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ABSTRACT OF THE THESIS 
 

Morphological and Contractile Changes in Cardiomyocytes in Response to a Nearby Injury 
 

By 
 

Tuyetnhi Ngoc Le 
 

Master of Science in Biomedical Engineering 
 

 University of California, Irvine, 2018 
 

Assistant Professor Anna Grosberg, Chair 
 

The heart is a four-chambered organ that is responsible for pumping blood throughout the body. 

The organ is characterized by highly organized cardiac tissues coupled with intricate electrical and 

mechanical function to allow for efficient pumping function. Once injured, this organization is lost 

and maladaptive structural remodeling resulted in sarcomere disorganization and declined 

contractile function. To counteract this maladaptive remodeling, it is imperative to elucidate the 

behavior of cardiac muscle in order to predict its response to injury. In this thesis, the 

morphological and contractile changes in cardiomyocytes were studied using the scratch assay and 

the newly developed “physical injury on a cardiac chip” platform. From the morphology study, it 

was concluded that there was an effect on the cytoskeletal structures of cardiomyocytes exposed 

to the induced injury. Interestingly, this effect was local to the critical zone (0 – 250 µm) 

immediately next to the wound border and there was no propagating effect to the farther 

surrounding cardiac cells. This conclusion was supported in the contractility study findings where 

cardiac cells outside of the critical zone displayed contractile stresses and cytoskeletal organization 

similar to those found in normal cardiac tissues unexposed to any kind of injury. Thus, a better in 

vitro cardiac injury model is needed to explore the morphological and functional changes in 

cardiomyocytes that further mimic the response in myocardial infarction and ischemic injuries. 
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INTRODUCTION 

Cardiovascular disease remains the leading cause of mortality and a significant burden on 

society [1]. Myocardial infarction (MI), or heart attack, is one of the most common types of 

cardiovascular disease. Following an infarction, significant loss of cardiomyocytes and 

nonmyocytic stromal cells by apoptosis and oncosis creates a toxic environment in the 

myocardium [2]. Due to the non-renewal nature of adult cardiomyocytes, this traumatic insult 

results in the irreversible and irreplaceable loss of a portion of the myocardium and prompts 

compensatory remodeling. Cardiac remodeling begins with the activation of the inflammatory 

cascade that results in the removal of cell debris, wound healing, and replacement of the damaged 

cardiac tissues with fibrotic scars. Specifically, cardiac remodeling can be classified into the 

inflammatory phase, proliferation phase, and healing phase [3]. During the inflammatory phase, 

the immune system is activated and cytokines are released into the wounded area. The migration 

of neutrophilic granulocytes allows for the removal of dead cardiomyocytes. Afterward, 

inflammatory cells such as lymphocytes and macrophages travel to the infarcted area to clean up 

cellular debris to prepare the area for the second healing phase [4]. The proliferation phase starts 

with inflammation inhibition and the deposition of new extracellular matrix (ECM) by 

myofibroblasts. Wound healing is initiated with the formation of granulation tissue stemming from 

the border zone towards the center of the infarct area. This granulation tissue consists of a dense 

collagen-based ECM, newly formed capillaries, myofibroblasts, and macrophages. The healing 

phase begins when the granulation tissue matures into an infarction scar with limited biological 

function. This can lead to a reduction in ventricular function, excessive dilatation of the infarct 

area, and the development of heart failure [4].  
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Post-MI treatment largely depends on pharmacological intervention to counteract the 

maladaptive remodeling. Although drug-based therapies can bring temporary relief to MI patients, 

they fail to address the drastic loss of cardiomyocytes and disruption of the vasculature in the heart. 

Extensive research on cardiac repair therapies largely focuses on stem-cell treatment involving 

embryonic stem cells, bone marrow-derived stem cells, and mesenchymal stem cells [5]. Although 

stem-cell therapies pose great potential for reforming and replacing the lost cardiomyocytes, there 

are many drawbacks such as teratomas formation, atherogenesis, and stem cell metastasis [5]. 

Furthermore, clinical results show that stem cell therapies have low success rate due low stem cell 

retention rate post-injection and ineffective injection sites. This is in part due to a lack of 

understanding on how native cardiac muscles respond to an injury in post-infarct healing as well 

as the effect of the undesirable environment on newly differentiated and injected cells. Thus, it is 

imperative to elucidate and predict muscle response post-injury in order to improve cardiac repair 

strategies. 

The limitation in current cardiac repair therapies and understanding in the post-infarct 

healing of cardiac muscles prompt scientists, engineers, and researchers to explore the possibility 

of recreating the injured myocardium through in vitro modeling of infarct healing. Currently, there 

are numerous cardiac wound healing models attempting to recapitulate the stages of cardiac injury 

for further studies into the mechanisms of cardiac repair. Voges et al. attempt to study cardiac 

injury response following a myocardial infarction by inducing cryoinjury and quantifying the 

levels of lactate dehydrogenase, cardiac troponin I, and KI67 expression [6]. The results indicate 

that cryoinjury can induce cell death but the model fails to recapitulate the characteristics of the 

myocardium following infarction. Shimizu et al. fabricate pulsatile cardiac tissue grafts using 3-D 

