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Adverse remodeling of the heart after myocardial infarction (MI), also known 

as cardiac fibrosis, will lead to the stiffening and anisotropic conversion of 

myocardium tissue and stoppage of blood throughout the body, which will eventually 

cause death. The annual cost for treatment of MI causes a heavy burden to patients. 

However, most current treatments are limited to the implantation of cardiac patches, 

cardiac stents, and bypass surgery, which are non-targeted therapies. Moderate 

myocardial fibrosis contributes to the positive regeneration of the heart after MI, 

whereas excessive fibrosis can lead to irreversible remodeling and impair the function 

of the heart. Thus, a systematic investigation of cardiac fibrosis development and 

myocardium remodeling after MI is in urgent need in order to unveil the mechanism 

of cardiac fibrosis development and translate it into targeted therapeutic strategies.  

In vitro substrates have been broadly applied in the biomedical field as disease 

model platforms for physiological and pathological processes. Creating an in vitro 

model for post-MI tissue study that can mimic the physical properties of an infarcted 

heart with spatial-temporal variation is critical as the building block, yet there has not 

been an effective device used to recapitulate the dynamic nature of the infarcted heart 

tissue. The recent emergence of novel material with stiffness-tunability in response to 

an external magnetic field, magnetorheological elastomers (MREs), reveals an 

excellent in-situ modulation of stiffness with a wide range which provides a promising 

tool for biomedical applications. However, the widening of the hysteresis loop 

observed in MREs is not identical to the characteristic hysteresis loop of the soft 
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ferromagnetic material, which was previously attributed to particle motion. Thus, 

unraveling particle motion within the matrix is an urgent need and a critical step to 

explain the magnetic hysteresis loop widening of MREs, which will facilitate and 

expand its biomedical applications. 

Ultrasoft MREs made by incorporating carbonyl iron particles into soft 

Sylgard 527 polydimethylsiloxane (PDMS) showed large magnetic-field-dependent 

changes in their stiffness changes. Our recent studies exhibited the widening of the 

magnetic hysteresis loop in these soft MREs compared to the relatively pinched loop 

observed for the stiffer MREs. This interesting behavior made us hypothesize that iron 

particle displacement in response to the external magnetic field within the soft PDMS 

matrix contributes to the magnetic hysteresis loop widening. We experimentally 

validated our hypothesis by tracking fluorescently labeled carbonyl iron particle 

motion in the MREs responding to various magnetic field strengths. Particle coating 

and bioconjugation of fluorophores were also characterized to validate the success of 

modification and retention of the magnetic properties of modified carbonyl iron 

particles. Our findings for the first time demonstrate the successful modification of 

carbonyl iron particles and observe that particles primarily move along the external 

magnetic field direction within the MREs material and such particle displacement 

results in the magnetic hysteresis loop widening.  

One of the physical cues after MI is cardiac tissue stiffness with spatial-

temporal variation. The infarct border zone, a tissue region that is situated between 

infarcted tissue and adjacent healthy tissue, exhibits gradient stiffness change. The 

border region is of great importance and interest in the inflammatory and remodeling 

after MI involving infarction expansion, fibrosis formation, and reparative process. 
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The efforts researchers have been building have advanced the development of a 

variety of in vitro platforms to mimic the microenvironment of infarct border region 

allowing us to have a more controllable and cost-effective approach to characterize the 

microenvironment features. Whereas the dynamic nature of gradient stiffness of 

infarct border zone has not yet been achieved. In this work, we use MREs as our base 

material to fabricate an innovative 2D in vitro platform with the capability of in-situ 

modulation on the stiffness gradient mimicking the continuously changing micro-

environment of infarcted myocardium. This allows us to examine the inflammatory 

response of primary cardiac fibroblasts (NHCF-V) in a spatiotemporal manner 

regarding the different biomarkersô expression, including ŬSMA, TGF-ɓ, ACTA2, 

COLI/III , and MMP1. We found that cardiac fibroblasts exhibit spatially different 

activation and cytokine secretion in the infarcted and remote regions within the same 

model and presented a phenotypic conversion as time proceeded. COL1A1/3A1 and 

MMP1 exhibit a more robust regulation at 24 h. Additionally, the tunability of such a 

gradient stiffness model allows us to modulate the stiffness gradient on demand, either 

increasing or decreasing the stiffness gradient, to mimic different stages during 

remodeling process. Recognizing that remodeling is guided by many different types of 

cues that co-exist in vivo, it is also important to recognize that these cues may 

cooperate or compete to ultimately direct remodeling. Specifically, we examine the 

competition and cooperation of a chemical cue (anti-fibrotic drug, A 83-01) and 

mechanical cue (substrate softening) in tandem to attenuate fibrotic biomarker 

responses of cardiac fibroblasts. Individual intervention by drug and softening 

exhibited a competitive and/or cooperative effect on the combined intervention in 

order to regulate fibrosis. This work reveals the spatiotemporal variation of fibrotic 
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response in cardiac fibroblasts as well as the complexity of anti-fibrotic drug dosing 

and stiffness-varying interactions on cardiac fibroblasts. This platform with a more 

realistic microenvironment will not only provide us with a unique in vitro tool to study 

disease progression mechanisms, such as cardiac fibrosis, but also serve as a cost-

effective, pathophysiological relevant model for potential therapeutics screening. 

Topography, particularly the anisotropic structure of heart tissue, is another 

important physical cue in the in vivo cellular microenvironment after MI. Integrating 

anisotropic features with stiffness-tunable materials not only allow us to construct both 

physiological and pathological relevant building block but also enable us to probe 

interactions between topography and stiffness cues. In this study, we introduced an 

alternative MRE as our in vitro substrate, EcoGel MREs, which retains higher 

anisotropic pattern fidelity than conventional MREs. Our results indicate that the 

combination of dynamic changes in stiffness with and without topographic cues 

induces different effects on the alignment and activation or deactivation of 

myofibroblasts. Specifically, cells cultured on patterned substrates exhibited a more 

aligned morphology than cells cultured on flat material; moreover, cell alignment was 

not dependent on substrate stiffness. On a patterned substrate, there was no significant 

change in the number of activated myofibroblasts when the material was temporally 

stiffened, but temporal softening caused a significant decrease in myofibroblast 

activation, indicating a competing interaction of these characteristics on cell behavior. 
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INTRODUCTION  

1.1 Cardiac Structure and Function  

The human heart is a complex system that maintains the fundamental 

metabolism of daily activity, such as pumping oxygenated blood throughout the body. 

Understanding the cardiac structure, cardiac cycle, and cell composition and their 

interaction is the key to uncovering physiological and pathological processes in the 

cardiovascular system.  

Cardiac anatomy was the earliest approach to unveil the cardiac structure. The 

history of the cardiac anatomy can be dated back to 3500 B.C. though no record has 

been shown regarding the cardiac structure at that early time due to the lack of 

dissection techniques.1 The Middle Ages were the time that the vast majority of 

human heart structure was discovered and pieced together by gradually matured 

cardiac anatomy. Later on, the development of sophisticated cardiac imaging 

procedures such as coronary angiography, echocardiography, computed tomography, 

and magnetic resonance imaging has made essential an intimate knowledge of the 

spatial relationships of cardiac structures, which helps us to understand the pathology 

of heart disease.2  

There are four chambers in the heart: right atrium, right ventricle, left atrium, 

and left ventricle as well as four major valves connected with these chambers to pump 

blood in and out and prevent regurgitation. The right atrium and right ventricle are 

separated by the tricuspid valve that prevents the blood regurgitating into the right 

Chapter 1 



 2 

atrium.3 The right atrium receives deoxygenated blood coming from the veins and 

pumps to the right ventricle. The primary function of the right ventricle is to receive 

systemic venous return and to pump it into the pulmonary artery through the pulmonic 

valve connected to the pulmonary artery.4 The left atrium is often regarded as a 

biomarker of cardiovascular risk.5 It is a conduit for pulmonary venous return during 

early left ventricular diastole and functions as a booster pump through the mitral valve 

that augments left ventricular filling during late ventricular diastole.6 Left ventricle 

plays a crucial role in metabolic regulations, of which failure would likely result in 

impairment to all other organ systems, and it connects nearly all organ systems 

through its function to pump oxygenated blood to the body through the aortic valve 

which separates left ventricle and aorta.7 

The different chambers are constructed with heart chamber walls with different 

thicknesses reflecting the contracting force required to be generated. The wall of the 

heart comprises three separate layers, endocardium, myocardium, and epicardium.8 

Specifically, the endocardium is the surface of the heart valves and the interior surface 

of the chambers that are lined by a single layer of endothelial cells.2 The myocardium 

consists of bundles of cardiac muscle cells and serves as the contractile of the heart 

which is the thickest layer and located in the middle of the heart wall.2,9 The 

epicardium, the outmost layer of the heart, constitutes the visceral pericardium, 

underlying fibro-elastic connective tissue and adipose tissue, and protects the heart.10  

There are numerous cardiac cell types, such as cardiomyocytes, cardiac 

fibroblasts, endothelial cells, etc., all of which have different functional roles to play. 

In particular, the cardiomyocyte is the basic beating unit of myocardium characterized 

by periodic contraction which was termed as the muscle cell of the heart.11 Mature 
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cardiomyocytes typically measured up to ~25 µm width and ~100 µm length with 

always one or two nuclei.2 Each cardiomyocyte contains myofibrils that serve as the 

fundamental unit for the cardiomyocyte contraction, sarcomere. As the most abundant 

cell type in the human heart (>50%), cardiac fibroblasts, play a crucial role in 

myocardium structure and function as well as signaling intermediate during cardiac 

damage.12ï14 Cardiac general abundance and significant role in disease response have 

made them a long-time therapeutic target for the treatment of impaired heart.15  

Each beating unit, cardiomyocytes, leads to the rhythmic atrial and ventricular 

contraction which consequently leads to the mechanical beating of the human heart.2 

Each cardiac cycle consists of mechanical diastole and systole of the ventricles, which 

respectively refer to the ventricular filling  receiving the blood from the atria and 

ventricular contraction that eventually forces the pulmonic and aortic valves to open 

and eject the blood into the pulmonary and systemic circulations. As the pressure 

eventually drops below the pressures in the right and left atria, the tricuspid and mitral 

valves open, followed by diastolic ventricular filling and then a repetition of this 

cycle.2 

The heart problem that can devastatingly affect the myocardial structure may 

result from aging or underlying disease. Some but not all heart disease includes 

hypertension and cardiomyopathy, which causes fibrosis of myocardial tissue and 

subsequently decreases left ventricle compliance. 

1.2 Myocardial Infarction ï Leading Cause of Death for Heart Disease 

Myocardial infarction (MI), another term for heart attack, is most often caused 

by a decrease or stoppage of blood flow to a portion of the heart.16 Cardiac fibrosis 

followed by MI is a severe medical emergency that leads to microenvironmental 
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changes in cardiac tissue, such as stiffening and structural variations, and impairs the 

heartôs ability to pump blood throughout the body.17,18 Around 1.5 million cases occur 

annually in the United States and ultimately result in a heavy hospitalization cost 

estimated at 351.2 billion annually.19 Severe fibrosis is estimated to account for up to 

45% of all deaths in the developed world.20 Post-MI, necrosis of cardiomyocytes 

triggers an inflammation reaction in the infarcted region and in turn, induces cardiac 

remodeling. The signals transmitted to the inflammatory cells, such as leukocytes, and 

cardiac fibroblasts, will initiate the remodeling of the infarcted heart. However, in 

most cases, the uncontrollable signaling factors, including sustained chemical and 

mechanical cues, cause adverse remodeling which leads to cardiac fibrosis due to 

excessive amount of extracellular matrix secretion, and eventually impairs the heart 

contractility and blood circulations and gives rise to heart attack.  

 

Figure 1.1: Cellular and tissue response during different MI developing phases. 

To develop better treatments, we first need to understand how cellular and 

myocardial tissue respond after infarction and how MI eventually leads to contractile 
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impairment. MI remodeling process can be separated into three major phases, 

inflammatory phase, proliferation phase, and maturation phase which takes up to 

weeks and involves a variety of cell types, (Figure 1.1).21 The inflammatory phase is 

characterized by the secretion of cytokines and chemotactic factors that promote the 

infiltration of neutrophils and monocytes which clear cellular debris.22,23 In the 

proliferation phase, Cardiac fibroblasts (CFs) are activated into myofibroblasts, which 

will vigorously proliferate, produce pro-fibrotic factors (transforming growth factor 

)̡, and dominate as ECM generator cells.24 As inflammatory factors and ECM 

continue building up, the maturation phase comes as cells promote scar maturation and 

maintain homeostasis in the remodeled myocardium.25 

 

Figure 1.2: Cardiac fibroblasts (de)activation loop. 

CFs, as a major contributor to myocardium remodeling, capture a bunch of 

studies on its differentiation and functionalities after MI which potentially unveils the 
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potential therapeutical targets for the treatment of MI. (Figure 1.2) CFs respond 

promptly to their external environment including elevating biochemical factors and 

high mechanical stress by the expression of Ŭ-smooth muscle actin (ŬSMA), which is 

the biomarker for the profibrotic phenotype of activated myofibroblasts.26 The 

activated myofibroblasts are also characterized by excessive ECM proteins including 

type I collagen and regulation of MMPs and their inhibitors.27,28 At the early stage of 

remodeling, these changes attributed by activated myofibroblasts contribute to an 

adaptive reparative process but eventually persistent cardiac stress and chemical 

signaling lead to adverse cardiac remodeling and progression toward heart failure.29ï31 

On the contrary, successful cardiac tissue repair involves deactivation of 

myofibroblasts to the ñhemostasis-likeò quiescent cardiac fibroblasts and termination 

of myofibroblasts profibrotic activities.27 Considering the crucial role of CFs play 

during the infarction remodeling process, it makes CFs an ideal cell target by 

reprogramming to manipulate cells to minimize overall infarct thickness and fibrosis.32 

Considering external microenvironment drives cell activation and subsequent 

adverse infarct progression, it is important to understand the dynamic characteristics 

of the cellular environment in the heart. Cardiac cells experience a continuously 

changing environment during the remodeling process after MI. The stiffness of an 

infarcted myocardium can start elevating several hours after acute MI occurs with 

which the peak stiffness of a human infarcted heart can be reached up to over 100 kPa 

after one week.33,34 The stiffness of the infarcted heart also showed spatial differences 

during infarction development where the infarcted region exhibited higher stiffness 

than the remote region, and the stiffness from remote to infarct region revealed the 

gradient elevation where the stiffness gradients also showed the temporal changes with 
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the peak at ~2 weeks for the infarcted ovine heart (Figure 1.3).33 Additionally, recent 

studies also found that the regional anisotropic structure of developed ECM and 

cardiomyocytes after MI triggered cell activation and orientation for the wound 

healing process.35ï37 These findings indicate that both mechanical and geometric 

properties of the infarcted heart tissue vary in a spatial-temporal manner, moreover, 

the cardiac cells can sense and respond to these local microenvironment changes to 

adjust their cellular behavior accordingly to remodel the microenvironment in turn. 

 

Figure 1.3: Stiffness gradients of ovine heart tissue for 6 weeks after MI (Gupta K. et 

al. 1994). 

