexagonal or elliptical microposts, with varying vPS of 150 or 200 µm, and tissue 

architecture and function after two weeks of culture were assessed. Specifically, width of 

tissues, alignment of cells, and spontaneous contractions were analyzed throughout the 

culture period (14 days).  The width of aligned tissues between microposts for each 

design remained consistent from Day 8 to Day 14 of culture, however the vPS had a 

significant effect on width of resultant tissues (Figure 2.2B). The designs with 200 µm 

vPS exhibit tissue bundles with the largest widths (Designs 1 and 3), while the designs 

with 150 µm vPS exhibit smaller width tissues (Designs 2 and 4).  Nuclear alignment 

analysis of immunostained tissues at Day 14 highlighted a significant increase in 

proportion of cells aligned along the alignment axis from 0-10° in Design 1, than all other 

designs (Figure 2.2C), as corroborated through cytoskeletal F-actin fiber staining of 

cardiac tissues and corresponding Fast Fourier Transform (FFT) analysis (Figure 2.2D, 

Appendix Figure A.5A). Particularly, the devices with elliptical microposts (Designs 1 

and 2) formed tissues with enhanced integrity, demonstrated through denser tissue 

bundles in IF of F-actin, than the devices with the hexagonal posts (Designs 3 and 4). In 

addition, anisotropic tissues formed within Design 1 (device with elliptical posts and 200 

µm vPS) also demonstrated more synchronous contractile patterns on Day 14, as 

identified through signal extraction via a custom written Matlab code from spontaneous 

beating videos (Figure 2.2E, Appendix Movies A.1-4). Correspondingly, highly aligned 

sarcomeric striations and abundant connexin 43 (CX43) expression (Figure 2.2F, 
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Appendix Figure A.5B) were identified to a greater degree in this design than in tissues 

formed within other designs. Therefore, the particular dimensions of the innate micropost 

array within Design 1 induced formation of anisotropic co-cultured cardiac tissues, with 

corresponding enhanced cardiac-marker expression and spontaneous contractile behavior. 

To that end, Design 1 was chosen as the optimal microfluidic chip design for the 

formation of human-derived 3D cardiac tissues and all subsequent experimental studies. 

 

Figure 2.2: Optimization of microfluidic device design parameters with neonatal rat 

cardiac cells.  

(A) Table of microfluidic devices designs with differing post dimensions. (B-F) 

Characterization of neonatal rat cardiac tissue within each design. (B) Tissue width, (C) 
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cellular alignment, (D) immunostaining of actin and DAPI with inset as FFT, and (E) 

representative beating signals from tissues formed within each device. (F) Cardiac-

specific marker staining of tissues in Design 1, demonstrating aligned sarcomeres (green) 

and abundant, localized CX43 (red), with 40X magnification to right. Statistics 

performed on two-way ANOVA of B) n=2 experiments and C) n=3 experiments. 

 

2.4.3 Cardiomyocyte differentiation and purification from hESCs and hiPSCs  

For the formation of 3D cardiac tissues within the optimized design, we 

differentiated human cardiomyocytes (hCMs) from monolayers of both hESCs and 

hiPSCs. The differentiation was performed through activation of the canonical Wnt 

signaling pathway by inhibition of GSKβ followed by sequential inhibition of Wnt (Lian 

et al., 2013). Typically, spontaneous beating initiated from D7-11 of culture. Metabolic 

selection, based on glucose starvation, was performed from D14-D20 to enrich for hCMs 

(Sharma et al., 2015). After metabolic selection, the hCMs were replated to eliminate 

dead cells and debris. Flow cytometry analysis reveals high percentages of hCMs, with a 

representative flow cytometry histogram in Figure 2.3A showing a cardiac differentiation 

at 90.8% cTnT+, and an average overall differentiation efficiency of 85.5% cTnT+ cells. 

This data was further corroborated with high GFP expression in CMs differentiated from 

transduced hESCs with GFP linked under the cTnT promoter, and IF staining for cTnT 

among hiPSC-CMs (Appendix Figure A.3). hCMs differentiated from hESCs and hiPSCs 

reveal indistinguishable morphologies and protein expression as demonstrated in Figures 

2.3B-D. The resultant tissue populations reveal islands of dense hCM populations 
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(SAA+), with surrounding populations of isolated non-myocytes (Vimentin+). IF 

characterization of the non-CMs, consistent with previous work (D. Zhang et al., 2013), 

reveals 65.86% CFs (vWF-/Vim+) and 31.24% ECs (vWF+/Vim+). The combined strategy 

for differentiation and purification led to consistent, highly pure hCM populations, that 

were subsequently incorporated into the optimized microfluidic chip. 

Figure 2.3: Characterization of cardiomyocytes (CMs) differentiated from both hESCs 

and hiPSCs.  
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(A) Flow cytometry plot of differentiated CM population, showing >90% cTnT 

expression. (B) Cardiac-specific expression of hESC (left) and hiPSC (right) 

differentiated CMs at 40X, and at 20X in (C). (D) Immunostaining of sarcomeric α-

actinin (green) and vimentin (red) for identification of cardiomyocytes and non-

cardiomyocytes, respectively. 

 

2.4.4 Generation of 3D organized cardiac tissues from human stem cells 

To test formation of 3D human cardiac tissue within the microfluidic chip, the 

differentiated and purified hCMs were mixed with human CFs (hCFs; as characterized in 

Appendix Figure A.2), embedded into fibrin:collagen hydrogel, and injected into the 

optimized microfluidic device of Design 1. The optimal conditions for 3D tissue 

formation, as identified with rat cardiac cell culture, were initially tested for the creation 

of human cardiac tissue from hPSC-CMs. Specifically, the culture duration and device 

design values were kept consistent. The co-culture ratio was again validated with hPSC-

CMs, demonstrating enhanced alignment with tissues formed with 4:1 CM:CF over 8:1 

and 1:0 CM:CF (Appendix Figure A.6). To that end, our data strongly suggests that the 

co-culture ratio of 4:1 CM:CF optimized with rat tissues was equally optimal for human 

cardiac tissue formation, and was thus sustained for all subsequent experiments. 

However, due to low gel compaction and significant variation in gelling times, the 

hydrogel formulation was changed to a mixture of collagen type I (2 mg/mL) and 

Matrigel® at a ratio of 80:20 as it showed highest cell elongation, consistency and easier 

handling, and better represented the adult myocardium, as its main ECM component is 
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collagen (Guyette et al., 2016). In addition, cell density was slightly increased (from 30 to 

35x106 cells/mL). Apart from devices embedded with microposts, devices of identical 

design, except lacking the microposts, were fabricated in order to serve as 3D co-culture 

controls, to specifically isolate the effect of micropost presence on tissue formation, 

alignment, and function. 

 After two weeks of culture, immunofluorescent (IF) staining of cardiac tissues 

within both types of devices (i.e. with and without the posts) was performed, to assess 

cardiac tissue composition, integrity, and structure, as well as individual cell structure 

(Figure 2.4). The tissues formed within devices without the posts exhibit random, 

unorganized structure in both hESC- and hiPSC-derived cardiac tissues, as demonstrated 

through F-actin cytoskeletal staining and corresponding FFT analysis (Figure 2.4A). 

Additionally, cardiac-specific marker staining revealed round hCMs with disarrayed 

sarcomeres and non-localized CX43 in these no-post devices (Figure 2.4B), a phenotype 

consistent with immature hCMs (X. Yang et al., 2014). However, the tissues formed 

within devices with the posts notably exhibited highly aligned structure, as demonstrated 

from F-actin staining and FFT analysis (Figure 2.4C). Additionally, two weeks of culture 

within the device was sufficient in attaining a similar degree of anisotropy as when 

culture was extended to three weeks, as level of tissue alignment within each respective 

condition (i.e., with or without posts) is sustained. This confirmed that the Day 14 

experimental time point was appropriate to achieve the high level of anisotropy within 

the device with posts to perform functional and molecular-level analyses. In addition, 
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tissues formed in devices with posts at both time points were significantly more aligned 

than either time point of no post conditions (Appendix Figure A.7).  

Further analysis of anisotropic tissues formed within devices with the posts 

revealed that the cells present with organized cytoskeletons, elongated structure, 

abundant striated sarcomeres, and localized CX43 expression along the cell border 

(Figures 2.4D-F), regardless of location among posts. Notably, tissues within the vertical 

spacing of posts were highly aligned and condensed (Appendix Figure A.8A), in contrast 

with the formation of nodes of cardiac tissue in the horizontal spacing between posts 

(Appendix Figure A.8B). To determine the composition of the cardiac populations at day 

14, IF was performed to distinguish the CFs/non-CMs from the CMs, through positive 

staining for vimentin and sarcomeric α-actinin, respectively. hCFs were identified 

throughout the tissue within both types of devices, moreso than in 2D space-limited 

monolayer conditions. Specifically, cell population composition of cardiac tissues was 

quantified based on IF in each condition and lower CM:CF ratios were demonstrated in 

devices with and without posts (Appendix Figures A.9A-D, p-value for posts to 2D as 

0.1201, p-value for posts to no posts as 0.1338, p-value for no posts to 2D as 0.3328). 

Additionally, IF revealed that hCFs had proliferated onto the surrounding glass and 

PDMS, both within the tissue region and in the inlet/outlet ports of both types of devices 

(Appendix Figures A.9B-C). These values were omitted in CM:CF ratio quantification, as 

only the areas of the device with the hydrogel-encapsulated cardiac tissue were imaged 

and considered.  
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The reason for resultant decreased CM:CF ratio within the 3D device conditions, 

and maintenance of CM:CF ratio in age-matched 2D culture after the two-week period, 

can be hypothesized to be due to multiple factors. First, the cell population is cultured at 

maximum confluency in 2D, thereby it is expected that the fibroblasts undergo contact 

inhibition and arrest their proliferation (Eagle & Levine, 1967), leading to maintenance of 

initial cell composition. Secondly, fibroblasts are sensitive to mechanical stress and may 

respond to stretch within the 3D ECM in device conditions, which in turn activates 

various pathways, leading to proliferation, deposition of ECM, and release of growth 

factors (Camelliti, Borg, & Kohl, 2005). Thirdly, CMs have also been demonstrated to 

release growth factors in response to stretch, that in turn induce fibroblast responses, 

normally attributed to CF response to mechanical stimulation, such as proliferation, ECM 

deposition, and gene expression regulation (Camelliti et al., 2005; MacKenna, 

Summerour, & Villarreal, 2000). Therefore, the CFs may be experiencing multiple 

stimuli within the 3D culture environment of the microfluidic platform which upregulate 

their proliferation, while the CFs in 2D experience contact inhibition and halt 

proliferative processes, leading to the observed decrease in CM:CF ratio in 3D, and, on 

the other hand, maintained cellular ratio in 2D upon two weeks of culture.  
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Figure 2.4: Structural properties of human stem cell-derived cardiac tissues formed 

within microfluidic devices with and without the microposts. 

(A, B) Tissues in devices without the posts, showing cytoskeleton through 

immunostaining of actin and DAPI (A) and cardiac-specific markers through 

immunostaining of sarcomeric α-actinin and CX43 (B). (C-E) Tissues in devices with the 

posts, showing cytoskeleton (C) and cardiac-specific markers (D-E). (E) Magnified view 

of sarcomere alignment and CX43 expression of tissue within devices with posts. 

 

2.4.5 Gene expression analysis of human cardiac tissues 

Upon formation and assessment of the phenotype of 3D human tissue within the 

microfluidic chip, gene expression analysis was performed to assess changes in tissue-

level transcription, as an indicator for maturation state, due to extended culture within 

each condition. To serve as a population control, gene expression values were compared 
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to the respective cardiac cell population immediately before insertion (deemed as D0). In 

addition, monolayers of 4:1 CM:CF were cultured in standard Matrigel®-coated 2D 

plates for the experimental period (i.e., 14 days) to serve as age-matched 2D comparison 

to the tissues formed within devices (Figure 2.5A).  The panel of genes that were assayed 

includes those important for cardiac tissue function and structure. The genes were 

broadly classified as involved in either calcium handling, structural, or conduction, in 

order to isolate the biological processes that may be affected. Incorporated in this panel 

were maturation-specific genes, deemed as those demonstrated with significantly higher 

expression in adult over fetal hearts and hPSC-CMs, including: ACTN2, ATP2A2, 

CASQ2, CAV1.2, CAV3.1, HCN1, HCN4, KCNQ1, MYH7, PLN, RYR2, S100A1, 

TNNI3, and TNNT2 (Jiang et al., 2018; X. Yang et al., 2014). Average values of fold 

change from D0 of tissues from devices with posts, without posts, and age-matched 2D 

monolayers were plotted in an expression heatmap, with row z-score displayed (Figure 

2.5B). Overall, the 3D tissues formed within the microfluidic chip, both with and without 

posts, demonstrate more upregulation of genes than those in the 2D monolayer, 

suggesting that 3D hydrogel and co-culture with CFs over two weeks influences genes 

important in cardiac function.  Specifically, tissues in age-matched 2D monolayers only 

displayed a significant upregulation of MLC2V (Figure 2.5C). This result coincides with 

the findings that co-culture of CMs with CFs, as well as extended culture time, promote a 

more mature CM phenotype (Parrag, Zandstra, & Woodhouse, 2012).  

Within devices without posts in comparison to D0, tissues demonstrated an 

upregulation in some cardiac-related genes, with significant upregulation in the 
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conduction maker KCNQ1, calcium handling marker CAV1.2, and structural marker 

TNNI3 (Figure 2.5D). In order to investigate the additional effect of anisotropy on 

cardiac tissues within identical 3D hydrogel culture and CF presence, gene expression of 

tissues formed within the microfluidic chip with posts, in comparison to D0, was further 

analyzed. These highly aligned cardiac tissues within our microfluidic chip exhibited 

extensive significant upregulation, particularly in “maturation-specific” genes (Figure 

2.5E).  These genes included HCN1, KCNQ1, CAV1.2, CAV3.1, PLN, and RYR2 (Jiang 

et al., 2018), which participate in calcium handling and conduction-specific processes. 

Therefore, the engineered cardiac tissues within our 3D microfluidic chip demonstrated 

an upregulation in both calcium handling and conduction processes, with significant 

trends demonstrated particularly for maturation-specific genes. These results correspond 

to the exhibited enhanced cell and tissue structure due to induction of 3D tissue 

anisotropy, revealing the capability to mature hPSC-derived cardiac tissue within our 

microfluidic chip.  Additionally, expression levels of some structural-specific genes were 

significantly upregulated, including GJA5 and αMHC. GJA5 translates CX40, which has 

been demonstrated between CF:CF and CM:CF junctions (Johnson & Camelliti, 2018) , 

therefore upregulation of GJA5 may signify higher presence of hCFs in 3D device 

conditions, which is corroborated with presence of more fibroblasts/non-myocytes 

through IF staining of vimentin and the resultant decrease in calculated CM:CF ratio in 

3D conditions (Appendix Figures A.9B-D). In contrast, αMHC expression decreases 

during heart development, which is inconsistent with our model, as well as many other in 

vitro models, highlighting the future need to investigate myosin isoform switching, and 
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how it can be better replicated in vitro (Ivashchenko et al., 2013; Lundy et al., 2013). On 

the other hand, we demonstrate an average elevated expression in devices with posts of 

βMHC (not significant). 

Figure 2.5: Gene expression analysis of human stem cell-derived cardiac tissues in 

monolayer and microfluidic devices.  

(A) Schematic of formation of tissues within devices and age-matched monolayer. (B) 

Heatmap of fold changes of all conditions to D0, with z-score displayed. (C) Gene 

expression of 2D age-matched monolayers compared to before insertion. (D) Gene 

expression of tissues in devices without posts compared to before insertion (D0). (E) 
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Gene expression of tissues in devices with posts compared to before insertion (D0). 

Statistics performed on ANOVA of DCT values of n≤4 experiments, with P-values: 

*<0.05, **<0.01, ***<0.001. 

In order to specifically identify effect of microposts on tissue function, tissues 

grown in devices with and without the posts were directly compared. Although more 

genes are significantly upregulated in the post condition than in no posts condition in 

comparison to D0, gene expression between devices with and without posts was not 

significantly different for the chosen panel when the device conditions are directly 

compared (Figure 2.6A). However, tissues in the devices with posts demonstrate a more 

normal distribution of cell alignment around the alignment axis (at 0°) than the no post 

condition, suggesting a higher degree of cell alignment in tissues formed within devices 

with posts (Figure 2.6B), due to the formation of repeated pores throughout the tissue that 

also enhance media and thus nutrient/oxygen diffusion. The enhanced cell and tissue 

structure and corresponding protein expression reveal that although the microposts do not 

appear to affect expression of the genes that were analyzed, they reveal a pertinent role in 

cardiac tissue structure and formation that may affect tissue function. To that end, we 

further investigated spontaneous beating signals as a characteristic of tissue function from 

real-time videos of tissues in post and no post conditions (Figure 2.6C, Appendix Movies 

A.5-7). The peaks of tissue contraction from these signals were extracted to determine 

spontaneous beat rate and inter-beat interval variability, deemed a measure of 

spontaneous contraction synchronicity. Tissues grown within both types of chips (i.e., 

with and without the posts) exhibit similar physiologically relevant beating rates, 
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regardless of chip design (Figure 2.6D). However, significantly larger inter-beat interval 

variability, or more inconsistent contraction patterns, was demonstrated in tissues grown 

in devices without posts in comparison to those with posts (p-value of 0.03002) (Figure 

2.6E). This finding demonstrates that the contractile function of these tissues differs 

based solely on microchip design.  

Figure 2.6: Comparison of tissues cultured in devices with and without microposts.  

(A) Gene expression, (B) cellular alignment, (C) representative spontaneous beating 

signals, (D) spontaneous beating rate, and (E) beating variability, calculated by inter-beat 

interval variability, of tissues grown for two weeks in devices with and without posts. 

Statistics performed on ANOVA of hESC and hiPSC tissues for B) n=5 experiments and 

for D) and E) n=10 experiments, with * denoting p-value<0.05. 
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To further investigate the tissue functionality, spontaneous calcium transients 

were recorded and analyzed for hPSC-derived 3D cardiac tissues formed after two weeks 

of culture within the microfluidic devices with and without posts. Within each recorded 

tissue area, the fluorescent intensity of calcium spikes (F) for five regions of interest was 

divided by background intensity (F0) and plotted over a period of 30 seconds (Figures 

2.7A, B). The resultant calcium transients revealed highly variable calcium release 

patterns for tissues within devices without posts, that were asynchronous among the 

different subregions (Figure 2.7A, Appendix Movie A.8). On the other hand, tissues 

developed within devices with posts demonstrated extremely consistent calcium 

transients, that were synchronous to the calcium spikes of all other subregions (Figure 

2.7B, Appendix Movie A.9). These findings further confirm that this microfluidic device 

promotes enhanced cell-cell communication and electrical signal propagation. 

Specifically, in direct comparison to an isotropic 3D control, engineered tissues 

demonstrated calcium handling properties and spontaneous contractions with enhanced 

synchronicity, revealing the particular effects of topography-induced alignment on tissue 

maturation.  

Furthermore, the responsiveness of the engineered cardiac tissues was tested 

through administration of the β-adrenergic agonist, epinephrine (i.e., adrenaline), to probe 

the physiological relevancy of the 3D formed tissue within the platform and its 

capabilities for drug response studies. Both tissues formed within devices with and 

without the posts demonstrated a positive chronotropic effect to epinephrine dosing 

(Figure 2.7C), however tissues within the posts condition exhibited more organized 
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spontaneous contraction patterns in response to epinephrine in comparison to tissues 

within devices without posts. Additionally, the tissues developed within the demonstrated 

microfluidic device with posts responded to epinephrine dosing with a significantly 

higher change in BPM than tissues in the no posts condition (p-value of 0.04056) (Figure 

2.7D), further demonstrating enhanced clinical relevancy of the proposed microfluidic 

model.   