cell sheets manipulation technique and demonstrate that well-developed heart muscle constructs 
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can be achieved in vitro to study cardiovascular tissue repair [7]. The results suggest that this 

method can be used to create functional myocardium for preclinical testing of drugs and 

cardiovascular pathology. Despite the aforementioned progress, there is no current in vitro model 

that allows for the examination of cardiac muscle morphological and contractile response to an 

injury as well as the intricate changes in cardiomyocytes immediately post-injury and pre-necrotic 

stage [8]. In this study, we aim to observe and understand cardiomyocyte remodeling post-injury 

without any influence from wound healing factors. Here we attempted to determine the 

morphological and contractile changes of cardiomyocytes post-injury using the “physical injury 

on a cardiac chip” assay. By quantifying the z-lines orientations and contractile stresses of cardiac 

tissue as a function of distance from the wound site, it is possible to characterize the remodeling 

changes of cardiomyocytes and provide insight into cardiac muscle behavior in the presence of an 

injury.  
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CHAPTER 1 

Influence of a Nearby Injury on the Morphological Changes in Neonatal Rat 

Ventricular Myocytes 

1.1 Introduction 

 Structural remodeling of the heart post-injury is evident through the observation of heart 

hypertrophy and dilation [9]. The maladaptive remodeling is characterized by the disorganization 

of cardiomyocytes and the appearance of fibrotic scars in the infarct zone. There are numerous 

studies into the events following a cardiac injury [8, 10]. However, such studies primarily focused 

on the inflammatory cascade and the mechanistic basis of infarct healing post-cardiomyocyte 

necrosis. Thus, there is a lack of understanding of the fate of cardiomyocytes post-injury and pre-

necrotic stage. In order to elucidate cardiac muscles response in infarct healing, it is important to 

delineate the organization and contractile changes of the tissue. We hypothesize that the 

morphology of cardiomyocytes changes as a function of distance from the induced wound. In this 

chapter, we created a basic wound model based on the widely used scratch assay to test this 

hypothesis. Although the scratch assay has not been used in engineer cardiac tissues due to their 

low motility and proliferative potential, we were able to utilize this assay to observe the intricate 

changes in the morphology of cardiomyocytes in response to the nearby physical injury. Overall, 

the findings from this study demonstrated that it is possible to observe and study the behavior and 

response of cardiomyocytes to the induced tissue trauma using the basic wound model.  

1.2 Methods and Materials 
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Substrate Preparation 

 Big glass coverslips were sonicated in 95% ethanol for 30 minutes. PDMS (Ellsworth 

Adhesives) and curing agent were mixed in a 1:10 ratio and degassed using the Thinky Mixer. 

Clean glass coverslips were cut into a 1cm by 1cm square coverslips with the diamond cutter. 

Square coverslips were spin-coated with PDMS and cured in the oven overnight at 60°C. 

Extracellular Matrix Preparation 

Silicon wafers for anisotropic line patterns were prepared by photolithography techniques. 

To make 22x3 lines patterned stamps, PDMS with curing agent (1:10 ratio) was poured onto petri 

dish containing the silicon wafer and cured overnight in 60ºC oven. 22x3 lines pattern squares 

were printed on cured PDMS. The printed PDMS layer was cut into patterned squares and 

sonicated with 95% ethanol. PDMS stamps were covered in 100 µg/mL fibronectin (Fisher 

Scientific Company, Hanover Park, IL) for 1 hour. PDMS coated coverslips were UVO-treated for 

8 minutes and stamped using fibronectin (1:40 dilution) coated 22x3 lines stamps and submerged 

in 1% Pluronic acid solution (5g Pluronics F-127, Sigma Aldrich, Inc., Saint Louis MO, dissolved 

in 500mL sterile water) for 5 minutes to block cell adhesion between the stamped line patterns. 

Coverslips were washed three times with PBS and stored in PBS (Life Technologies, Carlsbad, 

CA) at 4°C until use. 

NRVM Harvest and Culture 

2 day-old neonatal Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) 

were sacrificed and left ventricles were harvested using UC Irvine IACUC approved animal 

protocol (Protocol No. 2013-3093). The hearts were cut into smaller pieces and washed with 
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Hank’s Balanced Salt Solution (HBSS) (Life Technologies, Carlsbad, CA). They were then treated 

with 1mg/mL trypsin (Sigma-Aldrich, Inc., Saint Louis, MO) while rotating at 75 rpm for 12 hours 

at 4°C. Trypsin solution was aspirated and M199 culture medium (Invitrogen, Carlsbad, CA) 

supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 10mM HEPES, 0.1 mM MEM 

non-essential amino acids, 3.5 g/L glucose, 2 mM L-glutamine (Life Technologies, Carlsbad, CA), 

2 mg/L vitamin B-12, and 50 U/mL penicillin (Sigma-Aldrich, Inc., Saint Louis, MO) was added 

to neutralize the tissues. Tissues were then broken down with 1mg/mL collagenase (Worthington, 

Lakewood, NJ) solution at 37°C to release cardiomyocytes into solution. Cardiomyocytes were 

isolated by centrifugation at 1200 rpm for 10 minutes (2 rounds) with resuspension of cell pellet 

using cold HBSS in between. Final cell pellet was suspended in 10% FBS M199 media. Cells were 

pre-plated twice for 45 minutes and one time for 40 minutes before seeding to increase purity of 

NRVM culture. NRVM were seeded onto substrates at the density of 500Kcells/2mL for confluent 

monolayer. Cells were incubated in 10% FBS M199 media at 37°C and at 5% CO2. 24 hours after 

seeding, dead cells were banged and washed out with PBS and media was changed to new 10% 

FBS M199 media. 48 hours after seeding, media was changed to 2% FBS M199 media to limit 

fibroblast proliferation.  

