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ABSTRACT

Adverse remodeling of the heart after myocardial infarction (Ml), 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 deathlThe annual cost for treatment of Ml causes a heavy burden to patients.
However, most current treatments are limitedtheimplantation ofcardiacpatches
cardiac stents and bypass surgery, which are rargeted therapiesModerate
myocardial fibrosis confutes to the positive regeneration thfe heart after Ml,
whereas excessive fibrosis can lead to irreversdstgodelingand impair the function
of the heart. Thus, a systematic investigatiai cardiac fibrosis development and
myocardium remodeling aftevll is in urgent need in order to unveil the mechanism
of cardiac fibrosis development and translaieto targeted therapeutic strategies.

In vitro substrates have been broadly appliethmbiomedical field as disease
model platforms for physiologitaand pathologicalprocessesCreating anin vitro
model for postMI tissue study that can mimic the physical propertiearohfarcted
heart with spatialemporal variation is critical as the building block, yet therertwis
been an effective device ukéo recapitulate the dynamic nature of the infarcted heart
tissue. The recent emergence of novel material with stiffruesgbility in response to
an external magnetic field, magnetorheological elastomers (MRES), reveals an
excellentin-situ modulation ofstiffness with a wide range which provides a promising
tool for biomedical applications. Howevethe widening of the hysteresis loop

observed in MREs is not identical tbe characteristic hysteresis loop of the soft

XVii



ferromagnetic material, which was pieusly attributed to particle motiornThus,
unraveling particle motion within the matrixs an urgent need and critical step to
explain the magnetic hysteresis loop widening of MRE&Bich will facilitate and
expand its biomedical applicatians

Ultrasoft MREs made by incorporating carbonyl iron particles into soft
Sylgard 527 polydimethylsiloxane (PDMS) showed larmgagnetiefield-dependent
changes in their stiffness changes. Our recerdiesuexhibited 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
particledisplacement in response titwe externalmagnetic field within the soft PDMS
matrix contributes to the magnetic hysteresis loop widening. We experimentally
validated our hypothesis by tracking fluorescentyeled carbonyl iron particle
motion in the MREs responding to various magnetic fielérgiths. Particle coating
and bioconjugation of fluorophores were also characterized to validate the success of
modification andretention of the magnetic properties of modified carbonyl iron
particles. Our findings for the first time demonstrétte succesful modification of
carbonyl iron particles and observe that particles primarily move along the external
magnetic field direction within the MREs material and spelrticle displacement
results in thenagnetic hysteresis loop widening

One of the physidacues after Ml iscardiac tissue stiffness with spatial
temporal variation The nfarct border zone, a tissue regitrat is situatedoetween
infarcted tissue and adjaceritealthy tissue, exhibits gradient stiffness change. The
border region is of greamportance and interest in the inflammatory and remodeling

after MI involving infarction expansion, fibrosis formation, and reparative process.
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The efforts researchernsave been building have advanak the development of a
variety of in vitro platforms to mmic the microenvironment of infarct border region
allowing us to have a more controllable acakteffectiveapproach to characterize the
microenvironment features. Whereas the dynamature of gradient stiffnesef
infarct border zonéasnot yet been dueved. Inthis work we use MREs as our base
material to fabricate an innovative 2D vitro platform with the capability ofin-situ
modulation on the stiffness gradient mimickitige continuously changing micro
environment of infarcted myocardium. Thiloaws us to examine the inflammatory
response of primary cardiac fibroblasts (NHEJ in a spatiotemporal manner
regarding the different USMMAAFDKACTA20 expr
coLui, and MMP1. We found that cardiac fibroblasexhibit spatially different
activation and cytokine secretion in the infarcted and remote regions within the same
model and presented a phenotypic conversion as time procee@dA1V3A1 and
MMP1 exhibit a more robustegulation at 24 h. Additionally, the tunability of sueh
gradient stiffness model allews tomodulate the stiffness gradient on demand, either
increasing or decreasingthe stiffness gradient, to mimic differendétagesduring
remodeling proces®kecognimg that remodeling is guided by many different types of
cues that cexist 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 demical cue (aniibrotic drug, A 8301) and
mechanical cue (substrate softening) in tandem to attenuate fibrotic biomarker
responses of cardiac fibroblasts. Individual intervention by drug and softening
exhibited a competitive aror cooperative effecon 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 offiardtic drug dosing
and stiffnessrarying interactions on cardiac fitblasts. This platform with a more
realistic microenvironment will not only provide wéth a uniquen vitro tool to study
disease progression mechanisms, such as cardiac fibrosis, but also serve as a cost
effective, pathophysiological relevant model fotgntial therapeutics screening.
Topography, particularithe anisotropic structure of heart tissue, is another
important physical cue in thie vivo cellular microenvironment after Ml. Integrating
anisotropic features with stiffnesgnable materials nainly 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 ourin vitro substrate, EcoGel MREs, hich retains higher
anisotropic patternfidelity than conventional MRESOur results indicate that the
combination of dynamic changes in stiffness with and without topographic cues
induces different effects on the alignment and activationdeactivation of
myofibroblasts. Specificallycells cultured on patterned substrates exhibited a more
aligned morphology than cells cultured on flat material; moreover, cell alignment was
not dependent on substrate stiffn€3s.a patterned substrate, theras 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 charactensticell behavior.
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Chapter 1
INTRODUCTION

1.1 Cardiac Structure and Function

The human heart is a complex systdhmt maintairs the fundamental
metabolism of daily activity, such as pumping oxygenated blood throughout the body.
Understading the cardiac structure, cardiac cy@ed cell composition and their
interactionis the key to uncovering physiological and pathological processes in the
cardiovascular system.

Cardiac anatomy wathe earliest approach to unveil the cardiac struetiine
history of thecardiacanatomy 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 techniquésThe Middle Ageswere the time thathe vast majority of
human heart structure was discovered and pieced together by gradually matured
cardiac anatomy. Later on, the development of sophisticated acaidiaging
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 pgatholog
of heart disease.

There are four chambers in the heart: right atrium, right ventricle, left atrium,
and leftventricle as well as four major valves connected with these chambers to pump
blood in and out and prevent regurgitatidime right atrium and right ventricle are

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



atrium3 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 conneted to the pulmonary artefyThe left atrium is often regarded as a
biomaker of cardiovascular riskIt is a conduit for pulmonary venous return during
early left ventricular diastole and functions as a booster pump thtbeghitral valve

that augments left ventricular filing during lat@ntricular diastolé.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 orgamsyst
through its function to pump oxygenated blood to the body throlghortic valve
which separates left ventricle and adrta.

The different chambers are constructed with heart chamber walls with different
thicknesseseflecting the contracting force required to be generated. The wall of the
heart omprises three separate layers, endocardium, myocardium, and epicardium.
Specifically, the endocardium is the surface of the heart valves and the interior surface
of the chambers that are lined by a singlgel ofendothelialcells? The myocardium
consists of bundles of cardiac muscle cells and serves as the tlenththe heart
which is the thickest layer and located in the middle of the heart?Wdhe
epicardum, the outmost layer of the heart, constitutes the visceral pericardium,
underlying fibreelastic connective tissue and adipose tisandprotectsthe heart.?

There are numerous cardiac cell types, such as cardiomyocytes, cardiac
fibroblasts, endothelial celletc., all of which have different functional rolas play.

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

by periodic contraction which was termed as the muscle cell of thelhdddture



cardiomyocytes typically measured up to ~2% width and ~10Qum length with
always one or two nucléiEach cadiomyocyte 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 wadl signaling intermediate during cardiac
damagé? 4 Cardiac generatbundancend significant role in disease respohsee
made them a lorgme therapeutic target fohetreatment of impaired heakt.

Each beating unit, cardiomyocytes, leads to the rhythmic atrial and ventricular
contraction which consequently leadsthe mechanical beating of the humbaart?
Each cardiac cycle consisté mechanical diastole and systole of the ventricles, which
respectivelyrefer to the ventricularfilling receiving the blood fronthe 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
eventuallydropsbelow the pressures in the right and left atria, thegpal and mitral
valves open, followed by diastolic ventricular filing and themepetition of this
cycle?

The heart problem that can devastatingly affect the myocardial structure may
result from aging or underlying disease. Some but not all heart digsezdsdes
hypertension and cardiomyopathy, which causes fibrosis of myocardial tissue and

subsequently decreases left ventricle compliance.

1.2 Myocardial Infarction 7 Leading Cause of Death for Heart Disease
Myocardial infarction (Ml), another teriior heart attackis most often caused
by a decrease or stoppage of blood flow to a portion of the.¥e@gardiac fibrosis

followed by Ml is a severe medical emergency that leadsitwoenvironmental



changesn cardiac tissuesuch a stiffening and structural variatigrend impairs the
heart 6s ability to pu@pArobnd d.®ndlliortchsesocurg h o u't
annually in the United Stateend ultimatelyresultin a heavy hospitalization cost
estimated at 351.2 billion annually Severe fibrosis is estimated to account for up to
45% of all deaths in the developed wotftdPostMI, necrosis of cardiomyocytes
triggers an inflammatiomeaction in the infarcted regiand in turninduces 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 untwollable signaling factors, including sustained chemical and
mechanical cuesgauseadverse remodeling which leads to cardiac fibrosis due to
excessive amount of extracellular matrix secretion, and eventually impairs the heart

contractility and blood caulations and gives rise to heart attack.
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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



impairment. Ml remodeling process can be separated into three major phases,
inflammatory phaseproliferation phase, and maturation phase which takes up to
weeks andnvolvesa variety of cell types, Figure 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 deBrs.In the
proliferation phase, Cardiac fibroblasts (CFs) are activated into myofibroblasts, which
will vigorously proliferate, produce pribrotic factors (transforming growth factor

i), and dominateas ECM generator cefd. As inflammatory factors and ECM
continue building upthe maturation phase comes as cptismotescar maturation and

maintainhomeostasis in the remodeled myocardf@m.
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Figure 1.2: Cardiac fibroblasts (de)activation loop.

CFs, as a major contribut@o myocardium remodeling, capture a bunch of

studies on its differentiation and functionalities after Ml which potentially unveils the



potential therapeutical targets for the treatment of NFigyre 1.2 CFs respond
promptly to their external environmentclnding elevating biochemical factors and
high mechanical str-esmeothly miuhsec leex pacetsisi o(nU ¢
the biomarker for the profibrotic phenotype of activated myofibrobf&stEhe
activated myofibroblasts are also characterized by excessive ECM proteins including
type | collagen and regulation of MMPs and their inhibi€drs® At the erly 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 haeet{ait
On the contrary, successful cardiac tissue repair involves deactivation of
myofibroblasts-li @edbhquinbemest asasdiac fib
of myofibroblasts profibrotic activities. Considemg 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 fiBfosis.
Considering external microenvironment drivasl activation and subsequent
adverse infarct progression, it is important to understéedlynamic characteristics
of the cellular environment in the heart. Cardiac cells experience a consiguou
changing environment durinthe remodeling process after MI. The stiffness asf
infarcted myocardium can start elevating several hours after acutecdirswith
which the peak stiffness @fhuman infarcted heart can be reached up to over 100 kPa
after one weeR3:34The stiffness ofheinfarcted heart also showespatial differences
during infarction development whetée infarcted region exhibited higher stiffness
than the remote region, and the stiffness from remote to infarct region revealed the

gradient elevation where the stiffss gradients also showed the temporal changes with



the peak at ~2 weeks ftne infarcted ovine heartRigure 1.3.33 Additionally, recent

studies also found thahe regional anisotropic structure of developed ECM and
cardiomyocytes after Ml triggeredell activation and orientation for the wod

healing proces®'3’ These findings indicate that both mechanical and geometric
properties of the infarcted heart tissue vary in a spamporal manner, moreover,

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

adjust their cellular beh@&r accordingly to remodel the microenvironment in turn.
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Figure 1.3: Stiffness gradients of ovine heart tissue for 6 weeks after Ml (Gupta K. et
al. 1994).

