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ABSTRACT 

 The composition and conformational state of biological molecules have a 

profound influence on cell behavior and large-scale processes including development and 

disease progression.  Fibronectin fibers are a prevalent component of the extracellular 

matrix that are believed to adopt a wide array conformations with different functions. 

Two factors that are hypothesized to regulate fibronectin conformation, and hence 

fibronectin biological function, are allosteric regulators, such as heparan sulfates, and 

mechanical strain. However, the relative influence of allosteric regulators and mechanical 

forces on fibronectin conformation has not been determined. This conformational 

regulation is especially important in the context of the heparin 2 binding domain 

(modules III12 to III14), which is known to bind and present numerous growth factors, 

such as vascular endothelial growth factor, to cells. This thesis will highlight three 

contributions to this field. First, a new, and remarkably simple technique was developed 

that permits the detection of the non-equilibrium fibronectin conformations. This 

technique is founded on the identification of monoclonal antibodies that have altered 

affinities for fibronectin based on heparin treatment or mechanical strain dependence, or 

that bind fibronectin equally well in all conditions. Second, the impact of both heparin 
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and mechanical strain on the binding of VEGF to the hep2 region of fibronectin was 

investigated. It was discovered that both strain and heparin co-regulate VEGF binding. 

Finally, studies of cell attachment and migration on single fibers of fibronectin with 

controlled strain states provided the first direct evidence that mechanical strain regulates 

cell attachment, spreading, and migration on a fibronectin matrix. This body of work 

demonstrating that the conformational changes in fibronectin lead to altered biological 

activity has broad impact in a number of fields due to the ubiquitous presence and 

requirement of fibronectin in cell and tissue function. 
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CHAPTER ONE: BACKGROUND AND SPECIFIC AIMS 

1.1 Introduction 

 The extracellular matrix (ECM) is an essential component of the 

microenvironment of cells (Hynes 2009; Kim, Turnbull et al. 2011). Initially it was 

thought that the function of the ECM was purely structural, serving as an inert scaffold to 

support tissues and organs. However, an evolving branch of research is demonstrating 

that the ECM serves as a primary point of regulation for many biological and cellular 

processes. Interaction with the ECM is critical during both homeostatic conditions and 

during times of dynamic remodeling including developmental periods of embryogenesis, 

disease progression, and wound healing (Sheetz, Felsenfeld et al. 1998; Stupack and 

Cheresh 2003; Davis and Senger 2005; Marastoni, Ligresti et al. 2008; Frantz, Stewart et 

al. 2010). Fibronectin (Fn) represents a particularly interesting ECM protein to evaluate 

as it is a primary ECM component in the dynamic phases and interacts with numerous 

biological molecules in addition to cells. Unique structural characteristics of Fn make it 

subject to conformational regulations from a variety of sources. In vivo the ECM is 

exposed to myriad signals and stimuli. In the present research, the regulation of Fn 

conformation from multiple sources is explored; as well as, how these modes of 

regulation combine to impact ECM function. The two sources of interest are mechanical 

strain and biochemical regulation from glycosaminoglycans (GAGs). Methods to monitor 

the conformation of the ECM, and specifically Fn, are of great interest due to the 

importance of cellular interactions with the ECM. Current methods focus on one 

conformational regulator, mechanical strain, but do not account for others (Chabria, 
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Hertig et al. 2010; Cao, Zeller et al. 2012). Using antibodies (Abs) conformational 

changes of Fn matrix in response to both heparin and mechanical strain were monitored 

in order to gain insight into their dual impact on conformation. The technique was 

effectively applied to single fiber and cell made matrix studies and will provide a strong 

platform for continued research.  Additionally, the effect of these conformational changes 

on biological activity and cellular interaction of Fn were examined. Single fibers of Fn 

were utilized to parallel the native fibrillar form of the matrix. The designed methods and 

experimental data and observations provide new tools and insight into the complex 

regulation of Fn and its functional role in diverse biological landscapes. 

 

1.2 Extracellular matrix 

 Cells make up a small portion of the total volume of tissues, and much of 

the tissue volume is comprised of an intricate meshwork of macromolecules known as the 

ECM which defines the characteristic shape and dimensions of organs and complex 

tissues. Two major categories of molecules make up the ECM, fibrous proteins and 

complex polysaccharides that are often linked to proteins as proteoglycans (Marastoni, 

Ligresti et al. 2008). As the predominate component of tissues the ECM serves an 

immediate and essential structural role for support and stability but also functions as a 

critical point of signaling for processes such as tissue morphogenesis, development and 

differentiation, and tissue regeneration during wound repair (Stupack and Cheresh 2003; 

Holmbeck and Szabova 2006; Hynes 2009). The fundamental importance of the ECM is 

clearly demonstrated by the number of diseases that arise from defects and genetic 
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abnormalities in ECM proteins (Hynes 2009). Though ECM components are uniform 

throughout an organism the composition and topology are unique for each tissue due to 

presence of different cell types and an evolving microenvironment (Frantz, Stewart et al. 

2010). In addition to the tissue disparity, ECM is also markedly heterogenous and is 

constantly remodeled by cells, once again demonstrating the highly dynamic nature and 

complex system of the ECM (Davis and Senger 2005; Paszek, Zahir et al. 2005). The 

range of ECM composition contributes to defining biochemical and mechanical 

distinctions of various tissues and organs. Cells interact with the ECM through integrins 

and link the ECM with the cytoskeletal elements of the cell. The ECM binds numerous 

other biological molecules, in addition to those associated with the cell surface, most 

notably numerous families of growth factors that influence and direct cell processes 

(Nugent, Spencer et al. 2009). 

 Collagen, elastin, laminin, and Fn are the main fibrous ECM proteins. 

Collagens represent a multi-gene family of proteins with Collagen type I being the most 

abundant protein in multicellular animals, making up ~25% of the dry mass in humans 

(Shoulders and Raines 2009; Frantz, Stewart et al. 2010). Elastin is also an abundant 

ECM protein that is highly expressed in skin, lung and blood vessels (Frantz, Stewart et 

al. 2010). Both components provide structural support to tissues and contribute heavily to 

their mechanical properties, tensile strength and elasticity for collagen and elastin 

respectively. The ECM is composed of varying amounts of different proteins throughout 

the life of a tissue.  Fn has an increased presence during times of disease progression, 

development, and wound healing (Chavakis and Dimmeler 2002; Carmeliet 2003; 
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Davidson, Keller et al. 2004; Davis and Senger 2005; Paszek, Zahir et al. 2005; Antia, 

Baneyx et al. 2008; Discher, Mooney et al. 2009). The high levels of Fn during these 

dynamic periods indicate that it is a key component that contributes to modulating cell 

function to respond to changing demands. Fn also functions as a provisional matrix that 

directs critical phases in embryogenesis, specifically directing cell movements during 

gastrulation, where lack of Fn is lethal to the embryo. Fn is important in the deposition 

and proper organization of other ECM proteins, like some collagens, and also 

incorporating plasma proteins (McDonald, Kelley et al. 1982; Pereira, Rybarczyk et al. 