Scratch Assay 

 48 hours after seeding, coverslips were scratched in the 

middle using a 1000 µL pipet tip. The scratch is approximately 1500 

µm wide and is parallel to the 22x3 lines. Coverslips were washed 

3 times with PBS and 2% FBS M199 media was added.  

Fixing 

Figure 1.1. Scratch Assay 
Schematic. 
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All samples were fixed in 4% PFA with 0.05% Triton X-100 for 10 minutes. 4% 

Paraformaldehyde (PFA) with 0.05% Triton X-100 (Sigma Aldrich, Inc., Saint Louis MO) was 

made by diluting 16% PFA (Fisher Scientific Company, Hanover Park, IL) and warmed in a 37°C 

water bath. Cells were washed three times in warm PBS and incubated in PFA/Triton-X solution 

for 10 minutes. After incubation, cells were washed three times with PBS with 5-minute incubation 

in between the washes and stored in PBS until immunostaining (maximum 1-week storage).  

Immunostaining 

For immunostaining, primary antibodies including sarcomeric α-actinin (Mouse 

Monoclonal Anti-a-actinin, Sigma Aldrich, Inc., Saint Louis, MO), 4’,6’-diaminodino-2-

phenylinodole (DAPI) (Life Technologies, Carlsbad, CA), Alexa Fluor 488 Phalloidin (Life 

Technologies, Carlsbad, CA), and anti-fibronectin were diluted 1:200 in PBS and used to stain 

sarcomeres, nuclei and actin fibrils, respectively. Secondary staining was performed using 

tetramethylrhodamine-conjugated goat anti-mouse IgG antibody (Alexa Fluor 633, 750 Goat Anti-

Mouse, Life Technologies, Carlsbad, CA). Coverslips were incubated in primary and secondary 

stain solution for 1 hour each and were washed three times with PBS to remove excess stain in 

between. After washing, the coverslips were mounted onto glass microscope slides (VWR, 

Randor, PA) using Prolong Gold Antifade Reagent (Life Technologies, Carlsbad, CA) as a 

mounting media and sealed with clear nail polish. Samples were cured overnight at room 

temperature and stored in -20°C fridge until imaging.  

Imaging and Image Analysis 
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Fluorescent imaging was done using the IX-83 inverted motorized microscope (Olympus 

America, Center Valley, PA) mounted with a digital CCD camera ORCAR2 C10600-10B 

(Hamamatsu Photonics, Shizuoka Prefecture, Japan) and an UPLFN 40x oil immersion objective 

(Olympus America, Center Valley, PA). 60 fields of view (FOVs) were obtained with various 

distances from the wound for each coverslip. Image analysis was done using customized 

MATLAB software provided by the Grosberg Lab.  

Statistics 

 A custom exponential rise to maximum function was used to plot the OOP data: 

𝑓(𝑥) = 𝑏 + [(𝑎 − 𝑏) ∗ 𝑒-./]                      (1) 

In this function, x was the distance away from injury, b (OOP value 𝑓(𝑥) converges to at maximum 

distance), a (initial OOP value), and τ (curve growth rate). The values for all 3 parameters were 

determined with the 95% confidence interval and 95% prediction interval by plugging in the OOP 

values and their corresponding distances from the wound. Linear regression was used to fit the 

data. The resulting R2-value determined how much variability in the OOP is explained by the 

regression model. One-way ANOVA with Tukey test were performed for pairwise comparison of 

cytoskeleton components. Significance was determined for p-value less than 0.05. 

1.3 Results 

 The aim of this study was to test if the morphology of cardiac cells changes as a function 

of distance from the induced wound. To complete this task, the scratch assay was utilized as the 

primary method to induce a nearby physical injury to engineered neonatal cardiomyocytes. 
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Although the scratch assay has not been used on cardiac tissues due to their low motility and 

proliferative potential, this assay can be applied to create a basic wound model. From this model, 

it is possible to observe the intricate changes in the morphology of cardiomyocytes in response to 

the nearby trauma. To that end, this chapter details the basic wound model development and the 

quantification of the cytoskeletal organization of cardiomyocytes post-injury. 

Scratch Wound Model 

 Coverslips seeded with cardiomyocytes underwent the scratch assay after 48 hours post-

harvest. Specifically, a 1000 µL pipet tip was used to create a vertical scratch in the middle of the 

coverslip (Figure 1.1). The scratch is approximately 1500 µm wide and is parallel to the 22x3 

pattern of the seeded cells. Cells were incubated in 2% FBS M199 media for 24 hours to allow for 

any morphological changes to take effect. After the 24 hours incubation, coverslips were fixed and 

immunostained for sarcomeric z-lines, actin fibrils, nuclei, and fibronectin. Fluorescent imaging 

was carried out using the imaging schematic shown in Figure 1.3 B. Distances were chosen to 

represent data directly next to the wound (0 – 430 µm), near the wound (780 µm), and far away 

from the wound (1280 – 1780 µm).  

