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Myocardial fibrosis is associated with vast majority of cardiovascular diseases which is one of the 

most common disease afflicting adults around the world. During myocardial infarction, myocytes 

die and are replaced by a specialized fibrotic extracellular matrix (ECM), otherwise known as 

scarring. The transdifferentiation to myofibroblasts is essential for wound healing of the heart. 

This cell type influences the secretion of cytokines, deposition of extracellular matrix proteins, 

structural support, and filling of the mechanical load caused by myocyte necrosis. However, the 

fibrosis influenced by myofibroblasts can lead to progressive heart failure. Fibrotic scarring 

presents a tremendous hemodynamic burden on the heart, as it creates a stiff substrate which 

resists diastolic filling. Fibrotic mechanisms result in permanent scarring which often leads to 
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hypertrophy, arrhythmias, and a rapid progression to failure. Despite the deep understanding of 

fibrosis in other tissues, acquired through previous investigations, the mechanisms of cardiac 

fibrosis remain unclear. Recent studies suggest that biochemical cues as well as mechanical cues 

regulate cells in myocardium. However, the steps in myofibroblast transdifferentiation, as well as 

the molecular mechanisms of such transdifferentiation in vivo are poorly understood. This 

dissertation is focused on addressing the limited understanding of myofibroblast 

transdifferentiation cues and pathways that transduce those cues for cellular response, especially 

those mechanical in nature. Previously p38 has been reported to govern cardiac myofibroblast 

fate in response to various cues such as TGFβ, substrate stiffness, and mechanical stretch. We 

investigated the myofibroblast fate regulation through p38 in response to topographic cue. 

Moreover, YAP was known to lend itself to heart regeneration and myofibroblast phenotype. In 

this dissertation, we show that p38 and YAP are also responsible for transducing mechanical 

signals related to topography and works in conjunction to tensin 1 to regulate transdifferentiation 

to myofibroblast. These results help to elucidate the pathway by which mechanical cues are 

transduced, leading to transdifferentiation. This study has addressed the limited understanding of 

myofibroblast transdifferentiation by identifying the novel topographic regulation and pathways 

that transduce such signals. Taken together, this research demonstrates the utility of 

bioengineering strategies to develop in vitro platforms to better understand the mechanism of 

cardiac fibrosis which would aid in discovering solutions to assist patients with hearts affected by 

fibrosis. 
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Chapter 1. Introduction  

Parts of this chapter have been published in the following review manuscript: 

• Kim P, Chu N, Davis J, and Kim D-H. Mechanoregulation of myofibroblast fate and cardiac 

fibrosis, Adv. Biosys. 2017; 1700172. 

1.1 Myocardial remodeling during cardiac fibrosis 

In the United States and many other nations, cardiac failure is the leading cause of death. Heart 

diseases account for over 800,000 deaths per year (1 of every 3 deaths), and economic expenses 

exceed $320 billion in direct and indirect costs [1]. Nearly all forms of cardiovascular disease are 

associated with myocardial fibrosis, which is primarily mediated by cardiac fibroblasts. While 

cardiac fibroblasts are responsible for extracellular matrix (ECM) maintenance in healthy 

myocardium, they can also transform into myofibroblasts. Post-transformation, they can 

contribute to the secretion of cytokines, deposition of ECM, structural support, and filling the 

mechanical load created by myocyte necrosis [2]. Myofibroblast transdifferentiation is essential in 

overcoming cardiac injury, but progressive fibrosis often leads to remodeling of both infarcted and 

residual non-infarcted myocardium. This remodeling results in reduced tissue compliance, 

increased matrix stiffness, irregular action potential propagation, and progressive heart failure [2] 

(Figure 1.1). The limited regenerative capacity of the mammalian myocardium intensifies the 

fibrotic and inflammatory response during cardiac wound healing [3-5]. These changes lead to 

disruption of overall tissue organization, critically damaging organ function through hypertrophy, 

chamber dilation, biochemical intracellular signaling factor secretion, and transdifferentiation of 

neighboring fibroblasts. Fibrosis is linked to ventricular arrhythmias, hypertension, diabetes, 

rheumatic heart diseases, hypertrophic cardiomyopathy, heart failure, and sudden cardiac death 

[6, 7]. Currently, clinical strategies to combat damage to the myocardium from fibrosis are 

essentially palliative. This is especially true due to the limited supply of hearts for transplantation 
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[2] and lack of understanding of the regulation of the remodeled cardiac environment on scar 

tissue formation.  

Inhibition of heart scarring and fibrosis would be an ideal therapeutic strategy for treating heart 

diseases. One such disease is Ischemic fibrosis, where obstruction of the coronary arteries leads 

to a reduction of the oxygen supply to the myocardium. This can potentially result in infarction, 

where the lack of oxygen results in necrosis. The area of necrosis will eventually be replaced by 

fibrotic scar, greatly affecting the functionality of the myocardium.  

Myocardium is a complex, highly ordered system, with a mix of cellular and acellular components, 

providing resident cells with strong structural organization as a whole [2-4]. Ultrastructural 

analysis of mammalian myocardial tissue highlights that the arrangement of aligned cells 

correlates strongly with the direction of the underlying ECM fibers [5]. In the myocardium, the 

ECM is aligned congruently, providing a natural direction for myocyte exertion of contractile forces 

and a defined axis for action potential propagation. In a healthy myocardium, the fibrous ECM 

provides several other functions as well. These include, providing a native myofascial plane 

between layers of muscle, a barrier to electrical activation of the atria and ventricles, and structural 

guidance to blood vessels. These functions are often disrupted after myocardial infarction [4]. 

Post-infarction remodeling such as ECM deposition, increased stiffness, and impaired contraction 

are known to be regulated by chemical, mechanical, and structure cues through myofibroblast 

transdifferentiation [8]. This suggests that ECM offers mechanical cues for cardiac cellular and 

macroscopic tissue organization and development.  

There is a tremendous need for the development of effective interventions for cardiac fibrosis both 

clinically and economically. Currently, numerous publications have been made regarding 

myofibroblasts and cardiac wound healing. Recent publications have shown cell-matrix regulation 

to play a key role in cardiac wound healing. This dissertation will focus on the current status of 
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research revolving around the mechanical regulation of myofibroblasts in cardiac fibrosis and 

wound healing, as well as the future targets for possible therapeutic development. 

  

Figure 1.1. Illustration of cardiac fibrosis development. Cardiac infarction often results in myocyte necrosis 
which is replaced by infarct scar. Cytokine secretion, matrix deposition, increased tissue stiffness, disrupted 
action potential propagation, and contractile dysfunction are consequential events post-infarction and may 
lead to heart failure. 

1.2 Cellular origins of cardiac fibrosis 

Myofibroblasts are responsible for secreting a fibrotic matrix in response to injury signals. They 

can secrete large amounts of matrix proteins including collagen type I, collagen type III, collagen 

type IV, periostin, and fibronectin [1]. They play a critical role in wound healing in various organs 

including the lungs, liver, kidneys [2, 3], skeletal muscle [4], and heart [5, 6]. Their contribution to 

wound healing includes: migration, wound contraction, recruitment of inflammatory cells, and the 

remodeling/secretion of ECM to provide structural reinforcement [7, 8] (Figure 1.2). 

Morphologically, myofibroblasts are identified by ruffled membranes, a spindle shaped 

morphology, dendritic processes, and large endoplasmic reticulum organelles. The 

characteristics of myofibroblast are a cross between fibroblasts and smooth muscle cells, 

including the expression of alpha smooth muscle actin (αSMA) and the intermediate filament 

desmin. The contractile property of myofibroblasts originates from the electron dense smooth 

muscle myosin and αSMA. While these characteristics are all documented, the steps and 

molecular mechanisms in myofibroblast transdifferentiation in vivo are not well understood. 
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  A few extracellular ligands which are involved in fibroblast to myofibroblast 

transdifferentiation include transforming growth factor β (TGFβ), endothelin 1 [9], angiotensin-II 

[10], nerve growth factor [11], thrombin [12], Wnt β catenin/fizz1 [13, 14], platelet-derived growth 

factor (PDGF) [15], and intracellular stress [16]. Previous studies in vitro suggest that in the early 

stage of transdifferentiation, fibroblasts exhibit an increase in focal adhesion proteins, which 

increase mechanical stress on the cells [17, 18]. As myofibroblast fully differentiate, smooth 

muscle actin expression increases [18]. Although the presence of αSMA is considered to be a 

marker for myofibroblasts; longer focal adhesions, paxillin, tensin, ED-A fibronectin, increased 

αvβ3 or αvβ5 integrin, and excessive secretion of collagen are all collectively used to identify 

myofibroblasts [7, 19]. However, many markers fail to specifically identify cardiac myofibroblasts. 

This remains a major challenge in cardiac tissue engineering [20].  It should also be noted that 

multiple factors including inflammatory cytokines such as TGFβ, are known to lead fibroblasts to 

a myofibroblast lineage. However, the factors that initiate and differentiate fibroblasts into 

myofibroblasts have not been confirmed in vivo.  

While normally not present in healthy myocardium, myofibroblasts appear and transform the 

myocardium upon cardiac injury, in pathological responses, or aging. Importantly, myofibroblasts 

develop dense microfilaments and actin cytoskeletons that extend the membrane of the cell to an 

adhesion complex, fibronexus [21]. Altogether, a mature adhesion complex with internal stress 

fibers, generates a contractile force, which is then reinforced by deposition of collagen [22]. 

Despite this contractile machinery, myofibroblasts are non-excitable cells that do not directly 

participate in contractile behavior or conduction of action potentials through gap junctions of 

normal myocytes. Although Cx43 protein has been reported to be present between fibroblasts 

and myocytes in the sinus node of a normal rabbit heart, further investigation suggested that such 

coupling levels are very low, even slowing electrical conduction [23]. Overpopulation of 

myofibroblasts is likely to hinder myocyte to myocyte coupling and cardiac conduction via gap 
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junctions, while leading to over-stiffening of the myocardium by excessive ECM deposition [24]. 

Although multiple animal models have shown myofibroblasts play an important role in physiologic 

remodeling and wound closure, overexpression of the myofibroblasts phenotype often leads to 

uncontrolled fibrosis [25-27]. In the case of cardiac tissue, this results in pathological ventricular 

remodeling, hypertrophy, arrhythmia, and even heart failure.  

Classes of cardiac fibrosis include reactive interstitial, replacement, and perivascular fibrosis [28]. 

Reactive interstitial and perivascular fibrosis are often observed in left ventricular pressure 

overload models or in hearts affected by hypertension, diabetes or aging [29, 30]. Reactive 

interstitial and perivascular fibrosis are characterized by progressive collagen accumulation in the 

perivascular and interstitial spaces in the absence of myocyte cell death. Such changes are 

accompanied by myocyte hypertrophy, and are reported to affect even remote non-infarcted 

myocardium. Progressive fibrosis is considered a hallmark of aging in many organs including the 

cardiovascular system. Although aged hearts may exhibit a normal ejection fraction and 

contractility, the myocardial compliance and ventricular mass is often increased due to deposited 

collagen from progressive fibrosis [31]. Different types of progressive fibrosis may have different 

causal mechanisms leading to cardiac fibrosis. Fibrosis induced from hypertension is caused by 

increased collagen synthesis, but age-induced fibrosis exhibits decreased collagen synthesis, but 

significant attenuation of matrix-degrading pathways accounting for cumulative collagen 

deposition [32]. Reactive interstitial and perivascular fibrosis are considered an intermediate 

marker of fibrosis as it precedes irreversible replacement fibrosis. Some therapeutic approaches 

were found to reverse such phenotypes [33]. In contrast, replacement fibrosis is observed in acute 

myocardial infarction and ischemic heart disease with no effective therapeutic approaches. In this 

case, necrotic myocytes are replaced with fibrotic scar through excessive matrix deposition, 

mainly type I collagen [34]. Interstitial and perivascular fibrosis ultimately lead to replacement 

fibrosis which then often leads to heart failure. 
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Recent studies suggest that myofibroblasts are primarily derived from resident fibroblasts which 

undergo programmed transdifferentiation. However; endothelial-derived fibroblasts [35], 

epithelial-derived fibroblasts [35, 36], circulating fibrocytes [37], perivascular cells [19] and 

mesenchymal cells from the Gli1 lineage, may also contribute to the population of  myofibroblasts 

within injured tissue [7]. The diversity of myofibroblast precursor cells are one of the confounding 

factors in understanding myofibroblast function; as well as their role in fibrotic remodeling of the 

heart after injury or during disease progression.  

 

Figure 1.2. Myofibroblast characteristics during myocardial fibrosis. Cardiac myofibroblasts are 
transdifferentiated and proliferate to infarct region. Myofibroblasts are responsible for recruiting 
inflammatory cells via secretion of pro-inflammatory factors to the infarct region. Matrix secretion, 
contraction, and migration of myofibroblast all contribute to compensating tissue load, localization, and 
wound contraction during cardiac fibrosis. 

1.3 Microenvironmental cardiac scar mechanics 

Due to the recent findings of mechanical cues modulating myofibroblast transdifferentiation [18, 

38-41], cardiac researchers are focusing on investigating the signaling pathways underlying the 

transduction of mechanical cues. Traditional understandings of the myofibroblast and its role in 

cardiac wound healing has mainly relied on an in vitro setting on flat tissue culture plastic. These 

settings are distant from the rich in vivo microenvironments, which myofibroblasts continuously 

interact with both before and after transdifferentiation.  
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In vivo, fibroblasts and myofibroblasts regulate the ECM dynamically, and concurrently receive 

environmental regulatory cues. The heart’s ECM microenvironment is known to maintain the 

heart’s electrophysiology, provide structural support to myocytes, and provide residing cells with 

signaling proteins [34]. Studies on ECM dynamics have found that ECM not only regulates fibrosis 

chemically, but also mechanically [39, 42-44].  The conversion of mechanical signals into 

biochemical signals plays a pivotal role in cellular differentiation. A large range of subcellular 

structures have been found to contribute to this process. Some of these include the ECM itself, 

cytoskeletal filaments, myosin motors, growth factors, integrins, and stretch activated ion 

channels.  

The healthy heart is organized with various ECM proteins, which contribute to synchronized 

contraction, tight cell-cell coupling, and directional action potential propagation [42, 45]. Since 

directional ECM organization has been observed in many studies, cardiac tissue engineering has 

been attempting to recapitulate the native heart ECM to understand the mechanisms of cell-ECM 

interactions [42, 44-47]. A major protein in the ECM of the heart is planar laminin. It is reported 

that healthy adult myocardium is comprised of about 35% laminin, however as an infarct develops, 

collagen, specifically type I collagen, a fibrillary protein that provides tensile strength and stiffness 

to myocardium, dominates [48] (Figure 1.3). The increase in fibrillar type I collagen content, 

resulting in increased rigidity, is generally a hallmark of fibrosis [49]. Both collagen content and 

tissue stiffness in the microenvironment are known to be regulated by myofibroblasts. Fibrillar 

collagen, which is often absent in healthy myocardium, develops on the border of an infarct in 

congruent direction to myocytes upon injury [50]. Notably, the core of an infarct displays random 

orientation of collagen fibers (Figure 1.4). The mechanoregulation of remodeled 

microenvironments in infarct scaring has not been investigated in depth.  Cyclic stretch [51-53], 

rigidity [43, 51], ECM orientation [54], infarct location [39], and topographic cues [42, 45] are 

beginning to be examined for roles in cardiac scar formation and myofibroblast regulation. Studies 

suggest these environmental mechanical cues are key regulators in cardiac remodeling. Attempts 
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made to recapitulate in vivo microenvironments, in order to investigate effects of exogenous 

mechanical cues, would advance effective study of cellular biomechanical function. 

 

Figure 1.3. Extracellular matrix composition is remodeled post-infarction. (A) Total collagen content within 
the 4-week infarct is significantly greater than the both healthy and 1-week conditions. (B) LC-MS/MS 
spectrum count analysis has shown the relative percentages of each matrix protein content within the 
decellularized heart. Note that Pstn is periostin, Ln is laminin, Eln is elastin, Fn is fibronectin, and Col is 
collagen. Reproduced with permission from Reference [48].  

 

Figure 1.4. Myofiber and collagen direction is remodeled during cardiac fibrosis. Myofiber direction was 
analyzed for (A, B) heathy and (C) infarcted heart. (A) Two-photo microscopy and tractography streamline 
analysis of (B) healthy and (C) infarcted heart displayed a significant disruption of myofiber direction on 
infarcted heart. (D) Collagen (green) direction was regionally remodeled on the infarct site. (E) Collagen 
fibers were congruently aligned to cardiomyocytes (red) on the border of the infarct. (F) Core of infarct 
exhibited randomly oriented collagen fibers. Reproduced with permission from Reference  [50]. 
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1.4 Mechanical stress underlies fibroblast to myofibroblast differentiation 

Myofibroblasts are highly sensitive to mechanical force, and can generate contractile tension on 

their surroundings during wound healing.  Mechanical forces are known to induce increased 

proliferation, reduced collagenolytic activity, and increased collagen production [55]. A number of 

studies are starting to report congruent effects of mechanical and chemical signals on 

myofibroblast transdifferentiation [1, 56, 57]. Evidences suggest cyclic tension itself (15%, 1 Hz) 

can transdifferentiate fibroblasts into myofibroblasts, without any secondary soluble growth 

factors [51-53, 55]. On the contrary, a number of studies also report that cyclic strain has an 

inhibitory effect on myofibroblast transdifferentiation [58-61]. Here, the inhibitory effect was 

reverted with increased anisotropy, suggesting that fibroblasts can also sense the directionality 

of cyclic strain [58]. Moreover, infarcts induced on the equator of hearts, where myocytes contract 

in a circumferential direction, change the orientation of ECM fibers. This was not observed when 

the infarct was restricted to the apex, where myocytes induce circumferential and longitudinal 

contraction of the heart [39].  