Therefore, tissues grown in devices with posts exhibit enhanced synchronicity, 

presenting more connected and thus augmented electrophysiological function, which may 

be due to the enhanced localization of gap junctions and coordinated tissue structure. This 

suggests that the cells in devices with posts undergo mechanotransduction, initiated from 

the interaction with the microposts, inducing changes either a) of translational and/or 

post-translational levels of particular proteins, or b) of the transcription of alternative 

genes that were not studied herein and require further analysis. The cells that comprise 

tissues formed among the microposts demonstrated elongated shape, therefore it is also 

plausible that pathways involved in physiologic hypertrophy are activated (Jaalouk & 

Lammerding, 2009; Stansfield et al., 2014). Likewise, as focal adhesions connect the 

ECM to the cytoskeleton and are involved in promoting and directing myofibril assembly 

(Bray et al., 2008; Jaalouk & Lammerding, 2009), the presence of extensive sarcomere 

alignment in chips with the microposts suggests that processes involving focal adhesion 

kinases (FAKs) are specifically influenced within this culture condition. Particularly, in 

response to the stretch sensed from micropost-induced pore formation, stretch-related 

receptors such as integrins may be activated, that in turn signal certain kinases, among 
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such are FAKs and mitogen-activated protein kinases (MAPKs) (Pasqualini, Nesmith, 

Horton, Sheehy, & Parker, 2016; Stansfield et al., 2014). Signaling by these different 

kinases generally leads to a cascade of events, including activation of various proteins 

that activate transcription factors that translocate to the nucleus to ultimately affect gene 

transcription. Therefore, it is plausible that transcription of specific genes affected 

through these mechanotransduction-related pathways, in addition to available levels of 

related proteins, are influenced in the different chip conditions. The exact mechanism that 

connects micropost-guided alignment and enhanced contractile function will be a suitable 

subject of future study. Nevertheless, due to the combination of anisotropic structure, 3D 

culture, and exposure to supporting cells (CFs), tissues grown in devices with the 

microposts exhibit the most significant upregulation of an abundance of cardiac-specific 

maturation genes in comparison to D0 tissues, demonstrating with elongated CMs, 

striated parallel sarcomeres, localized gap junction staining, and synchronous whole-

tissue contraction. Additionally, tissues within these devices demonstrate physiologically 

relevant functionalities, as revealed through synchronous calcium transients, and positive 

chronotropy in response to β-adrenergic agonist. 
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Figure 2.7: Functional assessment of human stem cell-derived cardiac tissues within 

devices with and without posts after 14 days of culture. 

 Calcium transients and extracted related frequency signals of intracellular change in 

concentration of Ca2+ for (A) devices without posts and (B) devices with posts, with R1-

R5 representing regions 1-5.  Responsiveness of tissues to epinephrine, with 
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representative beating signals in (C), and corresponding (D) changes in spontaneous 

BPM. Statistics were performed through two-sided, paired t-test of n=3 experiments of 

hiPSC-derived tissues, with p-value: *<0.05. 

 

Future works could further improve the platform for enhanced functional 

measurements particularly for those of great importance to cardiac tissue studies, such as 

contractile force measurements. In order to fulfill the needs for real-time measurement of 

force in disease modeling and pharmaceutical testing applications, an innate method to 

measure contractile force is of great importance. Future works shall investigate the use of 

innate, free-standing micropillar arrays, capable of force measurement, similar to the 

approach described in (Schaaf et al., 2011), within the microfluidic device to allow for 

real-time force monitoring. Additionally, to enhance the platform’s ability to model the 

adult myocardium, such as induction of a pronounced myosin isoform switch from β to α. 

For example, sustained electrical conditioning has been demonstrated to enhance the 

electrophysiology and transcriptional signature of hPSC-derived CMs. However, a rather 

complicated setup is necessary to incorporate sustained external stimulation, and our 

model is advantageous in its low cost and ease of creation. Similarly, an enlarged version 

of the platform could be constructed to allow for a large cell population to select for CMs 

for downstream analyses, however such a platform would negate the many advantages of 

a microfluidic platform, i.e. high throughput, minimal cell/reagent necessary, and reduced 

variation with input differentiation populations. To further take advantage of the 

microfluidic nature of the described platform, a future work involves implantation of 
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continuous fluid flow through the media channels to enable enhanced nutrient supply and 

dynamic culture conditions, which have recently been demonstrated to enhance cardiac 

tissue function (Jackman et al., 2016). Thus, with the many advantages of the proposed 

platform, taken together with the demonstrated ability to mature and enhance cardiac 

tissue formation, the design presented herein has great potential to serve as a 

physiologically relevant model for cardiac disease and tissue studies. As this platform has 

been validated for use with CMs differentiated from hiPSCs, there exists the possibility in 

future works to model genetic diseases through CRISPR/Cas9 gene editing, as well as 

patient-specific diseases, through reprogramming of patient fibroblasts to hiPSCs. 

Additionally, the microfluidic nature of the platform allows for the implementation of 

precise molecular gradients, as observed throughout native tissues and organs, therefore 

allowing diseases derived from external insult (i.e., hypoxia, drugs, stimulants) to be 

modeled. The enhanced mature nature of the tissue provides a model with more 

physiological relevance than hPSC-derived CMs to the human myocardium. 

2.5 Conclusion 

In this study, we demonstrated the precise design of a microfluidic platform for 

successful 3D cardiac tissue formation and function, developed first with rat-derived 

cardiac cells, and then validated with both hESC- and hiPSC-derived cardiomyocytes. To 

enhance the physiological complexity, CMs were co-cultured with interstitial cardiac 

fibroblasts (CFs) within hydrogels embedded in the platform, resulting in cardiac tissues 

with a high degree of cellular interconnectivity and functionality, as demonstrated 
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through gap junction localization, sarcomere organization and synchronicity in 

spontaneous contraction. Importantly, incorporation of complex 3D micropost 

architecture within the tissue region of the microfluidic chip significantly enhanced the 

tissue organization, with the added potential for high throughput experimentation with 

minimal necessary cells and corresponding reagents. We demonstrated extensive 

characterization of co-cultured anisotropic cardiac tissues grown for two weeks within 

the proposed microfluidic chip design. Particularly, our results highlighted that the 

formed tissues within the chip exhibit mature cellular structure, protein expression as 

well as an upregulation of genes with roles in tissue structure, calcium handling, and 

electrical conduction. Interestingly, incorporation of the mesoscopic microposts led to 

significantly enhanced tissue function as evidenced by increased synchronicity of 

spontaneous beating. In summary, the 3D cardiac tissues formed within this microfluidic 

chip present with enhanced structure, function and physiological relevancy that surpass 

conventional 2D monolayer culture assays, therefore highlighting the great potential of 

this platform for future disease modeling and predictive drug testing studies. 
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CHAPTER 3 

AIM 2: Incorporate the optimized microfluidic platform to create a model of 
cardiac ischemia on-a-chip to investigate cellular and molecular response of 

myocardial tissue under hypoxia 
3.1 Abstract 

Tissue engineering has enabled the development of advanced and physiologically 

relevant models of cardiovascular diseases, with advantages over conventional 2D in 

vitro assays. We have previously demonstrated development of a heart on-a-chip 

microfluidic model with mature 3D anisotropic tissue formation that incorporates both 

stem cell-derived cardiomyocytes and cardiac fibroblasts within a collagen-based 

hydrogel. Using this platform, we herein present a model of myocardial ischemia on-a-

chip, that recapitulates ischemic insult through exposure of mature 3D cardiac tissues to 

hypoxic environments. We report extensive validation and molecular-level analyses of 

the model in its ability to recapitulate myocardial ischemia in response to hypoxia, 

demonstrating the 1) induction of tissue fibrosis through upregulation of contractile 

fibers, 2) dysregulation in tissue contraction through functional assessment, 3) 

upregulation of hypoxia-response genes and downregulation of contractile-specific genes 

through targeted qPCR, 4) transcriptomic pathway regulation of hypoxic tissues, and 5) 

cell toxicity in response to ischemia reperfusion injury.   

3.2 Introduction 

Cardiovascular diseases (CVDs) are the leading cause of death worldwide 

(Heidenreich et al., 2011; Virani et al., 2020), claiming the life of one person every 36 

seconds in the United States ("Underlying Cause of Death, 1999-2018," 2020). During 
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myocardial ischemia or infarction, aside from loss of cardiomyocytes and impairment of 

contractile function, ventricular tachyarrhythmia can develop, a common attributor to 

cardiovascular-related deaths (Ghuran & Camm, 2001). Myocardial infarction (MI) 

commonly results from ischemia, which is defined as inadequate blood supply due to 

partial or full blockages of a coronary artery, leading to tissue injury or cell death when 

the extent of reduction of arterial flow creates an oxygen deficit for tissue energy demand 

(Lu, Liu, Sun, Zheng, & Zhang, 2015). When ischemic injury causes a complete cut off 

blood flow to the heart, MI ensues. MI is generally followed by post-infarct heart 

remodeling characterized by the formation of scar tissue in response to ischemic-death of 

cardiomyocytes (CMs). Such remodeling, an attempt to restore cardiac output after 

infarction, can become pathologic, worsen cardiac function, and can lead to heart failure 

(Nag, 1980).  

Drastic changes occur in myocardial tissue in response to profound ischemia 

including changes in tissue functionality, electrophysiological state, and metabolism. 

These changes are due to severe impacts on relative energy and oxygen availability 

which induce a complex biological and pathological cascade of events. Ischemia causes 

an imbalance between oxygen demand and coronary blood flow (Crossman, 2004), 

resulting in abnormal metabolic state with increase in lactate production, low pH, and 

high intracellular Ca2+ (Kalogeris, Baines, Krenz, & Korthuis, 2012). Specifically, due to 

the lack of oxygen, cells cannot perform oxidative phosphorylation and thus rely on 

anaerobic metabolism, causing a loss of net intracellular ATP and an increase of 

intracellular H+. In response to the drop in pH, the Na+/H+ exchanger produces a large 
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influx of Na+ ions into the cell as it excretes the excess H+. The Na+ ions are then 

exchanged for Ca2+ by the plasmalemmal Na+/Ca2+ exchanger, resulting in an increase in 

intracellular Ca2+. ATP is necessary to maintain intracellular homeostasis of Ca2+, 

therefore intracellular Ca2+ remains pathologically high in ischemic conditions, due to the 

depletion of available ATP, resulting in detrimental effects on both cellular structure and 

function (Nayler, 1981). 

Due to the reduction of available ATP, glycolytic enzymes are activated, causing 

upregulation of glycolysis and resulting in the conversion of glucose to pyruvate 

(Agrawal, Gupta, Qureshi, & Vishwakarma, 2016; Carmeliet, 1999). However, pyruvate 

dehydrogenase activity is reduced (Renstrom, Liedtke, & Nellis, 1990), so pyruvate is 

converted to lactate through oxidation of NADH to NAD+ (Carmeliet, 1999). Lactate is 

not further metabolized in the absence in oxygen, resulting in high lactate concentrations. 

The upregulated levels of anaerobic glycolysis and lactate concentration produce an 

acidic environment, displacing calcium from its binding site on troponin (Jennings, 

Reimer, & Steenbergen, 1986; Katz, 1973) resulting in intracellular calcium mishandling 

and contractile abnormalities (Francis Stuart, De Jesus, Lindsey, & Ripplinger, 2016). 

The immediate cellular changes that occur due to myocardial ischemia lead to the 

suppression of most genes, however a subset of genes, i.e. hypoxia-inducible genes, such 

as hypoxia-inducible factors (HIFs), are upregulated (Abe, Semba, & Takeda, 2017). 

Particularly, HIF1 signaling activates a myriad of cascades, and causes the production of 

angiotensin and TGFβ1, which in turn induce differentiation of resident myocardial 

fibroblasts into myofibroblasts. Myofibroblasts extensively deposit extracellular matrix 
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(ECM), resulting in the formation of scar tissue, which demarcates CMs from each other. 

Altogether, myocardial fibrosis and remodeling can lead to desynchronization of heart 

tissue causing a detrimental effect on contractility. These complex cellular cascades and 

pathophysiologies that occur in response to myocardial ischemia can result in 

arrhythmias and potentially heart failure. 

Current in vitro and preclinical models of human myocardial ischemia present 

challenges in translating human physiological conditions. 2D in vitro assays fail to 

recapitulate 3D tissue structures, and results from in vivo animal models often fail to 

translate when tested in human clinical trials (Hackam & Redelmeier, 2006). 

Cardiovascular research has greatly expanded since the establishment and optimization of 

CM differentiation of human induced pluripotent stem cells (hiPSCs), which has enabled 

sourcing of human CMs for in vitro research. However, hiPSC-CMs are notoriously 

immature, resembling the fetal state, more so than adult (Jiang et al., 2018; Veerman et 

al., 2015).  As fetal CMs are not sensitive to hypoxia as they rely mainly on glycolysis for 

their metabolism, it is pertinent to enhance the maturation state of hiPSC-CMs for 

physiologically relevant disease modeling (Cutts, Nikkhah, & Brafman, 2015; Esmaeili et 

al., 2021; Patino-Guerrero, Veldhuizen, Zhu, Migrino, & Nikkhah, 2020; Veldhuizen et 

al., 2019; X. Yang et al., 2014), particularly in modelling ischemic-reperfusion injury 

(IRI). Recent 2D models have uncovered the importance of maturation in ischemic 

modeling, for example, a study investigated the use of both immature and mature hiPSC-

CMs to model IRI using temporal gradients in oxygen, local pH, and glucose availability 

(Hidalgo et al., 2018). This study demonstrated the inability of immature hiPSC-CMs to 
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model the physiological response to IRI. However, CMs that were matured through 

culture in glucose-free media for 8 days exhibited physiological cell death in response to 

reperfusion. Therefore, the switch from glycolysis to oxidative phosphorylation that 

accompanies enhanced maturation state of CMs is pertinent to accurately model their 

pathological response to hypoxia (Coles et al., 2005; Hidalgo et al., 2018). 

To better represent the myocardial structure, 3D in vitro models have been used for 

disease modeling due to their ability to model complex cell- and tissue-level interactions. 

For example, a study incorporated hiPSC-CMs suspended in a 3D hydrogel among 

flexible pillars, inducing passive tension on the encapsulated cells (Chen & Vunjak-

Novakovic, 2019). Tissues that formed in these conditions after 3 days were immature, 

while tissues formed for 2 weeks were deemed as mature. IRI was simulated in these 

constructs through culture in low pH media with high lactate and anoxic gas for 6 hours, 

then the constructs were supplemented with standard media to simulate reperfusion. The 

matured constructs responded to reperfusion with pathological cell death levels, further 

confirmed through increased expression of caspase-3, while the immature constructs 

were much less sensitive.  

In order to establish the conditions for ischemia, most of the mentioned studies 

have incorporated low pH and/or high lactate levels, in addition to anoxia/hypoxia. While 

physiologically relevant, high lactate and H+ concentrations are the metabolic 

consequence of ischemic conditions, not necessarily the direct insult (Graham et al., 

2004). Therefore, if the concentrations are elevated before induction of hypoxia, the 

already high levels are likely to further increase as the cells respond to the low oxygen 
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environment. In extended low-flow ischemia, metabolites and waste products accumulate 

as duration of deprivation of flow and oxygen continues, representing a dynamic 

environment.  

In addition, many of the currently available models incorporate a mono-culture of 

CMs. In the healthy heart, human cardiac fibroblasts (hCFs) are vital to sustain normal 

function, through preserving the structural integrity and responding to mechanical, 

electrical and biochemical stimuli (Porter & Turner, 2009; Talman & Ruskoaho, 2016). 

During injury, such as myocardial ischemia, fibroblasts are essential in the cellular 

response; specifically, fibroblast populations expand and become the majority of cellular 

constituents in the infarcted area (Talman & Ruskoaho, 2016). They differentiate into 

myofibroblasts and secrete ECM, express contractile proteins, and respond to autocrine 

and paracrine factors (Elson, Qian, Fee, & Wakatsuki, 2019; Porter & Turner, 2009; van 

den Borne et al., 2010; Watson et al., 2014; H. Zhao et al., 2014), resulting in tissue 

stiffening and remodeling within the heart that can prove averse to its function (Opie, 

Commerford, Gersh, & Pfeffer, 2006; Porter & Turner, 2009; Talman & Ruskoaho, 2016; 

van den Borne et al., 2010). Therefore, to accurately model the molecular and cellular 

changes that occur during myocardial ischemia, the presence of cardiac fibroblasts is 

essential.  

In this work, our goal was to simulate ischemia-induced cardiac injury due to 

extended restriction in blood flow during a myocardial infarction in a heart on-a-chip 

platform, to serve as a potential model for downstream biological mechanistic studies. 

Specifically, we utilized our recently developed novel heart on-a-chip that enables 
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anisotropic 3D structure (Figures 3.1B,C) of human cardiac tissue within a collagen-

based hydrogel. As fibroblasts are sensitive to the hypoxic environment and contribute to 

the pathological response of the myocardium (Johnson & Camelliti, 2018), the co-

cultured nature of this system (combination of CMs differentiated from hiPSCs and 

hCFs) reinforces the physiological relevancy of the platform for disease modeling. To 

replicate native myocardial conditions during an ischemic insult, we exposed matured 

cardiac tissues within the microfluidic devices to various environmental oxygen 

conditions (Figure 3.1A). Previous studies used traditional cell culture oxygen levels to 

model “physioxia”, however atmospheric level of oxygen is 21%, while normal oxygen 

levels in the myocardium are around 5-10% (Winegrad, Henrion, Rappaport, & Samuel, 

1999). Therefore, in this study, we designated a hyperoxia condition, in which tissues are 

exposed to normal cell culture levels, i.e., 21% O2, in addition to a physioxia condition in 

which tissues were exposed to 5% O2. Hypoxia was defined as 1% O2. To better 

represent the myocardial environment in ischemia, we exposed cardiac on-a-chip tissues 

to these different oxygen environments for 24 hours without wash out, to simulate 

accumulation of metabolites for dynamic change of pH and accumulation of lactate. The 

resultant tissues were analyzed for differential gene expression, fibrotic response, and 

contractile function to characterize the effect of hypoxia within the heart on-a-chip. 

Further mechanistic biological studies were performed through RNA-sequencing of the 

mRNA transcriptome to highlight differentially regulated pathways implicated in 

ischemic injury. In light of the reported findings, we demonstrate our developed heart on-
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a-chip as a suitable platform for modeling the pathophysiology of cardiac tissue after 

ischemia and demonstrate it’s potential for other disease modeling applications. 

Figure 3.1: Experimental schematic of modeling myocardial ischemia within microfluidic 

device platform and formation of aligned cardiac tissue before disease modeling. 

(A) Schematic of cardiomyocyte differentiation, co-cultured with cardiac fibroblasts, and 

encapsulated within a collagen: Matrigel hydrogel before injection into microfluidic 

device. After 13 days of culture, the cells form aligned tissues around the embedded 

microposts, and are further exposed to the different experimental conditions. (B) Image 

of microfluidic device on microscope stage. (C) Phase contrast image of aligned human 

cardiac tissue after 14 days of culture within microfluidic device. (D) Actin-stained 

tissues after 14 days of culture show well-defined, striated sarcomeres. 

3.3 Materials and Methods 

3.3.1 Microfluidic device fabrication 
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Photolithography and soft lithography techniques were utilized to create 

polydimethylsiloxane (PDMS)-based microfluidic devices from silicon wafers with SU8 

features, consistent with our previous work (Nagaraju et al., 2018; Peela et al., 2017; D. 

Truong et al., 2019; D. D. Truong et al., 2019; Veldhuizen et al., 2020). Briefly, SU8 

2075 was spin-coated on 4” silicon wafers to a thickness of 200 µm, then overlaid with a 

transparent mask with the device design and exposed to UV, using an EVG 620 aligner. 