Cardiac Cells Morphology Post-Injury 

 The appearance of cardiac cells next to the wound and far away from the wound were 

drastically different. As seen in Figure 1.2 A-F, tissues directly next to the injury were very sparse 

compared to the ones farther away from the injured site. Cardiomyocytes appeared to be more 

jagged as shown by a-actinin stained of z-lines (Figure 1.2 B) and there was a higher presence of 

fibroblasts in the tissue (Figure 1.2 C). In contrast, tissues far away from the wound site were more  
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Figure 1.2. Morphology of Cardiac Myocytes Post-Injury. (A-E) Immunostain images of 
sarcomeric z-disks (red), actin fibrils (green), nuclei (blue), and fibronectin (yellow) for cardiac 
cells directly next to the wound. (F-J) Immunostain images of sarcomeric z-disks, actin fibrils, 
nuclei, and fibronectin for cardiac cells far away from the wound site. Scale bars: 20 µm panels 
A-J.  
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confluent and looked more aligned in the 22x3 microcontact printed pattern (Figure 1.2 F-J). 

Additionally, there were less jagged edges and less presence of fibroblasts was observed (Figure 

1.2 G-H). 

Quantification of Cytoskeletal Organization 

 Data were analyzed for the orientation of the z-lines and actin fibrils cytoskeletal structures 

of cardiomyocytes. The custom MATLAB code quantified the organization of these structures by 

measuring the Orientational Order Parameter (OOP) to obtain the degree of order for each 

structure. For each image, the code generated an OOP value between 0 and 1. An OOP value of 

close to 0 means the structure (actin fibrils or z-lines) analyzed is not aligned (isotropic) and an 

OOP value of close to 1 means the structure is highly aligned (anisotropic). 

 The results showed that the OOP values for both z-lines and actin fibrils appeared to be 

increasing as the distance from injury increased (Figure 1.3 C-D). However, the OOP values 

plateaued at around 1000 µm. Since this behavior resembled an exponential rise to maximum 

function, the data was plotted by a custom function: 

  𝑓(𝑥) = 𝑏 + [(𝑎 − 𝑏) ∗ 𝑒-./], where x is distance from injury   (1) 

The 3 parameters consisted of b (OOP value 𝑓(𝑥) converges to at the maximum distance), a (initial 

OOP value), and τ (curve growth rate). Thus, the OOP value will be a when x equals 0 and the 

OOP value will be b when x is at a maximum distance (i.e. x = ∞). Although the data fitted within 

the 95% prediction band of the function, the data largely fell out of the 95% confidence band and 

there was no significance between the OOP values at different distances for both z-lines and actin 

fibrils (Figure 1.3 C-D). The same data was fitted with a regression line and no significance was 
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observed in both sets of data (Figure 1.3 E-F). When comparing the average OOP value for each 

distance, there was no significance for the z-lines orientation. However, the actin fibrils showed 

significance for OOP value at every distance compare to OOP value directly next to the injury 

(Figure 1.3 G-H).  
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Figure 1.3. Effect of the Scratch Assay on the Cytoskeleton Organization of Neonatal Rat 
Ventricular Myocytes. (A) Preliminary data showing cardiomyocytes receding rom the wound 
area 24 hours post-injury. (B) Imaging schematic for morphology experiments. (C-D) Actual z-
lines and actin fibrils OOP data plotted against distance from injury using custom function with 
parameters b (OOP value f(x) converges to at maximum distance), a (initial starting point), t (curve 
growth rate) and x as distance (N=16). (E-F) Actual z-lines and actin fibrils OOP data plotted 
against distance with regression line (N=16). (G-H) Averaged z-lines and actin fibrils OOP vs. 
distance with regression line (N=16). (H) All averaged actin OOPs were significant compared to 
OOP value at 0 µm (injury border). No significance observed for panels C-G.    
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1.4 Discussion and Future Directions 

 In this work, the scratch assay was utilized to create a simple wound healing model to 

determine the morphological changes in cardiomyocytes as a response to a nearby injury. By using 

the scratch assay as the basic wound model for this study, it was possible to observe and quantify 

the intricate changes in the organization of z-lines and actin fibrils in cardiac cells as a function of 

wound proximity. Morphologically, cardiomyocytes directly next to the injury appeared to be 

sparse and jagged (Figure 1.2 B). Although stamped in a 22x3 line pattern, cells attached in this 

region did not look aligned to the pattern compared to cells far away from the wound (Figure 1.2 

B, E, G, J). Immunostain images of actin fibrils and nuclei also showed a higher presence of 

fibroblasts in areas next to and near the wound (0 – 780 µm). In contrast, tissues far away from the 

injury site were far more confluent and displayed a higher organization to the stamped pattern 

(Figure 1.2 F-J). Thus, this indicated that there might be an undergoing effect in the cytoskeletal 

organization of cardiomyocytes in response to the induced physical injury with respect to distance 

away from the wound. To further investigate this effect, the organization of the cytoskeletal 

structures was quantified using the custom OOP MATLAB code provided and detailed by 

