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ABSTRACT

Cell migration is a complex physiological process that is important from embryogenesis
to senescence. In vivo, the migration of cells is guided by a complex combination of
signals and cues. Directed migration is typically observed when one of these cues is
presented to cells as a gradient. Several studies have been conducted into directed
migration on gradients that are purely mechanical or chemical. Our goal was to
investigate cellular migratory behavior when cells are presented with a choice and have
to choose between increasing substrate rigidity or higher protein concentration. We
chose to focus on this unique environment since it recapitulates several interfacial regions
in vivo. We have designed novel hydrogels that exhibit dual and opposing chemical and
mechanical profiles using photo-polymerization. Our studies demonstrate that durotaxis,
a well-known phenomenon, can be reversed when cells sense a steep protein profile in
the opposite direction.

Fibroblasts were co-cultured with macrophages to obtain an understanding on how
migration occurs when two different cell types are present in the same microenvironment.
First, we investigated the migratory behavior of macrophages. These cell types exhibited
a statistically significant preference to move towards the rigid/low collagen region of the
interface. Interestingly, fibroblasts when co-cultured with macrophages, exhibited a
preference for the low modulus-high collagen region of the interface. However, with the

current sample size, these trends are statistically insignificant. On the contrary, the



presence of fibroblasts in the cellular microenvironment did not result in the reversal of durotaxis
exhibited by macrophages. Macrophages secreted significantly higher levels of secreted tumor
necrosis factor (TNF-alpha) in mono-cultures in contrast to fibroblast-macrophage co-cultures.
This trend could be an indication of macrophage plasticity between mono- and co-cultures. In
summary, we have designed dual and opposing rigidity-protein gradients on a hydrogel substrate
that can provide new insights into cellular locomotion. These results can be used to design

biomimetic interfaces, biomaterial implants and for tissue engineering applications.
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Chapter 1. Background and Significance

Section 1.1 Introduction

Cell migration plays an important role in several processes in an organism’s lifetime. For
example, tissue development [1, 2], wound healing [3], inflammation [4] and disease progression
[5-7] are regulated by cellular locomotion. Cells move in a coordinated manner that results in
the formation of tissues, organs and limbs during embryonic development [6, 8]. The migration
of cells plays a role in defining the correct architecture of tissues and organs [9, 10]. The
locomotion of cells results in the formation of distinct embryonic layers that further differentiate

into tissues of epithelial, muscular, nervous or mesenchymal origin [1].

When pathogens cause infections, the first step in restoring tissue homeostasis is accomplished
by the migration of leukocytes into the wound region [11, 12]. These cells kill the invading
pathogens and subsequently clear the wound of debris [11, 13]. Tissue repair is initiated through
the migration of cell types such as keratinocytes, endothelial cells, macrophages, and fibroblasts
[3, 14]. These cells types synthesize ECM proteins that aid wound closure [12]. On the other
hand, altered inflammatory responses during healing can lead to the formation of scar or fibrotic

tissues [15, 16].

Cancer metastasis involves the migration of tumor cells to other organs through blood vessels
[17]. Tumor progression is a multi-stage process in which cancer cells migrate to different
locations within the body through blood vessels [7, 18]. These cells acquire an invasive,

migratory phenotype associated with increased expression of several genes involved in cell



motility [19-21]. Several chemical and physical cues provide guidance to cancer cells to migrate
to other locations within the body. For example, EGF acts as a chemoattractant for breast cancer
invasion [22]. Similarly, the cytokine CXCL12, is highly expressed by osteoblasts and bone
marrow stromal cells and is important for tumor colonization in the bone [23]. Metastatic ovarian
cancer cells exhibit preferential adherence to soft substrates, increased migration, proliferation

and an enhanced malignant phenotype on such materials [24].

Therefore, studies on cell migration have significant physiological relevance. The migration of a
cell involves a coordinated chain of events that includes cell polarization, membrane extension,
formation of cell adhesions, cell traction, and the release of focal adhesions at the trailing edge

[25]. A detailed description of each of these events is provided in Section 1.

Section 1.2 A summary of migratory processes

Cell migration is a cyclic process where a cell undergoes a series of steps [25, 26]. These steps
include polarization, protrusion formation, adhesion, translocation and retraction [25, 27]. A

migrating cell on a 2D substrate is shown in Figure 1.

1.2.1 Cellular Protrusions: Protrusions are extensions of the cell membrane comprised of actin
filaments that determine the overall shape [28]. These filaments are the backbone of cell
extensions and are composed of arrays of monomeric globular G protein subunits that undergo
ATP catalyzed hydrolysis to form polymeric chains. In this process, ATP bound to G-actin is
hydrolyzed to ADP that binds to F-actin + inorganic phosphate (P;) forming the bond between

the actin monomers [29] . Hence, cleavage of ATP results in a highly stable filament with bound
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Golgi apparatus Focal adhesions

Figure 1. Schematic of a migrating cell on a flat 2D substrate.

ADP + Pi while the release of Pi results in depolymerization [30]. Actin filaments are polarized
filaments displaying an oriented, head-to-tail structure of the binding monomers. The new actin
monomers are added to the ‘fast’ growing barbed ends while the slow growing ‘pointed’ ends
serve as the origin of the growing filament [31]. Actin filaments associate laterally with other
filaments, forming bundles through actin binding proteins such as a-actinins and filamins [26].
The polarity between the two ends of the actin filament drives membrane protrusions resulting in

lamellipodia, filopodia or stress fibers (Figure 2).

There are fundamental differences in the structure of these membrane extensions when they are
involved in different processes such as leading-edge protrusions, contraction of the cell body and

adhesion.



Lamellipodia Focal adhesion  Actin filaments Filopodia

Nucleus

Myosin Tail

Figure 2. Schematic of a migrating cell showing membrane protrusions.

Lamellipodia: Lamellipodia are comprised of broad, sheet-like protrusions of thin, short
actin filaments. These extensions contain actin in the form of bundles. Depending on the
cell type, the lamellipodium can vary from ~1-5 pm in width. Lamellipodia are typically
aligned along the direction of migration [32]. A study by Koestler et al showed that actin
filaments in protruding lamellipodia subtend angles from 15-90° at the frontal region of
the cell, and that cell motion terminates with the formation of actin bundles parallel to
the cell edge [33].

Filopodia: Filopodia contain long parallel bundles of actin filaments and multiple actin-

associated proteins [34, 35] . These protrusions are elongated and resemble finger-like



projections emerging from the edge of a cell. The extensions are unbranched and are
involved in cell-cell signaling, guidance toward chemoattractants, and adhesion to the
ECM [34]. Filopodia contain receptors that detect guidance cues in the extracellular
microenvironment. For example, filopodia can detect and sense the concentration of EGF
and mediate cellular responses through activated cell receptors [36].

iii. Stress fibers: Stress fibers are thick, short, contractile actin filament bundles found at the
basal portion of the cell. These fibers are studded with myosin Il which allows for the
contractile behavior of the cells [37]. Three different types of stress fibers are present.
“Ventral” stress fibers are connected to the substrate via focal adhesions while
“transverse” arcs are not anchored directly. “Dorsal” stress fibers terminate in the

transverse arcs [38].

Actin is the dominant structural protein of the cell cytoskeleton [31]. Actin filaments acquire
polarity which is critical to their assembly in cells. Actin filaments elongate at their barbed end
and release actin monomers at the pointed ends within the bundle [30]. Actin polymerization
leads to the formation of membrane protrusions such as lamellipodia and filopodia as shown in
Figure 3. When extracellular ligands bind to membrane receptors, signaling transduction
pathways are activated that produce active Rho GTPases and PIP2 which in turn activates
WASP/scar proteins. WASP proteins and Arp2/3 along with actin monomers initiate the

formation of a branch next to a pre-existing actin filament [30].

Two different pools of monomeric actin exist for polymerization. One is de novo synthesis at the
protrusion sites and the other is monomer recycling during depolymerization [39]. Actin

polymerization is mediated by the Arp2/3 complex, which binds to a pre-existing filament [40].
5



Arp2/3 is a seven sub-unit protein that plays a major role in actin cytoskeletal polymerization. It
serves as the major nucleation site for new filament formation [30]. Several actin binding
proteins regulate the rate of polymerization by affecting the pool of available monomers and free
ends of the filaments to which the Arp2/3 binds [41, 42]. This process pushes the membrane
forward forming membrane extensions such as lamellipodia or filopodia (Figure 3) [30].
Capping proteins terminate the growing filament. The aging of filaments leads to the hydrolysis
of ATP-actin, disassociating phosphate groups and resulting in ADP-actin [30]. ADF/cofilin
severs the ADP-actin from the growing filament [43]. Profilin prevents self-nucleation by
binding to available actin monomers and catalyzing the exchange of ADP for ATP [44]. These
profilin bound actin monomers are then returned to the pool to be added to the newly growing
filaments at the barbed ends. Rho GTPases have been shown to activate PAK and Linl1, Isl-1 &
Mec-3 kinase (LIM kinase) which phosphorylates ADF/cofilin that slows down its function [30].
Filopodia protrusion occurs through a “treadmilling” mechanism [28]. Proteins such as VASP
help in continuous elongation of the filaments [45] Fascin helps in bundling the filaments and
in generating the mechanical stiffness needed to push the plasma membrane into the filopodia
[28]. The Rho family of small GTPases regulate actin and adhesion organization [37, 42, 46].
They also control the formation of membrane protrusions such as lamellipodia and filopodia
[42]. When bound by GTP, Rho proteins become active and interact with downstream target
proteins such as protein kinases [42]. Rho GTPases are activated by GEFs and inactivated by
GAPs [42]. Cdc42, Rac, and RhoG enable the protrusion of lamellipodia and filopodia [42]. Rac
stimulates lamellipodial extension by activating WAVE proteins while Cdc42 binds to WASP

proteins inducing the formation of filopodia through actin polymerization [28].
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Figure 3. A signaling pathway for actin polymerization, depolymerization and treadmilling
[30].

1.2.2 Cell polarization: The second step in cell migration is polarization, wherein protein
concentration and compositions are different at the front and rear of cells [47]. Cell polarization
can occur due to internal mechanisms or can be dictated by signals in the cellular
microenvironment [48]. An external influx of extracellular, soluble signals leads to asymmetric
recruitment or activation of signaling proteins within the cell [26]. Similarly, asymmetric
guidance cues promote activation of cells receptors that induce polarized signals generating a
protrusion in the front and in the rear [49]. The maintenance of cell polarity is mediated by a set
of interlinked positive feedback loops involving the Rho family of GTPases, P1P3Ks, integrins,

microtubules and vesicular transport. Cdc42 regulates cell polarity in eukaryotic organisms



which is active at the front of the cells [50]. It regulates actin polymerization and recruits other
signaling PKC proteins to the front of the cell [51]. Cdc42 influences polarity by defining the
location of the lamellipodia on the cell. [52]. Cdc42 also activates Rac and together they promote
lamellipodia formation in the direction of migration. Cdc42 localizes the MTOC and Golgi
apparatus in front of the nucleus, pointing them towards the leading edge of cells [53]. Cdc42-
induced MTOC orientation may contribute to polarized migration by facilitating microtubule
growth into the lamella. These microtubules also mediate the delivery of Golgi-derived vesicles
to the leading edge, hence providing the membrane the required proteins needed for forward

protrusion [53].

Rac activity correlates inversely with the activation of the small GTPase RhoA [42]. RhoA
activation contracts actin filaments that lead to contraction of myosin Il to form larger, thicker
actomyosin bundles [46]. These bundles then form stable adhesions that define the rear of the
cell. Rho also stabilizes microtubules in the tail, promoting focal adhesion turnover [53]. A
study by Evers et al has reported that Rho and Rac can exhibit mutually antagonistic behavior in
migrating cells [46]. Active Rac at the leading edges of cells suppress Rho activity whereas Rho
is more active at the sides and rear of the cell and suppress Rac activity. This prevents Rac-
mediated protrusions at the sites other than the leading edge [54, 55]. However, there are also

reports that Rac can also be involved in cellular detachment [56].

1.2.3 Cell adhesion and Integrins

1.2.3.1 Cell adhesion: Adhesion is the physical interaction of cells with another cell or the ECM
and is essential for cell migration and tissue integrity [57]. Cell matrix adhesions are binding
sites between the actin cytoskeleton and the ECM. Such adhesions are called focal adhesions

[58]. Different types of matrix adhesions have been described such as nascent adhesions, focal



complexes, focal adhesions, podosomes and invadopodia [26]. These different types of focal
adhesions share many components, such as adhesion receptors that are the physical links
between cells and the ECM [59]. Cell surface receptors called “integrins” play a major role in
cell adhesion. These transmembrane proteins are regarded as the ‘feet’ of a migrating cell [60].
Focal adhesion formation is initiated with small-scale clustering of integrins [61]. Fast migrating
cells exhibit fewer integrin clusters and small adhesions at the leading edge [58]. However, non-
migratory or slow moving cells exhibit large integrin clusters (focal adhesions) and are tightly

adherent [6]. A brief description of different types of focal adhesions is provided below.