The wafer was developed, prepared for soft lithography through salinization, then coated 

in PDMS, which was further degassed and cured at 80°C for 1.5 hours. The PDMS 

channels were peeled off the wafer, then prepared through creation of inlet and outlet 

ports. Devices were formed through bonding of PDMS channels to coverslips with 

oxygen plasma. The devices were sterilized through two rounds of autoclave and 

dehydrated at 80°C overnight before tissue culture. 

3.3.2 Human cardiac fibroblast culture 

 hCFs (Lonza) were cultured in Fibroblast Growth Medium-3 (FGM-3) within T75 

cm2 flasks and sub-cultured with 0.05% Trypsin+EDTA up to passage 10.  

3.3.3 Human stem cell culture and cardiomyocyte differentiation 

hiPSCs (IMR90-4, WiCell (Yu et al., 2007)) were cultured in mTeSR1 media for 

3 passages before CM differentiation. The differentiation protocol was used as described 

in our recent publication (Veldhuizen et al., 2020), with a range of 7-10 µM of 

CHIR99021 utilized to initiate differentiation through Wnt activation on Day 0. On Day 

3, the Wnt pathway was inhibited with 5 µM IWP2 until Day 5. From Day 7-13, hiPSC-



79 
 
 

CMs were cultured in RPMI+B27+insulin. On Days 13 and 16, the cells were washed 

with PBS 1X, then cultured in RPMI minus glucose +B27+insulin, supplemented with 4 

mM lactate, to purify for hiPSC-CMs. The cells were recovered on Day 19 with culture 

in RPMI+B27+insulin. On Day 21, the hiPSC-CMs were replated, using TrypLE Express 

to dissociate, into fresh Matrigel-coated 6-well plates, to further purify the hiPSC-CMs 

and remove dead cells/debris. The purified hiPSC-CMs were used for 3D cardiac tissue 

formation within microfluidic devices after Day 23 of in vitro differentiation. 

3.3.4 Development of 3D co-cultured anisotropic cardiac tissue on-a-chip  

 Co-cultured cardiac tissues encapsulated in a 3D collagen-based matrix were 

formed as previously described (Veldhuizen et al., 2020). Briefly, hCFs were washed 

with PBS 1X, incubated in Trypsin at 37°C for 4-5 minutes, then collected, buffered with 

an equal volume of FGM3, and centrifuged at 250 x g for 4 minutes. The supernatant was 

aspirated and the hCFs were resuspended in FGM3 at a density of 75 x 106 cells/mL. 

Similarly, hiPSC-CMs were washed with PBS 1X, incubated in TrypLE at 37°C for 10 

minutes, then collected, buffered with an equal volume of RPMI+B27+insulin, and 

centrifuged at 300 x g for 3 minutes. The supernatant was aspirated and the hiPSC-CMs 

were resuspended in 5 mL of RPMI+B27+insulin, then centrifuged again at 300 x g for 3 

minutes, to sufficiently wash the CMs of residual TrypLE. The supernatant was aspirated, 

and the hiPSC-CMs were resuspended at a density of 75 x 106 cells/mL in fresh 

RPMI+B27+insulin.   

The CMs and CFs were mixed at a 4:1 ratio, then suspended within a 2 mg/mL 

collagen hydrogel, supplemented with 20% Matrigel as optimized in our previous work 
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(Veldhuizen et al., 2020). Then the cell:hydrogel mixture was carefully injected into the 

tissue channel of sterilized microfluidic devices. The devices were flipped, then 

incubated for 9 minutes at 37°C within larger petri dishes filled with DI water to maintain 

a humidified environment. After 9 minutes, the devices are placed in the hood and flipped 

upright, then placed back in the incubator for another 9 minutes to complete hydrogel 

polymerization. RPMI+B27+insulin was added to the media channels, and media was 

changed every day. 

 For 2D experiments, a 4:1 CM:CF cell suspension was seeded on Matrigel-

coated coverslips within a 6-well plate for the entire experimental period. The coverslips 

were supplemented with RPMI+B27+insulin, and media was changed every other day.  

These samples served as the 2D control for BioTracker 520 Green Hypoxia Dye 

validation and fibrotic marker immunostaining. 

3.3.5 Cardiac tissue exposure to various oxygen levels 

 On Day 13 of culture within the microfluidic heart on-a-chip platform, the devices 

were incubated for 24 hours according to the designated experimental condition. 

Specifically, the “hyperoxia” devices were maintained in a standard tissue culture 

incubator at 21% O2, while the “hypoxia” devices were maintained in a separate tissue 

culture incubator at 1% O2, both humidified with 5% CO2. An environmental chamber 

was utilized with a corresponding premade gas to establish the “physioxia” condition. 

Specifically, the devices were placed in the environmental chamber, which was then 

flushed with compressed gas, with a composition of 5% O2, 5% CO2, and 90% N2, for 5 

minutes. The inlet and outlet ports were closed, and the entire chamber was placed in an 
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incubator set at 37°C for the 24 hr culture period. Within each condition, 3-4 devices 

were stored in each medium-sized petri dish, which were placed within a large petri dish 

filled with sterile DI H2O to maintain a humidified environment.  

3.3.6 Validation of oxygen levels 

 To verify the different levels of oxygen at the cellular level within the 

experimental conditions, a fluorescent imaging probe based on reductase activity, 

BioTracker 520 Green Hypoxia Dye, was utilized. As per the manufacturer’s protocol, 25 

µg of desiccated BioTracker Dye was resuspended in 43 µL of DMSO to make a 1 mM 

stock solution. The stock solution was further diluted in culture media, i.e. 

RPMI+B27+insulin, to make a 5 µM working solution.  On Day 13, the 2D co-cultures of 

CMs and CFs were washed twice with PBS 1X, then incubated in 5 µM working solution 

of BioTracker for 1 hr in the designated oxygen condition. The stain was then aspirated 

and the cells were washed with PBS 1X, before placed in fresh RPMI+B27+insulin and 

incubated again for 3 hrs in the designated oxygen condition, after which they were 

imaged via Zeiss fluorescent microscope. 

3.3.7 Reperfusion and reoxygenation 

 In order to study reperfusion and reoxygenation on cardiac tissues, after exposure 

to the varying oxygen levels, the devices were subsequently subjected to three different 

conditions: 1) no reperfusion, 2) 1 hour of reperfusion, or 3) 24 hours of reperfusion. For 

no reperfusion condition, the tissues were removed from their designated oxygen 

conditions, then immediately imaged or processed for their according assays. For either 1 
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hour or 24 hours of reperfusion, the tissues were removed from their oxygen conditions, 

then the media was replaced with warmed RPMI+B27+insulin and incubated in a 

standard tissue incubator for either 1 hour or 24 hours, respectively, then the tissues were 

processed for their according assays. 

3.3.8 Microscopy 

Phase contrast and immunofluorescence images were acquired using Zeiss Axio 

Observer Z1 equipped with Apotome2 (Zeiss) and ZenPro software. Time-lapse imaging 

of 30 seconds was recorded at 10X objective at 37°C on Day 14 to analyze spontaneous 

contraction of the 3D tissue inside the chip immediately after removal from experimental 

oxygen conditions. To calculate inter-beat interval variability of spontaneous contraction, 

the method described previously was utilized (Veldhuizen et al., 2020). Briefly, 

contraction peaks were extracted, and the time interval between peaks was determined. 

The standard deviation of the inter-beat interval was calculated and deemed the measure 

of inter-beat interval variability. 

3.3.9 Immunofluorescent (IF) staining 

At Day 14 of culture, samples were washed with 1X PBS and incubated in 4% 

paraformaldehyde (PFA) immediately after removal from experimental conditions. The 

devices were incubated at 37°C for 15 minutes, then were rinsed with PBS-glycine 2X 

for 10 minutes at room temperature (RT). The devices were washed again with PBS-

Tween-20 ((PBS-Polyoxyethylene (20) sorbitan monolaurate) (0.05% (v/v) 

Polyoxyethylene (20) sorbitan monolaurate in PBS) for 10 minutes at RT. Then, the cells 
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were  permeablized with 0.1% Triton-X-100 for 30 minutes at RT, then subsequently 

blocked with 10% goat serum (in PBS-Tween-20) for one hour at RT. To stain for the 

fibrotic marker αSMA, the primary antibody (rabbit anti-α smooth muscle actin from 

Abcam, 1:100) was diluted in 10% goat serum and added to the samples at 4°C 

overnight. The next day, the samples were washed with PBS-Tween-20 three times for 20 

mintues each at RT. Then, the secondary antibody, either anti-rabbit AlexaFluor488 or 

AlexaFluor594, was diluted in PBS-Tween-20 (1:500) and centrifuged at 14K RPM for 

10 minutes, then added to the samples. After 1 hour of incubation at RT, the samples 

were washed with PBS-Tween-20 five times for 10 minutes each at RT.  

To stain for actin cytoskeleton and nuclei, either Alexa Fluor488- or Alexa 

Fluor647-Phalloidin (1:40) and 4’,6-diamidino-1-phenylindole (DAPI) (1:1000) were 

added to the samples and incubated at 4°C overnight. Samples were then washed with 

PBS-Tween-20 three times for 20 minutes each at RT. Antifade Mounting Medium was 

added to the samples (diluted 1:1 in 1X PBS), and the samples were imaged using 

fluorescence microscopy (Zeiss Axio Observer Z1 with the Zen Pro software suite) 

equipped with Apotome2 at 10X and 20X objectives. Z-stacked images were captured 

and reconstructed in FIJI, a version of ImageJ to form representative 3D images. 

Alternatively, samples were imaged with the Leica SP8 Confocal Microscope at 63X 

objective, with z-stacked images captured and reconstructed in FIJI to form 

representative 3D images. 

3.3.10 Assessment of 3D tissue alignment within the microfluidic chip  
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 Images of F-actin and DAPI stained tissues formed within the microfluidic chip 

were analyzed through FIJI. Fast Fourier Transform (FFT) analysis was performed on F-

actin images, while DAPI images were used to assess nuclei alignment. For alignment 

analysis, first, images were rotated based on phase contrast to set alignment axis at 0°. 

The DAPI-stained image was thresholded, processed through the Watershed plugin, and 

particles were identified through the Analyze Particles Plugin. The proportion of nuclei 

was calculated for each angle, grouped in 10° increments, and graphed in histograms.   

3.3.11 Live/dead viability assay 

 After 24 hours of exposure to the different experimental conditions, tissues in the 

microfluidic devices were assessed for cell viability. Specifically, devices were washed 

with PBS 1X twice, then incubated with 2 µM of Calcein AM and 4 µM of Ethidium 

homodimer-III (EthD-III) for 35 minutes at room temperature. The solution was 

aspirated, and the cells were incubated in fresh RPMI+B27+insulin and imaged with a 

fluorescent microscope. Tissue viability was calculated based on analysis of acquired 

images, with number of live (green) cells divided by total cell number (green plus red). 

3.3.12 Nuclear viability assay in response to reperfusion 

 A recently optimized method for the quantification of cell viability within 

microfluidic 3D tissues (Ong, Zhu, Tan, & Toh, 2020) was utilized for reperfusion 

experiments. Specifically, nuclear staining was used, with Ethidium homodimer III 

(EthD-III) to identify dead cells, and DAPI to identify the total cell population. After 

exposure of tissues to designated oxygen conditions and their subsequent reperfusion 
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conditions, the devices were washed with 1X PBS, then incubated with 4 µM EthD-III in 

RPMI+B27+insulin within a standard tissue incubator for 1 hour. Then, the devices were 

washed with PBS 1X, then fixed with 4% PFA for 20 minutes. After washing again with 

1X PBS, the cells were permeabilized with IF Buffer for 30 minutes at room temperature. 

The cells were then incubated with 10% goat serum at room temperature for 1 hour, and 

finally stained with DAPI (1:1000 in PBS-Tween20) for 1 hour. Before imaging with 

Zeiss fluorescent microscope, the devices were washed twice with 1X PBS. Tissue 

viability was calculated based on analysis of acquired images, with the equation: 1- 

[(EthD-III+ and DAPI+ cells)/ DAPI+ cells]. 

3.3.13 Real-time reverse transcriptase-PCR (qRT-PCR) 

In order to extract the cells from the tissues within devices for gene expression 

analysis, the tissues were first washed with 1X PBS, then incubated with 2 mg/mL 

collagenase for 30-35 minutes to digest the ECM. The suspension was collected, and the 

devices were washed 2-3X with 1X PBS to maximize cell collection. The collected cell 

suspension pooled from multiple devices per condition was centrifuged at 300 x g for 3 

minutes, and supernatant was aspirated. Next, Total RNA was extracted with Total RNA 

Microprep kit (Zymo) per manufacturer’s protocol. RNA quality and concentration were 

assessed with either High Sensitivity RNA tapes and/or Epoch Spectrophotometer 

System.  cDNA was synthesized from Total RNA using iScript Reverse Transcriptase 

Supermix (QuantBio). iTaq Universal SYBR Green Supermix (BioRad) was used to 

perform qPCR on synthesized cDNA, with 18S as the housekeeping gene. Primers were 

validated via melt curve and PCR product verification. For qPCR, 8 μM dilution of 
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forward and reverse primers was used for 10 μL reactions within 96-well plates, with 0.1 

μL per well of cDNA. The qPCR plates were analyzed with qTower 2.0, and the products 

were verified on 3% agarose gels, imaged with Azure C400. 

 

3.3.14 RNA-seq 

 RNA was extracted from devices using Miniprep kit (Zymo), as described above, 

from tissues within microfluidic devices in the physioxia and hypoxia experimental 

conditions. After analyzing the RNA quality and concentration on High Sensitivity RNA 

Tape Station, mRNA was extracted and sequenced by Illumina NextSeq2000 at the 

Genomics Core Facility at ASU.  FASTQ files were aligned to the human reference 

genome (Ensembl GRCh38 release 102) using STAR (v2.7.6a). and the reads that mapped 

to mitochondrial genes were excluded. Raw counts for 60,623 genes were then 

normalized by CPM and genes having read count <2 were excluded. Ensembl IDs were 

mapped to remove duplicate genes after arranging for gene counts from high to low, 

leaving 15,821 genes. Genes were considered differentially expressed for FDR<0.05 and 

log2(FoldChange)>1 (up-regulated) or log2(FoldChange)<-1 (down-regulated) in 

hypoxia. A total of 475 differentially expressed genes (DEGs) between hypoxia and 

physioxia samples were identified using DESeq2 (v1.30.1) with LFC shrink set to 

normal. Enriched KEGG pathways were identified by performing gene set enrichment 

analysis by fgsea v1.60.0 on fold changes from DESEQ2 for 15,821 genes. PathfindR 

(v1.6.1) was employed for visualizing gene network and pathways to assess if DEGs in 

DESeq2 are associated with a pathway.   
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3.3.15 Statistical analysis 

Paired, two-sided t-tests were used for statistical analysis of inter-beat interval 

variability and BPM for each condition using R. For gene expression data from qPCR, 

two-way ANOVA was performed on the DCT values using GraphPad Prism. Two-way 

ANOVA was performed using GraphPad Prism on the tissue alignment and fibrotic 

marker expression. 

3.4 Results  

3.4.1 Validation of hypoxia 

Prior to proceeding to 3D on-chip tissue experiment, we validated the level of 

oxygen within the different environments using fluorescent imaging probe, BioTracker 

520 Green Hypoxia Dye. Particularly, cells were incubated for 1 hour with the dye, then 

washed and fresh media added, then incubated for 3 hours in the designated 

environmental conditions. Appendix Figure B.1 shows the results of BioTracker 520 

Green Hypoxia Dye expression for cells seeded on 2D coverslips exposed for a total of 4 

hours under the different oxygen conditions. The expression of the BioTracker dye 

increased as the oxygen level decreased, with the highest expression demonstrated in 1% 

O2 (hypoxic) conditions, as imaged at 10X (Appendix Figure B.1A) and 20X 

magnification (Appendix Figure B.1B). Therefore, each environmental condition 

accurately exposed the cultured cells to the designated oxygen level, as confirmed 

through increased expression of BioTracker.  

Upon verifying the experimental setup, the 3D co-cultured cardiac tissues were 

formed within the on-chip microfluidic platform. On Day 14, after being exposed to the 



88 
 
 

different oxygen levels for 24 hours, the viability of the cardiac tissues was assessed and 

quantified (Figures 3.2A, C). Among all conditions, the average viability (percent live 

cells over total cells) was around 88-90%, with no significant differences due to oxygen 

level (Figure 3.2C), when tissues are immediately processed after exposure to the 

different oxygen levels. This finding corroborates previous findings in literature that 

reperfusion (i.e. reoxygenation) or a shift in pH is required for hypoxia-activated 

apoptosis (Webster et al., 1999). 

Figure 3.2: Viability and alignment assessment of cardiac tissues after exposure to varying 

oxygen levels 

(A) Viability assay of cardiac tissues after 24 hours of exposure to different oxygen 

levels, with green=live and red=dead. (B) F-actin staining (green) of cardiac tissues 

within the vertical spacing between posts within each condition, with FFT analysis in the 
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lower left corner. Corresponding quantification of (C) cell viability assay and (D) nuclei 

alignment of the cardiac tissues in each condition, extracted from relative 

immunostaining. 

3.4.2 Analysis of cardiac tissue alignment in response to oxygen conditions 

 The structural integrity and anisotropy of the cardiac tissues after exposure to the 

different oxygen levels was analyzed through F-actin imaging and nuclei alignment.  The 

innate microposts within the tissue region of the microfluidic platform (Figure 3.1B) 

induced high levels of anisotropy, which was pertinent to promote maturation of the 

encapsulated stem cell-derived CMs (Veldhuizen et al., 2020). To assess whether 

deprivation of oxygen disrupted the tissue architecture, Fast Fourier Transform (FFT) 

was performed of the F-actin stained images, while analysis of nuclei alignment was 

performed based on DAPI staining (Figures 3.2B, D). Highly aligned areas between the 

vertical spacing of the microposts were analyzed (see Appendix Figure B.2 for tissues 

between horizontal spacing of posts), revealing no significant changes in tissue alignment 

in exposure to hypoxia (Figure 3.2D). To that end, our results demonstrated that the 

extent of hypoxia without presence of reperfusion did not alter the overall alignment of 

heart on-a-chip tissues. 

3.4.3 Fibrotic response of 3D tissues to hypoxia 

Ischemia has been shown to cause myofibroblast differentiation of resident CFs in 

the native myocardium (Porter & Turner, 2009; van den Borne et al., 2010). Cardiac 

myofibroblasts express contractile proteins, such as alpha-smooth muscle actin (αSMA) 

and respond to various mechanical and biochemical stimuli, particularly after ischemic 
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insults in the remodeling heart (Porter & Turner, 2009; Watson et al., 2014).  To assess 

the induction of fibrotic and myofibroblast differentiation of the encapsulated CFs in 

response to ischemia within the microfluidic heart-on-a-chip platform, IF imaging of both 

αSMA expression and F-actin filaments was performed on the cardiac tissues after 

exposure to the various oxygen levels. The corresponding integrated density (area times 

mean gray value) of αSMA and F-actin filaments was measured within 2-3 images per 

device. Analysis of αSMA signal intensity revealed significantly increased expression of 

αSMA within tissues exposed to hypoxia, compared to those in the hyperoxic (i.e., 

standard tissue culture) condition (Figure 3.3A). To further home in on the fibrotic 

response of the innate tissue, the integrated density of αSMA was normalized to the 

integrated density of actin within each image acquisition (Figure 3.3B). When αSMA 

expression was normalized to abundance of F-actin fibers, there was a significantly 

increased fibrotic response within tissues in the hypoxic condition, as compared to both 

the physioxic and hyperoxic conditions (Figure 3.3B). 
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Figure 3.3: Assessment of fibrotic response in 3D tissues exposed to the varying oxygen 

levels 

(A) Immunostaining of cardiac tissue after exposure to the different oxygen levels, with 

F-actin=green and αSMA=red. Quantification of (B) integrated density of αSMA stain 

and (C) integrated density of αSMA stain normalized to the integrated density of F-actin 

fibers. 