1.3 In  vitro Platform for the Diseased Heart Model 

Cells can sense their surrounding matrix mechanics in a varieties of ways to 

generate biochemical and biomechanical activities known as the process of 

mechanotransduction.38 The matrix stiffness has been implicated in regulating cellular 

functions, such as contraction,39,40 migration,41 proliferation,42 and differentiation.43,44 

A variety of natural or synthetic materials were utilized in vitro to mimic the local 

stiffness of different tissues, from brain (~0.2-1 kPa),45 muscle (~10 kPa),46 osteoid 
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(~30-45 kPa).47 Specifically, the normal adult cardiac stiffness is at ~10 kPa during 

diastole.48 Cardiac fibrosis after MI results in increased expression and cross-linking 

of ECM components, thereby changing the mechanical landscape, and rigidities above 

100 kPa have been reported for fibrotic tissue.49,50 During the myocardial remodeling 

process after MI, cardiac fibroblast migration across the infarcted border region from 

the soft remote region to the stiff infarcted region plays an important role in wound 

healing. The increasing number of studies on matrix stiffness gradient has led to 

investigations on the cellular pathological response in vitro. (Figure 1.4). Particularly, 

an in vitro model that has a dynamic stiffness range including stiffness of border zone, 

infarct zone, and remote zone is needed to study MI development. The early study 

revealed cellular migration on the boundary region between two different 

concentrations of polyacrylamide.41 Later on, photolithography technology has 

enabled a more matured gradient structure through the use of photocurable hydrogels 

allowing for the fabrication of a wide range of elastic modulus by means of visible/UV 

light curing through photomask with gradient light transmittance.51 Another common 

method to fabricate a stiffness gradient uses a two-step polymerization process that 

provides an easy fabrication of material with a wide range of linear stiffness 

gradients.52 The current techniques to engineer a material with spatially different 

stiffness are pretty diverse and mature, hence providing a more controllable 

environment for in vitro studies for biomedical applications. However, current 

materials do not take into consideration that the stiffness of the microenvironment is 

continuously changing, therefore the existing platform lacks the ability to mimic the 

dynamics of tissue stiffness in real-time.  
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Figure 1.4: Current in vitro models with stiffness difference used for cell 
studies.51,53,54 

Additionally, ECM and cardiomyocyte alignment in myocardial tissue plays a 

significant role in the physiological and pathological functions of the myocardium.55 

Tissue and cellular alignment provide insight into building a more realistic and 

functional cardiac model to recapitulate the complex microenvironment of the heart 

and as drug screen platforms, to develop more targeted therapeutic treatments for 

cardiovascular disease.56 The early study revealed that the increased stiffness of 

infarcted tissue can be also attributed to the straightening of the collagen fibers during 

systolic contraction.57 These anisotropic structure in the cardiac ventricle has 

dimensions of 0.5-3 mm in length and 50-500 µm in diameter.58 Microchannel 

features have been created on the materials to mimic the anisotropic structure of 

myocardial tissue, such contact-guidance-induced cellular morphology and phenotypic 

change can be reproduced similarly to what occurs in the native tissue.35,59 Several 

researchers have developed different approaches to fabricate micropatterned structures 
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to study cellular response, including two-photon direct laser writing on the surface,60 

soft lithography,61 photolithography,62 and hydrogel molding.63 A variety of cell types 

have been also investigated on these microfabricated anisotropic platforms, such as 

cardiomyocytes,55 fibroblasts,64 smooth muscle cells.65 Specifically, the 

synchronization and contractility of the neonatal cardiac cells in vitro were improved 

by showing a longer duration of beating and pacemaker channel density increase in 

vitro.55,66 Cardiac fibroblasts phenotypic conversion to activated myofibroblasts was 

significantly upregulated after two days and the stable aligned patterns were formed 

for over two weeks on the patterned surface.64,67 Myoblasts were shown to rapidly 

reorient within 24 h on a micropatterned surface with on-demand microfeature 

introducing and removing manipulations.68  

In all, the ability of a cell to sense the microenvironment has been investigated 

very early on, different cues have been fabricated and a variety of cell types have been 

studied on these cues individually on in vitro platforms to observe their response. As 

more intriguing findings reveal while each cue does not impact cellular behavior 

separately, they interact with each other either cooperatively or competitively affecting 

cells in different ways. In recent years, researchers have been focusing on building 

more complex platforms with the incorporation of well-controlled multi-cues to better 

mimic the cell environment in humans. Such a multi-functional lab-on-a-chip platform 

can be used to recapitulate a number of biological systems and, ultimately, as a novel 

drug screen tool for pre-clinical tests. 

1.4 Therapeutical Treatments for the Clinical 

As tissue engineering has developed in the past decades, clinical treatments for 

MI have advanced rapidly. The technologies to restore the diseased heart have targeted 
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two components: substrate scaffold and therapeutic drugs.69 After MI, adverse 

remodeling driven by uncontrollable inflammatory factors secretion can lead to severe 

fibrosis tissue formation. Such fibrous scar tissue will increase the resistivity of 

myocardial tissue and angiogenesis as well as hinder electrical signaling between 

cardiomyocytes.70 Thus, how to reconstruct the diseased heart by means of promoting 

healthy tissue formation, cell-matrix interaction, and restoring cardiac function 

becomes an intriguing topic in the cardiac tissue engineering field. Hydrogels and bio-

elastomers exhibit excellent tunability in mechanical properties matched with a wide 

range of human tissues and maintain high biocompatibility.71,72 Cardiac patch and 

intramyocardial injection with hydrogels are the two most popular approaches to not 

only provide mechanical support during myocardial repair,73,74 but can be also used as 

the carrier for the nano- or micro-therapeutic ingredients delivery.75 The functional 

biomaterials applied to the infarcted region as the scaffold showed an appealing 

mechanical support in the left ventricular wall to prevent dilation and preserve 

contractile function, and also revealed the ability to modulate collagen deposition and 

tissue integration upon material degradation.72,74,76  



 12 

 

Figure 1.5: TGF-  ̡signaling pathway. 

With significant help from engineered scaffolds, the therapeutic ingredients 

have a longer half-life and more targeted delivery. Anti-fibrotic medications targeting 

various cytokines pathways, including renin-angiotensin-aldosterone system inhibitors 

to strongly block cardiac fibroblast activation and significantly reduce collagen protein 

deposition,77,78 TGF- 1̡ (transferring growth factor 1) pathway inhibitors to suppress 

ECM secretion and cell activation79 et al. Other therapeutic approaches include small 

single-stranded miRNAs involved in the post-transcriptional regulation of genes 

implicated in various biological processes,80 and emerging CRISPR technology to edit 

infarcted genes to treat MI.81  

Particularly, the TGF-ɓ pathway is among all the pathways the most studied 

target for the treatment of MI. There are three isoforms of TGF-ɓ, including TGF-ɓ1, 

TGF-ɓ2, and TGF-ɓ3, that are closely related to each other and act as critical 
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modulators of immune cell phenotype and function especially during the inflammatory 

phase.82 Prolonged exposure of TGF-ɓ will trigger SMAD-2/3 phosphorylation 

(Figure 1.5), resulting in cell migration and differentiation.83 In vitro, TGF- ɓ can 

exert pro- and anti-inflammatory depending on the phenotype and the state of 

differentiation of the cells, and the presence or absence of other mediators.84 TGF- ɓ is 

a potent neutrophil85 and monocyte86 chemoattractants; these effects may be important 

for the recruitment of leukocytes in inflamed tissue. Considering the role of TGF-ɓ 

signaling cascades in tissue repair, remodeling, fibrosis, and regeneration, the 

members of the TGF-ɓ superfamily have been considered attractive therapeutic targets 

for patients with MI.87 As mentioned above, TGF-ɓ receptor inhibitors were shown to 

be potent in the inhibition of TGF-ɓ signaling pathway.79,88 Among all the inhibitors to 

block the TGF-ɓ pathway, A 83-01, a small molecule that served as an activin 

receptor-like kinases (ALKs) inhibitor for TGF-ɓ type I receptors, stands out having 

significant effect to inhibit the transcriptional activity induced by TGF-ɓ type I 

receptors ALKs, inhibiting following phosphorylation of Smad2/3, suppressing cell 

activation and ECM formation, but did not show cytotoxicity and interfere with cell 

proliferation in the reasonable amount of administer.79,89  

Overall, therapeutics with a combination of tissue engineering and targeted 

drug advances the development of MI treatment and shows promising clinical 

significance in treating MI that accommodates local tissue regeneration, restores the 

function of a healthy heart, and intervenes in the pathway to attenuate cardiac fibrosis. 

However, the mechanism of the dynamic stress effect of the local infarct tissue and its 

synergistic effect with clinical drugs on cardiac cells is still unclear, thus challenging 

the development of more effective and targeted treatment for MI. 
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1.5 Novel Materials Reveals a Promising Potential in In Vitro  Model 

In the past decade, many researchers have been focusing on dynamically 

tuning the stiffness of ECM to probe the cellular response which has driven the 

development of a variety of approaches to fabricate the material with tunable stiffness, 

including applying light, changes in temperature, pH, or biomolecules.90ï93 However, a 

key limitation of these approaches is that most provide unidirectional and permanent 

changes in material properties, limiting the ability to study time-dependent 

processes.64 In recent years, a novel material, called magnetorheological elastomers 

(MREs), came into the spotlight with the ability to tune stiffness in situ via an applied 

magnetic field. This material has elucidated the dynamic biophysical response of 

cardiomyocytes including spreading and maturation, highlighting the broad 

applicability toward a myriad of biomedical applications.43   

MREs are heterogeneously fabricated by using magnetically soft particles 

(carbonyl iron particles, CIPs) embedded within a super soft PDMS elastomeric 

matrix that exhibits dynamic viscoelastic properties in response to an external 

magnetic field and CIPs filling percentage.94 The stiffness range from soft and stiff of 

MREs under the magnetic field was reported to be ~10 to ~50 kPa, which represent 

the physiological and pathological stiffness of heart tissue, respectively.43 With 

increasing research on the MREs material, the effect of elastomer stiffness on the 

widening of the hysteresis loop of magnetization reversal of MREs unveiled the 

stiffening mechanism of particle motion under a magnetic field. Experimental 

observations of particle motion within an elastomeric matrix require both particle 

bioconjugation techniques and advanced tracking microscope equipment. To 

fluorescently label the CIPs allowing to track them under a microscope, functional 

groups, such as primary amine, need to be created on the surface of CIPs for further 
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modification. Sol-gel method to self-assemble the layer of tetraethyl orthosilicate 

(TEOS) were widely used to create hydroxyl group followed by further 

functionalization of (3-aminopropyl) triethoxysilane (APTES) to create primary amine 

groups.95ï97 The primary amine groups were able to be chemically reacted with N-

hydroxysuccinimide (NHS) with the help of N,N-3(dimethylamino)propyl-Nô-ethyl 

carbodiimide (EDC) to form the carbodiimide groups.98 NHS ester-labeled 

fluorophores, such as FITC, can be used to conjugate with primary amine-

functionalized particles at room temperature, such fluorescent probe has been widely 

applied to various biomedical fields, including drug delivery and magnetic resonance 

imaging.99,100 (Refer to Chapter 2 for CIPs modification) 
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CARBONYL  IRON PARTICLES (CIPs) SURFACE MODIFICATION AND 

MAGNETIC FIELD -DEPENDENT PARTICLE MOTION TRA CKING ÿ 

Clark, A.T., Machfield, D., Cao, Z, Dang, T., Gilbert, D., Corbin, E.A., Buchanan, 

K.S., and Cheng, X. 

2.1 Introduction  

Ultrasoft MREs have shown much larger magnetic field-dependent changes in 

their moduli94 that have been utilized in a variety of biomedical applications.43,64 

Recent studies showed that the magnetic hysteresis loops of soft MREs are markedly 

different than those of stiff MREs and exhibit a characteristic pinched loop shape with 

zero remanence and loop widening at intermediate fields.101 Particle motion is thought 

to be an important contributing factor to this loop shape,102 and recent experiments on 

hysteresis loops in the MREs that were stiffened by lowering the temperature and 

increasing particle percentage provide compelling evidence that the magnetic particle 

motion is, indeed, linked to the widening of the magnetic hysteresis loops.103 

However, a more comprehensive examination of particle motion within the MREs 

matrix is needed experimentally.  

 
 
ÿ Clark AT., Machfield D., Cao Z., Dang T., Gilbert D., Corbin EA., Buchanan K., Cheng X. (2022) 

ñThe effect of polymer stiffness on magnetization reversal of magnetorheological elastomers.ò APL 

Materials. 10, 041106. 

Chapter 2 
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In this chapter, we hypothesize that hysteresis loop widening of MREs under 

magnetic field is attributed to CIPs motion under applied magnetic field direction in 

the polymer. We utilized particle coating and bioconjugation techniques to 

fluorescently label the CIPs which allows us to observe particle motion under high-

resolution confocal microscopy. Additionally, particle coating efficiency and their 

magnetic properties were also investigated to validate the success of modification and 

retain of magnetic strength for the CIPs, respectively.  

2.2 Methods 

2.2.1 Surface Modification of CIPs 

The modification process consisted of three major stages (Figure 2.1). First, 

CIPs were coated with a silica layer prepared via tetraethyl orthosilicate (TEOS) 

hydrolysis. Next, these TEOS-coated particles (CIPs-TEOS) were further 

functionalized with a second layer of (3-Aminopropyl)-triethoxysilane (APTES) by 

means of hydrolysis and condensation to form functional CIPs-TEOS-APTES. 

Finally, we tagged the fluorophore to the CIP-TEOS-APTES particles through the 

bioconjugation of Atto 488 NHS ester to chemically form carbodiimide bonds. 

Specifically, in the first step of the magnetic particle modification, a silica 

precursor solution consisting of anhydrous ethanol, TEOS, and hydrochloric acid were 

mixed in a molar ratio of 7.6:1:0.05, where hydrochloric acid was added as a 

catalyst.104 The mixture was stirred for 2 h at room temperature. Then, the resulting 

TEOS hydrolysate was kept for 24 h for sol aging at room temperature. We then 

combined 20 g of CIPs (Chemical Store) with 50 mL anhydrous ethanol, and 

homogenized the mixture in a water bath using ultrasonic vibration for 10 min. Then, 
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the pre-prepared TEOS hydrolysate was dropwise added using a dropping funnel into 

the CIPs mixture with mechanical stirring at room temperature for 3 h. Additionally, 

the dispersion was homogenized mid-reaction and post-reaction for 10 min, 

respectively, in the water bath. The resulting particles were collected using a 

permanent magnet and washed 3 times with anhydrous ethanol, to remove organic 

residues and prevent the particles from agglomerating. The product (CIPs-TEOS) was 

dried at 60 °C for 24 h and collected. 

 

Figure 2.1: CIPs modification schematics. A. CIPs coating and bioconjugation 
procedures. B. Chemical structures of coatings. 

To functionalize the CIPs-TEOS with APTES, we first equipped a 100 mL, 

three-neck, round bottom flask with an overhead mechanical stirrer through the middle 

neck, cold water condenser, and thermometer through the outer necks. 10 g of 

prepared CIPs-TEOS with 80 mL dry toluene was pre-homogenized using ultrasonic 

vibration in a water bath for 30 min. Then the mixture was poured into the three-neck, 

round bottom flask followed by injecting a solution of 1.2 mL of APTES in 5 mL dry 

toluene via syringe under vigorous mechanical stirring. The reaction mixture was 
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heated to 105 °C for 6 h. To maintain the insulation during the reaction, the flask and 

heat block were covered with aluminum foil. The powder was collected by using a 

permanent magnet upon cooling to room temperature. The APTES-coated CIPs-TEOS 

(CIPs-TEOS-APTES) were washed three times with anhydrous ethanol. The product 

(CIPs-TEOS-APTES) was dried at 60 °C for 24 h and collected. 

Finally, primary amine reactive Atto 488 NHS ester was used to fluorescently 

label CIPs-TEOS-APTES through conjugation with the amine group on APTES. The 

stock solution of Atto 488 NHS ester (10 mg/mL) was prepared by dissolving 1 mg of 

Atto 488 NHS ester in 100 µL of anhydrous DMSO. To bind fluorophores on the 

surface of CIPs, 500 mg of CIPs-TEOS-APTES were dispersed in 9.99 mL of 

anhydrous DMSO followed by adding 10 µL of stock solution of Atto 488 NHS ester 

(with a final working concentration of 10 µg/mL). To prevent photobleaching, the 

reaction was completed on the rocker in the dark for 6 h at room temperature. The 

Atto 488 NHS ester labeled CIPs-TEOS-APTES was magnetically separated and 

washed five times with anhydrous ethanol to remove non-conjugated fluorophores. 

The final product (CIPs-TEOS-APTES-Atto 488) was dried at 60 °C for 24 h in the 

dark and collected. 

2.2.2 Fabrication of Fluorescent CIPs Embedded MREs  

Sylgard 527 (poly-(dimethylsiloxane), PDMS) elastomer (Corning) and 50 

wt.% CIPs were used to fabricate silicone-based MRE. Based on the study by S. 

Mandal et al.,105 primary amine groups bind strongly to the platinum that is pre-added 

in the PDMS as the curing catalyst, which consequently leads to the deactivation of 

the curing catalyst and retard the PDMS polymerization. Therefore, we embedded 5 

wt.% of CIPs-TEOS-APTES-Atto 488 (PDMS polymerization shown unaffected) and 
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45 wt.% of plain CIP in the PDMS to make the total weight percentage of particles 50 

wt.% in MREs. Briefly, Sylgard 527 PDMS was prepared by mixing 1 g of part A and 

1 g of part B. Then, 200 mg of CIPs-TEOS-APTES-Atto 488 (5 wt.%) and 1.8 g of 

plain CIPs (45 wt.%) were added in Sylgard 527 PDMS. The mixture was dispersed 

for 1 min at 2500 rpm using FlackTek SpeedMixerÊ. Then 200 mg of the dispersed 

mixture was poured into a 35 mm cell culture dish with a glass bottom, degassed for 5 

min in the dark, and cured for 24 h at 60 °C covered with aluminum foil. To constrain 

the volume of MREs during the external magnetic field applied, we poured a thin layer 

of glue on top of MREs in the glass-bottomed petri dish. Once the glue solidifies, the 

volume-constrained MRE sample with fluorescently labeled CIPs is ready for 

imaging. 