1.3 In vitro Platform for the Diseased Heart Model

Cells can sense their surrounding matrix mechanics irriaties of ways to
generate biochemical and biomechanical activities known as the process of
mechanotransductiol¥. The matrix stiffness has been implicated in regulating cellular
functions, such as contractié®?°migration?! proliferation?2 and differentiatiorf:3-44
A variety of natural or synthetic materials were utilizedvitro to mimic the local

stiffness of differentissues from brain (~0.21 kPa)*®> muscle (~10 kP& osteoid



(~30-45 kPa)}’ Specifically, the normal adult cardiac stiffness is at ~10 kPa during
diastole?® Cardiac fibrosis after Ml results in increased expression and-lotksgs)

of ECM components, thereby changing the mechanical landscape, and rigidities above
100 kPa have been reported for fibrotic tis&li’. During the myocardialemodeling
process after Ml, cardiac fibroblast migration across the infalobederregion from

the soft remote region tohe stiff infarcted region plays an important role in wound
healing. The incrasing number of studies on matrix stiffness gradient has led to
investigations on the cellular pathological response in iEigure 1.4. Particularly,

an in vitro model that hasdynamic 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 polyacrylamidé. 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 modulusieans of visible/UV

light curing through photomask with gradient light transmitteito&nother common
method to fabricate a stiffness gradiersiesa two-step polymerizatin procesghat
provides an easy fabrication of material with wide range of linear stiffness
gradient? The current techniques to engineer a material with spatially different
stiffness are pretty diverse and mature, hence providing a more controllable
environment forin vitro studies for biomedical applications. However, current
materials do not take into consideration that the stiffnesbeaicroenvironment is
continuously changing, therefore the existing platform lacks the ability to mimic the

dynamics of tissue stiffnegs reattime.
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Figure 1.4: Currentin vitro models with stiffness difference used for cell
studies?t:53.54

Additionally, ECM and cardiomyocyte alignment in myocardial tissue plays a
significant role inthe physiological and pathological functions of the myocard¥am.
Tissue and cellular alignment provide insight into building a more realistic and
functional cardiac model to recapitulate the complexramicvironment of the heart
and as drug screen platforms, to develop more targeted therapeutic treatments for
cardiovascular disea8e.The early study revealed that the increased stiffness of
infarcted tissue can be also attributed to the straightening of the collagen fibers during
systolic contractio/ These anisotropic mstcture in the cardiac ventricle has
dimensions of 0.8 mm in length and 5800 um in diameteP8 Microchannel
features have been created on the materials to mimsic@nisotropic structure of
myocardial tissue, suatontactguidanceinducedcellular morphology and phenotypic
change can be reproducsatnmilarly to what occurs in the native tisstfe>® Several

researchers have developed different approaches to fabricate micropatterned structures



to study cellular response, including tywhoton direct laser writing on the surf&€e,
soft lithography8! photolithography? and hydrogel moldin§3 A variety of cell types
have been also investigated trese microfabricated anisotropic platformssich as
cardiomyocyte8? fibroblasts?* smooth muscle cel®. Specifically, the
synchronization and contractility of the neonatal cardiac teNstro were improved

by showinga longer duration of beating and pacemaker channel density sedrea
vitro.5-66 Cardiac fibroblasts phenotypic conversion to activated myofibroblasts was
significantly upregulatedafter two days and the stable aligned patterns were formed
for over two weeks on the patterned surf&c®. Myoblasts were shown to rapidly
reorient within 24 h on a micropatterned surface withdemand microfeater
introducing and removing manipulatioffs.

In all, the ability of a cell to sengbe 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 mnvitro platforms to observe their response. As
more intriguing findings reveal wieil each cue does not impact cellular behavior
separately, they interact with each other either cooperatively or competéfiedying
cells in different ways. In recent years, researchers have been focusing on building
more complex platforms with the incorporation of wehtrolled multicues to better
mimic the cell environment in humans. Suchulti-functional labon-a-chip platform
can be used to recapitulate a number of biologigeslemsand, ultimately, as a novel

drug screen tool for prelinical 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

1C



two components: substrate scaffold and therapeutic dfuddter 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 hieteetrical signaling between
cardiomyocyteg? Thus, how to reconstruct the diseased heart by means of promoting
healthy tissue formation, cefthatrix interaction, andrestoring cardiac function
becomes an intriguing topic tie cardiac tissue engineering field. Hydrogels and-bio
elastomers exhibit excellent tunability in mechanical properties matchedawittie

range of human tissues amdaintain high biocompatibility’?:’? Cardiac patch and
intramyocardial injection with hydrogels are the two most popular approaches to not
only provide mechanical support during myocardial refFaif,but can be also used as

the carrier for the nancor micro-therapeuticingredients delivery® 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 depasid

tissue integration upon material degradatioft 76
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Figure 1.5: TGF signaling pathway.

With significant help from engineerescaffolds the therapeutic ingredients
havea longer halflife and more targeted delivery. A+ftbrotic medications targeting
various cytokines pathways, including remingiotensiraldosterone system inhibitors
to strongly block cardiafibroblastactivation and significantly reduce collagen protein
deposition’”-78 TGF 1 (transferring growth factor 1) pathway inhibitors to s@gp
ECM secretion and cell activati6het al. Other therapeutic appobeesinclude small
singlestranded miRNAs involved in the petsanscriptional regulation of genes
implicated in various biological proces$€saand emergin@RISPRtechnology teedit
infarcted gengto treat MI81

Particularly,the TGFb pathway is among all the pathways the most studied
target for the treatment of MIthere are three isoforms of T@&FjncludingTGFb 1 ,
TGFb 2 , a nfu 3 that@ie closely relatedo each other and act as critical

12



modulators of immune cell phenotype and function especially during the inflammatory
phase®?2 Prolonged exposure of TGH will trigger SMAD-2/3 phosphorylation

(Figure 1.9, resulting in cell migration and differentiatids. In vitro, TGF b can

exert pre and antinflammatory depending on the piaype and the state of
differentiation of the cells, and the presence or absence of other me#iatGis. b is

apotent neutroptiP and monocyt® chemoattractantshese effects ay be important

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

signaling cascades in tissue repair, remodeling, fibrosiad regeneration, the
members of the TGB s uperf amily have beenctagetssi der e
for patients with MIB” As mentioned abovGFb r ecept or inhibitors
be potent in the inhibiton of TGBE s i g n a | i.’h%Amaqnaail thenirdipitors to

block the TGFb pathway, A 8301, a small moleculéhat served asan activin

receptoflike kinases (ALKSs) inhibitor for TG type | receptorsstands out having

significant effect to inhibit the transcriptional activity induced BgFb t ype |
receptorsALKs, inhibiting following phosphorylation of Smad?2/3, suppressing cell
activation and ECM formation, but did not show cytotoxicity and interfeith cell

proliferation in the reasonable amount of adminiétég.

Overall, therapeutics witla combination of tissue engineering and targeted
drug advance the development of MI treatment and shows promising clinical
significancein treatingMI that accommodates local tissue regeneratiestoresthe
function of ahealthy heart, anthtervenesn the pathwayto attenuate cardiac fibrosis.
However, the mechanism tiiedynamic 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 tardeteatment for M.
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1.5 Novel Materials Reveals a Promising Potential 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 vaety of approaches to fabricate the material with tunable stiffness,
including applying light, changes in temperature, pH, or biomoleéiigsHowever, a
key limitation of tlese approaches is that most provide unidirectional and permanent
changes in material properties, limiting the abilty to study 4lependent
processe&? In reent years, a novel material, called magnetorheological elastomers
(MRESs), came into the spotlight with the ability to tune stiffriessitu via anapplied
magnetic field. This material has elucidated the dynamic biophysical response of
cardiomyocytes indding spreading and maturation, highlighting the broad
applicability toward a myriad of biomedical applicatidis.

MREs are heterogeneously fabricated by using magnetically soft particles
(carbonyl iron particles, CIPs) embedded witlansuper soft PDMS elastomeric
matrix that exhibits dynamic viscoelastic properties in response to an external
magnetic fiel and CIPs filling percentagé.The stiffness range from soft and stiff of
MREs under the magnetic fieltas reported to be ~10 to ~50 kPa, which represent
the physiological and pathological stiffness of heart tissue, respedtivéliith
increasing research on the MREs matetiag effect of elastomer stiffness on the
widening of the hysteresis loop of magnetization reversal of MREs unveiled the
stiffening mechanism of particle motion undar magnetic field. Experimental
observationsof particle motion withinan elastomeric matrixrequire both particle
bioconjugation techniques and aihed tracking microscope equipment. To
fluorescently label the CIPs allowing to track them undenicroscope, functional

groups, such as primary amine, need to be created on the surface of CIPs for further
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modification. Solgel method to selassemble th layer of tetraethyl orthosilicate
(TEOS) were widely used to create hydroxyl group followed by further
functionalization of (3aminopropyl) triethoxysilane (APTES) to create primary amine
groups?® 97 The primary amine groups were able to be chemically reacted Nvith
hydroxysuccinimide (NHS) with the help dfl,N-3(dimethylamino)propyN éethyl
carbodiimide (EDC) to form thecarbodiimide group% NHS esterlabeled
fluorophores, such as FITC, can be used ctmjugate with primary amine
functionalized particlest room temperature, such fluorescent probe e lwidely
applied to various biomedical fields, including drug delivery and magnetic resonance

imaging?9-19°(Refer to Chapter 2 for CIPs modification)



Chapter 2

CARBONYL IRON PARTICLES (CIPs) SURFACE MODIFICATION AND
MAGNETIC FIELD -DEPENDENT PARTICLE MOTION TRA CKINGY

Clark, A.T., Machfield D., Caq Z, Dang T., Gilbert, D., Corbin E.A., Buchanan
K.S.,andCheng X.

2.1 Introduction

Ultrasoft MREs have shown much larger magnetic fedghendent changes in
their modul®* that havebeen utilized in a variety of biomedical applicatidf8?
Recent studies showed that the magnetic hysteresis loops of soft MREarlked ly
different than those of stiff MREs arakhibit a characteristic pinched loop shape with
zero remanence arldop widening at intermediate field4! Particle motion is thought
to be an important contributing factor toghdop shapé?? andrecent experiments on
hysteresis loops imhe MREs that were stiffened by lowering the temperaturand
increasing particle percentageovide compelling evidence thtie magnetic particle
motion is, indeed, linked to the wideningf the magnetic hysteresis loop$®
However, a more comprehensive examinationpafticle motion within the MREs

matrix is needed experimentally.

Y Clark AT., Machfield D, Cao Z, Dang T, Gilbert D, Corbin EA., Buchanan K Cheng X (2022)
fiThe effect of polymestiffness on magnetization reversal of magnetorheological elastondéts
Materials 10, 041106
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In this chapterwe hypothesize thdtysteresis loop wideningf MREsunder
magnetic fieldis attributedto CIPs motionunderapplied magnetic field direction in
the polymer. We utilized particle coating and bioconjugation tdgbes 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 machfaoadi

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 stdggsrré 2.1). First,
ClIPs were cated with a silica layer prepared viatraethyl orthosilicat§ TEOS)
hydrolysis. Next, these TEOScoated particles (CIR-TEOS) were further
functionalized with a second layeof (3-Aminopropyl}triethoxysilane (APTEShy
means of hydrolysis and condensatioto form functional CIPSEOSAPTES
Finally, we taggedthe fluorophore to the CIHEOSAPTES patrticles througihe
bioconjugation of Atto 488 NHS estey chemically form carbodiimide bonds.

Specifically, n the first step of the magnetic particle modifion, a silica
precursorsolution 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!%4 The mixture was stirred for 2 h at room temperature. Then, the resulting
TEOS hydrolysate was kept for 24 h for sol aging atmrdemperatureWe then
combined 20 g of CI® (Chemical Store) with 50 mL anhydrous ethanand

homogenized the mixture in a water bath using ultrasonic vibration for 10 min. Then,
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the preprepared TEOS hydrolysate was dropwise added using a dropping iitone

the CIPs mixture with mechanical stirring at room temperature for 3 h. Additionally,
the dispersion was homogenized migction and posgeaction for 10 min,
respectively in the water bath The resulting particles were collected using a
permanentmagnet and washed 3 times with anhydrous ethanol, to remove organic
residues and prevent the particles from agglomerating. The produgTE®S) was

dried at 60 °C for 24 h and collected.

5 ‘ =>_ : o B ° %
3 & 9 5 A o | 8.
L, e~ Y'Y

A
A [ -h
0 11, layer of coating . o
L Aol ad el NG

CIPs (~4 pm} ot CIPs-TEOS 7 \;:f”"w&‘“‘.' e
2nd. layer of coating | Tetraethyl orthosilicate i ‘j’
! N (TEOS) * N
- ; [ s ‘ Q:orong;g.lhon ¥ N\ »/L%J "o
0' ; =~ fluorophore o { Yo 7—""/\\‘:‘:
e R ; 3-Aminopropylitriethoxysilane ./
Y ’ ’ EARINop (:z:',])-gls) R Atto 488 NHS ester
CIPs-TEQS-APTES CIPs-TEQS-APTES-Atto 488

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

To functionalizethe CIB-TEOS with APTES, we first equipped a 100 mL,
threeneck, round bottom flask with an overhead mechanica¢stirough the middle
neck, cold water condenseand themometer through the outer necks. 10 g of
prepared CIBTEOS with 80 mL dry toluene was pn@mogenized using ultrasonic
vibration ina water bath for 30 min. Then the mixture was pourngd the threeneck,
round bottom flask followed by injecting a sotutiof 1.2 mL of APTES in 5 mL dry

toluene via syringe under vigorous mechanical stirring. The reaction mixture was

18



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 powdeas collected by using a
permanent magnet upon cooling to room temperatureAPA&ES-coatedCIPsTEOS
(CIPSTEOSAPTES) were washed three times with anhydrous ethanol. The product
(CIPsTEOSAPTES) was dried at 60 °C for 24 h and collected.