Grosberg et al. [11]. By plotting the OOP values of z-lines and actin fibrils against the distance 

from injury, the data seemed to be resembling an exponential rise to maximum function. Thus, the 

data were fitted with the custom exponential rise function (Eq. 1) to see if there is a significant 

relationship between z-lines and actin OOP versus the distance from injury (Figure 1.3 C-D). The 

result yielded no significance and the data was largely outside of the 95% confidence interval of 

the fitted equation. A linear regression fit resulted in an R2-value of 0.0685 for z-lines OOP and 

0.2845 for actin fibrils (Figure 1.3 E-F). Again, the fit did not explain the variation in the OOP 

data due to the low R2 values and there was no statistical significance found between OOP and 
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distance from the one-way ANOVA analysis. To make sure that no correlation was missed, the 

OOP data for both structures were averaged and plotted against distance (Figure 1.3 G-H). This 

proved to be a better way to analyze the data since a linear regression fit produced an R2-value of 

0.5216 for z-lines and 0.6382 for actin fibrils. One-way ANOVA analysis of the averaged OOP 

data found no significance for the z-lines. However, the actin OOP showed statistical significance 

for data at 250 µm, 430 µm, 780 µm, 1280 µm, and 1780 µm compared to the OOP obtained 

directly next to the injury border (0 µm). Thus, these results indicated that there was a cytoskeletal 

organizational change in cardiomyocytes in response to the induced physical injury. However, this 

change was only present at a minuscule distance directly next to the wound border (0 – 250 µm) 

and there was no indication of a propagating effect throughout the tissue as a whole.  

 Overall, this basic scratch wound model allowed us to observe the intricate changes in 

cardiac cells’ cytoskeletal organization at the critical zone (0 – 250 µm) right at the injury. Since 

the effect was only prominent very close to the wound site and everywhere else was not affected, 

the physical injury was not the right model for this type of study. Instead, this physical injury 

model would be a good model for studies into the effect on the cardiac cytoskeletal organization 

after heart surgeries such as septal myectomy where a portion of heart tissues is physically 

removed [12]. For the purpose of this study, it would be more interesting to observe the 

organizational changes in cardiomyocytes in an in vitro model that mimic an ischemic surgery. 

Thus, future works into developing an in vitro model resembling ischemia would allow for a better 

investigation into the morphological changes in cardiomyocytes to determine the presence of any 

propagating effect.  
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CHAPTER 2 

Influence of a Nearby Injury on the Contractile Changes in Neonatal Rat 

Ventricular Myocytes using the “Physical Injury on a Cardiac Chip” Assay 

2.1 Introduction 

 The heart is a complex organ whose main function is to pump blood throughout the body 

[13]. In order to pump blood efficiently, the intricate organ relies on a strict organization of cardiac 

tissues on a cellular and molecular scale. Sarcomeres, the force-producing units of the heart, are 

highly organized in order to produce a force perpendicular to sarcomeric z-lines and parallel to the 

actin and myosin fibrils. In the case of a cardiac injury, this strict organization becomes highly 

disorganized, leading to inefficient pumping function and eventual cardiomyocytes death. 

Specifically, previous studies have shown that cardiac tissues in and near the infarcted zone have 

significantly lower contractile stress compare to tissues further away from the injury site [14]. This 

is due to the loss of contractile mass when blood flow is reduced, resulting in a reduction of cardiac 

pump function. The degree of contractility reduction varies with distance away from the infarcted 

borders. Thus, we want to observe this change in contractility with our newly developed in vitro 

cardiac injury model. We hypothesize that the contractile function of cardiomyocytes varies as a 

function of wound proximity. To test this hypothesis, we created the “physical injury on a cardiac 

chip” assay that can both induce a nearby physical injury on cardiac tissues and measure the 

resulted systolic, diastolic, and active stresses. Additionally, we were able to quantify the 

cytoskeletal organization from tissues on the cardiac chip to further support the conclusion derived 

from contractility quantification.  
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2.2 Methods and Materials 

Substrate Preparation 

 Coverslips were prepared as described by Grosberg et al [11]. Briefly, a large coverglass 

(Brain Research Laboratories, Newton, MA) was sonicated in 95% ethanol for 30 minutes. The 

coverglass was covered with protective film (static cling) (Grafix Plastics, Cleveland, OH), which 

was cut and removed to provide 1 cm strips of exposed coverglass. Sacrificial layer solution was 

made by dissolving 1 gram of poly(N-isopropylacrylamide) (PIPPAm) (Polysciences, Inc., 

Warrington, PA) in 10 mL of 1-butanol (Macron Fine Chemicals, Center Valley, PA). The 

PIPPAm was spin-coated onto the exposed coverglass and dried in 60°C oven for 15 minutes. The 

remaining film strips were removed and the entire coverglass was spin-coated with the PDMS that 

had been cured for 5 hours. Afterward, the coverglass was cured overnight in the 60˚C and cut into 

individual coverslips using a diamond scriber (Musco Sports Lighting, LLC. Oskaloosa, IA). 