2002). Additionally, Fn interacts with growth factors either by directly binding and 

sequestering them (Mitsi, Hong et al. 2006; Martino and Hubbell 2010; Symes, Smith et 

al. 2010) or by interacting with growth factor binding partners (Dallas, Sivakumar et al. 

2005). Fn’s role as an organizer of the ECM and its importance in cell adhesion, 

migration, and proliferation suggest that there are multiple mechanisms in place to 

regulate its function. The structural characteristics and numerous binding sites for growth 

factors, ECM proteins, and other molecule offer many avenues for study and points of 

regulation for biological activity. 

 

1.3 Fibronectin 

Fn is a large glycoprotein, existing as a soluble dimer in plasma and a fibrillar, 

functional form in the ECM, composed of two nearly identical subunits with a mass of 

250 kDa [21].  The subunits are covalently linked at the C-termini by a pair of disulfide 

bonds [17, 21].  Like many ECM proteins, Fn has multiple domains.  Each monomer is 
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comprised of three types of repeating units; type I and II domains are stabilized by two 

intradomain disulfide bonds, while the type III domains have no disulfides [17].  The lack 

of disulfide bonds in the type III repeats allows for greater structural flexibility, and 

consequently these domains unfold with the application of force [38]. A great deal of 

work has been done to better understand the mechanism and extent of unfolding that 

occurs in Fn relative to the application of strain (Gao, Craig et al. 2002; Vogel 2006; 

Klotzsch, Smith et al. 2009; Chabria, Hertig et al. 2010). Many possible outcomes can 

occur from the application of strain ranging from complete unfolding of the modules, 

leading to possible exposure of cryptic binding sites, to the disruption of Fn molecular 

interactions causing binding epitopes to have reduced interactions with target molecules. 

All three types of Fn modules are present in other molecules providing insight 

into the process by which modern Fn evolved (Pankov and Yamada 2002). Though Fn is 

a large protein it is the product of a single gene. Leading to Fn being extensively 

conserved between species. However, extensive alterernaive splicing of the single mRNA 

leads to many variants of Fn that can be produced. Three variable regions exist in Fn, the 

EDA, EDB and V (variable in length) region. The EDA and EDB regions provide cell 

type specificity to different classes of cells, while the V region defines in Fn between 

species. In vivo, Fn is found in a soluble form as an abundant component of plasma and is 

also produced locally by cells. The addition or removal of the variable regions can alter 

biological activity of Fn, affecting cell processes such as adhesion, migration, and 

proliferation and Fn’s interaction with other biological molecules. Plasma Fn 

predominately lacks the EDA and EDB regions making it a more homogenous solution of 
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Fn compared to cellular Fn. Plasma Fn isolated from human plasma was utilized in this 

research due to its homogeneous nature. A thorough understanding of Fn conformational 

regulation in the least variable form of Fn provides insight into fundamental principles 

that are likely present in all forms of Fn. The core regulations of Fn, in addition to the 

variable nature of the protein, make it a complex and diverse molecule. 

Fn has a wide and diverse protein binding profile including cell adhesion 

receptors, other ECM protein, numerous growth factors, and GAGs (Fig. 1.1). Cell 

interaction occurs through integrins, which are heterodimeric surface receptors that link 

the ECM and cell cytoskeletal elements (Stupack and Cheresh 2002). Fn can bind to 

dozens of members of the integrin family with the pervasive and classic receptor 

identified as "5!1 (Pytela, Pierschbacher et al. 1985). Cellular interaction occurs at a few 

minimal regions along the length of Fn, but the primary point of cell adhesion is within 

the 9th and 10th type III repeats (Fig. 1.2), which are referred to as the cell-binding 

domain. The 10th repeat contains the essential RGD loop, while the 9th type III repeat 

functions as a synergistic binding site for integrins (Fig. 1.2). Conformational changes 

have been proposed to alter the distance between these domains leading to a 

corresponding impact on synergistic interactions (Krammer, Craig et al. 2002). As 

previously mentioned Fn also has binding sites for many other molecules such as 

collagen, fibrin, and heparan sulfate. The primary binding region for heparan sulfate, the 

hep2 region, also functions in the binding of many families of growth factors (Mitsi, 

Hong et al. 2006; Mitsi, Forsten-Williams et al. 2008; Martino and Hubbell 2010) 
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Type III repeats are both the longest repeats, in terms of number of amino acids, 

and the most common in Fn. Thus, the large number of flexible type III domains allows 

Fn to be remarkably extensible, with reports of Fn being stretched to nearly eight times 

its resting length [38]. This extensibility is achieved by the combined affect of Fn 

molecule alignment, separation of modules by elongation of linker regions, and eventual 

unfolding of entire modules (Smith, Gourdon et al. 2007; Klotzsch, Smith et al. 2009; 

Chabria, Hertig et al. 2010; Bradshaw and Smith 2011). Biologically, the majority of 

binding sites for other ECM molecules, soluble proteins and cells have been localized to 

the type III repeats (Fig. 1.1).  Taking into account these facts, the conformational 

changes possible within the type III regions of Fn can have functional impact on both 

molecular interactions and cellular regulation. Therefore, an understanding of regulatory 

mechanisms for these conformational changes will provide information into the role that 

Fn plays in many biological processes, and physiological states. 

 

1.4 Heparan Sulfates 

 Heparan sulfates (HS) are members of the GAG family and consist of a 

linear polysaccharide backbone with sulfates attached at different locations (Nader, 

Chavante et al. 1999; Turnbull, Powell et al. 2001; Sarrazin, Lamanna et al. 2011).  The 

understanding of the function of HS has shifted along with the evolving realization that 

the ECM has numerous functions beyond simple structural support.  The highly sulfated 

nature of HS leads to interaction with a variety of molecules including ECM proteins like 

Fn and a wide variety of growth factors (Mitsi, Hong et al. 2006; Smith, Mitsi et al. 2009; 
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Symes, Smith et al. 2010; Nugent, Zaia et al. 2013).  HS is found within the ECM and on 

the cell surface of nearly all mammalian cells, whereas heparin is a highly sulfated HS 

stored in the granuales of mast cells (Nader, Chavante et al. 1999; Sarrazin, Lamanna et 

al. 2011).  As a member of the GAG family heparin also binds to the hep2 region of Fn 

like other HS.   Heparin is most commonly found in tissues during inflammation and 

wound healing under conditions of mast cell degranulation (Turnbull, Powell et al. 2001).   

Previous findings from our group showed that the addition of heparin to the hep2 domain 

of Fn caused a significant increase in the binding of VEGF [39], and this observation was 

extended to other growth factors by us (Smith, Mitsi et al. 2009; Symes, Smith et al. 

2010) and the Hubbell lab (Martino and Hubbell 2010).  Due to the conformational 

impact and growth factor binding activity, heparin/HS is a potent biochemical cue for Fn. 