Finally, primary amine reactive Atto 488 NHS estas usedo fluorescently
label CIB-TEOSAPTES through conjugation with the amine group on APTES. The
stock solution of Atto 488 NHS est@0 mg/mL)was prepared by dissolving 1 mg of
Atto 488 NHS estein 100 pL of anhydrous DMSO. To bind fluorophores on the
surface of CIB, 500 mg of CIBTEOSAPTES were dispersed in 9.99 mL of
anhydrous DMSO followed by adding 10 pL of stock solutdrtto 488 NHS ester
(with a final working concentration of 1@g/mL). To prevent photobleaching, the
reaction was completedn the rockein the dark for 6 h at room temperature. The
Atto 488 NHS ester labeled CG4HEOSAPTES was magnetically separated and
washed five times with anhydrous ethanol to remove-aomugatedfluorophores.
The final product (CIBTEOSAPTESALtto 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 (pol(dimethylsiloxane), PDMS) elastomer (Corning) abd
wt.% CIPs were used to dbricate silicondhased MRE. Based on the study by S.
Mandal et all%5 primary amine groupsind strongly tothe platinumthat is preadded
in the PDMS aghe curing catalyst which consequently leads to the deactivation of
the curing catalyst and retard the PDMS polymerizatiimrefore, we embedded 5

wt.% of CIBF-TEOSAPTESALtto 488(PDMS polymerization shown unaffectea)d
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45 wt.% of plain CIP ithe PDMSto make the tofaveight percentage of particles 50
wt.% in MREs. Briefly, Sylgard 527PDMSwas prepared by mixing 1 g of part A and
1 g of part B. Then, 200 mg of C4HEOSAPTESALtto 488 (5 wt.%) and 1.8 g of
plain CIPs (45 wt.%) were added in Sylgard 5SPDMS. The mixure was dispersed
for 1 min at 2500 rpm using FlackTek SpeedMixerThen 200 mg othe dispersed
mixture was poured inta 35 mm cell culture dish with glass bottom, degassed for 5
min in the dark, and cured for 24 h at 60 °C covered with aluminunTtodonstrain
the volume of MREs durinthe external magnetic field applied, we poured a thin layer
of glue on top of MREs in thglassbottomedpetri dish. Onceheglue solidifies, the
volumeconstrained MRE sample with fluorescently labeled CIPs is reafby

imaging.

2.2.3 Surface Composition Characterization of Modified CIPs

To validatethe deposition of the coatings on GlRhe surface elemenbf
functionalized magnetic microparticles weranalyzed by scanning electron
microscopy (SEM, Auriga 60 CrossBeaequipped withanenergydispersive Xray
spectroscope (EDS). The SHAMDS samples were prepared by fixing a snrmaimber
of modified particles on the doublsided carbon adhesive tape attactethe sample
stub. Thenthe air dust blower was used to remosgtra unfixed particles from the
tape. The holder containing sample was loaded in the vacuum chamber of SEM and

theelectron high tension dhe system was set to 3 kV to operate.

2.2.4 Magnetic Property Characterization of Modified CIPs
To determine the additioof coatings effect onhe magnetic properties of

CIPs, the magnetization measurement of coated and plain CIPs was performed on the
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vibrating sample magnetometer (VersaLab3W 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 samfe holder, andthe sample location was verified by mounting the sample on

the sample holder near 35 mm by usagamplemounting platform. After the system

was warmed up, the sample holder was carefully assembled into the sample chamber
until the centerig ring seats onto the top flange. The sequence was set up at 300 K

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

Electromagnet

LT N

Figure 2.2: Electromagnet mounted on the confocal microscopy sdgesamplen
the glassbottomedpetri dishwas fixed m the stage abowbewater
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 microscopyvere designed as shown irigure 2.2 The volume-constrained

fluorescently labeledMRE sample was placed above the confocal microgcop
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objective.An electromagnet (from GMW) was connected to an AgiEs83A power
supply operating in constant current modee current was tuned to appyfixed
magneic field from 0 to 500 Oe and back to 0 Oe with 250 Oe interval. The magnetic
field strength wherethe sample was located was measured using a gaussmeter
(Lakeshor€-410) before placingthe sample in the electromagnet setupstack
images were taken at each magnetic field using a Zeiss LSk880cal microscope
with a 20¢/1.0 water immersion objective lens. The resolution of eastackwas
1772<1772¢/28 pixels with a voxel size of 20€00x/410nn? and the acquisition
time for a full stack was thirty secondBo analyze the particle displacemernstf an
in-focus image was obtaindzeforeapplyingany magnetic field, and images cropped
around each particle were selected. A set of @@sscorrelationswere performed
using the cropped ifocus images of each of the selected partigssinputs to

determine the iiocus 3D position of each particle at every magnetic figdd.

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 thesGre a must. Since Siand 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 showirigure 2.3A the spectrum
showed thdron (Fe) in plain CIPs without any chemical treatment took up to 97.2
wt.% of the total weight witta significantly lower weight percentage ofx@yen (O)

existing. The extremely low amount ofx@yen (O)on CIPs challegedthe efficiency
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of the subsequent coatingsie 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 charatie elements in
TEOS, Si 6s presence with 1.2 wt . %gureal i dat
2.3B). More importantly, the significant elevation of O weight percentage indieates
increasing number of active hydrolyzed sitesreadded on CIPs tmathat on the

plain CIPs. The presence of Cl can be explained by the addition of HCI used during
the solgel process as a hydrolysis reagent. The effect of hydrochloric acid on the
magnetic properties of modified CIPs will be examined and discussed fiolltdveing
section. Last but not least, the CIPs functionalized with active primary amine groups
by APTES were assessed by the presence dfiglie 2.3Q. To visualize Atto 488

NHS ester conjugated CIPs, fluorescently labeled CIPs and plain CIPs wereatnixed
the abovementioned ratio in the soft Sylgard 527 PDMS on glessbottomedpetri

dish and detected by using Zeiss Axio Observer 7 with Apotome.2 at 40x/1.3 (oil
immersion) objective lens. Atto 488 conjugated CIPs in soft PDMS were observed in
green & shown inFigure 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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A CIPs C CIPs-TEOS-APTES

B D CIPs-TEOS-APTES-Atto 488

Figure 2.3: EDS analysis of (A) pla CIPs, (B) CIPSTEOS, and (C) CIRSEOS
APTES. (D) Fluorescently labeled CIPs in MREs imaged by/4aG (oll
immersion) objective lens.

2.3.2 Magnetic Properties Examination on Modified CIPs

The magnetic properties of Cdpdhsetor ef | ec
the external magnetic field variation which can be indicatethbynagnetic hysteresis
loop. A vibrating sample magnetometer (VSM)asused to examine the tendency of
CIPs and their modified particles to align with a varied external magndtiofigch
is quantified as magnetic momeriidure 2.4A. CIPs showeda saturation moment of
~200 emu/g at ~5000 Oe of external magnetic field. In comparison, the magnetic
saturation of CIRFEOS (blue curve) dropped to ~180 emu/g starting at ~5000 Oe
probaly due to the presence of hydrolyzed reagent HCI. Noticediymagnetic
saturation of CIRFEOSAPTES (orange curve) recovered back to ~200 emu/g as that

of CIPs. This might be explained hiie removal of HCI residues by the subsequent
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reaction with AHES in solution and washing steps performed on CIPs that was
validated in the EDS analysis on C{PBOSAPTES, which leads to less aggregation

of CIPs and higher magnetization alignment in response to external magnetic
field.°6:107 As the relatively mild reaction solution DMSQusedin the fluorophore
conjugation process rather than strong acid (HCI) involved in the first two steps of
coating, we did not perform the magnetic properties examination on fluorephore
conjugated CIPs due to idecal compositions and magnetic properties observed using

DMSO asasolvent for iron particles modification from previous studis'0?

A Sample Holder 8 — — SN
pee C1P8 g’ 200 ”
e C1Ps-TEOS 5 y/
ClPs- e S K
- /
g 100
=
Sample -20000 -10000 10000 20000

Magnetic field (oe)

Figure 2.4: VSM characterization of modified CIPs. (A) Schematic illustration of
VSM. (B) Magnetic hysteresis loop of modified CIPs.

In short conclusion, th&@ayerby-layer coating approach of TEOS on CIPs by
solgel methoddgollowed by APTES selflassembly on modified CIPs and fluorophore
conjugation illustrates a successful method to fluorescently label the CIPs in the soft

PDMS with insignificant change in agnetic properties.



2.3.3 Magnetic Field-Dependent ParticleMotion Tracking by Confocal
Microscopy

To probe the particle motion directlg, 3D particle tracking experiment was
conducted using fieldlependent confocal microscopy as illustrated aboNee
magnetic fielddependent motion for one of the particles is showRigure 2.5.The
particle movegprimarily along the applied magnetic fieldrection and the magnitude
of the particle motion ifarger when thexternal magnetic field@ is increased from
250 to 500 Oe than it is for the 0 to 250 Oe field step, thiedmotion is several
microns in magnitude ~2.5 um displacement along the external magnetic field
direction. The microscopy results hence confirm by direct observation that the iron
particles exhibit microsscale motion primarily along the applied magnetic field
direction withinthe soft Sylgard PDMSolymer. Moreover, our previous works an
two-dipole system of computational model also verified the mieobion of particles
along the magnetic field which were in qualitative agreement with our experiment

resultstoé
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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 withexMREs matrix
employingan effective particle modification approach and tracking techniques using
confocal microscopy. This validated the hypothesis we put forward that soft MREs
exhibited a widening magnetichysteresis looghat resulted from the padie motion
within the MREsmatrix. The experimental results shavidence ofCIP motion,
particularly moving along thedirectionof the magnetic field. Therefore, withdeeper
insight intothe physical mechanismof the MREs hysteresiswe canengineer MREs
for a variety of applications with confidence to meet our needs. In the following
chapters, we will unveil our discoveries tme versatilities of MREs based on their

unigue dynamicswhich allows us to promisingly apphthis materialto a broad

spectrum of biomedical applications.
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Chapter 2

A GRADIENT STIFFNESS PLATFORM TO PROBE CARDIAC
FIBROBLASTS SPATIAL -TEMPORAL BEHAVIOR AND MANIPULATE

FIBROTIC RESPONSES

Caq Z., Clark A.T., Vita, A., and CorbinE.A.

3.1 Introduction

Heart disease is the leadintpuse of death worldwide with pathological
remodeling of the ventricle, specifically left ventricular fibrosis, being pivotal in the
development of heart failufé® which results in 1.5 milion cases annually in the
United Statesand gives rise to a heavy hospitalization cost estimated at 351.2 billion
each yeat? Cardiac fibrosisarises from many cardiac disorders and diseases,
including coronary heart disease, myocardial infarction, chronic high blood pressure,
diabetes, and cardiomyopathy It eventuallyleads to the stiffening of myocardium
tissuedue to the accumulation afollagenous ECM that reduces heart compliance,
provides altered biochemical/mechanical cues, and changes electrical conductivity that
ultimately impairs cardiomyocyte function and leadsatchythmia®’-114117 Cardiac
fibroblasts, as a major contributtor myocardium remodeling, play an important role
in infarcted heart regeneration and functrestoration Inflammation reaction in the

infarcted tissue triggers cardiatbroblast activaion and migration toward the

8Cao Z. Clark ATVitaA.CorbinEA A A gradient stiffness p
fibroblastsspatiattemporalbo e havi or and mani p@nl ate fibro
preparation)

I
t
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infarcted border zon¥® Increased production of ECM secreted by the activated
cardiac fibroblast initiatesa reparative processo promote cardiac remodelifé®
meanwhile stiffensthe local tissue. The healthy remodeling procegsires 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
homeostatidike quiescent cardiac fibroblasts, which suppress E@gtesion and
cause decrease stiffness of cardiac ti$suelowever, the sustained chemical signals
and mechanical stress drive the advessel maladaptiveremodeling after Mi
orchestratedby pathologically activatedcardiac fibroblast{myofibroblasts)?! and
secreting excessive amounts of ECM, which leads to the stiffening of the myocardium
and impairs cardiac functiot?? Besideghe mechanical cues involved in the infarction
remadeling process, a variety of biochemical cues were also extensively stadiéd.
Particularly, TGHF , a profibrotic factor, pathway is among all the pathways the most
studial target for the treatment of M£:86.126A 83-01, a small moleculthatserved as

an activin recepbr-like kinases (ALKSs) inhibitor for TG type | receptors, stands

out as having a significant effecton inhibitingthe transcriptional activity induced by
TGFb, phosphorylation of Smad 2/3, suppress cell activation and ECM formation,
while meantime mait@in low cytotoxicityand less interference with cell proliferation

in the reasonable amount of administet?