Integrins are well-established mechanosensors in fibroblasts and myofibroblasts that connect the 

ECM and cytoplasmic actin cytoskeleton. These mechanosensors are heterodimer membrane 

receptor proteins. They are composed of an alpha and a beta chain which confer specificity to 

certain ECM components. Integrins link the actin/myosin cytoskeleton within fibroblasts to the 

ECM, allowing cells to exert and sense mechanical forces in the external environment. These 

mechanosensors have been shown to play a role in myofibroblast transdifferentiation.  

Myofibroblast differentiation and cell specific markers have been shown to increase with 

mechanical tension [55, 62]. Such increased transdifferentiation events were effectively reduced 

with the inhibition of integrins, specifically integrin αv, in liver, kidneys, and lungs via suppression 

of latent TGFβ activation [63]. Stretch-mediated mechanical signals have also been shown to alter 

ECM-integrin interactions and vary cellular responses [64]. Thus, strategies to modulate 
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myofibroblast integrin inhibition with small molecules or antibodies are emerging as a novel 

method of combating fibrotic cardiac diseases [65]. 

  One significant pathway that transduces mechanical stress, is the mitogen-activated 

protein kinases (MAPK). All three MAPK kinases (ERK, JNK, and p38) were activated with cell 

stretch, and inactivated with cell contraction [66]. A number of results suggest there exists a 

selective activation pathway of MAPK during mechanical force stimulation [55, 67, 68]. 

Interestingly, passive biaxial stretching has shown an increase in ERK and JNK activity, but not 

the p38 kinase pathway [69, 70]. Conversely, tensile forces were shown to increase activity of 

p38, but not ERK and JNK [71]. Recent findings have shown that increases in myofibroblast 

transdifferentiation induced by cyclic strain were inhibited with p38 knockout, suggesting the 

regulatory effect of p38 on transducing mechanical cues for fibrotic response [59] (Figure 1.5A, 

1.5B).  

Unlike myocytes, myofibroblasts do not produce cyclic tension. However, studies suggest that 

static tensile forces can also regulate myofibroblast fate. A static tensile force of 0.65 pN/µm2 

resulted in a 2-fold increase in αSMA protein levels within a short period for low basal levels of 

αSMA. While a decrease in αSMA for high basal levels of αSMA through MAPK occurs [55]. It 

was found that stress worked synergistically with TGFβ causing activation of latent TGFβ1, which 

in turn induces myofibroblast differentiation [40, 72]. Activation of TGFβ1 by release from the 

latency associated peptide, has been found to require as low as 40 pN of integrin-transmitted 

force [72]. Mechanical force induces myofibroblast differentiation, setting up a positive feedback 

loop, in which newly differentiated myofibroblasts exert force on the surrounding 

microenvironment. This positive feedback is assisted by TGFβ1 activation, amplifying the 

inductive signals for a fibroblast to differentiate. 

Incorporation of αSMA into stress fibers is significant, as it leads to myofibroblast contractility. 

The contractile stress fibers, comprised of mature actin microfilaments and non-muscle myosin 
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are regulated by myosin light-chain (MLC) phosphorylation [44]. This phosphorylation is regulated 

by Rho kinase. RhoA, a small GTPase protein of the Rho family, is known to enhance actin 

reorganization and activate TGFβ responses. This kinase is another major factor in myofibroblast 

transdifferentiation [73, 74]. Inhibition of RhoA significantly reduces contractile force, as well as 

wound granulation in tissue contraction [75]. 

  RhoA/Rho-associated kinase (ROCK) regulates not only the phosphorylation status of 

MLC, but also underlies the remodeling of the actin cytoskeleton into stable stress fibers [76]. 

Although both ROCK1 and ROCK2 have been implicated in cardiac hypertrophy and ventricular 

remodeling, ROCK1 is central to the development of cardiac fibrosis. In the context of mechanical 

signaling the ROCK kinases are critical for mechanosensing in both fibroblasts and myofibroblasts 

[76].  The close relationship between external mechanical tensions, myofibroblast induced tension, 

the pathways involved, and fate changes all suggest that focus on these areas may represent a 

new strategy in preventing maladaptive scar formation and in developing an anti-fibrotic 

therapeutic strategy [77]. 
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Figure 1.5. Myofibroblast transdifferentiation is mechanically regulated. (A, B) Cyclic strain has shown 
regulatory effect on myofibroblast transdifferentiation. Recent findings suggest p38 play a key role in 
mechanoregulation of cyclic strain. Reproduced with permission from Reference [59]. (C) Stiffness has 
shown to regulate fibroblast transdifferentiate into myofibroblast. Increase in elastic modulus has shown 

increased expression of αSMA. Reproduced with permission from Reference [78]. (D) Myofibroblasts are 
also sensitive to alignment cues imposed by electrospun fibers in isotropic (left) and anisotropic (right) fibers. 

(E) Fibroblasts cultured on anisotropic fibers have expressed higher αSMA signals. Figures (D, E) 
reproduced with permission from Reference [79]. 

1.5 Substrate stiffness regulate myofibroblast fate 

Recent findings demonstrate that myofibroblast fate is also regulated by substrate stiffness [78, 

80, 81]. Fibroblasts cultured on low stiffness planar substrates do not form stress fibers or express 

αSMA, in contrast to fibroblasts cultured on high stiffness substrate or tissue culture plastic [78, 

82] (Figure 1.5C). It has been discovered that tissue stiffness or loading have a close relationship 

to wound healing and scar formation. However, the understanding of the molecular mechanism 

of how myofibroblasts transduce mechanical elasticity is still at an elementary stage. Various 

models have been suggested to understand how myofibroblasts sense external stiffness. One 
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model is detection through mechanosensitive membrane ion channels, which change 

conformation in response to external tension.  

Mechanosensitive ion channels were shown to detect rapid changes in tension induced by 

magnetic beads [83]. Mechanosensitive ion channel models are appealing, however they have 

drawbacks. This model does not reflect in vivo fibrotic response, as matrix dynamics occur over 

a period of weeks to even months, while the ion channel models are limited to short term changes. 

Thus, in order to understand the process of myofibroblast fate change mediated by substrate 

stiffness, the current focus is on investigating ECM-cell adhesion dynamics and cytoskeletal 

regulation through mechanotransduction. 

  Formation of enlarged focal adhesions has been found to be a key step in a feedback loop 

of external stiffness to actin stress fiber organization that regulates myofibroblast 

transdifferentiation. Fibronexus, a myofibroblast-specific extensive ECM-cell adhesion complex is 

formed in fibrotic tissue by myofibroblasts [7]. In vitro, enlarged focal adhesion complexes 

(“supermature focal adhesion”) are often observed in high stiffness substrates. Limiting 

myofibroblasts focal adhesion formation on arrays of restricted islets led to the rapid loss of αSMA 

expression [84]. Moreover, increasing the size of the islets to allow supermature focal adhesion 

formation on extendable membranes reincorporated αSMA regardless of the stretch variable [84]. 

However, it is not clear whether formation of supermature focal adhesions is the primary event 

which determines myofibroblast fate post injury. 

Approaches using three-dimensional model systems with loaded ECM, may provide the most 

relevant environment for simulating in vivo interaction between myofibroblasts and ECM [84]. 

However, the unrestrained ECM gels with loaded fibroblasts do not provide a continuous positive 

feedback of increased stiffness and myofibroblast interaction [85]. When collagen gel loses its 

elasticity, myofibroblasts lose their stress fibers and fibronexus adhesion complexes, which 

adhere myofibroblasts to collagen fibrils [86]. This is similar to the case when myofibroblasts 
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cultured on stiff substrates are treated with actin-myosin inhibitors [21]. Thus, it is believed that 

substrate stiffness dynamically and continuously regulates myofibroblast transdifferentiation. 

This hypothesis of substrate stiffness regulating myofibroblasts is backed by recent findings which 

indicate Yes-associated protein (YAP) and transcriptional coactivator with PDZ binding domain 

(TAZ), which are transcriptional coactivators of the Hippo pathway, may be closely involved in 

myofibroblast transdifferentiation in response to ECM stiffness [41]. Where YAP and TAZ are not 

expressed in healthy tissue, they have been found to be expressed in fibrotic tissue. YAP and 

TAZ are unique in that their responses are mediated by nuclear translocation of the YAP/TAZ 

complex followed by altered gene expression [87, 88] . YAP and TAZ have been found to regulate 

various cell fates in response to mechanical cues [87, 88]. In stiff substrate cultures in vitro, YAP 

and TAZ accumulate in the nuclei of fibroblasts. This accumulation results in pro-fibrotic matrix 

synthesis, contraction, and proliferation. This response is through plasminogen activator inhibitor 

(PA-1) regulation, independent of TGFβ signaling [41]. Knockdown of YAP and TAZ has been 

found to suppress the myofibroblastic response. Utilization of a ‘smart polymer’, with the ability to 

change stiffness, has also revealed that a switch in substrate stiffness regulates YAP and TAZ 

activation [87].  Although the role of YAP and TAZ in cardiac fibrosis has not been investigated in 

depth, YAP activation was shown to increase cardiac function and enhanced regeneration [89, 

90]. 

Not only does mechanical stiffness regulate enhanced transdifferentiation of fibroblasts, it also 

synergistically modulates various stimulus induced responses.  It is reported that matrix stiffness 

modulates TGFβ induced transdifferentiation, with a significantly higher response to TGFβ on 

stiffer substrates [80]. It has also been found that contraction of myofibroblasts promote latent 

TGFβ activation on a stiffened matrix; where the activation of TGFβ via integrin-mediated 

myofibroblast contraction could be a critical point in fibrosis [73]. Traditionally, mechanical 

activation of myofibroblast differentiation was perceived as an acute process that is limited to 
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contractile force of cells. However, evidences suggest that even pre-stressed ECM can 

mechanically prime late stage transdifferentiation [40]. 

It has been found that in response to matrix stiffening, actin dynamics change causing filamentous 

actin polymerization to be more favorable. This results in nuclear translocation of myocardial 

related transcription factor (MRTF), a marker for myofibroblast differentiation, which has a part in 

regulating expression of αSMA [81]. In this case, both actin and MRTF may mediate an intrinsic 

mechanotransduction pathway, that regulates fibroblasts differentiating to myofibroblasts induced 

by matrix stiffening [81]. Increased expression of actin in response to matrix stiffness is thought 

to be sufficient in driving myofibroblasts to generate contractile force [44]. Identified as a 

mechanosensitive protein, αSMA localizes to stress fibers under external mechanical load. 

Although mechanisms underlying αSMA dynamics on myofibroblast stiffening is not known, 

evidence shows intracellular inhibition of αSMA increases motility, and reduces contraction both 

in vitro and in vivo [18]. Substrate stiffness reduction also leads to disassembly of αSMA from 

stress fibers, suggesting an interactive nature to stiffness regulation.  

1.6 Matrix topography regulates myofibroblast fate 

The heart is an organ that exhibits exceptionally high anisotropy of both myocytes and fibroblasts. 

This anisotropy and cell-cell junctions contribute to synchronized electric signal propagation and 

contraction [45]. Previously, ECM topography and anisotropy have shown to play a critical role in 

controlling cell and tissue function [45]. Electron microscopy of the myocardium has confirmed a 

directional ECM underlying cells [45]. Not only does the ECM supply cells with chemical cues to 

adhere, it also physically provides mechanical structures for cells to bind. While the mechanisms 

of chemical binding have been studied carefully, the role of ECM and its ability to impart regulatory 

mechanical cues, through variations such as the dimension of fiber bundles, orientation, and 

density, have not been thoroughly studied in the field of cardiac fibrosis.  
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The traditional method of culturing myofibroblasts often utilizes a smooth surface substrate, with 

uncontrolled ECM organization. The fundamental properties and functions of fibroblasts such as 

migration and cell fate can be affected by engineering mechanical properties of the culture matrix 

[91-94]. In this context, mechanically modifying the matrix to establish a physiologically relevant 

environment is critical to creating cardiac scar tissue models to study cardiac fibrosis.  

The native anisotropic morphology is lost when cardiac cells are maintained in vitro using 

standard cell culture substrates and techniques. Infarcted hearts have shown disrupted matrix 

organization when compared to healthy hearts which consists of a left handed helix matrix [50]. 

Moreover, the heart matrix content shifts from sheet-like laminin-dominant condition to a fibrous 

collagen-dominant condition [48]. This loss of matrix organization disrupts the structural 

organization of ECM cues with adverse consequences for cardiac cell physiological properties. 

Analysis of infarct scar remodeling has shown that matrix directionality is regionally regulated on 

the border and core of the infarct scar [50]. The core of the infarct consisted of matrix oriented in 

random directions, while the border of the infarct scar displayed an aligned fibrous matrix. To 

develop relevant model systems to study fibrosis, several engineering approaches have been 

attempted to recapitulate the dimensions, directionality, and spacing of native ECM fibers in 

healthy and scarred tissues. [92, 94, 95].  

Clinically, the location of the infarct has been reported to affect ECM orientation in scar tissue [39]. 

In contrast, initial infarct size or orientation did not have a significant effect on ECM remodeling. 

Infarcts induced near the equator of the left ventricle resulted in scar ECM remodeling in a 

circumferential direction, whereas infarcts induced near the apex resulted in isotropic organization 

of the ECM [39]. These results suggest that mechanical regulation in infarct scars is a complex 

system with outcomes related to the location of infarcts. The fibroblast cells exhibited more 

directional and higher cell migration speeds on anisotropic nanoscale fibers over isotropic 

nanofibers and 3D models of wounds [79, 96]. Moreover, anisotropic cues also regulate 
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fundamental fibroblast cell fate by differentiating to a myofibroblastic lineage [40, 79] (Figure 1.5D, 

1.5E). Specifically, the integrin β1 signaling pathway was activated, and phosphorylation of focal 

adhesion kinase was observed in response to anisotropic cues [79].  

It is well known that myofibroblasts are capable of remodeling their surrounding ECM. Recent 

studies have found that this remodeled ECM mechanically induces a myofibroblastic response 

[40]. In these studies, myofibroblasts deposited similar levels of latent TGFβ as fibroblasts, while 

the organization of latent transforming growth factor beta binding protein-1 (LTBP-1) differed. 

Myofibroblasts were found to organize LTBP-1, an integral component of the ECM that stores and 

presents latent TGFβ, to denser and straighter fibrils. Pathologically organized ECM’s ability to 

trigger enhanced latent TGF activation, may explain how decellularized ECM from fibrotic tissue 

lead de novo seeded cells to fibrotic properties even in the absence of TGFβ treatment, while 

decellularized ECM from normal tissue did not [97]. 

Although not as thoroughly investigated as other mechanical regulatory cues, directionality of 

ECM indeed plays a critical role in myofibroblast transdifferentiation. In this context, mechanically 

modifying the matrix to establish a physiologically relevant environment is essential. It aids in 

developing a fibrotic scar tissue model for understanding mechanisms underlying myofibroblast 

fate mapping. This may enable development of new therapeutic approach, targeting ECM directly 

for alleviating fibrosis. 

1.7 Unmet Needs and Future Perspectives 

Myofibroblasts are an essential cell type in the heart, heavily involved in both damage repair and 

maintenance of cardiac function. In this dissertation, we discussed the microenvironmental control 

of myofibroblast fate and fibrosis (Figure 1.6). Both chemical and mechanical signaling were 

highlighted in comparing healthy hearts to damaged hearts. Fibroblasts as well as their 

transdifferentiated myofibroblast cells have shown sensitivity to various mechanical signals, and 



 18 

quite a few signaling pathways have been proposed to transduce such signals. Previous studies 

have been conducted to investigate the chemical regulation of fibroblast differentiation, garnering 

some level of understanding. However, our understanding of the mechanoregulation of 

myofibroblast transdifferentiation and fibrosis regulation remains limited.  What is known, is that 

during fibrosis, heart tissue experiences a number of mechanical changes, and such changes act 

in synergy with chemical cues to induce various fibrotic responses through various signaling 

pathways. The complex chemical and mechanical signals that interplay in vivo presents great 

challenges to therapeutic cardiac engineering. Recent transgenic studies show promising results 

in understanding the origins [98, 99] and mechanics [25, 26, 77, 100] of myofibroblast 

transdifferentiation. Such approaches with mechanically engineered platforms could 

synergistically contribute to accurate assessment of myofibroblast regulation during fibrosis. 

Emergence of biomedical microelectromechanical technology may contribute to the field by 

developing mechanically engineered constructs, to simulate an accurate microenvironment, 

allowing for the study of the mechanics behind cardiac fibrosis. Decellularized matrix analysis with 

biomimetic scaffold designs may enable cell culture systems that could recapitulate 

microenvironmental cues of the in vivo myocardium, and may provide a faithful model to increase 

our understanding of the mechanical regulation of cardiac fibrosis. Moreover, 3D systems which 

offer explicit control over factors such as, cyclic stretch, rigidity, and topographic cues, would be 

a valuable asset, providing insights to combat cardiac diseases, as most forms are associated 

with myocardial fibrosis. A patient-derived stem cell culture in conjunction with a mechanically 

regulated microenvironment may contribute to personalized-therapy development. With a greater 

understanding of mechanical regulation, inhibition of heart scarring and fibrosis could become a 

realistic therapeutic strategy for treating heart diseases. 
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Figure 1.6. Schematic illustration of signaling pathways regulating fibroblast transdifferentiation into 
myofibroblast through mechanoregulation. Various pathways such as YAP/TAZ, p38, ROCK, SRF, and 
MRTF have been identified to transduce external mechanical cues such as stiffness, tensile force, strain, 
and ECM directionality. 

1.8 Dissertation Overview and Significance 

The research presented in this dissertation sought to address the challenges of regulating 

myofibroblast transdifferentiation during fibrosis, current understandings of effects of mechanical 

cues, and potential topographic as a novel mechanical regulator of cell fate throughout Chapter 

1. Chapters 2 through 5 describe the rationale, scientific methods, and results of the following 

three specific aims: 

Aim 1: Develop nanoengineered in vitro platforms with tunable mechanical characteristics to 

simulate cell response in vivo. (Chapters 2 & 3)  
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Aim 2: Identify a mechanotransduction pathways that transduce topographic cues for fibroblast 

transdifferentiation (Chapter 4) 

Aim 3: Establish a pathway map of topographic cue sensing during cardiac fibrosis. (Chapter 5) 

Chapter 2. Development of Anisotropic Nanopatterned Substrates 

with Tunable Mechanical Characteristics Enhance the Cellular 

Alignment 

Parts of this chapter have been published in the following manuscripts:  

• P. Kim, A. Yuan, and D. H. Kim, "Fabrication poly(ethylene glycol): gelatin methacrylate 

composite nanostructures with tunable stiffness and degradation for vascular tissue 

engineering" Biofabrication 2014 

• S. Chaterji, P. Kim, S.H. Choe, D. S. Ho, J. H. Tsui, A. B. Baker, and D.H. Kim. 