 

1.5 Conformational regulation of proteins 

Many factors can cause conformational changes in proteins: heat, denaturants, 

chemical modification, pH, and force. A common area of studying conformational 

regulation is in enzyme activity. The biological functions of this class of proteins are 

tightly regulated in many processes. The regulation of activity is often achieved by 

conformational regulation of the enzyme, causing changes in ligand binding as a result of 

a variety of changes altering active site accessibility and availability. Proteins are 

exposed to a diverse set of conditions and a variety of signals in vivo, and the sum of 

these interactions creates many conformational forms of the proteins. These concepts 

extend beyond enzymes into large and fibrous proteins found in the ECM. The 



!

!

9 

conformation of ECM matrix proteins, in addition to compositional make up, confers 

mechanical and biochemical properties to tissues in addition to the compositional make 

up (Davis and Senger 2005; Holmbeck and Szabova 2006; Antia, Baneyx et al. 2008; 

Frantz, Stewart et al. 2010). However, the emphasis has historically been on defining the 

compositional makeup of the ECM as a means for understanding its function. 

Conformational properties of the ECM are a current focus of this and other research. 

Technical and method development to assess conformation of ECM protein is an 

essential part of this research and a prerequisite to determine biological impact of 

conformational alterations. Fn is exposed to all of the factors listed above and plays an 

important role in biochemical and biomechanical properties of tissues.  In addition to the 

listed factors, Fn modules will also unfold given sufficient time. The biochemical and 

mechanical factors that control Fn conformation have demonstrated biological relevance 

(Erickson 1994; Gao, Craig et al. 2002; Altroff, Choulier et al. 2003; Antia, Baneyx et al. 

2008; Bradshaw and Smith 2014) by direct impact to the highly biologically active Fn 

type III repeats. A thorough understanding of the conformational regulations of Fn at the 

single fibers level will translate into a more complete view of the regulation of bulk 

properties in native ECM (Bradshaw, Cheung et al. 2012). 

The prevalence of type III repeats in Fn gives it unique structural characteristics 

due to the lack of stabilizing disulfide bonds. Additionally, the type III modules are the 

predominate biologically active regions as they include the cell binding domain, 9th and 

10th type III repeats, and the hep2 domain which binds heparan sulfates and other 

biological molecules. The type III repeat region of Fn offers a robust area of 
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conformational regulation. The conformational changes to Fn can then lead to changes in 

biological activity as evident by the wide range of ECM properties during development 

and disease progression (Davidson, Keller et al. 2004; Davis and Senger 2005; Engler, 

Sen et al. 2006; Marastoni, Ligresti et al. 2008). 

 

1.5.1 Mechanical regulation  

 ECM proteins experience mechanical force from many sources. Cells 

interact with the ECM through integrin interactions that form into focal adhesions, 

allowing cells to generate traction forces on the ECM and contribute to deformations 

(Chen, Buckley et al. 2012; Polio, Rothenberg et al. 2012). These forces can widely vary 

depending on cell phenotype and biological phase such as during development or disease 

propagation (Sheetz, Felsenfeld et al. 1998; Zaman 2006; Tilghman, Cowan et al. 2010). 

The ECM is also exposed to shear stress from fluid flow, specifically the endothelial cell 

matrix in blood vessels (Chen, Buckley et al. 2012). The large number of type III repeats 

in Fn make it one of the most extensible biological molecules, achieving strain rates of 

close to 800% (Klotzsch, Smith et al. 2009). There is currently great interest in the 

conformational changes of Fn due to mechanical stimuli. Two different techniques utilize 

altered binding affinities to Fn based on mechanical strain (Chabria, Hertig et al. 2010; 

Cao, Zeller et al. 2012). Our dual Ab technique has distinct advantages over these 

technqiues that are discussed in later chapters. The high number of molecules that bind to 

the type III regions of Fn indicate that these regions are a key point of conformational 

regulation that impacts biological function of Fn. 
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1.5.2 Biochemical regulation  

 The 12, 13, and 14 type III repeats of Fn are referred to as the hep2 

domain due to the high affinity for heparan sulfates (Nugent, Zaia et al. 2013).  Previous 

work from our group has shown that heparin elicits a conformational change in Fn at the 

hep2 domain (Fig. 1.3) [39].  The structural shift can lead to changes in binding of 

growth factors, including VEGF (Mitsi, Hong et al. 2006; Mitsi, Forsten-Williams et al. 

2008; Martino and Hubbell 2010). The hep2 domain has been implicated in 

fibrillogenesis having a synergistic interaction with the type III 1 repeat. Blocking of this 

interaction prevents the formation of Fn matrix (Bultmann, Santas et al. 1998). The hep2 

domain may also provide a synergistic interaction with the cell-binding domain of Fn, or 

may even contain its own cell binding site (Underwood, Dalton et al. 1992). Clearly the 

hep2 domain of Fn serves a robust role in the biological activity of Fn, thus 

conformational regulation of this region has implications in many areas. The regulatory 

affect is of particular interest since heparin can encourage stem cell growth (Furue, Na et 

al. 2008) and is at high concentration in areas of wound healing and angiogenesis 

(Carmeliet 2003). 

 

1.6 Structure to function: Growth factors, cell adhesion, spreading, and 

migration 

 Fn is exposed to numerous sources of conformational regulation as 

described above. Fn conformation conveys distinct biochemical and biomechanical 
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properties to Fn within different tissues. Changes in Fn conformation have direct impact 

on many other biological functions in addition to altering tissue properties. As described 

above, the type III modules of Fn contain many sites of interaction for cell, ECM 

proteins, growth factors and other biological molecules. Conformational regulations of 

the extended region of Fn containing multiple type III domains lead to differences in the 

structure of Fn leading to differences in biological activity and function. 

 

1.6.1 Growth factors 

Growth factors are broad range of diverse families and individual proteins that are 

involved in signaling process to stimulate cellular growth, migration, differentiation, and 

proliferation (Ferrara, Gerber et al. 2003). The growth factor superfamily containing 

VEGF contains several variants of VEGF as well as platelet derived growth factor 

(PDGF) (Ferrara, Gerber et al. 2003). VEGF is a proangiogenic factor that is active in 

early vasculogenesis and angiogenesis in later stages of life. The influence of VEGF 

extends beyond blood vessel formation into the neurovascular network where it regulates 

many process such as axon growth, glia development, and neural signaling. Endothelial 

cells stimulate proliferation of neural stem cells and VEGF acts directly in this pathway, 

functioning in the cross talk between the cell types (Carmeliet and Ruiz de Almodovar 

2013). Not surprisingly VEGF is an essential component in the progression of many 

diseases, in addition to homeostatic conditions. Metastasizing tumors utilize VEGF to 

provide vasculature for nutrient supply to large tumors as well as encouraging growth, 

migration, and proliferation of tumor cells (Shinkaruk, Bayle et al. 2003; Kilic, Kilic et 



!

!