To attenuate the adverse effects of sustained activation of cardiac fibroblasts
during myocardium remodelify wefirst need to dive deep into the investigatiortiod
spatiotemporal response of cardiac fibroblastdynamic environments and explore
the approaches to manipulate cardiacoblastbehavior and mitigate intense fibrotic

response accordingllthough novelinsights from 2D and 3D cell cultures indicated
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fibroblast plasticity and reparative capacdity, a good understandingf the
responsiveness of cardiac fibroblasts on the remodeling in a spatiotemporal manner is
still lacking. We want to unravehe complex behavior of cardiac fibroblasts during
cardiac fibrosis development. Additionally, as the early prelinical discovery
platform, most in vitro models are limited to static and irreversible
microenvironment81'53 whereas the myocardium experiences a continuously
changing environment durirttpe remodeling process. Thus, a tunable model is needed
to better mimic thedynamics of the infarcted heart tissue, study carti@oblast
behavior, and put forwarihterventiontreatments to alleviate fibrotic response that
can be potentially applied to future therapeutics.

In this chapterwe hypothesize that using MREg#e @n engineer a platform to
mimic dynamic stiffness gradient across the infarcted border region and observe the
inflammatory response of normal human cardiac fibroblasts ttwrieft ventricle
(NHCFV) in a spatiotemporal manner across this gradient stffsabstrat@ 128 130
Lastly, the capability of stiffness modulation for this platform allows us to mimic the
remodeling process by tuning off gradient stiffness, hencegsameompare different
intervention approachesrtgeting either mechanical or chemical cué& hypothesize
that both mechanical intervention by softening gradient stiffness and chemical
intervention by inhibitingthe TGFb p at hway whefibroticaesporsenal at e
cardiac fibroblasts, but these dvintervention approaches affect different biomarkers
in different ways, either competitively or cooperativdly.this part ofthe work, we
will systematically study the application of MREs in the gradient stiffness model
fabrication to meet our needs wmcapitulating the stiffness acrod®e 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 (NHFon the stiffness
gradient model and determine thacute response spatially (infarct and remote sides).
Last but not least, we will test the effectiveness and interaction of mechanical and
chemical interventions on the NHGF on our model that will give us guidance on
optimal integration of these two &Bments for cardiac fibrosis in a more targeted way,
which will eventually be used to translate into the potential therapeutical strategy for

the treatment of Ml and myocardial regeneration.
3.2 Methods

3.2.1 Stiffness Gradient Device Simulation

To design the MRE device coveringthe physiological tothe pathological
range of gradient stiffness withe infarct region over 100 kPa artleremote region
around 15 kPa, wefirst used a computational modelcombining COMSOL
Multiphysics (Magnetic Field, No Current Modulepd elastic modulus prediction
equatiof* 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.

O Minopxbo p@ Y (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, twpermanenblock magnets were placed on each
side of theMRE material Figure3.1). The geometry of the block magnets and MREs
is0.% (Wildt3m) (IDeOp.t5h0) ( Hei ght ) dmd (10 .60p 51d6)0( Wi
(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 kft and right block magnets are 1.18 T ahd 8 T in the airection, respectively.
Importantly, two magnets with the reversed magnetization directions were used to
manipulate and fix zero magnetic field strength point positiotheMRES 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 surfdee of
MREs subgtate. 21 pointsvith 0.5 mm distance intervallong 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 it equation mentioned above to calculate the predicted elastic modulus
of MREs atthecorresponding point. A gradient stiffness can be plotted by calculating
the series of points across the MREs using the same -atev@oned method.
Additionally, to obtan the computational results of various stiffngsadientsusing

the same setup, we simply need to tune the distance between magnets anéF&REs
instance, by moving two magnets closer to MREs with the same steps, we were able to

ramp up to a steeper $tikss gradient, and vice versa.

Unit: inch

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 agnets 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 blookagnetholders
were sketched in SolidWork#ie 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, I nc.) with d3iome(hDseDpotBhd) 0 He 0g b D)
press fit into the magnet holders with reverse magnetization directioren3iore
proper alignment obur sample and magnet placement inserted two aluminum
steel rods through the holes tesigned in botlthe sample reservoir anthagnet
holders and betweenhe sample reservoir and magnet holderdjfferent number of
3D printed spacers (each spasea s 0 . 1 0 ptadedincbktyeente acheeve the

desired gradient stiffnesBigure3.2).
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Sample Reservior Spacers

Block Magnets

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 cuen 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 micreindenter like that described by Rennie et®aland Schulze etld3? Five
points of interestvith 2 mmintervalsalong the direction of the gradient fratre 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 shdwiguire 3.3
and measured separately within the same device. Specifically, steep gradient (ST) was

set upby inserting four spacers betwetire sample reservoir and right magnet holder
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(the one withthe north pole of block magnet facing down), middle gradient (Ml) was

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

1A

Gradiest MREs

MI (Middle Gradient)

Blll""

SH (Shallow Gradient)

Figure 3.3: Schematic graph illustrating different stiffness gradient groups tuned to
be charaarized for the elastic modulus. (x denoted as the distance
bet ween magnets and MREs substrat e,
to achieve ST to SH gradient.)
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3.2.4 Surface Strain Simulation and Measurements

As discussed in Chapt2ythestiffening of the MREsesulted fronthe micro-
motion of CIPs within the polymer matrix. In this chaptegradient magnetic field
was applied on MREs instead afuniform magnetic field applied studied the
previous chapter. So, we would like to know if swcgradient magetic field will
cause any strain variation on the surface of MREs that could potentially be @pplied
cells. To examine the magnitude of strain caused by particle motion on the top surface
of ST, MI, and SH gradient groups, we conducted characterizdiyotvgo approaches
for comparison, experimentations and simulations.

Firstly, experimental measurement was performed by tracking fluorescent
beads displacement we embedded iathbronectin matrix that was used to coat
stiffness gradient MREs. Brieflyl um carboxylatemodified polystyrene bead
(Thermo Fisher) withblue fluorescencevere briefly vortexed before preparation.
Then 6.1 pL of blue bead stocking solution was added into pfdmL prepared
fibronectin solution in sterile 1x PBS to make the beads solution working
concentration of 4.4 10° beads/mL1 mL of fibronectin solution with blue beads was
added intahe 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 x PBS. To measure the displacement of beads under different stiffness
gradient conditions, no gradient (NG, without magnets applied) was initially used as
the referace to obtain the distances between two random fluorescent beads within the
field of interest across the device under upright fluorescent microscopy (20%/G.4 non
immersion lens). Therthe same device with different stiffness gradients (ST, MlI, and
SH) wasused to obtain the distances betwdwsame fluorescent beads as measured

in NG group. The strain was calculated usiw 2 where I is the distance between
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two beads on the gradient stiffness MREscOs the distance between two same
beads on the N®IREs. Five different fields of view were imagetl each position
(2.5, 4.5, 6.5, 8.5, 10.5 mnfiypr eachgradientgroup, and five differerteadpairswere
randomly selected at each field of view for measuremeiteatidistance. The strain

of each gradiengroup was expressed as mean + standard deviation.

YO i Qe =} (2)

Next, COMSOL Multiphysics was used to perform coupled model simulations
to verify the surface strain observed froexperimental 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 shdwiguire3.4.

The left, right and bttom 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, 8IMechanics, 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 2pdwb
couples (10Qum between two points) along the gradi direction were selected as for

NG before initiating simulation. Then, ST, MI, and SH groups were individually
simulated to measure the twoints distance change with respect to their initial
distance 100 um) in NG group. Strain can again be calcethtusing Eg. 2 in which

Dnc was predefined aB00 pmand Ds 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 nsurface biased distribution of fibronectin on MREs in
response to stiffness gradient variatidhge uniformity of fibronectincoated on
gradients and no gradient MREs was examined by immunofluorescent labeling.
Briefly, 1 mL of 10 pg/mL fibronectin(SigmaAldrich, F1141)working solution was
added ontothe MREs substrate followed by overnight incubation at 4 °C. The
fibronectin coated MREs were then incubated in 1 mL primary mousélanotiectin
antibody (SigmaAldrich) with a dilution ratio of 1:200 at 4C overnight. The primary
antibody labeled fibronectin MREwere then washed three times withx PBS
followed by incubation with 1 mL secondary AlexaFlour 488 goat-iotise
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 20x/0.4 nonimmersion 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. Regionsthie NG samplewereimagedfirst followed by gradient
configurations(ST, MI, and SH) using the sanMRE substrate and ensuritige same

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

was expressed asean * standard deviation in the a.u. (arbitrary unit).

3.2.6 Cell Culture of Cardiac Fibroblasts

Normal humancardiac fibroblasts from ventricles (NH8H (from 46-year
old male donor; Lonza, Walkersville, MD) were commerciallytained and cultured
in fibroblast basal medium (FBMgatalog no. CE€3131, Lonza)ncluding fibroblast
growth media (FGMB, Lonzg 10% fetal bovine serum, rhFGB (1 ng/mL)
recombinant human insuli(6 pg/mL), and 0.1 % gentamicin/amphotericiB. Cells
were maintained in a humidifieddabator at 37C with 5% CQ. Cells with passage

numbers between 3 andagre used for all immunofluorescence assays.

3.2.7 Biocompatibility of Gradient Stiffness Substrate

The biocompatibility of MREs with uniform stiffneskas already been
examined elsewhefé.The goalof this study was to investigate the NH®&Fviability
on MREs with gradient stiffness as well as gradient stiffness softening (in which this
approach was used asmechanical intervention that wibe explainedater in this
chapter) effect on the cell vidiby. The viability of NHCFV on stiffness gradient
MREs was measuredising a Live/Dead Viability/Cytotoxicity kit (lot no. 2369061,
ThermoFisher Scientifickor the static conditiof\HCFV was cultured omstiffness
gradient MREsat a seeding density @00 cells/mmwith FGM preparedas prepared
above for 24h. For the dynamic (softening) condition, NH&Fwas initially cultured
on stiffness gradient MREs at the same seeding density for 24 h, then magnets were
removed to soften the substraé®d cells vere cultured for another 24 h which were

denoted as SNG, MI-NG, and SHNG. NG served as control group.Tested
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sampleswere ncubated with 0.5 &M of afalcarcet omet
AM, green; | i v e )3 icdided(redideal) forl mirBir01B ©BS per

product protocol. The cellsere then rinsed twice with 1x PBS, and the samples were
immediately imaged on a Zeiss Axiolmag2 upright microscope with a 5x/0.16 EC
PlanNeofluar objectivelmages weraised for counting and calculagj the densities

of cells in thefluorescein isothiocyanate (FITC, green; live) and the TRed (red;

dead) channels. The ratio of integrated densityhm FITC to Texas Red channel

defined the cell viability Five different fields of view were scannethd assessed to

obtainaverage cell viabilityfor each group.

3.2.8 Immunostaining of Cardiac Fibroblasts

To evaluate spatiotemporal behavior of NHZFon the stiffness gradient
MREs in terms of their morphology and phenotypic conversiomfixed the cells
with 4% (v/iv) paraformaldehyde (Sigrdddrich) in 1x 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 1x PBS for 5 min. Aftéxation and
permeabilization, cells were eithert a i n e-8MA forofa ¢ tJi n -:SMA; oells U
were incubated with theouse antlbs moot h muscl e -SMAtSigma ant i bo
Aldrich, 1:500) at 4 °C fridge overniglibllowed by two washes with 1x PBS and
incubated with goaantimouse Alexa Fluor 488 Ir{vitrogen, 1:500) at room
temperature in the dark for 1 h. Feadtin, cells were incubated with phalloidin 488
(Invitrogen, 1:200) for 10 min. The samples were then washeg with 1x PBS and
incubated with NucBlue (Hoetch83342, ThermoFisher Scieéfit) for 10 min. The

final samples were washed twice with 1x PBS and imagped Zeiss Axiolmageh2
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upright microscop with a 20x/04 nonimmersion objective lens. At least five

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

3.2.9 Gene Exression Analysis by gPCR

Total RNA was extracted from cells on tls&ff and soft side (inspired by
infarcted and remote region in the human infarcted headpectively of MREs
substrate using PureLink RNA Isolation kit (Invitrogen) according to mantufai r e r 0 s
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 extractionThen collectedRNA was reverse transcribed to cBNand
the realtime quantitative PCR was performed using SnesiFAST SYBIRBX One
step kit (Thomas Scientific). All data was normalized to the h&esping gene
GAPDH. Primers sequences are listed belowable3.1. Triplicates were measured

for each goup and data were presented as mean + standard deviation.