2.2.3 Surface Composition Characterization of Modified CIPs 

To validate the deposition of the coatings on CIPs, the surface elements of 

functionalized magnetic microparticles were analyzed by scanning electron 

microscopy (SEM, Auriga 60 CrossBeam) equipped with an energy-dispersive X-ray 

spectroscope (EDS). The SEM/EDS samples were prepared by fixing a small number 

of modified particles on the double-sided carbon adhesive tape attached to the sample 

stub. Then the air dust blower was used to remove extra unfixed particles from the 

tape. The holder containing sample was loaded in the vacuum chamber of SEM and 

the electron high tension of the system was set to 3 kV to operate. 

2.2.4 Magnetic Property Characterization of Modified CIPs 

To determine the addition of coatings effect on the magnetic properties of 

CIPs, the magnetization measurement of coated and plain CIPs was performed on the 
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vibrating sample magnetometer (VersaLabTM-3T Cryogen free) at 300 K. A small 

number of particles were weighed before loading and fixed on tape, scroll the tape to 

make sure the sample was adhered inside the tape. Then, the sample was inserted into 

the sample holder, and the sample location was verified by mounting the sample on 

the sample holder near 35 mm by using a sample-mounting platform. After the system 

was warmed up, the sample holder was carefully assembled into the sample chamber 

until the centering ring seats onto the top flange. The sequence was set up at 300 K 

with minimum and maximum field strength at -2 T and 2 T, respectively. 

 

Figure 2.2: Electromagnet mounted on the confocal microscopy stage. The sample in 
the glass-bottomed petri dish was fixed on the stage above the water 
immersion lens. 

2.2.5 3D Particle Tracking by Confocal Microscopy and Electromagnet Setup 

The sample dishes with fluorescently labeled CIPs and electromagnet setup for 

confocal microscopy were designed as shown in Figure 2.2. The volume-constrained 

fluorescently labeled MRE sample was placed above the confocal microscopy 
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objective. An electromagnet (from GMW) was connected to an Agilent 6553A power 

supply operating in constant current mode. The current was tuned to apply a fixed 

magnetic field from 0 to 500 Oe and back to 0 Oe with 250 Oe interval. The magnetic 

field strength where the sample was located was measured using a gaussmeter 

(Lakeshore®-410) before placing the sample in the electromagnet setup. Z-stack 

images were taken at each magnetic field using a Zeiss LSM880 confocal microscope 

with a 20×/1.0 water immersion objective lens. The resolution of each z-stack was 

1772×1772×/28 pixels3 with a voxel size of 200×200×/410nm3 and the acquisition 

time for a full stack was thirty seconds. To analyze the particle displacement, first, an 

in-focus image was obtained before applying any magnetic field, and images cropped 

around each particle were selected. A set of 2D cross-correlations were performed 

using the cropped in-focus images of each of the selected particles as inputs to 

determine the in-focus 3D position of each particle at every magnetic field.106 

2.3 Results and Discussion 

2.3.1 Validation of Coatings on CIPs 

As the fundamental steps towards tracking particles under microscopy, the 

successful coatings of functional chemicals on the CIPs are a must. Since Si and N are 

the characteristic elements in the coated layers, TEOS and APTES, respectively, EDS 

element analysis can be used to identify the existence and weight percentages of 

coated chemicals of interest in this study. As shown in Figure 2.3A, the spectrum 

showed the Iron (Fe) in plain CIPs without any chemical treatment took up to 97.2 

wt.% of the total weight with a significantly lower weight percentage of Oxygen (O) 

existing. The extremely low amount of Oxygen (O) on CIPs challenged the efficiency 
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of the subsequent coatings due to hydrolysis mechanism that was used in this coating 

procedure. Thus, TEOS was selected as an enhanced layer to create hydroxyl groups 

to facilitate hydrolysis with other functional layers. As the characteristic elements in 

TEOS, Siôs presence with 1.2 wt.% validated the successful coating of TEOS (Figure 

2.3B). More importantly, the significant elevation of O weight percentage indicates an 

increasing number of active hydrolyzed sites were added on CIPs than that on the 

plain CIPs. The presence of Cl can be explained by the addition of HCl used during 

the sol-gel process as a hydrolysis reagent. The effect of hydrochloric acid on the 

magnetic properties of modified CIPs will be examined and discussed in the following 

section. Last but not least, the CIPs functionalized with active primary amine groups 

by APTES were assessed by the presence of N (Figure 2.3C). To visualize Atto 488 

NHS ester conjugated CIPs, fluorescently labeled CIPs and plain CIPs were mixed at 

the above-mentioned ratio in the soft Sylgard 527 PDMS on the glass-bottomed petri 

dish and detected by using Zeiss Axio Observer 7 with Apotome.2 at 40×/1.3 (oil 

immersion) objective lens. Atto 488 conjugated CIPs in soft PDMS were observed in 

green as shown in Figure 2.3D. Overall, the EDS characterization and microscopy 

imaging validated the successful coatings and fluorescent conjugation on the CIPs, 

which paved the way for the following particle tracking measurement.  
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Figure 2.3: EDS analysis of (A) plain CIPs, (B) CIPs-TEOS, and (C) CIPs-TEOS-

APTES. (D) Fluorescently labeled CIPs in MREs imaged by 40×/1.3 (oil 
immersion) objective lens. 

2.3.2 Magnetic Properties Examination on Modified CIPs 

The magnetic properties of CIPs reflect on the magnetic particlesô response to 

the external magnetic field variation which can be indicated by the magnetic hysteresis 

loop. A vibrating sample magnetometer (VSM) was used to examine the tendency of 

CIPs and their modified particles to align with a varied external magnetic field which 

is quantified as magnetic moment (Figure 2.4A). CIPs showed a saturation moment of 

~200 emu/g at ~5000 Oe of external magnetic field. In comparison, the magnetic 

saturation of CIPs-TEOS (blue curve) dropped to ~180 emu/g starting at ~5000 Oe 

probably due to the presence of hydrolyzed reagent HCl. Noticeably, the magnetic 

saturation of CIPs-TEOS-APTES (orange curve) recovered back to ~200 emu/g as that 

of CIPs. This might be explained by the removal of HCl residues by the subsequent 
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reaction with APTES in solution and washing steps performed on CIPs that was 

validated in the EDS analysis on CIPs-TEOS-APTES, which leads to less aggregation 

of CIPs and higher magnetization alignment in response to external magnetic 

field.96,107 As the relatively mild reaction solution DMSO used in the fluorophore 

conjugation process rather than strong acid (HCl) involved in the first two steps of 

coating, we did not perform the magnetic properties examination on fluorophore-

conjugated CIPs due to identical compositions and magnetic properties observed using 

DMSO as a solvent for iron particles modification from previous studies.108,109 

 

Figure 2.4: VSM characterization of modified CIPs. (A) Schematic illustration of 

VSM. (B) Magnetic hysteresis loop of modified CIPs. 

In short conclusion, the layer-by-layer coating approach of TEOS on CIPs by 

sol-gel methods followed by APTES self-assembly on modified CIPs and fluorophore 

conjugation illustrates a successful method to fluorescently label the CIPs in the soft 

PDMS with insignificant change in magnetic properties. 
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2.3.3 Magnetic Field-Dependent Particle Motion Tracking by Confocal 

Microscopy 

To probe the particle motion directly, a 3D particle tracking experiment was 

conducted using field-dependent confocal microscopy as illustrated above. The 

magnetic field-dependent motion for one of the particles is shown in Figure 2.5. The 

particle moves primarily along the applied magnetic field direction and the magnitude 

of the particle motion is larger when the external magnetic field (Ὄ)  is increased from 

250 to 500 Oe than it is for the 0 to 250 Oe field step, and the motion is several 

microns in magnitude, ~2.5 µm displacement along the external magnetic field 

direction. The microscopy results hence confirm by direct observation that the iron 

particles exhibit micron-scale motion primarily along the applied magnetic field 

direction within the soft Sylgard PDMS polymer. Moreover, our previous works on a 

two-dipole system of computational model also verified the micro-motion of particles 

along the magnetic field which were in qualitative agreement with our experiment 

results.106  
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Figure 2.5 Trajectory of an iron particle within the MREs using confocal 
microscopy. 

2.4 Conclusion 

In this chapter, we investigated the particle motions within the MREs matrix 

employing an effective particle modification approach and tracking techniques using 

confocal microscopy. This validated the hypothesis we put forward that soft MREs 

exhibited a widening magnetic hysteresis loop that resulted from the particle motion 

within the MREs matrix. The experimental results show evidence of CIP motion, 

particularly moving along the direction of the magnetic field. Therefore, with a deeper 

insight into the physical mechanism of the MREs hysteresis, we can engineer MREs 

for a variety of applications with confidence to meet our needs. In the following 

chapters, we will unveil our discoveries on the versatilities of MREs based on their 

unique dynamics, which allows us to promisingly apply this material to a broad 

spectrum of biomedical applications. 
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A GRADIENT STIFFNESS PLATFORM TO PROBE CARDIAC 

FIBROBLASTS SPATIAL -TEMPORAL BEHAVIOR  AND MANIPULATE 

FIBROTIC RESPONSE§  

Cao, Z., Clark, A.T., Vita, A., and Corbin, E.A. 

3.1 Introduction  

Heart disease is the leading cause of death worldwide with pathological 

remodeling of the ventricle, specifically left ventricular fibrosis, being pivotal in the 

development of heart failure,110 which results in 1.5 million cases annually in the 

United States and gives rise to a heavy hospitalization cost estimated at 351.2 billion 

each year.19 Cardiac fibrosis arises from many cardiac disorders and diseases, 

including coronary heart disease, myocardial infarction, chronic high blood pressure, 

diabetes, and cardiomyopathy.111 It  eventually leads to the stiffening of myocardium 

tissue due to the accumulation of collagenous ECM that reduces heart compliance, 

provides altered biochemical/mechanical cues, and changes electrical conductivity that 

ultimately impairs cardiomyocyte function and leads to arrhythmia.87,112ï117 Cardiac 

f ibroblasts, as a major contributor to myocardium remodeling, play an important role 

in infarcted heart regeneration and function restoration. Inflammation reaction in the 

infarcted tissue triggers cardiac fibroblast activation and migration toward the 

 
 
§Cao Z. Clark AT. Vita A. Corbin EA. ñA gradient stiffness platform to probe cardiac 
fibroblasts spatial-temporal behavior and manipulate fibrotic response.ò (In 

preparation) 

Chapter 3 
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infarcted border zone.118 Increased production of ECM secreted by the activated 

cardiac fibroblast initiates a reparative process to promote cardiac remodeling,119 

meanwhile, stiffens the local tissue. The healthy remodeling process requires moderate 

activation of cardiac fibroblasts to heal the infarcted region and has structural support 

on the diseased heart followed by the deactivation of cardiac fibroblasts back to 

homeostatic-like quiescent cardiac fibroblasts, which suppress ECM secretion and 

cause decrease stiffness of cardiac tissue.120 However, the sustained chemical signals 

and mechanical stress drive the adverse and maladaptive remodeling after MI 

orchestrated by pathologically activated cardiac fibroblasts (myofibroblasts)121 and 

secreting excessive amounts of ECM, which leads to the stiffening of the myocardium 

and impairs cardiac function.122 Besides the mechanical cues involved in the infarction 

remodeling process, a variety of biochemical cues were also extensively studied.123ï125 

Particularly, TGF- ,̡ a pro-fibrotic factor, pathway is among all the pathways the most 

studied target for the treatment of MI.82,86,126 A 83-01, a small molecule that served as 

an activin receptor-like kinases (ALKs) inhibitor for TGF-ɓ type I receptors, stands 

out as having a significant effect on inhibiting the transcriptional activity induced by 

TGF-ɓ, phosphorylation of Smad 2/3, suppress cell activation and ECM formation, 

while meantime maintain low cytotoxicity and less interference with cell proliferation 

in the reasonable amount of administer.79,89  

To attenuate the adverse effects of sustained activation of cardiac fibroblasts 

during myocardium remodeling, we first need to dive deep into the investigation of the 

spatiotemporal response of cardiac fibroblasts in dynamic environments and explore 

the approaches to manipulate cardiac fibroblast behavior and mitigate intense fibrotic 

response accordingly. Although novel insights from 2D and 3D cell cultures indicated 
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fibroblast plasticity and reparative capacity,127 a good understanding of the 

responsiveness of cardiac fibroblasts on the remodeling in a spatiotemporal manner is 

still lacking. We want to unravel the complex behavior of cardiac fibroblasts during 

cardiac fibrosis development. Additionally, as the early pre-clinical discovery 

platform, most in vitro models are limited to static and irreversible 

microenvironments,51ï53 whereas the myocardium experiences a continuously 

changing environment during the remodeling process. Thus, a tunable model is needed 

to better mimic the dynamics of the infarcted heart tissue, study cardiac fibroblast 

behavior, and put forward intervention treatments to alleviate fibrotic response that 

can be potentially applied to future therapeutics.  

In this chapter, we hypothesize that using MREs, we can engineer a platform to 

mimic dynamic stiffness gradient across the infarcted border region and observe the 

inflammatory response of normal human cardiac fibroblasts from the left ventricle 

(NHCF-V) in a spatiotemporal manner across this gradient stiffness substrate.94,128ï130 

Lastly, the capability of stiffness modulation for this platform allows us to mimic the 

remodeling process by tuning off gradient stiffness, hence, we can compare different 

intervention approaches targeting either mechanical or chemical cues. We hypothesize 

that both mechanical intervention by softening gradient stiffness and chemical 

intervention by inhibiting the TGF-ɓ pathway will attenuate the fibrotic response of 

cardiac fibroblasts, but these two intervention approaches affect different biomarkers 

in different ways, either competitively or cooperatively. In this part of the work, we 

will systematically study the application of MREs in the gradient stiffness model 

fabrication to meet our needs of recapitulating the stiffness across the border region 

containing infarcted and remote regions of human myocardial tissue. We will also test 
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the inflammatory response of primary cardiac fibroblasts (NHCF-V) on the stiffness 

gradient model and determine their acute response spatially (infarct and remote sides). 

Last but not least, we will test the effectiveness and interaction of mechanical and 

chemical interventions on the NHCF-V on our model that will give us guidance on 

optimal integration of these two treatments for cardiac fibrosis in a more targeted way, 

which will eventually be used to translate into the potential therapeutical strategy for 

the treatment of MI and myocardial regeneration. 

3.2 Methods 

3.2.1 Stiffness Gradient Device Simulation 

To design the MREs device covering the physiological to the pathological 

range of gradient stiffness with the infarct region over 100 kPa and the remote region 

around 15 kPa, we first used a computational model combining COMSOL 

Multiphysics (Magnetic Field, No Current Module) and elastic modulus prediction 

equation94 from our previous study to calculate positioning of block magnets to the 

MREs substrate to achieve desired gradient stiffness ranges. This will facilitate our 

following manufacturing procedures for this device.  

Ὁ πȢππσρχσὄ ρυȢυψ (1) 

In this equation, E is elastic modulus in the unit of kPa, and B is magnetic field 

strength in the unit of mT. Briefly, two permanent block magnets were placed on each 

side of the MRE material (Figure 3.1). The geometry of the block magnets and MREs 

is 0.5ò (Width) Ĭ 3ò (Depth) Ĭ 0.5ò (Height) and 0.55ò (Width) Ĭ 1ò (Depth) Ĭ 0.15ò 

(Height), respectively. The distance between two magnets and MREs is the variable to 

be tuned to achieve the desired gradient stiffness ranges. The remanent flux density of 
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the left and right block magnets are 1.18 T and -1.18 T in the z-direction, respectively. 

Importantly, two magnets with the reversed magnetization directions were used to 

manipulate and fix zero magnetic field strength point position on the MREs substrate, 

that way we were able to simply tune the slope of gradient magnetic field strength 

without varying zero magnetic field strength position. Magnetic Fields, No Currents 

module was used to calculate the magnetic field strength on the top surface of the 

MREs substrate. 21 points with 0.5 mm distance interval along the magnetic field 

gradient direction on the top surface of MREs were selected to be used for calculation. 

The extracted magnetic field strength from each point in COMSOL was then plugged 

into the curve fit equation mentioned above to calculate the predicted elastic modulus 

of MREs at the corresponding point. A gradient stiffness can be plotted by calculating 

the series of points across the MREs using the same above-mentioned method. 

Additionally, to obtain the computational results of various stiffness gradients using 

the same setup, we simply need to tune the distance between magnets and MREs. For 

instance, by moving two magnets closer to MREs with the same steps, we were able to 

ramp up to a steeper stiffness gradient, and vice versa.  