To tease the role of the 3D environment on ischemic response in cardiac tissues, 

we investigated the effect of varying oxygen on 2D co-cultured CMs with CF that were 

seeded on coverslips and cultured for the 13-day experimental period. On the 13th day, 

the coverslips were exposed to the different levels of oxygen for 24 hours. The cells were 

fixed, stained for αSMA and F-actin expression (Appendix Figure B.3A), and the 

respective integrated density was quantified. Interestingly, there was no significant 

difference in αSMA expression, nor in ratio of αSMA to F-actin (Appendix Figures 
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B.3B, C). Only the 3D culture of CMs and CFs in collagen: Matrigel hydrogel within the 

microfluidic platform displayed a significant upregulated expression of αSMA due to 

hypoxic condition. This is presumably due to the stiff substrate of Matrigel-coated 

coverslips in the 2D condition (Elson et al., 2019; Li et al., 2020; H. Zhao et al., 2014), 

and the extended culture in this stiff condition for 13 days, that there was a baseline 

expression αSMA on Day 13 already. On Day 14, the relatively high level of expression 

of αSMA in control condition (i.e., hyperoxia) corroborates the elevated αSMA 

expression over the 3D control on Day 14, thereby masking any additional fibrotic effect 

from hypoxic conditions. These findings emphasize the necessity for 3D culture to 

accurately mimic human physiology (Mosqueira et al., 2018; Patino-Guerrero et al., 

2020; Veldhuizen et al., 2019). Additionally, the IF findings demonstrate the utility of 

our heart on-a-chip model for modeling the pathophysiological fibrotic response to 

hypoxia.    

3.4.4 Contractile functionality of 3D tissue in response to varying oxygen levels 

 Myocardial ischemia can result in irregular contractile patterns (Ross, 1991), i.e. 

arrythmias, due to intracellular calcium mishandling and development of tissue fibrosis 

(Francis Stuart et al., 2016). To assess the effect of hypoxic environment on cardiac 

tissues’ contractile response, real time videos of 30 second duration were recorded of 

tissue spontaneous contraction immediately after 24 hours of exposure to the different 

oxygen conditions. The standard deviation of these time intervals was calculated and 

determined as the measure of inter-beat interval variability. Contraction analysis reveals 

no difference between spontaneous beat rates in the various oxygen conditions (Figure 
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3.4B). However, there was a significant increase in inter-beat interval variability between 

physioxia and hypoxia (Figure 3.4C), demonstrating a decrease in synchronicity after 24 

hours of exposure to hypoxic conditions. A similar detrimental effect on contractile 

function from hypoxia exposure was demonstrated in a recent study using cardiac 

organoids for MI modeling (Richards et al., 2020), altogether corresponding to the 

observed clinical manifestation of arrhythmias form myocardial ischemia. 

3.4.5 Transcriptional effect of hypoxia within cardiac tissues 

 To further probe the effect of hypoxia on the molecular level within the 3D 

cardiac tissues formed in the microfluidic chip in response to varying oxygen levels, 

quantitative polymerase chain reaction (qPCR) was performed on an array of genes that 

have been implicated in response to hypoxic conditions, as well as genes involved in 

contractility (Figure 3.4D). Specifically, the differential expression of hypoxia-responsive 

genes, ACTA2, ANGI, BNP, POSTN, TGFB1 (TGFβ1), and VEGFA (Figure 3.4E), and 

contractile-specific genes, ATP2A2 and RYR2 (Figure 3.4F), was assessed. During 

hypoxia, HIF-1α is stabilized and binds to hypoxia-response elements of target genes, 

that lead to upregulation of pathways such as glycolysis (through PDK), angiogenesis 

(through VEGF), and erythropoiesis (EPO) (Abe et al., 2017; Chi & Karliner, 2004). 

Angiogenic pathways are induced in response to ischemia due to an upregulated 

expression of VEGFA, which stimulates the remodeling of blood vessels to lead to 

increased blood flow (Semenza, 2014). Our study demonstrated that gene expression of 

VEGFA was significantly upregulated in the 3D tissues exposed to hypoxia, as a 

physiological response to induce angiogenesis to counteract the cellular perception of 
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reduced tissue perfusion. Additionally, expression of ACTA2, the gene involved in 

fibrotic response that encodes for αSMA protein, was significantly upregulated, in 

comparison of physioxic tissues to hypoxic tissues (Figure 3.4E). This finding confirms 

the induction of fibrotic response within the hypoxic tissues, as similarly demonstrated 

from analysis through αSMA immunofluorescent quantification (Figure 3.3). Therefore, 

exposure of cardiac tissues to hypoxic environments for an extended time triggers the 

biological cascades for both angiogenesis and fibrosis. 

It has also been clinically observed that patients secrete higher amounts of B-type 

natriuretic peptide (BNP) in their blood during myocardial ischemia, therefore it is 

commonly used as a diagnostic marker in the clinic (Bassan et al., 2005; Morita et al., 

1993), and has been found to be upregulated in vitro in human CMs in response to 

hypoxia (Casals et al., 2009). Therefore, we assayed gene expression levels of BNP of 

hypoxia tissues and found an upregulation in the transcription of BNP compared to 

physioxic and hyperoxic levels, however it does not reach significant levels from n=3 

experiments. Similarly, TGFβ1 protein levels have been observed to be upregulated 

during myocardial ischemia, serving as a transcription factor that initiates transcription to 

activate a cascade of events, resulting in fibrosis(G. Liu, Ma, Yang, & Zhang, 2017). 

Therefore, we assayed gene expression levels of TGFB1 and found no significant 

difference in expression at the transcription level of TGFB1, nor POSTN, a direct target 

of TGFβ1 as a transcription factor (Horiuchi et al., 1999; Landry, Cohen, & Dixon, 

2018), between the various oxygen conditions, despite the corresponding IF shows 

induction of a fibrotic response to the hypoxia. To that end, we speculate that the 
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observed upregulation of TGFβ1 protein may not be apparent at the transcriptional level; 

i.e. a mechanism is occurring either post-transcriptionally, or translationally, or post-

translationally, which involves upregulation of TGFβ1 protein and induction of fibrotic 

responses.  

Gene expression of ANGI (angiotensin I) was also upregulated in the hypoxic 

conditions, albeit not to statistical significance from n=3 experiments. Angiotensin I is 

the precursor to Angiotensin II, which is involved in the heart renin-angiotensin system, 

and has been widely implicated in myocardial infarction (Leenen, Skarda, Yuan, & 

White, 1999). The upregulation of ANGI in hypoxic tissues within our model leads to the 

hypothesis that ANGI was a major regulator of fibrosis in these tissues, as demonstrated 

through contractile stress fiber formation. 

Contractile-specific responses are known to be downregulated in ischemia-

reperfusion heart failure (F. S. Ng et al., 2014), therefore we assessed expression of 

ATP2A2 (sarco-endoplasmic reticulum Ca2+ ATPase) and RYR2 (ryanodine receptor), 

genes pertinent in calcium-handling and thus contraction. Both contractile-specific genes 

exhibit a trend of downregulation corresponding with decreasing oxygen levels (Figure 

3.4F), with a significant downregulation of ATP2A2 in hypoxic conditions, compared to 

hyperoxia. These findings, within the 3D cardiac tissue-on-chip model, correspond to the 

clinically observed dysregulation of contractile machinery that occurs in response to 

ischemia. Additionally, these findings reiterate the discovered disruption in contractile 

function demonstrated in hypoxic conditions, quantified through inter-beat interval 

variability, further underlying the adverse role of hypoxia on contractility. 
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Figure 3.4: Resultant functional and gene expression analysis of 3D cardiac tissues after 

exposure to different oxygen levels 

(A) Representative spontaneous beating signals, (B) average spontaneous beating rate, 

and (C) inter-beat interval variability from cardiac tissues exposed to hyperoxic, 

physioxic, and hypoxic conditions. (D) Heatmap of the Log2 of the expression fold 

change (compared to hyperoxia) of hypoxia-responsive and contractile-specific genes. 

Bar graphs of the fold changes of (E) hypoxia-responsive genes and (F) contractile-

specific genes are shown, with * as p-value <0.05. 

 

3.4.6 Global transcriptomic response to hypoxia 

 To analyze the transcriptomic profile of co-cultured 3D cardiac tissue within the 

microfluidic chip in response to hypoxia, whole tissue RNA-seq was performed. As 
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qPCR analysis revealed no significant differences in expression of the assayed panel of 

genes for tissues exposed to hyperoxia compared to physioxia, for RNA-seq analysis, we 

designated the tissues in the physioxia condition as the control and compared the gene 

expression profiles to those of tissues exposed to hypoxia, each in duplicates. Statistical 

analysis between the conditions identified a total of 128 differentially expressed genes 

(DEGs, |log2FC|>1 FDR<0.05), 121 up-regulated and 7 down-regulated, and the Z scores 

of expression levels were plotted in a heatmap with clustered dendrogram (Figure 3.5A), 

demonstrating the consistent trend of gene expression regulation amongst the duplicates 

and between different oxygen conditions. The volcano plot (Figure 3.5B) shows global 

gene expression profile changes in response to hypoxia for 15,821 genes, further 

highlighting that hypoxia resulted in more up-regulated genes (121 genes at thresholds of 

log2FC|1| and FDR < 0.05, respectively) than down-regulated genes (7 genes at 

thresholds of log2FC|1| and FDR < 0.05, respectively) with annotation for top ten genes 

for |log2FC|>1. Pathway enrichment analysis was then performed for log2FC scores for 

15,821 genes on the KEGG (Kyoto Encyclopedia for Genes and Genomes) database to 

assess if DEGs, in DESeq2.Significant genes with FDR<0.05, associated with a pathway, 

as shown in Figure 3.5C, and the significant enriched pathways with FDR< 0.05 were 

further investigated. The most significant pathway with the highest positive normalized 

enrichment score (NES) was glycolysis, demonstrating the switch from oxidative 

phosphorylation to glycolysis during hypoxia. Additionally, other pathways involved in 

metabolism were upregulated in the hypoxia condition, including fructose, starch, and 

galactose metabolism, while oxidative phosphorylation was downregulated, altogether 
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further highlighting the glycolytic flux that occurs in ischemia. One of the second most 

upregulated pathways was HIF1 (hypoxia inducible factor 1) signaling, which is activated 

via hypoxia and implicated in myocardial ischemia (Semenza, 2014). As mentioned, HIF-

1α, the primary transcriptional regulator of HIF1 signaling, is involved in activation of 

angiogenesis, glycolysis, etc. Additionally, a vast amount of studies on the role of 

hypoxia in tumor biology (Begg & Tavassoli, 2020; Koshiji et al., 2005; Seo & Kinsella, 

2009; To, Sedelnikova, Samons, Bonner, & Huang, 2006) has unveiled that HIF-1α also 

transcriptionally downregulates DNA repair pathways, including base excision repair 

(BER), mismatch repair and homologous recombination. The 3D cardiac tissues 

demonstrated a similar trend in the downregulation of many DNA repair pathways, 

including homologous recombination, mismatch repair, and nucleotide excision repair, in 

the hypoxia condition. Consistently, a number of genes responsible for DNA replication 

have been demonstrated in literature to be repressed in hypoxic conditions (Hubbi et al., 

2013; N. Ng, Purshouse, Foskolou, Olcina, & Hammond, 2018; Prabhakar & Semenza, 

2015). Correspondingly, we demonstrated that the RNA-sequencing of physioxic vs. 

hypoxic exposure of the 3D cardiac tissues reveals downregulation of DNA replication in 

tissues exposed to hypoxia. To visualize significant genes that are involved in the top 10 

enriched pathways, we performed term-gene graph analysis (Figures 3.6A,B).  Many 

genes in the MCM (minichromosome maintenance) family are downregulated and are 
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shared in the downregulation of both enriched pathways of DNA replication and cell 

cycle, further highlighting the detrimental effect on cell division from hypoxia. 

Figure 3.5: Transcriptomic analysis of physioxic and hypoxic tissues 

(A) Heatmap of differentially expressed genes (DEGs) between physioxia and hypoxia 

conditions, with FDR < 0.05 of replicates from n=2 experiments. (B) Volcano plot of 

DEGs, where green= up-regulated in hypoxia, grey= not significant, red= up-regulated in 

physioxia, with annotation for top 10 genes with |log2FC|>1. (C) Pathway analysis, 

showing downregulation (red) and upregulation (blue) of pathways with adjusted p-value 

<0.05. 
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Furthermore, the most highly downregulated pathway observed in hypoxic tissues 

compared to physioxic tissues was the proteasome pathway, with a plethora of PSM 

(proteasome) genes implicated (Figures 3.6A,B). Consistently, it has been previously 

demonstrated in mesenchymal stem cells that hypoxia causes dissociation and 

inactivation of 26S proteasome assembly (Abu-El-Rub et al., 2019). Our data suggests 

that a similar biological response is occurring in human cardiac cells in response to 

hypoxia, and due to inactivation of the 26S proteasome, there is a transcriptional 

downregulation of the genes involved in proteasome activity. Therefore, the response of 

the cardiac tissues to hypoxic conditions, on the transcriptomic level, greatly 

corresponded with previous findings on cellular response to hypoxia, as well as with 

clinical observations during myocardial ischemia. 
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Figure 3.6: Visualization of significant genes among enriched terms from transcriptomic 

analysis 

(A) Term-gene graph of top 10 enriched terms from RNA-sequencing of physioxic 

compared to hypoxic tissues, with (B) corresponding heatmap with individual genes 

listed. 

 

3.4.7 Response of cardiac tissues to reperfusion 

 To further the physiological relevancy of this study, we investigated the effect of 

reperfusion on the hypoxia-exposed cardiac tissues. Specifically, after exposure of the 

tissues to the different oxygen conditions, they were either immediately processed (i.e., 
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no reperfusion), the media was changed and devices were incubated for 1 hour (i.e., 1 

hour reperfusion), or media was changed and devices were incubated for 24 hours (i.e., 

24 hour reperfusion). The inter-beat interval variability remained significantly increased 

in the hypoxic tissues after 24 hours of reperfusion, compared to the physioxic tissues 

(Figure 3.7A), consistent with earlier findings of beating variability in tissues 

immediately after being exposed to hypoxia. It has been previously demonstrated that the 

reperfusion that occurs in IRI incurs a majority of the cytotoxicity observed in the heart 

because it results in the production of reactive oxygen species (ROS) which is a major 

cause of apoptosis (Webster et al., 1999). Therefore, we hypothesized that exposure of 

the hypoxic cardiac tissues to either short- or long-term reperfusion would induce a 

cytotoxic effect. To better visualize the tissue viability, we utilized a novel method to 

stain the cells’ nuclei (Ong et al., 2020), instead of traditional methods that stain the 

cytoplasm, to identify dead cells and total cell population. Based on EthD-III and DAPI 

staining of tissues exposed to the different reperfusion conditions, cell viability was 

significantly decreased after both 1 hour and 24 hours of reperfusion in the hypoxia-

exposed tissues, compared to both physioxic and hyperoxic tissues under reperfusion 

(Figures 3.7B-E). Therefore, the environmental effects that are introduced from 

reperfusion and reoxygenation are pertinent in the induction of cytotoxicity, similar to 
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clinical findings of the myocardial landscape after ischemia reperfusion injury (Frank et 

al., 2012). 

Figure 3.7: Cardiac tissue response to acute and extended reperfusion 

(A) Inter-beat interval variability of cardiac tissues after 24 hours of reperfusion. (B-E) 

Viability quantification, based on nuclear staining, with red as Ethidium Homodimer-III 

(EthD-III) and blue as DAPI, of cardiac tissues after (C) no reperfusion, (D) 1 hour of 

reperfusion, and (E) 24 hours of reperfusion. 

 

3.5 Discussion 

Ischemic environments within the heart induce a plethora of cellular responses 

that in turn result in regulation of different pathways instrumental in tissue function and 

metabolism (Crossman, 2004; Katz, 1973; Nag, 1980). Such changes in the biological 

landscape of the heart tissue, specifically the myocardium, can prove detrimental and 

result in tachyarrhythmia, heart failure, and even death (Ghuran & Camm, 2001; Nag, 
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1980). To better understand the mechanisms behind hypoxia governing an ischemic 

injury, multiple studies exist that involve exposure of cardiac cells to hypoxic 

environments, including those in 2D micromodeled environments involving animal-

derived cardiomyocytes (H. Liu et al., 2020; L. Ren et al., 2013) or hPSC-CMs (Oleaga 

et al., 2019), as well as in 3D environments involving hPSC-CMs (Acun, Nguyen, & 

Zorlutuna, 2019; Chen & Vunjak-Novakovic, 2019; Richards et al., 2020). Each study 

presents with particular novelties and advantages, including the incorporation of 

electrodes to study the cardiac electrophysiology real time (H. Liu et al., 2020; Oleaga et 

al., 2019), the utilization of a gradient to mimic in situ dynamics (L. Ren et al., 2013; 

Richards et al., 2020), and an investigation into the role of cardiac maturation or age in 

disease modeling (Acun et al., 2019; Chen & Vunjak-Novakovic, 2019). Here, we 

present the first 3D heart on-a-chip microfluidic model that we know of that incorporates 

a true physioxic condition for the study of myocardial ischemia with hiPSC-CMs, 

presenting with improvements in biological complexity and maturation over 2D models. 

Importantly, our studies also revealed the importance of 3D versus 2D culture, a concept 

that has been extensively observed in literature (Mosqueira et al., 2018; Patino-Guerrero 

et al., 2020; Veldhuizen et al., 2019). We demonstrated that exposure of 2D cultured 

CM:CFs to hypoxia resulted in no effect on αSMA expression, while there was 

significant upregulation of  αSMA in 3D cardiac on-a-chip tissues in response to 

hypoxia. This finding also highlighted the potential of our developed heart on-a-chip 

platform in cardiac disease modeling applications, as the hypoxic tissues responded with 

the expected induction of fibrosis.  
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We also identified contractile irregularities due to exposure to hypoxia, as well as 

the downregulation of genes pertinent in tissue contraction. A recent study investigated 

the effect of hypoxia on human cardiac organoids to model myocardial infarction, 

induced through chronic exposure (i.e., 10 days) to 10% O2 and norepinephrine to model 

the effect of partially blocked arteries for extended time on the myocardium (Richards et 

al., 2020). Through utilization of organoids, a gradient of oxygen was established due to 

diffusion limitations, so that the organoids’ circumference experienced 10% O2 while the 

core was near anoxic. The authors also revealed a significant downregulation of major 

calcium handling genes within the hypoxia-exposed organoids, corroborating our finding 

of contractile dysregulation in cardiac on-a-chip tissue model. 

Further qPCR analysis in our study revealed the upregulation of known hypoxia-

responsive genes, with significant changes in ACTA2 and VEGFA. However, we did not 

reveal a significant change in the gene expression of TGFB1 or POSTN, markers of 

TGFβ1 signaling. We speculate that either differential regulation of TGFβ1 may be 

occurring post-transcriptionally, or other types of cells in the in vivo environment greatly 

contribute to induction of TGFβ1 signaling. Although it has been found that most cells in 

the myocardium secrete TGFβ1, macrophages that infiltrate in response to myocardial 

injury release both TGFβ1 and ANGII in significant quantities (G. Liu et al., 2017; 

Shinde & Frangogiannis, 2014). Therefore, incorporation of macrophages to the platform, 

ideally introduced through media flow to model their infiltration via the bloodstream, will 

be the subject of future studies to better recapitulate the myocardial environment after 

ischemic injury. 
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To further analyze the clinical importance and biomimicry of this model system 

for disease modeling application, we performed molecular-level analyses through RNA-

sequencing to unveil unbiased transcriptomic profiles of physioxic and hypoxic cardiac 

on-a-chip tissue. A myriad of pathways was revealed to be tightly regulated in a similar 

fashion as observed in literature in response to hypoxia and clinically in response to 

myocardial ischemia. Importantly, we investigated transcriptional alterations in the 

comparison of physioxic (5% O2) to hypoxic (1% O2) tissues. Particularly, our results 

demonstrate that the lack of oxygen in 1% O2 conditions led to the downregulation of 

oxidative phosphorylation and thus to upregulation of glycolysis and other anaerobic 

metabolic pathways to fulfill ATP deficits. Additionally, the hypoxic environment 

resulted in the downregulation of many regulatory pathways in the cells, including DNA 

machinery and protein regulation. Therefore, transcriptomic analysis between physioxic 

and hypoxic tissues revealed a pattern in regulation of a multitude of pathways that is 

both parallel to observations in other cell types in literature, and also observed as clinical 

responses to myocardial ischemia. The use of 5% O2 for physioxic conditions is a novelty 

in our study, compared to the previous studies mentioned for in vitro modeling of 

myocardial ischemia. 