Further Substrate Preparation 

 Extracellular matrix preparation, NRVM harvest and culture, scratch assay, fixing, and 

immunostaining were performed using the same procedures mentioned in Chapter 1.2 Methods 

and Materials.  

Contractility Experiment: “Physical Injury on a Cardiac Chip” 

  “Physical Injury on a Cardiac Chip” experiments were performed 96 hours after seeding 

in warmed 1X Normal Tyrode’s solution according to previously published protocols [15]. Briefly, 

coverslips were cut into films and the substrate was lowered to 34˚C to release the films. Cells 
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were paced at 1Hz, 2 Hz, and 3 Hz with 10-12 volts of stimulation. Movies were acquired on an 

SZX-ILLB2 Stereoscope (Olympus) inside of an INUL-MS2 Stage Top Incubator (Tokai Hit). 

Image analysis of each sample was done using a custom ImageJ and MATLAB software as 

described by Grosberg et al. [11]. 

Imaging and Image Analysis 

Imaging of samples was done using the IX-83 inverted motorized microscope (Olympus 

America, Center Valley, PA) and images were taken at 40x magnification. Imaging schematic for 

contractility samples was shown in Figure 2.4 A. A total of 54 FOVs were captured for each 

cardiac chip. Images were analyzed for z-lines and actin fibrils organization using custom OOP 

MATLAB code provide by the Grosberg Lab. 

Statistics 

Linear regression was used to fit the data with the best fit line. The resulting R2-value from 

the regression signified the percentage of OOP variability explained by the regression model. One-

way ANOVA with Tukey test were performed for pairwise comparison of cytoskeleton 

components. Significance was determined for p-value less than 0.05. 

2.3 Results 

 The aim of this study was to test if the contractile function of cardiomyocytes varies as a 

function of wound proximity. To this end, we first need to create an in vitro platform that can both 

induce a wound in cardiac tissues as well as provide a way to quantify the contractility of these 

tissues. This is made possible by combining the muscular thin films technology with the scratch 
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assay to develop the “physical injury on a cardiac chip” in vitro model. This chapter entails the 

development of the “physical injury on a cardiac chip” assay and the quantification of resulted 

cardiac stresses. 

“Physical Injury on a Cardiac Chip” Model 

 Cardiomyocytes seeded on PDMS-coated PIPAAm coverslips underwent the scratch assay 

48 hours after seeding. The vertical scratch was created halfway down the coverslip and was 

parallel to the 22x3 lines patterned cells. Afterward, coverslips were incubated in 2% FBS M199 

media for another 48 hours before performing the “physical injury on a cardiac chip” assay. 

Briefly, the coverslip was cut into 9 films surrounding the scratch-wound area (Figure 2.1 A). 

Since PIPAAm served as a sacrificial layer, one end of the film was released from the glass 

coverslip while the other end continued to be anchored to the coverslip. Once released, the films 

curled due to the contraction of cardiomyocytes on the top surface. Videos were taken with 

spontaneous and paced settings of 1 Hz, 2 Hz, and 3 Hz (Figure 2.1 D-E). Systolic, diastolic, and 

active stresses for each film was analyzed and calculated using a custom MATLAB code from 

previously established procedures (Figure 2.1 B) [16].   

Cardiac Stress Analysis 

 The custom MATLAB code calculated cardiac stresses from the videos by measuring the 

radius of curvature of each film and equating that to the systolic, diastolic, and active stresses 

produced by the cardiomyocytes residing on the film (Figure 2.1 C-E). Originally, cardiac chips 

were microcontact printed with fibronectin provided by Fisher Scientific (old FN). However, these 

chips were very sparse and the stresses produced were not accurate. Thus, the old FN was switched 
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to a new type of fibronectin (Sigma Aldrich, Inc., Saint Louis, MO) and the stresses produced were 

more representative of stresses found in previous studies (Figure 2.2 A-B) [17, 18]. Using ImageJ, 

distances were calculated from each film to the injured site. Specifically, the distance for each film 

was averaged between the shorter and longer lengths determined from the injury to the closer side 

of the film and to the other side of the film. Stresses were averaged for each film and plotted against 

the averaged distance calculated for the same film (Figure 2.2 C-F). Overall, there was no  

 

Figure 2.1. Contractility experiments using “Physical Injury on a Cardiac Chip” Assays. (A-
B) Sample video frames showing the films and injury site. Blue outline showed original film length 
and red bars tracked film’s x-projections for stress calculation. (C) Schematic of stress trace profile 
showing the locations of systolic, diastolic, and active stresses for stress calculation using custom 
MATLAB code. (D-E) Examples of stress tracing of raw data for Film 5 and Film 3 with 
spontaneous and paced settings, respectively.  
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Figure 2.2. Effect of the “Physical Injury on a Cardiac Chip” Assay on Cardiac Contractile 
Function. (A-B) Cardiac stresses for each film from cardiac chips microcontact printed with old 
fibronectin (FN) vs. new FN. Significance was observed only in new FN cardiac chips. (C-F) 
Averaged stress per film vs. distance from injury with regression line (N=6). (D-F) Breakdown of 
each stress type vs distance. No significance observed for all panels. No significance observed for 
panels C-F.  
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significance observed in systolic, diastolic, or active stress compare to the distance from injury. 