13 

al. 2006). Activity in the neurovascular network also makes VEGF an important 

component of strokes (Greenberg and Jin 2013) and cardiovascular disease. 

Direct interaction of growth factors with the ECM occurs through binding to 

heparan sulfates, Fn and other proteins (Fig. 1.4).  Heparin-binding growth factors such 

as VEGF, and FGF-2 have been shown to associate with heparan sulfate in the ECM and 

on cell surfaces (Mitsi, Hong et al. 2006; Smith, Mitsi et al. 2009).  The interaction of 

growth factors with HS can enhance the activity of the growth factor, or sequester it in 

the ECM.   Growth factors can also regulate the synthesis of ECM, thus the system 

functions in a cyclical fashion.  The binding of numerous and varied growth factors to 

ECM and heparan sulfates make the Fn type III modules 12-14, known as the hep2 

domain (Fig. 1.1), a “promiscuous binding domain” for growth factors as described by 

Hubbell’s group [18].  Previous work by our group showed that heparin treatment of Fn 

substantially increases the binding of VEGF [38, 39] and platelet-derived growth factor 

(Smith, Mitsi et al. 2009).  The unique mechanical characteristics of type III modules of 

Fn make it likely that strain may also have an impact on growth factor binding, as another 

part of the dynamic system of interactions (Shinkaruk, Bayle et al. 2003; Schultz and 

Wysocki 2009; Hudalla, Kouris et al. 2011) 

 

1.6.2 Cell adhesion and Spreading 

 Cell attachment to the ECM is critical for proper biological function of the 

cell. The adhesion of cells to the ECM bring them into proximity to the sequestered 

growth factors, as well as other cells in order to form cell to cell interactions and 



!

!

14 

participate in signaling events. The first step of cell attachment to Fn is a passive one 

(Dobereiner, Dubin-Thaler et al. 2004; Dubin-Thaler, Giannone et al. 2004), identifying 

initial ligand locations and beginning adhesion process of integrin interaction to produce 

focal adhesions (Fig. 1.5). The formation of these adhesions is critical for 

mechanotransduction (Li, Huang et al. 2005; Vogel 2006), as well as for protein synthesis 

(O'Neill, Jordan et al. 1986). Proper adhesion of cells to Fn is of specific interest as Fn 

functions as the primary matrix in vasculogenesis during development, angiogenesis in 

later stage, and disease progression.  

 After the initial passive step the cell enters an active phase of cell 

spreading (Fig. 1.5). The active phase is characterized by cytoskeletal rearrangement of 

the attaching cell and requires a significant metabolic contribution (Dobereiner, Dubin-

Thaler et al. 2004; Dubin-Thaler, Giannone et al. 2004). The cytoskeletal reorganization 

causes significant changes in cell geometry causing the active phase to be phenotypically 

identifiable by an overall elongation, or spreading of the cell. Cellular elongation creates 

a spindle like geometry that can be a precursor to cell motility as in the case of 

endothelial tip cells that guide the sprouting of blood vessels during angiogenesis 

(Gerhardt, Golding et al. 2003). The change in geometry leads to a corresponding 

increase in cell area (Folkman and Moscona 1978; Ben-Ze'ev, Farmer et al. 1980), which 

is required for DNA synthesis. Therefore, cells that have gone through the active phase 

and taken on the spindle geometry can readily proliferate. The ability of cells to 

effectively adhere to Fn and spread has considerable impact on the function and fate of 

the cell. The interactions are dependent on binding of integrins to the cell binding domain 
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of fibronectin. As described above, the cell-binding domain is comprised of type three 

domains, and includes contributions from the hep2 domain. Conformational changes to 

Fn could have a direct impact on cell spreading. The regulations of both of these phases 

of spreading have implications for understanding many biological processes.  

 

1.6.3 Cell migration 

Cell migration is directly regulated by chemotactic, haptotactic, and durotactic 

stimuli (Li, Huang et al. 2005; Isenberg, Dimilla et al. 2009; Harland, Walcott et al. 2011; 

Plotnikov, Pasapera et al. 2012).  It is also a critical process in several biological contexts 

from embryonic development and wound healing to malignant diseases like cancer 

(Zaman 2006; Ghosh, Thodeti et al. 2008). Mechanical stimuli can have a direct impact 

on both the velocity and directionality of migrating cells (Isenberg, Dimilla et al. 2009; 

Harland, 2011).  Vascular smooth muscle cell migration can be directed by a mechanical 

gradient, with accumulation of cells in stiffer regions after 24 hs (Isenberg, Dimilla et al. 

2009).  Many of the current cell migration studies are conducted on artificial substrates, 

such as hydrogels, with a surface coating of Fn.  While these systems allow a great deal 

of control of the mechanical properties of the substrate, the mechanical conformation of 

Fn and its impact on migration is not precisely known or easily controlled under these 

conditions.  Our single fiber migration system will allow for the establishment of precise, 

and measurable, strain gradients on Fn in a native fibrillar form. Micropatterned ridges 

with known dimensions makes the strain calculation at many points on the fiber possible, 

as well as, creating a pseudo 3D environment for the cells to attach and migrate.   The 
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features of the single cell migration system make it both highly controllable while still 

maintaining an environment that closely parallels a native 3D fibrillar matrix. 

The migration of endothelial cells (EC) is critical for vasculogenesis and 

angiongenesis in both healthy and diseased states (Chavakis and Dimmeler 2002; 

Lamalice, Le Boeuf et al. 2007; Ghosh, Thodeti et al. 2008; Qutub and Popel 2009).  EC 

are subject to constant mechanical input through their exposure to fluid shear stress in the 

blood vessels and this information is actively communicated to the cell via 

mechanotransduction.  The migration of EC requires protrusions in the front of the cell 

and retraction of the trailing edge through cytoskeleton rearrangement and integrin 

interaction with the ECM (Qutub and Popel 2009).  In addition to the shear stress 

experienced, ECs can actively probe the mechanical properties of the substrate they are 

on, as described previously for smooth muscle cells.    

 

1.7 Specific Aims 

 Fn provides a platform for conformational regulation in the ECM. The 

location of numerous biologically relevant binding sites in a region of Fn that is capable 

of a diverse set of conformations provides a mechanisms for altered function of Fn. 

Combined with the increased levels of Fn during critical times of development, disease, 

and wound healing, the value of understanding the complex regulation of Fn becomes 

increasingly apparent. Numerous studies have evaluated the impact of Fn conformation 

on these biological activities and cellular function. However, they universally use 

fibronectin coated on a surface. Here we show research focused on examining the 



!

!

17 

conformation regulation of Fn in its native fibrillar form. Using single Fn fibers we 

gather insight into the function of Fn and its system of conformational regulation in a 

context that allows biological molecules and cells interact with it. Additionally, we show 

the contribution of multiple forms of regulation on Fn, with contributions from both 

mechanical and biochemical components. The research examines how these factors work 

in concert and the overall impact on Fn conformation. The regulation of Fn conformation 

and how it affects biological function still require a great deal of study, but the research 

presented here expands the understanding of the complex regulation of Fn and populates 

the tool box of ECM biologists. There are three specific aims of this project: 

 

1) Probe structural changes of Fn using quartz crystal microbalance with 

dissipation and design a technique for mapping fibronectin conformation in matrix. 