“Synergistic Effects of Matrix Nanotopography and Stiffness on Vascular Smooth Muscle 

Cell Function” Tissue Engineering, 2014 

• V. Le, J. Lee, S. Chaterji, A. Spencer, Y-L, Liu, P. Kim, H-C. Yeh, D.H. Kim, and A.B. 

Baker. “Syndecan-1 in mechanosensing of nanotopological cues in engineered 

materials” Biomaterials. 155 (2018) 13-24. 

2.1 Rationale 

Although synthetic polymers are desirable in tissue engineering applications for the reproducibility 

and tunability of their properties, synthetic small diameter vascular grafts lack the capability to 

endothelialize in vivo. Thus, synthetically fabricated biodegradable tissue scaffolds that reproduce 

important aspects of the extracellular environment are required to meet the urgent need for 

improved vascular grafting materials. In this chapter, we have successfully fabricated well-defined 

nanopatterned cell culture substrates made of a biodegradable composite hydrogel consisting of 

poly(ethylene glycol) dimethacrylate (PEGDMA) and gelatin methacrylate (GelMA) by using UV-

assisted capillary force lithography. The elasticity and degradation rate of the composite PEG-

GelMA nanostructures were tuned by varying the ratios of PEGDMA and GelMA. Human umbilical 

vein endothelial cells (HUVECs) cultured on nanopatterned PEG-GelMA substrates adhered 
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more than those cultured on unpatterned PEG-GelMA substrates. Additionally, HUVECs cultured 

on nanopatterned PEG-GelMA substrates displayed well-aligned, elongated morphologies similar 

to those of native vascular endothelial cells and demonstrated rapid and directionally persistent 

migration. The ability to alter both substrate stiffness and degradation rate as well as culture 

endothelial cells with increased elongation and alignment is a promising next step in recapitulating 

the properties of native human vascular tissue for tissue engineering applications.  

Moreover, vSMC differentiation is modulated by a complex array of microenvironmental cues 

which include the biochemical milieu of the cells and the architecture and stiffness of the 

extracellular matrix (ECM). In this chapter, we demonstrate that by using UV-assisted capillary 

force lithography (CFL) to engineer a polyurethane substratum of defined nanotopography and 

stiffness, we can facilitate the differentiation of cultured vSMCs, reduce the inflammatory 

signature of the cells, and potentially promote the optimal configuration of the vSMC contractile 

and cytoskeletal machinery. Specifically, we found that the combination of medial tissue-like 

stiffness (11 MPa) and anisotropic nanotopography resulted in significant upregulation of 

calponin, desmin, and smoothelin, as well as the downregulation of ICAM-1, tissue factor, 

interleukin-6, and MCP-1. Further, our results allude to the mechanistic role of the RhoA/ROCK 

pathway and caveolin-1 in altered cellular mechanotransduction pathways via differential matrix 

nanotopography and stiffness. Notably, the nanopatterning of the stiffer substrata (1.1 GPa) 

resulted in the significant upregulation of RhoA, ROCK1, and ROCK2. This indicates that 

nanopatterning an 800_800_600nm (ridge width_groove width_ridge height) pattern on a stiff 

substratum may trigger the mechanical plasticity of vSMCs resulting in a hypercontractile vSMC 

phenotype, as observed in diabetes or hypertension. Given that matrix stiffness is an independent 

risk factor for cardiovascular disease and that CFL can create different matrix nanotopographic 

patterns with high pattern fidelity, we are poised to create a combinatorial library of arterial 

testbeds, whether they be healthy, diseased, injured, or aged. Furthermore, syndecan-1 was 
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identified as a mechanosensor for vSMC in response to nanotopogological cues. A syndecan-1 

knockout model was used to confirm increased nuclear localization of YAP in response to 

nanotopographies as well as elevated levels of Rho-state in the cells. Such high-throughput 

testing environments will pave the way for the evolution of the next generation of vascular 

scaffolds that can effectively crosstalk with the scaffold microenvironment and result in improved 

clinical outcomes. 

2.2 Scientific Methods 

2.2.1 GelMA synthesis 

GelMA was synthesized as previously described [101-103]. Briefly, Dulbecco’s phosphate-

buffered saline (DPBS; Gibco) was prepared at 60°C under a constant stirring condition of 400 

rpm. Gelatin (type A, 300 bloom from porcine skin; Sigma-Aldrich) was added at 10% (w/v) to 

DPBS stirred for 2 h until a clear mixture was formed. Then methacrylic anhydride (MA; Sigma-

Aldrich) was added at 20% (w/v) in the same stirring condition at 50°C. 500µL methacrylic 

anhydride was added every 30 s until the desired volume was added to ensure the full reaction 

as shown previously [101]. The solution was allowed to react for 2 h under the stirring condition 

at 50°C. After a 5× dilution of the solution with warm DPBS at 40°C to stop the reaction, the 

mixture was dialyzed using distilled water in 12-14 kDa cutoff dialysis tubing (Spectrum 

Laboratories) at the stirring condition at 40°C. Distilled water was changed regularly for 4 days 

until the salts and methacrylic acid was removed. The dialyzed solution was passed through a 

0.2 µm filter (Corning) and lyophilized for 4 days to produce a sponge-like foam. GelMA not 

immediately used for polymerization was stored at -80°C. 
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2.2.2 Fabrication of PEG-GelMA hydrogel nanopatterns 

Lyophilized GelMA and PEGDMA (PEGDMA MW 1000 Da; Polyscience) were dissolved in DPBS 

at 80°C with a UV crosslinker at a ratio of 5 µL crosslinker per 1 mL of solution. The UV crosslinker 

was prepared by dissolving 2,2-dimethoxy-2-phenylacetophenone (Aldrich) into 1-vinyl-2-

pyrrolidinone (Aldrich) at 30% (w/v). The UV crosslinker was stored protected from light to prevent 

photochemical reaction. PEGDMA was used at 5%, 20% (w/v) concentrations and GelMA 

concentration was varied among 0%, 5%, 10%, and 20% (w/v). The solution was stored at 40°C 

to prevent gelation and used within 7 days. A silicon wafer with ridge and groove width of 800 nm 

and height of 600 nm nanopatterned features were fabricated via ion etching as described in [95]. 

The features were transferred to a polyurethane (PUA) mold on polyester film prior to the 

fabrication of PEG nanopatterns on the glass by a UV-assisted nanomolding method used 

previously [104]. To prepare the glass coverslips for nanopatterning, glass coverslips were first 

rinsed in isopropyl alcohol in a sonicated bath at 35°C for 20 min and dried under a stream of 

compressed air. The coverslips were then oxygen-plasma treated for 5 min. An adhesion 

promoter (Glass Primer, Minuta Tech) was then applied to the 35 mm glass coverslips by spin-

coating at 2000 rpm for 20 s. Once spin-coated, the coverslips were baked at 65 °C for 20 min 

and then treated with UV light (365 nm) for 60 s. Treated glass coverslips were stored up to 7 

days in a desiccator before usage. PEGDMA and GelMA solutions were drop dispensed on the 

coverslips and a PUA master mold was placed over the solution. The pattern was UV cured 

(365nm) for 5 min, resulting in a polymer of 35mm in diameter, ~100µm in thickness on top of the 

coverglass. After polymerization, the nanopatterned PUA master mold was removed. The sample 

was kept under UV for 12 h to complete the UV curing. Unpatterned substrates were fabricated 

from an unpatterned polyester film instead of a PUA copy of the nanopatterned substrates. Fidelity 

of the nanopattern was confirmed by scanning electron microscope (JEOL) at 15 kV, 4000 x 

magnification after sputter coating gold on the surface. 
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2.2.3 Characterization of PEG-GelMA nanopattern: mechanical stiffness 

Atomic force microscopy (Dimension 3000, Bruker) was used to measure the stiffness of various 

concentrations of nanofabricated PEG-GelMA substrates. Nanopatterned substrates were 

hydrated in DPBS for 24 h period and were air dried right before the measurement of substrate 

stiffness. The ridge portion of the nanopatterned substrates was carefully scanned to generate a 

force curve. To calculate Young’s modulus from the force curve, the cantilever’s spring constant 

and deflection sensitivity was calibrated prior to the force curve measurement. The Derjaguin-

Muller-Toporov (DMT) model was used to calculate the Young’s modulus of the samples [105, 

106]. A total of five samples were measured for each concentration of PEGDMA and GelMA. 

2.2.4 Characterization of PEG-GelMA nanopattern: biodegradability  

Washable glue stick was applied to an ultra-sonicated coverglass to easily detach the 

nanopatterned substrates from the coverglass prior to nanofabrication of the hydrogel substrates. 

The hydrogel was then detached from the coverglass by the addition of deionized water and 

rinsed thoroughly with deionized water. The sample’s dry mass prior to degradation was weighed 

after using lyophilization (Freezone; Labconco). The enzymatic degradation rates of various PEG-

GelMA compositions were then determined as previously described [103, 107]. The hydrogel 

substrate was submerged in a 1.5 mL tube with 1 mL of 2.5 U/mL collagenase type II (Worthington 

Biochemical) solutions in DPBS. The hydrogel and enzyme were incubated at 37°C for one, three, 

and seven days. After each set, the sample was centrifuged to remove only supernatant. The 

remaining PEG-GelMA was washed 3 times with deionized water for 5 min to remove DPBS and 

residual enzymes, and lyophilized overnight for dry mass measurement. 
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2.2.5 Cell culture  

Human Umbilical Vein Endothelial Cells (HUVEC; Lonza) were cultured under 37°C, 5% CO2 in 

a cell culture incubator (VWR). Endothelial Cell Growth Medium (Lonza) was mixed with 20% fetal 

bovine serum (FBS; Sigma) and 1% Penicillin Streptomycin (Gibco). Passage was conducted at 

50% confluency, and only the cells with passage numbers between 3 and 6 were used for 

experiments. Each experiment was conducted by plating 500,000 HUVECs on a multi-well device 

with the fabricated nanopatterned and unpatterned substrates adhered on the bottom and 

allowing 4 h of initial incubation for attachment.  

2.2.6 Quantitative analysis of cellular adhesion 

Following the initial incubation, unattached cells were washed away with DPBS and only 

remaining cells that were adhered to the nanopatterned and unpatterned substrates were counted 

for each group. Number of cells was converted to cell/cm2. 

2.2.7 Quantitative analysis of cell morphology 

Cell morphology was measured by washing unattached cells with DPBS and taking images by 

microscope (Axiovert200; Zeiss) after initial incubation. Cell morphology was studied by outlining 

the cell boundary using ImageJ. Cell alignment, elongation, and spreading area were measured. 

Alignment was measured by the angle between the direction of the nanopattern and cell’s major 

axis. Major and minor axis length was measured by fitting ellipses to the cell borders. Elongation 

was calculated by dividing major axis length by minor axis length. Cell area was a converted value 

of the pixel to area in the cell boundary region. 
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2.2.8 Quantitative analysis of cell migration 

After initial incubation, cell motility was measured by taking images of multiple locations every 20 

min for 5 h using automated live cell microscope (Eclipse Ti, Nikon) at 37°C and 5% CO2. Cell 

nucleuses were tracked at each time point. A custom-made MATLAB code was used to analyze 

cell migration. Migration speed was measured by calculating displacement per time, and 

persistence time was calculated from the rate of mean-square displacement in comparison to the 

random walk model [108]. 

2.2.9 Cell Culture, Seeding, and Stimulation of vSMC Differentiation. 

Aortae were harvested from 6 to 10 week old male syndecan-1 knockout (S1KO) and wild type 

(WT) mice. Following harvest, the aortae were minced and a glass coverslip was placed over the 

tissue fragments. The cells were then cultured in DCDB-131 culture medium (Life Technologies) 

with 20% fetal bovine serum (FBS), L-glutamine and antibiotics. The vSMCs migrated out of the 

tissue and were allowed to proliferate. After the first passage, the cells were grown in MCDB-131 

with 10% FBS, L-glutamine and antibiotics. The vSMCs were seeded onto the substrates at 50% 

confluence. Cells were seeded onto the substrates and treated 24h later with 1% DMSO, 10 µM 

Y-27632 (Sigma), or 10 µM verteporfin (Tocris) in culture medium for 48h. For differentiation of 

vSMCs, differentiation media containing a smooth muscle differentiation supplement (SMDS) 

comprising of 1% FBS and 30 μg/mL heparin (heparin sodium, Sigma) was used 

2.2.10 Gene Expression Analysis. 

Following differentiation treatments, as described above, mRNA was isolated from vSMC cultures 

using the RNAeasy Kit (Qiagen, Valencia, CA). The cDNA were obtained using the Taqman cDNA 

Reverse Transcription Kit (Life Technologies). Real time PCR was performed using the ViiA™ 7 

Real-Time PCR System (Applied Biosystems, Foster City, CA) using a SYBR Green Master Mix 
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(Life Technologies). All PCR results were normalized to the expression levels of GAPDH prior to 

further analysis. The custom-synthesized primer pairs (Sigma) used for real time reverse 

transcription-PCR are listed in Table 1. 

 

Gene Forward Primer Reverse Primer 

Collagen 1a2 TTGTGGATACGCGGACTCTG CTGAGCAGCAAAGTTCCCAG 

Periostin AAGGAAAAGGGTCATACACGTACTTC CCTCTGCGAATGTCAGAATCC 

ED-A Fibronectin CCCACCGTGGAGTATGTGG AGCCCTGACACAATCACGGA 

Table 1.1. Primer Sequence used for RT-PCR (5’ to 3’) 

2.2.11 Statistics 

Statistical analysis was carried out by two way ANOVA test and Pearson chi-square test. 

Statistical significance was indicated for p-values less than 0.05.  

2.3 Results 

2.3.1 Fabrication of PEG-GelMA composite polymer nanopattern  

UV-assisted capillary force lithography (CFL) is a cost-effective, easy-to-use, scalable, and highly 

reproducible technique which can fabricate polymeric nanofeatures. The PEG-GelMA was 

synthesized by a method similar to that previously described [101]. Figure 2.1A shows a reaction 

scheme of composite hydrogel of PEGDMA and GelMA. Gelatin was reacted with methacrylic 

anhydride (MA) to make GelMA, which was shown to possess tunable stiffness and 

biodegradability in bulk sample [103]. In order to model a vascular tissue environment, this PEG-

GelMA was patterned with the CFL nanofabrication technique. Ion etching was used to fabricate 

a nanopatterned master mold with ridge and groove width of 800 nm and height of 600 nm on a 

silicon wafer [95]. Nanopatterned master features were then easily transferred to the PUA copy 
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by CFL, resulting in a negative feature of nanopatterns as defined in the silicon master molds. 

UV-assisted capillary force lithography [109, 110] was used to fabricate a large area (> 10 cm2) 

of nanopatterned substrates. The mixture of PEGDMA and GelMA was kept in water bath at 37°C 

until it was cured under PUA stamps with UV light to functionalize acrylate groups to form a 

complete nanofabricated PEG-GelMA hydrogel as shown in Figure 2.1B. SEM images confirmed 

that various concentrations of PEGDMA and GelMA were successfully polymerized to both 

unpatterned and conformal nanopatterned substrates (Figure 2.1C). PEGDMA alone did not 

polymerize at 5% w/v as previous work has shown [103]. Only one representative SEM image of 

the unpatterned substrates of 5% w/v PEGDMA and 20% GelMA is shown. 

 

Figure 2.1. Fabrication of nanopatterned PEG-GelMA substrates. (A) Synthesis of Poly(Ethylene Glycol)-
Methacrylated Gelatin (PEG-GelMA) composite. GelMA was first synthesized by methacrylating amine 
groups of gelatin with methacrylic anhydride (MA). The mixture of GelMA and PEGDMA was 
photocrosslinked under UV light (365nm) for 5 min in the presence of 2,2-Dimethoxy-2-
phenylacetophenone and 1-Vinyl-2-pyrrolidinone mixture as a photoinitiator. (B) Schematic illustration of 
the fabrication process of nanostructures. Various compositions of PEG-GelMA were drop dispensed onto 
adhesion promoter coated coverglass. Then the coverglass was embossed with PUA master mold (ridge 
and groove of 800nm, height of 600nm). UV-assisted capillary force lithography polymerized the PEG-
GelMA into a groove and ridge pattern. Careful removal of the master completed the fabrication.(C) 
Representative SEM images of unpatterned substrates (top left) and nanopatterned substrates of various 
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conditions. The number indicates each percentage (w/v) of PEGDMA and GelMA. Replication of constant 
topography was successful for various concentrations of PEGDMA and GelMA. Scale bar: 10m. 

 

2.3.2 Characterization of substrate mechanical properties: Tunable stiffness of hydrogel. 

Cell morphology, skeletal assembly, migration, adhesion, and differentiation are affected by 

substrate stiffness [111-116]. As various moduli are required to model different types of tissue, it 

is clear that tunable stiffness would be advantageous in material used in engineered tissue grafts. 

Compared to PEGDMA, GelMA has relatively low material stiffness. A wide range of material 

rigidities were achieved by varying ratios of PEGDMA and GelMA. For higher concentrations of 

PEGDMA and GelMA, high viscosity was apparent even from the polymerization process. 