To further test if there was any propagating effect on cardiac stresses due to wound exposure, stress 

data were grouped into 5 categories based on relative distance to the injury. Thus, stresses from 

films 1 and 4, films 2 and 3, films 5 and 9, and films 6 and 8 were grouped together while film 7 

stresses remained ungrouped. The averaged stresses per grouped films were plotted against 

distance as shown in Figure 2.3 A-D. Although this grouping method increased the percentage of 

stress variation explained by a linear model for the active stress from 0.74% to 6.26%, a linear 

model is clearly not a good fit for this data (Figure 2.2 F & Figure 2.3 D). One-way ANOVA 

statistical analysis was performed and there was no significance observed for any averaged stress 

per grouped films (systolic, diastolic, and active) compared to the distance from the wound. To 

make sure that there we did not miss any correlation from the data, cardiac stresses were plotted 

against 3 different categories of distance from injury (Figure 2.3 E-H). The categories were less 

than 1000 µm, 1000 – 2500 µm, and greater than 2500 µm away from the injury. Again, there was 

no trend on systolic, diastolic, or active stresses plotted against categorical distances since no 

significance was found with statistical analysis.  

Since each film was approximately 1 mm to 1.5 mm in width, a layout of the film was 

drawn out in Figure 2.3 I to see why there was no propagating effect in contractility when the 

morphology experiments showed a lower organization for actin fibrils next to the injury. From 

Figure 2.3 I (originally Figure 1.3 H), there was statistical evidence that the organization of actin 

fibrils increased as the distance from injury increased. Specifically, all OOP data points at farther 

distances were significant when compared to the OOP of actin fibrils directly next to the wound 

(0 – 250 µm). Interestingly, it seemed very likely that there would be no statistical significance 

between the organization of actin fibrils at different distances if the first data point was to be 
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excluded in the analysis. This result suggested that there might be a lower contractile stress for the 

film immediately next to the injury (Film 2 or 3) if it was to include the infinitesimal distance 

(~250 µm) directly next to the scratch border. However, the data from 0 – 250 µm next to the 

wound border was very likely to have been cut out during the “physical injury on a cardiac chip” 

experiments to create individual film strips. Thus, these results lead to the conclusion that there  

 

Figure 2.3. Quantification of Contractile Function in Cardiac Myocytes Post-Injury. (A-D) 
Averaged stress per grouped films vs. distance from injury (N=9). Stresses were grouped into films 
1& 4, films 2 & 3, films 5 & 9, films 6 & 8, and film 7. (B-D) Breakdown of each grouped stress 
type vs. distance. (E) Averaged stresses organized into <1000, 1000-2500, and > 2500 µm distance 
categories (N=14). (F-H) Breakdown of each stress type vs. categorical distance fitted with 
regression line. (I) Morphological actin OOP data compared to distance from Figure 1.3 H with a 
representative film next to injury layout shown in pink dashed box. No significance observed for 
panels A-H.  
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was no propagating effect in contractility as the distance from injury increased due to the exclusion 

of data from the minuscule distance of approximately 250 µm immediately next to the injury 

border.  

Quantification of “Physical Injury on a Cardiac Chip” Morphology 

 Cells were fixed and immunostained immediately after “physical injury on a cardiac chip” 

experiments [18]. Fluorescent images were taken using the imaging schematic in Figure 2.4 A. 6 

FOVs were acquired for each film (54 FOVs/chip) to get sufficient data for organization 

quantification. Data were analyzed for z-lines and actin fibrils organization using the OOP custom 

MATLAB code as described in Chapter 1.3. The OOP value for each film was determined by 

averaging the OOP values from all 6 FOVs of that same film.  

 Similarly to the contractility data, data was plotted in 3 different ways to find if any 

correlation exists between organization compared to the distance from injury. First, actual z-lines 

and actin OOP for each film was plotted against its respective distance from the injury (Figure 2.4 

B-C). The results showed a poor R2-value for both plots and did not yield any significance. To 

further test for correlation, the averaged OOP values were plotted against distance in Figure 2.4 

D-E. Again, no significance was found and a linear regression test showed a slightly higher but a 

poor fit for both z-lines and actin fibrils. Lastly, the OOP values were grouped together (films 1 

and 4, films 2 and 3, films 5 and 9, films 6 and 8, and film 7) and were compared with the distance 

from the wound. Although this grouping increased the R2-value for z-lines to 0.4961, there was no 

statistical evidence of a trend for z-lines and actin fibrils OOP compared to the distance from injury 

for the films. Overall, the results further support the conclusion from the contractility data that 

cardiac cells outside of the critical zone (0 – 250 µm) next to the injury border did not experience 
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any propagating effect from the injury. Thus, there was no significant contractile or morphological 

changes in the tissues outside of the critical zone.  