 

Figure 3.1 3D COMSOL model geometry of stiffness gradient device in Magnetic 

Field, No Current module. 
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3.2.2 Stiffness Gradient Device Fabrication 

With the data obtained from the computation model above, including 

geometries of both magnets and MREs, distance between magnets and MREs, and 

their relative position, etc., we can easily customize this tunable gradient stiffness 

device in-house. Firstly, the MREs sample reservoir and two block magnet holders 

were sketched in SolidWorks, the sizes of which were based on the dimensions in the 

COMSOL model. Then, the designed parts were converted into printable files and 

imported into LulzBot TAZ Workhorse 3D printer with polylactic acid filament as 

printing material. Two commercially available block neodymium magnets (K&J 

Magnetics, Inc.) with dimensions of 0.5ò (Width) Ĭ 3ò (Depth) Ĭ 0.5ò (Height) were 

press fit into the magnet holders with reverse magnetization direction. To ensure 

proper alignment of our sample and magnet placement, we inserted two aluminum 

steel rods through the holes pre-designed in both the sample reservoir and magnet 

holders, and between the sample reservoir and magnet holders, a different number of 

3D printed spacers (each spacer was 0.1ò thick) were placed in between to achieve the 

desired gradient stiffness (Figure 3.2).  
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Figure 3.2: 3D printed stiffness gradient setup with MREs filled in the sample 

reservoir. 

MREs were prepared by mixing 50 wt.% of CIPs with Sylgard 527 PDMS 

(Corning Inc.) consisting of 1:1 weight ratio of Part A: Part B per manufacturer 

protocol. 2 g of MREs mixture were poured into printed sample reservoir without 

magnet applied and degassed in a vacuum chamber for 5 mins. MREs in the sample 

reservoir were then cured in a 60 °C oven for 24 hrs.  

3.2.3 Mechanical Property Measurements 

The elastic modulus of the MREs with gradient stiffness was measured on a 

custom micro-indenter like that described by Rennie et al.131 and Schulze et al.132 Five 

points of interest with 2 mm intervals along the direction of the gradient from the stiff 

to the soft side (2.5, 4.5, 6.5, 8.5, and 10.5 mm measured from the reservoir wall on 

the stiff side) were indented. Each stiffness gradient group was shown in Figure 3.3 

and measured separately within the same device. Specifically, steep gradient (ST) was 

set up by inserting four spacers between the sample reservoir and right magnet holder 
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(the one with the north pole of block magnet facing down), middle gradient (MI) was 

set up by inserting one spacer between sample reservoir and left magnet holder (the 

one with the north pole of block magnet facing up) and five spacers between sample 

reservoir and right magnet holder, shallow gradient (SH) was set up by inserting two 

spacers between sample reservoir and left magnet holder and six spacers between 

sample reservoir and right magnet holder. Each point of interest was measured three 

times. The elastic modulus of each point of interest was reported as mean ± standard 

deviation.  

 

Figure 3.3: Schematic graph illustrating different stiffness gradient groups tuned to 
be characterized for the elastic modulus. (x denoted as the distance 

between magnets and MREs substrate, which were increased from x to xò 
to achieve ST to SH gradient.) 
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3.2.4 Surface Strain Simulation and Measurements 

As discussed in Chapter 2, the stiffening of the MREs resulted from the micro-

motion of CIPs within the polymer matrix. In this chapter, a gradient magnetic field 

was applied on MREs instead of a uniform magnetic field applied studied in the 

previous chapter. So, we would like to know if such a gradient magnetic field will 

cause any strain variation on the surface of MREs that could potentially be applied to 

cells. To examine the magnitude of strain caused by particle motion on the top surface 

of ST, MI, and SH gradient groups, we conducted characterizations by two approaches 

for comparison, experimentations and simulations.  

Firstly, experimental measurement was performed by tracking fluorescent 

beads displacement we embedded into a fibronectin matrix that was used to coat 

stiffness gradient MREs. Briefly, 1 µm carboxylate-modified polystyrene bead 

(Thermo Fisher) with blue fluorescence were briefly vortexed before preparation. 

Then 6.1 µL of blue bead stocking solution was added into 10 µg/mL prepared 

fibronectin solution in sterile 1 × PBS to make the beads solution working 

concentration of 4.4 × 106 beads/mL. 1 mL of fibronectin solution with blue beads was 

added into the MREs device followed by overnight incubation at 4 °C. The resultant 

MREs coated with fluorescent beads embedded fibronectin on top were washed three 

times with 1× PBS. To measure the displacement of beads under different stiffness 

gradient conditions, no gradient (NG, without magnets applied) was initially used as 

the reference to obtain the distances between two random fluorescent beads within the 

field of interest across the device under upright fluorescent microscopy (20×/0.4 non-

immersion lens). Then, the same device with different stiffness gradients (ST, MI, and 

SH) was used to obtain the distances between the same fluorescent beads as measured 

in NG group. The strain was calculated using Eq. 2, where DG is the distance between 
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two beads on the gradient stiffness MREs, DNG is the distance between two same 

beads on the NG MREs. Five different fields of view were imaged at each position 

(2.5, 4.5, 6.5, 8.5, 10.5 mm) for each gradient group, and five different bead pairs were 

randomly selected at each field of view for measurement of bead distance. The strain 

of each gradient group was expressed as mean ± standard deviation. 

 

                                                   ὛὸὶὥὭὲϷ Ϸ  (2) 

Next, COMSOL Multiphysics was used to perform coupled model simulations 

to verify the surface strain observed from experimental results. 2D model of the 

gradient device was built up in the COMSOL to simplify the calculation. The cross-

sectional area of MREs and block magnets in the front view were shown in Figure 3.4. 

The left, right and bottom boundary of MREs were fixed constraint due to the 

boundary constraints by sample reservoir, only the inside and top boundary of MREs 

matrix were of free deformation. Linear elastic material was applied to the MREs 

region. Magnet Field No Current, Solid Mechanics, and Moving Mesh modules were 

coupled by the maxwell stress tensor and load applied which was calculated and 

iterated under stationary solver until results converged. A series of 23 two-point 

couples (100 µm between two points) along the gradient direction were selected as for 

NG before initiating simulation.  Then, ST, MI, and SH groups were individually 

simulated to measure the two-points distance change with respect to their initial 

distance (100 µm) in NG group. Strain can again be calculated using Eq. 2 in which 

DNG was predefined as 100 µm and DG were measured from simulations. 
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Figure 3.4: Schematics showing 2D COMSOL geometry using coupled models for 

surface strain simulation. 

3.2.5 Surface Fibronectin Distribution Measurement 

To ensure there is no surface biased distribution of fibronectin on MREs in 

response to stiffness gradient variation, the uniformity of fibronectin-coated on 

gradients and no gradient MREs was examined by immunofluorescent labeling. 

Briefly, 1 mL of 10 µg/mL fibronectin (Sigma-Aldrich, F1141) working solution was 

added onto the MREs substrate followed by overnight incubation at 4 °C. The 

fibronectin coated MREs were then incubated in 1 mL primary mouse anti-fibronectin 

antibody (Sigma-Aldrich) with a dilution ratio of 1:200 at 4 °C overnight. The primary 

antibody labeled fibronectin MREs were then washed three times with 1× PBS 

followed by incubation with 1 mL secondary AlexaFlour 488 goat anti-mouse 

antibody (Sigma-Aldrich) at a dilution ratio of 1:500 at room temperature in dark for 1 

h. The fluorescently labeled fibronectin can be imaged under upright microscopy 

using a 20×/0.4 non-immersion lens. The fluorescent images from three different 

regions of interest were captured at each position, 2.5, 4.5, 6.5, 8.5, and 10.5 mm 

across the sample. Regions on the NG sample were imaged first followed by gradient 

configurations (ST, MI, and SH) using the same MRE substrate and ensuring the same 

regions were captured at each position for comparison. The fibronectin concentration 
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at each region can be reflected in the fluorescent intensity of coated fibronectin which 

was expressed as mean ± standard deviation in the a.u. (arbitrary unit). 

3.2.6 Cell Culture of Cardiac Fibroblasts 

Normal human cardiac fibroblasts from ventricles (NHCF-V) (from 46-year-

old male donor; Lonza, Walkersville, MD) were commercially obtained and cultured 

in fibroblast basal medium (FBM, catalog no. CC-3131, Lonza) including fibroblast 

growth media (FGM-3, Lonza) 10% fetal bovine serum, rhFGF-B (1 ng/mL), 

recombinant human insulin (5 µg/mL), and 0.1 % gentamicin/amphotericin-B. Cells 

were maintained in a humidified incubator at 37 °C with 5% CO2. Cells with passage 

numbers between 3 and 8 were used for all immunofluorescence assays. 

3.2.7 Biocompatibility of Gradient Stiffness Substrate 

The biocompatibility of MREs with uniform stiffness has already been 

examined elsewhere.43 The goal of this study was to investigate the NHCF-V viability 

on MREs with gradient stiffness as well as gradient stiffness softening (in which this 

approach was used as a mechanical intervention that will be explained later in this 

chapter) effect on the cell viability. The viability of NHCF-V on stiffness gradient 

MREs was measured using a Live/Dead Viability/Cytotoxicity kit (lot no. 2369061, 

ThermoFisher Scientific). For the static condition, NHCF-V was cultured on stiffness 

gradient MREs at a seeding density of 200 cells/mm2 with FGM prepared as prepared 

above for 24 h. For the dynamic (softening) condition, NHCF-V was initially cultured 

on stiffness gradient MREs at the same seeding density for 24 h, then magnets were 

removed to soften the substrate, and cells were cultured for another 24 h which were 

denoted as ST-NG, MI-NG, and SH-NG. NG served as a control group. Tested 
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samples were incubated with 0.5 ɛM of an acetomethoxy derivative of calcein (calcein 

AM, green; live) and 0.5 ɛM BOBO-3 iodide (red; dead) for 15 min in 1× PBS per 

product protocol. The cells were then rinsed twice with 1× PBS, and the samples were 

immediately imaged on a Zeiss AxioImager.A2 upright microscope with a 5×/0.16 EC 

Plan-Neofluar objective. Images were used for counting and calculating the densities 

of cells in the fluorescein isothiocyanate (FITC, green; live) and the Texas Red (red; 

dead) channels. The ratio of integrated density in the FITC to Texas Red channel 

defined the cell viability. Five different fields of view were scanned and assessed to 

obtain average cell viability for each group. 

3.2.8 Immunostaining of Cardiac Fibroblasts 

To evaluate spatiotemporal behavior of NHCF-V on the stiffness gradient 

MREs in terms of their morphology and phenotypic conversion, we fixed the cells 

with 4% (v/v) paraformaldehyde (Sigma-Aldrich) in 1× PBS for 10 min and 

permeabilized with 0.1% (v/v) Triton X-100 (Sigma Aldrich) and 1% (w/v) bovine 

serum albumin (Sigma Aldrich) in 1× PBS for 5 min. After fixation and 

permeabilization, cells were either stained for Ŭ-SMA or f-actin. For Ŭ-SMA, cells 

were incubated with the mouse anti-Ŭ-smooth muscle actin antibody (Ŭ-SMA, Sigma-

Aldrich, 1:500) at 4 °C fridge overnight followed by two washes with 1× PBS and 

incubated with goat-anti-mouse Alexa Fluor 488 (Invitrogen, 1:500) at room 

temperature in the dark for 1 h. For f-actin, cells were incubated with phalloidin 488 

(Invitrogen, 1:200) for 10 min. The samples were then washed twice with 1× PBS and 

incubated with NucBlue (Hoetchst 33342, ThermoFisher Scientific) for 10 min. The 

final samples were washed twice with 1× PBS and imaged on a Zeiss AxioImager.A2 
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upright microscopy with a 20×/0.4 non-immersion objective lens. At least five 

different views of interest were selected in the region of interest. 

3.2.9 Gene Expression Analysis by qPCR 

Total RNA was extracted from cells on the stiff and soft side (inspired by 

infarcted and remote region in the human infarcted heart, respectively) of MREs 

substrate using PureLink RNA Isolation kit (Invitrogen) according to manufacturerôs 

protocol. Prior to lysate cells, a glass coverslip was inserted in the center of sample 

reservoir to separate infarct and remote region of gradient MREs and prevent lysate 

mixing during extraction. Then collected RNA was reverse transcribed to cDNA and 

the real-time quantitative PCR was performed using SnesiFAST SYBR No-ROX One-

step kit (Thomas Scientific). All data was normalized to the house-keeping gene 

GAPDH. Primers sequences are listed below in Table 3.1. Triplicates were measured 

for each group and data were presented as mean ± standard deviation. 

Table 3.1 Primer sequences for qPCR. 

Gene Forward Sequence Reverse Sequence 

ACTA2 CTATGCCTCTGGACGCACAACT CAGATCCAGACGCATGATGGCA 

COL1A1 GATTCCCTGGACCTAAAGGTGC AGCCTCTCCATCTTTGCCAGCA 

COL3A1 TGGTCTGCAAGGAATGCCTGGA TCTTTCCCTGGGACACCATCAG 

MMP1 ATGAAGCAGCCCAGATGTGGAG TGGTCCACATCTGCTCTTGGCA 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 

3.2.10 TGF-  ̡Analysis by ELISA 

Cell supernatant was collected from infarct and remote side of MREs after 24 h 

culturing. RayBio Human TGF-ɓ 1 ELISA kit (RayBiotech, Inc.) was used to perform 

the measurement of TGF-ɓ concentration. Sample solution was pre-activated by 1 N 
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HCl and 1.2 N NaOH/0.5 M HEPE solution before assay and diluted at a ratio of 1:4 

in assay diluent. The standards were prepared as described in the manufacturer 

protocol. The immune-absorbance rate at 450 nm for both sample solution and 

standards were read out and the concentration of samples can be calculated from the 

standards. At least five samples at each group were tested and the data were presented 

as mean ± standard deviation. 

3.2.11 Spatial-temporal Experiment Design 

The overall goal of this study is to investigate the acute spatial-temporal 

behavior of NHCF-V on the static gradient condition and dynamic conditions where 

mechanical and chemical interventions were introduced to compare their individual 

and combined effect on fibrosis attenuation. This will give us an insight into the 

potential treatments to optimally mitigate fibrotic response of cells after MI and 

remodel the heart in a healthy manner. As shown in Figure 3.5, as for static condition, 

6, 12, 24, and 48 h after NHCF-V seeded on both ST (Gradient) and NG were selected 

as the timepoints to evaluate different biomarkers expression in the cells. As for 

dynamic intervention conditions, mechanical intervention refers to gradient substrate 

softening by removing magnets, and chemical intervention refers to dosage of cells 

with A 83-01 by blocking TGF-  ̡pathway. Combined intervention refers to A 83-01 

dosage on the gradient softened substrate. Total cell culturing time was 48 h on the 

substrate. Each intervention approach was introduced at the 24 h time point. For 

example, for mechanical intervention, NHCF-V was pre-cultured on the gradient 

stiffness substrate for 24 h followed by substrate softening and cultured under soft 

condition for another 24 h. For chemical intervention, cell culture media was replaced 

by 1 µM A 83-10 concentrated media at 24 h time point on the gradient substrate and 
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cells were continuously cultured on gradient stiffness substrate for another 24 h. The 

combined intervention was performed by removing gradient stiffness and replacing 

with 1 µM A 83-10 media at 24 h time point, cells were cultured under such condition 

for another 24 h.  

 

Figure 3.5: Static (left) and dynamic (right) experiments timelines with studied 

timepoints. 

3.3 Results and Discussion 

3.3.1 Stiffness Gradient Simulation and Measurement 

As mentioned above, computational results obtained from COMSOL 

simulation and curve fit Eq. 1 facilitated the development and customization of 

stiffness gradient device. Figure 3.6A showed the color plot of steep magnetic flux 

density gradient applied on the top surface of MREs from the top view. The left-hand 

side of MREs region exhibited highest magnetic flux density while the right-hand side 

of MREs had lowest magnetic flux density because the left-hand side region of MREs 

was closer to the left dominant magnet. The minus sign of magnetic flux density 

simply represented that the direction of magnetic field is top down going through the 
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MREs surface, which in this figure is towards the inside of the paper. A series of 

points on the top surface of gradient stiffness MREs were analyzed across the 

substrate regarding their magnetic field value (Figure 3.6B). The magnetic field of 

three different groups, ST, MI, and SH had three distinct magnetic field gradients, 

which went up from 0 mT to 214, 144, and 99 mT, respectively. This result also 

validated our hypothesis that implementing a secondary magnet with reverse magnetic 

field direction on the right enables us to vary gradient slope by fixing zero magnetic 

field point in the same position. Plugging the value of magnetic field into Eq. 1, we 

predicted the elastic modulus variation for different gradients across the MREs (Figure 

3.6C). Again, the elastic modulus of ST, MI, and SH gradients exhibited gradient 

variations going up from 15 kPa on the right-hand side of substrate to 161, 81, and 47 

kPa on the left-land side of substrate. The elastic modulus of NG maintained 15 kPa 

across substrate calculated from Eq. 1 with zero magnetic field strength as an input. 

The elastic modulus of gradient substrate showed a non-linear relationship with 

substrate position, based on our previous experiments due to the quadratic relation 

between distance and elastic modulus. 
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Figure 3.6: Gradient stiffness simulation and experimental characterization. (A) 
Color plot from COMSOL model showing magnetic flex density across 
the top surface of MREs. (B) Magnetic field strength values along the 

direction of the gradients from 0 to 10 mm (0 mm started from the left-
hand side of MREs) extracted from COMSOL results. (C) Predicted 

gradient elastic modulus for each group calculated from the Eq. 1. (D) 
Stiffness gradients measured by micro-indentation test from the same 
device by simply manipulating the two block magnets. 