Our investigations into tissue integrity revealed no effect on viability nor 

alignment in hypoxic tissues without reperfusion, demonstrating that exposure to hypoxia 

does not induce necrosis or apoptosis to a significant effect. However, once the tissues 

are exposed to media reperfusion and tissue reoxygenation, for both short- and long-term 

durations (1 hour vs 24 hours), the tissues that were exposed to hypoxia exhibited 
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significantly decreased cell viability in comparison to hyperoxic and physioxic tissues, 

similar to previous observations during IRI (Webster et al., 1999).  To attempt to reduce 

the tissue damage from IRI, ischemic pre-conditioning has been a subject of prior studies 

(Yadid et al., 2020). Therefore, our planned studies could further focus on the role of 

ischemia pre-conditioning on development of injury after reperfusion. Importantly, the 

microfluidic nature of the model could be leveraged in its capability for constant media 

flow. To advance the complexity of the model, we plan to incorporate fluid flow in the 

next generation to simulate blood flow through the tissue. Particularly, fluid flow would 

be incorporated throughout the culture of maturation of tissues (i.e., 13 days). During 

ischemia, the flow would be halted to allow for buildup of metabolic waste due to lack of 

washout, then the media flow would be reintroduced to measure reperfusion injury. 

Another advantage of the use of a microfluidic model is in its ability to induce a gradient 

of hypoxia and nutrient diffusion across the channel, to better model the differential 

gradient that is experienced in the various layers of the heart (i.e., epicardium, 

myocardium, and endocardium).  

In summary, we demonstrate the development of a myocardial ischemia model 

using an anisotropic 3D cardiac on-a-chip platform. Additionally, the design of the 

platform derives great potential for future studies to enhance the clinical relevance and 

complexity of the described microfluidic model of myocardial ischemia on-a-chip.  

3.6 Conclusion 

In this work, we developed an experimentally simple model of myocardial 

ischemia through the exposure of 3D co-cultured cardiac tissues within optimized 
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microfluidic devices to varying levels of oxygen for 24 hours. In response to hypoxia, we 

demonstrated the induction of fibrosis through upregulation of αSMA expression within 

the cardiac on-a-chip tissues, which was not apparent in 2D cultured cardiac cells. 

Additionally, we demonstrated the detrimental effect of hypoxia on synchronous 

contraction, particularly in comparison of physioxic to hypoxic tissues, through 

quantification of inter-beat interval variability. However, neither the anisotropic nature of 

the cardiac tissues nor their viability was affected through exposure to hypoxic 

environments, suggesting the clinical role of reperfusion in ischemic injury in the 

induction of cytotoxicity. We further performed transcriptional analysis through qPCR to 

verify the biological response of hypoxic tissues, and additionally investigated the 

transcriptomic profiles through RNA-sequencing of hypoxic and physioxic tissues. 

Particularly, we identified the upregulation of glycolysis and corresponding 

downregulation of oxidative phosphorylation in tissues exposed to 1% O2 compared to 

those exposed to 5% O2. We also identified the downregulation of multiple regulatory 

pathways in response to hypoxia, including those involved in DNA replication, DNA 

repair, and proteasomal activity.  In conclusion, the described ischemic heart on-a-chip 

model serves as a fundamental step for the study of ischemic cardiac tissues that result in 

direct response to hypoxia.  
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CHAPTER 4 

AIM 3: Create an hiPSC line with a KCNH2 mutation, using CRISPR/Cas9 gene-

editing, and model Long QT Syndrome Type 2 on-a-chip within developed 

microfluidic platform 

4.1 Abstract 

Long QT syndrome (LQTS) is a highly prevalent CVD characterized by QT 

interval prolongation that can lead to sudden cardiac death due to heightened 

susceptibility to tachyarrhythmias. A plethora of mutations have been identified in 

KCNH2, the gene that encodes for hERG, which lead to pathological onset of LQTS type 

2. Study into the different mutations in hERG has revealed extensive heterogeneity in 

regards to the mechanism of the mutation, adding to the complexity of the disease. Here, 

in this chapter, we have developed, for the first time, LQTS2 diseased tissue on-a-chip 

model. Specifically, we have primarily demonstrated creation of an hiPSC line with 

R531W mutation in KCNH2, implicated in the onset of LQTS2, using a novel 

CRISPR/Cas9 gene-editing technique termed Big-TREE. We described successful 

differentiation and characterization of isogenic cardiomyocytes (CMs) and cardiac 

fibroblasts (CFs) from WT and KCNH2-edited hiPSCs. A deficiency in hERG trafficking 

was identified in hiPSC-CMs with the KCNH2 mutation, revealing a possible mechanism 

of R531W mutation in LQTS2 pathophysiology. Furthermore, we described for the first 

time creation of a three-dimensional (3D) LQTS2 tissue on-a-chip, using our heart-on-

chip microfluidic technology, 3D hydrogel biomaterials and co-culture of edited isogenic 

hiPSC-CMs and hiPSC-CFs. We have extensively characterized the properties of the 
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mature LQTS2 tissue on-a-chip, through analysis of tissue structure, contractile function, 

calcium handling, and β-agonist response. Further, phenotypic rescue was attempted via 

pharmacological intervention, including multiple pharmaceuticals with differing 

mechanism of action, of LQTS2 on-a-chip tissues.  

4.2 Introduction 

Heart disease remains the leading cause of mortality, despite great efforts in 

cardiovascular research (Heidenreich et al., 2011). Among all heart disease, long QT 

syndrome (LQTS) is one of the most prevalent, affecting 1:2000 of healthy births 

(Schwartz, Ackerman, George, & Wilde, 2013). LQTS is characterized by prolongation 

of the QTc interval, that can lead to tachyarrhythmias, typically triggered by stress, and 

unfortunately lead to sudden cardiac death. Many variants of LQTS exist and are 

classified by the gene implicated for disease onset, with Type 2 (involving mutations in 

KCNH2) encompassing a 25-30% of LQTS cases (Alders, Bikker, & Christiaans, 2003). 

KCNH2 encodes for hERG, the pore-forming subunit of the potassium channel that 

produces the rapid component of the delayed rectifier repolarizing current (IKr). hERG is 

a tetrameric channel, composed of 6 transmembrane segments, S1-S6, and an NH2-

terminal and COOH-terminal in the cytoplasm (Vandenberg et al., 2012) (Figure 4.1A). 

The voltage sensor domain (VSD) of the channel is from S1-S4, with S4 containing six 

positively charged amino acids (AA) and S1-S3 containing negatively charged amino 

acids that act as counter-charges (Shi, Thouta, & Claydon, 2020), while segments S5-S6 

form the pore domain. The S4 region of hERG includes regularly spaced, charged AA 

that function together as the voltage sensor that responds to changes in membrane 
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potential (Witchel & Hancox, 2000). Among these important amino acids within the 

VSD, R531 has been demonstrated as the most critical voltage sensor residue for gating 

of hERG (Piper, Hinz, Tallurri, Sanguinetti, & Tristani-Firouzi, 2005). Many single-base 

mutations in hERG have been documented that lead to LQTS2 (Kapplinger et al., 2009) 

with a majority resulting in missense mutations, and are found in locations spread 

throughout hERG (C. L. Anderson et al., 2014). The complexity of LQTS2 disease is 

further exacerbated by the tetrameric nature of the channel, as heterozygous mutations 

can result in haploinsufficiency, negatively affecting co-assembly of the protein (Gong, 

Anderson, January, & Zhou, 2004). Overall, it has been found that pathological mutations 

in KCNH2 generally lead to a reduction in IKr, however, the mechanism by which the 

mutation affects the hERG channel varies. Four phenotypic classes of mutations exist that 

affect IKr and lead to LQTS2, which include loss of function, gain of function, non-

functional but trafficking-competent, and trafficking-deficient hERG channels (Ficker et 

al., 2000; Thomas, Kiehn, Katus, & Karle, 2003), or alternatively from a combination of 

these mechanisms (Delisle, Anson, Rajamani, & January, 2004; Paulussen et al., 2002). 

Altogether, the varying mechanism of mutation in pathophysiology renders 

pharmacological treatment of LQTS2 extremely complex and highly dependent on a 

particular mutation. Thus, understanding the mechanism of mutation in LQTS2 is 

pertinent in efficient disease treatment. Much of the culminating research in LQTS2 in 

the past has involved studying KCNH2 mutations in heterologous expression systems. 

However, such systems lack the characteristics, both biologically and physiologically, of 

cardiomyocyte (CMs) (Chandra, Starmer, & Grant, 1998; Derangeon, Montnach, Baro, & 



112 
 
 

F., 2012; Friedrichs, Malan, & Sasse, 2013). The advent of deriving human induced 

pluripotent stem cells (hiPSCs) from patient cells has resulted in a major thrust in recent 

in vitro research to elucidate the mechanisms of particular mutations implicated using 

cells from patients with LQTS2 within 2D culture assays (Bellin et al., 2013; Duncan et 

al., 2017; Garg et al., 2018; Itzhaki et al., 2011; Kuusela et al., 2016; Lahti et al., 2012; 

Matsa et al., 2011; Mesquita et al., 2019; Mura et al., 2017; Yoshinaga et al., 2019). 

These approaches have provided significant advances in the understanding of the specific 

mechanisms of how different mutations result in LQTS2 pathology.  

However, an inherit obstacle in the use of patient-specific cells is the innate 

genetic heterogeneities or unknown mutations amongst patients that may obscure 

dissection of the specific role of KCNH2 in onset of LQTS2. The development of 

CRISPR/Cas9 gene-editing strategies renders the ability to robustly induce specific gene 

edits in hiPSCs allowing for the mechanistic study of the direct effect of base-level 

changes on cell function. Type II CRISPR (clustered regularly interspaced short 

palindromic repeats)/Cas (CRISPR-associated protein) is a system discovered in 

prokaryotes, that provides immunity against foreign viruses through incorporation of 

genetic material from these pathogens (Horvath & Barrangou, 2010). There is a wide 

family of Cas enzymes with varying functions, however Cas9 specifically has received 

much attention, due to its ability, guided by complementarity of guide RNA sequences, to 

cut double-stranded DNA at specific places in the genome. Thus, vast amounts of 

research have been performed recently to create precise gene-edits in various cell types 
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and sources, using CRISPR/Cas9, and related modified versions (Cong et al., 2013). The 

Cas9 system relies on the following components: the Cas9 enzyme, non-coding CRISPR 

RNA (crRNA), and a trans-activating crRNA (tracrRNA). The crRNA serves as the 

targeting RNA sequence, which will complementarily bind to the DNA sequence of the 

target gene. The tracrRNA serves as the RNA sequence for loading of Cas9. The Cas9 

enzyme will then bind to the protospacer adjacent motif (PAM) and cut the DNA 3 bp 

upstream. After a double-stranded break (DSB), either non-homologous DNA end joining 

(NHEJ) or homology-directed repair (HDR) can occur. In order to facilitate specific 

gene-edits, the naturally occurring nucleotide repair system, HDR, can be used if a 

sequence that is homologous to the specific site of edit in the DNA is supplied with 

delivery of the Cas9.  

 The Cas9 enzyme has been modified to optimize its capability in gene editing. 

Specifically, the Cas9 nickase (Cas9n) was created through modification of the RuvC1 

domain in the S. pyogenes Cas9 (spCas9) nuclease sequence, creating an amino acid 

substitution from an aspartate to alanine (D10A) (Cong et al., 2013). The Cas9n simply 

“nicks” one strand of DNA; while the nuclease creates DSBs. Cas9n requires binding to 

each strand of the complementary DNA in order to induce a DSB, thus significantly 

reducing chances of off-target mutagenesis (Ran et al., 2013). However, the success of 

the nickase in targeted editing hinges on efficient homology directed repair, which results 

in low editing efficiencies. To overcome this limitation, base editors have been fused to 

Cas9n that serve to introduce the desired base edit, negating the need for HDR 

(Anzalone, Koblan, & Liu, 2020; Eid, Alshareef, & Mahfouz, 2018; Rees & Liu, 2018; 
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B. Yang, Yang, & Chen, 2019; G. Yang & Huang, 2019). However, efficient selection of 

the cells that have incorporated the Cas9 machinery and active base editing is pertinent, 

and made particularly more difficult if the editing efficiency specific for the target site is 

low. Historically, methods involving introduction of antibiotic-resistance and/or 

fluorescent reporter cassettes have been described that are either permanently or 

temporarily introduced into the cell (Ann Ran et al., 2013; C. Ren et al., 2015). A novel 

approach, termed Big-TREE (Brookhouser et al., 2019; Standage-Beier et al., 2019; 

Tekel, Brookhouser, Standage-Beier, Wang, & Brafman, 2021), has recently been 

developed that involves delivery of an episomal reporter with the Cas9 system that serves 

as a marker for cells with active editing. Briefly, the system involves delivery of a BFP 

plasmid along with nickase Cas9D10A fused to a cytidine deaminase. Once inside the cell, 

the editor will change the existing genomic C’s to T’s within the editing window, as well 

as the C’s on the BFP plasmid (as guided by the sg(BFP->GFP) sequence), resulting in 

expression of a GFP plasmid. The BFP to GFP conversion can be used as a marker for 

active editing, rendering this technique particularly useful in sorting for cells to create 

isogenic clones.  

Using CRISPR/Cas9 or other gene-editing/delivery techniques, different 

mutations of KCNH2 have been studied in human stem cells (Bellin et al., 2013; Brandao 

et al., 2020; Mehta et al., 2014; Mesquita et al., 2019; Y. Wang et al., 2014). However, 

many of these studies relied on 2D culture, which limits the ability to elucidate cell-ECM 

and tissue-level interactions, which are pertinent to better understanding of the clinical 

pathophysiology of LQTS2. To address limitations of 2D platforms, organ-on-chip 
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technologies have been developed that enable formation of 3D, biomimetic human tissue 

environments within precisely engineered microfluidic platforms. To that end, we have 

recently described an anisotropic 3D human stem cell-derived heart on-a-chip platform, 

validated with three distinct cardiac cell types namely, rat, human embryonic stem cell 

(hESC)-derived, and hiPSC-derived. Notably, the cardiac tissue was comprised of co-

culture of these cells with interstitial, isogenic cardiac fibroblasts (CFs) within a 3D 

biomimetic hydrogel to better mimic the physiology of the native myocardium. In-depth 

characterization of our heart-on-a-chip platform revealed an enhanced maturation of the 

3D tissue state, through gene expression, cellular-level and tissue-level structure, calcium 

handling, and drug responsiveness studies (Veldhuizen et al., 2020). Our demonstrated 

heart on-a-chip platform has great promise in the modelling of cardiac-specific diseases, 

due to its physiologically relevant structure and function.  

Despite the significant advances of previous research, LQTS remains widely 

prevalent, with the mechanism of many mutations left unknown, and thus therapeutic 

strategies are not well targeted. Of identified mutations in LQTS2, to our knowledge, 

there does not yet exist a study that involves the use of gene-edited human stem cells to 

investigate the mutation in the important R531 residue and corresponding 

pathophysiology. Furthermore, there lacks a complex, 3D in vitro biomimetic model of 

myocardial tissue that incorporates KCNH2R531W edited stem cell-derived cardiac cells to 

truly mimic LQTS2 in a native-like 3D tissue environment.  

In this chapter, we describe the development, for the first time, of a 3D human 

cardiac on-chip tissue microfluidic model of LQTS2. Particularly, our approach involves: 
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1) creation of isogenic human induced pluripotent stem cell lines with R531W mutation 

in KCNH2 induced via Big-TREE gene-editing; 2) differentiation and subsequent 

extensive characterization of CMs and CFs from the gene-edited hiPSCs; and 3) 

modeling LQTS2 heart tissue in our 3D on-chip microfluidic device, recently validated 

for the creation of mature cardiac tissue, with KCNH2-edited iPSC-CMs and iPSC-CFs 

for the mechanistic studies of the role of R531W in LQTS2 pathology. 

To study the emanation of pathological characteristics that resemble LQTS2 from 

introduction of a mutation in KCNH2 into hiPSC-CMs and hiPSC-CFs, phenotypes of 

resultant cardiac tissues within a 3D model were analyzed. Specifically, to study the role 

of KCNH2 in emanation of these phenotypes, the contractile properties of the engineered 

cardiac tissue composed of KCNH2-mutated hiPSC-CMs, both in the presence and 

absence of “stress”, in the form of catecholamines, were observed. The resultant beating 

frequency and inter-beat interval variability were recorded to assess arrhythmogenicity. 

Similarly, calcium transients were measured, to assess the different calcium handling 

characteristics of tissues with R531W in KCNH2 and the mechanism of the mutation in 

arrhythmogenicity in response to catecholamines.  

4.3 Materials and Methods 

4.3.1 Plasmid Construction 

The sgRNAs were synthesized as oligonucleotides and 5’ phosphates were added 

by incubating 1 μg oligo nucleotide in 1X T4 DNA Ligase Buffer (New England Biolabs) 

and 10 units of T4 Polynucleotide Kinase (New England Biolabs), incubating at 37°C 

overnight. The oligonucleotides were duplexed via heating the reactions to 90°C within 
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aluminum blocks for 5 minutes, then the blocks and the reaction were allowed to 

gradually reach room temperature. Then, the sgRNA backbone was digested, using BbsI-

HF in cutsmart buffer at 37°C for 1.5 hr, then purified with PCR cleanup kit (Qiagen), 

creating a 40 ng/μL solution of purified, digested sgRNA vector.  The vector was then 

dephosphorylated, using 1 unit of rSAP in cutsmart buffer, at 37°C overnight, then 

purifying with PCR cleanup kit (Qiagen), creating a purified, dephosphorylated plasmid 

DNA solution at 20-40 ng/μL. This prepared plasmid sgRNA vector was ligated with the 

oligonucleotide duplex, using T4 DNA ligase, through incubation at room temperature 

for an hour. Alongside, a no insert ligation and vector only controls were created. 

The ligated plasmid sgRNA vector was then transformed via mixing 5 μL of the 

mixture with 50 μL of competent cells on ice. After 30 minutes incubation on ice, the 

mixture was heatshocked at 42°C for 30 seconds, then transferred back to ice for 5 

minutes. LB media, without antibiotic, was added and the samples were grown in a 37°C 

incubator, shaking at 220 RPM, for 1 hour. The outgrowth solution was plated on LB 

agar/ampicillin plates overnight at 37°C. Multiple colonies were picked the following 

morning and grown in 4 mL of LB with ampicillin in the shaking incubator overnight. 

The plasmid DNA was extracted using a Miniprep kit, then sequenced, via Sanger 

Sequencing at Genewiz, to ensure intact U6 promoters, sgRNA sequence, etc. After 

sequence confirmation, the plasmid DNA was retransformed in the competent cells via 

incubation of 200 μL of the starter culture in 200 mL of LB with ampicillin overnight. 

The plasmid DNA was then extracted using a Maxiprep kit, then concentrated using 
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alcohol precipitation with sodium acetate and an ultracentrifuge at 18,000 RPM for 33 

minutes at 4°C. The sequence was once again verified through Sanger Sequencing. 

4.3.2 HEK transfection 

HEK293 cells were seeded in 24-well plates at 185K cells per well. The next day, 

the cells were transfected via addition of 500 ng total of DNA per well (300 ng of Cas9 

plasmid, 100 ng of sgRNA plasmid, and 100 ng of BFP plasmid), 1 μL of P3000, 0.75 μL 

Lipofectamine 3000 and 50 μL of Opti-MEM. After 24 hours, the media was changed. 