Table 3.1 Primer sequences for q°PCR

Gene Forward Sequence Reverse Sequence

ACTA2 CTATGCCTCTGGACGCACAACT CAGATCCAGACGCATGATGGCA

COL1A1 GATTCCCTGGACCTAAAGGTGC AGCCTCTCCATCTTTGCCAGCA

COL3Al1 TGGTCTGCAAGGAATGCCTGGA TCTTTCCCTGGGACACCATCAG

MMP1  ATGAAGCAGCCCAGATGTGGAG TGGTCCACATCTGCTCTTGGCA

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTIGCTGTAGCCAA

3.2.10 TGF-i Analysis by ELISA
Cell supernatant was collected from infarct and remote side of MREs after 24 h
culturing. RayBio HumadGFb 1 ELISA kit (RayBiotech, Inc.) was used to perform

the measurement FGFb concentration. Sample solution was-paivated by 1 N
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HCl and 1.2 N MOH/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 immunabsorbance rate at 450 nm for both sample solution and
standards were read out and theaatration 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 Spatiattemporal Experiment Design

The overall goal of this study is to investigate tleata spatiatemporal
behavior of NHCFV 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 anhnhsigo the
potential treatments to optimally mitigate fibrotic response of cells after Ml and
remodel the heart in a healthy manner. As showkigare3.5, asfor static condition,
6, 12, 24, and 48 h after NH@Fseeded on both ST (Gradient) and M@re 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 dokagds
with A 83-01 by blocking TGE pathway. Combined intervention refers to A-@&B
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, NH®&Fwas precultured 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 1uM 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 uM A 83-10 media at 24 h time point, cells were cultured under such condition

for another 24 h.
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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 meationed above, computational results obtained from COMSOL
simulation and curve fitEq. 1 facilitated the development and customization of
stiffness gradient devicéigure 3.6A showed the color plot of steep magnetic flux
density gradient applied on theptgurface of MREs from the top view. The lafind
side of MRESs region exhibited highest magnetic flux density while the-nightl side
of MREs had lowest magnetic flux density because théhkfd side region of MREs
was closer to the left dominant magn 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 stéés MREs were analyzed across the
substrate regarding their magnetic field val&ggre 3.6B). The magnetic field of

three different groups, ST, MI, and SH had three distinct magnetic field gradients,
which went up from O mT to 214, 144, and 99 mT, retpely. 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 me&g field intoEq. 1,we
predicted the elastic modulus variation for different gradients across the MigH=e(

3.6C). Again, the elastic modulus of ST, MI, and SH gradients exhibited gradient
variations going up from 15 kPa on the rigfand side of dustrate to 161, 81, and 47

kPa on the leftand side of substrate. The elastic modulus of NG maintained 15 kPa
across substrate calculated from Eqg. 1 with zero magnetic field strength as an input.
The elastic moduluf gradient substratshowed a noflinear 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 modeshowing 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 (0O mm started from the left
hand side of MREs) extracted from COMSOL results. (C) Predicted
gradient elast modulus for each group calculated from the Eq. 1. (D)
Stiffness gradients measured by migsrdentation 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 poistacross the substrate using migrdenter 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 fram the left haneside of sample

reservoir wall. The elastic modulus of ST, MI, and SH gradients jumped up from ~17



kPa to 130, 70, 45 kPa, respectivelyglre 3.6D). After removing the magnets, the

soft substrate without gradient stiffness had elastic modulus of ~15 kPa across the
substrée. 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 meniscusormed 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 eperiencing 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 rigiiand side of reservoir also had meniscus, that
region experieced 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 hege 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 tisue softening during healthy remodeling process after Ml. This will be

discussed ithe laterpart of this chapter for dynamic interventions.

3.3.2 Surface Strain Simulation and Measurement
To perform the validation tests on physiological surface strain rangeian
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
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stiffness gradient modulation. The field of displacement revealed top surface of MREs
primaily moved towards soft regiorFigure3.7A). In experimental verification setup,
fluorescent beads were embedded in fibronectin coating solution and applied on the
gradient MREs surfaceFigure 3.7B). The absolute value of surface strain from
simulated andexperimental results were compared side by diigu(e 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 ofMRE strain for all studied stiffness gradients as tested Wwasdower

than the reported value (~15%) that caused fibroblasts to disassemble and potential
death!33® Thus, the range of surface straimat occurred during stiffness gradient
modulation fell into the safe physiological range whighs not e)pected to cause

potential cytoskeletalisassemblyand cell death.
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Figure 3.7: Surface strain examination during modulation of stiffness gradients. (A)
Front view of the crosssectional area of MREs displacement field
simulated from COMSOL coupled models. (B)ufn blue polysyrene
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 questiorihat aroses whether the uniformity of coated fibronectin on
gradient MREs will be changing during gradient miadion which would potentially
lead to biased celmatrix interaction. This potential fibronectin uniformity variation
might be coming from the surface strain as @iscussedabove. To answer this
guestion, we fluorescently labeled fibronectin layer ordigrat 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 maidtaihe-8000 a.ym?
acrossthe substrate Kigure 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 positiooraj 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 WYIREs surfacestrain that eventually led
concentration ofthe surface layer of fibrogctin unchanged* Surface contraction
results in a compact fibronectin fibril structure, while surface stretch results in an
extended structure®® Our results suggest that the top surface of the fibronestér,|

where cellmatrix interaction occurs in our 2D model, is distributed uniformly.
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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 imageBigure 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. Thetificetion results Figure
3.9B) illustrated thathe dynamic substrate maintained high cell viability above 96%.
Moreover,there was no statistically significant difference observed among gradient
groups afterstatic24 h anddynamic48 h. Therefore, thisesult indicated thaboth
stiffness gradients and gradisrgoftening process maintainédyh biocompatibility

on NHCFRV and no statistically significant changescell viability were observed for

the stiffness gradients softening process.

24 h

Remova
Grackent

un wr

Figure 3.9: NHCFV biocompatibility on static gradients and dynamic gradients
(softening by removing gradients). (A) Fluorescence imagfesve
(green) and dead (red) cells on the MREs. (B) Quantitative results of cell
viability on the gradient MRESs for both static andndynic conditions.
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50 um). (B) Heat map of normalized results on number percentage of
activated cells. (C) lllustration of gradient cell activatiorroas the
substrate at 24.

3.3.5 Spatialtemporal 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 @uedinclusion of a
stiffer infarct region anda softer remote region within the same substrate. This
allowed us to dive deep into the questmif such spatiadifferencesin substrate
stiffness will trigger the cardiac fibroblasts behavior differently, and if so, haw th
temporal factor impacts the dynamic behavior of cardiac fibroblasts. To answer these

guestions, we set up an experimentitst evaluate the cardiddroblastactivation on
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the stiffer and softer sides of gradient substrate that can reptesssiiffness of

infarct and remote tissue in the infarcted heart, respectively. As the biomarker for
cardiacfibroblasta ct i vati on, cardiac fibroblasts wi
and soft regions were illustrated kigure3.10A at 6, 12, 24, and 48 fihe zoomeeén

image showed a single cardiac fibroblast withturedUS MA f i bers (st ai n.
that was used to count as an activated cardiac fibroblast. The percentage of activated
cardiac fibroblasts number was maintained at ~12% across the soft NiGasbsad

stayed unchanged for 48 h (data not shown). The quantification of activated cardiac
fibroblastsin ST groupwas shown inFigure3.10B in the heat map expressed as the

fold change normalizing to the average percentage of activated cardiac Sbsobla
numbers orthe NG group. The fold change in activated cardiac fibroblasts on the stiff

region was statistically significantly highgy € 0.001) than those othesoft region at

eachtime point Additionally, both stiff and soft regions increased the activated

cardiac fibroblasts from 6 h to 48 h, whdre stiff region elevated the activated

cardiac fibroblasts fold change from 2.1 to 2.7, and fold change of activated cardiac
fibroblasts changk from 1.5 to 2.0. These findings demonstrate that the activation of
cardiac fibroblasts identified by USMA fi
variation but also an increase in an adutes frame Noteworthily, stiffness gradient

also inducedhe gradient change then umber percent age of US MA
fibroblasts across the substratég(re 3.10C). The number percentage of activated
myofibroblasts by identifying USMA positi.\
mm), decreasetb 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 trgme 0.002) in myofibroblasts activation
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correspondgo the decrease of stiffness on ST substrate from stiff to soft side. Thus,
the gradient stiffness substrate was shown to not only drive the dpatjabral

difference in cardiadibroblast Factivation but also induce a gradient cell activation

across theubstrate.
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Figure 3.11: gPCR results showing the spatieimporal variation of fibrotic genes
expression on ST including (A) ACTA2, (B) COL1A1, (C) COL3A1,
and (D) MMP1. (R and | denoted as remote and infarct region,
respectively. Significance is indicated By*, and4% which is compared
with 12, 24, and 48 h, respectively, within each region.)
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Various fibrosisrelated genes were used to be determined as early indicators
of cardiac fibroblasts fibrotic response including ACTA2, COL and MMP. We
examined spatigemporal 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(Rigure 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 (
0.005) and decreasp € 0.04) in ACTA2 expression fordbh 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 | arlhgen type
1l 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 ongradient device, though their expression on stiff region was higher than that
on soft region Kigure 3.11B-C). Both COL1A1 and COL3A1l expressions were
unchanged at early time points from 6 h to 12 h. Interestingly, COL1A1 expression
upregulation exhibitedmore responsive and peaked at 24 h with significantly
upregulation § < 0.02) on both stiff and soft regions than COL3A1 expression. But
both COL1A1 and COL3A1 were significantly downregulatpd<(0.0005) on both
regions at 48 h which might be due to thigestion from secreted and accumulated
MMP1 enzyme. We next examined the spaeahporal 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 hotb regions which
explains the COL1A1 and COL3A1 expression staying upregulated at the beginning
(Figure 3.11D). With the expression of MMPL1 starting to significantly incregse (

0.001) from 6 to 12 h, COL1A1 and COL3AL expression did not show ansspo
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 expresion 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 COL3Al
expression exhibited a robuspatialtemporal regulation which was corresponding to

the MMP1 expression change. Such findings also demonstrate that cardiac fibroblasts
behaved dynamically on our stiffness grad

regulation in a spatidemporalmanner.

3.3.6 Dynamic Response of Cardiac Fibroblasts at 24 h

The aim of this section is toconductvarious experiments that assess how
cardiac fibroblasts respond to gradient stiffness over 24 h. The goal is to identify the
possble reasons for the spatiallyistinct behavior of the fibroblasts with regards to
their activation and spreading aré&iince abovestudied fibrotic genes demonstrated
the robust response at 24 h time pantd less celktell interaction at 24h compared
with that at 48h with higher colufency, 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 ofd€tin spreading area of cardiac fibroblasts was

significantly higher a the stiff infarct region than that on soft remote regiéigyre



3.12A) . Similar to the results shown in th
positive cardiac fibroblast number was significantly higher on the infarct region than

that on remoteegion Figure 3.12B. Additional to the stiffnesdriven activation of

cells, the spreading area results indicated that larger cell spreading area on stiff infarct
side of gradient substrate mi g ht al so i

polymerization which was used to count as activated cardiac fibroblasts, while

small er spreading area of cells might supr
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Figure 3.12:Fluorescence images and quantitative plots-attin spreading area (A)
and activated NHCH (B) on STat 24 h(scale bar, 10Qm).
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To investigate the chemical signals involved in spatial difference in cardiac
fibroblasts behavior, we examined the secretion of TGR cardiac fibroblasts.
Previous research mostly concentrated onT@é~b d o Sfacy an celi?>°0.124
while neglecting the measurement of F8Becretion level from different cell types,
especially cardiac fibroblasts as the major cell type to remodel and reconstruct
infarcted heart. We are interested in investigating -BGEecréion in cardiac
fibroblasts and their spatial difference in our gradient device, with which we can
postulate TGHb, as one of the driving factors, contributes to the spegmporal
difference in cardiac fibroblasts behavior on the stiffness gradienteend it can be
potentially used as a drug target to alle
were collected separately from infarct and remote side of the gradient device and
performed ELISA analysis for extracellular level of T®Fsecretd by cardiac
fibroblast. Noticeably, we observed cells from infarct side of substrate secreted
significantly higherp < 0.02) level of TGF b than those from remote side after 24 h
(Figure 3.13. TGFb 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 TGE but also reports a dynamic secretion level of TGR
the same device with gradiestiffness 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 TGFb secretion ca explain the dynamic spatial behavior of cardiac
fibroblasts as we found previously. Most importantly, validation of T&Ecretion in
cardiac fibroblasts paved the way for our chemical intervention treatment usinf TGF

pathway as the target in the fadling section.
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3.3.7 Probing Cardiac Fibroblasts Activation Response to Mechanical and
Chemical Intervention

The dynamic experiments were conducted sptgiaporally 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
interventon point for the different approaches including mechanical softening
(gradient stiffness softening), drug dosage (A-083dosage), and the combined
(softening and drug dosage). Again, the same biomddsélA, as discussed in the
static experiments was e to be examined in the dynamic experiments to probe the
activation changes after each intervention approach. Cardiac fibroblasts stained with
USMA antibody were imaged on remote and
different intervention approackeincluding 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 netreated groupat the 24 h time pointp(< 0.05. This means
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that all interventionapproacheswere shown to be effective in lowering down

f ormation of USMA fibers in cardiac fibr
intervention approaches, mechanical intervenbgrsoftening had significantlyp( <

0.02) lower percentage of activated cardiac fibroblast®berthan that in chemical
intervention by drug (Figure 3.14B. Unlike the spatial differences on activated

cardiac fibroblasts percentage between remotdrdactt region observed in the static

temporal experiment discusseabove we did not observe statistically significant
activation difference between remote and infarct regions for treatment approaches.
Possible explanati on idewventioy A B3] wasadosefl or t h
uniformly within the whole device without biased concentration difference between
remote and infarct regions, which might contribute similarly to lowering down
activated <celll percent age i nintewentiorhther e gi on
deactivation of cells to the same level could be coming from the same physiological
stiffness that substrate appliéal cellson both regions after softening. It is also worth

noting that the percentage of activated cardiac fibroblastoompioed intervention

laid in between those by drug asdfteninginterventions on both remote and infarct

regions. To evaluate the contribution of drug anéteninginterventions on the overall

combined, we calculated thelativefold change of activatedells number percentage

by drugsofteningintervention to those by the combined interventibimedistribution

result (Figure 3.14Q shows for both remote and infarcegions peak of mechanical
intervention by softening shifted below 1 whereas peakheimical intervention by

drug dosage shifted above Qverall, our results demonstrate that séeningand

drug interventions contributed competitively to the combined interventions to lower

down USMA positive cell percentagevhereindividual effect bysoftening and drug
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mainly contributed to lower and elevate the combined values for both regions,

respectively
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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 chemaaig), mechanical (Softening),

and combind (drug + Softening) interventions. The purpose of this study was to, 1).