Young’s moduli of the samples were calculated from the AFM by DMT model [105, 106]. Figure 

2.2 indicates that the nanostructure fabricated by varying PEGDMA and GelMA have tunable 

stiffness. The stiffnesses achieved were in the range of sub-megapascal, which was significantly 

lower than the gigapascal range of standard polystyrene surfaces where typical cell culture 

studies are held. The profiled stiffness range indicates that PEGDMA and GelMA ratio could be 

adjusted depending on the desired substrate stiffness. For both 5% and 20% PEGDMA group, 

stiffness increased as w/v of GelMA increased. Interestingly, 5% PEGDMA samples with 20% 

GelMA resulted in similar stiffness (0.88 ± 0.06 MPa) as 20% PEGDMA and 5% GelMA (0.87 ± 

0.06 MPa).  
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Figure 2.2. Stiffness profile of various ratios of PEGDMA and GelMA. Mechanical properties of the 
fabricated nanopattern made of various compositions of PEGDMA and GelMA were measured. Young’s 
modulus was measured by using atomic force microscope by Derjaguin-Muller-Toporov model. n=5 for 
each group. Error bars indicate standard error of mean, *p<0.05 

 

2.3.3 Characterization of substrate mechanical properties: Degradation profile of various 

ratios of PEG-GelMA 

An appropriate amount of degradation in implantable scaffolds may minimize inflammation and 

improve biocompatibility. Crosslinking GelMA with PEGDMA to form PEG-GelMA composite was 

conducted in order to overcome the limitation of PEGDMA’s inability to degrade. Figure 2.3A and 

3B shows the percent mass remaining of samples of various ratios of PEGDMA and GelMA over 

7 days of degradation with collagenase II. All samples showed exponential decay pattern with the 

fastest decay rate in the earlier time. Interestingly, for 5% PEGDMA samples, degradation was 

faster for low GelMA groups, and for 20% PEGDMA samples, degradation was faster for higher 

GelMA group. This might be due to the degree of crosslinking between PEGDMA and GelMA for 

higher and lower PEGDMA samples. Visually, the samples synthesized with low PEGDMA and 

GelMA were porous and were broken into pieces indicating that collagenase type II activity 

degraded the PEG-GelMA composite (data not shown). Notably, substrates of similar stiffness, 

5% PEGDMA and 20% GelMA and 20% PEGDMA and 5% GelMA resulted in a significant 

difference in degradation rate. Results from stiffness of hydrogel and degradation profile exhibit 

that the substrates could be tuned independently of stiffness and degradation. By varying ratios 

of PEGDMA and GelMA, a substrate of desired stiffness or degradation could be achieved without 

altering the other variable. 
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Figure 2.3. Degradation profile of various ratios of PEGDMA and GelMA. Degradation was measured as 
the percent mass remaining of PEG-GelMA in DPBS solution with collagenase II (2.5 U/mL) for 1, 3, and 7 
days. Various concentrations of GelMA were tested with 5% PEGDMA (A) and 20% PEGDMA (B). 
Statistical analysis showed that for lower concentration of PEGDMA, degradation was significantly faster 
(p<0.05). n=3 for each group. Error bars indicate standard error of mean, *p<0.05.  

 

2.3.4 Increased cellular adhesion by nanopatterning  

Cellular adhesion to a culture substrate is important to enhance efficiency of transferred cells for 

experiments and avoid apoptosis. However, commercial plastic, glass, or even PEG surfaces 

have been shown to exhibit low cellular adhesion, causing portions of cells to be lost through 

passaging or transferring. Cellular adhesion was measured by culturing HUVECs on various 

concentrations of polymerized PEG-GelMA that were unpatterned and nanopatterned, allowing 

for attachment, and then counting the number of cells adhered after DPBS washing. HUVEC 

adhesion to various substrates was obtained by calculating number of cells per cm2 at same 

culture conditions. Figure 2.4A shows that HUVEC-substrate adhesion was significantly 

enhanced for patterned substrates for every ratios of PEG-GelMA when compared to unpatterned 

substrates. Increasing the w/v ratio of GelMA exhibited a general increase of HUVEC adhesion 

for all conditions. The effect of GelMA on HUVEC adhesion was amplified on nanopatterened 

surface. For 5% PEGDMA condition, increasing GelMA from 5% to 10% and 20% resulted in 3 

and 5.4 times more HUVECs adhered respectively on nanopatterened substrate whereas on flat 

condition, the increase in HUVEC adhesion was only 1.7 and 4.8 times more. This trend was 
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observed on 20% PEGDMA group as well, but in smaller scale. On nanopatterned 20% PEGDMA 

substrate, increasing GelMA from 0% to 5%, 10%, and 20% resulted in 1.2, 1.2, and 1.5 times 

increased HUVEC adhesion whereas for flat 20% PEGDMA substrates, the same increase 

resulted in only 1.1, 1.1, and 1.3 times increased HUVEC adhesion. On average, nanopatterning 

enhanced cell adhesion by 2.8 times for 5% PEGDMA group, and 1.8 times for 20% PEGDMA 

group, indicating that the effect of nanopatterning on cell adhesion was more enhanced when 

PEGDMA ratio was low. Overall, the cellular adhesion was optimal at nanopatterned substrates 

with 5% PEGDMA and 20% GelMA. After the initial attachment, HUVECs were allowed to reach 

confluency for 7 days. F-actin and DAPI as shown in Figure 2.4B and 2.4C. The result indicates 

that both flat (Figure 2.4B) and nanopatterned (Figure 2.4C) substrates in x-direction could be 

populated with endothelial cells to form a monolayer to be utilized in vascular tissue engineering. 

Interestingly, polarization of nucleus and F-actin fibers of HUVEC was observed on nanopattern. 

HUVEC on flat substrate showed random anisotropy of nucleus and F-actin. 

 

Figure 2.4. Enhanced cell adhesion on unpatterned and nanopatterned PEGDMA-GelMA composite and 
ability to reach confluency. (A) Adhesion was measured in cell/cm2. Numbers on x-axis indicate the ratio of 
PEGDMA (w/v)-GelMA (w/v). Varying concentration of PEGDMA and GelMA affected cellular attachment 
significantly. For all cases, statistical analysis shows that cellular attachment was enhanced for patterned 
PEG-GelMA substrates compared to unpatterened substrates. Error bars indicate standard error, *p<0.05. 
(B,C) Adhered cells were allowed to reach confluency for 7 days. Representative images are HUVECs with 
F-actin stained (red) and DAPI (blue) on flat (B) and nanopatterned (C) substrates of 20% PEGDMA and 
10% GelMA. Scale bars : 50 µm 
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2.3.5 Effects of nanopatterning of PEG-GelMA on cell physiology 

Endothelial cells in vivo show highly organized anisotropy and an elongated shape aligned along 

the direction of flow [117]. However, endothelial cells cultured in vitro on a standard culture dish 

often appear unlike the highly organized morphology of endothelial cells in vivo; that is, they are 

randomly oriented, not fully spread, and rounded. A scaffold or a graft must be able to provide in 

vivo like environment to enhance effectiveness of the device. It has been shown previously that 

cells show strong contact guidance with nanopatterned substrates [95, 109]. We found that on 

PEG-GelMA fabricated nanopatterned substrates, the morphology of HUVEC was significantly 

affected by nanotopographical cues for all compositions of PEGDMA and GelMA as shown in 

Figure 2.5. As expected, for all ratios of PEGDMA and GelMA samples, HUVECs on the 

nanopatterned PEG-GelMA substrates showed higher anisotropy (Figure 2.5A, 2.5B), more cell 

spreading (Figure 2.5C), and greater elongation (Figure 2.5D) than HUVECs on the unpatterned 

substrates. Alignment was calculated by measuring the angle between the direction of the 

nanopattern and each cell’s major axis. Over 72% and 85% of cells were aligned within ±10 

degree range of the direction of the 5% PEGDMA and 20% PEGDMA nanopattern respectively. 

For unpatterned substrates, only 18% and 12% of cells were in the range of the same orientation 

for 5% PEGDMA and 20% PEGDMA respectively. Nanopatterning also increased cell spreading 

area by 29% on average, with cell area increased significantly overall for all compositions of 

PEGDMA and GelMA. Among the nanopatterned substrates, composition of PEGDMA and 

GelMA did not affect cell spreading area as significantly as the patterning did. However, for 

unpatterned substrates groups, cell spreading area was minimal at the lowest composition of 

PEGDMA and GelMA, and increased with higher GelMA composition with 20% PEGDMA and 

20% GelMA group as an exception. For nanopatterned groups, cell spreading area is not 

significantly different among different compositions of PEGDMA and GelMA. The effect of 

nanopatterning of PEG-GelMA was even more significant for cell elongation. Cell elongation was 
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calculated by dividing major axis length by minor axis length. Each composition of PEGDMA and 

GelMA resulted in significantly elongated cell morphology. On average, cells on nanopatterned 

PEG-GelMA substrates were over 2.6 times more elongated than the cells on the unpatterned 

PEG-GelMA substrates. The concentrations of PEGDMA and GelMA respectively did not have a 

significant effect on cell elongation as nanopatterning did, indicating the cell elongation was 

topographically regulated, not strongly by compositions of the substrates. 

 

Figure 2.5. Effect of nanostructures and the various compositions of PEGDMA and GelMA on cell 
morphology. (A) Cell alignment was measured by plating HUVEC on unpatterned (left) and nanopatterned 
substrates (right) for 5% PEGDMA and 10% GelMA (A) and 20% PEGDMA and 10% (B). Alignment was 
measured by the angle of major axis in a range of -90 to 90 degree. For nanopatterned substrates, the 
groove was in the direction of x-axis. (C) HUVEC had larger cell area on nanopatterned substrates (p<0.05) 
for same ratio of PEGDMA and GelMA. (D) Elongation was measured by dividing major axis length by 
minor axis length of individual cell. The statistical analysis showed that HUVECs were much elongated on 
nanopatterned substrates than on unpatterned substrates. Varying concentration of both PEGDMA and 
GelMA had no statistical significance. Elongation was measured by dividing length of major axis by length 
of minor axis. Error bars indicate standard error of mean. n>45 for each experiment *p<0.05. 

 

2.3.6 Guided and increased cell migration. 

For biomimetic graft designs, not only is the anisotropy and morphological resemblance important 

for promoting endothelialization, but so is the migratory behavior of endothelial cells on the graft. 
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Directional guidance is important to control endothelial cells’ behavior and enhanced recovery 

after a device is administered. For quantitative analysis of cell migration, hydrogel composition of 

5% PEGDMA and 20% GelMA was selected for its optimal adhesion. HUVECs were seeded on 

unpatterned and patterned substrates fabricated and after 4 h of incubation, their migratory 

behavior was tracked every 20 min for 4 h. One representative image showing individual HUVEC 

nucleus tracking on unpatterned substrates (Figure 2.6A) and patterned substrates (Figure 2.6B) 

is shown. Cell boundary was indicated by red line to show cell movement. The center of HUVEC 

nucleus at 0 h (purple), 1 h (blue), 2 h (green), and 4 h (yellow) is shown to display overall 

migration (Figure 2.6A, 2.6B). The method used is able to track any cellular migration precisely 

over long periods of time. HUVECs on the unpatterned substrates exhibited random migration not 

biased to any specific direction, whereas HUVECs on nanopatterned PEG-GelMA substrates 

showed strong guidance of migration along the nanopattern in the y-axis direction (Figure 2.6D, 

6E). Both trajectories of HUVECs not only suggested that endothelial cells resulted in guided 

migration along the direction of the nanopattern, but also persistent and faster migration. In order 

to confirm the enhanced migration, the persistence time and migration speed of HUVECs per 

every interval time was calculated. Persistence time, a measure to determine how persistent a 

cell maintains its directions of migration of the cell track, was determined from the rate of mean 

squared displacement measurements in comparison to random walk model [108]. Figure 2.6C 

shows that HUVECs on unpatterned substrates exhibited a significantly shorter persistence time 

than HUVECs on the nanopatterned PEG-GelMA substrates, indicating the direction of HUVEC 

on the unpatterned substrates was altered more frequently. As directed migration was observed 

for HUVEC on the patterned substrates, migration speed was measured to verify that HUVEC 

exhibited both guided and enhanced migration speed on nanopatterned substrates. Figure 2.6F 

shows that the migration speed of HUVECs was significantly higher (over two fold) on the 

nanopatterned substrates (38.6 ± 7.6 µm/hr) than that of the unpatterned substrates (18.7 ± 6.1 

µm/hr). Thus, these results demonstrate that the nanopatterned PEG-GelMA substrates 
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contributed to guided migration along the groove direction as well as the enhanced migration 

speed and persistent movement of HUVECs.  

 

Figure 2.6. Guided and enhanced HUVEC migratory behavior on nanopatterned PEG-GelMA substrates. 
Representative migration trajectories of HUVEC were tracked on unpatterned (A) and patterned (B) 
substrates fabricated by 5% PEGDMA and 20% GelMA every 20 min for over 4 h. One representative 
nucleus positions at 0 h (purple), 1 h (blue), 2 h (green), and 4 h (yellow) are indicated as colored dots. Cell 
boundary was shown in dotted red line. (C) HUVEC on unpatterned substrates exhibited significantly 
shorter persistence time compared to cells on patterned substrates. Trajectory of HUVEC indicates a 
random migration on unpatterned substrates (D) and guided migration along the direction of nanopatterned 
substrates (E). X and Y axis are in the unit of m. (F) Migration speed for HUVEC was significantly faster 
on patterned substrates than unpatterned substrates. (*p<0.05) n>60 for each experiment. Error bars 
indicate standard error of mean. 

 

2.3.7 Analysis of vSMC Differentiation on Differentially Engineered Substrata. 

In addition of HUVEC culture, we tested the synergetic effect of engineered nanotopography and 

stiffness on the gene expression of multiple markers of vSMC. Nanopatterning the substrata 

resulted in increase in calponin gene expression, with the expression of calponin being higher in 

the case of vSMCs cultured on the soft ANFS than on the stiff ANFS (Figure 2.7A), highlighting 

the beneficial effect of physiologically-relevant compliance and of nanopatterning the substratum. 
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In addition, nanopatterning the stiff substratum resulted in higher smooth muscle α-actin (α-SMA) 

gene expression relative to the unpatterned  stiff substratum (Figure 2.7B), indicating that even in 

the absence of an optimally-stiff substratum, patterning the substratum could enhance vSMC 

contractility. Further, desmin was also upregulated on the soft ANFS (Figure 2.7C), and was 

significantly lowered on the stiff substratum even when nanopatterned. While desmin is an early 

marker of muscle cell differentiation, the presence of desmin in vSMCs indicates high functional 

activity since it links myofibrils to the cell membrane [118]. Desmin has been found greatly 

diminished in vascular lesions such as in a pig model of directional atherectomy [119]. In addition, 

the levels of tropomyosin-1 were higher on the nanopatterned substrata relative to the 

unpatterned substrata (Figure 2.7D). While tropomyosin-1 is an established marker for vSMC 

phenotype, erratic levels of this marker have been associated with hypertension in some tissues 

[120]. Finally, given that smoothelin is a very sensitive marker for vSMC differentiation [121], we 

also tested the synergistic effect of nanopatterning and stiffness on smoothelin gene expression. 

While the nanopatterning did not statistically alter the expression of smoothelin individually for the 

unpatterned and patterned substrata, the soft ANFS had statistically higher smoothelin expression 

relative to the stiff ANFS (Figure 2.7E). Since smoothelin has been exclusively found in fully-

differentiated vSMCs and is absent in myofibroblasts, the upregulation of smoothelin in vSMCs 

cultured on soft ANFS is particularly interesting. Overall, our findings illustrated the synergetic 

effect of anisotropic nanopatterning and vascular tissue-like compliance of engineered PUA 

substrata, with ANFS specifically upregulating the expression of vSMC-restricted contractile 

protein genes. 
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Figure 2.7. Nanoengineered platform regulate vSMC differentiation. Real time PCR analyses of vSMC 
differentiation-related markers when cultured on the different substrata. Interestingly, for the intermediate 
filament-related markers calponin and desmin and for the smooth muscle-specific cytoskeletal protein 
smoothelin, soft ANFS resulted in statistically higher gene expression (p < 0.05). This highlights the 
synergetic effects of substratum nanotopography and elasticity on vSMC differentiation, with ANFS 
resulting in a more profound effect of vSMC-restricted contractile protein marker genes. Interestingly, for 
the less stringent marker α-SMA (also found in myofibroblasts), there was no statistical difference between 
soft and stiff ANFS. For tropomyosin, found to be erratically upregulated in hypertension, stiff ANFS 
expressed statistically higher levels. Statistically significant difference between nanopatterned and 
unpatterned substrata (p < 0.05) for the same substratum stiffness is indicated with an asterisk. For all other 
substrata-type combinations, the identical signage indicates statistically significant difference for that pair. 
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2.3.8 Analysis of vSMC Activation on the Fabricated Substrata 

Nanopatterning the soft and stiff substrata decreased the gene expression of inflammatory 

mediators (Figure 2.8) such as intercellular adhesion molecule-1 (ICAM-1), tissue factor (TF), and 

interleukin-6 (IL-6). However, monocyte chemoattractant protein (MCP-1 or CCL2) expression, 

known to be upregulated in hypertensive individuals [122], remained high on nanopatterned stiff 

substrata. This indicated that a stiffer matrix may trigger the homing of inflammatory cells with the 

activation of the inflammatory NF-κB pathway [123].  

 
Figure 2.8. Real time PCR analyses of vSMC-secreted inflammatory markers when cultured on the different 
substrata. ANFS, for the most part, decreased the gene expression of inflammatory cytokines for both the 
soft and stiff substrata (p < 0.05) and thus made ANFS more biomimetic. Notably, the levels of MCP-1 
expression increased around twofold on stiff ANFS relative to soft ANFS. Statistically significant difference 
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between nanopatterned and unpatterned substrata (p < 0.05) for the same substratum stiffness is indicated 
with an asterisk. For all other substrata-type combinations, the identical signage indicates statistically 
significant difference for that pair. 

 

2.3.9 Analysis of the F-actin Cytoskeleton of vSMCs on the Substrata. 

The cytoskeletal F-actin stress fibers were clearly different for all four types of substrata (Figure 

2.9), with the stress fibers forming a diffuse meshwork of fibers on the unpatterned substrata. 