Nascent focal adhesions: Nascent focal adhesions are small and highly transient structures
observed within lamellipodium. These are formed along lamellipodial protrusions and can
transform into focal adhesions [62, 63].

Focal Complexes: Focal complexes are immature adhesions. These complexes are myosin
dependent, and are present at the edge of lamellipodia [61]. Focal complexes are present in
motile cells and their rapid turnover is correlated with high velocity [26].

Focal adhesions: Focal adhesions are mature adhesions that elongate over time. These
adhesions are linked to large, contractile actomyosin stress fibers. Their concentration is
linked inversely with cell motility [64].

Podosomes: Podosomes are ring or dot shaped adhesions found in rapidly moving cells such
as macrophages, endothelial cells and dendritic cells [65].

Invadopodia: Invadopodia is the term used for podosomes in cancer cells. These are
specialized actin structures that are similar to podosomes but possess proteolytic activity[65].

These structures appear as irregular dots in the vicinity of the nucleus and the Golgi complex.



1.2.3.2 Integrins: Integrins are heterodimeric receptors consisting of o and p chains with large
ligand-binding extracellular and short cytoplasmic domains [66]. The binding of ligands to the
extracellular region of integrins leads to conformational changes and clustering that initiates
intracellular signaling leading to protein tyrosine phosphorylation and GTPase activation [67].
This signaling step regulates the formation of adhesions, cell polarity and the dynamics of the
cytoskeleton during cell movement [67]. Furthermore, activated integrins preferentially localize
at the leading edge forming new adhesions [68] . The alterations in the conformation of the
extracellular domains resulting from interactions at the integrin cytoplasmic tail change the
integrin affinity [69]. An important characteristic of integrins is their ability to recognize
multiple ligands such as fibronectin, collagen, fibrinogen, laminin and additional proteins
(Figure 4) [70]. Studies on integrin-ligand interactions have led to the identification of small
recognition sequences from large ECM proteins that bind to these cell surface receptors [70, 71].
One of the most widely used peptide sequence is RGD that binds to integrins a5p1, avp3, a8p1,
avBl, avps, avP6, avp8, and allbp3 to name a few [71]. Similarly, collagen binds to a1p1 and

a2B1 integrins [70].

1.2.3.3 The interplay between integrins and adhesions: Several proteins and signaling
molecules are involved in the integrin signaling pathways that lead to cell migration. A brief

description of these proteins is provided below.
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Figure 4. Schematic of a cell depicting integrin-binding to sites on ECM proteins.

Focal adhesion kinase (FAK): FAK is a cytoplasmic protein kinase that co-localizes with
integrins at focal adhesions [72]. After integrin clustering, FAK is auto-phosphorylated,
recruiting Src family kinases to focal adhesions [73]. This step has been shown to be
required for integrin-mediated cell motility in fibroblasts [74].
Crk-associated signaling (Cas-CRK): The Cas-CRK system is a component of the cell
migration machinery that is localized to the leading edge of the motile cells. Inhibition of the
Cas-CRK complex can prevent haptotaxis and chemotaxis [75, 76].
Src homology 2 domain containing (Shc): Shc family is a group of adaptor proteins that are
recruited to activate tyrosine kinases in response to integrin clustering. These proteins are
composed of three interaction domains: a carboxy-terminal SRC homology 2 (Shc 2)
domain, a central collagen homology (CH) domain, and an amino-terminal phosphor-tyrosine
binding (PTB) domain [77, 78].
Integrins act as mechanosensory sites, integrating signals from ECM to the intracellular
cytoskeleton [68]. Focal adhesion complexes are composed of integrins, protein kinases such as

FAK and Src, adaptor proteins such as Shc, signaling intermediates such Rho and Rac GTPases,
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and actin binding cytoskeletal proteins such as vinculin, paxillin, talin and tensin [79] (Figure 5).
Integrin (o and B chains) clustering due to ligand binding activates FAK which activates multiple
downstream signaling proteins [67]. The engagement of surface integrin receptors with
fibronectin on NIH 3T3 cells has been shown to cause FAK tyrosine phosphorylation [79]. This
was shown by anti-phosphotyrosine blotting of quiescent NIH 3T3 lysates. FAK auto-
phosphorylation causes it to bind to GRB2 and activate Ras, a small G protein that leads to
Ras/MAPK activation. Anti-GRB2 immunoblotting confirmed the association of GRB2 with
FAK in both NIH 3T3 and v-Src transformed 3T3 cells. The evidence for coupling of integrin
mediated signal transduction to activation of Ras pathway was proved by investigating the
activation of MAPK pathway. A MAPK band was detected in a Western blot with monoclonal
anti-ERK antibody showing integrin mediated cell adhesion led to activation and nuclear
translocation of MAPKS.

Activated Ras recruits Raf kinase to the cytoplasmic membrane where it is activated by protein
kinases such as Src leading to activation of mitogen-activated protein kinase MEK/ERK pathway
[80, 81]. This ERK activation leads to phosphorylation and enhancement of MLCK activity
while inhibition of MEK by inhibiting ERK phosphorylation dramatically reduced FG carcinoma
cell migration [82]. MLCK phosphorylation activates myosin, resulting in increased contractility
and transmission of tensions to the sites of adhesion [59]. Gu et al showed that activated Src
phosphorylates Cas, leading to its binding to CRK and DOCK-180, causing Rac activation [76].
They compared the integrin dependent Rho and Rac activation by laminin-10/11 and fibronectin.
It was observed that the laminin-10/11 preferentially activated Rac, through an osf; integrin-

OCas

dependent pathway involving a p130~*-CrklI-DOCK180 complex, thereby strongly promoting

cell migration through enhanced lamellipodia formation. On the other hand, fibronectin
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preferentially activated Rho forming stress fibers and focal contacts on the substrate [76].
Integrin dependent adhesion in NIH 3T3 cells showed rapid activation of PAK, a downstream
effector of GTPases, cdc42 and Rac [83]. Further experiments with dominant negative mutants
of Rac and Cdc42 suggested that integrins first activate cdc42, which subsequently activated Rac
and contributed to cell spreading [84].

Adhesion assembly is observed both at the leading and at the rear edges of cells. Adhesions are
continuously assembled and disassembled [85]. Protein kinases and phosophatases play a major
role in the regulation of adhesion turnover and assembly [86]. Adhesion turnover is also
regulated by Rac-associated proteins [87] and by the MEK/ERK [88]. At the rear, adhesions tend
to tether strongly to the substrate resulting in a long tail of the cell at the site of attachment [25].
The integrins are left behind when the tension overcomes the physical linkage between the
integrin and cell cytoskeleton leading to detachment. The role of myosin Il is in the maintenance
of polarity as well as retraction. In addition, calcium has been implicated in the disassembly of
adhesions at the rear [89]. The tension generated leads to the opening of stretch-activated
calcium channels which severs focal adhesion proteins including vinculin, talin and FAK [90,
91].

Studies on mouse knockouts of cell cytoskeletal proteins, such as actin, have shown early
embryonic lethality with embryonic weight loss [9]. Mouse knockouts of focal adhesion
proteins such as paxillin and vinculin, leads to abnormal development of mesodermal structures
or premature death of the embryo [9]. Knockouts of cell surface receptors, specifically, 1
integrins, resulted in abnormal vascular patterning and fetal growth retardation. In humans, a

number of disorders have been linked to inefficient migration of cells [92, 93].

13



Integrins

Cell membrane

Actin
polymerization

0-0-0-6-0

Cell Migration

Figure 5. A pathway showing the signaling molecules and proteins involved in cell
migration [94, 95].

Abnormally slow migration of cardiac neural crest cells due to a mutation in the Pax3 gene leads
to the absence of or defects in heart septation [96-98]. DiGeorge syndrome is caused by
chromosome deletions on chromosome 22 that result in migratory defects of the neural crest cells
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causing heart defects, poor immune system function, a cleft palate, complications related to low

levels of calcium in the blood and behavioral disorders [99].

Section 1.3 Directed cell migration

Cell migration can be either random or directed. Random migratory patterns of cells resemble
Brownian motion of particles, wherein, a cell or a group of cells do not exhibit a preferred
direction of motion [100, 101]. Directed migration occurs when cells respond to a specific cue
and move towards it [101-104]. Since our research objectives are focused on directed migration,
we will discuss this mode of migration in greater detail. Several directional cues exist in vivo
that influence a cell’s decision to migrate in a particular direction. These directional cues can be
mechanical [105, 106], electrical [107], optical [108] or chemical [109, 110] in nature. It is well
known that cell migration in vivo is guided by a combination of such signals. Cell locomotion
may occur due to soluble chemoattractants (chemotaxis), immobilized molecules (haptotaxis)
and the biophysical properties of the underlying matrix (durotaxis) [111, 112]. In developmental
biology, cells move in response to gradients of morphogens [113, 114]. Among these external
stimuli, the most widely studied cues for cellular locomotion are mechanical and chemical in
nature [105, 106, 115-117].

1.3.1 Haptotaxis and Chemotaxis: Studies have shown that cells can sense chemical stimuli
and migrate in the direction of increasing or decreasing chemical concentration [115, 118, 119].
The term “haptotaxis” was first reported when mouse fibroblasts migrated away from a less
adherent substrate (cellulose acetate) to a more adherent substrate (glass) [120]. Several ECM
components such as fibrin and collagen and integrins such as avB3 and avf5, are involved in

driving haptotactic cell migration [121]. Directed migration can be obtained through
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immobilized, soluble, whole protein, or polypeptide sequences. PDGF has been shown to elicit
directed migration by fibroblasts during wound repair [122]. Human microvascular endothelial
cells exhibited increased drift speed with increasing fibronectin concentration [115]. A study by
Dimilla et al showed that cell speed exhibits a biphasic relationship with immobilized protein
concentration [123]. A higher concentration of protein or immobilized chemical moieties
resulted in higher adhesion and consequent obstruction in the release of cell adhesions. In
contrast, cells on substrates with lower protein concentrations exhibited higher speeds.
Migration requires adhesion for cells to be adherent on the substrate, however, highly adhesive
surfaces can retard cellular locomotion. Due to these reasons, maximal migratory speed has been
observed at an intermediate level of cell-substratum adhesiveness [123-125]. A study by
Huttenlocher et al investigated the effects of altered integrin affinity and cytoskeletal linkages on
random and haptotactic migration. The authors showed that alterations in the integrin affinity
for extracellular ligands played an important role in regulating cell migration. For
example, locking the integrin receptor in a high affinity state by an activating antibody or a
mutation in the integrin cytoplasmic domain significantly inhibited both types of cell

migration [126].

Studies on chemotaxis have shown that fragments of ECM proteins or minimal peptide
recognition sequences can also result in directed motion [104, 127]. When the chemotactic
responses of collagens I, Il and 111 and collagen derived peptides were investigated using human
dermal fibroblasts [128], it was reported that the responses were similar for collagens I, II, 11l
but the constituent o chains were less efficient. Furthermore, peptides containing hydroxyproline

derived from the collagen type I, 1l and Ill degradation by bacterial collagenase also elicited
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chemotactic responses from dermal fibroblasts [128]. Burdick et al studied the migratory
behavior of human umbilical vascular endothelial cells cultured on hydrogels exhibiting RGD
gradients [129]. These cells exhibited greater cell attachment and migration towards the high
RGD concentration side of the hydrogel compared to low RGD domains. These studies
demonstrate that similar modes of directed cell migration can be obtained through polypeptide

and protein-conjugated materials.

1.3.2 Durotaxis: The mechanical properties of the matrix on which cells are adherent have also
been shown to regulate directionality and speed of moving cells. Durotaxis is exhibited by
various cell types including fibroblasts [105, 106, 130-135], myofibroblasts [136], vascular

smooth muscle cells [137], and neurons [138].

A pioneering study by Pelham et al showed that substrate stiffness could be used to modulate
cell migration [106]. The results from this study showed reduced spreading but higher fibroblast
motility on soft PAAM matrices compared to stiff substrates. Another study demonstrated that
cell movement can be guided by matrix rigidity alone [105, 106]. Cells in the vicinity of an
interface that exhibited a sharp change in elastic moduli migrated away from soft region (14 kPa)
towards the stiffer side (30 kPa). Such cells also exhibited increased projected cell areas and
contractile forces. In contrast, cells on the 30kPa side of the interfacial region did not cross over

to the soft side [105].