Heparin has previously been shown to illicit a conformation change in Fn.  This process 

will be investigated using quartz crystal microbalance with dissipation (QCMD) to 

provide insight into the physical mechanism.  Antibodies that are able to monitor this 

conformational change, as well as changes due to mechanical cues will be identified 

using two different screening techniques.  Enzyme-linked immunosorbent assay (ELISA) 

will be used to screen antibodies for the heparin change.  A single fiber technique will be 

used for mechanical conformation changes to allow greater control of this cue. 

 

2) Determine the role of conformational changes in cell made Fn matrix on 

VEGF binding. Conformation-dependent antibodies identified in the first specific aim, 
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as well as a control, conformation-independent antibody that assesses total Fn, will be 

used to monitor Fn conformation in cell made matrix.   Heparin will again be used as a 

biochemical regulator of endothelial cell made matrix.  The impact of conformational 

changes on Fn function will be determined by growth factor binding, specifically 

vascular endothelial growth factor (VEGF).  Heparin effects on VEGF binding have been 

demonstrated, but mechanical regulation of VEGF/Fn binding has not been evaluated and 

will be a focus of these experiments. 

 

3) Test the impact of growth factor sequestration and mechanical strain on 

cell adhesion and migration to Fn in the fibrillar form. The influence of various 

factors on cell adhesion and migration has been studied on traditional two-dimensional 

surfaces and gels, but has not been extensively investigated on single matrix protein 

fibers.  Thus, in this aim, single fiber experiments will be conducted to allow specific 

control of cues, as in the first specific aim, as well as monitoring individual cells in 

contact with fibrillar Fn.  Heparin and strain will be controlled and effects on adhesion 

and migration quantified by time-lapse microscopy to monitor cell positions over long 

periods of time.  Additionally, growth factor addition and use of serum starved cells will 

allow us to delineate the roll of growth factors in the process.  Cell adhesion will be 

studied by evaluating cell spreading rate and cell geometry parameters. Cell velocity, 

persistence, and distance will be investigated in cell migration. 
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Figure 1.1. Fn monomer schematic  

Schematic of a monomer of Fn.  The different modules are shown (Type 1: Black 
rectangles, Type II: turquoise diamonds, Type 3: Red circles). The numerous binding 
locations are also shows. Particular interest are the cell binding domain of the 9th repeat 
synergy site and 10th repeat RGD loop.  The 12-14th region is the hep2 domain and also 
binds numerous growth factors including VEGF and PDGF. Modified from (Vogel 2006) 
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Figure 1.2. Ribbon diagram of theFIII9–10 domain pair 

Atom coordinates were obtained from The Protein Data Bank (24) (PDB ID: 1FNF) and 
imagedusing the program RasMol (www.umass.edu/microbio/rasmol). The substituted 
residues (colored) are shown inspace-fill mode and labeled accordingly. Modified from 
(Altroff, Choulier et al. 2003) 
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Figure 1.3. Atomic Force images of Fn on a surface with and without heparin 
treatment 

Top two panels show an entire surface of Fn with and without heparin treatment. The 
heparin treatment creates a more uniform and smooth layer. The bottom 4 panels show 
single Fn molecules treated with heparin and without, can see the effect of opening the 
hep2 domain up. Modified from (Mitsi, Hong et al. 2006) 
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Figure 1.4. VEGF bound to Fn 

Hydrophilic (A) or hydrophobic (B) 96-well polystyreneplates were coated with human 
plasma fibronectin (40 nM). 125IVEGF165binding assays were conducted using a range 
of VEGFconcentrations (2-400 nM) at two pH values: 7.5 (O, 0) and 5.5(b, 9). The 
fibronectin-bound VEGF was released with twosuccessive incubations with 25 mM 
HEPES, 5 M NaCl, pH 7.5(O, b; solid lines), and 1 N NaOH (0, 9; dashed lines). Each 
datapoint represents the mean of quadruplicate determinations. Similar results were 
observed in three separate experiments. Modified from (Mitsi, Hong et al. 2006) 
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Figure 1.5. Cell spreading and attachment. 

The early stages of cell spreading attachment do not require the cell to expend metabolic 
energy, while the later stages involve the active processes of actin polymerization and 
mysosin contraction that are essential for polarized cells to crawl. Taken from (McGrath 
2007) 
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CHAPTER TWO: METHODS 

2.1 Materials and Reagents 

 Fn was isolated from human serum using a previously published two-step 

chromatography process (Smith, Gourdon et al. 2007). Briefly, human serum (Valley 

Biomedical – Winchester, VA) was passed through a Sepharose 4B (Sigma – St. Louis, 

MO) column, and the eluent was then passed through a gelatin-Sepharose column (GE 

Healthcare – Barrington, IL). Fn was eluted from the column with 6M urea and verified 

with 280 nm absorbance on a NanoDrop 2000 spectrophotometer (Thermo Fisher 

Scientific Inc. – Billerica, MA). 

Abs used in this study include A32 mouse anti-human Fn monoclonal Ab (Pierce 

– Rockford, IL - CSI 005-32-02) and MAB 1935 mouse anti-human Fn monoclonal Ab 

(Millipore – Billerica, MA – MAB1935), both of which bind to the Hep2 domain of Fn, 

rabbit anti-human Fn monoclonal Ab (Abcam – Cambridge, MA - ab32419) raised to full 

length human Fn, goat polyclonal secondary to mouse IgG conjugated with fluorescein 

(Jackson ImmunoResearch Laboratories Inc. – Westgrove, PA – 715-095-150), and goat 

polyclonal secondary to rabbit IgG conjugated to DyLight 650 (Abcam – ab96986). 

C6F10, L8, and HFN 7.1 were additional mouse anti-human Fn monoclonal Abs raised to 

full length Fn, Fn type III 1st module, and type III 10th module respectively. All of these 

Abs utilized the fluorescein conjugated mouse IgG secondary. The Hep2 domain Abs, 

A32 and MAB1935, have previously been used to determine biological activity of Fn 

(Underwood, Dalton et al. 1992; Underwood, Steele et al. 1993). A32 has previously 

been shown to specifically interact with FnIII12-14 (Underwood, Dalton et al. 1992). 
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Antibodies Host Species 
Reactivity 

Fn epitope Source 

A32 Mouse Human, bovine, 
mouse 

Hep2 domain Pierce 

MAB1935 Mouse Human, mouse, 
rat 

Hep1 and 2 
domain 

Millipore 

Polyclonal Goat Human, bovine, 
mouse 

Full length Abcam 

Ctl Fn Ab Rabbit Human, bovine, 
mouse, rat 

Full length Abcam 

L8 Mouse Human, mouse Fn type III 1st Santa Cruz 
C6F10 Mouse Human, mouse Full length Santa Cruz 

HFN 7.1 mouse Human, mouse Fn type III 10th Abcam 
Table 2.1. Antibody information 

The VEGF (ThermoScientific – Pierce Antibody Products) 165 protein fragment 

has biological activity with both receptors for VEGF, heparin/heparan sulfates, and 

neuropilan. Lyophilized powder was reconstituted in deionized water at a concentration 

of 0.67 mg/ml prior to labeling or experimental use. Lack of carrier protein was critical 

for ligand binding assays since BSA is often used as a protein carrier, but BSA 

demonstrates strain dependent binding to Fn and would interfere with measurements. 