Further, the stress fibers were directionally aligned by the nanopatterning on both soft and stiff 

substrata and demonstrated a higher intensity on the nanopatterned stiff substrata. Given that the 

dynamic remodeling of the actin cytoskeleton plays a prominent role in vSMC proliferation and 

migration [124], it follows from the altered F-actin cytoskeleton that the different substrata would 

confer different proliferative and migratory states to the vSMCs. 

 
Figure 2.9. Immunocytochemical analyses of the actin cytoskeleton in vSMCs cultured on the different 
substrata. Clearly, the stress fibers were directionally aligned by both the soft and stiff ANFS, as 
demonstrated by the histograms. Scale bar: 100 µm.  
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2.3.10 Potential Mechanistic processes Involved in Cell-Sensing of the Substratum 

Micromechanics. 

The Rho pathway has been implicated in the hypercontractility of vSMCs which could result in 

vasospasms or hypertension, as reviewed in [125]. In addition, the Rho pathway has also been 

demonstrated to be involved in rigidity sensing and lineage commitment in stem cells [126]. Given 

that the vSMCs cultured on nanopatterned stiff substrata recapitulated some of the phenotypic 

characteristics of hypercontractile vSMCs, we explored the gene expression of components of 

the Rho-ROCK pathway, specifically RhoA, ROCK1, and ROCK2 gene expression; ROCKs or 

Rho-associated kinases being the immediate downstream targets of RhoA [127]. As per our 

prediction, we found statistically higher levels of RhoA, ROCK1, and ROCK2 in the vSMCs 

cultured on stiff ANFS (Figure 2.10A-C). Our hypothesis was based on the fact that vSMCs on 

stiff ANFS were longer, less circular, and contractile, expressing higher levels of α-SMA, 

tropomyosin, and F-actin stress fibers, and high levels of the inflammatory cytokine MCP-1. This 

points to the possibility that stiffer substrata (such as conventional stents), when “nanopatterned” 

after in vivo deployment via the natural deposition of ECM proteins, could potentiate phenotypic 

switching (triggering mechanical plasticity [128]) of vSMCs, especially in the case of deep medial 

injury [129], or, in abnormally reactive smooth muscle stemming from diabetes [130]. This points 

toward the potential therapeutic benefit of ROCK-inhibitors, such as statins, prior to or post stent 

deployment. In fact, some of the pleiotropic effects of statins are now attributed to ROCK-inhibition 

[131]. We also found some of the downstream targets of the Rho-ROCK pathway to be 

upregulated, the gene expression of which have been well correlated with protein expression and 

their upregulation found to be associated with the hypertensive vSMC phenotype in pulmonary 

vSMCs [132, 133]. Thus, nanopatterning the stiff substrata appears to alter gene expression in 

the Rho-ROCK-LIMK-cofilin pathway in vSMCs, which has been shown to modulate actin 

assembly in a variety of cell types [134]. Importantly, activation of the Rho pathway has been 
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associated with the hypertensive vSMC phenotype, as outlined here [135] and fits well with our 

findings. 

We also found caveolin-1, expressed by plasma membrane invaginations (caveolae) and 

associated with the differentiated vSMC phenotype [136], to be significantly upregulated in vSMCs 

on nanopatterned soft substrata (Figure 2.10D). Notably, caveolin-1 suppression has been 

associated with the proliferative airway smooth muscle phenotype [137]. Of particular relevance 

to this study is also the fact that caveolin-1 has been shown to confer cell polarity [138] which 

makes our finding that caveolin-1 is upregulated in more polarized cells, specifically those on soft 

ANFS, interesting. Finally, we also found that the levels of profilin-2 were upregulated in cells on 

nanopatterned substrata (Figure 2.10E), profilin-2 being affiliated to the Rho pathway and capable 

of suppressing cell motility and invasiveness via an actomyosin contractility-driven mechanism 

[139]. 
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Figure 2.10. RhoA upregulation, along with the upregulation of the Rho-kinases – ROCK1 and ROCK2 (p 

< 0.05), the serine-threonine downstream effectors of RhoA, indicate that the activity of RhoA could be 

upregulated in the stiff ANFS potentially resulting in overly contractile vSMCs. This phenotype is reminiscent 

of hypertensive vSMCs and of asthmatic airway smooth muscle cells. Given that the vSMCs on the stiff 

ANFS are longer (higher EFF), stain higher for F-actin stress fibers, and express high levels of smooth 

muscle α-actin and tropomyosin and lowered levels of caveolin-1 (p < 0.05), it is probable that the 

phenotype of the vSMCs on the stiff ANFS is distinct from the others. Profilin-2, which has been found to 

decrease invasiveness and migratory tendencies of cells, was higher in vSMCs cultured on ANFS (p < 

0.05). Statistically significant difference between nanopatterned and unpatterned substrata (p < 0.05) for 

the same substratum stiffness is indicated with an asterisk. For all other substrata-type combinations, the 

identical signage indicates statistically significant difference for that pair. 

2.3.11 Loss of syndecan-1 increases nuclear localization of Yap/Taz in response to 

nanopatterned substrates 

The Hippo signaling pathway and its intermediates Yap and Taz have been linked to 

mechanosensing in many cell types [51]. Immunostaining on vSMCs grown on the patterned and 

nonpatterned substrates demonstrated that S1KO vSMCs had increased nuclear localization of 
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Yap/Taz on all of the substrates. In addition, on the 2.4 GPa substrates nanopatterning led to 

increased nuclear localization of Yap/Taz (Figure 11). Cytoplasmic Yap/Taz was similar between 

genotypes on equivalent substrates, both soft and stiff. Overall, the nuclear/cytoplasmic ratio of 

Yap/Taz increased in response to nanopatterning on 2.4 GPa substrates and this increase was 

significantly enhanced with SDC-1 knockout. Treatment with Verteporfin (Hippo pathway inhibitor) 

or Latrunculin A (disruptor of actin cytoskeletal organization) eliminated differences in Yap/Taz 

localization between WT and S1KO vSMCs (Figure 11E). 

 

Fig. 2.11. Yap/Taz nuclear localization is altered by nanopatterning and knockout of syndecan-1. Wild type 
(WT) and syndecan-1 knockout (S1KO) vascular smooth muscle cells (vSMCs) were grown on engineered 
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substrates for 48 h and then immunostained. (A) Images of immunostaining for Yap/Taz. Scalebar: 200 µm. 
(B) Quantification of nuclear localization of Yap/Taz in response to the materials. *p < 0.05 versus WT group 
on the same substrate. y p < 0.05 versus same genotype grown on a nonpatterned substrate. z p < 0.05 
between cells with a different genotype grown on a different substrate. (C) WT and S1KO vSMCs were 
grown 2.4 GPa nanopatterned substrates for 24 h, treated with media only, 0.1% DMSO, 10 mM Y27632, 
10 mM Verteporfin (Vert), 1 mM Latrunculin A (Lat A) or 10 mM Nocodazole (Noc) for 2 h and 

immunostained. Images of immunostaining for Yap/Taz. Scalebar: 200 µm. (D) Quantification of nuclear 
localization of Yap/Taz in response to the materials and treatments. * p < 0.05 versus WT group of same 
treatment. y p < 0.05 versus DMSO-treated WT group. z p < 0.05 versus DMSO-treated S1KO group. 

 

2.4 Discussion 

The results of our study demonstrated the tunability of the material properties of a PEG-GelMA 

copolymer while being able to produce high-fidelity, large scale nanotopographies useful for 

altering cellular function. The incorporation of a reproducible and robust nanofabrication method 

to a material with variable properties could be highly useful in many applications such as vascular 

tissue engineering. In particular, we found that the biodegradation profile and stiffness 

measurements of PEG-GelMA suggest that independently tuning the stiffness and degradation is 

possible. 

 The nanopatterned substrates made of 5% PEGDMA and 20% GelMA and the 

nanopatterned substrates fabricated with 20% PEGDMA and 5% GelMA displayed similar 

stiffnesses. However the 5% PEGDMA and 20% GelMA samples were degraded significantly 

faster than the 20% PEGDMA and 5% GelMA samples. This is an indicator that two mechanical 

material properties, stiffness and degradation, could be controlled independently. Moreover, the 

PEGDMA to GelMA ratio could be independently tuned to desired levels without affecting cellular 

morphology because nanofabrication is used as a separate variable to control cell alignment, cell 

area, and cell elongation related phenotypic changes with cellular adhesion. This is advantageous 

when designing grafts for tissues with stiffness. The high anisotropy of endothelial cells on 

nanopatterned substrate suggests that PEG-GelMA nanopatterning could be utilized in designing 

highly organized tissues by mimicking mechanical, structural properties found in vivo. 
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Physiological enhancement would allow a better model to study endothelialization control, 

biomimetic platform for drug screening, and better recovery for operations.  

 The in vitro tissue engineering for in vivo implantation requires an appropriate scaffold 

which has mechanical, structural properties mimicking those found in vivo. Cell morphology, 

skeletal assembly, migration, adhesion, and even differentiation are affected by substrate 

stiffness [111-116]. It has been shown that various moduli are required to model different types 

of vascular tissues such as artery, vein, and capillary, ranging from 10 kPa to 10 MPa [140]. It is 

clear that a tunable stiffness would be advantageous in materials used in graft construction. 

Standard polystyrene or glass culture environment has the substrate elastic modulus on the order 

of gigapascals which is dramatically higher than real tissue [116, 141, 142]. Although many 

synthetic polymers have been proposed, their elastic modulus is still in a wide range of 

mega/gigapascal. Results show that when compared to gigapascals of standard cell culture 

substrate stiffness, nanopatterned PEG-GelMA was able to provide a substrate stiffness of 

submegapascal range. This range is more relevant to materials designed to mimic the in vivo 

environment [141]. Compared to PEGDMA, PEG-GelMA has a relatively low material stiffness. A 

wide range of material stiffness was achieved by varying ratios of PEGDMA and GelMA. High 

viscosity of the solution was apparent in the polymerization process for high composition of 

PEGDMA and GelMA groups. The result of PEG-GelMA stiffness indicates that both PEGDMA 

composition and GelMA composition can be adjusted to achieve a desired stiffness of the 

substrate. PEGDMA and GelMA composition of 5% and 20%, respectively, and 20% and 5% 

show an overlapping stiffness, which leads to the possibility that multiple ratios of the composition 

could be used to fabricate a nanotopography of certain stiffness. Two degrees of freedom enables 

other mechanical properties such as degradation to be tuned independent of the stiffness. 

Moreover, by altering the molecular weight of the PEGDMA used in copolymerization, an 
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additional variable affecting substrate stiffness can be used to provide a further degree of material 

property control.  

 In addition to material properties of the PEG-GelMA scaffolds, our robust fabrication 

method allows for many versatile and cost effective applications. The current design features 

have a dimension of 600nm in height, 800nm in ridge 800nm in groove length. As our results 

suggested that HUVECs sensed the directional nanotopographic cues strongly and respond by 

exhibiting a high anisotropy, desired cellular anisotropy could be successfully mimicked for 

various vascular tissue engineering purposes with modified nanostructures. The nanostructures 

could be altered to various topographies with simple lithographic designing. The simple UV-

assisted polymerization scheme of PEG-GelMA described here would enable the material to be 

fabricated in various features, such as a wire form [143, 144]. An ability to fabricate features down 

to the nanometer scale will allow the PEG-GelMA material to be an excellent material for tissue 

engineering scaffold designing. As an affordable biomaterial that is non-cytotoxic, biodegradable, 

tunable, and able to be topographically engineered, PEG-GelMA could be utilized in myriad of 

applications such as graft, culture platform, and tissue model designing. The next steps toward a 

clinically viable product will involve fabricating PEG-GelMA in a conduit structure for further 

assessment. One approach to fabricating this structure might be to cure the monomer solution on 

a flexible biodegradable substrate and roll this underlying substrate into a tube. An alternative 

strategy might be to cure the monomer solution while it is shaped below by a mold to have a 

macroscopic half-pipe shape and while the solution is simultaneously molded by a PUA mold with 

nanoscale grooves placed on top of the solution. Two half-pipes (or sides of the rolled-up tube) 

could then be combined into a single conduit with some biocompatible adhesive material or 

perhaps by a final polymerization step carried out while the two halves are assembled into the 

tube shape [145]. In addition to synthetic grafts, the optimization of a nanofabricated PEG-GelMA 

scaffold could also be used in stents, a synthetic material inserted into a patient’s blood vessel to 
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expand a disease-induced, localized flow constriction. Most stents today are made from metals, 

such as titanium, platinum-irridium, tantalum, and nickel-titanium [146]. The stent metal substrate 

is sometimes left bare, but is often coated with a drug or biomolecule in an attempt to increase 

biocompatibility. Unfortunately, many stents occlude after implantation due to stent thrombosis 

or, more commonly, in-stent restenosis. Stent thrombosis is often caused by hypersensitivity to 

the coating material and incomplete endothelialization, while in-stent restenosis is caused by a 

reaction to mechanical injury and the formation of neotintimal hyperplasia [146, 147]. Gelatin-

coated metal stents have shown promise in avoiding stent thrombosis and in-stent restenosis as 

well as facilitating re-endothelialization in vitro [148]. However, precise control is challenging and 

metal is non-degradable. Hence, biocompatible and biodegradable materials that promote the 

appropriate amount of endothelialization may also improve stent technology and patient 

outcomes. Bioactive molecules such as peptides, proteins, enzymes, cell growth factors, 

oligonucleotides, and DNAs are easily conjugated into PEG based hydrogel [101, 107, 149] to 

increase individual mechanical properties and biocompatibility. Our findings suggest that 

nanopatterned PEG-GelMA, a biocompatible, biodegradable material with a tunable stiffness and 

the ability to promote geometrically organized endothelial cell migration, may additionally offer 

biocompatible materials which could additionally be used as a novel stent material. 

Additionally, this chapter provides insight into the mechanisms by which vSMCs respond 

to the matrix-modulated mechanical environment, recapitulating the architecture of the basement 

membrane underlying the smooth muscle layers. It also points to the importance of controlled 

topographical and micromechanical cues in vascular mechanotransduction studies. This study 

further presents a simple reproducible method to alter the nanotopography of the substrata using 

CFL that can be exploited to mimic nanostructural changes in collagen or elastin fibril architecture 

in disease, aging, or vascular remodeling. Moreover, the chapter also have shown that 

nanotopography can alter signaling through the TGFβ and Hippo pathways through regulating the 
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generation of cytoskeletal tension with the cells. In addition, SDC-1 knockout creates a contractile 

state within the vSMCs leading to increased cell stiffness, changes in the response to contractile 

stimuli and regulating signaling through Yap/Taz. Thus, nanotopology and SDC-1 knockout 

appear to have synergistic effects on the activation of the Yap/Taz and Rock-1 mediated 

pathways. These findings add to our understanding of the mechanisms of mechanosensing in 

vSMCs and provide guidance for the creation of novel biomaterials that can regulate vascular cell 

function. 

Chapter 3. Development of a nanoengineered model of regional ECM 

alignment in the infarcted heart. 

3.1 Rationale 

Fibroblasts are highly sensitive to their microenvironment. The chemo-mechanical cues in the 

injured environment induce the conversion of a fibroblast into a highly specialized cell called the 

myofibroblast, which is a cell required for fibrotic matrix secretion during the wound healing 

process. Because the fibroblast is mesenchymal in nature, it still retains a highly plastic phenotype 

and thus it may be possible to more readily reprogram the fibroblast into different cell types with 

the right microenvironmental guidance in tandem with the appropriated molecular constituents. 

Mechanical properties of infarct scar ECM dynamically change over time. Stiffness increases from 

the kilopascal range to low megapascal range, matrix fibers thickens, collagen content increases, 

and matrix orientation alters [34, 48, 150]. Current in vitro studies which utilize flat tissue culture 

plastic are significantly stiffer than native scars, and studies on soft gels are failing to consider 

topographic properties of infarct scars. Electron microscopy (EM) analysis of ECM organization 

of infarcted mouse myocardium has revealed a striking difference in the directionality of matrix 

fibers in the healthy myocardium, border zone, and fibrotic region. (Figure 1.3). Healthy 

myocardium is composed of heavily packed cardiomyocytes with a laminin-heavy matrix in 
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between. Heavily fibrotic regions consisted of a compacted fibrous matrix in random orientation. 

Notably, the infarct border zone exhibited a rich fibrous matrix, but in aligned orientation. This 

significant difference in infarct ECM topography may have a regulatory role in fibrosis progression. 

However, the complexity of cell types, matrix, and chemical signals in the infarct scar in vivo 

confounds determination of whether cardiac cells respond to specific topographic cues. Thus, a 

reductionist approach of modeling microenvironmental topographic cues would help investigate 

how cardiac cells respond to the altered ECM topography in the infarcted heart in the absence of 

confounding variables present in vivo. Altogether, development of a nanoengineered model of 

regional ECM alignment similar to the post-infarct heart will allow effective infarct model 

development to investigate topography-specific regulation in fibrosis. 

3.2 Scientific Methods 

3.2.1 Transmission electron microscopy for assessing ECM organization in healthy and 

infarcted myocardium 

An adult myocardial infarction model was produced adhering to IACUC protocols. Mice were 

anesthetized, shaved and then intubated for ventilation during surgery. An incision was made on 

the left pectoralis major followed by exposure of the ribs blunt dissection of the tissue. The 4th and 

5th ribs were cut to expose the heart. The pericardium was then removed from the infarct area 

and the LAD was ligated using an 8-0 non-absorbable suture. The chest was then closed and the 

mouse was extubated for recovery for 1 month. Myocardium samples were collected for both 

healthy and infarcted regions and were prepared for TEM imaging. Collagen fiber orientation on 

the border and core of infarct were then compared with aligned topographies and random 

topographies developed in this study. 
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3.2.2 Development of mechanically engineered nanotopographic platform 

To develop mechanically engineered nanotopographic platforms, incorporation of a 

nanofabrication technique termed capillary force lithography was used as in the previous 

study [110, 151]. An anisotropic nanopattern master was developed by photolithography with a 

photoresist patterning via using stepper, photoresist development, deep reactive ion etching of 

exposed silicon, removal of the remaining photoresist, and dicing into silicon masters for polymer 

fabrication as described previously [95]. Isotropic nanopattern masters were fabricated by utilizing 

anisotropic patterns. To accomplish this elastic polydimethylsioxane (PDMS) copies of anisotropic 

patterns were developed by treating silicon masters with trichlorosilane and pouring slygard 184 

at 10:1 ratio. PDMS copies were stretched in biaxial direction and ozone plasma treated. Slow, 

controlled release of the strain resulted in deformation of anisotropy. Isotropic PDMS patterns 

were then used as a master for desired polymer fabrication. It has been shown that UV-assisted 

capillary force lithography (CFL) is exceptionally advantageous in fabrication. It could be utilized 

for fabricating scalable, inexpensive, conformal nanostructures for cell culture substrates in the 

scale of tissue level (>25 cm2), while the resolution of lithography is preserved down to a 50 nm 

scale [95, 152-154]. Through UV-assisted CFL, isotropic and anisotropic nanotopographies were 

copied onto flexible polyester film and then applied to circular cover glass of 18 mm diameters. 