Rat aortic smooth muscle cells cultured on polyelectrolyte multilayers assembled layer-by-layer
with poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) migrated away from
soft regions (elastic modulus: 38 MPa) to stiff regions (elastic modulus: 120 MPa) [139]. Micro-

structured PDMS substrates containing dense arrays of micropillars were designed to create an
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anisotropic stiffness gradient [140]. Epithelial cells seeded on these substrates migrated towards
the regions of highest rigidity. Cells migrating towards the high modulus regions exhibited large
contractile forces that correlated to their focal adhesion sizes and actin cytoskeleton [140]. NIH
3T3 fibroblasts migrated towards more rigid posts on PDMS micropost arrays exhibiting two
different step-rigidity gradient profiles (15 - 39 nN/um and 7.5-40 nN/um). Furthermore, cells
bridging two rigidities across the PDMS micropost array developed stronger traction forces on
the more rigid side of the substrate indistinguishable from forces generated by cells exclusively
seeded on rigid regions of the micropost array [141]. Smooth muscle cells cultured on PAAM
hydrogels that exhibited an elastic modulus gradient varying from 1.0 to 308 kPa showed a
biphasic dependence on substrate compliance suggesting that there exists intermediate substrate
stiffness for maximal cell migration [142]. However, it was reported that the optimal stiffness
shifted based on the concentration of fibronectin conjugated the PAAM substrates [142].
Substrate elasticity has also been shown to play an important role in the formation of tissue-like
clusters on soft surfaces (2.69kPa) [130]. Myosin Il dependent contractile forces and weak
adhesions on soft substrates enable fibroblast migration towards each other leading to formation

and maintenance of tissues.

1.3.3 Directed cell migration under the influence of multiple cues: To date, investigations
into cell migration have focused primarily on a single gradient, either chemical or mechanical in
nature [105, 106, 115, 122, 143, 144]. A physiological example where both chemical and
mechanical cues play important roles is during wound healing. During the early stages of injury,
a wound closely resembles a soft tissue at the injured site. When a wound is inflicted, blood
rushes to the wounded site [3]. Platelets aid in clot formation, plugging the flow. The signaling
molecules released from the platelets help to recruit circulating inflammatory cells including
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neutrophils to the wound site [145]. Thereafter, chemotactic signals like PDGF and TGF- form
gradients that help attract fibroblasts and other cells types to the wound. These cell types then
remodel the wound by depositing new ECM proteins, leading to wound contraction and
stiffening [146]. This change in mechanical properties in the opposite direction also helps
accelerate the wound healing. Therefore, both chemotactic and mechanical signals during the
wound healing process are critical in promoting wound closure. Another example is cancer cell
metastasis. Tumor cell migration is a highly orchestrated process where both mechanical and

chemical cues influence locomotion [147-150].

Although, it is well known that the tissue microenvironment exhibits different stimuli, relatively
few studies report the migratory behavior of cells when they choose one signal over another
[151, 152]. A migrating cell confronts multiple stimuli in its microenvironment. Monitoring
cellular motility in the presence of a single external stimulus is not entirely representative of cell
motility in vivo. Substrates that incorporate multiple stimuli with gradients in different directions
could serve as physiologically relevant models to monitor how a cell chooses to move and why

one signal may exert a more dominant role than another [100, 111, 152].

In vivo, there are several interfacial regions that exhibit gradients in chemical and mechanical
properties. Examples include, the breast cancer-bone [153, 154], bone-ligament/tendon [155],
osteochondral [156], and myotendinous regions [157]. Each of these interfacial regions
exhibits significantly different mechanical and chemical properties to bridge distinctly varying
tissues. [156]. In order to provide more physiologically relevant environments in vitro, there is a
need for new biomaterials that can incorporate different gradients [111, 151, 152, 158-160]. In
the following section, we outline some recent advances in the generation of gradients on soft

materials.
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Section 1.4 Generation of dual gradients

4.1.1 Immobilized dual gradients: Techniques have been developed to pattern multiple,
overlapping biomolecular patterns using photochemistry based approaches. Benzophenone
modified PEG surfaces activated on exposure of UV light of A=365nm formed transient
diradicals. These modified materials could then be covalently coupled to biomolecules through
non-specific C-H insertions, providing a universal approach to conjugating multiple proteins
[161]. An interesting study reported a unique platform to create multi-compartment, layered
scaffolds that exhibit multiple interfaces to simultaneously study several chemical and physical
cues [162]. These layered scaffolds were created using “Density Gradient Multilayered
Polymerization” technique that used a density modifier (iodixanol) to create polymeric layers of
PEG exhibiting different values of substrate stiffness. This density modifier can be mixed with
bioactive molecules in different concentrations creating a biomolecular gradient within each
layer of the scaffold that exhibit dual chemical and mechanical properties. Orthogonal gradients
with molecular weight (M,,) and grafting density (c=number of polymer chains per unit area of
grafted surface) of PHEMA increasing in mutually perpendicular directions have been developed
to independently study the effect of two system parameters [163]. Nonfouling gels of varying
chemical and mechanical functionalities using zwitterionic crosslinkers have been shown to
allow for significantly reduced nonspecific cell adhesion relative to PHEMA hydrogels [164].
Our research group has previously designed a PAAM hydrogel which exhibited a sharp interface
[152]. On one side of this interface, the hydrogel was more rigid (85kPa) and had a lower
concentration of immobilized collagen; the reverse trend was presented on the other side of the
interface. In this study, fibroblasts migrated preferentially towards the softer edge (35kPa) of the
substrate that had a higher surface concentration of collagen suggesting a more dominant role for
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chemical stimuli in directing fibroblast locomotion. However, these gels were synthesized by
simply positioning two drops of different polymer solutions side-by-side to achieve dual gradient
profiles. Due to difficulties in controlling the extent of diffusion and mixing of two mixtures, it

was non-trivial to obtain precise control over mechanical and chemical profiles.

4.1.2 Microfluidic dual gradients: Several studies have shown the design of dual gradients
using microfluidic approaches [100, 111, 129, 160, 165]. A parallel plate flow chamber was
assembled which allowed multiple proteins to flow through the channel. The protein gradient
was created via irradiation of UV light through a photomask containing striped patterns of
various widths and spacing. The flow of protein solutions was stopped before exposure to UV
light. Simultaneous chemical and mechanical shear stress gradients were incorporated in a single
chip to mimic interstitial flow in vivo [166]. A simple osmotic pump was used to provide
physiological levels of stress (0.0004-0.0016 Pa) and also a stable chemical gradient [167]. L929
fibroblasts cells cultured under the influence of FBS gradients showed cell alignment in the
direction of the flow. Further experimentation showed that the chemical (serum) gradient had a
minor effect on cell alignment. However, the alignment of cells was more affected by shear
stress levels imposed by the fluid flow. Another study combined osmotic and stiffness gradients
in a microfluidic device to study the combinatorial effects of the two gradients on mouse

myoblast C2C12 cell lines [168].

Section 1.5 Research objectives

We aim to design interfaces that provide cells with two stimuli, presented as gradients that are in

opposing directions (Figure 6). Within this interfacial region, cells will have to make a decision
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to move in a particular direction. If they choose to move towards the stiffer domains on the
substrate, they will experience lower protein concentration. If they migrate towards the softer
edge of the substrate, then they are presented with a higher protein concentration. Systematic

studies are needed to understand the influence of multiple cues on the motility of cells.

Our goal is to design 2D hydrogel substrates that exhibit dual and opposing rigidity and protein
gradients. We have combined UV photopolymerization and conjugation to assemble such

gradients on PAAM gels. Our research objectives are

I.  Design and characterize PAAM hydrogels that exhibit dual and opposing rigidity
protein gradients.
Il.  Investigate single cell fibroblast migration on dual gradient substrates.

I11.  Investigate fibroblast-macrophage co-culture migration on dual gradient substrates.

Increasing stiffness

B Stiff Side
¢ Soft Side

. Protein

Increasing protein concentration

Figure 6. A schematic of a hydrogel substrate exhibiting dual and opposing rigidity-protein
gradients.
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Chapter 2. The design and characterization of biomimetic interfaces that
exhibit chemical and mechanical gradients in opposing directions.

Section 2.1 Introduction

PAAM hydrogels were assembled with dual chemical and mechanical gradients. We chose
PAAM as the substrate since it is a very well characterized and studied hydrogel. PAAM has
been used quite extensively in cell adhesion studies. [105, 106, 169]. PAAM substrates have
several advantages. First, they can be easily tuned to obtain a range of elastic moduli values
spanning from 0.1-200kPa [169-171]. Our goal was to mimic tissue interfaces present in vivo.
Examples include ligament-cartilage, cartilage-bone, tendon-muscle and osteo-chondral
interfaces [172]. The YM values vary from low (10-40kPa) on the softer regions of such tissues
to (40-100kPa or higher) on the stiffer regions [156]. This enables the use of such hydrogels to
study the effect of matrix rigidity on cellular responses. Second, PAAM hydrogels are inert
substrates unless chemically modified. Typically, proteins or peptides are conjugated to PAAM
substrates to render them biocompatible [137, 173, 174]. Third, they are optically transparent
resulting in the ease of visualizing cells and their organelles [175, 176]. PAAM has been
extensively used to monitor cell adhesion and migration and is therefore a model substrate to use

in our research objective [105, 174, 175, 177].

PAAM can be polymerized through conventional free-radical polymerization [105, 152, 169]. In
our work, we have used UV-initiated photopolymerization. Several photo initiators have been
used to initiate polymerization with acrylamide [178-180]. Azo-based initiators such as
azobisisobutyronitrile (AIBN) can function as thermal and photo initiators [181]. Our goal is to
obtain cross-linking solely through UV radiation and therefore initiators that can also induce

thermal polymerization were not considered. We chose to use 2-hydroxy-1-[4-

23



(hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959) over other azo-based initiators
since it does not initiate thermal polymerization [182]. Irgacure 2959 was made soluble in water

by heating it up to 80°C before polymerization.

For designing chemical gradients, virtually any protein with free primary amine groups can be
conjugated to PAAM through the use of hetero-bifunctional cross-linkers. We chose a water-
soluble diazirine compound due to the wavelength at which this compound is activated. While
polymerization initiated by Irgacure 2959 occurs at a wavelength of 254 nm. Diazirines are
activated at 365nm. Therefore, the gels will not continue to polymerize when the protein is
being conjugated. We have conjugated Type 1 collagen to PAAM gels in all our studies.
Collagen is the most abundant protein in vivo and is a very well-studied ECM protein in the
context of cell migration [177, 183-185]. The chemical and mechanical properties of dual
gradient gels have been characterized using Enzyme linked immunosorbent assay (ELISA),

atomic force microscopy (AFM), profilometry and fluorescent methods.

Section 2.2 Materials

FITC labeled collagen (My=10° Da), HEPES buffer, Irgacure 2959 (1-[4-(2-Hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propane-1-one) and 3-triethoxysilylpropylamine were purchased
from Sigma Aldrich, St Louis, MO. Glutaraldehyde (25%v/v) was purchased from Electron
microscopy Sciences, Hatfield, PA.  Phosphate buffered saline, rhodamine-conjugated
polystyrene beads (0.5 um in diameter), penicillin-streptomycin and Dulbecco’s modified Eagle
medium were purchased from Invitrogen Life Technologies, Carlsbad, CA. Acrylamide (10%

v/v), bis-acrylamide (0.72 v/v), and APS were purchased from Bio-Rad, Hercules, CA. All other
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chemicals and supplies were purchased from Thermo Fisher Scientific Waltham, MA unless

otherwise specified.

Section 2.3 Design of polyacrylamide (PAAM) substrates with opposing rigidity and

protein gradients

Glass coverslips were activated using previously published procedures [152, 186].All PAAM
hydrogels in this study were polymerized using monomer solutions that contained acrylamide

(10%v/v), bis-acrylamide (0.72% v/v) and APS.

2.3.1 Irgacure optimization: Irgacure 2959 compound is known to initiate polymerization only
in the presence of UV radiation. The UV wavelength at which it exhibits peak absorbance is at
270nm which is advantageous since this wavelength is distinctly different from the UV
wavelength at which the chemical interfaces are created. However, Irgacure 2959 is sparingly
soluble in water but its solubility was increased by heating the photoinitiator solution up to 80°C.
Several concentrations were varied to optimize the concentration of Irgacure 2959 used to

polymerize the solution.

2.3.2 Designing rigidity gradients: High-resolution photo-masks (2um/pixel) with difference
gray scale values were custom-designed on chrome substrates (Benchmark Technologies,
Lynnfield, MA). Gray scale masks with four different transmittance values were designed to
control the intensity of incident UV radiation. The mask was placed in a custom-designed holder
in order to precisely rotate it during hydrogel assembly. Below, the percentage value in a mask
represents the amount of light transmitted through the mask (Figure 1). A higher percentage
value corresponds to a greater light transmittance, which results in higher degrees of

crosslinking. The differential absorption of UV light resulted in changes in the extent of cross-
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linking and the generation of an interfacial region with two distinct elastic moduli [117, 137].
Rigidity gradients were obtained using two combinations of gray scale values: 70%/40%

(denoted as Mask 1) and 80%/30% (denoted as Mask 2).