Transfected HEK293 cells were imaged for BFP and GFP expression and subjected to 

flow cytometry 48 hours post transfection.  

4.3.3 hiPSC Transfection 

hiPSCs (IMR90-4; WiCell (Yu et al., 2007))  were maintained in mTeSR and 

passaged with 0.5 mM EDTA at least three times after thawing before transfection. To 

prepare cells for transfection, the hiPSCs were seeded in Matrigel-coated 12-well plates 

and maintained in mTeSR1 until 70-80% confluent. The transfection mastermix (MM) 

consisted of 100 μL OptiMEM, 4 μL LipoStem, 300 ng of BFP plasmid, 300 ng of guide 

plasmid, and 900 ng of base editor plasmid per well. After media change, the MM was 

added dropwise to each well. The media was changed the next day, and the hiPSCs were 

subjected to flow cytometry 48 hours post transfection.  

4.3.4 Fluorescence-activated cell sorting (FACS) 

Approximately 48 hours post transfection, HEK cells or hiPSCs were bulk sorted 

via BD FACSAria Ilu-Cell Sorter, with help from the ASU Genomics Core, into double 
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negative (DN), unsorted (US), BFP+, and BFP+/GFP+ populations. Specifically, 1000 

cells were sorted directly into prepared Phire MM, consisting of 25 μL of Phire, 5 μL of 

F+R primers at 10 μM, and 15 μL of NF H2O. Immediately after sorting, PCR was 

performed using the on-target primers listed in Supplemental Table 1, and products were 

then verified on 1% agarose gels. The products were subject to column purification using 

the QIAquick PCR purification kit (Qiagen) before sending to Genewiz for sequencing to 

determine editing efficiencies. 

4.3.5 hiPSC base editing and clonal isolation 

To determine editing efficiency, the cells sorted into PHIRE MM (n of 4 each for 

DN, BFP+, BFP+/GFP+, and US) were subject to PCR using primers flanking the edit on 

KCNH2 (Supplemental Table 1), then sequenced via Genewiz. The editing efficiencies 

were determined using MoriarityLab-EditR program. Single-cell sorting was also 

performed on BD FACSAria Ilu-Cell Sorter to create hiPSC clones. Specifically, 

BFP+/GFP+ cells were sorted as single cells into 96-well plates into a solution of CloneR 

(Stem Cell Technologies) and mTeSR1. The media was changed the next day with 

mTeSR1, then the media was changed every other day until visible colonies were 

observed. Viable colonies, once ~50% confluent, were passaged with accutase into one 

well of a 24-well plate. The cells were further expanded until culture within a 6-well 

plate, then the clones were subject to genotyping analysis. 
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4.3.6 Sequence analysis at on- and off- targets 

To perform genotyping, gDNA was extracted from frozen cell pellets using the 

DNeasy Blood & Tissue Kit (Qiagen). PCR was performed on the gDNA using 

Phusion® High Fidelity DNA polymerase (New England Biolabs) for both on-target and 

off-target loci. PCR products were column purified using the QIAquick PCR purification 

kit (Qiagen), then sent for sequencing to Genewiz. To determine possible off-target loci, 

CCTop was used with input parameters set for S. pyogenes Cas9 against human genome 

reference sequence hg38 (Stemmer, Thumberger, del Sol Keyer, Wittbrodt, & Mateo, 

2015), and the top 4 loci were sequenced. Similar to described above, EditR was used to 

quantify on- and off-target editing.   

4.3.7 Karyotype analysis 

To analyze the karyotype of the cell lines, cytogenetic analysis was performed 

(via Cell Line Genetics) using standard protocols for G-banding on 20 metaphase cells. 

4.3.8 Trilineage differentiation of edited hiPSCs 

Trilineage differentiation was performed on hiPSCs as embryoid bodies (EBs) to 

ensure maintenance of pluripotency through editing process. To form the EBs, hiPSCs 

were seeded at 1.5-2M cells per well of 6-well low adhesion plate and placed on orbital 

shaker at 100 RPM within 37C incubator. The hiPSCs were grown for 2 days on the 

orbital shaker, with changing mTeSR1 media each day. On Day 2, media was changed to 

differentiation media (DMEM/F12, 20% FBS, 1% pen/strep) and the cells were 

maintained on the orbital shaker for 4 more days. On Day 6, the EBs were plated on 
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Matrigel-coated wells, and grown for 20 more days, with media changes using the 

differentiation media every 1-2 days. The plated EBs were fixed on D26 and subject to IF 

for trilineage markers to assess pluripotency potential. 

4.3.9 CM differentiation of hiPSCs 

hiPSCs were differentiated into CMs using our previously described method 

(Veldhuizen et al., 2020). Briefly, hiPSCs were grown in mTeSR1 until 75-85% 

confluent, then CM differentiation was initiated via Wnt inhibition with 7-10 μM 

CHIR99021 in RPMI + B27 – insulin. Wnt activation was initiated on Day 3, with 

supplementation of 5 μM IWP2 in RPMI + B27 – insulin. Cardiac maturation was 

supported from Day 7-13 with RPMI + B27 + insulin. On Days 13 and 16, the wells were 

washed with PBS 1X and the cardiomyocytes were purified with RPMI no glucose + B27 

+ insulin, supplemented with 4 mM sodium lactate. After recovery on Day 19 with RPMI 

+ B27 + insulin, the purified CMs were replated on Matrigel-coated plates to remove 

dead cells and debris. The CMs were used for all characterizations from Day 25 onward. 

4.3.10 CF differentiation of hiPSCs 

hiPSCs were differentiated into CFs based on a recently developed protocol from 

Zhang et al (J. Zhang et al., 2019). Briefly, hiPSCs were cultured in mTeSR until 75-85% 

confluence, then differentiation was initiated via Wnt inhibition with 7-10 μM 

CHIR99021 in RPMI + B27 – insulin. On Day 1 of differentiation, media was changed to 

RPMI + B27 – insulin. On Day 2 of differentiation, media was changed to CFBM 

(cardiac fibroblast basal medium), supplemented with 75 ng/μL of bFGF. CFBM was 
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exchanged every other day until Day 20, when the hiPSC-CFs were passaged, considered 

as passage 0, with 0.05% Trypsin-EDTA. From P0 onward, the hiPSC-CFs were cultured 

in FGM3, routinely passaged with 0.05% Trypsin-EDTA, and cryopreserved in 70% 

FGM3, 20% FBS, and 10% DMSO. hiPSC-CFs were analyzed via qPCR to verify lack of 

expression of pluripotent markers and cardiomyocyte markers, and upregulation of 

fibroblast-specific markers. hiPSC-CFs were also stained for vimentin and TE7.  

4.3.11 3D cardiac tissue formation within the microfluidic heart-on-a-chip platform  

The heart on-a-chip microfluidic devices were fabricated as previously described 

(Veldhuizen et al., 2020; Veldhuizen & Nikkhah, 2021). Isogenic co-cultured cardiac 

tissues were formed at a 4:1 ratio of hiPSC-CMs:hiPSC-CFs, and encapsulated within a 

collagen (2mg/mL):20% Matrigel hydrogel, as previously described (Veldhuizen et al., 

2020; Veldhuizen & Nikkhah, 2021). The tissues were cultured within the microfluidic 

devices for a total duration of 14 days. 

4.3.12 Pharmaceutical treatment and assessment of WT and LQTS tissues on-a-chip 

After formation of mature cardiac tissues within the microfluidic chip, the 

functionality of both WT and LQTS2 tissues was studied. Further, pharmacological 

rescue was attempted with ALLN, thapsigargin, and nicorandil and the resultant 

contractile function and calcium handling of the tissues was assessed. Specifically, 

ALLN (10 μM) was added on Day 12 and incubated for 42 hours. Thapsigargin (1 μM) 

was added on Day 13 and incubated for 24 hours. Nicorandil (1 μM) was added on Day 

14 and incubated for 30 minutes. Tissue contraction was recorded before and after 
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pharmaceutical treatment. Calcium transients were performed on Day 14 for all 

conditions, following previously defined protocol (Veldhuizen et al., 2020). Tissues were 

dosed with 0.2 μg/mL epinephrine in RPMI + B27 + insulin for 5 minutes at 37°C, then 

resultant contraction and calcium transients were recorded. 

4.3.13 Microscopy 

Phase contrast and immunofluorescence images were acquired using Zeiss Axio 

Observer Z1 equipped with Apotome2 (Zeiss) and ZenPro software. Time-lapse imaging 

of 15 seconds was recorded at 10X objective at 37°C on Day 14 to analyze contractile 

characteristics of heart on-a-chip tissues after pharmacological treatment. To calculate 

inter-beat interval variability of spontaneous contraction, we utilized our previously 

described method (Veldhuizen et al., 2020). Briefly, a custom written Matlab® code was 

used to extract contraction peaks and the time between peaks was calculated. The 

standard deviation of the duration between peaks was deemed the measure of inter-beat 

interval variability. 

4.3.14 Immunofluorescent (IF) staining 

 For IF, all samples were first washed with PBS1X, then fixed with 4% PFA for 

15-20 minutes at 37°C, then washed 3x with PBS-glycine. The subsequent protocol was 

dependent based on the target proteins. 

For IF involving hERG, the samples were washed with PBS 1X 2x for 10 minute 

each, then permeabilized with 0.1% triton X-100 for 10 minutes at RT. The samples were 

incubated with 0.75M glycine in PBS for 10 minutes at RT, then washed with PBS1X. 
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The samples were then blocked in 10% goat serum for 30 minutes at 37°C. Following, 

primaries (mouse anti-sarcomeric α-actinin (SigmaAldrich), rabbit anti-connexin 43 

(Abcam), mouse anti-TNNT2 (ThermoScientific), mouse anti-TE7 (SigmaAldrich), and 

rabbit anti-hERG (Abcam)) were diluted at 1:200 in 10% goat serum and added to the 

samples for 30 minutes at 37°C. Samples were washed 3x with PBS1X for 10 minutes 

each, then incubated with 1:1000 anti-mouse AlexaFluor488 and anti-rabbit 

AlexaFluor594 (in 1:1000 DAPI) for 30 minutes at 37°C. The samples were washed 3x 

with PBS1X before imaging. 

For IF involving trilineage differentiation markers of EBs, the samples were 

washed 2X with PBS for 10 minutes each, then permeabilized for 30 minutes with IF 

buffer at 4°C. Following the samples were blocked for 1 hour with 10% goat serum at 

RT. Primary antibodies (mouse anti-αSMA (Santa Cruz, 1:50), rabbit anti-AFP 

(ThermoScientific,1:50), mouse anti-TUJ1 (Fitzgerald, 1:1000)) were diluted in 10% goat 

serum and incubated at 4°C overnight. The next morning, samples were washed 3 for 10 

minutes each with PBS1X. Secondaries (1:500) were diluted in 1:1000 DAPI, and added 

to the samples for 1 hour at RT. The samples were washed 3-5x for 10 min each w/PBS 

1X before imaging. 

For IF with the following antibodies: rabbit anti-Sox2 (Cell Signaling, 1:100), 

mouse anti-Nanog (Abcam, 1:200), rabbit anti-Vimentin (Cell-Signaling 1:200), and 

mouse anti-TE7 (SigmaAldrich, 1:100), samples were first washed with PBS-Tween20 

for 10 minutes. Then, samples were permeabilized with IF buffer for 30 minutes at RT. 

Samples were blocked with 10% goat serum for 1 hour, then primaries were diluted in 
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10% goat serum and incubated with the samples for 1 hour at 37°C. The samples were 

washed 3x with PBS-Tween20 for 20 minutes each, then secondaries were added at 1:500 

dilution in 1:1000 DAPI and incubated with samples for 45 minutes at 37°C. Following, 

samples were washed 3-5x with PBS-Tween20 for 10 minutes each, then imaged. 

4.3.15 Quantitative real-time reverse transcription-PCR (qRT-PCR) 

To perform gene expression, total RNA was extracted from cell samples with 

Total RNA Microprep kit (Zymo). RNA quality and concentration were assessed with 

Epoch Microplate Spectrophotometer. cDNA was synthesized from total RNA using 

iScript Reverse Transcriptase Supermix (BioRad) and iTaq Universal SYBR Green 

Supermix (BioRad) was used to perform qPCR on synthesized cDNA, with 18S as the 

housekeeping gene. Primers were validated via melt curve analysis and PCR product size 

verification. For qPCR, 8 μM dilution of forward and reverse primers was used for 10 μL 

reactions within 96-well plates, with 0.1 μL per of cDNA. The qPCR plates were 

analyzed with qTower, supplied by Dr. Barbara Smith. 

4.3.16 Western Blot 

To assess localization of hERG channels within CMs, the cells were lysed within 

their culture vessel, and the proteins were collected. Specifically, the culture plates were 

placed on ice, and the media was removed. The cells were washed with ice-cold PBS 1X, 

then 0.2 mL of ice-cold RIPA Lysis Buffer was added to each well of a 6-well plate. The 

cells were scrapped and collected into a chilled microcentrifuge tube. The solution was 

constantly agitated for 30 minutes at 4°C, then centrifuged at 12,000 RPM for 20 minutes 
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at 4°C. The supernatant was transferred to a new chilled microcentrifuge tube, then the 

protein concentration was measured with Epoch Microplate Spectrophotometer.  

4.3.17 Statistical Analysis 

All statistical analysis was performed using GraphPad Prism 6 and/or R Studio. 

Students t-test was used for Western Blot data, and two-way ANOVA was used for 

analysis of DCt values of gene expression data, as well as in the analysis of contractile 

signals and tissue alignment. 

4.4 Results 

4.4.1 Design of sgRNAs 

To introduce a C->T edit at base 1591 to cause R531W in KCNH2 using Big-

TREE gene editing technique, the sgRNA sequence was to be designed to place the target 

edit 12-18 bp upstream of a protospacer adjacent motif (PAM) that facilitates binding of 

spCas9, 5’-NGG-3’, where N is any nucleotide. Therefore, we were limited to two 

different sgRNA sequences at this target that we could clone into the vector for base 

editing, with one 13 bp and the other 18 bp upstream from a suitable PAM sequence. 

Based on previously recorded editing efficiencies in relation to PAM location 

(Brookhouser et al., 2019), we moved forward with the sgRNA with PAM 13 bp 

downstream of the edit (Figure 4.1B). Within the editing window, there are two C’s that 

may be affected: 1) the target C 13 bp upstream, and 2) bystander C 16 bp upstream. 

Editing at the target C would result in a change of amino acid from arginine to tryptophan 

(i.e., R531W), while an edit at the bystander C would be a silent mutation, as the amino 

acid would remain leucine.  
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4.4.2 Proof of principle editing R531W in KCNH2 of HEK293 

Once the guideRNAs were designed, we added bases to these oligonucleotides 

(Figure 4.1B) to create 5’overhangs that are compatible with BbsI digestion, as well as to 

allow binding of the DNA polymerase III. These sgRNA oligonucleotides were duplexed, 

then cloned into the sg(BFP->GFP) vector that contains two U6 promoters. After 

verification of sgRNA incorporation, the plasmid was transformed through E. coli and 

isolated. The plasmid (Addgene #138270) that was used to introduce the gene edit 

included sequences for spCas9n (Cas9(D10A)), the cytidine base editor AncBE4Max, 

and inhibitors of uracil DNA glycosylases (UGI) to prevent base excision repair that 

would change the edited U back to a C. This Cas9 plasmid, along with the sgRNA and 

BFP plasmids, were transfected into HEK293 cells to assess editing efficiency at the 

target site. 48 hours after transfection, flow cytometry was performed to analyze BFP+ 

and BFP+/GFP+ cells (with 11.9% of cells as BFP+/GFP+). Of the sorted BFP+/GFP+ 

cells, 6.25+/-2.06% incorporated the target C->T edit, and 72.5+/-2.38 incorporated the 

C->T edit at the bystander C. These reported editing efficiencies were higher than those 

in BFP+, DN, and US cells (Appendix Table E.1), highlighting the efficacy of using GFP 

expression as the reporter of transfection. 
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Figure 4.1: (A) Schematic of hERG channel structure. Overview of the design of (B) 

sgRNAs, (C) hiPSC transfection, and (D) hiPSC differentiation into cardiomyocytes and 

cardiac fibroblasts and subsequent characterization in 2D and 3D. 

 

4.4.3 Generation and characterization of LQTS2 hiPSC line with R531W in KCNH2 

As the gene-editing system we implemented proved capable of introducing the 

desired edit HEK293 cells, we moved forward to creating an edited hiPSC line. 

Particularly, hiPSCs were transfected through electroporation and delivery of the BFP 

plasmid, plasmid with the Cas9n sequence, and plasmid with the sgRNA sequences. We 

performed two rounds of hiPSCs transfection to ensure sufficient production of hiPSC 

clones. With both transfected hiPSC populations, FACS was performed, including bulk 

sorting to determine editing efficiencies, as well as single cell sorting of BFP+/GFP+ cells 
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into 96-well plates to create multiple different hiPSC clones. The clones were grown for 

1-2 weeks, then passaged into 48-well plates and routinely expanded until culture in 6-

well plates. The clones were cryopreserved and the gDNA analyzed at the target site to 

assess frequency of editing. The editing efficiency of BFP+/GFP+ hiPSCs was 4.5+/-

2.08% for the target C->T edit, and 66.25+/-4.86% for the bystander C. The first round of 

transfection revealed 1 out of 12 viable clones that had the target heterozygous edit 

(deemed Clone 4), while 2 out of 17 viable clones had the edit in the second round 

(deemed Clones 2 and 9, Appendix Figure D.1A). Interestingly, overall, 22 out of 29 

clones had a homozygous edit, and 7 out of 29 clones had a heterozygous edit, of C->T at 

the bystander C within the editing window, revealing the editing efficiency of Big-TREE 

as 100% for at least one allele at this site. The difference in editing efficiency at the target 

site compared to the bystander site corresponds with the finding in literature that base 

editing efficiency varies greatly depending on location of edit, due to a variety of 

confounding factors, including surrounding sequence and target base accessibility 

(Anzalone et al., 2020). 

Detailed analysis was performed on the generated lines to assess maintenance of 

hiPSC characteristics and phenotype. All three generated clonal lines were subjected to 

pluripotency analysis, through IF and qPCR (Appendix Figure D.1B,C), revealing 

upregulation of pluripotency markers and thus hiPSC phenotype. Additionally, it was 

observed that all three clones had a lack of expression for CM as well as fibroblast 

expression (Appendix Figure D.1D,E). Lastly, the three clones were all differentiated into 

CMs to ensure cardiac differential potential even with KCNH2R531W. Immunostaining for 
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sarcomeric α-actinin (SAA) (Appendix Figure D.2A) and gene expression analysis of 

cardiac genes (Appendix Figure D.2B) revealed successful CM differentiation of all 

generated hiPSC clones. 

Of the edited KCNH2R531W hiPSC clones, Clone 4 was selected as the line to be 

used for all further experiments. We subjected this clone, hereon referred as “edited 

hiPSCs”, to further analysis through karyotyping, trilineage differentiation potential, and 

potential off-target analyses. The edited hiPSCs had high expression of pluripotency 

markers (Figure 4.2B), a normal euploid karyotype (Figure 4.2C), and spontaneously 

differentiated into the three layers (Figure 4.2E). As CRISPR/Cas9 editing techniques 

have the possibility to affect locations other than the target in the genome, we sought to 

assess potential off-target effects in our edited hiPSCs. Using CCTop, the top 4 possible 

offtarget loci were sequenced, including: Site 1: DSCR3, Site 2: KIAA1324, Site 3: 

TFR2, and Site 4: POU3F3. Primers were designed to target the particular locations on 

the gene where the predicted off target editing would occur (Supplemental Table 1), and 

no offtarget edits were found (Figure 4.2D). 
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Figure 4.2: Creation and validation of hiPSCs line with R531W mutation in KCNH2 

(A) Trace files of the target site in WT (left panel) and Edited (right panel) hiPSCs, 

showing a heterozygous edit that results in R531W. (B) Immunostaining of pluripotency 

markers, where SOX2=red and NANOG=green, (C) karyotype analysis, (D) potential 

off-target loci sequencing, and (E) trilineage potential of the edited hiPSC colony.  