Heparin (heparin sodium porcine USP; 165 U/mg) was from porcine intestinal mucosa 

(Pharmacia HEPAR Inc. – Franklin, OH) and had an average molecular mass of 15 kDa. 

 

2.2 Fn labeling 

Fn was fluorescently labeled with Alexa 546, Alexa 488, or Alexa 633 

succinimidyl ester (Invitrogen – Grand Island, NY) on amines using previously published 

protocols (Smith, Gourdon et al. 2007). Fn labeled with different fluorophores was used 

depending on the relevant labeling of accompanying secondary antibodies or growth 
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factors (VEGF). Alexa 633 labeled Fn was used in conjunction with L8 conformational, 

VEGF binding, and C6F10 conformational studies.  Alexa 488 labeled Fn was used for 

polyclonal, HFN7.1, and total FN antibody conformational studies. Finally, Alexa 546 Fn 

was used in L8 and MAB1935 cell made matrix studies and dual antibody single fiber 

analysis with A32 and L8 antibodies.  

Fn was incubated with a 35-fold molar excess of the selected Alexa dye for 1 h 

then the labeled Fn was separated from free dye by dialysis for 24 hs in PBS (Gibco – 

Grand Island, NY) (Cassette – Thermo – 10,000 MWCO). One liter of PBS was used as 

the buffer solution and was changed once during the 24-h period. The solutions were 

extracted from the cassettes and characterized using a spectrophotometer to determine the 

Fn concentration and labeling ratio. 

 

2.3 QCMD 

         Fn conformation studies were conduced on a Q-sense (Biolin Scientific – 

Linthicum Heights, MD) E4 QCMD. Standard quartz chips with gold electrodes were 

coated with a layer of polystyrene to maximize absorption of Fn. QCMD measures 

oscillation frequency and dissipation of a quartz crystal chip as an AC voltage is applied. 

The vibration frequency changes in response to the mass of material (i.e., Fn and 

associated water) adsorbed to the chip surface. The energy dissipation refers to the 

dampening of oscillation, where compact, rigid layers of adsorbed protein have lower 

dissipation values than soft and viscoelastic layers. We used the analysis of frequency 

and dissipation changes to obtain information regarding the  conformational of an 
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adsorped layer of Fn. An experimental temperature of 37° C was maintained by an 

attached heating unit for the QCMD. Frequency and dissipation values at several 

overtones were measured, and compared to accepted values, in air and liquid buffer 

(PBS) for each quartz chip prior to experiments to ensure proper functioning. A flow rate 

of 150 !l per min was used for all solutions during the experiments.  

  After appropriate baseline frequency and dissipation values were achieved in PBS 

(data not shown), Fn or BSA (Hyclone Laboratories – Billerica, MA) (0.1 mg/ml) was 

flowed over the chips for 10 min and then incubated for 15 min to achieve a stable layer 

of adsorbed protein on the chip surface. A small lag time is present between addition or 

protein or heparin and a corresponding change in frequency and dissipation. The 

chambers for the chips are approximately 600 !l in volume and there is a 6 inch length of 

tubing the solution must flow through before contacting the chip surface leading to a lag 

time. Chips were exposed to PBS until a stable frequency/dissipation signal was achieved 

and then PBS with and without heparin (10 or 100 !g/ml) was exposed to the chip 

surface under flow for 10 min. Flow was stopped and the chip was allowed to incubate 

with PBS (±heparin) for 30 min, and then flow was pulsed for an additional 10 min. This 

pulsing/incubation sequence was continued for the remainder of the experiment. Data 

was exported to Microsoft excel for analysis. Background noise was filtered out of signal 

to achieve a smoothed data fit. The 3rd harmonic frequency was used for both dissipation 

and frequency data for all samples which agrees with previous work on Fn and other 

proteins on polystyrene coated QCMD chips. 
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2.4 ELISAs 

         Fn (0.1 mg/ml; 100 !l/well) was adsorbed to the surface of 96-well polystyrene 

plates (Corning – Tewksbury, MA) at 4°C overnight.  Fn solution was removed after 24 

h, and the plates were washed with tris buffered saline (TBS). Heparin solutions of 

increasing concentrations (0-100 !g/ml) were added to wells and incubated for one h at 

room temperature.  After incubation, the heparin solutions were removed, and the wells 

were washed three times with TBS (200 ml/well/wash).  Primary Ab incubation was 

conducted after heparin treatment for one h at room temperature with a dilution factor of 

1:5,000 for all primary Abs. The secondary Abs were HRP conjugated, and a KBL 

chromogenic system was used to quantify the relative amounts of Ab bound to Fn. 

Absorbance levels for each well were measured using a 96-well plate spectrophotometer 

(Optimax microtiter plate reader - Molecular Devices – Sunnyvale, CA).  

 

2.5 Deposition of Fn fibers on strain device substrates 

         Artificial Fn fibers were deposited on the PDMS strain devices as previously 

described (Fig. 2.1) (Ejim, Blunn et al. 1993; Little, Smith et al. 2008). PDMS sheets 

were placed in a custom 1-D strain device as previously described (Smith, Gourdon et al. 

2007; Little, Smith et al. 2008). This device allowed deposited, labeled Fn fibers to be 

stretched or relaxed so that a range of strains could be tested for Ab binding. Briefly, a 

drop of Fn (1:10 mixture of unlabeled- and Alexa 546-Fn; final total concentration of 1 

g/l) in PBS was placed on the PDMS sheet. A needle was used to draw the Fn from the 

surface of the drop and into a fiber that was deposited and attached to the substrate on 



!

!

29 

contact (Fig. 2.1). After deposition to the surface, the Fn fibers were carefully rinsed 3 

times with water and then submerged in a 200 ml drop of water. The fibers in this study 

ranged in diameter from 1 to 3 mm. Fn fibers were then stretched or relaxed under water. 