Polymerization was initiated by Irgacure 2959 (5% w/v) [182] and UV radiation (UVP, Upland
CA). The UV wavelength and intensity were 254 nm and 15 mW/cm?, respectively. Rhodamine-
conjugated PS beads (~ 0.5 pum in diameter) were added to all monomer solutions to enable the
identification of the rigidity gradient. In the PAAM hydrogel, low and high-crosslinking resulted
in “soft” and “stiff” regions, respectively. The interfacial region was defined as the area between

the lowest and highest values for substrate rigidity.

55.88mm

55.88
mm
22
mm )

22mm 11mm

Figure 1. Grayscale values for differential crosslinking to obtain different mechanical
gradient profiles.

2.3.3 Designing dual gradients with immobilized collagen: The concentration of surface-
immobilized collagen was increased in the opposite direction of the rigidity gradient. FITC-
labeled Type 1 collagen was conjugated to PAAM gels using N-hydroxyl succinimide and a

hetero bifunctional cross-linker sulfo-succinimidyl-diazirine (Figure 2). Reaction time with this
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linker molecule and the concentration of collagen were varied to optimize the binding efficiency
to PAAM substrates. The collagen gradient was superimposed on the rigidity gradient by rotating
the gray scale mask by 180° and exposing to UV light (365nm; Spectroline, Westbury, NY) at an
intensity of 27mW/cm? (Figure 3). The protein gradients were generated by UV exposure for 10
min and 30 pL of collagen deposited on the “soft” or “stiff” regions. The input collagen
concentration varied from 15-50 ug/mL. Our goal was start with low input collagen
concentration that can sustain cell adhesion, experiments with lower collagen concentrations than
15 pg/mL did not result in cell adhesion. PAAM gels were rinsed in 50mM HEPES (pH=7) for

up to 48h and stored at 4°C.
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Figure 2. A reaction scheme showing protein conjugation to PAAM hydrogels using SDA.
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Section 2.4 Interface characterization

2.4.1 Atomic Force Microscopy (AFM): YM measurements of hydrogels were obtained on
hydrated samples using a Veeco MultiMode AFM (Veeco, Santa Barbara CA). All
measurements were conducted in contact mode using pyramidal SiN cantilever tips (Bruker
AFM Probes, Camarillo, CA) with a spring constant of 0.12 Nm™. The force-distance curves
were obtained at 1 Hz using the blunted tips with a half open angle of 18°. The elastic modulus

was obtained by fitting the raw data to a modified Hertz cone model using equations 1 and 2.

F =k (d-do) (Equation 1)
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Figure 3. The design and assembly of hydrogels that exhibit opposing rigidity and protein
gradients. UV-mediated polymerization and chemical conjugation at two separate
wavelengths were used to cross-link and conjugate collagen.
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where F = applied force, o = 18°, E = YM, k = spring constant of the cantilever, v = Poisson’s

ratio (constant = 0.4) [171, 187], d = deflection of the cantilever, and ¢ = indentation.

2.4.2 Initial identification of the interfacial region using fluorescence microscopy: The YM
of gradient gels was determined by initial identification of the interfacial region through
fluorescence microscopy. Fluorescent imaging was conducted on a Nikon TE 2000 inverted
microscope to determine the intensity of rhodamine beads. Fluorescent intensity was calculated
using Nikon Elements™ software. This value was used to determine fluorescent intensities at the
high and low cross-linked regions. In hydrogels assembled using either Masks 1 or 2, a 15%
difference in intensity was observed between high- and low- cross-linked regions. These values

were only used to identify the initial boundaries of the interfacial region.

2.4.3 Refinement of the interfacial region using YM measurements: The precise locations of
the boundaries were determined by conducting multiple AFM measurements. The center of the
interfacial region obtained by fluorescence microscopy was designated as the (0,0) position.
Measurements were conducted at +12.5, 25, 37.5, 50, 100, 150 and 200um of the center
coordinates. The boundaries of the interfacial region were established using the following
procedure. In a hydrogel with a rigidity gradient introduced by Mask 1, YM values obtained at
each position within the gradient were compared to those obtained from corresponding
homogenous gels. YM values were compared (using a t-test with o set to 0.05) to those obtained
for gels polymerized using only a 70% or a 40% mask. The last position at which the YM value
was found to be statistically significant (p < 0.05) when compared to a gel polymerized with a

70% or 40% mask was identified as the boundary on the stiffer and softer side, respectively.
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Similar measurements were conducted for gradients generated with Mask 2. The migratory

behavior of cells was investigated only within this rigidity gradient.

2.4.4 Profilometry: A Veeco Dektak 150 (Bruker, Billerica, Massachusetts) profiler was used
to determine the hydrated thickness of PAAM substrates. The location of the interface was first

identified and marked. Thereafter, measurements were taken every 50 um from the interface.

Section 2.5 Concentration of Surface-immobilized Collagen

The surface density of collagen was measured by a fibronectin (FN) binding assay [188].
Briefly, FITC-collagen (Type 1) ranging from 15-50ug/ml in concentration was covalently
conjugated to either tissue culture polystyrene (TCPS, control) or PAAM gels. FN (BD
Biosciences) was biotinylated using a commercially available kit (Thermo Fisher Scientific) as
per the manufacturer’s protocol. The substrates were incubated with biotinylated fibronectin and
horseradish peroxidase-streptavidin. Thereafter, tetramethylbenzidine (TMZ) was added and the

absorbance at 450nm was measured on a microplate reader (Molecular Devices, Sunnyvale, CA).

Section 2.6 Results

Optimization of initiator concentration: We conducted the polymerization of acrylamide using
different concentrations of Irgacure 2959, varying the conditions for solubilizing the initiator,
and UV exposure times. Based upon our measurements, we identified optimal conditions under
which this initiator could be added to the monomer mixture while at the same time maintain its
solubility (Table 1). For all these reactions, acrylamide was maintained at 10%v/v, bis-

acrylamide at 0.72 %v/v, and APS at 0.5% v/v.
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Table 1. Optimization of Irgacure 2959 solubility

Time duration for -
Irgacure 2959 (%w/v) | Temperature (°C) heating (min) Solubility
0.5 75 20 Soluble
1 75 20 Soluble
2 75 20 Soluble
3 75 30 Soluble
4 75 30 Soluble
5 75 30 Soluble
6-10 70-90 30-60 Not soluble

Based upon these experiments, PAAM hydrogels were polymerized with Irgacure 2959 at 5%

w/v in the monomer solution, where the initiator had been solubilized by heating at 75°C for

30mins (Table 1). Further, we also optimized the UV exposure times to achieve polymerization

of the acrylamide monomer mixture with 5% w/v Irgacure (Table 2).

Table 2. Conditions optimized to achieve hydrogel polymerization using Irgacure 2959.

Solubilizing Irgacure % w/v of Irgacure UV exposure (min)
Heating at 75°C for 30mins 5 10
Heating at 75°C for 30mins 5 20
Heating at 75°C for 30mins 5 30
Heating at 75°C for 30mins 5 45
Heating at 75°C for 30mins 5 60

Design of rigidity gradients: PAAM hydrogels were first polymerized using a photomask with a

single gray scale value of 80%, 70%, 40% or 30%. The elasticity of these hydrogels guided the

design of rigidity gradients (RGs). The Young’s modulus of these hydrogels was 126.7 + 1.9 kPa

(80%, n=3), 80.7 + 6.2 kPa (70%, n=3), 48.2 + 2.7 kPa (40%, n=3) and 46.7 + 1.2 kPa (30%,

n=3). Based on these values, two rigidity gradients RG1 and RG2 were obtained using Mask 1

and 2, respectively. The fold change in elastic modulus between the soft and stiff regions was
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either ~ 1.7 (RG1) or 2.7 (RG2). The values of YM ratios were in close agreement to the
differences in UV transmittance within each mask. In Mask 1 (70%/40%) and Mask 2
(80%/30%), the fold differences in the gray scale values were 1.75 and 2.66, respectively. On
RG1, the YM values at 25%, 50% and 75% of the interfacial width were 45.1 + 4.1 kPa, 57.3 +
6.9 kPa and 62.8 + 4.3 kPa, respectively. On RG2, the YM values at 25%, 50% and 75% of the
interfacial width were 64.2 + 5.7 kPa, 68.9 £+ 6.2 kPa and 84.0 + 0.29 kPa, respectively. The
gradually increasing values of YM demonstrate that RGs were obtained using the UV photo
masks. The widths of the interfacial regions were determined upon immobilizing collagen (Type
1; 15 pg/mL) prior to conducting measurements. The interfacial widths were 95.8+14.4 um and
158.3+23.6 um for hydrogels assembled with Masks 1 and 2, respectively (Table 3). The
interfacial width generated by Mask 2 was significantly higher due to the greater differential in
gray scale values and unavoidable refraction of UV light. Together, these factors resulted in

crosslinking across a larger cross-section of the gel.

Table 3: Width of rigidity gradients using AFM measurements

Rigidity gradient (RG)

Substrate Width (um)
RG1 95.8+14.4 (n=3)
RG2 158.3+23.6 (n=3)

Design of dual gradients: The input concentration of collagen on the “soft” substrates was
either 30 pg/mL or 50 pg/mL. In order to measure the surface density of collagen, standards
were prepared by adsorbing different input concentrations of collagen onto TCPS at 37°C for

16h in a humidified environment and then at 40°C for 24h at room temperature. Assuming
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100% binding efficiency on TCPS, a calibration curve was obtained which was used to calculate
the binding efficiency of collagen conjugated to low and high modulus gels (Figure 4). The
intensity obtained from proteins adsorbed to the glass coverslips was measured independently
and subtracted from the final value. Surface values were calculated by assuming a cylindrical gel
with a height of 45 um (height of a typical PAAM gel in this study) and a diameter of 15mm

(diameter of coverslips on which gels were cast).
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Figure 4. Calculating surface-bound collagen on tissue culture polystyrene (TCPS),
and on a ~46kPa (high protein/soft) and 126 kPa (low protein/stiff) hydrogel substrate

RG2 was selected to superimpose a collagen gradient in the opposite direction. This gradient
was chosen due to statistically significant durotaxis exhibited by fibroblasts. Moreover, the
greater width of this rigidity gradient would pose an additional challenge for cells since they
would have to migrate a greater distance away from the stiff side of the RG to reach locations
with high collagen concentration. Two different chemical gradients were superimposed in the

opposite direction to the rigidity gradient as follows. On the stiff side of RG2 (which exhibited a
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YM of 126.7 + 1.9 kPa), the input concentration of protein was 15 ug/mL. On the soft side of
RG2 (YM of 46.7 + 1.2 kPa), the input concentration of protein was either 30 pg/mL or 50
ug/mL. Upon exposure to UV light, the immobilized protein concentration varied between the
low and high YM boundaries of the rigidity gradient. On the stiff side, the surface concentration
of collagen was 3.5+1.2 molecules/um? (Table 4). On the soft side, the surface concentration of
collagen was 12.7+6.2 molecules/um? or 23.9+5.7 molecules/um?, corresponding to the input
concentrations of 30 ug/mL or 50 ug/mL, respectively (Table 4).

Table 4. Estimation of surface concentration of collagen.

[Collagen] Rigid Side Soft Side
(ug/r?ﬂ) Binding efficiency molecules/ Binding molecules/
(%) um? efficiency (%) um?
15 34.6 3.5+1.2 56.9 5.8£1.2
30 56.4 11.51£5.1 62.1 12.7+6.2
50 87.0 29.7+2.6 70.2 23.945.7

Thus, the collagen concentrations increased either four- or seven-fold from the rigid to the soft
regions of the substrate. Henceforth, these dual gradients will be denoted as Dual gradient 1
(DG1, four-fold increase) and Dual gradient 2 (DG2, seven-fold increase). The width of RG2
did not undergo a significant change upon superimposing the collagen gradient (Table 5).

Fluorescent images of a typical dual gradient are presented in Figure 5.

Section 2.7 Discussion and conclusions

We designed novel opposing rigidity/protein gradients using photomasks and UV

polymerization.
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Table 5: Width of dual gradients using AFM measurements

Dual gradient (DG)

Substrate Width (um)
DG1 158+11.8 (n=3)
DG2 150+20.4 (n=3)

Low modulus/
higH protein

L dul
7y begre High'arotein

I
I I
I I
| High modulus] |

High modulusl
low protein

126kPa Low protein

Figure 5. Fluorescent images of: (A) rhodamine-conjugated polystyrene beads imbedded

within the PAAM hydrogel; (B) FITC-conjugated type 1 collagen bound to the hydrogel

surface; (C) merged fluorescence images of the hydrogel substrate. The vertical dotted
lines correspond to the boundaries of the interfacial region. Scale bar = 100pm.