This was accomplished by drop dispensing UV-curable Norland Optical Adhesive (NOA) 76 on to 

the chosen template and then joining it with the polyester film. NOA 76 was chosen for its ability 

to culture cells, optical transparency, and young’s modulus of 6.7MPa. This allowed the polymer 

solution to form nanotopography copies by capillary force. Together they were cured under UV 

and then separated by hand. With a copy of the nanopattern on the polyester film, it was 

designated as a workable template to be used for the fabrication of nanopatterned cover glass. 

The template was left under UV overnight. The template was then coated with NOA 76 and 

pressed onto cover glass that had been treated in ozone, coated in glass primer, and dried. The 
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joined template and treated cover glass were cured under UV, and then separated. The cover 

glass stamped with the nanopattern was cured overnight under UV. Patterned cover glass was 

then adhered to the bottom of a glass bottom dish using NOA76 to cover up the microwell.  The 

patterned side was exposed in the microwell for use in cell culture. The device was then left under 

UV overnight. Random patterns were developed through biaxial stretch, ozone treatment, then 

shrinking of PDMS patterns as previously described [155]. Devices lacking nanopatterns were 

also constructed in this way by using nonpatterned polyester film as the template. Fidelity and 

reproducibility of the fabricated topography were then confirmed by SEM. 

3.2.3 Culturing cardiac fibroblast on nanotopographic platforms 

Mouse Embryonic Fibroblasts (MEF) were isolated from the fetus of pregnant mice at 14 days 

post-coitum. MEF cells were then expanded in culture media (DMEM + 10% FBS + 1% p/s) until 

passage number 3 and were frozen down for future experiments. MEF cells were then thawed 

and stabilized through 1~2 passage at 1:3 split ratio at 75% confluency to ensure all experiments 

were conducted with equal conditions. For each experiments, fibroblasts between passage 

number 4~5 were used for consistency. Nanotopographic platforms used in experiments were 

sterilized with 70% alcohol and left under UV overnight. The nanotopographies were then coated 

with gelatin at 2% (w/v) to enhance cell attachment while avoiding matrix protein initiated 

transdifferentiation. Gelatin was aspirated and topographies were allowed to dry for 2 hours. MEF 

cells were added to the engineered platform at 100,000 cells/mL and incubated in 37°C, 5% CO2 

with experimental media (DMEM + 1% FBS + 1% p/s) for 72 hours. The TGFβ treatment group 

received TGFβ (R&D systems) at 10 ng/mL. 

3.2.4 Assessment of cell culture capability on nanotopographic platforms 

Cell attachment, proliferation, and viability is critical in assessing the topographic regulation on 

cardiac cells. To assess cell attachment to nanotopographic platforms, fibroblasts were cultured 
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at 100,000 cells/mL and allowed to attach for 6 hours. Attached cells were counted after a gentle 

wash with DPBS. Cell proliferation was assessed via ki67 staining. MEF cells were co-stained for 

DAPI and αSMA. Fluorescence images were analyzed to assess proliferation for both anisotropic 

and isotropic nanopatterns. Morphological analysis was completed after culturing MEF cells for 

72 hours on each platforms as described above. Samples were fixed, and ImageJ software was 

used to assess cell morphology for each condition. Cell proliferation rate, area, directionality and 

elongation were assessed to evaluate the engineered post-infarct topography’s ability to 

recapitulate fibrotic cell responses. 

3.3 Results 

3.3.1 Nanoengineered platform development for recapitulating infarct geometry 

Myocardial infarction significantly remodels the myocardium matrix and residing cells. As shown 

in the schematics in Figure 3.1A, the infarct zones are identified by densely packed fibrous 

collagen. As previously shown, myocardium of healthy or remote zone was mostly occupied by 

cardiomyocytes. The border zone of infarct was where myocyte necrosis occurs and 

myofibroblast population was observed along with dense vessels. Interestingly, myofibroblast 

population was only localized on the infarct border zone and the core of infarct zone lacked 

myofibroblast population [156]. Researchers have also found that the geometry of deposited 

matrix on the infarct site is also significantly different in the infarct zone and border zone [50, 156]. 

A heart infarction induced with LAD ligation for 1 month were observed through TEM microscopy 

to assess matrix geometry. Collagen deposited in the infarct zone exhibited random orientation 

(Figure 3.1B left). Collagen fibers deposited on the border zone of the infarct was anisotropically 

aligned (Figure 3.1C left).  Such differences in the topographic orientations were recapitulated in 

vitro through nanofabrication techniques (Figure 3.1D) as described previously [94]. Coverglass 

was first treated with primer, then UV-curing polymer was dispensed for capillary force lithography. 
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NOA76 was chosen to recapitulate the infarct elasticity of low megapascal range.  Recent studies 

have revealed that myofibroblast transdifferentiation are closely governed by stiffness. Moduli of 

standard tissue culture plastic or coverglass ranges at hundreds of gigapascal, which would be 

unsuitable for investigating specific variable-dependent transdifferentiation. Master pattern film 

was placed on top of UV-curing polymer, and cured to complete the pattern development. 

Random patterns were developed through biaxial stretch, ozone treatment, then shrinking of 

PDMS patterns as previously described [155]. The UV-curing polymer was then used to develop 

random platform devices. Unpatterned surfaces were developed by using flat silicon surface as a 

master. Resulting random (Figure 3.1B right) and anisotropic (Figure 3.1C right) topographies 

recapitulating infarct zone and border zone respectively were imaged through SEM to confirm 

fidelity and reproducibility.  

 

Figure 3.1. Illustration of cardiac infarct matrix geometry during fibrosis. (A) During fibrosis, myofibroblast 
population rise on the border of the infarct site resulting in deposition of matrix. Matrix organization in infarcts 
are dynamically remodeled, exhibiting random orientation in the core of infarct (B, left), and aligned 
orientation in the border of infarct (C, left) as shown by TEM image of 8-week LAD ligation-infarcted mouse 
myocardium. An in vitro model was designed to recapitulate regional matrix topographies in fibrotic infarct. 
SEM images of random (B, right) and aligned (C, right) nanotopographies were developed to match matrix 
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organization of core and border of fibrotic infarct respectively. (D) Schematics of in vitro nanopatterns 
fabrication is shown. Coverglass was first primer coated, and UV-curable polymer was drop-dispensed. 
Nanotopography master was placed, and UV was exposed to cure nanoengineered platform. Removal of 
master mold completed aligned nanopatterns. Random platform was developed by utilizing PDMS. PDMS 
aligned nanopattern was biaxially stretched and slowely shrunk to produce random topographies. Random 

PDMS topography was utilized as a master mold to develop random topographic platform. Scale bar: 2 µm 
Scale bar: 5 µm 

3.3.2 Nanoengineered infarct platform were able to align cells without altering cell 

attachment and viability  

The nanoengineered infarct platform were tested for its capability to culture cells through culturing 

mouse embryonic fibroblasts (MEF). As the study attempted to observe topographic regulation 

on fibroblast fate and function, cell alignment, initial cell attachment, and cell viability on different 

topographies were tested as these factors could affect transdifferentiation of fibroblasts. Cell 

alignment was assessed by culturing MEF cells on unpatterned, aligned, and random platform 

and allowing MEF cells to employ topographic cues for 72 hours. Brightfield images were taken 

and using imageJ software, cell alignment was quantified. Quantitative analysis of cell alignment 

revealed that MEF cells did not express directionality on unpatterned and random platform. On 

aligned platform, MEF cells expressed directionally aligned morphology congruent to the 

underlying nanotopographies showing directional cues were able to regulate MEF cell 

phenotypically (Figure 3.2A). Cell attachment to each topographic substrates were observed by 

first coating each substrates with  2% gelatin and seeding each platforms with cell density of 

100,000 cells/mL After 6 hours, unattached cells were washed away, and the number of cells 

attached were counted (Figure 3.2B). Cell attachment to unpatterned, aligned, and random 

patterns were not significantly different suggesting our topographies did not affect cell-platform 

interactions and can achieve relatively equal cell density while culturing. Cellular viability was 

assessed through live-dead stain after 72 hours of culture in conditions described in the method 

section. As TGFβ treatment was a golden standard for observing transdifferentiated 

myofibroblasts, cell viability with and without TGFβ treatment on unpatterned, aligned, and 
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random topographies were assessed (Figure 3.2C). Results exhibited that no significantly cell 

deaths were resulted on our platform, and each topographies were not affecting cell viability. It 

was noticed that the morphology of MEF cells were affected by each patterns significantly over 

time. Previously, fibroblasts transdifferentiated to myofibroblast were reported to have larger cell 

area [1, 157, 158]. As expected, TGFβ treatment resulted in larger cell area (Figure 3.2D). 

Interestingly, aligned pattern resulted in larger cell area even without TGFβ, and with TGFβ the 

effect was synergistic. MEF cells on random was generally smaller as reported previously [155].  

 

Figure 3.2. MEF cell culture on topographic platforms (A) Mouse Embryonic Fibroblast (MEF) cell was 

cultured on unpatterned (A, left), aligned (A, middle), and random (A, right) platform. Cell alignment was 

quantitatively analyzed to confirm effect of alignment cue. (B) Cell attachment was assessed by seeding 

MEF on each platform for 6 hours and counting attached cells. (C) Cell viability was assessed by live/dead 

assay after 72 hour culture on each platform with and without TGFβ treatment. (D) Cell area was 

quantitatively analyzed to observe increased cell area on aligned pattern and synergistic effect with TGFβ. 

3.4 Discussion 

Utilizing the techniques optimized from the Chapter 2, a recapitulation of post-infarct ECM 

geometry was conducted in this Chapter 3. Heart engineering often focus on myocytes and 

contractile function of the heart. However, fibroblasts are undoubtedly as important in maintaining 

structural integrity and are responsible for fibrosis, which most populations experience through 
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myocardial infarction, hypertension, diabetes, genetic disorders, and even with age [157-159]. As 

fibroblasts take up about 15% of cell population of the healthy heart and critically regulate infarct 

scar formation and fibrosis, understanding the regulation of fibroblasts would allow the field to 

better assist impacted hearts [160]. Previous studies have found that myofibroblasts population 

rise upon injury, and were localized on the border of the infarct zone [156]. Moreover, the infarct 

border ECM topography dynamics were reported to be significantly altered throughout the fibrosis 

[50]. Although myofibroblasts were reported to regulate infarct scar preventing initial heart rupture, 

assist in wound regeneration, and responsible for uncontrolled fibrosis, the regulation of 

myofibroblast in response to infarct ECM topographies has not been investigated [161, 162]. 

Chapter 3 attempted to develop an in vitro model to mimic ECM topographies of post-infarct scar. 

TEM images of fibrotic mouse myocardium affected by LAD ligation has revealed that ECM dense 

infarct region are regionally regulated. Infarct border zone expressed aligned organization of 

fibrous ECM, and infarct core expressed randomly organized ECM. Such geometric cues were 

recapitulated via nanoengineering techniques. SEM images were used to confirm fidelity and 

reproducibility of each platforms. MEF cells were chosen to model infarct scar fibrosis for their 

plasticity. Nanoengineered platforms were tested for their ability to provide alignmental cues and 

maintain cell culture conditions. We were able to alter topographies without altering cell 

attachment, and cell viability. Only on aligned platform, cells exhibited directional morphology and 

enlarged cell area which is one phenotypic marker for transdifferentiated myofibroblasts.  

Taken together, the Chapter highlighted the striking difference in ECM organization in infarct scar 

region. Developed platforms were able to modulate nanotopographies independent of cell 

attachment and viability, and was confirmed to provide alignmental cues to regulate cell 

morphology. 
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Chapter 4. Investigate cardiac cell fate in response to topographic 

cues found in posti-infarct ECM topography. 

4.1 Rationale 

In vivo, fibroblasts and myofibroblasts regulate ECM dynamically, and remaining cardiomyocytes 

respond to environmental cues simultaneously. Heart microenvironmental ECM is known to 

maintain the heart’s electrophysiology, allow functional cardiomyocyte configuration, and provide 

residing cells with appropriate signaling proteins [34]. Fibroblasts transdifferentiate into 

myofibroblasts when tissue injury occurs through increased mechanical load and secretion of 

cytokines such as TGFβ. Moreover, myofibroblast localized on the border of infarcts exhibit 

elongated morphology congruent to the direction of ECM [17], suggesting the fibrotic 

microenvironment and ECM topography have a close relationship. Recently, mechanical cues 

such as cyclic stretch [51-53], rigidity [43, 51], micropatterned proteins [54], infarct location [39], 

and topographic cues [42, 45] were identified and elucidated for roles in cardiac scar formation 

and myofibroblast regulation. Our group has shown that cardiomyocytes are sensitive to 

anisotropic nanotophographies and express mature sarcomere structure [163] on anisotropic 

topographies. However, current understanding of microenvironmental regulation on fibroblasts 

and cardiomyocyte interactions in the context of fibrosis are limited. Traditional understanding of 

myofibroblasts’ role in cardiac wound healing was mainly from in vitro experiments on flat tissue 

culture plastic. These settings are distant from rich in vivo microenvironments with which cardiac 

cells continuously interact. Recent structural analysis of infarcted myocardium exhibiting regional 

differences in ECM topography raise the question of how cardiac cells respond to such remodeled 

topography. Specifically, with our ability to develop nanoengineered topographies that 

recapitulate infarct border and core ECM and previous findings of cardiac cells showing 

topography induced responses in vitro, this Aim will investigate how fibroblasts and 

cardiomyocytes respond to infarct topographies via myofibroblast marker assessment, 
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cardiomyocyte behavior analysis, and co-culture modeling. Assessment of myofibroblast markers 

on post-infarct topography platform will highlight the importance of topographic regulation during 

fibrosis. Once certain topographies are identified to transdifferentiate myofibroblasts, a 

therapeutic approach to remediate ECM topography might be possible. Few studies have 

attempted to inject stem cell-derived cardiomyocytes to remuscularize infarcted myocardium, but 

such techniques are limited by low engraftment and lack of understanding on cell fate imposed 

by post-infarct ECM. The proposed platform could successfully model how cardiomyocyte 

proliferation, maturation, and contraction are altered in response to fibrotic ECM topography. 

Moreover, a co-culture of fibroblasts with cardiomyocytes will be able to model cell injection 

therapy, and may explain why cardiomyocytes do not repopulate infarct region even though 

anisotropic topographies have been found to maturate them previously, and that attempts to 

remuscularize infarcted myocardium must focus on fibroblast and matrix topographies.  

 

4.2 Scientific Methods 

4.2.1 Fluorescent staining for myofibroblast transdifferentiation in response to various 

mechanical cues 

Mechanical regulation of MEF transdifferentiation was investigated using various forms of 

mechanical cues. Myofibroblast transdifferentiation is primarily identified through αSMA 

expression. By observing αSMA expression in fibroblasts cultured in engineered 

nanotopographies, we were able to investigate how remodeled infarct ECM regulates 

myofibroblast transdifferentiation. MEF cells were cultured at 100,000 cell/mL on the device. MEF 

cells were fixed at 72 hours after seeding and stained with antibodies such as αSMA (1:1000, 

Sigma), YAP (1:500, Cell Signaling), and tensin 1 (1:200, Sigma). Using the same exposure and 

LUT settings, fluorescent images were quantitatively analyzed to assess the ratio of αSMA 
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expressing cells over total cells. The role of topographic organization in recapitulating infarct 

topography was investigated by analyzing αSMA expression levels of fibroblast cultured on 

unpatterned, aligned, and random substrates.  

4.2.2 Assessment of matrix secretion in response to post-infarct geometries 

Matrix secretion is one of the key features of fibroblast and myofibroblast function, and excessive 

deposition of ECM leads to fibrotic scarring. Investigation of how the microenvironment regulates 

residing fibroblasts matrix deposition would reveal the role of the remodeled scar on progressive 

ECM accumulation during fibrosis. Fibroblasts were cultured on nanoengineered platforms for 72 

hours before fixation. Directionality of secreted matrix was investigated via custom written 

MATLAB code with fluorescently labeled collagen images to determine whether orientation of 

topographies governs the directionality of secreted ECM deposition. Whole coverslip-integrated 

multiwells were used for assessing collagen production by staining collagen with collagen type 1 

antibody, then quantified through the color deconvolution function in ImageJ. Quantification of 

matrix secretion was complemented with RT-PCR of characteristic ECM proteins such as 

collagen 1A2, periostin, and ED-A fibronectin. Total RNA were extracted using Invetrogen’s 

manufacturer’s protocol. 2 µg of total RNA was used for cDNA synthesis, and RT-PCR was 

conducted with an automated thermal cycler CFX96 Real-Time System (BIO RAD). Reactions 

were run in triplicate. The signals were normalized to housekeeping gene GAPDH as an internal 

control. The primer sequences are provided in the Suppplemental Table 1. A 2∆∆CT method was 

used to analyze each protein expression. 
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4.3 Results 

4.3.1 Fibroblast transdifferentiation and proliferation are regulated by topographic cues 

Previous fibrosis studies mainly focused on chemical regulation of myofibroblast 

transdifferentiation. However, as the Figure 4.1B, 4.1C and number of studies shows, 

microenvironment of infarct region is vastly different from healthy myocardium, and even within 

infarcted heart, border and infarct zone exhibited significantly altered geometry [50]. Moreover, 

myofibroblast population has been reported to be increased on the border of infarct zones [156]. 