 Some PDMS strain device surfaces were textured for analysis of local strain using 

a previously published technique (Bradshaw and Smith 2011). Textured PDMS substrates 

with 20 mm tall ridges were prepared using soft lithography molding. A master mold was 

prepared by photolithography using su-8 20 resist (MicroChem Corp.- Newton, MA) on a 

silicon wafer. Polydimethylsiloxane (PDMS; Dow Corning Sylgard 184 – Wilmington, 

MA) was cast over the master mold to make a negative stamp of the desired 20 mm ridge 

features.  This stamp was then made inert by plasma treatment (Harrick Plasma PDC-001 

– Ithaca, NY) at 30W for 30 sec immediately followed by exposure to tetrafluorosilane 

vapor (Acros Organics - NJ) in a vacuum chamber for 30 min.  This stamp was used to 

cast a drop of PDMS on top of a precast thin (.005”) PDMS sheet (Specialty 

Manufacturing Inc. – Saginaw, MI) with the ridge features used in the experiment.  Next, 

the thin film of ridge features was treated in order to allow covalent attachment of Fn 

fibers as described (Klotzsch, Smith et al. 2009). Briefly, the substrate was exposed to 

plasma at 30W for 30 sec and then immediately exposed to aminosilane vapor (Acros 

Organics) in a vacuum chamber for 30 min.  This was followed by covering the substrate 

in a 200 !l drop of 0.125% glutaraldehyde solution for 30 min then carefully washing 

with distilled water 3 times. (Fig. 2.2) 

 Strain gradients were created on single fibers of Fn by making incisions on a 6 cm 

(width) by 8 cm (length) rectangle of 0.005” thick PDMS. Strain measurements were 
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made at precise locations by measuring the valley width between micropatterned ridges 

on the PDMS pattern. 

 

2.6 Cell culture/cell made matrix 

 NIH 3T3 fibroblasts were used for preliminary cell made matrix studies for L8. 

Fibroblasts were shown to produce a robust Fn matrix previously and NIH 3T3 cells are 

well characterized. Cells were seeded onto 30 mm glass cover slips at a density of 50,000 

cells/cm2 and cultured for two days in Dulbecco’s Modification of Eagle’s Medium 

(Corning Cellgro) containing 10% fetal bovine serum and 1% pencillin-streptoycin 

solution (Corning Cellgro). Alexa 546 labeled Fn was supplemented into the cell media 

(50 ug/ml final concentration, 20 percent labeled Fn) to monitor antibody-binding 

specificity. A silicon cylinder (5 mm radius, 5 mm height) was used to reduce cover slip 

area so the amount of Fn required to supplement the media was minimized.  

         BAECs were used for cell matrix studies for MAB1935 and A32 and cell 

adhesion and migration experiments. BAECs have been well characterized in our labs 

and remain biologically identical below passage 18 (Mitsi, Hong, et al. 2006; Goerges 

and Nugent, 2004). Additionally, BAECs express all three of the major VEGF receptors 

and are viable in serum free media to control growth factor presence and concentrations. 

Endothelial cells are also critical for vasculo/angio genesis during development and 

wound healing. Cells were seeded onto eight well LAB-TEK II chamber slides (Nalge 

Nunc International – Naperville, IL) at a density of 25,000 cells/cm2 and cultured for four 

days in Dulbecco’s Modification of Eagle’s Medium (Corning Cellgro) containing 10% 
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BSA and 1% pencillin-streptomycin solution (Corning Cellgro). Chambers containing 

cells to be treated with MAB1935 were supplemented with Alexa 546 labeled Fn (50 

ug/ml, 20 percent labeled Fn) due to species specificity agreement with conformational 

Abs and total Fn Ab. Cells were treated with 200 !l/well of 50 !g/ml heparin solution for 

one h at room temperature. After heparin treatment cells were washed and fixed with 4% 

paraformaldehyde on ice for twenty min before analysis.   

 

2.7 Immunohistochemistry 

 Immunohistochemistry was performed with Abs A32, L8, total Fn Ab, polyclonal, 

HFN7.1, C6F10, MAB1935 both in single and dual antibody experiments with 

appropriate dilutions of primary and secondary Abs. Incubations were conducted for one 

h at room temperature.  Primary and secondary Abs were diluted in a 4% bovine serum 

albumin (Sigma) solution at dilution ratios of 1:200 and 1:400 respectively for all 

antibodies except the polyclonal which was at a 1:400 and 1:400 dilution ratio for 

primary and secondary.  

 The referenced dilutions were used in single fiber and cell made matrix studies. A 

set volume of 200 !l was used for all experiments for the primary and secondary 

solutions. Samples blocked for one h at room temperature with a 4% BSA solution prior 

to incubation with Abs (200 ul). Between each incubation the sample area was washed 

three times with PBS to remove any excess Ab (200 ul/wash).  
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2.8 VEGF labeling 

VEGF was fluorescently labeled with Alexa 488 succinimidyl ester (Invitrogen) on 

amines.  VEGF was incubated with a 35 fold molar excess of Alexa 546, as in 2.2 – Fn 

labeling, for one h at room temperature. Labeled VEGF was separated from free dye by 

dialysis for 36 hs in dionized water at 4 degrees Celsius(Cassette – Thermo – 10,000 

MWCO). One liter of dionized water was used as the buffer solution and was changed 

every 12 hs during the 36 h period. The solution was extracted from the cassette and 

characterized using a spectrophotometer to determine the VEGF concentration and 

labeling ratio. 

 

2.9 Ligand binding (VEGF to single fibers Fn) 

 Ligand binding studies of VEGF were completed on single fibers of Fn pulled 

over micro patterned ridges. Fn fibers were treated with 50 ug/ml of heparin for one h at 

room temperature. Fibers were then washed three times with PBS (Gibco)(200 ul/wash) 

and 50 ul of VEGF solution (30 ug/ml) was added for an h incubation. Buffer for VEGF 

was 25 mM HEPES and 0.15 M NaCl in PBS at a pH of 6.0. Following VEGF incubation 

fibers were again washed three times with PBS to remove excess VEGF. 

 

2.10 Cell adhesion to/cell migration on Fn fibers 

 BAECs were used for cell spreading experiments. Cells were cultured in 

conditions and media listed in section 2.6 – Cell culture/cell made matrix. Fn Fibers were 

deposited onto textured PDMS surfaces as described in section 2.5. Fibers were then 
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treated, or not treated, with heparin (50 ug/ml) for one h at room temperature. Uniform 

strained was applied to non-heparin treated fibers immediately after deposition, and after 

heparin treated for treated fibers, and incubated with 4% BSA for one h at room 

temperature. Fibers were then treated, or not treated, with VEGF (30 ug/ml) in a buffer of 

0.25 mM HEPES and 0.15 M NaCl at pH 6.5 for 1 h at room temperature. Fibers were 

then ready for addition of cells. 

 BAECs were removed from tissue culture surface with 1X trypsin with EDTA 

(Corning Cellgro) (2 ul for 5 min). Cell solution was monitored for complete detachment 

from culture surface, and the breakdown of cell clusters to provide a homogenous 

solution of single cells. Cell suspension was spun down at 150 g for 10 min at room 

temperature. Supernatant was removed and cells resuspended in DMEM without serum 

or pencillian-streptomyocin. Cell concentration was 100,000 cells/ml for cell migration 

and 200,000 cells/ml for cell spreading. 