To verify our simulated results experimentally, we characterized the elastic 

modulus at five different points across the substrate using micro-indenter for gradient 

and no gradient groups. Due to the diameter of the probe, the stiffest position we were 

able to measure on the substrate was 2.5 mm from the left hand-side of sample 

reservoir wall. The elastic modulus of ST, MI, and SH gradients jumped up from ~17 
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kPa to 130, 70, 45 kPa, respectively (Figure 3.6D). After removing the magnets, the 

soft substrate without gradient stiffness had elastic modulus of ~15 kPa across the 

substrate. The experimental results of elastic modulus gradients trend matched our 

computational results, while the elastic modulus on the stiff side of substrate were 

higher than those predicted in the computational model. This might be explained by 

the meniscus formed by MREs closer to the left sample reservoir wall which slightly 

elevated the MREs surface, consequently, the elevated surface of MREs closer to the 

left-hand side of sample reservoir were getting closer to the north pole of left block 

magnet and experiencing slightly higher magnetic field strength than that on the flat 

surface as simulated in the model, thus showed higher elastic modulus than prediction. 

Although MREs closer to the right-hand side of reservoir also had meniscus, that 

region experienced far lower magnetic field, therefore elastic modulus was less 

impacted by the meniscus.  

Overall, the dynamic stiffness gradients reveal a wide range of stiffness 

tunability and have the capability to represent stiffness of both infarct and remote 

region of human heart within the same device. Additionally, such platform not only 

allows us to gradually increase stiffness gradient from uniformly soft condition, but 

also enable us to soften the stiffness gradient to soft condition, resembling 

myocardium tissue softening during healthy remodeling process after MI. This will be 

discussed in the later part of this chapter for dynamic interventions. 

3.3.2 Surface Strain Simulation and Measurement 

To perform the validation tests on physiological surface strain range on such 

platform, we again used COMSOL Multiphysics modeling and particle tracking 

approaches to examine the surface strain of MREs to be applied to the cells during 



 47 

stiffness gradient modulation. The field of displacement revealed top surface of MREs 

primarily moved towards soft region (Figure 3.7A). In experimental verification setup, 

fluorescent beads were embedded in fibronectin coating solution and applied on the 

gradient MREs surface (Figure 3.7B). The absolute value of surface strain from 

simulated and experimental results were compared side by side (Figure 3.7C). Both 

approaches illustrated an increase in strain percentage as stiffness gradient increased 

from SH to ST. The strain percentage from experiment increased from 1.8% on SH to 

4.7% on ST which were slightly higher than the strain computed from COMSOL 

model. The potential reasons for discrepancy in results between simulation and 

experiment is the meniscus effect of MREs as discussed above, where materials in the 

meniscus region had larger displacement than simulated flat surface. Noticeably, the 

magnitude of MRE strain for all studied stiffness gradients as tested here was lower 

than the reported value (~15%) that caused fibroblasts to disassemble and potential 

death.133 Thus, the range of surface strain that occurred during stiffness gradient 

modulation fell into the safe physiological range which was not expected to cause 

potential cytoskeletal disassembly and cell death. 
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Figure 3.7: Surface strain examination during modulation of stiffness gradients. (A) 
Front view of the cross-sectional area of MREs displacement field 
simulated from COMSOL coupled models. (B) 1 µm blue polystyrene 

beads embedded in fibronectin on gradient MREs used for experimental 
measurements of surface strain, fluorescence image represented above. 

(C) Comparison plot of simulation and experiment results on gradient 
MREs surface strain. 

3.3.3 Surface Fibronectin Coating Distribution 

Another question that arose is whether the uniformity of coated fibronectin on 

gradient MREs will be changing during gradient modulation which would potentially 

lead to biased cell-matrix interaction. This potential fibronectin uniformity variation 

might be coming from the surface strain as we discussed above. To answer this 

question, we fluorescently labeled fibronectin layer on gradient MREs and examined 

the fluorescent intensity of fibronectin for each gradient group. The fluorescent 

intensity can be used to reflect the local concentration of fibronectin. The fluorescence 

plot showed the average fluorescence intensity was maintained at ~8000 a.u./µm2 

across the substrate (Figure 3.8). Moreover, there was no statistically significant 

difference in fluorescence intensity within each group (NG, ST, MI, and SH) and 
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among different groups, which demonstrates that fibronectin concentration did not 

change either as a function of position along the gradient or as a function of stiffness 

gradients. This uniformity of fibronectin distribution might be due to the potential 

folding of fibronectin layers caused by MREs surface strain that eventually led 

concentration of the surface layer of fibronectin unchanged.134 Surface contraction 

results in a compact fibronectin fibril structure, while surface stretch results in an 

extended structure.135 Our results suggest that the top surface of the fibronectin layer, 

where cell-matrix interaction occurs in our 2D model, is distributed uniformly. 

 

Figure 3.8: Intensity of fluorescently labeled fibronectin coating on the same MREs 

substrate with and without gradient stiffness applied. 

3.3.4 Biocompatibility of Dynamic Stiffness Gradients Substrate 

The top four fluorescent images (Figure 3.9A) represent live (green) and dead 

(red) cells on the static condition for 24 h. The bottom four images represent cells 

culturing for an additional 24 h on the dynamic condition where stiffness gradient 
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substrates were softened by removing magnets. The quantification results (Figure 

3.9B) illustrated that the dynamic substrate maintained high cell viability above 96%. 

Moreover, there was no statistically significant difference observed among gradient 

groups after static 24 h and dynamic 48 h. Therefore, this result indicated that both 

stiffness gradients and gradients softening process maintained high biocompatibility 

on NHCF-V and no statistically significant changes in cell viability were observed for 

the stiffness gradients softening process.  

 

Figure 3.9: NHCF-V biocompatibility on static gradients and dynamic gradients 

(softening by removing gradients). (A) Fluorescence images of live 
(green) and dead (red) cells on the MREs. (B) Quantitative results of cell 
viability on the gradient MREs for both static and dynamic conditions. 
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Figure 3.10: Spatial-temporal activation of NHCF-V on infarct (stiff) and remote 
(soft) region of ST gradient. (A) Fluorescence images of ŬSMA stained 
cells on ST gradient from 6 to 48 h on infarct and remote regions (scale 

bar, 100 µm). Activated cells were identified by the intracellular 

expression of ŬSMA fibers as shown in the zoomed-in image (scale bar, 

50 µm). (B) Heat map of normalized results on number percentage of 

activated cells. (C) Illustration of gradient cell activation across the 

substrate at 24 h. 

3.3.5 Spatial-temporal Behavior of NHCF-V on Stiffness Gradients Substrate 

One of the advantages of our stiffness gradient device is the capability to 

mimic the spatial stiffness difference in the infarcted heart and the inclusion of a 

stiffer infarct region and a softer remote region within the same substrate. This 

allowed us to dive deep into the question of if such spatial differences in substrate 

stiffness will trigger the cardiac fibroblasts behavior differently, and if so, how the 

temporal factor impacts the dynamic behavior of cardiac fibroblasts. To answer these 

questions, we set up an experiment to first evaluate the cardiac fibroblast activation on 



 52 

the stiffer and softer sides of gradient substrate that can represent the stiffness of 

infarct and remote tissue in the infarcted heart, respectively. As the biomarker for 

cardiac fibroblast activation, cardiac fibroblasts with stained ŬSMA fibers on the stiff 

and soft regions were illustrated in Figure 3.10A at 6, 12, 24, and 48 h. The zoomed-in 

image showed a single cardiac fibroblast with matured ŬSMA fibers (stained green) 

that was used to count as an activated cardiac fibroblast. The percentage of activated 

cardiac fibroblasts number was maintained at ~12% across the soft NG substrate and 

stayed unchanged for 48 h (data not shown). The quantification of activated cardiac 

fibroblasts in ST group was shown in Figure 3.10B in the heat map expressed as the 

fold change normalizing to the average percentage of activated cardiac fibroblasts 

numbers on the NG group. The fold change in activated cardiac fibroblasts on the stiff 

region was statistically significantly higher (p < 0.001) than those on the soft region at 

each time point. Additionally, both stiff and soft regions increased the activated 

cardiac fibroblasts from 6 h to 48 h, where the stiff region elevated the activated 

cardiac fibroblasts fold change from 2.1 to 2.7, and fold change of activated cardiac 

fibroblasts changed from 1.5 to 2.0. These findings demonstrate that the activation of 

cardiac fibroblasts identified by ŬSMA fibers not only exhibited a significant spatial 

variation but also an increase in an acute time frame. Noteworthily, stiffness gradient 

also induced the gradient change in the number percentage of ŬSMA positive cardiac 

fibroblasts across the substrate (Figure 3.10C). The number percentage of activated 

myofibroblasts by identifying ŬSMA positive cells at 24 h was 39.3% on stiff side (2.5 

mm), decreased to 26.3% on the middle stiffness point (6.5 mm), then down to 12.4% 

on the soft side (10.5 mm) which was identical to the activation cell percentage on soft 

NG substrate. The significant decrease trend (p < 0.002) in myofibroblasts activation 
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corresponds to the decrease of stiffness on ST substrate from stiff to soft side. Thus, 

the gradient stiffness substrate was shown to not only drive the spatial-temporal 

difference in cardiac fibroblast ϟactivation but also induce a gradient cell activation 

across the substrate.  

 

Figure 3.11: qPCR results showing the spatial-temporal variation of fibrotic genes 
expression on ST including (A) ACTA2, (B) COL1A1, (C) COL3A1, 

and (D) MMP1. (R and I denoted as remote and infarct region, 

respectively. Significance is indicated by #, * , and ϟ which is compared 

with 12, 24, and 48 h, respectively, within each region.) 
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Various fibrosis-related genes were used to be determined as early indicators 

of cardiac fibroblasts fibrotic response including ACTA2, COL and MMP. We 

examined spatial-temporal expressions of ACTA2, COL1A1, COL3A1, and MMP1 

on both stiff and soft region on gradient device at 6, 12, 24, and 48 h. ACTA2 

expression on stiff and soft region exhibited identical expression trend with level of 

fold change expression around 1 (Figure 3.11A).  A slight upregulation of ACTA2 

expression was observed at initial stage of 6 h. Fold change expression of ACTA2 

fluctuated from 6 h to 48 h, where there was a statistically significant increase (p < 

0.005) and decrease (p < 0.04) in ACTA2 expression for both regions from 12 h to 24 

h and 24 h to 48 h, respectively. This fluctuation expression might reflect the 

adaptative response of ACTA2 to their environmental stiffness. As the major 

component in the ECM of fibrotic tissue after MI, Collagen type I and collagen type 

III showed the most robust gene expression changes during the time course we 

studied. Similar as what was observed in ACTA2 expression, regulation for both 

COL1A1 and COL3A1 expression showed the identical trend on both stiff and soft 

region on gradient device, though their expression on stiff region was higher than that 

on soft region (Figure 3.11B-C). Both COL1A1 and COL3A1 expressions were 

unchanged at early time points from 6 h to 12 h. Interestingly, COL1A1 expression 

upregulation exhibited more responsive and peaked at 24 h with significantly 

upregulation (p < 0.02) on both stiff and soft regions than COL3A1 expression. But 

both COL1A1 and COL3A1 were significantly downregulated (p < 0.0005) on both 

regions at 48 h which might be due to the digestion from secreted and accumulated 

MMP1 enzyme. We next examined the spatial-temporal expression of MMP1, the 

purpose of this experiment is to determine the relationship between the MMP1 and 
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COL expression. MMP1 expression was downregulated at 6 h for both regions which 

explains the COL1A1 and COL3A1 expression staying upregulated at the beginning 

(Figure 3.11D). With the expression of MMP1 starting to significantly increase (p < 

0.001) from 6 to 12 h, COL1A1 and COL3A1 expression did not show a responsive 

decrease. On the contrary, COL1A1 and COL3A1 peaked at 24 h as described above 

when MMP1 expression slightly decreased at that time point. Overall, such delayed 

downregulation response in COL1A1 and COL3A1 did not occur until at 48 h when 

MMP1 expression was increased and maintained around 1. Taken together, these 

observations demonstrate that ACTA2 expression showed a fluctuated regulation 

which might be due to their adaptive response to the stiffness, COL1A1 and COL3A1 

expression exhibited a robust spatial-temporal regulation which was corresponding to 

the MMP1 expression change. Such findings also demonstrate that cardiac fibroblasts 

behaved dynamically on our stiffness gradient device regarding their fibrotic genesô 

regulation in a spatial-temporal manner. 

3.3.6 Dynamic Response of Cardiac Fibroblasts at 24 h 

The aim of this section is to conduct various experiments that assess how 

cardiac fibroblasts respond to gradient stiffness over 24 h. The goal is to identify the 

possible reasons for the spatially distinct behavior of the fibroblasts with regards to 

their activation and spreading area. Since above-studied fibrotic genes demonstrated 

the robust response at 24 h time point and less cell-cell interaction at 24h compared 

with that at 48h with higher confluency, this brought 24 h up as an interest time point 

to be dived in as well as the reference point for the intervention treatment discussed in 

the following section. The analysis of F-actin spreading area of cardiac fibroblasts was 

significantly higher on the stiff infarct region than that on soft remote region (Figure 
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3.12A).  Similar to the results shown in the previous section, percentage of ŬSMA 

positive cardiac fibroblast number was significantly higher on the infarct region than 

that on remote region (Figure 3.12B). Additional to the stiffness-driven activation of 

cells, the spreading area results indicated that larger cell spreading area on stiff infarct 

side of gradient substrate might also induce higher expression of ŬSMA fiber 

polymerization, which was used to count as activated cardiac fibroblasts, while 

smaller spreading area of cells might suppress polymerization of ŬSMA fiber.  

 

Figure 3.12: Fluorescence images and quantitative plots of F-actin spreading area (A) 

and activated NHCF-V (B) on ST at 24 h (scale bar, 100 µm). 
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To investigate the chemical signals involved in spatial difference in cardiac 

fibroblasts behavior, we examined the secretion of TGF-  ̡ in cardiac fibroblasts. 

Previous research mostly concentrated on the TGF-ɓ dosage effect on cells85,90,124, 

while neglecting the measurement of TGF-ɓ secretion level from different cell types, 

especially cardiac fibroblasts as the major cell type to remodel and reconstruct 

infarcted heart. We are interested in investigating TGF-ɓ secretion in cardiac 

fibroblasts and their spatial difference in our gradient device, with which we can 

postulate TGF-ɓ, as one of the driving factors, contributes to the spatial-temporal 

difference in cardiac fibroblasts behavior on the stiffness gradient device, and it can be 

potentially used as a drug target to alleviate cellsô fibrotic response. Cell supernatants 

were collected separately from infarct and remote side of the gradient device and 

performed ELISA analysis for extracellular level of TGF-ɓ secreted by cardiac 

fibroblast. Noticeably, we observed cells from infarct side of substrate secreted 

significantly higher (p < 0.02) level of TGF- ɓ than those from remote side after 24 h 

(Figure 3.13). TGF-ɓ concentration on both region of ST gradient was significantly 

higher (p < 0.0001) than that on NG. This finding not only validates cardiac 

fibroblasts secretion of TGF-ɓ but also reports a dynamic secretion level of TGF-ɓ in 

the same device with gradient stiffness distribution. This secretion difference can be 

used to explain various spatially different behavior of cells on the infarcted heart, not 

limited to inflammatory response and migration. Moreover, this concentration 

difference in TGF-ɓ secretion can explain the dynamic spatial behavior of cardiac 

fibroblasts as we found previously. Most importantly, validation of TGF-ɓ secretion in 

cardiac fibroblasts paved the way for our chemical intervention treatment using TGF-ɓ 

pathway as the target in the following section. 
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Figure 3.13: TGF-ɓ concentration on the remote and infarct region of ST after 24 h 
cell culture. 

3.3.7 Probing Cardiac Fibroblasts Activation Response to Mechanical and 

Chemical Intervention 

The dynamic experiments were conducted spatial-temporally on the ST group 

as proposed in the method section. As 24 h was the time point where drastic changes 

on fibrotic response occurred for cardiac fibroblasts, this time point was chosen as the 

intervention point for the different approaches including mechanical softening 

(gradient stiffness softening), drug dosage (A 83-01 dosage), and the combined 

(softening and drug dosage). Again, the same biomarker, ŬSMA, as discussed in the 

static experiments was used to be examined in the dynamic experiments to probe the 

activation changes after each intervention approach. Cardiac fibroblasts stained with 

ŬSMA antibody were imaged on remote and infarct region on ST gradient group for 

different intervention approaches including chemical, mechanical, and combined 

interventions (Figure 3.14A). The percentage of activated cardiac fibroblasts number 

on both regions decreased significantly for all intervention approaches compared with 

their corresponding non-treated groups at the 24 h time point (p < 0.05).  This means 
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that all intervention approaches were shown to be effective in lowering down 

formation of ŬSMA fibers in cardiac fibroblasts. Comparing between individual 

intervention approaches, mechanical intervention by softening had significantly (p < 

0.02) lower percentage of activated cardiac fibroblasts number than that in chemical 

intervention by drug (Figure 3.14B). Unlike the spatial differences on activated 

cardiac fibroblasts percentage between remote and infarct region observed in the static 

temporal experiment discussed above, we did not observe statistically significant 

activation difference between remote and infarct regions for treatment approaches. 