Detect differentgene regulations to the external environmental modulations. 2).

Examine how the individual effectf chemical or mechanical interventions contribute
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to the combinedintervention, do they work competitively or cooperatively? Such

findings will facilitate future integrated treatment approaches for a better therapeutical

effect.
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Figure 3.15shows that drugntervention (A 8201) induced significantly
higher expression of ACTA2p(< 0.0001) andMMP1 (p < 0.02) than mechanical
intervention (Softening) didit is also worth noting that the expression of both genes
treated by combined interventiday between the two individual interventions, which
meansthat there existed a competitive effect dfose two interventions. To quantify
the competitive effects of each intervention on the combinegfvention we again
calculated therelative fold changeof ATCA2/MMP1 expression from individual
interventionto combined interventianThe relative combirtéon effect plots show that
the softening effectay below the combined whereas the drug effect laid above the
combined on both regiongVe found that there was significantdifference between
the contribution of chemical and mechanical interventionh#® dombined for both
ACTA2 (p = 034 and MMP1 p = 059) expression. These results indicate that
chemical and mechanical interventions under given conditions worked competitively
and contributed equally to the combined intervention fittv@ opposite dirg@®n.

Similarly, the expression of COL1A1 and COL3A1 have been measured in
terms of different interventions. Agaithe expression of COL1A1p(< 0.0001) and
COL3Al (p < 0.0001) treated byhemicalswere significantly highethan those
treated bysoftening Figure 3.16. Notice thattheexpression oCOL1Alinduced by
either intervention ar®wer than those by the combined interventaanboth remote
and infarct regionthe same as the expression of COL3A1 on the remote region.
However, theexpresion of COL3AL1 on the infarct region treated by A-@Bwas
higher than that treated by combined intervention, whereas softening lowered
expression of COL3A1 below that by combined interventi®pecifically, both

chemical and mechanicahterventionscontributed cooperatively to the combined
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intervention on COL1A1l expression. Thelative combination effectbetween
individual and combinedhtervention revealshat fold changeexpressiorof COL1A1

by drug intervention had significantlyp(< 0.008) close proximity to that by the
combined treatment compared wisbfteningintervention.Thus, drug intervention

had a dominantcontribution on the combined thaofteningintervention forCOL1A1
expression. On the contrary, the expressioilC0L3A1by chemical and mechanical
interventions contributed differently to the combined intervention regarding different
regions. In the remote region, we fouddug and softeninginterventionsworked
cooperaively, with drug intervention contributing significantly @ < 0.05 largeron

the combined treatment thawofteningintervention. Whereas, in the infarct region,
these two individual interventionsworked in an equbl (p = 0.14)competitive way to
contribite 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 oBOL1/3 expression, chemical
intervention contributed fger than mechanicahtervention if they worked in a
cooperative waythey had equal contributiomo the combined intervention if they

worked in the competitive way.
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expression by chemicaD¢ug) 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 nstance, 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 tiervention regarding the expression of ACTA2 and MMP1.
However, these two induvial interventions contributed differently to the expression of
COL1A1 and COL3A1l on their combined intervention, where cooperation was
observed for COL1A1, and both cooperatanmd competition observed for COL3A1l
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 directmthe 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 utrafahdamental
roles they played on the fibrotic behavior of cardiac fibroblasts after Ml occUined.
results suggested that the dittrotic drug administered in our study had a complex
effect on the cells behavior with the changing microenvironmemting Ml
remodeling processegardingthe spatial difference in the tissaffnessand different
biomarkers testedThe great tunability othis device allovs us to uncover drug and
microenvironment interaction on a variety of cardiac cell types anehpally reveal

optimal therapeutistrategiegor the treatment otardiac fibrosis.

3.4 Conclusion

Emergent spatialand timedependent behavior such as those experienced
postMI 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



device #low us to investigate the spatt@mporal response of cells to the stiffness
difference in one device. Moreovén, situ tunability of stiffness for MREs enables us

to soften the gradient stiffness, thus, allowing us to mimic stiffness gradients variatio
potentially experienced during tissue remodeling. With the-gk@rving need for
costeffective and pathophysiological relevant methods for drug testiityo, being

able to screen and identify drug efficacy that potentially synchronizes with meadhanic
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 spatialand timedependent phenomena including durotaxis, whereby
the duration of time at a particular stiffness gradient affectgeloeity and direction
of cell migration. The presented material adds multiple levels of functionality beyond
previously developed mechanical gradient models: (1)-tiegendent studies of
threshold development of phenotypes, (2) physiologically relevadirectional

control of the stiffness gradient, and (3) incremental changes in the stiffness gradient.
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Chapter 4

BIOMIMETIC SUBSTRATE TO PROBE DYNAMIC INTERPLAY OF
TOPOGRAPHY AND STIFFNESS ON CARDIAC FIBROBLAST
ACTIVATION ™

Caq Z., Ball, JK., Lateef A.H., Virgile, C.P., and CorbinE.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 suréacfall 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 aft silicone elastomer with topographic surface
patterning. This substrate can be used for cell culture to investigateesinotellular
responses to dynamic stiffening or softening and the interaction with topography that
encourages cells to assume acic morphology. We investigated shogrm 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 induxelifferent effects on the alignment and activation or

deactivation of myofibroblasts. Cells cultured on patterned substrates exhibited a more

*%
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aligned morphology than cells cultured on flat material; moreover, cell alignment was
not dependent on substrat&éfness. 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%), inditiag 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 inveg#ting biological processes, such as the

development of fibrosis.

4.2 Introduction

Cardiac tissue, poshyocardial infarction (M), exhibits a continuously
changing local mechanical microenvironment or remodeling of the £&¥137
During the healing process pddt, there is an in@ase in the amount of collagen as a
scar forms that alters the mechanical properties of the remodeling!tiskite
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 contractibrin 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 stred4%, and it is therefore suspected thagéartopographic 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; howeviehas 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 fibrofs®>.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 topographgnd stiffness in an in vitro model of pes#tl 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 uniqueays.

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 capabiiity i
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 byysimpl
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 wean create an easy-use, reproducible, andost
effective technique to fabricate micropatterned MREs with tunable stiffressan
alternative to using conventional Sylgard 52Whe base elastomer as we used
previously, we chocse the commercially available Ecoflex Gel as the elastomer
componentdue to itsreserving ofhigh micro-feature fidelity after moldingwe also
hypothesize that cardiac fibroblasts behave differently in response to the topographic
and stiffness cues regardintheir activation and alignments, additionally, the

micropatterning features will further augment the cardiac fibroblasts activation on the
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stiffening substraten this part of work, static experiments on the cell activation and
alignment were performednder the four conditions, soft unpattern, soft pattern, stiff
unpattern, and stiff pattern, which provi
effect on the cells. Temporal investigation was conducted by precondition cells on the

same baseline, eithenpattern or pattern, before performing any changes in stiffness,

better mimickingin vivo conditions of ECM preand postMI. By performing such

temporal experiments, we can investigate the dynamic response of cardiac fibroblasts

activation and probe tiranterplay on the cardiac fibroblast.

4.3 Methods

4.3.1 Dynamic Micropatterned Substrate Fabrication

MREs were made from Ecoflex Gel (Smoddm, Inc.), a skirsafe product
that has been widelyused for various applications, such as prosthetics and orthotic
devices in order to accommodate the micropatterrpngcedure. To facilitate molding
procedures to replicataicropatterns on the dynamic Ecoflex Gel MREs (or Sylgard
MRESs), which are super hydrophobic and sticky, an agaroskling method
previously used in soflithography washosen in this study for ease of pe#l, mild
preparatiorconditions, and high reproducibilt$?. We follow the approacklescribed
by Mayer et al. and used a higtrength, 2 wt %agarose gel to ensure the stability of
patterns during transfer &sature integrity is preservétf, unlike softer gels of lower
agarose concentrationBriefly, photolithography was used tgrepare masters
containing microchannels of SU8 photoresigts t h wi dt h of 40, 60, a
dimensions are nobnly conparable to the diameter of collagen fiber bundles

comprising the extracellular matrix diameter fibrosis but #fsoorder of magnitude
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of cardiomyocytes and myocardf#bers. Sylgard 184 PDMS (Corning Inc.)afl0:1
base to curing agent ratio was regled on thehotolithographic masters. Then, 2 wt
% hot agarose solutiowas prepared and casted onto the Sylgard 184 PDMS mold.
The PDMS mold can be easily separated from the soliddgalose gel due to the
hydrophilicity of agarosdFigure 4.1). Magnebrheological elastomers prepared with
Ecoflex Gel(EcoGel MRES), 50 wt % carbonyl iron powder (Chemical Store),2&nd
wt % Thinner(SmoothkOn, Inc) werecaston microchannel featuremarose and cured
at 60 °C for 20 minThe agarose gel wakenseparated from the polymerized EcoGel
MREs. After placing the EcoGel MREs into a 35 mm dish, we backfilled Sydard
PDMS (10:1, base to curing agent ratio) into suerounding area-eatures of the
micropatterned materialsvere compared with patternsn oMREs created with
conventionalSylgard 527 PDMS (Corning Inc.), which we uses shown in last
chapter and were prepared utilizing the samairogel molding method as described

above and cured at 8C for 24 h.
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Figure 4.1: Overview of the micropatterning ahagnetorheological 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. (§ 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 transfefestures on our patterned
MREs, we used whitdight interferometry (WLI, Veeco Wyko NT9100), a non
contactoptical surface profile measurement to preserve the sustaceture, which
we utilized to characterize our opague MREA 10x objective lens was used
observe the surface structure. We measuredutiaceprofile under both magnet and
no magnet conditions. Tmeasure the surface profile of micropatterned features under
a magnetic field, we applied a disc axially magnetized N42od y mi um maghnet

di amet er, 0 . Nagnetticst Ihci) anklethe patedned MREs. The center
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line perpendicular to the channel direction in the scan imagehasen to analyze the
z-direction height change profile Mision software.

We also characterized the roughness of the EcoGel BiRiace using WLI.
The meansurface roughness (Ra) of tlkeoGel MRE surface with and without a

magnetic field appliedvas cal cul at ed over a 50 em I

4.3.3 Feature Fidelity Analysis

Upon first inspection of the Sylgard 527 MRE patterning, the features were not
well defined afer the molding process. The long curing times of the Sylgard 527 can
cause distortiorof the features through the slow movement, or drift, of the iron
particles. This is especially relevaas our curing process is (1) inverted onto the mold
and (2) our mil is extremely hydratiorsensitive, meaning it will shrink in response
to heat during the curing period. Therefore, agsessed a different material as the
base elastomer for our MRES, EcoGel, to improva¢peoduction of pattern features.
This was propsed in order to reduce the curing time, in whioé EcoGel MRESs cure
within 20 minutes compared to the overnight cure time of the SylgardVB2Es.
Both Sylgard 527 and EcoGel MREs patterns were analyzed using white light
interferometry (WLI). We compard the reference PDMS 184 mold to baithe
EcoGel and Sylgard 527 MREs. First, we aligned the features of the PDMS 184
reference tahe MREs using a cros®rrelation algorithm. Second, we examined the
residuals between theeference and each of the MRHESnally, we determined a

resolution as definelly the standard deviation of the residuals.
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4.3.4 Mechanical Property Measurements

The shear andelastic moduli of the uwpatterned EcoGel MREs were
characterized both with and without an applied magnéiedd. Rhedogical
characterization was performed with a DBHheometer (TA Instruments) using a 25
mm circular parallep | at e geometry to extract shear
modul us (Gnj) . The f r equmapeties whehpracterdeeln ce of
with a frequency sweep from 2 0.02 Hz at 2% strain, whereas the strain
dependence waharacterized with a strain sweep from 2 to 22% at 1 rad/s.