 

Figure 2.4. Quantification of “Physical Injury on a Cardiac Chip” Cytoskeletal Organization 
Post-Injury. (A) “Physical Injury on a Cardiac Chip” stress prediction. (B) Imaging schematic for 
contractility experiments. (C-D) Z-lines and actin fibril OOP per film vs. distance from injury with 
regression line (N=3). (E-F) Averaged z-lines and actin fibril OOP per film vs. distance from injury 
with regression line (N=3). (G-H) Averaged OOP per grouped films vs. distance for z-lines and 
actin fibrils (N=6). Groups: films 1 & 4, films 2 & 3, films 5 & 9, films 6 & 8, film 7. No 
significance observed for panels C-H.  
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2.4 Discussion and Future Directions 

 In this work, an experimental platform was developed to measure cardiac stresses as a 

function of distance from a nearby physical injury (Figure 2.1 C-D). The platform, “physical injury 

on a cardiac chip”, is based on the “heart-on-a-chip” assay combined with the scratch assay to 

create an injured environment where stress can be calculated [19]. Each cardiac chip was cut into 

9 films and the distance away from the wound was determined by averaging the distances on both 

side of the film [20]. By using the “physical injury on a cardiac chip” assay, videos were taken 

when cells were beating spontaneously or paced at 1 Hz, 2 Hz, and 3 Hz. These videos were 

analyzed for systolic, diastolic, and active stresses using custom ImageJ and MATLAB code 

detailed by Grosberg et al. [11]. From the stress profiles produced from MATLAB analysis, films 

directly next to the injury (film 2, 3, and 7) typically have a lower stress magnitude for all stresses 

compared to films far away from the wound (films 1, 4, 5, 6, 8, and 9) (Figure 2.1 D-E). Thus, this 

led to the prediction that the contractile function of cardiomyocytes might vary with respect to 

distance away from the injury. To test this prediction, film stresses were quantified and plotted 

against distance from the wound. Specifically, stress data was plotted against distance in 3 different 

stress arrangements: averaged stress per film (Figure 2.2 C-F), averaged stress per grouped film 

(films 1 and 4, films 2 and 3, films 5 and 9, films 6 and 8, and film 7) (Figure 2.3 A-D), and stress 

in categorical distances (<1000 µm, 1000 – 2500 µm, and >2500 µm) (Figure 2.3 E-H). Linear 

regression fit resulted in low R2-values for systolic, diastolic, and active stresses in all stress 

arrangement. Additionally, one-way ANOVA found no significance between each type of stress 

versus the distance from the wound regardless of the data arrangements. Collectively, these results 

suggested that there was no correlation between the contractile function of cardiomyocytes and the 

distance away from the injury. In other words, cardiac contractility remained in the normal range 



27 
	

regardless of how far or close the films were to the wound site. This finding contradicted the 

significance organization effect found in actin fibrils from the morphology experiments. Thus, a 

layout of the distance of the closest film to the injury was drawn on the actin fibrils OOP versus 

distance plot to further investigate why there was no significant effect on cardiac contractile 

function when exposed to an injury (Figure 2.3 I). Looking closer at the actin fibrils organization 

in Chapter 1.3 and the stress profiles for films 2 and 3, it was concluded that contractility did not 

vary with distance from wound site because the critical zone (0 – 250 µm) data was not included 

in the results. Since the morphological effect was only present at the critical zone directly next to 

the injury border, any changes in contractility will only be present if this distance was to be 

included in the stress measurement. However, we were unable to measure this change since this 

critical zone was very likely to have been cut out during the “physical injury on a cardiac chip” 

assay when the chip was cut into 9 separate films. Since the stress generated for each film was the 

mean stress for the entire film area and the critical zone was not included in the film, the effect is 

lost within any type of error margin. Since the effect was local and did not propagate, the results 

suggested that there was no effect as far as stresses are concerned due to the exclusion of the critical 

zone data. This conclusion was further supported by the cytoskeletal organization results from the 

cardiac chips as shown in Figure 2.4 B-G. The resulting OOP values for both z-lines and actin 

fibrils fell within the anticipated organization range found in Meghan et al. [17]. Linear regression 

fit for the OOP data resulted in low R2-values and one-way ANOVA found no significance 

between the OOP and distance from injury for both z-lines and actin. Thus, the OOP range for 

both z-lines and actin fibrils from the films were similar to the ones we would expect to find in 

normal, confluent cardiac tissues with no exposure to a physical injury. This finding was not 

surprising since the critical zone was not included in the data to quantify any local or propagating 
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effect on the contractile function of cardiomyocytes. Furthermore, the results supported the 

conclusion found in Chapter 1.3 that the physical injury platform only produce a local effect 

directly next to the injury and there was no propagating effect for the rest of the cells.  

 For future studies, the effect of a nearby injury on the morphological and contractile 

changes of cardiomyocytes can be better studied by creating an in vitro model that resembles an 

ischemia instead of a physical injury used in this study. This would allow for more in-depth 

findings of the intricate changes in cardiomyocytes that might be present in a myocardial infarction 

or other heart diseases. Once the platform is developed, it would be interesting to observe a more 

accurate wound healing effect on cardiomyocytes if fibroblasts and macrophages were added to 

the model. We can also use this new model for stem-cell-derived cardiomyocytes and add in other 

wound healing factors such as fibroblasts and macrophages to more faithfully mimic an infarct. 

Additionally, the new model can have the potential to study genetic variation effects, drug 

screening, and other immune response modulations to advance current understanding of cardiac 

muscle behavior. 
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