 

4.4.4 Characterization of isogenic stem cell-derived cardiac cells with KCNH2R531W 

mutation 

To investigate the pathophysiology of LQTS2 within a precisely controlled 

environment, we incorporated CRISPR/Cas9 gene editing techniques to introduce a point 

mutation in hiPSCs in KCNH2. To serve as control, we used the hiPSCs without the 

introduced mutation and deemed them as WT hiPSCs. After extensive analysis and 

confirmation of editing, both sets of hiPSCs were then differentiated into CMs and CFs 

(Figure 4.3).  Both sets of CMs, and CFs were subject to characterization, via IF and 
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qPCR, to assess the phenotype and regulation of gene expression. CMs from both WT 

and KCNH2R531W hiPSCs exhibit expression of striated sarcomeres and localized CX43 

(Figure 4.3A), lack expression of pluripotency markers (Figure 4.3B) and demonstrate 

similar upregulation of an array of CM-specific genes (Figure 4.3C), with the only 

significant difference observed in MLC2A. As all CM-specific genes assayed had great 

upregulation, we suggest the difference in expression observed in MLC2A may be due to 

variabilities inherit in CM differentiation. Regardless, the edited hiPSCs demonstrated 

successful CM differentiation. 

Additionally, CFs were differentiated from both WT and edited hiPSCs and their 

phenotypes were assessed. IF of the fibroblast markers, TE7 and vimentin (Figure 4.3D), 

lack of pluripotency markers (Figure 4.3E), and upregulation of ECM markers (Figure 

4.3F) revealed successful CF differentiation of both types of hiPSCs. Importantly, we 

utilized commercially available hCFs (Lonza) as the positive control, and found no 

significant differences in gene expression of ECM markers of CFs differentiated from 

either WT or edited hiPSCs. 
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Figure 4.3: Characterization of isogenic cardiac cells differentiated from WT and Edited 

hiPSCs 

(A-C) Characterization of CM differentiation of WT and edited hiPSCs, including (A) 

immunostaining for sarcomeric α-actinin (SAA), (B) lack of pluripotency marker 

expression, and (C) expression of CM-specific genes. (D-F) Characterization of CF 

differentiation of WT and edited hiPSCs, including (D) immunostaining for TE7 (green) 

and vimentin (red), (E) lack of pluripotency marker expression, and (F) expression of 

fibroblast-specific genes.  

 

4.4.5 R531W and trafficking of hERG in stem cell-derived CMs 

  To study the effect of R531W mutation on hERG trafficking in stem cell-derived 

CMs, we performed Western Blotting for hERG1a on both WT and edited hiPSC-CMs. 

In normal hERG channel synthesis, the immature protein undergoes core glycosylation in 

the ER, resulting in a weight of 135 kDa. The immature protein is then transported to the 

Golgi apparatus and complex glycosylation occurs. The mature hERG channel, with a 
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final weight of hERG is 155 kDa, is then inserted into the plasma membrane (Thomas et 

al., 2003). When performing WB for hERG channels using an anti-hERG antibody, two 

bands occur at weights 135 kDa and 155 kDa, revealing levels of immature and mature 

protein, respectively. Therefore, WB has been used to identify protein trafficking defects, 

as evidenced by increased expression of 135kDa compared to 155 kDa hERG, that occur 

as a result of a mutation in KCNH2 (C.L. Anderson et al., 2006; Delisle et al., 2003; 

Delisle et al., 2004; Gong et al., 2004; Mehta et al., 2014; Mesquita et al., 2019; Mura et 

al., 2017; Paulussen et al., 2002; Thomas et al., 2003).  

  In our data, we noted significantly increased expression ratio of 135kDa: 155 kDa 

hERG in the edited CMs compared to WT CMs (Figure 4.4A,B), suggesting the mutation 

has a role in protein trafficking. This finding was validated by the staining of TNNT2 and 

hERG of WT and edited CMs (Figure 4.4C-E), as more hERG is identified in WT CMs 

outside of the nucleus, while there is apparently higher expression of hERG in the 

nucleus of edited CMs. 
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Figure 4.4: Trafficking of hERG in CMs differentiated from hiPSCs with R531W 

mutation in KCNH2. (A) Western blot for hERG1a and (B) densitometry analysis of 135 

kDa to 155 kDa bands of WT and edited hiPSC-CMs. (C-D) Immunostaining of TNNT2 

(green) and hERG (red) in WT and edited hiPSC-CMs, at (C) 20X, and (D) 40X. (E) 

Figures from (D) without TNNT2 staining to demonstrate localization of hERG in respect 

to nuclei of WT and edited hiPSC-CMs. * denotes p-value <0.05. 

 

4.4.6 Development of LQTS2 tissues within 3D microfluidic chip 

To model LQTS2 on-a-chip, we utilized our validated microfluidic heart on-a-

chip as a platform, demonstrated to create anisotropic, 3D, mature co-cultured cardiac 

tissues (Veldhuizen et al., 2020). Specifically, hiPSC-CMs and hiPSC-CFs from WT and 

LQTS2, to form healthy cardiac tissue and LQTS2 on-a-chip, respectively, were 

encapsulated within a collagen-based hydrogel and injected into the microfluidic chip. 

The tissues were cultured within the devices for a total of 14 days. Baseline 
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characteristics of both WT and LQTS2-derived tissues were analyzed, via assessment of 

spontaneous beating parameters, calcium transients and stimulation with β-agonist 

(epinephrine). Analysis of alignment and cardiac markers of the tissues revealed similar 

tissue formation within the devices (Figure 4.5A,B). Specifically, both WT and LQTS2 

tissues were aligned around the microposts within the chips, with elongated cells 

presenting with straited sarcomeres and abundant CX43 staining. 

Figure 4.5: Development of Long QT Syndrome Type 2 on-a-chip. (A) Immunostaining 

of WT (top) and LQTS2 (bottom) tissues formed in microfluidic chip after 14 days. Left 

panel shows F-actin (green) and DAPI (blue) and right panel shows SAA (green), CX43 

(red), and DAPI (blue). (B) Alignment analysis of nuclei within tissues at Day 14. (C-F) 

Representative calcium transients of 5 different ROIs in one video of WT tissue before 

(C) and after (E) epinephrine, and LQTS2 tissue before (D) and after (F) epinephrine. (G-

H) Analysis of calcium transients from n=4 experiments, showing (G) iivRONavg and 

(H) iivRONstd. * denotes p-value <0.05 and ** denotes p-value <0.01. 
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4.4.8 Probing the rescue of LQTS2 tissues on-a-chip with pharmaceuticals 

To further probe the mechanism of R531W mutation in KCNH2 in mature hiPSC-

derived cardiac tissues, we tested various pharmaceuticals, with different mechanisms of 

action, on the potential rescue of LQTS2 phenotype within the LQTS2 tissues on-a-chip. 

Specifically, in trafficking-deficient hERG channels (such as A561V (Kagan, Yu, 

Fishman, & McDonald, 2000; Mehta et al., 2014) and IVS9-28A/G (Mura et al., 2017)), 

ALLN, a proteasome inhibitor, has been found to aid in the rescue hERG trafficking due 

to mutation in hiPSC-CMs. If rescue with ALLN is demonstrated, then there is evidence 

that these particular mutations result in increased activity of proteasomes that act to 

degrade misfolded proteins, supporting the conclusion that the mutation disrupts protein 

trafficking to the plasma membrane. Another pharmaceutical, thapsigargin, has been used 

to probe the role of KCNH2 mutations in hERG trafficking (Delisle et al., 2003). 

Thapsigargin is a sarcoplasmic/ER Ca2+-ATPase (SERCA) inhibitor, which alters levels 

of Ca2+ in both the cytoplasm and the ER. Changes in Ca2+ levels then affect activity 

levels of calcium-dependent molecular chaperones in the ER, which in turn may affect 

protein folding. Therefore, KCNH2 mutations (i.e., F805C (Delisle et al., 2003)) that 

prove responsive to thapsigargin are suggested to alter hERG trafficking through protein 

misfolding.  

 Mutations in KCNH2 can also act in mechanisms of action different than through 

hERG channel trafficking, such as through production of dysfunctional hERG channels in 

the membrane or alteration of gating properties. Therefore, we additionally tested 

nicorandil, a IKATP opener, that has been previously demonstrated to normalize prolonged 
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repolarization in LQTS2 hiPSC-CMs (Duncan et al., 2017). Specifically, nicorandil both 

activates potassium channels to enhance K+ efflux and inhibits voltage-gated Ca2+ 

channels (Kukovetz, Holzmann, & Poch, 1992). It is suggested that if the phenotype of 

LQTS2 CMs is rescued with nicorandil, then the mechanism of action of the particular 

mutation is not specific to trafficking, therefore the mutation may instead act through 

altering hERG channel functionality.  

 Based on analysis of calcium transients (representative traces of WT tissues 

before and after epinephrine, and LQTS2 tissues before and after epinephrine can be seen 

in Figure 4.6A-D), important variables were extracted to assess tissues’ response to 

pharmacological treatment and stimulation with β-agonist. To begin, the average 

interbeat interval variability (iiv) was determined from the 5 different ROIs within each 

acquired video, this variable is deemed iivRONavg and serves as a measure of overall 

tissue beating variability. Based on iivRONavg, treatment with ALLN causes a 

significantly increased variability in spontaneous beating in the ALLN-treated LQTS2 

tissue when compared to control LQTS2 tissues (Figure 4.6E). After treatment with 

epinephrine, the LQTS2 tissues treated with thapsigargin have a significantly increased 

variability (iivRONavg) compared to the control LQTS2 tissues. Further, the LQTS2 

tissues treated with thapsigargin and dosed with epinephrine have a significantly 

increased variability (iivRONavg) than the WT tissues treated with thapsigargin and 

dosed with epinephrine. The standard deviation of the interbeat interval variability of the 

5 different ROIs per video is deemed as iivRONstd, which serves as a measure of 

differences/variability in the synchronicity within each ROI. Based on iivRONstd, 
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epinephrine causes a more arrhythmic tissue in the LQTS2 tissues, compared to the WT 

tissues in the control condition (Figure 4.6F). However, once any one of the 

pharmaceuticals are added, there is no significant difference, albeit p-values are near 

significant, in synchronicity (iivRONstd) between the LQTS2 and WT tissues after 

epinephrine dosing. This finding reveals that the treatments do serve to increase the 

synchronicity in the LQTS2 tissues compared to control conditions, however the LQTS2 

tissues still trend with a higher variability than WT tissues in the conditions. 

Interestingly, the LQTS2 tissues after treatment, before epinephrine, have a significantly 

increased asynchronicity (iivRONstd) in their spontaneous beating compared to WT 

when treated with ALLN for 42 hours. Additionally, the LQTS2 tissues after exposure to 

ALLN have a significantly higher asynchronicity (iivRONstd) in their spontaneous 

beating patterns compared to both control and nicorandil-treated LQTS2 tissues. These 

findings altogether suggest that a combinatorial treatment of the pharmaceuticals may 

serve to correct the LQTS2 tissues, therefore future experiments will investigate treating 

tissues simultaneously with multiple drugs.  
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Figure 4.6: Pharmaceutical testing of Long QT Syndrome Type 2 on-a-chip. (A-D) 

Representative calcium transients of 5 different ROIs in one video of WT tissue before 

(A) and after (B) epinephrine, and LQTS2 tissue before (C) and after (D) epinephrine. (E-

F) Analysis of calcium transients from n=4 experiments, showing (E) iivRONavg and (F) 

iivRONstd. * denotes p-value <0.05 and ** denotes p-value <0.01. 

 

4.5 Discussion 

Long QT syndrome type 2 is a highly complex, and occasionally lethal, cardiac 

disease (Alders et al., 2003; Wallace et al., 2019). As such, much research has been 

completed on the implicated mutations in KCNH2, which encodes hERG, that result in 

LQTS2 to shed light on the best course of treatment for the disease (C. L. Anderson et al., 

2014). Pathological mutations have been identified throughout the hERG protein, with 

differing mechanisms as to how the presence of the mutation leads to a decrease in IKr 

(Delisle et al., 2004; Ficker et al., 2000; Thomas et al., 2003). Thorough understanding of 
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both the identity and particular mechanism of an individual’s mutation is essential for 

effective pharmacological treatment in LQTS2.  To add to current understandings of 

LQTS2, we herein demonstrated study of the missense mutation R531W in KCNH2, 

introduced into hiPSCs, and how it leads to LQTS2 pathophysiology. 

In this section of dissertation, we designed a gene-editing system, using Big-

TREE, to introduce the mutation c.C1591T both in HEK293 cells, as validation, and in 

hiPSCs. Extensive characterization of the generated clones of edited hiPSCs revealed 

maintenance of hiPSC pluripotency, phenotype, and differentiation potential, as well as a 

lack of off-target gene-editing effects. With the validated, edited hiPSCs, we presented 

successful differentiation of isogenic cardiac cells (both CMs and CFs), and further 

characterized the role of R531W mutation in these cardiac cells.  

Mutations in KCNH2 can lead to loss of function, gain of function, non-

functional, or trafficking-deficient hERG channels. In recent works, a significant amount 

of KCNH2 mutations have been found to affect trafficking of hERG to the plasma 

membrane, leading to sequestering of functional and non-functional channels in the ER 

(C.L. Anderson et al., 2006; Delisle et al., 2003; Gong et al., 2004; Mehta et al., 2014; 

Mesquita et al., 2019; Mura et al., 2017; Paulussen et al., 2002; Thomas et al., 2003). 

However, most of these studies have been completed in 2D and/or in heterologous 

systems. In this work, we present the novel study of R531W mutation In KCNH2 in CMs 

differentiated from hiPSCs, both in 2D and 3D. We found R531W mutation in KCNH2 in 

hiPSC-CMs led to significantly more immature hERG (135 kDa) in a ratio to mature 

hERG (155 kDa) than WT hiPSC-CMs, suggesting that the mutation causes sequestration 
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of the immature hERG channels in the ER. A previous study focused on heterologous 

expression of hERG in HEK293 cells found that R531W did not appear to affect the 

trafficking (McBride et al., 2013). However, findings regarding LQTS2 mutations have 

been found to differ when expressed in hiPSC-CMs over studies previously done in 

heterologous systems, due to the hindering lack of accurate recapitulation of CM biology 

that heterologous systems offer (Paulussen et al., 2002). For example, Paulussen et. al. 

discovered T65P in KCNH2 not only affects channel activation, as previously found in 

heterologous systems, however it additionally plays a significant role in trafficking of 

hERG channels (Paulussen et al., 2002). Additional studies into heterologous systems 

have demonstrated the important role of the arginine residue at position 531 in normal 

gating of Kv11.1 (McBride et al., 2013; Piper et al., 2005; Piper, Rupp, Sachse, 

Sanguinetti, & Tristani-Firouzi, 2007; Subbiah et al., 2004; M. Zhang et al., 2005; M. 

Zhang, Liu, & Tseng, 2004), as introducing mutations at R531 induced the greatest 

perturbation in channel opening than other mutations in the S4 domain. Our findings 

suggest the role of R531 is crucial in hERG function, both in channel gating and 

trafficking to the plasma membrane. 

In summary, we demonstrated the development of isogenic 3D cardiac tissues 

with R531W mutation in KCNH2 within our established microfluidic device. The 

resultant anisotropic tissues have great potential in the study of LQTS2 on-a-chip.  

4.6 Conclusion 

In conclusion, this manuscript details the creation and study of LQTS2 on-a-chip. 

Particularly, we described creation of an hiPSC line with R531W mutation in KCNH2 
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with Big-TREE editing technique. Additionally, we thoroughly validated the hiPSC line 

to confirm maintenance of hiPSC characteristics, including pluripotency and trilineage 

differentiation potential, as well as the lack of off-target editing. Further, we 

differentiated the edited hiPSC line into both cardiomyocytes and cardiac fibroblasts and 

validated the phenotypes through gene expression and immunofluorescence of the 

differentiated cells. Additionally, we investigated the effect of the base mutation on 

hERG channel function and localization. hERG localization was analyzed through 

immunofluorescent staining for hERG and Western blotting for hERG protein 

expression. The function of the hERG channel was analyzed through patch clamp 

techniques to measure IKr. Further, the edited hiPSC-CMs and CFs were encapsulated in 

a 3D collagen-based hydrogel and incorporated in our novel microfluidic platform to 

create both healthy and LQTS2 heart on-a-chip tissues. The functionality of the 3D 

tissues was assessed, and potential rescue of the diseased phenotype was analyzed 

through administration of pharmaceuticals with differing mechanisms of action, to further 

probe the biological significance of R531W in KCNH2 in LQTS2 onset. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 This final chapter details achievements that have been made under each of the 

above specific aims and provides discussion and insights into directions for future 

research. 

5.1 Significance and Contributions 

5.1.1 Specific Aim 1 

In this Aim, we described the development of a microfluidic platform for 

anisotropic cardiac tissue formation, notably with both rat-derived and human stem cell-

derived CMs. We described the optimal conditions to form 3D tissue with co-cultured 

cardiac cells within the microfluidic device, which slightly vary between the rat-derived 

and human-derived cardiac cells. Specifically, it was determined that optimal culture 

conditions for rat-derived cardiac cells were 4:1 CM:CF ratio, fibrin:collagen hydrogel, 

30x106 cells/mL cell density, and 2-week culture period within the device. The human 

stem cell-derived CMs had optimal culture conditions at 4:1 CM:CF ratio, collagen (2 

mg/mL) hydrogel supplemented with 20% Matrigel, 35 x106 cells/mL cell density, and 2-

week culture period. Once these culture conditions were optimized, we sought to 

determine the optimal design of the heart on-a-chip microfluidic device, particularly in 

regards to the architecture of the innate microposts, to induce anisotropic cardiac tissue 

formation. Specifically, we tested different shapes of microposts, including hexagonal 

and elliptical, as well as horizontal and vertical spacing between microposts, resulting in 

4 different designs. It was observed that elliptical microposts and the larger vertical post 
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spacing (200 µm) induced the thickest, aligned tissues, therefore we determined Design 1 

to be the optimal, final design for the microfluidic devices. 

Next, we sought to investigate the specific effect of the innate microposts within 

the microfluidic device on tissue formation, characteristics, and function. To do so, we 

created microfluidic devices that lack the microposts to serve as 3D isotropic controls, 

and we formed identical tissues within the devices with and without posts, as well as 

seeded cells in 24-well plates to serve as 2D controls. Overall, culture within a 3D 

environment (i.e., no post and post devices) results in enhanced expression in maturation 

genes as compared to 2D controls. Additionally, it was revealed that the innate 

microposts serve as mesoscopic surface topography and induce high degrees of 

alignment. Further, the devices with microposts induced increased beating synchronicity, 

highly striated sarcomeric structure, calcium transients, and responsiveness to β-agonists, 

as compared to devices without posts.  

5.1.2 Specific Aim 2 

This Aim described the use of the microfluidic device developed in Specific Aim 

1 as the platform to form anisotropic 3D cardiac tissue to model ischemic disease. 