The elastic modulus of the ypatterned EcoGel MREs waseasured on a
custom microindentethe method of which was described in the last chaprafly,
for the indenting probe, a @m diameter ruby sphere was attached to a calibrated
titanium cantilever and indentation force and displacement weeasured by a
capacitance probe (Capacitec)daaptical, linear encoder (Renishaw). Indentations
were performed at 8 m/ s wit h target |l oad at 3 mN t
curves. Using the classical adhesive contact model by Jolatsaln the unloading
curves were fitto extract theelastodu | us and wor k of adhesi on
contactpairt44. The elastic modulus of both soft and stiff-patterned EcoGel MREs
were expressed as mean * standard deviations.

To obtain the elastic modulus of the patterned EcdBRES, we performed
nanoindentation tests on the top dudtom of microchannels usingBauker bioscope
catalyst atomic force microscope (AFM) equipped with a Bruker SAASRHM
probe (0.236 N/ m an dip). A digitad midroseopegDinghite) sp her i
was mounted on top ehe AFM header to visualize the probing location. Ramp mode

was performed with a forwarcdahr eaveras eofv el o
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e m. El astic modul uhe retraatisn canze lfitted byathe élertzigh r o m

contact model usinanoScope Analysis software

4.3.5 Cell Culture of Cardiac Fibroblasts
Normal human cardiac fibroblasts from ventricles (NHEZFfrom the same
donor as the ones used in the previous chapter were incubated and cultured in the same
condition. Prior to seedingells on EcoGel MREs, the surface of the substrate was
sterilized with 70% ethanol for 20 min followed by three timesshing with 1x
phosphatéuffered saline (PBS). Aftersterilization, EcoGel MREs were
functionalized with fibronectit 10 &€ g/ mL) overnight at 4 AC.
The viability of NHCFV on EcoGel MREs wameasuredising a Live/Dead
Viability/Cytotoxicity kit (lot no. 2369061,ThermoFisher Scientific). NHCN was
cultured on EcoGeMIREs at a seeding density of 200 cellsAnwith FGM prepared
above for 24 and 48 h. Tested samples werecubat ed w i &nh 0.5
acetomethoxy derivative of calcelnc al cei n AM, green;-31live)
iodide (red;dead) for 15 min in 1x PBS per product protocol. The sedse then
rinsed twice with 1x PBS, and the samples wemaediately imaged on a Zeiss Axio
Imager upight microscopewith a 5x/0.16 EC Plaieofluar objective. Images were
used for counting and calculating the densities of cells in flherescein
isothiocyanate (FITC, green; live) and the TekRad (red; dead) channels. The ratio
of integrated densitynithe FITC to Texas Red channel defined the cell viability. Ten

different fields of view were scanned and assessed tanabtarage cell viability.



4.3.6 Immunostaining of Cardiac Fibroblasts

To evaluatestiffness and topographylependent structural and pheyyt
conversion of NHCF/ on micropatterned EcoGel MREs, Wiged the cells with 4%
(viv) paraformaldehyde (Signraldrich) in 1x PBS for 10 min and permeabilized with
0.1% (v/v) Triton X-100 (Sigma Aldrich) and 1% (w/v) bovirgerum albumin (Sigma
Aldrich) in 1x PBS for 5 min. Aftefixation and permeabilization, cells were either
st ai neSMA bréa c tUi n-SMAFoeells wek incubated with theouse antl-
smoot h muscl e éSMA, | SgmaAldrith] b5O@) yat 4(°0 fridge
overnightfollowed bytwo washes with 1x PBS and incubated with garaimouse
Alexa Fluor 488 (Invitrogen1:500) 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 washeaglice with 1x PBS and incubated with NucBlue (Hoetchst
33342, ThermoFisher Scientific) for 10 mifhe final samples were washed twice
with 1x PBS and imagedn a Zeiss Axio Imager upright microscope with a 20x/0.5
NAchroplandip-in objective, with NO5 images in the statigtiffness culture set and

N O10 for the dynamic platformstiffness set.

4.3.7 Quantification of Cardiac Fibroblasts Activation Alignment

Myofibroblast activation was determined through manually identifyifg
number of activated cells, n d i ¢ a-SMAdstressyfibetdrmation, and determining
the percent activated from thetal cell count, indicated by the nuclear stain
(NucBlue). Atleast five regions of interest were imaged and calculatedaidr group.
Cardiac fibroblast directiomaalignment was determinedelative to the pattern
direction. The bottom of microchanneid$ the material was identified under bright

field microscopyand the direction of channels was aligned vertically wtegsturing

7€



both brightfield and fluorescence iages. Phalloidinvas used to stain theatctin of
cardiac fibroblast for analysi$he long axis of actin cytoskeleton was identified, and
we defined alignment of individual cells by the angle betweendhg axis of actin
filament and direction of the mrochanne(vertically aligned in our study). The angle

of alignment wasalculated by using ImageJ software.

4.3.8 Dynamic Experiment Design

To better understand théemporal changes in cardiac fibroblast cell
phenotypes, wperformed dynamic experiments thréugodulating stiffnestor both
un-patterned and patterned EcoGel MREs with qakscultured on substrates for 48
h. In the matrixstiffening experiment, cardiac fibroblasts were cultured on soft
unpatternedand patterned EcoGel MREs for 48 h followedibgitu stiffening of the
substrate by applying external magnélslls were fixed and stained after 1 and 3 h on
the stiffenedsubstrate to quantify activation. For the matoftening experiment,
cells were cultured on stiff upatterned angatternedEcoGel MREs with magnets
applied for 48 hfollowed by in situ softening of the substrate by removimggnets.
Cells were fixed and stained after 1 and 3 h onsihi¢ened substrate to quantify

activation.
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4.4 Results and Discussion

4.4.1 SurfaceCharacterization of Micropatterned EcoGel MREs

A EcoGel MREs B Sylgard 527 MREs
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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 transtsrce of topographic featuresnto our MRE
substrates, wdalmhiaochannelsaith wagingvidthssofd0, 60, and
100 & m MRE devicesuThe surface topography profile of both Sylgardl
EcoGel MREs as well as the master mold was omeid with white light
interferometry. Figure 4.2 effectively reveals themportance of material selection
where we compare the 180m mi cr ochannel s of EcoGel MR
whereby we observed that the patterned features were farpessounced wit
Sylgard 527. By applying a magnet to theropatterned EcoGel MREs, we detected
height and surfaceoughness changes of the featusggcifically, both the deptbf
microchannels(Figure 4.2A) and surface roughness increaggdgure 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 elastomeplme %, The microchannel depth of EcoGel MREs
with a magnet appliedvas i ncreased appr ox.iTmsacanebey f r or
explained by the increase in the magnetic force on the baitarhannels caused by
the closer proximity to the magnet apposed to the top of the channels, leading to
displacementlifferences between the top and bottom of the channelsvdiiagion in
displacement, with a smaller displacement atttdpeof the channels compared to the
bottom of the channebives rise to the channel depth incredsecontrast, lower
fidelity of the patterned microchannels on Sylgard MR&sults in simila magnetic
attraction force between top andottom surfaces of the channel, thus a less
displacementifference and less pronounced height incre8agace topography scan
was also performed for the EcoGel MREs with 40 angu®@hannel width showing

pronounced feature fidelity (data not shown here).

No Magnet  Magnet

Figure 4.3: Surface roughness under magnet and no magnet conditpns (
0.01675).
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We quantified the fidelity of pattern features on both EcoMBIEEs and
Sylgard 527 MREs by analyzing how well thepmpared 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 resoluieimveen the
mat erials with a 2z r eEsaBklatomuparedtoi4d6Z148 N 0.
em f or Syp<g®004d) This Biffererfce in resolution can béributed to an
increase in deformation in the agarose maith Sylgard 527 compared to EcoGel
caused by increased precipitation of iron particles with lopgé&rmerization time
required for Sylgard 527 MREs (24 lgompared to EcoGel MREs (20 min).
Additionally, themicrofeatures on agarose gels are extremely sensitivgdi@tion at
high temperature; the longer the microchanagiarose gels were kept in theea, the
more dehydrated ardkeformed they became, and resulted in less pronoueetdres.
Therefore, it is necessary to prepare the agasbsely before usage to preserve and
replicate features fronagarose gelsWe also note that the shocuring time for
EcoGel MREs did not hit the threshold time for agarossignificantly dry out and
shrinkt#>; hence, the desired featuresere well transferredln general,the novel
EcoGel MREmaterials show highididelity of microchannel replication angre more
cost effective and less tinrewnsuming tananufacture compared to patterned MREs
created withconventionalSylgard 527 we will use this novel EcoGel MREs to our

following characterizations.
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Figure 4.4: Analyss of EcoGel and PDMS 527 MRE feature resolution. (A) White
light interferometry profiles showing (i) original profiles, (i) cress
correction shift in reference to minimize difference, and (i) residuals of
the profile. (B) Histogram of residuals for hoMREs. (C) Resolution
was defined as the standard deviation of the residuals, with EcoGel

MREs having a significantly lower resolution than Sylgard 527 MRESs (
< 0.0001)

4.4.2 Mechanical Characterizations for Micropatterned EcoGel MREs

The stiffness of thenaterial was confirmed using rheology, midmdentation,
and nanoindentation with and without an applied magr&ich characterizations
represented the stiffness measurements from the global to local $dgles 4.5
shows the global characterizations roechanical properties of EcoGel MREs. Both
storage and loss moduli of yratterned EcoGel MREshowas afunction of angular
frequency and oscillation strain. The shstrage modulus, Granged from 2.28 kPa
with no magnet upo over 20 kPa with the agnet and no spacer at 1 radvhiereas
the loss modulus, & ranged between 0.3 and 10 kixader the same conditions.
There was a minimal dependerafeGoon frequency while Gincreased with angular
frequency.Go of EcoGel MREs with a magnet doubled frah 28 t023.40 kPa with
the frequency increasing from 0 to 20 raevhjle Go without a magnet increased from

0.12 to 1.59 kPaver the same frequency range. For the oscillation strain sweep
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measurements from 0.2% to 20%, botbaBd G have verylow depexdence on the
strain for the no magnet condition amvdere approximately 2.5 and 0.35 kPa,
respectively. However, ithe magnet condition, both @Gand & decreased with
increasing strain (& 98.35 to 21.63 kPa; &25.30 to 9.34kPa), revealing &train
softening behavior. This indicates trathigher magnetic fields, PDM$ased MREs
soften as thatrain increasé$®, which could potentially be due to thealignment of
incorporated iron particles in ECOG®BREs during shear straining. Overall, the
EcoGel MREs exhibited then-situ modulation of stiffness by simply applying

externalmagnets.
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Figure 4.5: (A) Schematic of rheological characterization onpatterned substrate.
(B) Shear storage, & and loss moduli, G of frequency and strain
sweeps forcylindrical EcoGel MREs under no magnet and magnet
conditions a% strain and 1 rad/s, respectively.

Figure 4.6 illustrates the local characterization of stiffness forpatterned
EcoGel MREs.We verified the elastic moduli of the yratternedsubstrate, where
EcoGel MREs without an applied magrethibited an elastic modulus of 8.14 kPa,

which represents thehealthy myocardius®. The elastic modulussignificantly
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increased to 82.49 kPa with an applied magmet=(0.003), which mimics the

pathological stiffness of infarctemlyocardial tissuk®.
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Figure 4.6: (A) Schematic of micrandentation test on the ywatterned substrate.
(B) Elastic modulus of wpatterned substrate calculated from the micro
indenter under no magnet and magnet conditiprsq.00331).

We further measured the local stiffness rafcrofeatures of the patterned
EcoGel MREsfrom microscale Using AFM, weindented the top and bottom of
channels on EcoGel MREwith a micrasized sphere tip under both no magnet and
magnet conditionsHigure 4.7) Under the no magnetondition, the elastic moduli of
the top and bottom ofmicrochannels were 6.75 = 7.20 and 4.81 + 2.49 kPa,
respectively, and were not significantly differept< 0.44). As expected, the elastic
modulus increased to approximatdi44.17 + 62.81 and 175.81 + 83.88 kPa on the
top andbottom of channels when a disc magnet applied, wherddttem of the
microchanel was significantly stiffer than thep of the channelp(= 0.03). This is
caused by the smalifference in distance of these two locations to the apptiagnet

resulting in a higher local magnetic field strength at hb&om of the channel and
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therefore higher stiffness. Notabljthe large variability in the measured elastic
modulus on théottom of the channel might result from the increasadjhness on
the bottom as presented above, whicdmsequently will increase the contact area of

the probeduring measurements and result in measurement uncertainty.
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Figure 4.7: (A) Schematic of nanmdentation 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 magpet 0.44179)
and magnet conditionp € 0.03035).