Possible explanation could be, as for the drugôs intervention, A 83-01 was dosed 

uniformly within the whole device without biased concentration difference between 

remote and infarct regions, which might contribute similarly to lowering down 

activated cell percentage in both regions. As for the softeningôs intervention, the 

deactivation of cells to the same level could be coming from the same physiological 

stiffness that substrate applied to cells on both regions after softening. It is also worth 

noting that the percentage of activated cardiac fibroblasts by combined intervention 

laid in between those by drug and softening interventions on both remote and infarct 

regions. To evaluate the contribution of drug and softening interventions on the overall 

combined, we calculated the relative fold change of activated cells number percentage 

by drug/softening intervention to those by the combined intervention. The distribution 

result (Figure 3.14C) shows, for both remote and infarct regions, peak of mechanical 

intervention by softening shifted below 1 whereas peak of chemical intervention by 

drug dosage shifted above 1. Overall, our results demonstrate that the softening and 

drug interventions contributed competitively to the combined interventions to lower 

down ŬSMA positive cell percentage, where individual effect by softening and drug 
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mainly contributed to lower and elevate the combined values for both regions, 

respectively.  

 

 

Figure 3.14: NHCF-V activation in response to dynamic interventions. (A) 
Fluorescence images of NHCF-V stained for ŬSMA (green) (Scale bar: 

100 µm). (B) Number percentage of activated cells on remote and infarct 

region of ST gradient after dynamic intervention. (Dashed lines represent 

the number percentage of activated cardiac fibroblasts by combined 
intervention on remote (grey) and infarct (red) regions.) (C) Distribution 
of relative combination effect in ŬSMA positive cells number percentage 

of individual intervention to the combined. 

3.3.8 Mechanical and Chemical Interventionsô Impact on Fibrotic Genes: 

Competitive vs. Cooperative role? 

We would also like to examine the various fibrotic genes regulation in 

response to dynamic interventions. Three different interventions were introduced as 

described in the methods section, including chemical (drug), mechanical (Softening), 

and combined (drug + Softening) interventions. The purpose of this study was to, 1). 

Detect different gene regulations to the external environmental modulations. 2). 

Examine how the individual effect of chemical or mechanical interventions contribute 
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to the combined intervention, do they work competitively or cooperatively? Such 

findings will facilitate future integrated treatment approaches for a better therapeutical 

effect. 

 

 

Figure 3.15: ACTA2 and MMP1 expression. ACTA2 (A) and MMP1 (B) expression 
by chemical (Drug) mechanical (Softening), combined intervention, and 
relative combination effects by individual intervention to the combination 

intervention. 
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Figure 3.15 shows that drug intervention (A 83-01) induced significantly 

higher expression of ACTA2 (p < 0.0001) and MMP1 (p < 0.02) than mechanical 

intervention (Softening) did. It is also worth noting that the expression of both genes 

treated by combined intervention lay between the two individual interventions, which 

means that there existed a competitive effect of those two interventions. To quantify 

the competitive effects of each intervention on the combined intervention, we again 

calculated the relative fold change of ATCA2/MMP1 expression from individual 

intervention to combined intervention. The relative combination effect plots show that 

the softening effect lay below the combined whereas the drug effect laid above the 

combined on both regions. We found that there was no significant difference between 

the contribution of chemical and mechanical intervention to the combined for both 

ACTA2 (p = 0.34) and MMP1 (p = 0.59) expression. These results indicate that 

chemical and mechanical interventions under given conditions worked competitively 

and contributed equally to the combined intervention from the opposite direction.  

Similarly, the expression of COL1A1 and COL3A1 have been measured in 

terms of different interventions. Again, the expression of COL1A1 (p < 0.0001) and 

COL3A1 (p < 0.0001) treated by chemicals were significantly higher than those 

treated by softening (Figure 3.16). Notice that the expression of COL1A1 induced by 

either intervention are lower than those by the combined intervention on both remote 

and infarct region, the same as the expression of COL3A1 on the remote region. 

However, the expression of COL3A1 on the infarct region treated by A 83-01 was 

higher than that treated by combined intervention, whereas softening lowered the 

expression of COL3A1 below that by combined intervention. Specifically, both 

chemical and mechanical interventions contributed cooperatively to the combined 
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intervention on COL1A1 expression. The relative combination effect between 

individual and combined intervention reveals that fold change expression of COL1A1 

by drug intervention had significantly (p < 0.008) closer proximity to that by the 

combined treatment compared with softening intervention. Thus, drug intervention 

had a dominant contribution on the combined than softening intervention for COL1A1 

expression. On the contrary, the expression of COL3A1 by chemical and mechanical 

interventions contributed differently to the combined intervention regarding different 

regions. In the remote region, we found drug and softening interventions worked 

cooperatively, with drug intervention contributing significantly (p < 0.05) larger on 

the combined treatment than softening intervention. Whereas, in the infarct region, 

these two individual interventions worked in an equally (p = 0.14) competitive way to 

contribute to the combined intervention. The overall results indicate that though 

chemical and mechanical interventions played a different role in the combined 

intervention, cooperatively and competitively on COL1/3 expression, chemical 

intervention contributed larger than mechanical intervention if they worked in a 

cooperative way, they had equal contribution to the combined intervention if they 

worked in the competitive way. 
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Figure 3.16: COL1A1 and COL3A1 expression. COL1A1 (A) and COL3A1 (B) 

expression by chemical (Drug) mechanical (Softening), and combined 
intervention, and relative combination effects by individual intervention 
to the combination intervention. 

Overall, this gradient device demonstrates the outstanding tunability and 

dynamics to manipulate the cardiac fibroblasts activation behavior regarding the 

various fibrotic biomarkers. Different biomarkers respond to dynamic interventions 

differently, for instance, ACTA2 expression shown significantly downregulated to 

mechanical softening than chemical intervention. Similar results were also observed 
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for MMP1. Both mechanical and chemical interventions contributed competitively and 

equally to the combined intervention regarding the expression of ACTA2 and MMP1.  

However, these two induvial interventions contributed differently to the expression of 

COL1A1 and COL3A1 on their combined intervention, where cooperation was 

observed for COL1A1, and both cooperation and competition observed for COL3A1 

regarding regions. Noticeably, chemical intervention exhibited a larger contribution 

than mechanical intervention for cooperation, but as for competition these two 

interventions contributed equally from opposed direction to the combined intervention 

under studied condition. Taken together, our device revealed complex interaction 

between mechanical and chemical interventions on the cardiac fibroblast during 

remodeling phase. We coupled/decoupled these two cues to unravel the fundamental 

roles they played on the fibrotic behavior of cardiac fibroblasts after MI occurred. The 

results suggested that the anti-fibrotic drug administered in our study had a complex 

effect on the cells behavior with the changing microenvironment during MI 

remodeling process, regarding the spatial difference in the tissue stiffness and different 

biomarkers tested. The great tunability of this device allows us to uncover drug and 

microenvironment interaction on a variety of cardiac cell types and potentially reveal 

optimal therapeutic strategies for the treatment of cardiac fibrosis.  

3.4 Conclusion 

Emergent spatial- and time-dependent behavior such as those experienced 

post-MI requires the creation of a system with tunable and dynamic stiffness gradients 

mimicking a wide range of stiffness across infarcted border regions. This work 

demonstrates that our MREs platform through magnetic field design can easily tune 

the stiffness of our platform not only in time but in space. The capabilities of this 
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device allow us to investigate the spatial-temporal response of cells to the stiffness 

difference in one device. Moreover, in situ tunability of stiffness for MREs enables us 

to soften the gradient stiffness, thus, allowing us to mimic stiffness gradients variation 

potentially experienced during tissue remodeling. With the ever-growing need for 

cost-effective and pathophysiological relevant methods for drug testing in vitro, being 

able to screen and identify drug efficacy that potentially synchronizes with mechanical 

clinical scenarios such as inducing hypertension or hypotension. By dynamically 

manipulating the stiffness of the culture condition and examining the gene expression, 

we can pinpoint times for drug delivery to maximize or minimize the genes/proteins 

directly related to the response.  

The combination of reversibility and temporal control will allow for the 

interrogation of spatial- and time-dependent phenomena including durotaxis, whereby 

the duration of time at a particular stiffness gradient affects the velocity and direction 

of cell migration. The presented material adds multiple levels of functionality beyond 

previously developed mechanical gradient models: (1) time-dependent studies of 

threshold development of phenotypes, (2) physiologically relevant bidirectional 

control of the stiffness gradient, and (3) incremental changes in the stiffness gradient. 
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BIOMIMETIC SUBSTRATE TO PROBE DYNAMIC INTERPLAY OF 

TOPOGRAPHY AND STIFFNESS ON CARDIAC FIBROBLAST 

ACTIVATION **  

Cao, Z., Ball, J.K., Lateef, A.H., Virgile, C.P., and Corbin, E.A. 

4.1 Abstract 

Materials with the ability to change properties can expand the capabilities of in 

vitro models of biological processes and diseases as it has become increasingly clear 

that static, stiff materials with smooth surfaces fall short in recapitulating the in vivo 

cellular microenvironment. Here, we introduce a patterned material that can be rapidly 

stiffened and softened in situ in response to an external magnetic field through the 

addition of magnetic inclusions into a soft silicone elastomer with topographic surface 

patterning. This substrate can be used for cell culture to investigate short-term cellular 

responses to dynamic stiffening or softening and the interaction with topography that 

encourages cells to assume a specific morphology. We investigated short-term cellular 

responses to dynamic stiffening or softening in human ventricular cardiac fibroblasts. 

Our results indicate that the combination of dynamic changes in stiffness with and 

without topographic cues induces different effects on the alignment and activation or 

deactivation of myofibroblasts. Cells cultured on patterned substrates exhibited a more 
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Dynamic Interplay of Topography and Stiffness on Cardiac Fibroblast Activation.ò ACS omega. 
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Chapter 4 
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aligned morphology than cells cultured on flat material; moreover, cell alignment was 

not dependent on substrate stiffness. On a patterned substrate, there was no significant 

change in the number of activated myofibroblasts when the material was temporally 

stiffened, but temporal softening caused a significant decrease in myofibroblast 

activation (50% to 38%), indicating a competing interaction of these characteristics on 

cell behavior. This material provides a unique in vitro platform to observe the time-

dependent dynamics of cells by better mimicking more complex behaviors and 

realistic microenvironments for investigating biological processes, such as the 

development of fibrosis. 

4.2 Introduction  

Cardiac tissue, post-myocardial infarction (MI), exhibits a continuously 

changing local mechanical microenvironment or remodeling of the ECM35,136,137. 

During the healing process post-MI, there is an increase in the amount of collagen as a 

scar forms that alters the mechanical properties of the remodeling tissue138,139. 

Additionally, early studies have suggested that the increased stiffness of infarcted 

tissue can be attributed not only to higher collagen density but also to the straightening 

of the collagen fibers during systolic contraction57. In addition to the cell sensing ECM 

alignment, cardiac fibroblasts migrate and modulate matrix turnover in response to 

biochemical and biomechanical cues sent by cardiomyocytes during intense or 

prolonged stress140, and it is therefore suspected that larger topographic changes such 

as cardiomyocyte enlargement, cell death, or other cardiac tissue modification will 

affect fibroblast response and activation during injury. The interplay of stiffness and 

anisotropy on the cellular level is complex; however, it has been shown that there is a 

fundamental relationship between the collagen fiber topography and the conversion of 
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cardiac fibroblasts into activated myofibroblasts, which in turn precipitates the 

development of cardiac fibrosis18,35,141,142. CFs have the capability to sense the 

mechanical microenvironment and respond to changes in environmental stiffness, 

which has also been linked to driving the myofibroblast phenotype. Combining 

dynamic control of topography and stiffness in an in vitro model of post- MI cardiac 

tissue allows us to systematically examine how these tissue characteristics affect 

myofibroblast activation and how mechanical modulation at different activation stages 

could alter remodeling in unique ways. 

Last chapter, MREs shows the dynamic tunability in stiffness and allows us to 

create a unique stiffness gradient to mimic the stiffness elevation on the infarct border 

zone from remote tissue to infarct tissue. Besides these, the capability of in situ 

reversibility in stiffness not only enable us to unveil the cardiac infarct tissue 

remodeling process by softening the gradient as discussed in the previous chapter, but 

also provide the possibility to dive into the infarction development stage by simply 

ramping up the stiffness gradient. In this chapter, we again use similar MREs based 

materials as the dynamic substrate to incorporate the topographic cue into such 

platform. We hypothesize that we can create an easy-to-use, reproducible, and cost-

effective technique to fabricate micropatterned MREs with tunable stiffness. As an 

alternative to using conventional Sylgard 527, the base elastomer as we used 

previously, we choose the commercially available Ecoflex Gel as the elastomer 

component due to its reserving of high micro-feature fidelity after molding. We also 

hypothesize that cardiac fibroblasts behave differently in response to the topographic 

and stiffness cues regarding their activation and alignments, additionally, the 

micropatterning features will further augment the cardiac fibroblasts activation on the 
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stiffening substrate. In this part of work, static experiments on the cell activation and 

alignment were performed under the four conditions, soft unpattern, soft pattern, stiff 

unpattern, and stiff pattern, which provided the information on the individual cueôs 

effect on the cells. Temporal investigation was conducted by precondition cells on the 

same baseline, either unpattern or pattern, before performing any changes in stiffness, 

better mimicking in vivo conditions of ECM pre- and post-MI. By performing such 

temporal experiments, we can investigate the dynamic response of cardiac fibroblasts 

activation and probe their interplay on the cardiac fibroblast.  

4.3 Methods 

4.3.1 Dynamic Micropatterned Substrate Fabrication 

MREs were made from Ecoflex Gel (Smooth-On, Inc.), a skin-safe product 

that has been widelyused for various applications, such as prosthetics and orthotic 

devices, in order to accommodate the micropatterning procedure. To facilitate molding 

procedures to replicate micropatterns on the dynamic Ecoflex Gel MREs (or Sylgard 

MREs), which are super hydrophobic and sticky, an agarose molding method 

previously used in soft lithography was chosen in this study for ease of peel-off, mild 

preparation conditions, and high reproducibility143. We follow the approach described 

by Mayer et al. and used a high-strength, 2 wt % agarose gel to ensure the stability of 

patterns during transfer as feature integrity is preserved143, unlike softer gels of lower 

agarose concentration. Briefly, photolithography was used to prepare masters 

containing microchannels of SU8 photoresists with width of 40, 60, and 100 ɛm. Such 

dimensions are not only comparable to the diameter of collagen fiber bundles 

comprising the extracellular matrix diameter fibrosis but also the order of magnitude 
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of cardiomyocytes and myocardial fibers. Sylgard 184 PDMS (Corning Inc.) at a 10:1 

base to curing agent ratio was replicated on the photolithographic masters. Then, 2 wt 

% hot agarose solution was prepared and casted onto the Sylgard 184 PDMS mold. 

The PDMS mold can be easily separated from the solidified agarose gel due to the 

hydrophilicity of agarose (Figure 4.1). Magnetorheological elastomers prepared with 

Ecoflex Gel (EcoGel MREs), 50 wt % carbonyl iron powder (Chemical Store), and 25 

wt % Thinner (Smooth-On, Inc) were cast on microchannel featured agarose and cured 

at 60 °C for 20 min. The agarose gel was then separated from the polymerized EcoGel 

MREs. After placing the EcoGel MREs into a 35 mm dish, we backfilled 184 Sylgard 

PDMS (10:1, base to curing agent ratio) into the surrounding area. Features of the 

micropatterned materials were compared with patterns on MREs created with 

conventional Sylgard 527 PDMS (Corning Inc.), which we used as shown in last 

chapter, and were prepared utilizing the same hydrogel molding method as described 

above and cured at 60 °C for 24 h. 
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Figure 4.1: Overview of the micropatterning of magnetorheological elastomers and 

function. (A) Schematics of the micropatterning procedure using the 
hydrogel molding method. (B) Composite consisting of the polymer 

matrix and iron particles that can change stiffness when a magnetic field 
is applied. (C) Representative images of channels patterned on the 
substrate and cross section of the channel profile. 