Specifically, this Aim focused on creating a model of myocardial infarction using the 

mature, human stem cell-derived cardiac tissue formed in the microfluidic device. Our 

particular hypothesis was that, through exposure of cardiac tissues in the device to 

extended hypoxia, the cardiac tissues would respond in a global manner to the ischemic 

insult similar to what has been demonstrated after myocardial ischemia or infarction. We 

also sought to investigate the use of physioxic conditions (i.e., 5% O2), in addition to the 
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standard hyperoxic conditions (i.e., 21% O2) that are normally used for in vitro 

experiments. After 24 hours of exposure to 1% O2, we subjected the cardiac tissues to 

extensive analyses, revealing fibrotic response, contractile dysregulation, and 

transcriptomic regulation, similar to the biological events that occur in myocardial 

ischemia. In specifics, we found an upregulation of αSMA expression in hypoxic tissues, 

compared to both physioxic and hyperoxic tissues. Interestingly, we noted increased 

contractile dysregulation in hypoxic conditions compared to physioxic tissues. We further 

analyzed the transcriptional regulation of physioxic and hypoxic tissues, revealing 

upregulation of glycolytic pathways and downregulation of oxidative phosphorylation in 

tissues exposed to hypoxia. Additionally, we briefly investigated the effect of reperfusion 

on cell viability, with significantly increased amounts of cell death in tissues exposed to 

both 1 hour and 24 hours of reperfusion. 

5.1.3 Specific Aim 3 

In this Aim, we focused on the creation and study of LQTS2 on-a-chip with gene-

edited hiPSCs. To accomplish this, we utilized CRISPR/Cas9 gene-editing to introduce a 

missense mutation in KCNH2 that resulted in an amino acid change from arginine to 

tryptophan at codon 531 (R531W). We first demonstrated successful transfection and 

editing with this system on HEK293 cells, then we moved on to creating an edited hiPSC 

line. Specifically, we successfully transfected hiPSCs, sorted single cells and grew 

clones, assessed editing at target site and selected those clones with the incorporated edit. 

The edited hiPSC clones were thoroughly analyzed to ensure maintenance of hiPSC 

pluripotency, phenotype, and lack of off-target edits. The edited hiPSCs were then 
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successfully differentiated into both CMs and CFs. The characteristics of the 

differentiated cardiac cells were assessed to 1) validate the phenotypes of the 

differentiated cell type and 2) analyze the effect of R531W mutation in KCNH2. Then, 

the isogenic cardiac cells were combined within a 3D collagen:Matrigel hydrogel and 

incorporated in the demonstrated heart on-a-chip platform, developed in Specific Aim 1, 

to create LQTS2 on-a-chip tissues. The functionality of the tissues was assessed, in 

comparison to healthy cardiac tissue comprised of WT hiPSC-CMs and hiPSC-CFs. 

Additionally, we investigated pharmacological treatment in the rescue of disease 

phenotype within the heart on-a-chip platform. 

5.1.4 Contributions 

 We present herein the collection of works based on this research that were 

published in peer-reviewed journals and conference presentations. 

 Journal Articles: 

1. Veldhuizen, J., Chavan, R., Moghadas, B., Park, J., Kodibagkar, V., 

Migrino, R.Q., Nikkhah, M., "Cardiac Ischemia on-a-Chip to Investigate 

Cellular and Molecular Response of Myocardial Tissue Under 

Hypoxia", Biomaterials, (Pending Revisions) 

2. Veldhuizen, J. & Nikkhah, M., “Method to Develop 3D Organized Human 

Cardiac Tissue Within a Microfluidic Platform”, Journal of Visual 

Experiments (JoVE), 127, (2021) 
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3. Veldhuizen, J., Cutts, J., Brafman, D.A., Migrino, R.Q., Nikkhah, M., 

“Engineering anisotropic human stem cell-derived three-dimensional 

cardiac tissue on-a-chip”, Biomaterials, 256, (2020)  

4. Veldhuizen, J., Migrino, R.Q. & Nikkhah, M. “Three-dimensional 

microengineered models of human cardiac diseases”, Journal of Biological 

Engineering, 13, 29, (2019) 

5. Patino-Guerrero, A., Veldhuizen, J., Zhu, W., Migrino, R.Q., Nikkhah, M., 

“Three-dimensional scaffold-free microtissues engineered for cardiac 

repair”, J. Mater. Chem. B, 8, (2020) 

6. Saini, H., Eliato, K.R., Veldhuizen, J., Zare, A., Alaam, M., Silva, C., 

Truong, D., Mouneimne, G., LaBaer, J., Ros, R., Nikkhah, M., “The Role 

of Tumor-Stroma Interactions on Desmoplasia and Tumorigenicity within a 

Microengineered 3D Platform”, Biomaterials, 247, (2020)  

7. Karamanova, N., Truran, S. Serrano, G.E., Beach, T.G., Madine, J., 

Weissig, V., Davies, H.A., Veldhuizen, J., Nikkhah, M., Hansen, M., 

Zhang, W., D’Souza, K., Franco, D.A., Migrino, R.Q., “Endothelial 

immune activation by medin: potential role in cerebrovascular disease and 

reversal by monosialoganglioside-containing nanoliposomes”, Journal of 

American Heart Association (JAHA), 9, (2020) 

Conference Presentations: 

1. Veldhuizen, J., Cutts, J., Camacho, Z., Soldevila, M., Brafman, D., 

Migrino, R.Q., Nikkhah, M., “Modeling Stem Cell-Derived Human 
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Myocardium in a Microengineered Tissue Platform”, BMES Annual 

Meeting, Philadelphia, PA (Oct. 2019), Platform Presentation.   

2. Veldhuizen, J., Cutts, J., Camacho, Z., Brafman, D., Migrino, R.Q., 

Nikkhah, M., “Microengineering of a Three-Dimensional Heart on-Chip 

Tissue Model", BMES Annual Meeting, Atlanta, GA (Oct. 2018), Platform 

Presentation 

Conference Posters: 

1. Veldhuizen, J., Chavan, R., Moghadas, B., Park, J., Kodibagkar, V., 

Migrino, R.Q., Nikkhah, M., "Development of Three-Dimensional Stem 

Cell-Derived Cardiac Ischemia on-a-Chip", ABRC-Flinn Conference, 

Virtual (Feb. 2021), Poster Presentation. 

2. Veldhuizen, J., Truran, S., Karamanova, N., Davies, H., Madine, J., 

Migrino, R.Q., Nikkhah, M., “Studying Neuroinflammation Using A Novel 

Microfluidic Vascular Brain-On-A-Chip”, BMES Annual Meeting, Virtual 

(Oct. 2020), Poster Presentation. 

5.2 Project Challenges 

Throughout the duration of the research supporting this dissertation, we encountered a 

good share of challenges that were addressed to the best of our ability. For instance, the 

challenges faced in Aim 1 arose mostly in performing successful CM differentiation of 

the human stem cells. This project was the first in the lab to necessitate stem cell culture, 

which in itself required optimization and dynamic modifications depending on cell 



150 
 
 

morphology. Further, once we mastered stem cell culture, we attempted CM 

differentiation using a few different protocols defined in the literature. Through 

collaborations and extensive research, we were finally able to repeatedly differentiate 

CMs from different types of stem cells with great success. In regards to microfluidic 

device design, we encountered challenges in identifying the optimal device topology. 

Multiple design iterations of the innate microposts were studied to determine the optimal 

layout for anisotropic cardiac tissue formation, resulting in final micropost geometry of 

elliptical shape with 500 µm in length, 100 µm in width, and 200 µm of vertical post 

spacing. Similarly, a variety of hydrogel compositions and co-culture ratios were studied 

using rat-derived cardiac cells to identify the optimal variables for 3D healthy cardiac 

tissue formation. Once we identified the ideal design and experimental ratios, we 

transitioned to incorporation of human stem cell-derived CMs, where we had to again re-

optimize the hydrogel composition and cell density.  

Another challenge in this dissertation was encountered during completion of Aim 2. 

Specifically, we faced technical difficulties in regards to implementing hypoxic 

environments to model myocardial ischemia within the heart on-a-chip. This challenge 

was met once we secured collaboration, enabling the use of an incubator with the 

necessary gas sensors and inputs to establish the desired hypoxic environment. Likewise, 

we also faced the technical difficulty in maintaining the hypoxic environment of the 

tissue samples before and during sample preparation, as desired to prevent 

reperfusion/reoxygenation of tissues. To the best of our ability, we maintained the tissues 



151 
 
 

within the hypoxic environment during enzymatic digestion and fixing to collect the cells 

and stain the tissues, respectively.  

Lastly, we encountered difficulties in the successful introduction of the particular 

gene-edit (c.C1591T in KCNH2) in hiPSCs (Aim 3). Big-TREE, the system that was used 

in collaboration with Dr. Brafman’s lab, is highly optimized, generally reporting over 

90% editing efficiency (Brookhouser et al., 2019). However, as extensively defined in 

literature (Anzalone et al., 2020), base editing efficiency is highly dependent on the type 

of base editor, accessibility of target site, and sequence of surrounding bases. We found 

that the location of the target base (c.C1591T) proved rather difficult to edit with 

BigTREE, rendering only 10.3% of sorted clones having a heterozygous edit, and no 

clones having a homozygous edit. However, we addressed this challenge by increasing 

the number of wells we sorted into, thereby increasing the chances of having more 

clones, to offset the low percentage of editing efficiency. By doing so, we generated a 

total of 29 viable clones, with 3 out of the 29 with the desired edit. We expanded and 

partially characterized all 3 clones to ensure normal characteristics, and to have a backup 

clone in case one revealed abnormal karyotype or off-target edits. Luckily, the first clone 

we analyzed further had a normal karyotype and no off-target effects, so we were able to 

use this clone for all sequential experiments. 

5.3 Future Directions 

5.3.1 Optimization of myocardial tissue-on-chip model 

 The microfluidic model presented in Chapter 2 could be further improved in 

future works for enhanced functional measurements particularly for those of great 
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importance to cardiac tissue studies, such as contractile force measurements. To address 

the need for real-time measurement of force in disease modeling and pharmaceutical 

testing applications, an innate method to measure contractile force is of great importance. 

Future works could investigate the use of innate, free-standing micropillar arrays, capable 

of force measurement, similar to the approach described in (Schaaf et al., 2011), within 

the microfluidic device to allow for real-time force monitoring. Additionally, methods to 

enhance the platform’s ability to model the adult myocardium, such as induction of a 

pronounced myosin isoform switch from β to α, could be implemented. For example, 

sustained electrical conditioning has been demonstrated to enhance the electrophysiology 

and transcriptional signature of hPSC-derived CMs. However, a rather complicated setup 

is necessary to incorporate sustained external stimulation, and our model is advantageous 

in its low cost and ease of creation. Similarly, an enlarged version of the platform could 

be constructed to allow for a large cell population to select for CMs for downstream 

analyses, however such a platform would negate the many advantages of a microfluidic 

platform, i.e., high throughput, minimal cell/reagent necessary, and reduced variation 

with input differentiation populations. To further take advantage of the microfluidic 

nature of the described platform, a future work could involve implantation of continuous 

fluid flow through the media channels to enable enhanced nutrient supply and dynamic 

culture conditions, which have recently been demonstrated to enhance cardiac tissue 

function (Jackman et al., 2016).  

5.3.2 Investigation into reperfusion after ischemic injury 
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To attempt to reduce the tissue damage that occurs during ischemia reperfusion 

injury, ischemic pre-conditioning has been a subject of prior studies (Yadid et al., 2020). 

The myocardial ischemic model within an anisotropic 3D cardiac on-a-chip platform that 

we described in Chapter 3 could be used to implement studies into the role of ischemic 

pre-conditioning. Therefore, future works could further focus on the role of ischemia pre-

conditioning on development of injury after reperfusion. Importantly, the microfluidic 

nature of the model could be leveraged in its capability for constant media flow. In 

another regard, to advance the physiological relevancy of the model, we could 

incorporate fluid flow in the next generation to simulate blood flow through the tissue 

during cardiac tissue culture. Particularly during ischemia, the flow could be halted to 

allow for buildup of metabolic waste due to lack of washout, then the media flow could 

be reintroduced to measure reperfusion injury. Similarly, incorporation of fluid flow 

could be used to model introduction of immune cells to the diseased site via blood flow. 

Another advantage of the use of a microfluidic model is in its ability to induce a gradient 

of hypoxia and nutrient diffusion across the channel, to better model the differential 

gradient that is experienced in the various layers of the heart (i.e., epicardium, 

myocardium, and endocardium).  

5.3.3 Further studies into rescue of LQTS2 stem cells and on-a-chip tissues 

Future studies will involve more extensive investigation into the pharmacological 

rescue of LQTS2 on-a-chip tissues, particularly through combinatorial pharmaceutical 

treatment and possibly through dosage testing. We are also completing patch-clamp 

studies to measure the IKr current in both WT and edited hiPSC-CMs to validate the 
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disease phenotype through electrophysiological assessment. Additionally, there is a 

commercially available hiPSC line, derived from patient skin fibroblasts, that harbors the 

mutation R531W within KCNH2, however they have proven quite difficult to obtain due 

to regulatory issues and international sourcing. Therefore, if we are successful in the 

attainment of these cells, future directions could include investigating the pathological 

phenotypes of the patient-specific tissues and comparing to the gene-edited tissues. 

Additionally, we could utilize gene-editing technology to rescue the patient cells, through 

correcting the base mutation (c.1591) from T->C, then investigate the functionality of the 

formed tissues. In this method, we could explore if there are confounding factors that lead 

to the onset of LQTS2, or if correction of the base mutation rescues the disease 

phenotype. 
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Figure A.1: Pluripotency characterization of human stem cells. Immunostaining of Sox2 

(green) and Nanog (red) and DAPI (blue) of human embryonic stem cells (A) and human 

induced pluripotent stem cells (B). 
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Figure A.2: Characterization of human cardiac fibroblasts (hCFs). (A-B) Representative IF 

staining of hCFs, showing minimal positive α-smooth muscle actin staining (green) and 

positive connexin43 expression (A), and abundant vimentin expression (B). 
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Figure A.3: Additional characterization of hPSC-derived CMs. (A) Expression of cTnT in 

hESC-derived CM population, with cTnT-GFP expression in left panel, phase contrast in 

middle panel, and combined in right panel. (B) Expression of cTnT (green), vimentin (red), 

and DAPI (blue) of fixed hiPSC-derived CM populations. 
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Figure A.4: Simulation of 10kDa dextran diffusion from media to tissue channels. 

Concentration gradient established over time with (A) stagnant conditions, and (B) under 

continuous flow. 
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Figure A.5: Additional immunostaining of rat-derived cardiac tissues with the different 

device designs. (A) Cytoskeletal staining (F-actin=green, DAPI=blue) and (B) cardiac-

specific marker staining (sarcomeric α-actinin=green, connexin 43=red, DAPI=blue) of 

rat-derived cardiac tissues within various microfluidic chip designs. 
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Figure A.6: Alignment comparison of tissues with varying cell compositions of human 

CM:CF. Cytoskeletal staining shown of (A) 1:0 CM:CF, (B) 8:1 CM:CF, and (C) 4:1 

CM:CF tissues formed after 14 days within device with posts, and quantification of cell 

alignment in (D). Statistics performed through ANOVA of n=2-4 experiments of hiPSC-

derived tissues, with p-values: *<0.05, **<0.01. 
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Figure A.7: Alignment comparison of extended culture. Cytoskeletal staining of hiPSC-

derived tissues formed within (A) devices without posts and (B) devices with posts, with 

Day 14 in the left panel and Day 21 on the right panel, and corresponding quantification of 

cell alignment in (C). Statistics performed through ANOVA of n=3-4 experiments of 

hiPSC-derived tissues, with p-values: *<0.05, **<0.01, ***<0.001. 
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Figure A.8: Additional human cardiac tissue characterization within devices with posts. 

(A) Tissues formed between the vertical spacing of posts, and (B) tissues formed between 

the horizontal spacing of posts. (sarcomeric α-actinin=green, connexin 43=red, 

DAPI=blue)  
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Figure A.9: Analysis of cardiac tissue composition within stem cell-derived cardiac tissue 

in age-matched monolayer and devices. (A) Table of calculated CM:CF ratios based on 

sarcomeric α-actinin and vimentin staining at Day 14. (B-D) Corresponding 

immunostaining images for CM:CF quantification, with SAA (green) and vimentin (red): 

(B) 3D tissue in devices with posts at 20X, (C) 3D tissue in devices without posts at 20X, 

and (D) age-matched monolayer at 10X. 
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APPENDIX B 

SUPPLEMENTARY FIGURES FOR CHAPTER 3 
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Figure B.1: Validation of oxygen levels in the experimental setup. 2D co-cultures of 

CM:CF were incubated with BioTracker 520 Green Dye then exposed to the different 

oxygen conditions, for a total duration of 4 hours, then imaged for Biotracker dye intensity, 

with (A) 10X and (B) 20X magnification. 
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Figure B.2: Additional F-actin staining of 3D cardiac tissues. Immunostaining of F-actin 

fibers (green) of cardiac tissues within horizontal spacing between posts. 
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Figure B.3: Assessment of fibrotic response in 2D tissues exposed to the varying oxygen 

levels. 

(A) Immunostaining of cardiac tissue after exposure to the different oxygen levels, with F-

actin=green and αSMA=red. Quantification of (B) integrated density of αSMA stain and 

(C) integrated density of αSMA stain normalized to the integrated density of F-actin fibers. 
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APPENDIX C 

SUPPLEMENTARY FIGURES FOR CHAPTER 4 
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Figure C.1: Characterization of hiPSC clones with R531W edit in KCNH2 

(A) Trace files of the target site in Colony 2 and Colony 9, showing a heterozygous edit 

in c.C1591T. (B) Immunostaining of pluripotency markers, where SOX2=red and 

NANOG=green, for all edited colonies and WT hiPSCs. Gene expression analysis of (C) 

pluripotency, (D) cardiomyocyte, and (E) fibroblast markers of edited colonies, 

normalized to the respective positive control. 
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Figure C.2 Cardiomyocyte differentiation potential of hiPSC clones with R531W edit in 

KCNH2 

(A) Immunostaining of sarcomeric α-actinin and (B) gene expression analysis of an array 

of cardiac markers of cardiomyocytes differentiated from edited colonies and WT 

hiPSCs. 
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APPENDIX D 

LIST OF SUPPLEMENTARY VIDEOS 
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Supplementary videos are readable using media players in Windows operating system.  

Chapter 2: 

Movie A.1: Rat-derived cardiac tissue after 14 days in device of Design 1. 

Movie A.2: Rat-derived cardiac tissue after 14 days in device of Design 2. 

Movie A.3: Rat-derived cardiac tissue after 14 days in device of Design 3.  

Movie A.4: Rat-derived cardiac tissue after 14 days in device of Design 4.  

Movie A.5: Human stem cell-derived cardiac tissue after 14 days in device of Design 1.  

Movie A.6: Human stem cell-derived cardiac tissue after 14 days in no post device.  

Movie A.7: Human stem cell-derived cardiac tissue after 14 days within expanded tissue 

region. 

Movie A.8: Spontaneous calcium transients of human stem cell-derived cardiac tissues 

within devices without posts 

Movie A.9: Spontaneous calcium transients of human stem cell-derived cardiac tissues 

within devices with posts 

Chapter 3: 

Movie B.1: Human stem cell-derived cardiac tissue after 24 hours of exposure to 

hyperoxia conditions. 

Movie B.2: Human stem cell-derived cardiac tissue after 24 hours of exposure to 

physioxia conditions. 

Movie B.3: Human stem cell-derived cardiac tissue after 24 hours of exposure to hypoxia 

conditions. 
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APPENDIX E 

LIST OF SUPPLEMENTARY TABLES 
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Table E.1 Editing efficiencies of C->T conversion of KCNH2 at bystander and target 

bases 

HEK293 Transfection  
 Bystander C Target C 
US 32.5+/-0.71 0.5+/-0.71 
DN 18.5+/-2.12 2.5+/-0.71 
BFP+ 41 +/-7.07 5.5+/-2.12 
BFP+/GFP+ 72.5+/-2.38 6.15+/-2.06 
   
hiPSC Transfection  
 Bystander C Target C 
US 11.5+/-6.24 1+/-0.82 
DN 14.25+/-4.86 2+/-0 
BFP+ 50.25+/-14.17 2.5+/-0.58 
BFP+/GFP+ 66.25+/-4.86 4.5+/-2.08 
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APPENDIX F 

COPYRIGHT PERMISSIONS 
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