This approach is versatile as it can be extended to design gradients with virtually any protein that
has free primary amine groups. Moreover, PAAM hydrogels can exhibit a wide range of elastic
moduli that can be easily tuned by changing the gray scale level of the mask and the cross-linker
concentration. The wide range of moduli enables the design of physiologically relevant tissues
[156, 172]. We assembled two different types of rigidity gradients (RG1 and RG2) using

different grayscale levels of the photo-mask exhibiting different modulus values to study cell
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migration. Although every attempt was made to obtain mechanical gradients of equal widths,
RG2 was significantly wider than RG1. We believe that differential transmission of incident UV
between Masks 1 (70%/40%) and 2 (80%/30%) and light scattering led to a wider gradient.
Although high-resolution masks (2um/pixel) were used to control the degree of incident UV
light, it is likely that even greater resolution is required to prevent light scattering. Future studies
will focus on using masks with even greater resolution or to choose combinations of gray scale
values that exhibit the same differential.

To design opposing protein gradient, fluorescently labeled collagen was linked with diazirine
cross-linker which was conjugated to the PAAM hydrogel on exposure to UV light through non-
specific addition/insertion reactions. We designed two different dual gradient profiles (DG1 and
DG2) where the immobilized collagen concentration was varied 4-fold and 7-fold on the low-
modulus region while keeping the collagen surface concentration constant on the rigid regions of
the interface. We also investigated the height of the hydrogel at the edges of the interface to
determine if topography played a role. The height of the hydrogel on the low- and high-modulus
edges did not vary significantly as a function of cross-linking. The heights of the high and low
modulus edges were within 12% of the thickness at the middle. In summary, two different dual
gradient profiles were designed and superimposed on RG2 gradient to study how strong a
chemical cue has to be in order for fibroblast to direct its motion away from the rigid region of

the biomaterial.
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Chapter 3. Investigate fibroblast locomotion in the presence of simultaneous
chemical and mechanical stimuli.

Section 3.1 Introduction

The migration of cells is a complex and dynamic process that is governed by several stimuli
acting simultaneously. In vivo, cells receive and process a wide range of cues that guide their
motion and migratory characteristics such as speed and directionality. The design of
biomaterials that can recapitulate the combinatorial signaling environment can aid in
understanding how migrating cells respond to more than one stimulus and when one cue
dominates over the other. We have designed hydrogel substrates that exhibit opposing rigidity-
and collagen gradients. Within the boundaries of the interfacial region, the values for substrate
modulus decreased in one direction with a concomitant increase in the concentration of surface-
bound collagen. The well-known durotactic migration of fibroblasts was first validated on
substrates that only exhibit a gradient in modulus while keeping the concentration of surface-
bound collagen constant. After durotaxis validation, we investigated the effect of opposing

rigidity and protein gradient on directional behavior of fibroblasts.
Section 3.2 Materials and methods

3.2.1 Materials: FITC labeled collagen (M,,=10° Da), HEPES buffer, Irgacure 2959 (1-[4-(2-
Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one) and 3-triethoxysilylpropylamine
were purchased from Sigma Aldrich, St Louis, MO. Glutaraldehyde (25%v/v) was purchased
from Electron microscopy Sciences, Hatfield, PA. Phosphate buffered saline, rhodamine-
conjugated polystyrene beads (0.5 pm in diameter), penicillin-streptomycin and Dulbecco’s
modified Eagle medium were purchased from Invitrogen Life Technologies, Carlsbad, CA.

Acrylamide (10% v/v), bis-acrylamide (0.72 v/v), and APS were purchased from Bio-Rad,
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Hercules, CA. All other chemicals and supplies were purchased from Thermo Fisher Scientific

Waltham, MA unless otherwise specified.

3.2.2 Cell culture: Murine Balb/c 3T3 cells (Balb/3T3 clone A31, American Type Culture
Collection, Manassas, VA) were maintained between passage numbers 3 to 15 at 37 °C under a
humidified atmosphere at 5% CO,. Cells were maintained in DMEM supplemented with

10%v/v bovine calf serum (Hyclone, Logan, UT) and 2% v/v penicillin-streptomycin.

3.2.3 Time lapse microscopy: PAAM gels were sterilized by exposure to germicidal UV for 1h.
Fibroblasts (at a density of ~22000 cells/cm?) were cultured on the hydrogels for 6-8h prior to
conducting microscopy. The gels were placed in a closed observation chamber (Bioptech,
Butler, PA) maintained at 37°C. This chamber was perfused with CO,-enriched culture medium
at a rate of ImL/min [189]. Phase contrast and fluorescent images were obtained on an inverted
TE-2000U Nikon microscope every 30 min up to 6h. Cells that underwent death, mitosis, exited
the frame, or collided with adjacent cells during the observation period were not taken into
consideration for further analysis. To calculate cell speed and displacement, the “X” and “y”
coordinates of the cell centroids were measured at each time point. The mean-squared
displacement (<d*>) was calculated for a cell tracked for a total time tmax= N At with a series of
real time coordinates (x (nAt), y (nAt)) (equation 3) [123]. Here, N is the total number of time-

points at which coordinates were obtained, while n and i are intermediate time-points.

(d?,t = nAt) = — Z%zN_n[(x((n + )AL) — x(iAD)]? + [(y((n + D)At) — y(iAt)]?

(N-n+1) =0

(Equation 1)
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Only those cells that exhibited a minimum mean square displacement of 30 um over the 6h
observation period were further investigated for directionality of locomotion. This cutoff value

was very close to the width of fibroblasts on the hydrogel substrates.

3.2.4 Immunofluorescence staining for actin and vinculin: PAAM hydrogels were
polymerized with 0.5 um fluorescent blue beads (Polysciences Inc, Warrington PA). Fibroblasts
were fixed using a 0.75% glutaraldehyde in 1X PBS (v/v, Electron Microscopy Sciences,
Hatfield PA) solution. A 0.1% Triton X-100 (Sigma-Aldrich) solution was added to enhance
membrane permeability. Samples were incubated at 37°C for 2h in a 0.1% AlexaFluor® 350
phalloidin (Invitrogen Life Technologies) solution and a monoclonal antibody to vinculin
(Abcam; 1:100 dilution) followed by a FITC-conjugated secondary antibody (Abcam; 1:100
dilution). Images were obtained on a Zeiss LSM 510 Laser scanning confocal microscope

placed on an inverted Axio Observer Z1 base.

3.2.5 Statistical analysis: Statistical significance and p-values between sample groups (e.g.
evaluating trends in cell areas and displacement) were determined by t-test analysis with alpha

set to 0.05. All data are reported as mean + standard deviation. Sample sizes are denoted by n.

The binomial test was performed to assess the statistical significance of the cell count trends in
cell migration. For rigidity gradients, the null hypothesis was that cells would not show a
preference to migrate towards either side of the interface. Hence, according to the null
hypothesis, the probability that a cell would move towards the high modulus side of the interface
was 0.5. Suppose that out of a total of | cells, we observed k cells moving towards the high
modulus side, where k was larger than 1/2. Then the alternative hypothesis was that cells showed

a preference to move towards the high modulus side. Under the null hypothesis, the probability
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that we would observe k or more out of | cells moving towards this side is provided in equation
(4). This quantity is the p-value of the one-sided binomial test. The one-sided binomial test was
appropriate here because of the way in which the alternative hypothesis is posed: that the cells
moved towards the high modulus side. Alpha was maintained at a value of 0.05. Cells exhibiting

random walk motion near the high-modulus edge of the interfacial region were not included in k.

l l

Bin(L ke ) = Z OB @) - z ()R squation @
2 i/\2/ \2 i/ \2
i=k i=k
Based on the results described later for rigidity gradients, the null hypothesis for dual gradients
was that cells would show a preference to migrate towards the high modulus/low protein side of
the interface. Hence, according to the null hypothesis, the probability that a cell would move
towards the low modulus/high protein side of the interface was p, where this probability was
calculated from the cell counts for rigidity gradients. Suppose that out of a total of | cells, we
observed k cells moving towards the low modulus/high protein side, with k being at least 1/2. The
alternative hypothesis was that the cells showed a preference for the low modulus/high protein
side. Then, under the null hypothesis, the probability that we would observe k or more out of |
cells moving towards this side is provided in equation (5). This quantity is the p-value of the one-
sided binomial test. Alpha was maintained at a value of 0.05. Cells exhibiting random walk

motion near the low-modulus/high collagen edge of the interfacial region were not included in k.

l

_ N |
Bin (L k,p) = Z (l) p'(1 —p)t Equation (3)

i=k
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Section 3.3 Results

Fibroblast migration on rigidity gradients: Durotaxis was monitored on two different rigidity
gradients. Approximately 65% (RG1) and 74% (RG2) of cells either migrated towards the stiffer

regions of the hydrogel or exhibited random walk motion at the rigid edge of the gradient (Table

1, Figure 1).
Table 1: Direction of fibroblast migration on rigidity gradients.
RG1 RG2
Direction of motion
n=23 n=234
Soft to Stiff 13 20
Stiff to Soft 8 9
Exhibiting random walk motion near the 2 5
high-modulus edge of the interfacial region
p-value of binomial test 0.2 0.03

The average values for total displacement were 45 + 17.8 um (RG1) and 71.5 + 25.3 um (RG2).
However, when the displacements over each 2h period were calculated, significant differences
were observed between the two gradients (Figures 2A and 2D). On RG1, the average
displacement was 32.9 £11.0 um, 17.1£7.2 um and 9.6£5.9 um from 0-2h, 2-4h and 4-6h,
respectively. In contrast, on RG2, fibroblasts exhibited average displacements of 25.6+10.8 pum,
21.3 £14.6 um and 25.1+14.9 um in the same time periods. These trends indicate that fibroblasts
remained motile on RG2 throughout the observation period in contrast to the large decrease in
speed observed on RG1 in the second half. Moreover, changes in spread cell areas (Figures 2B

and 2E) were observed between the two gradients.
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Figure 1. Merged phase-contrast and fluorescence time-lapse images of fibroblasts
migrating on RG1 (A-C) and RG2 (D-F). Durotactic motion is observed on both rigidity
gradients over a 6h period. Scale bars = 50pm.

Approximately 43% (RG1), and 35% (RG2) of cells exhibited increased cell areas
(Areai=gn/Areai=on > 1) (Figures 2B and 2E). The higher cell areas on RG1 suggest that the cell
adhesion to the substrate is better when compared to RG2. When the average trajectory of all
cells was calculated, there is a clear preference exhibited by fibroblasts for the high-modulus
regions of the interface (Figures 2C and 2F). The extended migratory behavior of fibroblasts on
RG2 compared to RG1 can be attributed to the differences in the widths of the two interfacial
regions. Fibroblasts moving on RG2 have to migrate a wider distance in order to reach the rigid
edge of the interface and would therefore remain motile for longer time periods. Upon applying

the one-sided binomial test to the data show in Table 1, the p-values for RG1 and RG2 were



calculated to be 0.2 and 0.03, respectively. Therefore, the results obtained on RG1 were not
significant. In contrast, migration to the high modulus region was statistically significant for

RG2 at the 0.05 level.
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Figure 2. Average displacements exhibited by fibroblasts over 2h increments on RG1 (A)
and RG2 (D). Histograms of the area fold change exhibited by fibroblasts over 6h on RG1
(B) and RG2 (E). The average trajectory of cells analyzed on the rigidity gradients. The
diagrams show positions at each time-point relative to the cell’s initial position (t=0) on
RG1 (C) and RG2 (F). An asterisk (*) indicates a statistically significant difference (p <
0.05). n=23 (RG1) and n=34 (RG2).

Fibroblast migration on opposing rigidity/protein gradients: Fibroblasts migrating across DG1
or DG2 were monitored to determine their preference for directed motion towards the 46kPa
(soft) edge of the interfacial region (Figure 3, Table 2). On DG1, approximately 62% of cells
either migrated towards the soft edge or exhibited random walks on the soft/high protein edge of
the gradient. When a 7-fold increase in collagen was introduced (DG2) a dramatic increase in the

preferred direction of migration was noted with 73% of cells clearly exhibiting motion towards



the 46kPa region or performing random walks in this region. Some fibroblasts did indeed move
towards the rigid edge of the gradient. Upon tracking the average trajectories of all cells (Figures
4A and 4B), both dual gradients elicited cells migrating towards the high collagen/low-modulus
regions. However, fibroblasts clearly infiltrated DG2 to a greater extent.

Table 2: Direction of fibroblast migration on opposing rigidity/protein gradients.