4.3.2 Surface Topography and Roughness Characterization 

To characterize the surface profile of our transferred features on our patterned 

MREs, we used white light interferometry (WLI, Veeco Wyko NT9100), a non-

contact optical surface profile measurement to preserve the surface structure, which 

we utilized to characterize our opaque MRE94. A 10× objective lens was used to 

observe the surface structure. We measured the surface profile under both magnet and 

no magnet conditions. To measure the surface profile of micropatterned features under 

a magnetic field, we applied a disc axially magnetized N42 neodymium magnet (1.25ǌ 

diameter, 0.25ǌ thick, K&J Magnetics, Inc.) under the patterned MREs. The center 
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line perpendicular to the channel direction in the scan image was chosen to analyze the 

z-direction height change profile in Vision software. 

We also characterized the roughness of the EcoGel MRE surface using WLI. 

The mean surface roughness (Ra) of the EcoGel MRE surface with and without a 

magnetic field applied was calculated over a 50 ɛm Ĭ 50 ɛm region. 

4.3.3 Feature Fidelity Analysis 

Upon first inspection of the Sylgard 527 MRE patterning, the features were not 

well defined after the molding process. The long curing times of the Sylgard 527 can 

cause distortion of the features through the slow movement, or drift, of the iron 

particles. This is especially relevant as our curing process is (1) inverted onto the mold 

and (2) our mold is extremely hydration sensitive, meaning it will shrink in response 

to heat during the curing period. Therefore, we assessed a different material as the 

base elastomer for our MREs, EcoGel, to improve the reproduction of pattern features. 

This was proposed in order to reduce the curing time, in which the EcoGel MREs cure 

within 20 minutes compared to the overnight cure time of the Sylgard 527 MREs. 

Both Sylgard 527 and EcoGel MREs patterns were analyzed using white light 

interferometry (WLI). We compared the reference PDMS 184 mold to both the 

EcoGel and Sylgard 527 MREs. First, we aligned the features of the PDMS 184 

reference to the MREs using a cross-correlation algorithm. Second, we examined the 

residuals between the reference and each of the MREs. Finally, we determined a 

resolution as defined by the standard deviation of the residuals. 
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4.3.4 Mechanical Property Measurements 

The shear and elastic moduli of the un-patterned EcoGel MREs were 

characterized both with and without an applied magnetic field. Rheological 

characterization was performed with a DRH 3 rheometer (TA Instruments) using a 25 

mm circular parallel plate geometry to extract shear storage modulus (Gǋ) and loss 

modulus (Gǌ). The frequency dependence of the MRE properties was characterized 

with a frequency sweep from 20 to 0.02 Hz at 2% strain, whereas the strain 

dependence was characterized with a strain sweep from 2 to 22% at 1 rad/s. 

The elastic modulus of the un-patterned EcoGel MREs was measured on a 

custom microindenter, the method of which was described in the last chapter. Briefly, 

for the indenting probe, a 2 mm diameter ruby sphere was attached to a calibrated 

titanium cantilever and indentation force and displacement were measured by a 

capacitance probe (Capacitec) and optical, linear encoder (Renishaw). Indentations 

were performed at 5 ɛm/s with target load at 3 mN to obtain forceīdisplacement 

curves. Using the classical adhesive contact model by Johnson et al., the unloading 

curves were fit to extract the elastic modulus and work of adhesion of the MREīprobe 

contact pair144. The elastic modulus of both soft and stiff un-patterned EcoGel MREs 

were expressed as mean ± standard deviations. 

To obtain the elastic modulus of the patterned EcoGel MREs, we performed 

nanoindentation tests on the top and bottom of microchannels using a Bruker bioscope 

catalyst atomic force microscope (AFM) equipped with a Bruker SAASPH- 1UM 

probe (0.236 N/m and 1 ɛm diameter spherical tip). A digital microscope (Dino-Lite) 

was mounted on top of the AFM header to visualize the probing location. Ramp mode 

was performed with a forward/reverse velocity of 1 ɛm/s and scan area of 5 ɛm Ĭ 5 
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ɛm. Elastic modulus was calculated from the retraction curve fitted by the Hertzian 

contact model using NanoScope Analysis software.  

4.3.5 Cell Culture of Cardiac Fibroblasts 

Normal human cardiac fibroblasts from ventricles (NHCF-V) from the same 

donor as the ones used in the previous chapter were incubated and cultured in the same 

condition. Prior to seeding cells on EcoGel MREs, the surface of the substrate was 

sterilized with 70% ethanol for 20 min followed by three times washing with 1× 

phosphate-buffered saline (PBS). After sterilization, EcoGel MREs were 

functionalized with fibronectin (10 ɛg/mL) overnight at 4 ÁC. 

The viability of NHCF-V on EcoGel MREs was measured using a Live/Dead 

Viability/Cytotoxicity kit (lot no. 2369061, ThermoFisher Scientific). NHCF-V was 

cultured on EcoGel MREs at a seeding density of 200 cells/mm2 with FGM prepared 

above for 24 and 48 h. Tested samples were incubated with 0.5 ɛM of an 

acetomethoxy derivative of calcein (calcein AM, green; live) and 0.5 ɛM BOBO-3 

iodide (red; dead) for 15 min in 1× PBS per product protocol. The cells were then 

rinsed twice with 1× PBS, and the samples were immediately imaged on a Zeiss Axio 

Imager upright microscope with a 5×/0.16 EC Plan-Neofluar objective. Images were 

used for counting and calculating the densities of cells in the fluorescein 

isothiocyanate (FITC, green; live) and the Texas Red (red; dead) channels. The ratio 

of integrated density in the FITC to Texas Red channel defined the cell viability. Ten 

different fields of view were scanned and assessed to obtain average cell viability. 
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4.3.6 Immunostaining of Cardiac Fibroblasts 

To evaluate stiffness- and topography-dependent structural and phenotypic 

conversion of NHCF-V on micropatterned EcoGel MREs, we fixed the cells with 4% 

(v/v) paraformaldehyde (Sigma Aldrich) in 1× PBS for 10 min and permeabilized with 

0.1% (v/v) Triton X-100 (Sigma Aldrich) and 1% (w/v) bovine serum albumin (Sigma 

Aldrich) in 1× PBS for 5 min. After fixation and permeabilization, cells were either 

stained for Ŭ-SMA or f-actin. For Ŭ-SMA, cells were incubated with the mouse anti-Ŭ-

smooth muscle actin antibody (Ŭ-SMA, Sigma-Aldrich, 1:500) at 4 °C fridge 

overnight followed by two washes with 1× PBS and incubated with goat anti-mouse 

Alexa Fluor 488 (Invitrogen, 1:500) at room temperature in the dark for 1 h. For f-

actin, cells were incubated with phalloidin 488 (Invitrogen, 1:200) for 10 min. The 

samples were then washed twice with 1× PBS and incubated with NucBlue (Hoetchst 

33342, ThermoFisher Scientific) for 10 min. The final samples were washed twice 

with 1× PBS and imaged on a Zeiss Axio Imager upright microscope with a 20×/0.5 

NAchroplan dip-in objective, with N Ó 5 images in the static stiffness culture set and 

N Ó 10 for the dynamic platform stiffness set. 

4.3.7 Quantification of Cardiac Fibroblasts Activation Alignment 

Myofibroblast activation was determined through manually identifying the 

number of activated cells, indicated by Ŭ-SMA stress fiber formation, and determining 

the percent activated from the total cell count, indicated by the nuclear stain 

(NucBlue). At least five regions of interest were imaged and calculated for each group. 

Cardiac fibroblast directional alignment was determined relative to the pattern 

direction. The bottom of microchannels of the material was identified under bright-

field microscopy and the direction of channels was aligned vertically when capturing 
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both bright-field and fluorescence images. Phalloidin was used to stain the f-actin of 

cardiac fibroblast for analysis. The long axis of actin cytoskeleton was identified, and 

we defined alignment of individual cells by the angle between the long axis of actin 

filament and direction of the microchannel (vertically aligned in our study). The angle 

of alignment was calculated by using ImageJ software. 

4.3.8 Dynamic Experiment Design 

To better understand the temporal changes in cardiac fibroblast cell 

phenotypes, we performed dynamic experiments through modulating stiffness for both 

un-patterned and patterned EcoGel MREs with cells pre-cultured on substrates for 48 

h. In the matrix-stiffening experiment, cardiac fibroblasts were cultured on soft 

unpatterned and patterned EcoGel MREs for 48 h followed by in situ stiffening of the 

substrate by applying external magnets. Cells were fixed and stained after 1 and 3 h on 

the stiffened substrate to quantify activation. For the matrix-softening experiment, 

cells were cultured on stiff un-patterned and patterned EcoGel MREs with magnets 

applied for 48 h followed by in situ softening of the substrate by removing magnets. 

Cells were fixed and stained after 1 and 3 h on the softened substrate to quantify 

activation. 



 78 

4.4 Results and Discussion 

4.4.1 Surface Characterization of Micropatterned EcoGel MREs 

 

Figure 4.2: Surface characterization by white light interferometry. Surface 

topography and profiles under both no magnet and magnet conditions for 
(A) EcoGel MREs and (B) Sylgard 527 MREs. 

To ensure proper transference of topographic features onto our MRE 

substrates, we fabricated 60 ɛm-tall microchannels with varying widths of 40, 60, and 

100 ɛm into our MRE devices. The surface topography profile of both Sylgard and 

EcoGel MREs as well as the master mold was confirmed with white light 

interferometry. Figure 4.2 effectively reveals the importance of material selection 

where we compare the 100 ɛm microchannels of EcoGel MREs to Sylgard MREs, 

whereby we observed that the patterned features were far less pronounced with 

Sylgard 527. By applying a magnet to the micropatterned EcoGel MREs, we detected 

height and surface roughness changes of the features; specifically, both the depth of 

microchannels (Figure 4.2A) and surface roughness increased (Figure 4.3). These 

changes in surface topography are associated with increases in magnetic field and 
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stiffness, which are caused by motion of the particles within the matrix with an overall 

very small effect on elastomer volume106. The microchannel depth of EcoGel MREs 

with a magnet applied was increased approximately from 60 to 80 ɛm. This can be 

explained by the increase in the magnetic force on the bottom of channels caused by 

the closer proximity to the magnet as opposed to the top of the channels, leading to 

displacement differences between the top and bottom of the channels. This variation in 

displacement, with a smaller displacement at the top of the channels compared to the 

bottom of the channel, gives rise to the channel depth increase. In contrast, lower 

fidelity of the patterned microchannels on Sylgard MREs results in similar magnetic 

attraction force between top and bottom surfaces of the channel, thus a less 

displacement difference and less pronounced height increase. Surface topography scan 

was also performed for the EcoGel MREs with 40 and 60 µm channel width showing 

pronounced feature fidelity (data not shown here).  

 

Figure 4.3: Surface roughness under magnet and no magnet conditions (p = 

0.01675). 
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We quantified the fidelity of pattern features on both EcoGel MREs and 

Sylgard 527 MREs by analyzing how well they compared to our master mold 

reference (Figure 4.4), with resolution defined as the standard deviation of the 

residuals. We found that there was a significant difference in resolution between the 

materials with a z resolution of 7.3 Ñ 0.69 ɛm for EcoGel as compared to 14.6 ± 1.4 

ɛm for Sylgard 527 (p < 0.0001). This difference in resolution can be attributed to an 

increase in deformation in the agarose mold with Sylgard 527 compared to EcoGel, 

caused by increased precipitation of iron particles with longer polymerization time 

required for Sylgard 527 MREs (24 h) compared to EcoGel MREs (20 min). 

Additionally, the microfeatures on agarose gels are extremely sensitive to hydration at 

high temperature; the longer the microchannels agarose gels were kept in the oven, the 

more dehydrated and deformed they became, and resulted in less pronounced features. 

Therefore, it is necessary to prepare the agarose shortly before usage to preserve and 

replicate features from agarose gels. We also note that the short curing time for 

EcoGel MREs did not hit the threshold time for agarose to significantly dry out and 

shrink145; hence, the desired features were well transferred. In general, the novel 

EcoGel MRE materials show higher fidelity of microchannel replication and are more 

cost effective and less time-consuming to manufacture compared to patterned MREs 

created with conventional Sylgard 527, we will use this novel EcoGel MREs to our 

following characterizations. 
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Figure 4.4: Analysis of EcoGel and PDMS 527 MRE feature resolution. (A) White 
light interferometry profiles showing (i) original profiles, (ii) cross-

correction shift in reference to minimize difference, and (iii) residuals of 
the profile. (B) Histogram of residuals for both MREs. (C) Resolution 
was defined as the standard deviation of the residuals, with EcoGel 

MREs having a significantly lower resolution than Sylgard 527 MREs (p 
< 0.0001) 

4.4.2 Mechanical Characterizations for Micropatterned EcoGel MREs 

The stiffness of the material was confirmed using rheology, micro-indentation, 

and nanoindentation with and without an applied magnet. Such characterizations 

represented the stiffness measurements from the global to local scales. Figure 4.5 

shows the global characterizations of mechanical properties of EcoGel MREs. Both 

storage and loss moduli of un-patterned EcoGel MREs show as a function of angular 

frequency and oscillation strain. The shear storage modulus, Gô, ranged from 2.28 kPa 

with no magnet up to over 20 kPa with the magnet and no spacer at 1 rad/s, whereas 

the loss modulus, Gô, ranged between 0.3 and 10 kPa under the same conditions. 

There was a minimal dependence of Gô on frequency while Gò increased with angular 

frequency. Gò of EcoGel MREs with a magnet doubled from 11.28 to 23.40 kPa with 

the frequency increasing from 0 to 20 rad/s, while Gò without a magnet increased from 

0.12 to 1.59 kPa over the same frequency range. For the oscillation strain sweep 
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measurements from 0.2% to 20%, both Gô and Gò have very low dependence on the 

strain for the no magnet condition and were approximately 2.5 and 0.35 kPa, 

respectively. However, in the magnet condition, both Gô and Gò decreased with 

increasing strain (Gô: 98.35 to 21.63 kPa; Gò 25.30 to 9.34 kPa), revealing a strain-

softening behavior. This indicates that at higher magnetic fields, PDMS-based MREs 

soften as the strain increases145, which could potentially be due to the realignment of 

incorporated iron particles in EcoGel MREs during shear straining. Overall, the 

EcoGel MREs exhibited the in-situ modulation of stiffness by simply applying 

external magnets.  

 

Figure 4.5: (A) Schematic of rheological characterization on un-patterned substrate. 

(B) Shear storage, Gô, and loss moduli, Gò, of frequency and strain 
sweeps for cylindrical EcoGel MREs under no magnet and magnet 

conditions at 2% strain and 1 rad/s, respectively. 

Figure 4.6 illustrates the local characterization of stiffness for un-patterned 

EcoGel MREs. We verified the elastic moduli of the un-patterned substrate, where 

EcoGel MREs without an applied magnet exhibited an elastic modulus of 8.14 kPa, 

which represents the healthy myocardium33. The elastic modulus significantly 
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increased to 82.49 kPa with an applied magnet (p = 0.003), which mimics the 

pathological stiffness of infarcted myocardial tissue146.  

 

Figure 4.6: (A) Schematic of micro-indentation test on the un-patterned substrate. 

(B) Elastic modulus of un-patterned substrate calculated from the micro-
indenter under no magnet and magnet conditions (p = 0.00331). 

We further measured the local stiffness of microfeatures of the patterned 

EcoGel MREs from micro-scale. Using AFM, we indented the top and bottom of 

channels on EcoGel MREs with a micro-sized sphere tip under both no magnet and 

magnet conditions (Figure 4.7) Under the no magnet condition, the elastic moduli of 

the top and bottom of microchannels were 6.75 ± 7.20 and 4.81 ± 2.49 kPa, 

respectively, and were not significantly different (p = 0.44).  As expected, the elastic 

modulus increased to approximately 144.17 ± 62.81 and 175.81 ± 83.88 kPa on the 

top and bottom of channels when a disc magnet applied, where the bottom of the 

microchannel was significantly stiffer than the top of the channel (p = 0.03). This is 

caused by the small difference in distance of these two locations to the applied magnet 

resulting in a higher local magnetic field strength at the bottom of the channel and 
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therefore higher stiffness. Notably, the large variability in the measured elastic 

modulus on the bottom of the channel might result from the increased roughness on 

the bottom as presented above, which consequently will increase the contact area of 

the probe during measurements and result in measurement uncertainty. 

 

Figure 4.7: (A) Schematic of nano-indentation test on patterned substrate by AFM. 

(B) Elastic modulus of the micropatterned substrate calculated from 
AFM on the top and bottom features for both no magnet (p = 0.44179) 
and magnet conditions (p = 0.03035). 

4.4.3 Biocompatibility of EcoGel MREs 

As a skin-safe material primary used for prosthetics, we also want to examine 

the cytotoxicity of NHCF-V on the EcoGel MREs under soft and stiff conditions.  