4.4.3 Biocompatibility of EcoGel MREs

As a skinsafe material primary used for prosthetics, we also want to examine
the cytotoxicity of NHCFV on the EcoGel MREs under soft and stiff conditions.
Figure4.8A shows the majority of NHGIW 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 NHCFV maintained high cell viability on both soft and stiff
conditioned EoGel MREs for up to 48 h, similar to viability of NHEF 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 NH&For up to 48 h under both

no magnet and magneonditions.
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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 vialiyi.

4.4.4 Cardiac Fibroblasts Measurements on Varying Topography and
Substrate

To study the collectivaalignment response of primary cardiac fibroblasts to
topographicand stiffness changes, we cultured the NF\Cén both unpatterned and
patterned substrates der static conditions (no magnet and magnet), with cell
alignmentanalyzed after 48 h in culture. The cells on the pattesnbdtrates became
more elongated and oriented in parallel vitlle aligned patterns as compared to that

on the urpatternedsubstrées Figure4.9A). Rose plots reflect the distribution ofll



alignments relative to a given direction, where theo@igntation represents the
direction of the microchannels. Tegmmetry of the micropatterned device allowed us
to considetthe celldire t i on wi t hin a 0T 90 Athesafy goe .
magnet condition of upatterned substratesiggests a wide distribution of angles
between 0 and 90fdicating no particular collective alignment. However, alignment
was observed ostiff, un-patterned substrates, whielgrees with previous findings
that stiffer substrates drove thactin cytoskeleton into polarized and aligned
morphology#’. Cells on patterned substrates exhibit a distributional@nments
around an orientation of 0°, with an increasprgference toward 0° on the patterned

substrates afiefeatures increase in widtkigure4.9B).
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Figure 4.9: Morphology alteration of NHCH on the EcoGel MRE substrate
featured with microchannels. (A) Representative images of cardiac
fibroblasts on uspatterned and patterned substrates. Cells were stained
for phalloidin (green) and nuclei (blue). (B) Quantification of actin
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Overall, the patterned feature width (the chardieiension) influenced del
alignment whereas substrastiffness had no influence on directional alignment.
Specifically, two-way ANOVA (n = 5) revealed that alignment on lardeatures is
significantly higher | = 0.005) but was notlependent on substrate stiffnegs=
0.124).Tu k ey 6 s tgstorevéaledhaosignificant difference in alignment between
the40 em channel s and ptBbeodd). Whiecondraingdheannel s
alignment of cells is critical for any engineerégsue, topographic cues play a
particularly critical role in wound healing where the cells align parallel to
microstructure directiont48:14% Recent literature has dicated that theviscous
component of a substrate influences cell respdbisasd it is possible that not only
the stiffness is affecting the cdlehavior but that viscosity also plays a role in the

results of thistudy.

4.4.5 Anisotropy and Stiffness Interplay on Cardiac Fibroblasts Activation
Regulation

Given that cardiac fibroblasts respond to topogragdyendent
alterationd®148 we postulated that cardiac fibroblasts behdiféerentially on the
stiffnessmodulated topographic substratddHCFV were seeded on both un
patterned and micropatterndeicoGel MREs of various diemsions either with or
without magnets applied f oundersktdtic tonditichs ud e n't
on the urpatterned substrates for 48 e myofibroblast activation significantly
increased on the stiffmagnet) condition (rO 5, p < 0.0002),similar to previous
studied’t. Twoway ANOVA (n O 5) revealed that under stat@onditions on
micropatterned substrates for 48 h, the r cent ag e -8MA stessifidles wi t h

significantly depended on feature width and substrate stiffriagsie4.10, such that
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larger features and stiffer substrates with the magdded both result in an increase

i n-SMA positive cells (eachp < 0.0001). Finally, we determined ththere is a

significant pattern x stiffness interaction effect on activatipn=(0.048),indicating

that on the largest patterns, the effect of substftitimess on activation was further
augmented relative to themaller patterndt is worth noting fom surface profiles by

WLI characterization that the height of the microchanimeleased in response to the
magnetic field and might alsoplay r ol e i n cel |l activation.
(our mostresponsive width feature), we varied height antfr&tss andobserved an

increase of cardiac fibroblast activation patterned substrates with taller features
compared to shortdeatures Figure 4.11). Larger microchannel sizes likely lead to

higher activation of human cardiac fibroblasts, 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 fofuture studies is whether dle is a specific geometric

size of the microchannel for human cardiac fibroblasts to probe raaximize their

activation. In this study, we saw the great®st t i vat i on ef fwdtht s on t
patterned EcoGeMREs, and as such we will focus this nesét of dynamic

experiments on those features.
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4.4.6 Dynamic Modulation of Cardiac Fibroblasts Activation

To highlight the dynamic ability of our device, we can mithie development
of acute MI and posdnfarction remodelingorocesses by modulating the stiffness of
the microenvironmentemporally: matrix stfening and softening are achieved by
means of applying and removing magnets, respectivelymitoic physiological or
pathological states. After the additiaar removal of the magnets, we observed
phenotypic changes imyofibroblast activation at 1 and I8 (Figure4.12A, B). On
un-patterned substrateghe percent myofibroblast activation under the matrix
stiffening condition increased significantly from 6.9% to 19.1¢% < 0.002) and
remained unchanged from 1 to 3 h. Interestinglyatrix stiffening did not
significantly upregulate cell activatiimn t he 100 em patterned su
0.589) (Figure 4.1E), which demonstrates that acutely, the preconditiosigastrate
with anisotropic microchannels tended maintain high myofibroblast activat
regardless of matristiffness. InFigure4.12, matrix softening downregulated the cell
activation on both wpatterned and patterned samples amdicated an apparent
plateau after 1 h; however, matrsoftening on patterned substrates significantly
decreasedactivation from 50.5% to 37.8%p (< 0.0006), in contrast tthe lack of
change in activation when the matrix stiffened. &gain observed that the percentage
of U-paditlve cellsfrom the matrix softening condition was significantly higher

onthe patterned substrate than on thepatterned substrate.
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Noticeably, the activated NHCG¥ on both unrpatterned and patterned
substrates initially seeded under stiff conditionsre partially deactivated when the

substrate was softengBigure4.12F). However, it should be noted that ccemgd to
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the soft control, the partial deactivation was still greater, suggeshiagthese cells

exhibit an apparent mechanical memanyan acute time framamneaning that the
mechanical conditions prior to the matsrftening event influences the retient of

the preconditionedphenotype. While this 3 h time course is short, we Ipageiously

shown that cardiac fibroblasts can reversitbactivate within that time course after a
prolonged preseeding?®. We al so recogni ze tpataly USMA
describes fibroblast activation and inclusion of otimearkers could more fully
characterize the #gation responsen these substratéd. Collectively, our results

indicate thatmyofibroblast activation is highly aétted by topographic cuedong

with the mechanical cues in our study and that merdependenbehavior of NHCF

V limits the completaleactivation during the poestfarction remodeling process.

4.5 Conclusions

Micropatterned and stiff substrates have bemsed as in vitroplatforms
individually and separately to study effects cellular morphology and phenotype
changes. However, festudies considered dynamic substrates with tunable stiffness,
which can be modulated in situ. Our novel substrate fuitiserporates micropatterns
onto the stiffnessunable substratén which mechanical cues and topographic cues
can beintegrated and dynamically controlled for the first timestady the time
dependent interplay of these effects on cellidaponses. This batrate enabled us to
better recapitulatenechanical and topographic characteristics of healthyrdaccted
myocardium tissue as well as the dynamicinédrction development and remodeling
processes. The microstructu@nfigurations interplayed witheversible mechanical
property modulations pose an intriguing finding on tempoaaitrol of cells in an

acute manner. While this platformdgsigned to add mechanical microenvironmental
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features nopreviously investigated with in vitro models togetttars is astep toward

a more representative microenvironment asldeds light on possibilities that
incorporate  more complexcomponents into one platform. In the future, this
biomimetic platform is expected to be broadened to the investigatioramdus cé
types and interactions with their environment potential use to develop therapeutic
strategies.

Taken together, we have already successfully created two out of three
mechanical cues to better recapitulate microenvironment after Ml using fdé&fesl
maerials, including imsitu 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 catalyzedelastomers 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 versatilitgf this platform not limited to the cardiac fibroblasts as cell type

and cardiac fibrosis applications.
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Chapter £
FUTURE RESEARCH

5.1 Building Up Complexity of In-vitro Model

In vivo, cells reside in a dynamic miesmvironment that consists of
mechanical and chemicatues which drive cell fate. Celell and celECM
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 disease®l therapeutic strategids-vitro models came
to focus a long time ago serving as an daskabricated, coseffective, and
controllable platform to provide dynamic cues for recapitulating cell environments and
manipulating cells directionally. Additionally, more and more researchereeeatly
captured by the tremendous potential iofvitro models in drug screening for
therapeutic treatment83.154Moreover, drug candidates will noriger be required to
t est on the animals to establish the drug
testing (S. 2952 FDA Modernization Act of 2021). Under these circumstantes,
vitro models became an alternative method for the drug developprecess.
Therefore, developing a more realistit-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 toiomimaracteristics of
cardiac fibrotic tissues including, changing gradient stiffness and anisotropic

topography, two other directions will be targeted to implement complexity of physical
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cues of infarcted tissue. First, taking the techniques of curreritesewe 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 stiffneksamisotropic
geometry will facilitate us to build up the third physical cue, strain, onto the existing
platform. Eventually, such mulphysicatlcue model will be an effective platform to

be able to manipulate individual cues independently and servireg faadamental

building block for other environmental niches incorporation.

5.2 Unveiling the Mechanism of Fibrosis Development

Cardiac fibrosis is a pathological response after adverse M|l remodeling
involving multiple cell types and signaling pathways. Di#etr cell types, besides
cardiac fibroblasts, are also interesting to be studied on theuluge behavior on
our versatile platform, from culturing inflammatory cells, such as macrophages and T
cells, to tissuespecific cells, such as cardiomyocytes amdiothelial cells. Responses
from diverse cells communications on our model will not only illustrate thekcegll
interactions during cardiac fibrosis development and remodeling stage, but also reveal
the unique celECM interactions on our dynamic meld Various molecules signaling
processes need to be reinvestigated and their interactions need to be reestablished, for
example, TGP , Angll,and TNFU, etc., regarding the nove
for cell probe and manipulation. We are hoping tonstruct a multicellular
myocardiumon-chip device to recapitulate the microenvironment of cardiac tissue and

unveil the underlying pathology mechanism.



5.3 Translating into Cardiac Tissue Engineering

Regenerating the infarcted heart after cardiac fibrosisirerchallenging due
to the difficulties in restoring the functionality of heart. Our findings indicated
significant spatiatemporal difference in cellular behavior in response to the substrate
stiffness and surface topography. Combing with the currediazatissue 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 scaffolcaragh vivo
approach to restore the heart functions and regenerate the infarct heart. Recent work
also revealed the promising applicationsiorvivo bone regeneration by introducing
microtopography into the implant8.Taken our findings on the gradient stiffness and
stiffnesstunable 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
muscuoskeletal implantations might also be facilitated by integrating various physical

cues into the system.
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Appendix A
ABBREVIATIONS

MI: Myocardiallnfarction

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: I-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

SEM: Scanning Electron Microscope

EDS: Energydispersive Xray Spectroscopy

VSM: Vibrating Sample Magnetometry

WLI: White Light Interferometry

AFM: Atomic Force Microscope

NHCFV: Normal Human Cardiac Fibroblasts from Left Ventricle
CFs: Cardiac Fibroblasts

USMA: Usmooth muscle actin

TGK Yransforming Growth FacteBeta

Ang-1l: Angiotensin Il

TNF-U Tumor Necrosis Facteklpha
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ECM: Extracellular Matrix

ALKs: Activin-receptodlike Kinases

DMSO: Dimethylsulfoxide

PBS: Phosphate Buffer

NG, SH, MI, ST: No Gradient, Shallow gradient, Middle gradient, Steep gradient
RT-gPCR: Reatime-quantitative Polymerase Chain Reaction

ELISA: Enzymelinked Immunosorent Assay
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Appendix B

SUPPLEMENTARY INFORMATION

TableAl Youngos

modul i E of NMR3firenipartitlesv ol u me
synthesizedising different ratios by weight of commercial polymers

Sylgard™ 527 and SylgarttM1 8 4. Youngds modul i
compressive indentation at zero magnetic field

MREs sampleg Polymer type| Sylgard™ 527 Sylgard™ 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 Al: Crosssectional images of our agarose mold before and after fabrication

of both Sylgard 527 MREs and after EcoGel MREs.
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