Here we investigated whether in vivo topography-recapitulating platforms can regulate fibroblast 

transdifferentiation by altering topographic cues. Increased transdifferentiation and proliferation 

has been suggested to explain rise in myofibroblast population on the border of infarcts [156, 164, 

165]. However, it is not clear how those factors are regulated. We attempted to investigate the 

effects of infarct topographies on myofibroblast transdifferentiation and proliferation and whether 

rise in myofibroblast population on the border after injury is from one particular results. MEF cells 

were cultured on each topographic platforms for 72 hours with or without TGFβ. Cells were fixed 

and stained for immunofluorescent imaging. Ki67 was used to distinguish proliferating cells, and 

αSMA was used to mark transdifferentiated myofibroblasts with positive actin stress fibers (Figure 

4.2A). A closer observation of αSMA stress fiber expression suggested that aligned topographies 

resulted in polarized stress fiber expression which was absent in unpatterned and random 

platform (Figure 4.2B). A custom written MATLAB script was used to analyze the orientation of 

stress fibers (Figure 4.2C). A clear polarization of actin stress fiber organization was observed on 

aligned platform with 63.8% stress fibers aligned within 25 degree to the direction of topographies. 

Quantitative analysis of Ki67 positive cells has shown that cell proliferation was promoted on 

aligned topographies and was significantly higher with TGFβ treatment (Figure 4.2D). 

Topographic regulation on transdifferentiation was assessed by quantitatively analyzing αSMA 

positive cells after culturing MEF cells for 72 hours on each topographic platforms (Figure 4.2E). 
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As expected, MEF cells transdifferentiated significantly with TGFβ treatment on unpatterned 

platform. Notably, MEF cells exposed to aligned topographies displayed promoted 

transdifferentiation even without TGFβ treatment. The ratio of αSMA positive MEF cells on aligned 

topographies (6.56%) was comparable to that of unpatterned platform with TGFβ treatment 

(7.57%). The transdifferentiation was synergistically increased with TGFβ treatment on aligned 

topography (9.92%). MEF cells on random topography showed lower transdifferentiation when 

compared to unpatterned platform even with TGFβ treatment. As similar results were observed 

on cell proliferation, in order to check whether topographies affect both transdifferentiation and 

proliferation, the ratio of cells with both Ki67 positive and αSMA stress fiber positive were 

assessed. Notably, MEF cells did not exhibit Ki67 markers with αSMA stress fibers on 

unpatterned platform, but only on nanoengineered platform (Figure 4.2F). A representative image 

shows a MEF cell without both Ki67 and αSMA expression (Figure 4.2F orange), with both Ki67 

and αSMA expression (Figure 4.2F yellow), Ki67 negative/ αSMA positive (Figure 4.2F cyan), 

and Ki67 positive/ αSMA negative (Figure 4.2F white) expression on aligned platform. Specifically, 

aligned topographies not only induced both proliferation and transdifferentiation, but also 

increased sensitivity to TGFβ treatment where significantly more cells displayed both Ki67 and 

αSMA stress fibers as representative image (Figure 4.2G). 
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Figure 4.2. Fibroblast proliferation and transdifferentiation are regulated by topographic cues. (A) 
Immunofluorescent image of MEF cells after 72-hour culture in low serum condition on unpatterned (A, left), 

aligned (A, middle), and random (A, right) topographies. Green: αSMA. Red: Ki67. Blue: DAPI. (B) 
Representative images of actin stress fiber alignment on unpatterned (B, top), aligned (B, middle), and 
random (B, bottom) topography. (C) Aligned topography resulted in highly aligned actin stress fiber. (D) 
Quantitative analysis of the ratio of proliferating ki67 positive cells have shown directional topographies 

could modulate cell proliferation. (E) Quantitative analysis of the ratio of transdifferentiating αSMA positive 
cells exhibit significantly higher transdifferentiation with TGFβ treatment in all groups. Aligned topography 
significantly increased transdifferentiation whereas random topography resulted in inhibited 

transdifferentiation. (F) Representative image of Ki67 negative/αSMA negative (orange), Ki67 
positive/αSMA positive (yellow), and Ki67 positive/αSMA negative (white) MEF cells on aligned platform. 
(G) Quantification of both Ki67 and αSMA positive cells revealed that MEF cells transdifferentiate and 
proliferate only on topographic platforms. Yellow arrow=Direction of topographic alignment. Scale bar: 100 
µm. 
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4.3.2 ECM secretion direction is regulated by topographic cues 

Myofibroblasts are identified by few factors such as αSMA expression, larger cell area, and 

contractility. However, the most important marker and phenotype of myofibroblast would be its 

ability to generate ECM accounting to their role in infarct formation. MEF cells were allowed to 

transdifferentiate and secrete ECM on unpatterned (Figure 4.3A left), aligned (middle), and 

random (right) platforms for 72 hours. Cells were fixed and stained with collagen type 1 antibody 

to observe ECM secreted by myofibroblasts. A custom made MATLAB code was used to analyze 

directionality of secreted collagen type I (Figure 4.3B). MEF cells provided with aligned 

topographic cues secreted collagen in the direction of the topographic cues (yellow arrow) 

whereas MEF cells on unpatterned and random topographies secreted collagen without 

distinguishable directionality. The results of aligned topographies inducing secretion of ECM 

congruent to underlying topography suggest that there may be a positive feedback loop in border 

zone formation. A previous study has revealed that fibroblasts secrete ECM in the direction of 

topographies it is exposed to [166], and ECM on the infarct border has been found to be aligned 

in the direction of pre-existing resident myocytes [50]. 
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Figure 4.3. ECM secretion and synthesis are regulated by topographic cues. (A) MEF cell ECM secretion 
was assessed by staining collagen I after 72 hour of culture on unpattenred, aligned, and random platforms. 
Yellow arrow=Direction of topographic alignment (B) Directionality of secreted ECM was analyzed to 
observe topographic regulation of ECM orientation. (C) Quantity of secreted ECM was assessed by 
measuring fluorescent intensity on collagen I on unpatterned, aligned, and random platforms. (D) RT-PCR 
of myofibroblast characteristic ECM, collagen 1A2 (D, left), periostin (D, middle), and ED-A fibronectin (D, 
right). Scale bar: 100 µm 

4.3.3 ECM secretion is regulated by topographic cues 

 A fluorescent intensity measurement was conducted to measure the amount of ECM secreted 

by MEF cells on each topographies (Figure 4.3C). Similar to the αSMA quantitative measurement 

result (Figure 4.2E), ECM secretion was promoted with TGFβ treatment. Interestingly, aligned 

topographies alone have significantly boosted the ECM secretion even higher than unpatterned 
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with TGFβ treatment (p<0.05). On aligned topographies, TGFβ treatment synergistically 

increased the secretion. Random topographies exhibited similar level of ECM secretion to 

unpatterned platform. In order to complement intensity measurement, RT-PCR was conducted to 

measure known ECM that are secreted by myofibroblasts. Collagen 1A2, periostin, and ED-A 

fibronectin are common matrix proteins that myofibroblasts secrete [158, 164, 167]. Periostin and 

ED-A fibronectin especially could be used to differentiate fibroblasts and myofibroblasts [99, 158].  

RT-PCR was conducted on collagen 1A2 (Figure 4.3D left), periostin (Figure 4.3D middle), and 

ED-A fibronectin (Figure 4.3D right) and analyzed each gene expressions. All matrix gene 

expressions were increased with TGFβ treatment as expected from transdifferentiated MEF cells. 

When comparing each topographic platform, aligned topographies were enough to induce all 

collagen 1A2, periostin, and ED-A fibronectin expressions even without TGFβ treatment. 

Moreover, TGFβ effects were additive to aligned topography as relative expression of each gene 

was significantly higher with TGFβ treatment on aligned platform. On random topographies, such 

expression was similar to unpatterned or inhibited. This report would be the first case investigating 

the topographic regulation on fibroblast transdifferentiation, and the results revealed that 

alignment cue alone was capable of inducing transdifferentiation at a similar level to TGFβ. 

4.4 Discussion 

This Chapter has recapitulated the infarct ECM topographies through developing nanoengineered 

platforms and found that topographic orientations have significant regulatory effect on 

myofibroblast transdifferentiation. Our results showed that platforms that recapitulated a highly 

aligned, dense matrix was alone sufficient to transdifferentiate myofibroblasts along with 

increased matrix protein synthesis. Moreover, the direction of secreted matrix was sensitive to the 

topography cells were exposed to, suggesting that there may exist a positive feedback loop of 

pre-existing directionality. This could be stimulating fibroblasts to myofibroblast, and ECM 
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secreted by myofibroblasts in the direction, intensifying more transdifferentiation.  Unexpectedly, 

cell proliferation was also altered by topographic cues which border zone recapitulating aligned 

topographies promoting higher proliferation rate, even resulting in proliferating myofibroblasts 

normally not observed for transdifferentiated cells. Proliferation was inhibited with random 

topographies suggesting cell division or proliferation may be correlated to directional cues it is 

exposed to. Such results may explain why population of myofibroblasts are concentrated on the 

border zone of infarcts where aligned matrix fibers are abundant and not in the core of infarcts 

where injury signals are still present, but packed with dense random matrix fibers.  The increased 

sensitivity to TGFβ treatment and higher transdifferentiation on aligned pattern may also explain 

why myofibroblasts are populated mainly on the border zone. Altogether, results from this study 

may allow us to understand how the alignment in ECM fibers on the infarct border are generated 

and intensifies upon injury over time.  Although majority of fibrosis has been focusing on chemical 

aspect of regulation, recent studies including our own suggests mechanical cues such as stretch, 

stiffness, and topographies also have a major impact on fibroblast fate and function. Future 

fibrosis studies will be able to incorporate mechanoregulation for understanding the dynamics of 

infarct scar development. 

 

 

Chapter 5. Investigation of mechanotransduction pathways involved 

in myofibroblast transdifferentiation in response to post-infarct ECM 

topography. 

5.1 Rationale 

In order to overcome the current limitations for studying infarct scarring, we must understand how 

various environmental factors including topography affect cardiac cells. Understanding the 
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mechanisms of key regulators of fibroblast differentiation and the role of mechanical cues on 

fibroblast lineage determination would contribute to therapeutic approaches to prevent persistent 

myofibroblast transdifferentiation once the initial injury response has resolved. However, the steps 

in myofibroblast transdifferentiation are still not well understood, including the mechanistic 

regulation of transdifferentiation, as well as the interplay between chemical ligand and 

microenvironmental cues. Preliminary results showed anisotropic nanopatterns that recapitulate 

infarct border ECM topography resulted in pro-fibrotic response and randomly oriented 

nanopatterns that mimic the core of infarct scar suppressed myofibroblast transdifferentiation. 

Such findings may recapitulate in vivo myofibroblast transdifferentiation in response to ECM 

remodeling, and how the topographic cues are sensed by fibroblasts and signals are transduced 

must be investigated in depth. Previous studies have identified actin-mediated 

mechanotransduction pathways that may participate in myofibroblast transdifferentiation [27, 59, 

77, 168]. Cyclic strain activated myofibroblast transdifferentiation was found to require a 

noncanonical pathway of TGFβ that involve p38 activity [169], which is a kinase in the mitogen-

activated protein kinase (MAPK) signaling family. Mechanical perturbation such as perpendicular 

traction forces activates p38 via the integrin-actin cytoskeletal complex [55]. Inhibition of p38 via 

lox P-Cre deletion resulted in loss of tension-dependent actin remodeling that is an indicator of 

myofibroblast transformation. Previous in vitro study with fibroblast cultures on cyclic strain 

conditions suggests that myofibroblast transdifferentiation could be initiated mechanically without 

any secondary soluble growth factors [170]. This mechanical stimulation was not translated into 

αSMA expression and fibrotic response was significantly minimized when p38 was deleted. Our 

group has previously shown that the modulation of p38 has a critical role in myofibroblast 

transdifferentiation in conjuction with mechanical cues such as cyclic strain [59]. However, 

whether p38 is involved in topographic regulation has not been investigated. Another actin-

mediated mechanosensitive pathway, RhoA/Rho-associated kinase (ROCK) has found to be 
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critical for development of fibrosis in vivo [77]. The role of ROCK in mechanotransduction for cell 

fate regulation has been well characterized previously [171, 172]. ROCK1 has been found to be 

critical for the development of cardiac fibrosis, and inhibition of ROCK1 activity is a promising anti-

fibrotic therapeutic strategy [77]. ROCK has shown some regulatory effect in transducing 

topographic cues, but its role in myofibroblast transdifferentiation in response to fibrotic scar 

geometry has not been investigated. Actin-MRTF-SRF has also been identified to be critical in 

regulating cardiac remodeling [27, 168]. SRF is a downstream regulator of ROCK which is known 

to participate in actin regulation. Unlike ROCK, the role of SRF in mechanotransduction in fibrosis 

is has not been studied. As evidence suggests actin-mediated mechanotransducers participates 

in regulating external mechanical cues, our goal is to utilize a reductionist approach to isolate 

components of the complex regulatory mechanism of myofibroblast transdifferentiation in 

response to topographic cues of infarct scars in a well-controlled in vitro platform. Altogether, this 

Aim will investigate the identification regulators of mechanotransduction via modulating candidate 

pathways in order to broaden our understanding of mechanisms underlying myofibroblast 

transdifferentiation and fibrosis.  

5.2 Scientific Methods 

5.2.1 Investigation of p38 and YAP interactions through Immunoprecipitation  

For immnunoprecipitation, cell were lysed in ice-cold lysis buffer (50 mM HEPES at pH 7.5, 

150 mM NaCl, 1 mM EDTA, 1% NP-40, 10 mM pyrophosphate, 10 mM glycerophosphate, 50 mM 

NaF, 1.5 mM Na3VO4, protease inhibitor cocktail [Roche], 1 mM PMSF). Cell lysates were frozen 

down for 24 hours in -80 degree, and centrifuged for 10 min at 4°C to use supernatants. Quantify 

of protein was measured with nanodrop, and 1mg of total protein was mixed with 2.5 µg of 

antibody. Mixture was store at 4°C for overnight. Next day, 10µL of protein magnetic beads were 

added and beads for collected by using magnetic stand. Ice cold lysis buffer was used to wash 
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beads. After collecting and removing lysis buffer, laemmli buffer was added to denature at 100°C 

for 5 min. Samples were then loaded onto gradient gel for western blot. 

5.2.2 Investigation of the role of p38 on mechanical transduction for myofibroblast 

transdifferentitaion 

Adenovirus-mediated Cre deletion of lox P targeted p38 were utilized to generate a fibroblast 

knockout model. Primary MEFs were isolated from homozygous loxP targeted p38 mouse using 

the isolation protocol described above. Isolated p38 floxed MEF cells were seeded onto post-

infarct model topographies to test whether p38 regulates topographic cues. Transdifferentiation 

of p38 knockout MEF was assessed by culturing p38 floxed MEF cells on nanotopographic 

platform at 100,000 cells/mL with Cre adenovirus at 1:100 ratio. Samples were fixed at 72 hours, 

and αSMA expression was analyzed from fluorescent images. 

5.2.3 Constitutively active YAP modulation for investigating the role of YAP in 

mechanotransduction 

In order to observe the role of YAP on topographic cue transduction and relationship with p38, 

FLAG tagged constitutively active YAP DNA was prepared from a plasmid (pCMV-Flag YAP, 

Addgene) as previously described [173]. Transfection was conducted with 0.01 µg/µL DNA and 

the protocol provided by Roche Applied Science with XTremeGene (Sigma). Transfection was 

confirmed with western blot for FLAG as normal cell type lacks FLAG.  

5.2.4 Investigation of topographic cue transduction through focal adhesion via tensin 1 

modulations 

Tensin 1 was silenced using SiRNA (Santa Cruz). First, 50 µL OptiMEM (ThermoFisher) was 

mixed with 3 µL of siRNA at 10 µM. Then, mixture of 3 µL of RNAiMAX (ThermoFisher) and 50 
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µL of media was added. Mixture was incubated for 5 min in room temperature, and then added 

to the MEF culture media at 1:10 ratio. Immunofluorescence imaging for tensin 1 was conducted 

with tensin 1 primary antibody (Sigma) at 1:400 ratio.  

5.3 Results 

5.3.1 Mechanical cues from nanotopographies are transduced through p38 and YAP 

Number of groups including our group has shown that p38 MAPK regulate myofibroblast 

transdifferentiation and fibrosis [25, 174-176]. As p38 mediates mechanical cues such as cyclic 

stretch and substrate stiffness, we hypothesized that it may have regulatory role in transducing 

topographic cues. To examine whether p38 also participate in mechanical signal transduction, we 

employed a lox P-Cre deletion of p38 on p38 floxed MEF cell as previously shown [174]. MEF 

cells were cultured on unpatterned (Figure 5.1A left), aligned (Figure 5.1A middle), and random 

(Figure 5.1A right) topographic platforms and adenoviral Cre was added for p38 knockout group 

to assess effects of p38 on topography transduction. Quantitative analysis of αSMA positive cell 

ratio has shown a significant inhibition on myofibroblast transdifferentiation for all platforms 

(Figure 5.1B). As p38 regulates TGFβ signal for transdifferentiation [174], we observed a 

reduction in αSMA stress fiber positive cell ratio and prohibited TGFβ response on unpatterned 

platform as expected.  Interestingly, an increase in transdifferentiation on aligned pattern was also 

significantly decreased when p38 was knocked out. Such decrease could be interpreted as p38 

being required to transduce aligned topographic cues. However, when compared to p38 knockout 

on unpatterned platform, MEF cells on aligned platform resulted in higher transdifferentiation ratio. 

The difference may suggest that although topographic cues are transduced through p38 pathway, 

other pathways may also transduce the signal. Addition of TGFβ did not promote 

transdifferentiation with p38 knockout on aligned platform either. MEF cells on random 

topographic platform displayed even more inhibited transdifferentiation with p38 knockout. 