DG1 DG2
Direction of motion
n=29 n=33
High-modulus/low collagen to low-
. 15 20
modulus/high collagen
Low-modulus/high collagen to High- 1 9

modulus/low collagen

Exhibiting random walk motion near the
Low-modulus/high collagen edge of the 3 4
interfacial region

p-value of binomial test 0.004 3x10™

The binomial test was repeated for the data in Table 2. Since both dual gradients were assembled
with the stiffness gradient from RG2, according to the null hypothesis, the probability that a
cell would move to the high collagen/low modulus side was 0.31 (9/29; see Table 1). The p-
values of the one-sided binomial test with this probability were for 0.004 for DG1 and 3x10™ for

DG2. Therefore, fibroblasts on both dual gradients exhibited a reversal of durotaxis.
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Figure 3. Merged phase-contrast and fluorescence time-lapse images of fibroblasts
migrating on DG1 (A-C), DG2 (D-F) and DG2 (G-I). Images 5D-5F depict cells within the
gradient exhibiting directed motion towards the low-modulus/high collagen regions.
Images 5G-51 depicts one cell that is initially located outside the gradient (on the high-
modulus region) moving towards the low-modulus/high regions. Scale bars = 50pm.
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Comparing the cell trajectories in Figure 4A and 4B, infiltration of fibroblasts into the low

modulus/high collagen regions is greater only when the collagen concentration is 7-fold higher

(Figure 4B).
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Figure 4. The average trajectory of cells analyzed on dual gradients. The diagrams show
positions at each time-point relative to the cell’s initial position (t=0) on DG1 (A) and DG2
(B). Average area fold change exhibited by fibroblasts over 6h on RG2, DG1, and DG2 (C).
Average displacements exhibited by fibroblasts over 3h increments on RG2, DG1, and DG2
(D). An asterisk (*) or pound (#) sign indicates a statistically significant difference (p <
0.05). n=34 (RG2), n=29 (DG1), and n=33(DG2).
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When the collagen concentration is 4-hold higher (Figure 4A), the cells enter the low modulus
region but do not infiltrate it to a great extent. The locomotion of cells across the two dual
gradients revealed additional interesting contrasts. Projected cell areas on DG2 were statistically
higher (p<0.05) in comparison to cells moving on the corresponding rigidity gradient (RG2)
(Figure 4C). The average displacement from 0-3h was also lower for cells on DG2 when
compared to RG2 or DG1 (Figure 4D). Since cells do not move in a linear manner, the angle (6)
made by the line connecting the final and initial coordinates for each cell with the x-axis was
calculated. If this angle ranged between +45° the cell would have moved primarily in the positive
“x” direction (toward the soft/high protein side of the dual gradient). Approximately 20%, 34%
and 27% of cells exhibited angularities with magnitude at most 45° and therefore horizontal
motion on RG2, DG1 and DG2, respectively (Figures 5A-C). On both DGs, the trajectory of
fibroblasts was primarily radial and not horizontal. It is of interest to note that only on DG2 do
cells (~18%) move in a perpendicular manner along the “y” axis. The corresponding value is
approximately 3% on RG2 and DG1. The perpendicular motion can be attributed to fibroblasts
moving up and down at the low-modulus/ high-collagen edge of the interfacial region.

Actin cytoskeleton and vinculin localization: The actin cytoskeleton on the low-modulus/ high-
protein side of the interface did exhibit differences for cells migrating either on DG1 or DG2
(Figures 6A and 6C). For cells on DG1, the actin filaments were well defined and were present
though the entire cross-section of cells. In contrast, on DG2, the actin filaments were well
defined primarily on the peripheral regions of the cell. Vinculin-enriched focal adhesions were
found in the frontal regions of cells on both gradients (Figures 6B and 6D). Interestingly, large

vinculin-enriched focal adhesions were observed in the tips of cell extensions on the trailing edge
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of fibroblasts on DG2. Vinculin is reported to be present in nascent focal adhesion and a critical

focal adhesion protein for cell migration [190].
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Figure 5. Angularity histograms for RG2 (A), DG1 (B), and DG2 (C), where the angle is
determined by the inverse tangent of (ys— Vo) / (Xs — Xo) Where (Xo,Yo) and (Xs,ys) correspond
to the initial (Oh) and final (6h) coordinates of cell, respectively. An asterisk (*) or pound
sign (#) indicate a statistically significant difference (p < 0.05). n=34 (RG2), n=29 (DG1),

and n=33 (DG2).

Section 3.4 Discussion and conclusions

Durotaxis is a well-studied migratory characteristic that has been reported on a wide range of
cells and substrates [191]. We have previously reported cells moving away from stiff (high-
modulus) regions in favor of softer domains of a hydrogel [152]. In this report, there was a sharp
increase in YM values of either side of an interface and the soft regions were modified with high
concentrations of collagen-coated microspheres. Previously, fibroblast migration in
microfluidics devices was investigated where the cells experienced both protein and shear stress
gradients [167]. To the best of our knowledge, there are no migration studies conducted in vitro

on opposing rigidity-immobilized protein gradients.
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We have designed novel opposing rigidity and surface-bound protein gradients using custom
designed photomasks and UV-mediated polymerization and conjugation. We assembled two
different rigidity gradients to study durotaxis. The broad range of elastic moduli exhibited by the
rigidity gradients are of physiological relevance to tissues such as skin breast and collagenous

bone [192-194].

Figure 6. Fluorescent images of actin cytoskeleton and vinculin focal adhesions for
fibroblasts on DG1 (A-B) and DG2 (C-D). Actin is depicted in red, vinculin in green, and
the embedded polystyrene beads in blue. The vertical dotted lines correspond to the
boundaries of the interfacial region. In these images, the high protein, soft side is on the
left and the low protein stiff side on the right. Yellow arrows point to focal adhesions (B
and D). Scale bars = 50pm.
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Upon super-imposing an immobilized collagen gradient in the opposite direction, a reversal of
durotaxis was observed. This reversal occurred by increasing the concentration of immobilized
collagen by a factor of four or seven from the stiff side to the soft side of the rigidity gradient. It
is evident that when fibroblasts preferred low-modulus regions that exhibited a 7-fold increase in
collagen. The increased in cell areas and decrease in displacement on DG2 can be correlated to
the increased adhesivity of the substrate resulting from higher surface-bound collagen at the
middle of the interface and on the low-modulus regions. Since the widths of the DGs were
approximately 150um, the angularity in cell motion was calculated to determine whether cells
would choose the quickest route to reach their preferred destination. Based on our data,
fibroblasts on RG2 and DG1 primarily exhibited radial motion. Only on DG2 did cells exhibit
close to perpendicular motion. These cells were very close to the boundary of the interface on
the ~46kPa/high collagen side. There was a moderate difference between cells exhibiting
horizontal trajectories on DG1 and DG2. While the precise reasons for the observed differences
in angularity of cell motion between the two dual gradients are not fully understood, we
hypothesize that the higher collagen concentration on DG2 could have played a role. A
significant finding was the extent of infiltration was different on the dual gradients. Fibroblasts
migrated further into the low modulus/high protein region only when the collagen concentration
was increased by 7-fold. These findings could be of significance to understand wound healing

processes and cancer metastasis.

In this study, we have demonstrated that on hydrogels where the substrate elasticity gradually
changes in a direction opposite to the rigidity gradient. In the future, substrates that exhibit

lower values of elastic modulus (<15kPa) with high concentrations of chemokines, cytokines and
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other ECM proteins may provide insights on how cells migrate into diseased tissues. The current
work can be extended into understanding cell migration during wound healing. For example,
during the early stages of injury, a mechanical gradient is formed from the interior of the wound
(low-modulus) to the exterior (high-modulus). In addition to the mechanical gradient, the
concentration of signaling molecules is higher in the center of the wound and lower in the

periphery [145].

We have designed opposing rigidity-protein gradients. The range of elastic moduli exhibited by
these gradients spans a broad range and can therefore be used to investigate cellular migration in
different tissues. Since cell locomotion is a dynamic process governed by several stimuli acting
simultaneously, we envision that seeking to address how cells move in the presence of dual
conflicting stimuli will be of physiological relevance to probe healthy and diseased tissues. The
insights obtained on such complex interfaces can aid in the design of future biomaterials and
implants that emulate interfacial regions found in vivo. Substrates that incorporate multiple
stimuli with gradients in different directions could serve as physiologically relevant models to
monitor how a cell chooses to move and how one signal may exert a more dominant role than
another. In the future, the insights obtained from this work can be extended to investigating

migratory behavior during regeneration, cancer metastasis and wound healing.
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Chapter 4. Investigate macrophage and fibroblast co-culture locomotion in

the presence of simultaneous chemical and mechanical stimuli.

Section 4.1 Introduction

A majority of cellular migration studies have been conducted on single cells [106, 137, 142, 152,
195]. Although, these studies provide insights into locomotion they do not take capture the
multi-cellular environment found in vivo [106, 170, 196]. Since homotypic and heterotypic cell-
cell communications play an important role in various cellular functions it is important that
migration also be studied in complex cellular mixtures [165, 197-199]. The tissue
microenvironment contains different cell types, thus, in vitro studies on migration behavior in
co-cultures is a step towards future studies of complex cellular mixtures. In this project, we have
investigated fibroblast migration in the presence of another motile cell type, murine
macrophages. To the best of our knowledge, no study has investigated macrophage-fibroblast

co-culture migration on dual and opposing rigidity-protein gradients.

Macrophages are involved in the regulation of the immune and inflammatory responses, as well
as in tissue repair and remodeling [15]. These cells can be involved in both pro- and anti-
inflammatory processes. Macrophages are involved in apoptosis, promotion of angiogenesis,
fibroblast proliferation, synthesis of ECM and tissue formation [15, 200, 201]. Macrophages can
be activated via classical (M1) or alternative (M2) pathways [202]. On exposure to pro-
inflammatory cytokines such as interferons, lipopolysaccharides or microbial products,
macrophages can adopt a classically activated phenotype and produce a large number of
cytokines [200]. These cells have high microbicidal and tumoricidal properties and secrete high
levels of pro-inflammatory cytokines such as IL-1, IL-6, IL-12, IL-23, TNF-a and iNOS [202].

Alternatively activated macrophages (M2), also called as wound healing macrophages, are
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produced in response to IL-4 and other glucocorticoids. M2 macrophages produce anti-
inflammatory cytokines (IL-10), growth factors (TGF-B1, VEGF, and PDGF) and ECM, and

promote healing [16, 203].

4.1.1 Macrophage responsiveness to the physical properties of biomaterials: Macrophage
morphology and cytoskeleton can be modulated by substrate elasticity [195]. Murine
macrophages cultured on a soft substrate (elastic modulus: 1.2kPa) exhibited a more rounded
shape with fewer filopodial projections compared to cells on a rigid substrate (elastic modulus:
150kPa) that showed increased protrusions. Moreover, these cells exhibited increased
phagocytosis of both un-opsonized and 1gG coated latex beads. Alveolar macrophages exhibited
changes in cell shape when seeded on substrates that exhibited elastic moduli values of 0.1, 40,
160kPa when compared to cells cultured on rigid substrates exhibiting moduli values of 3MPa
and 70MPa. Cells on softer substrates were rounded in shape while cells on stiffer substrate
exhibited a flattened morphology [204]. RAW 264.7 macrophages on PEG hydrogels exhibited
a round morphology on soft substrates (Young’s modulus: 130kPa) with localized actin around
the periphery of the cell membrane [205]. However, macrophages on stiff substrates (Young’s
modulus: 240kPa and 840kPa) were well spread with more defined actin on the cell
cytoskeleton. Membrane protrusions such as filopodia were also found to be more prominent on
cells cultured on stiff substrates. These trends suggest that the mechanical properties of the

substrate can influence macrophage morphology and function.

4.1.2 Macrophage response to immobilized molecules: Since collagen type | is the most
abundant protein present in the body comprising >60% of the total dry weight of dermal tissue
[12] all cells, including macrophages come in contact with this ECM protein. ECM proteins play

an important role in cellular adhesion during wound healing [202]. Macrophages encounter
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collagen and other ECM proteins that can serve as chemoattractants, thereby, directing them to a

wound location [127, 206].

Gowen et al reported differences in the adhesion of RAW 264.7 murine macrophages on
fibrillar, monomeric and denatured forms of Type | collagen [207]. This study showed that
macrophages exhibited poor adhesion on the fibrillar form of collagen while displaying
significantly higher adhesion on the denatured form due to a higher number of exposed binding
sites.  Macrophage scavenger receptor, were found to play a major role in adhesion to
monomeric and denatured collagen. However, other reports have implicated the role of integrins

in monocytes adhesion to denatured ECM proteins [208-210].