Figure 4.8A shows the majority of NHCF-V were live (stained green) after 24 and 48 

h under either soft (no magnet) or stiff (magnet) conditions. The quantification results 

(Figure 4.8B) reveal NHCF-V maintained high cell viability on both soft and stiff 

conditioned EcoGel MREs for up to 48 h, similar to viability of NHCF-V cultured on 

the tissue culture plastics (TCP) with and without magnet applied. This result verified 
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that EcoGel MREs show low cytotoxicity on the NHCF-V for up to 48 h under both 

no magnet and magnet conditions.  

 

Figure 4.8: Cytotoxicity study assessed by cell viability test. (A) Fluorescence 
images of live (Green) and dead (Red) cells on EcoGel MREs after 24 h 

and 48 h culture under no magnet and magnet conditions. (B) 
Quantitative results of cell viability. 

4.4.4 Cardiac Fibroblasts Measurements on Varying Topography and 

Substrate 

To study the collective alignment response of primary cardiac fibroblasts to 

topographic and stiffness changes, we cultured the NHCF-V on both un-patterned and 

patterned substrates under static conditions (no magnet and magnet), with cell 

alignment analyzed after 48 h in culture. The cells on the patterned substrates became 

more elongated and oriented in parallel with the aligned patterns as compared to that 

on the un-patterned substrates (Figure 4.9A).  Rose plots reflect the distribution of cell 
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alignments relative to a given direction, where the 0° orientation represents the 

direction of the microchannels. The symmetry of the micropatterned device allowed us 

to consider the cell direction within a 0ī90Á range. Visual inspection of the soft, no 

magnet condition of un-patterned substrates suggests a wide distribution of angles 

between 0 and 90°, indicating no particular collective alignment. However, alignment 

was observed on stiff, un-patterned substrates, which agrees with previous findings 

that stiffer substrates drove the actin cytoskeleton into polarized and aligned 

morphology147. Cells on patterned substrates exhibit a distribution of alignments 

around an orientation of 0°, with an increasing preference toward 0° on the patterned 

substrates as the features increase in width (Figure 4.9B). 

 

Figure 4.9: Morphology alteration of NHCF-V on the EcoGel MRE substrate 
featured with microchannels. (A) Representative images of cardiac 

fibroblasts on un-patterned and patterned substrates. Cells were stained 
for phalloidin (green) and nuclei (blue). (B) Quantification of actin 

cytoskeleton alignment for cells on the un-patterned and patterned 
substrate under no magnet and magnet conditions. 
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Overall, the patterned feature width (the channel dimension) influenced cell 

alignment whereas substrate stiffness had no influence on directional alignment. 

Specifically, two-way ANOVA (n = 5) revealed that alignment on larger features is 

significantly higher (p = 0.005) but was not dependent on substrate stiffness (p = 

0.124). Tukeyôs post hoc test revealed a significant difference in alignment between 

the 40 ɛm channels and the 100 ɛm channels (p = 0.004). While controlling the 

alignment of cells is critical for any engineered tissue, topographic cues play a 

particularly critical role in wound healing where the cells align parallel to 

microstructure direction148,149. Recent literature has indicated that the viscous 

component of a substrate influences cell responses150 and it is possible that not only 

the stiffness is affecting the cell behavior but that viscosity also plays a role in the 

results of this study. 

4.4.5 Anisotropy and Stiffness Interplay on Cardiac Fibroblasts Activation 

Regulation 

Given that cardiac fibroblasts respond to topography-dependent 

alterations35,148, we postulated that cardiac fibroblasts behave differentially on the 

stiffness-modulated topographic substrates. NHCF-V were seeded on both un-

patterned and micropatterned EcoGel MREs of various dimensions either with or 

without magnets applied for 48 h. Studentôs t test showed that under static conditions 

on the un-patterned substrates for 48 h, the myofibroblast activation significantly 

increased on the stiff (magnet) condition (n Ó 5, p < 0.0002), similar to previous 

studies151. Two-way ANOVA (n Ó 5) revealed that under static conditions on 

micropatterned substrates for 48 h, the percentage of cells with Ŭ-SMA stress fibers 

significantly depended on feature width and substrate stiffness (Figure 4.10), such that 
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larger features and stiffer substrates with the magnet added both result in an increase 

in Ŭ-SMA positive cells (each p < 0.0001). Finally, we determined that there is a 

significant pattern × stiffness interaction effect on activation (p = 0.048), indicating 

that on the largest patterns, the effect of substrate stiffness on activation was further 

augmented relative to the smaller patterns. It is worth noting from surface profiles by 

WLI characterization that the height of the microchannels increased in response to the 

magnetic field and might also play a role in cell activation. Using 100 ɛm channels 

(our most responsive width feature), we varied height and stiffness and observed an 

increase of cardiac fibroblast activation on patterned substrates with taller features 

compared to shorter features (Figure 4.11). Larger microchannel sizes likely lead to 

higher activation of human cardiac fibroblasts, as observed through microchannel-

width dependent activation.  It has been demonstrated that microchannel height 

increase during the application of a magnet leads to an increased activation of cardiac 

fibroblasts.. One question for future studies is whether there is a specific geometric 

size of the microchannel for human cardiac fibroblasts to probe and maximize their 

activation. In this study, we saw the greatest activation effects on the 100 ɛm-width 

patterned EcoGel MREs, and as such we will focus this next set of dynamic 

experiments on those features. 
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Figure 4:10: Percentage of myofibroblast activation on un-patterned and patterned 

substrate with microchannel widths of 40, 60, and 100 ɛm under no 
magnet and magnet conditions for 48 h cell culturing. Significant 
difference is indicated by # and À compared to 60 and 100 ɛm 

respectively, within the group. 

 

Figure 4.11: Cardiac fibroblasts activation in response to stiffness and microchannelsô 

height on static patterned substrate with 100 ɛm channel width. (A) 
Elastic modulus of un-patterned soft and stiff substrate made by EcoGel 
MREs and EcoFlex 10 MREs blended with Thinner, respectively. (B) 

Myofibroblasts activation on soft/stiff patterned substrate with 15, 60, 
and 80 ɛm microchannel height (n Ó 6). 
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4.4.6 Dynamic Modulation of Cardiac Fibroblasts Activation 

To highlight the dynamic ability of our device, we can mimic the development 

of acute MI and post-infarction remodeling processes by modulating the stiffness of 

the microenvironment temporally: matrix stiffening and softening are achieved by 

means of applying and removing magnets, respectively, to mimic physiological or 

pathological states. After the addition or removal of the magnets, we observed 

phenotypic changes in myofibroblast activation at 1 and 3 h (Figure 4.12A, B).  On 

un-patterned substrates, the percent myofibroblast activation under the matrix 

stiffening condition increased significantly from 6.9% to 19.1% (p = 0.002) and 

remained unchanged from 1 to 3 h. Interestingly, matrix stiffening did not 

significantly upregulate cell activation on the 100 ɛm patterned substrate after 1 h (p = 

0.589) (Figure 4.12E), which demonstrates that acutely, the preconditioned substrate 

with anisotropic microchannels tended to maintain high myofibroblast activation 

regardless of matrix stiffness. In Figure 4.12F, matrix softening downregulated the cell 

activation on both un-patterned and patterned samples and indicated an apparent 

plateau after 1 h; however, matrix softening on patterned substrates significantly 

decreased activation from 50.5% to 37.8% (p < 0.0006), in contrast to the lack of 

change in activation when the matrix stiffened. We again observed that the percentage 

of ŬSMA-positive cells from the matrix softening condition was significantly higher 

on the patterned substrate than on the un-patterned substrate. 
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Figure 4.12: Temporal test of matrix-stiffening and matrix-softening effect on NHCF-

V phenotype conversion on the un-patterned/patterned substrate. (A, B) 
Schematic illustration of temporal tests for matrix-stiffening and matrix 
softening conditions. (C) Representative fluorescence images of cardiac 

fibroblast activation under dynamic temporal stiffening at 48 h prior to 
stiffening followed by 1 and 3 h post stiffening. (D) Representative 

fluorescence images of cardiac fibroblast activation under dynamic 
temporal softening at 48 h prior to softening followed by 1 and 3 h post-
softening. Immunofluorescence staining for Ŭ-SMA (green) and nucleus 

(blue). White arrows indicate cells with polymerized stress fiber 
identified as activated myofibroblasts. Scale bars, 50 ɛm. (E, F) 

Percentage of myofibroblasts activation under matrix-stiffening and 
matrix-softening conditions, respectively. Significant difference is 
indicated by * and # compared with 1 and 3 h time points, respectively. 

Noticeably, the activated NHCF-V on both un-patterned and patterned 

substrates initially seeded under stiff conditions were partially deactivated when the 

substrate was softened (Figure 4.12F). However, it should be noted that compared to 
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the soft control, the partial deactivation was still greater, suggesting that these cells 

exhibit an apparent mechanical memory in an acute time frame, meaning that the 

mechanical conditions prior to the matrix softening event influences the retention of 

the pre-conditioned phenotype. While this 3 h time course is short, we have previously 

shown that cardiac fibroblasts can reversibly deactivate within that time course after a 

prolonged pre-seeding43. We also recognize that ŬSMA expression only partially 

describes fibroblast activation and inclusion of other markers could more fully 

characterize the activation response on these substrates152. Collectively, our results 

indicate that myofibroblast activation is highly affected by topographic cues along 

with the mechanical cues in our study and that memory-dependent behavior of NHCF-

V limits the complete deactivation during the post-infarction remodeling process. 

4.5 Conclusions 

Micropatterned and stiff substrates have been used as in vitro platforms 

individually and separately to study effects on cellular morphology and phenotype 

changes. However, few studies considered dynamic substrates with tunable stiffness, 

which can be modulated in situ. Our novel substrate further incorporates micropatterns 

onto the stiffness-tunable substrate in which mechanical cues and topographic cues 

can be integrated and dynamically controlled for the first time to study the time-

dependent interplay of these effects on cellular responses. This substrate enabled us to 

better recapitulate mechanical and topographic characteristics of healthy and infarcted 

myocardium tissue as well as the dynamics of infarction development and remodeling 

processes. The microstructural configurations interplayed with reversible mechanical 

property modulations pose an intriguing finding on temporal control of cells in an 

acute manner. While this platform is designed to add mechanical microenvironmental 
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features not previously investigated with in vitro models together, this is a step toward 

a more representative microenvironment and sheds light on possibilities that 

incorporate more complex components into one platform. In the future, this 

biomimetic platform is expected to be broadened to the investigation of various cell 

types and interactions with their environment for potential use to develop therapeutic 

strategies. 

Taken together, we have already successfully created two out of three 

mechanical cues to better recapitulate microenvironment after MI using MREs-based 

materials, including in-situ tunable stiffness gradient, anisotropic topography, 

describing in Chapter 3 and Chapter 4. Though these two cues were studied 

individually using two different material types of MREs, they were utilized based on 

platinum catalyzed elastomers in common and these two cues are of ease to be 

integrated providing a promising utilization in mimicking infarcted tissue. In the next 

chapter, we will discuss the future works to be applied onto such material in order to 

expand the versatility of this platform not limited to the cardiac fibroblasts as cell type 

and cardiac fibrosis applications. 
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FUTURE RESEARCH 

5.1 Building Up Complexity of In -vitro Model 

In vivo, cells reside in a dynamic micro-environment that consists of 

mechanical and chemical cues which drive cell fate. Cell-cell and cell-ECM 

interactions are the important relationships in the cellular environment. Recreating 

such dynamic environments has been an intriguing topic for the scientists to unravel 

the complex mechanism of diseases and therapeutic strategies. In-vitro models came 

to focus a long time ago serving as an easy-to-fabricated, cost-effective, and 

controllable platform to provide dynamic cues for recapitulating cell environments and 

manipulating cells directionally. Additionally, more and more researchers are recently 

captured by the tremendous potential of in-vitro models in drug screening for 

therapeutic treatments.153,154 Moreover, drug candidates will no longer be required to 

test on the animals to establish the drugsô safety and effectiveness for the preclinical 

testing (S. 2952 - FDA Modernization Act of 2021). Under these circumstances, in-

vitro models became an alternative method for the drug development process. 

Therefore, developing a more realistic in-vitro platform to replicate the dynamic 

stimuli for specific diseases inside of human body is essential for the pathology 

discovery and drug development. 

Taken that we had already engineered models to mimic characteristics of 

cardiac fibrotic tissues including, changing gradient stiffness and anisotropic 

topography, two other directions will be targeted to implement complexity of physical 

Chapter 5 
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cues of infarcted tissue. First, taking the techniques of current devices we have in 

house, we are keen to integrate the anisotropic features onto the dynamic stiffness 

gradient substrate to mimic both gradients and topography properties of the infarcted 

heart. Second, successful incorporation of both gradient stiffness and anisotropic 

geometry will facilitate us to build up the third physical cue, strain, onto the existing 

platform. Eventually, such multi-physical-cue model will be an effective platform to 

be able to manipulate individual cues independently and serving as a fundamental 

building block for other environmental niches incorporation.  

5.2 Unveiling the Mechanism of Fibrosis Development 

Cardiac fibrosis is a pathological response after adverse MI remodeling 

involving multiple cell types and signaling pathways. Different cell types, besides 

cardiac fibroblasts, are also interesting to be studied on their co-culture behavior on 

our versatile platform, from culturing inflammatory cells, such as macrophages and T 

cells, to tissue-specific cells, such as cardiomyocytes and endothelial cells. Responses 

from diverse cells communications on our model will not only illustrate their cell-cell 

interactions during cardiac fibrosis development and remodeling stage, but also reveal 

the unique cell-ECM interactions on our dynamic model. Various molecules signaling 

processes need to be reinvestigated and their interactions need to be reestablished, for 

example, TGF- ,̡ Ang II, and TNF-Ŭ, etc., regarding the novel environments we create 

for cell probe and manipulation. We are hoping to construct a multicellular 

myocardium-on-chip device to recapitulate the microenvironment of cardiac tissue and 

unveil the underlying pathology mechanism. 
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5.3 Translating into Cardiac Tissue Engineering 

Regenerating the infarcted heart after cardiac fibrosis remains challenging due 

to the difficulties in restoring the functionality of heart. Our findings indicated 

significant spatial-temporal difference in cellular behavior in response to the substrate 

stiffness and surface topography. Combing with the current cardiac tissue engineering 

treatment approaches, such as intramyocardial injection and cardiac patch as the 

scaffold with various exogeneous signaling molecules, we are eager to see the 

possibilities of introducing dynamic physical cues into the scaffold as an in vivo 

approach to restore the heart functions and regenerate the infarct heart. Recent work 

also revealed the promising applications on in vivo bone regeneration by introducing 

microtopography into the implants.59 Taken our findings on the gradient stiffness and 

stiffness-tunable microtopographic substrate effect on the cardiac cells behavior, our 

works will not only limit to be applied on the cardiac tissue engineering, but also other 

musculoskeletal implantations might also be facilitated by integrating various physical 

cues into the system.  
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ABBREVIATIONS  

MI : Myocardial Infarction 

MREs: Magnetorheological Elastomers 

EcoGel MREs: EcoFlex Gel Magnetorheological Elastomers 

PDMS: Polydimethylsiloxane 

CIPs: Carbonyl Iron Particles 

TEOS: Tetraethyl Orthosilicate 

APTES: (3-Aminopropyl)triethoxysilane 

NHS: N-Hydroxysuccinimide 

EDC: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

SEM: Scanning Electron Microscope 

EDS: Energy-dispersive X-ray Spectroscopy 

VSM: Vibrating Sample Magnetometry 

WLI: White Light Interferometry 

AFM: Atomic Force Microscope 

NHCF-V: Normal Human Cardiac Fibroblasts from Left Ventricle 

CFs: Cardiac Fibroblasts 

ŬSMA: Ŭ smooth muscle actin 

TGF-ʲΥ Transforming Growth Factor- Beta 

Ang-II: Angiotensin II 

TNF-Ŭ: Tumor Necrosis Factor-Alpha 

Appendix A 
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ECM: Extracellular Matrix 

ALKs: Activin-receptor-like Kinases 

DMSO: Dimethylsulfoxide 

PBS: Phosphate Buffer 

NG, SH, MI, ST: No Gradient, Shallow gradient, Middle gradient, Steep gradient 

RT-qPCR: Real-time-quantitative Polymerase Chain Reaction 

ELISA: Enzyme-linked Immunosorbent Assay 
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SUPPLEMENTARY INFORMATION  

Table A1  Youngôs moduli E of MREs with volume fraction ū=3% of iron particles 

synthesized using different ratios by weight of commercial polymers 
SylgardTM 527 and SylgardTM 184. Youngôs moduli were measured by 

compressive indentation at zero magnetic field. 

MREs sample Polymer type SylgardTM 527: SylgardTM 184 (by w.t.) E (kPa) 

1 Polymer A 1:0 8.7 ± 0.6 

2 Polymer B 10:1 50 ± 2 

3 Polymer C 5:1 106 ± 1 

4 Polymer D 0:1 2400 ± 400 

 

 

Figure A1: Cross-sectional images of our agarose mold before and after fabrication 
of both Sylgard 527 MREs and after EcoGel MREs. 
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