 72 

As YAP has been found to participate in mechanotransduction including topographic cues [87, 

88, 157], we attempted to test our hypothesis of YAP transducing topographic cues from our 

infarct geometry-mimicking platform for myofibroblast transdifferentiation. YAP antibody was used 

to stain MEF cells after 72 hours of culture, and ratio of nucleus-localized YAP (Figure 5.1A yellow 

arrows) was quantitatively analyzed (Figure 5.1C). YAP activation was significantly higher on both 

aligned and random nanotopographic platforms with or without TGFβ treatment compared to 

unpatterned platforms. While TGFβ treatment effects were not noticeable on nanotopographic 

platforms, on unpatterned platforms, YAP activation was slightly promoted with TGFβ treatment. 

Interestingly, knocking out p38 significantly decreased topography-mediated YAP activations. 

Moreover, although the YAP activation was decreased with p38 knockout, the activation was still 

higher than that of unpatterned platforms. Inhibition of YAP activation with p38 knockout raises a 

possibility that p38 could be upstream of YAP. In order to test whether YAP activation and 

myofibroblast transdifferentiation were correlated, we analyzed cells with nuclear YAP positive 

with αSMA expression (Figure 5.1D). The results show greater transdifferentiation of cells with 

YAP positive in response to aligned topographies. When compared to unpatterned platform, both 

aligned and random platform resulted in more active YAP and αSMA positive cells, which may be 

due to the presence of some nanotopographies regardless of orientation. Significantly high active 

YAP and αSMA active cells on aligned platform compared to random platform suggest although 

nanotopographies were enough to increase YAP activation as shown in the Figure 5.1C, 

transdifferentiation required aligned cues. Similarly, knockout of p38 revealed that both activation 

of YAP and transdifferentiation were inhibited and were correlated. Notably, the ratio of 

transdifferentiated MEF with activated YAP were higher on both aligned and random 

nanotopographies even with p38 knockout group. An immunoprecipitation (IP) is a strong method 

to investigate whether two proteins are interacting together. Cell lysate collected from MEF 

cultured on unpatterned and aligned platform was collected, and were pulled down using p38 
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antibody with magnetic beads. A western blot was conducted with the pulled down proteins to 

stain for YAP (Figure 5.1F). A control group with no IP pull down has shown a clear YAP band 

from western. When compared to the IP group on unpatterned platform, aligned platform resulted 

in significantly more YAP that was bound to p38. MEF cells cultured on unpatterned surface 

exhibited a very low interaction between p38 and YAP, whereas aligned platform resulted in 

significantly more p38 and YAP interactions. IP control was confirmed with IgG heavy chain band 

shown in the bottom of the gel. 

Results from the Figure 5.1A-F suggested that p38 and YAP were directly regulated together, and 

were both correlated to transdifferentiation. As knockout of p38 significantly reduced YAP 

activation, we examined whether p38 is upstream of YAP. To verify this, a constitutively active 

YAP plasmid with FLAG motif was transfected into MEF cells. The transfection was confirmed 

with western blot (Figure 5.1G) with FLAG only showing up on transfected group only. 

Transdifferentiation was assessed through αSMA stress fiber staining on wild type, constitutively 

active YAP, and p38 knockout with constitutively active YAP group (Figure 5.1H). First, on 

unpatterned platform, addition of constitutively active YAP has increased transdifferentiation 

significantly (Figure 5.1H left). Even with the p38 knockout, the transdifferentiation was rescued 

with active YAP which suggest that YAP is downstream of p38 in myofibroblast transdifferentiation. 

Throughout all platforms, MEF cells transdifferentiated more with constitutively active YAP 

compared to unpatterned control group. Strikingly, MEF cells were significantly more sensitive to 

aligned topographies with TGFβ response synergistically increased (Figure 5.1H middle). 

However the synergistic increase in transdifferentiation was not observed on random 

topographies (Figure 5.1H right). On all platforms, p38 knockout with YAP activation increased 

transdifferentiation compared to wild type, but TGFβ treatment did not increase 

transdifferentiation within the same group. Most importantly, the aligned topographies were able 

to transdifferentiate MEF cells more significantly even with p38 knockout if YAP was activated. 
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The transdifferentiation was still increased compared to wild type, but missing TGFβ response 

suggested p38 was required to mediate TGFβ signal, and topographic cues were able to induce 

transdifferentiation with active YAP.   

 

Figure 5.1. Topographic cues are transduced via p38 and YAP. (A) MEF cells were cultured on unpatterned 

(A, left), aligned (A, middle), and random (A, right) platform for 72 hours, then fixed and stained for aSMA 

and YAP. Orange arrow=direction of topographic alignment. (B) Western blot of phospho-p38, total p38, 

and GAPDH of MEF cells on unpatterned and aligned platform shows significantly more phosphor-p38 was 

expressed on aligned platform. (C) Transdifferentiation of MEF cells were quantified with p38 knockout via 

loxP-Cre deletion. Significant decrease in transdifferentiation with p38 knockout was observed on all 

conditions (D) Active YAP was measured by ratio of nuclear YAP. Nanotopographies significantly activated 

YAP. (E) Ratio of active YAP and αSMA positive cell was quantified to correlate YAP and 

transdifferentiation. (F) Immunoprecipitation of p38 pulling then YAP staining for western has confirmed 

that there exists a direct interaction between p38 and YAP on aligned platform. (G) Constitutively active 

YAP plasmid containing FLAG motif was introduced, and transfection was verified by western blot. (H) 

Activation of YAP with p38 knockout has revealed that YAP is downstream of p38, and mechanical cues 

are transduced via both p38 and YAP, but only p38 transduce TGFβ signal. Scale bar: 100 µm 
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5.3.2 Mechanical cues from nanotopographies are transduced through p38 and YAP 

A protein found in focal adhesion complex of mature myofibroblast, tensin’s role in myofibroblast 

transdifferentiation has not been investigated in depth. Previous studies have revealed that tensin 

1 was required for fibroblast transdifferentiation and extracellular matrix formation [177]. Our 

group has shown the important role of focal adhesion on mechanotransduction of topographic 

cues [178]. Thus, a knockout of tensin 1 resulting in reduced transdifferentiation suggested that 

tensin 1 may contribute to topographic cue sensing process. To test whether tensin 1 has any 

correlation with myofibroblast transdifferentiation in response to topography, the MEF cells 

cultured on unpatterned, aligned, and random topography was stained with tensin 1 antibody at 

72-hour time point (Figure 5.2A).  The number of adhesions (Figure 5.2B), adhesion size (Figure 

5.2C), and FA adhesion length (Figure 5.2D) were assessed. Generally, mature myofibroblasts 

would exhibit higher number of adhesions, bigger, and longer adhesions [177]. In order to 

examine whether tensin 1 in focal adhesion complex is required for MEF cells to sense 

topographic cues, a SiRNA was introduced to knockout tensin 1 as previously done [177]. The 

effectiveness of tensin 1 siRNA (SiTensin 1) was confirmed via western blot (Figure 5.2E). A clear 

silencing was obtained with high efficiency with GAPDH used as a control. In order to test whether 

tensin 1 have a regulatory role in transducing topographic cues for myofibroblast 

transdifferentiation, MEF cells were transfected with tensin 1 siRNA on each topographic 

platforms for 72 hours, and the ratios of αSMA stress fiber expression was quantified. Our results 

indicate that knockout of tensin 1 indeed resulted in lower transdifferentiation on all topographic 

platforms (Figure 5.2F) as expected from previous study [177]. On top of the regulatory effect of 

tensin 1, the topography-induced transdifferentiation observed on aligned platform was 

significantly reduced with tensin 1 knockout, suggesting that tensin 1 is required not only for 

myofibroblast transdifferentiation, but also for sensing topographic cues. To test the hypothesis 

of signaling pathway starting from tensin 1 in focal adhesion for topography sensing and 
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intracellular signaling of p38 and YAP, p38 and YAP was activated with knockout of tensin 1. 

AdMKK6 was introduced to activate p38 as MKK6 is a direct activator of p38 [179]. YAP was 

activated with constitutively active YAP plasmid as described above. A quantitative analysis of 

αSMA stress fiber positive cell ratio indicated that the activation of both p38 and YAP increase 

transdifferentiation even with tensin 1 knockout condition (Figure 5.2F). Notably, activation of p38 

through AdMKK6 treatment was more effective in transdifferentiation of myofibroblast than YAP 

activation through constitutively active YAP plasmid transfection. We initially hypothesized that 

tensin 1 in focal adhesion complex upstream sensor of topographic cues that transduced 

intercellularly through p38 and YAP. The increased transdifferentiation in response to the 

activation of p38 and YAP was not affected by tensin 1 knockout (Figure 5.1G, Figure 5.2F).  

 

Figure 5.2. Topographic cues are sensed through tensin 1 in focal adhesion complex. (A) MEF cells cultured 
on aligned platform was fixed and stained for DAPI (blue) and tensin 1 (red). Tensin 1 staining image was 
analyzed for number (B), size (C), and length (D) of tensin 1. (E) SiRNA was introduced to knockout tensin 
1 confirmed by western blot. (F) MEF cells were treated with tensin 1 SiRNA, constitutively active YAP, and 

AdMKK6 to knockout tensin 1, activate YAP, and activate p38 respectively. αSMA stress fiber positive cells 
were quantitatively analyzed to assess regulatory role of tensin 1, YAP, and p38 on topographic cue 
transduction. Scale bar: 30 µm 
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5.4 Discussion 

In this chapter, a mechanotransduction of topographic cues was assessed through p38 and YAP 

modulations. In our previous studies, we have found that p38-MAPK pathway significantly govern 

myofibroblast transdifferentiation [174], which highlighted p38 as a major signal pathway 

transducing TGFβ signal over the canonical SMAD pathway. Our results suggested that p38 

transduces topographic cues for myofibroblast transdifferentiation with TGFβ signal transduced 

synergistically. Such results strengthens a hypothesis that p38-MAPK is a master regulator for 

fibrosis development. YAP was also found to regulate topographic cues. Surprisingly, a strong 

activation of YAP was expressed on aligned topographies, and topography-induced 

transdifferentiation was significantly increased with addition of constitutively active YAP. A strong 

interaction between p38 and YAP on aligned platform was confirmed through 

immunoprecipitation, suggesting aligned topographies provided sufficient cues for p38 to interact 

with YAP. Two thick bands observed on aligned group on western gel may be due to phosphor-

YAP and total YAP. In order to test whether p38-MAPK and YAP have any correlation and to 

investigate their hierarchy, constitutively active YAP plasmid was added to Cre-mediated p38 

knockout MEF.  We found that addition of YAP to the p38 knockout group successfully rescued 

transdifferentiation indicating that YAP is downstream of p38 for myofibroblast transdifferentiation. 

This may suggest that YAP is mainly regulated via topographic cues with aligned topography 

effectively inducing more YAP activation. TGFβ may have some effect on YAP activation as 

shown in the unpatterned platform case, but topographic cues were able to overwhelm any TGFβ 

effects. 

Moreover, tensin 1 has been found to be essential in myofibroblast transdifferentiation previously 

[177]. Our results show that topographic cues were enough to regulate tensin 1 adhesion number, 

size, and length similar to the effect of TGFβ. To test whether focal adhesion, which has been 

reported to transduce extracellular mechanical cues, were related to p38 and YAP for topographic 
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cue transduction, we knocked tensin 1 by utilizing SiRNA as shown in the Figure 5.2E. As 

expected, knockout of tensin 1 decreased myofibroblast transdifferentiation. The amount of 

decrease was more significant on aligned topographies suggesting that tensin 1 is required not 

only to myofibroblast transdifferentiation as previously shown [177], but also to sense topographic 

cues. As we showed that p38 and YAP transduce topographic cues intercellularly, we 

hypothesized that there may be a crosstalk between tensin 1 and p38 and YAP. To test this, 

AdMKK6, a direct activator of p38, was introduced to activate p38 activity as previously shown 

[179].  Results from the Figure 5.2F exhibit that the decrease in transdifferentiation observed with 

tensin 1 knockout was rescued with p38 activation and YAP activation. Recently, it has been 

shown that YAP exerts its transcriptional control via TEAD mediated activation of enhancers [180], 

and p38 has shown to regulate Hippo pathway transcription factor TEAD [181]. Further studies 

on identifying master downstream regulator of pro-fibrotic cues may allow us to overhaul 

challenges of controlling cardiac fibrosis. 

Taken together, this chapter provides insight into the mechanisms by which MEF cells respond 

to the topographic cues, recapitulating the geometry of the infarct scar ECM as shown in the 

schematic diagram in the Figure 5.3. A noncanonical p38-MAPK has been shown to participate 

in not only TGFβ signal transduction, but also in ECM topographic cue transduction. Relationship 

between p38 and YAP in topographic cue mediation suggests that YAP is downstream of p38. 

The role of tensin 1 and its relationship with p38 and YAP was also tested through tensin 1 

modulations.  The chapter stress the importance of understanding microenvironmental cues and 

how topographical cues are transduced and potentiate chemical cues such as TGFβ in cardiac 

fibrosis studies. Overall, the work opens up the avenue for a new paradigm for cardiac fibrosis 

modeling in vitro, and understanding the mechanistic regulation of post infarct heart. 
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Figure 5.3 Schematics of mechanosensing of topographic cues for myofibroblast transdifferentiation. 

 

Chapter 6. Summary and Future Directions 

The above work addressed a novel approach to study myofibroblast transdifferentiation post-

infarct condition via topographic regulation. In Aim 1, we explored the development and 

optimization of nanotopographic platform for cell culture model system. Topographic effects on 

various cell types including HUVEC, vSMC, and MEF were investigated. Results indicated that 

cells were able to sense topographic cues by aligning its morphology, skeletal structure, and 

activating intercellular pathways. Previously, ROCK/Rho pathway has been identified as a major 

mechanosensing pathway [182-184]. Although not discussed in the dissertation, the role of 

ROCK/Rho in topography sensing has been investigated. Preliminary data suggested promising 
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results that topographic cue transduction by ROCK/Rho for myofibroblast transdifferentiation may 

exist through regulating proteins participating in actin polymerization. Nanotopographic technique 

was then utilized to recapitulate mouse heart that has developed fibrosis. Therefore in Aim 2, we 

tested whether the developed platforms were able to regulate myofibroblast fate and function. 

Aligned topography induced aligned stress fiber as well as proliferation and transdifferentiation. 

Cell proliferation and transdifferentiation was assessed to address the question of what contribute 

to increased number of myofibroblasts on the border of infarct zone. Increased transdifferentiation 

on aligned topographies led to higher ECM synthesis in the direction of underlying topographies, 

suggesting a presence of positive feedback loop of deposited ECM alignment. In Aim 3, 

investigation of mechanotransduction pathway was conducted to identify p38, YAP, and tensin 1 

as a key regulators of topographic cue transduction. 

Our group has experiences in fabricating a ‘smart polymer’ which could change nanoscale shapes 

in response to external cues [185]. The material was used to investigate precursor cardiomyocyte 

differentiation over nanoscale topography changes previously [185]. Incorporating the material 

with the platform developed in this dissertation would allow a simulation of ECM topography 

change during fibrosis and observe how myofibroblast transdifferentiation is regulated over time. 

In addition to topography changes, the versatility of the developed platform would be able to 

simulate chemical changes as well, providing a combinatorial fibrosis model in vitro. Moreover, 

an optical transparency of the developed platform could be incorporated with luciferase assay or 

FRET microscopy to closer investigate how topographic cues are sensed by fibroblasts in real 

time in response to topography changes over time.  

The dissertation focused on studying the myofibroblast transdifferentiation for first 72 hour 

exposure to topographic cues. Experimental conditions were designed to focus on the initial stage 

of fibrosis regulation as it has been reported that myofibroblast population rise quickly for first 3~4 

days of injury and slowly decrease. However, a recent study has shown that the lineage tracing 
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of fibroblasts over 4 week period fibrosis revealed that fibroblasts expressed bone and cartilage 

signatures after 4 week period in fibrotic myocardium instead of protein synthesis, proliferation or 

ECM matrix genes [186]. As the developed platform could be utilized in long-term cultures as well 

as chemical treatments, it would be logical to investigate such time-related regulation of 

myofibroblast fate and function with the model developed. Moreover, it has been reported that 

YAP activity is increased with initial fibrosis as well as in developing heart which also goes through 

a dynamic ECM change. A deeper understanding of how this time-sensitive ECM change and 

pathway regulation would provide a better understanding of chronic fibrosis. 

Although the proposed platform has strengths in decoupling topographic cues from confounding 

variables, an in vivo model will certain provide the field with stronger clinical relevance. Our group 

has successfully developed a transgenic mouse with various genetic modulations such as p38, 

MBNL, and MKK6. Such models could be used to study ECM topographic regulation of infarcts 

and remote region. Moreover, we recently developed a robust method to observe collagen fiber 

crosslinking and directionality through second harmonic microscopy system. Utilizing the 

fibroblast lineage tracking method as mentioned previously [186], a 3D mapping of ECM 

organization in fibrotic heart and an investigation of in vivo ECM organization in conjunction to 

myofibroblast transdifferentiation would be possible. Such approach will also bring the quasi-3D 

topographic cue used in this dissertation to full a 3D model to better portray in vivo conditions. 

The research presented in this dissertation sets the stage for many immediate future studies that 

would have an immense impact in both cardiac fibrosis studies and in vitro model development. 

The immediate follow up study would dive the pathway mapping even deeper to identify 

converging transcription factors through co-immunoprecipitation for identifying possible 

therapeutic target for remediating fibrotic heart. Moreover, besides myocardial infarction 

modeling, our group has found that some genetic cardiac diseases that result in whole heart 

fibrosis exhibit altered myocardium ECM organization even without infarction or chemical stimuli. 
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Results from this dissertation could be incorporated to explain the phenomenon and assist in 

disease modeling. Additionally, current in vitro fibrosis studies are focused mostly on chemical or 

cellular interactions. We hope the results from this dissertation would allow a novel approach to 

study cardiac fibrosis, disease modeling in vitro, and understanding the mechanistic regulation of 

post infarct heart. 
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