Human peripheral blood monocytes (precursor cells to macrophages) have been shown to be
chemotactic towards collagen and collagen-based peptide sequences [211]. It was also found that
it is the tertiary structure of native collagen may be responsible for chemotaxis. Native collagen
was found to be a more potent chemoattractant than the denatured a-chains of smaller peptides
derived from cyanogen bromide, bacterial collagenase or pepsin. Moreover, the chemotactic
response of monocytes was concentration-dependent, wherein, increasing concentrations of
collagen or a-chains produced a greater chemotactic response [211]. Alveolar macrophages have
also been reported to exhibit chemotaxis towards collagen peptides and its degraded products

[212].

4.1.3 Studies on macrophage:fibroblast co-cultures: Co-culture studies conducted with
macrophages and fibroblasts have shown that these cells can indeed influence each other [213-
215]. A study by Zeng et al showed that co-culturing fibroblasts with macrophages in a 1:1 ratio

induced the proliferation and migration of fibroblasts on the gelatin-oxidized alginate hydrogel.
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Moreover, the levels of inflammatory cytokines such as IL-6, IL-13 and TNFR-II increased in
the macrophages/fibroblasts co-culture in contrast to monocultures of macrophages [215].
Another report in the literature investigated the effect of differently activated macrophages on a
fibroblast cell line WI-38 [216]. Alternatively activated macrophages (M2) increased the
proliferation and collagen synthesis of co-cultivated WI-38 cells while classically activated
macrophages (M1) reduced collagen production. Similarly, chemokines such as PDGF-AA,
PDGF-BB and TGF-B1 production was elevated in alternatively activated macrophages. In
contrast, expression and production of TNF-alpha, as well as MMP-7, were enhanced in
classically activated macrophages. Previous reports have indicated the production of chemokine
(IL-1) by rat bone marrow derived macrophages that enhanced collagenase secretion and
collagen degradation by cultured skin fibroblasts of human, mouse and rabbit origin [213, 217].
In a co-culture with primary human macrophages (M1 phenotype) and human dermal fibroblasts,
cell-cell signaling resulted in the enhanced secretion of inflammatory cytokines (IL6, CCL2 and
CCL7) from fibroblasts [218]. However, fibroblast proliferation increased in the presence of

macrophages that exhibited M2 phenotype.

4.1.4 Macrophage plasticity: Recent evidence suggests the presence of both phenotypes can be
present in macrophages and that macrophages can switch from one to another [200, 219-221].
The switching from M1 to M2 or vice versa is called plasticity. It has been shown that
macrophages can reversibly shift their functional phenotype in response to changes in the levels
of cytokines [220, 221]. Even physical properties such as the surface roughness of a biomaterial
can initiate this switch [222]. RAW 264.7 macrophages were cultured on polysiloxane
substrates filled with epoxy resin that were either polished (average roughness Ra = 0.06pm) or
sandblasted, acid-etched (average roughness Ra = 4.33um). On the rough substrate, markers of
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M2 phenotype such as monocyte chemoattractant protein-1 and macrophage inflammatory
protein -1 alpha were upregulated. In another report, micropatterned substrates were used to
transform cells from M1 to M2 phenotype. Even in the absence of exogenous cytokines, cellular
elongation resulted in macrophage plasticity [219]. Although, there are limited studies that
clearly exhibit the effect of a biomaterial on macrophage plasticity, there is sufficient evidence to

support that biomaterial properties can indeed initiate macrophage plasticity.
Section 4.2 Materials and Methods

4.2.1 Materials: FITC labeled collagen (M,=10° Da), HEPES buffer, Irgacure 2959 (1-[4-(2-
Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one) and 3-triethoxysilylpropylamine
were purchased from Sigma Aldrich, St Louis, MO. Glutaraldehyde (25%v/v) was purchased
from Electron microscopy Sciences, Hatfield, PA. Phosphate buffered saline, rhodamine-
conjugated polystyrene beads (0.5 pm in diameter), penicillin-streptomycin and Dulbecco’s
modified Eagle medium were purchased from Invitrogen Life Technologies, Carlsbad, CA.
Acrylamide (10% v/v), bis-acrylamide (0.72 v/v), and APS were purchased from Bio-Rad,
Hercules, CA. All other chemicals and supplies were purchased from Thermo Fisher Scientific

Waltham, MA unless otherwise specified.

4.2.2 Cell culture: RAW 264.7 macrophages were obtained from ATCC, Manassas, VA. These
cells were cultured in DMEM supplemented with 10%v/v fetal bovine serum (Hyclone, Logan,
UT) and 1% v/v penicillin-streptomycin at 37 °C under a humidified atmosphere at 5% CO..

Cells were maintained between passage 3-15 in all experiments.

4.2.3 Time Lapse Microscopy: PAAM gels were sterilized by exposure to germicidal UV for

1h. Macrophages (at a density of ~16000 cells/cm?) were cultured on the hydrogels for 6-8h prior
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to conducting microscopy. For the macrophage-fibroblast co-culture experiments, the two cell
types were seeded in the ratio of 1:1 and a total of ~27000 cells/cm? cells were cultured on dual

gradient hydrogel (DG2).

The gels were placed in a closed observation chamber (Bioptech, Butler, PA) maintained at
37°C. This chamber was perfused with CO,-enriched culture medium at a rate of 1mL/min
[189]. Phase contrast and fluorescent images were obtained on an inverted TE-2000U Nikon
microscope every 30 min up to 6h. Cells that underwent death, mitosis, exited the frame, or
collided with adjacent cells during the observation period were not taken into consideration for
further analysis. To calculate cell speed and displacement, the “X”” and “y” coordinates of the cell
centroids were measured at each time point. The mean-squared displacement ((d%) was
calculated for a cell tracked for a total time tmax= N At with a series of real time coordinates (x
(nAt), y (nAt)) (equation 1) [123]. Here, N is the total number of time-points at which

coordinates were obtained, while n and i are intermediate time-points.

(d%t = nAt) = — ZfZN_"[(x((n + )At) — x(iAD)]? + [(y((n + D)At) — y(iAt)]?

(N-n+1) i=0

(Equation 1)
Only those cells that exhibited a minimum mean square displacement of 30 um over the 6h

observation period were further investigated for directionality of locomotion.

4.2.4 Enzyme-linked Immunsosorbent Assays (ELISA): The levels of TNF-a ((R&D systems,
Minneapolis) and TGF-p (Abcam, Cambridge, MA) present in spent cell culture medium were
measured using ELISA. Spent culture medium was obtained after 8h of cell culture and stored at
-20°C until needed. The manufacturer’s protocols were followed for each assay and a brief
description is provided below.
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Concentration of TNF-a: Microwell plates (96w) were coated with a TNF-a antibody. In each
well, 50uL of the assay diluent and samples (or standards) were added and the mixture was
incubated for 2h at room temperature. A horseradish peroxidase conjugated polyclonal antibody
to TNF-a was added and incubated for an additional 2h. Thereafter, tetramethylbenzidine and
hydrochloric acid were added. The absorbance at 450 nm was measured on a SpectraMax M2
microplate reader (Molecular Devices, Sunnyvale, CA). Standard curves were generated in

culture medium.

Concentration of TGF-£: Microwell plates (96w) were coated with a TGF- antibody. 100uL
of undiluted standards and test samples were added to the wells and then incubated at room
temperature. After washing, 100uL of Biotin-conjugated anti-Rat TGF beta 1 detection antibody
was added then incubated at room temperature for 2h. Following washing, 100uL of
Streptavidin-HRP conjugate was added to each well, incubated at room temperature for 30mins
then again washed. 100uL of tetramethylbenzidine was added and then catalyzed by HRP to
produce a colored product after adding acidic stop solution. The density of yellow coloration was
directly proportional to the amount of Rat TGF beta 1 captured on the plate and amount was

measured using a calibration curve.

4.2.5 Statistical analysis: Statistical significance and p-values between sample groups (e.g.
evaluating trends in cell areas and displacement) were determined by t-test analysis with alpha

set to 0.05.

All data are reported as mean + standard deviation. Sample sizes are denoted by n.
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The binomial test was performed to assess the statistical significance of the cell count trends in
cell migration. For rigidity gradients, the null hypothesis was that cells would not show a
preference to migrate towards either side of the interface. Hence, according to the null
hypothesis, the probability that a cell would move towards the high modulus side of the interface
was 0.5. Suppose that out of a total of | cells, we observed k cells moving towards the high
modulus side, where k was larger than I/2. Then the alternative hypothesis was that cells showed
a preference to move towards the high modulus side. Under the null hypothesis, the probability
that we would observe k or more out of | cells moving towards this side is provided in equation
(2). This quantity is the p-value of the one-sided binomial test. The one-sided binomial test was
appropriate here because of the way in which the alternative hypothesis is posed: that the cells
moved towards the high modulus side. Alpha was maintained at a value of 0.05. Cells exhibiting

random walk motion near the high-modulus edge of the interfacial region were not included in k.

l

sk = (O Q=Y () smano

Based on the results described later for rigidity gradients, the null hypothesis for dual gradients
was that cells would show a preference to migrate towards the high modulus/low protein side of
the interface. Hence, according to the null hypothesis, the probability that a cell would move
towards the low modulus/high protein side of the interface was p, where this probability was
calculated from the cell counts for rigidity gradients. Suppose that out of a total of | cells, we
observed k cells moving towards the low modulus/high protein side, with k being at least 1/2. The
alternative hypothesis was that the cells showed a preference for the low modulus/high protein

side. Then, under the null hypothesis, the probability that we would observe k or more out of |
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cells moving towards this side is provided in equation (3). This quantity is the p-value of the one-
sided binomial test. Alpha was maintained at a value of 0.05. Cells exhibiting random walk

motion near the low-modulus/high collagen edge of the interfacial region were not included in k.

l

. A : .
Bin (L k,p) = 2 (1) p*(1 —p)t Equation (3)

i=k
Section 4.3 Results

Our goal was to investigate fibroblast migration when co-cultured with macrophages. As a first
step, we monitored the locomotion of macrophages monocultures on PAAM hydrogels to
determine if they exhibited directed migration. In Chapter 3, we demonstrated that fibroblasts on
RG2 exhibited a statistically significant preference for the high modulus region of the interface.

Therefore, we conducted macrophage migration studies only on RG2.

Macrophage mono-culture migration on rigidity gradient (RG2): When monocultures of
macrophages were cultured on RG2, the cells appeared to exhibit a slight preference for the rigid
(126kPa) region of the interface. Approximately 59.4% of macrophages either migrated towards
the stiffer regions of the hydrogel or exhibited random walk motion at the rigid edge of the RG2
gradient (Figure 1, Table 1). The average value for total displacement over a 6h period was
60.9 £ 23.5um (n=31). Upon tracking the average trajectories of all cells for RG2 (Figure 2),
macrophages appeared to exhibit a slight preference towards the 126 kPa region. However, upon
conducting the one-sided binomial test (Table 1), the trends were found to be statistically
insignificant (p-value = 0.13). Therefore, on RG2, macrophages did not exhibit a preference for

directed migration towards the low or high YM regions of the interface.
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Figure 1. Merged phase-contrast and fluorescence time-lapse images of RAW 264.7
macrophages migrating on RG2 over a 6h period. Scale bars = 50um

. Table 1. Direction of macrophage migration on RG2.

Direction of Motion RG2 (n=31)
46kPa to 126kPa 18
126kPa to 46kPa 11
Exhibiting random walk motion near the 5
high modulus edge of the interfacial region
p-value of one-sided binomial test 0.13

Macrophage mono-culture migration on dual and opposing rigidity-protein gradients: RG2
was selected as the substrate for superimposing a haptotactic gradient in the opposite gradient.
The dual gradients were identical to those described in Chapter 3. Two different dual gradient
profiles were created in which the collagen concentrations increased either four fold (DG1) or
seven-fold (DG2) from the rigid to the soft regions of the substrate. Macrophages migrating
across DG1 or DG2 were monitored to determine their preference for directed motion

towards the 46kPa (soft) edge or the 126kPa (stiff) edge of the interfacial region.
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Figure 2. The average trajectory of cells analyzed on the rigidity gradients. The diagrams

show positions at each time-point relative to the cell’s initial position (t=0) on RG2.

On DG1, approximately 47% of macrophages migrated towards the soft/high protein edge while

an equal percentage of cells migrated towards the stiff/low protein edge of the (Figure 3, Table

2).
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migrating on DG1. Scale bar = 50pm
When a 7-fold increase in collagen was introduced (DG2), a dramatic increase in the preferred

Figure 3. Merged phase-contrast and fluorescence time-lapse images of macrophages

direction of migration was noted with 66% of cells clearly exhibiting motion towards the low

collagen/high-modulus region (Figure 4, Table 2).
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Figure 4. Merged phase-contrast and fluorescence time-lapse images of macrophages
migrating on DG2. Scale bar = 50pm

The trends were statistically insignificant on DG1 (p-value=0.4) and highly significant on DG2
(p-value = 0.0003). Upon tracking the average trajectories of all cells, macrophages on DG1 do
not appear to infiltrate the low collagen/high-modulus region (Figures 5A). However,
macrophages on DG2 clearly infiltrated low collagen/high-modulus region to a greater extent

(Figure 5B).

Table 2: Direction of macrophage migration on opposing rigidity/protein gradients

Direction of Motion DG1 (n=30) | DG2 (n=51)

Low modulus/high collagen to 11 35

High-modulus/ low collagen
High-modulus/low collagen to

Low-modulus/high collagen 13 11
Exhibiting random walk motion

near the low-modulus/high 9 5
collagen edge of the interfacial

region
p-value_for the one-sided 0.4 0.0003
binomial test
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Figure 5. The average trajectory of macrophages analyzed on the rigidity gradients. The
diagrams show positions at each time-point relative to the cell’s initial position (t=0) on
DG1 (A) and DG2 (B)

The locomotion of cells across the two dual gradients also revealed interesting results about the
macrophage migration. Projected cell areas of macrophages on RG2 were statistically higher
(p<0.05) in comparison to the cells moving on the corresponding rigidity gradient (DG2) (Figure
6). The average displacement from 0-3h and 3-6h was also lower for macrophages on DG1 and

DG2 when compared to RG2 (Figure 7).

Since cells do not move in a linear manner, the angle (0) made by the line connecting
the final and initial coordinates for each cell with the x-axis was calculated. If this angle
ranged between +45° the cell would have moved primarily in the positive “x” direction (toward
the soft/high protein side of the dual gradient). Approximately 41%, 69% and 47% of cells
exhibited angularities with magnitude at most 45° on RG2, DG1 and DG2, respectively

(Figures 8).
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Figure 6. Average area fold change exhibited by macrophages over 6h on RG2, DG1, and
DG2. An asterisk (*) sign indicates a statistically significant difference (p < 0.05).
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Figure 7: Average displacements exhibited by macrophages over 3h increments on
RG2, DG1, and DG2. An asterisk (*)sign indicates a statistically significant
difference (p < 0.05).
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Figure 8. Angularity histograms for RG2 (A), DG1 (B), and DG2 (C), where the
angle is determined by the inverse tangent of (yf — yo) / (xf — x0) where (xo0,y0) and (xf,yf)
correspond to the initial (Oh) and final (6h) coordinates of cell, respectively.

Macrophage:fibroblast co-culture migration on dual and opposing rigidity-protein gradients:
In order to investigate the effect of macrophages on fibroblast migration, we cultured both cell
types in a 1:1 ratio on DG2. We selected this dual gradient substrate since both fibroblasts and
macrophages exhibited statistically significant directed migration on this substrate. Macrophages
continued to exhibit a statistically significant preference for the high modulus/low protein region
of the interface (Table 3, Figure 9A-C) wherein 71% of the macrophages exhibited durotaxis.
The migratory trends exhibited by fibroblasts were not statistically significant based on the
current sample size (Table 3, Figure 9D-F). Approximately 58% of fibroblasts exhibited
haptotaxis. It is likely that upon increasing the sample size or the macrophage-fibroblast ratios,

statistically significant trends from fibroblasts may be obtained.

The preferred direction of migration from fibroblasts (in co-cultures) appeared to be in the
direction similar to their monoculture counterparts. We have only investigated one ratio of
macrophages:fibroblasts, the trends may change when we change these ratios. Upon tracking the
average trajectories of all cells on DG2 (Figure 10), macrophages clearly infiltrated the high

modulus-low protein region.
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Table 3: Direction of macrophage:fibroblast co-culture migration on DG2 rigidity/protein

gradient.
Direction of Motion Macrophages | Fibroblasts
(n=24) (n=26)

Low modulus/high collagen to 17 8

High-modulus/ low collagen
High-modulus/low collagen to 5 15

Low-modulus/high collagen
Exhibiting random walk motion 2 3

near the low-modulus/high
collagen edge of the interfacial
region

p-value of binomial test 0.008 0.1
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Figure 9. Merged phase-contrast and fluorescence time-lapse images of macrophages (A-C)
and fibroblasts (D-F) migrating on DG2. Scale bar = 50pm
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Figure 10. The average trajectory of cells analyzed on the DG2 rigidity/protein gradient.
The diagrams show positions at each time-point relative to the cell’s initial position (t=0) on
DG2 (A) Fibroblasts and (B) Macrophages
Fibroblast displacement was statistically significant in the first 3h increment in co-culture
compared to monoculture on DG2 (Figure 11). However, the average displacement over 6h
exhibited by macrophages was not statistically significant on DG2 alone when compared to
macrophages in co-cultures (Figure 12). Further, the area fold change was found to be

statistically insignificant for both macrophages and fibroblast in both conditions (monocultures

vs co-culture) on DG2 (Figure 13 and 14).

ELISA on macrophage: fibroblast co-culture: We performed ELISA on spent culture medium
samples of fibroblast: macrophage co-cultures and macrophage mono-cultures (on DG2). The
samples were tested for a pro-inflammatory cytokine TNF-alpha and a pro-wound healing
growth factor TGF-beta. The ELISA results showed statistically significant higher secretion of

TNF-alpha in macrophage mono-cultures on DG2 when compared with co-cultures. However,
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Figure 11: Average displacements exhibited by fibroblast over 3h increments on the DG2
rigidity/protein gradient. An asterisk (*) sign indicates a statistically significant difference
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Figure 12: Average displacements exhibited by macrophages over 3h increments on the
DG2 rigidity/protein gradient in co-culture studies.
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Figure 13: Average area fold change exhibited by fibroblast over 6h on the DG2
rigidity/protein gradient.
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Figure 14: Average area fold change exhibited by macrophages over 6h on the DG2
rigidity/protein gradient

there was no difference in the amount of the pro-wound healing marker, TGF-B secretion in

monocultures vs co-cultures (Table 4).
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Table 4: ELISA estimation of TNF-a and TGF@

Macrophage monoculture Macrophage-fibroblast co-culture
TNF-o (pg/ml) 2244 £ 4T 2.0 5.3
TGF-B (pg/ml) 515+17.4 47.9+11.4

*denotes statistically significant

Section 4.4 Discussion and conclusions

Our research objective was to investigate fibroblast migration when co-cultured with another
motile cell type such as macrophages. In order to investigate the directionality of cells in a co-
culture, we first studied macrophage directionality on rigidity and dual gradients. We observed
that macrophages did not exhibit any preference towards the rigid or soft regions of the interface
on RG2 gels (p=0.13, n=31). When macrophage motion was tracked on DG1 dual gradient gels,
the trends for directed migration were not significant (p=0.4, n=30). Interestingly, there was a
dramatic change in the macrophage direction on DG2 gels upon increasing the concentration of
immobilized collagen by 7-fold on the soft regions of the interface. Macrophages exhibited
motion away from the high protein-low modulus regions and preferentially moved in the
opposite direction. These trends were statistically significant (p=0.0003, n=51). This is very an
intriguing result and requires further investigation. Further studies on protein localization,

composition and cytokine levels may provide insights into the change in directionality.

In order to study the directionality of fibroblasts in the presence of macrophages we co-cultured
them in 1:1 ratio. We observed that fibroblasts appear to migrate towards the high protein-low
modulus regions, however the results were statistically insignificant (p=0.1, n=26). In contrast,
macrophages continued to move towards the high-modulus/low protein regions of the interface.

It is likely that a co-culture ratio of 1:1 may not be optimal to observe a change in macrophage
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directionality and additional ratios should be explored. Additionally, longer observation times

may be needed. A simpler explanation could be that sample sizes may need to be increased.

We also investigated changes in the levels of two cytokines to determine if the presence of
fibroblasts could affect their secretion. We measured the concentration of TNF-a (inflammatory
marker; characteristic of M1 phenotype [202]) and TGF-p (pro-wound healing marker,
characteristic of M2 phenotype [203]) in the spent culture medium obtained from mono- and co-
cultures. The concentration of TNF-a was found to be statistically higher in the mono-cultures
compared to macrophage-fibroblast co-cultures. This trend suggests a potential shift in
phenotype. However, the concentration of TGF-B was found to be the same (statistically
insignificant) under both conditions. In the future, investigating the levels of additional
cytokines indicative of M1 and M2 phenotypes may provide more comprehensive information on
changes in macrophage phenotype. It is also possible that upon changing the ratio of the two cell
types may result in different trends. Studies on cell lysates will also be useful since such samples

typically contain higher levels of proteins enabling more accurate measurements.
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Chapter 5. Future Research Directions

Cell migration is a dynamic process that occurs in the presence of a wide range of cues.
Although a cell receives many different signals from its external environment, it processes them
internally and moves in either a random or specific direction. Our research objectives have been
focused upon understanding the process of directed motion when a cell encounters dual and
opposing rigidity-protein gradients. The studies described in this thesis have been conducted on
two rigidity gradients and two dual gradients. In the future, it will be interested to investigate if
substrates with lower values of YM (up to 20 kPa) also exhibit similar properties. Such soft
tissues are representative of regions in the body where a wound has just been inflicted. We have
assembled haptotactic gradients with a single ECM protein i.e. collagen type I. Since, the tissue
microenvironment is composed of a wide range of proteins, proteoglycans and other small
molecules, it will be of interest to design immobilized gradients comprised of these components.
Additionally, peptide sequences derived from ECM proteins can also be incorporated in the

chemical gradients.

Hydrogels derived from natural materials such as alginates, chitosan or collagen and synthetic
materials such as PEG may also be considered since they may provide a more native
environment with greater tunability. Additional studies on obtaining a complete profile in
changes in signaling molecules such as Rho GTPases, RAC, Arp2/3 will provide insights into the
signaling mechanisms that are activated when cells are cultured on dual gradients.
Immunofluorescence staining on additional focal adhesion proteins such as paxillin, tubulin and
integrin clustering will also lead to a better understanding on their localization as cells migrate

across dual and opposing gradients.
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In the research objectives described in this thesis, immortalized murine Balb-c/3T3 fibroblasts
and RAW 264.7 macrophages were used. However, it is feasible that primary cells may respond
differently to the gradients we have assembled. In the future, studies on primary fibroblasts and
macrophages may provide information more relevant to in vivo processes. With the advent of
human tissue banks, cells derived from such tissues will lead to information that is more relevant

to migratory processes in human beings.

By modifying the hydrogels substrates described in this thesis with suitable chemokines, detailed
studies on the migration of cancer cells can also be undertaken. For example, by closely
mimicking the mechanical and chemical properties of breast and bone tissues, we may be able to

better understand metastasis in these tissues.

A major contribution from the results of our work can be applied to build upon our existing
knowledge on how cells at mechanically mismatched tissues survive a high stress environment
that exists at these interfaces. The examples of these assemblies of interconnected tissues include
bone-ligament, breast-bone and bone-cartilage interfaces. One of the mains reasons of failure of
anterior cruciate ligament (ACL) tissue engineered scaffolds is their poor integration into the
sub-chondral bone. Strategies to mimic the interfacial architecture fall short of this goal as most
of the studies are focused on designing the actual ACL scaffolds without focusing their attention
on this interfacial region which is crucial for load bearing activities. These interfacial regions are
partitioned into mineralized and non-mineralized zones which is crucial for various mechanical
and cellular functions. These zones can be designed with minimal modifications to our existing
system by conjugating photo-activatable phosphate and carboxylate groups to the monomer

backbone that mimic the glycos-aminoglycans present in the mineralized regions. Quantifying
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cell directional behavior along with proteins secreted in this environment could provide us better
insights into the how cells navigate in this complex environment where multiple cues are present.
The current work on complex interfaces can be applied towards the design of wound-healing
biomaterials. The goal is to design adhesives that contain imprinted patterns as guides for the
directed migration of cells in a customized manner. A physician can determine the extent of
damage or inflammation to the injured site and accordingly determine the gradient patterns that
need to be imprinted to the implant or the dressing to allow for cells to either migrate into or out
of the wound for accelerated healing. It is hoped that one should be able to get a personalized
treatment based on the extent of injury to tissue by imprinted patterns of various guidance cues to

the dressing that may aid in hastening of the healing process.

In summary, this versatile method can be easily modified to design models for metastasis,
biomimetic interfaces, wound dressings and implants and enhance our understanding of various
cellular processes at a multi-tissue interface. The precise immobilization of chemical groups at a
micron level using a photo-chemical approach makes this study unique from other contemporary
studies.  In conclusion, this proposal involves multiple novel approaches which will enhance
our understanding of complexities involved at these heterogeneous junctions in designing a novel

graded interface and systematically probing multiple cues that may influence cell decision.
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