 PDMS ring was added to the textured surface of deposited Fn fibers to contain 

cell solution to desired area. PDMS ring (15 mm diameter, 5 mm height) was placed on 

Fn deposited surface and all edges sealed with vacuum grease  (DOW Corning). The 

system was examined for leaks using PBS and additional vacuum grease was applied as 

needed to produce a contained area for media. When no leaks were present 500 ul of cell 

solution was added to Fn fibers. 
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2.11 Fluorescent image acquisition and analysis 

         Imaging of labeled Fn, fluorescent secondary Abs for single fiber and cell made 

matrix studies, and single fiber ligand binding of labeled VEGF was carried out on an 

Olympus IX81 inverted microscope.   Fluorescent images for each relevant channel were 

collected using 20X (0.45 NA) and 40X (1.15 NA) objectives and a Nikon camera.  

MetaMorph v7.7.40 software (Molecular Devices) was used to acquire digital images. 

Wavelengths for fluorescent channels, light intensity, exposure time, and filter settings 

were established for each experimental condition and help constant throughout 

experimental series.  

         Image processing was performed in MATLAB 7.10.0 (The MathWorks – Natick, 

MA).  Images for fluorescent secondary Abs were used to calculate an intensity ratio for 

each pixel of the acquired images using our previously published approach for ratiometric 

imaging (Smith, Gourdon et al. 2007). The intensity ratio is defined as the intensity of 

fluorescence of a conformation specific antibody or labeled growth factor divided by the 

fluorescence of non-conformation specific antibody or labeled Fn. The ratiometric 

approach normalizes for differences in the quantity of Fn, intensity ratio differences can 

then be directly attributed to differences in conformation specific antibody binding. 

Statistical analysis of the data was conducted using Microsoft Excel 2010. Refer to 

Appendix A for the associated code for the MATLAB program used in image processing.  
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2.12 Live cell imaging and analysis 

 Imaging of live cells was carried out using same imaging protocol and equipment 

as described in section 2.11, with the exception of using 10X ( NA) and 20X objectives 

instead of 20X and 40X.  Migration experiments used the 10X objective to avoid losing 

cells in field of view during migration. Adhesion experiments used the 20X objective to 

be able to accurately and precisely measure small changes in cell length during adhesion 

to the fiber.   

 Time-lapse imaging was set up using MetaMorph software to control multiple 

stage positions and different fluorescent channels during time course. Cell adhesion 

experiments were carried out for two hs, with image acquisition occurring every 5 min in 

brightfield, and Alexa 633 to confirm cell interaction with Fn fiber. Cell migration was 

over a 12-h period with image acquisition at 30-min intervals.  

 Cell viability was maintained by keeping microscope stage area at standard cell 

cultures conditions of CO2 (5%), temperature (37 ° Celsius), and humidity (65%). 

Temperature and humidity were monitored and adjusted by a thermo controller (Air-

Therm ATX-H) and ultrasonic humidifier (Kax Inc.), and CO2 by a sensor (BioSphen). 

The stage area was enclosed by a chamber (Precision Plastics) to create the necessary 

environment. Closing all entry and exit points sealed the chamber. The thermo controller 

was turned on one h before the first time point to allow system to equilibrate at set points.  

 Cell adhesion was evaluated by calculating a cell-spreading rate. The cell 

spreading is determined by measuring the cell length along the axis of fiber at each time 

point (Fig. 2.3). Locating the first point of fiber interaction by the cell and taking the cell 
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length measurement of the time point immediately preceding that interaction defines 

initial length. Maximum cell length was defined by locating the point the cell length 

plateaus. Instantaneous plots of individual cell spreading events were plotted and average 

spreading rates were calculated by assuming linear spreading and dividing total change in 

length by the time taken to achieve that length (Fig. 2.3).  

 The overall change in measurements along the major axis (length along fiber) and 

minor axis (length of cell perpendicular to fiber - width) for each cell was also 

determined as an absolute amount and percentage increase over initial (maximum 

length/initial length x 100). Dividing the absolute change of the major axis by the 

absolute change in the minor axis provided an addition parameter defined as an 

elongation factor.   

 Cell migration was calculation methods closely paralleled cell spreading rate 

methods. After cell adhesion to a fibronectin fiber the first time point of migration was 

found and the zero point time and distance was defined as the point immediately 

preceding. Total distance of cellular movement was measured as the distance from a 

defined landmark, unaffected by microscope/stage drift, to the center of mass of the cell 

(largest minor axis measurement). Instantaneous velocity plots were generated as well as 

average velocities for a given time course.  
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2.13 Statistical analysis 

Statistically significant differences between group means were determined via a 

fixed-effects ANOVA for P values <0.05 based on a null hypothesis that all data were 

sampled from a population with the same mean.  

In order to account for differences in labeling of VEGF in different batches, all 

data were normalized. Fibers were also averaged together over a small defined, non over-

lapping, range of strains and plotted as an average intensity ratio (VEGF fluorescent 

intensity/Fn fluorescent intensity) with standard errors. 

In addition, the standard error of the slope, SE, was used to determine if the Abs 

intensity ratios (A32/Ctl) have a statistically meaningful linear relationship with Fn fiber 

strain based on a null hypothesis that the slope of the linear regression line relating 

intensity ratio to Fn fiber strain, b, is equal to 0. The test statistic (t-score) was calculated 

according to t=b/SE, and the P-value was determined from t using a t distribution 

calculator. 
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Figure 2.1. Fabrication and characterization of manually deposited fibronectin 
fibers 

(A) A pipette tip is submersed slowly into a concentrated solution of Fn and removed to 
generate polymerized Fn fibers that were deposited onto stretchable silicone sheets. (B) 
Differential Interference Contrast (DIC) and (C) fluorescence images of a fiber as it 
extends away from the droplet (upper-left corner) reveal a bundling behavior that is 
confirmed via (D) a scanning Electron Micrograph taken along the length of the fiber. 
Modified from (Little, Smith et al. 2008) 
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Figure 2.2. Micropatterning ridges and surface treatment to covalently bind Fn 

A) Shows the process of creating micropatterened ridges.  Master stamp is used to create 
trenches. Surface is then exposed to aminosilane vapor and immediately treated with 
glutaraldehyde solution. Fibers are then deposited onto trenches. Modified from 
(Klotzsch, Smith et al. 2009) 
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Figure 2.3. Cell spreading on Fn fiber 
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CHAPTER 3 CONFORMATIONAL ANALYSIS OF FN 

3.1. Introduction 

The ECM is a prime medium for transferring information between cells in 

multicellular organism to maintain homeostasis (Vogel and Sheetz 2006). The 

information necessary for proper function in this role is encoded in the chemical 

composition, molecular conformation, and supermolecular structure of the ECM.  

Whereas the chemical composition of the ECM in various tissues and organs has been 

defined through traditional biochemical methods, few tools are available to evaluate the 

conformational state of the ECM (Smith, Gourdon et al. 2007; Cao, Zeller et al. 2012; 

Hertig, Chabria et al. 2012). Furthermore, current approaches are insufficient to 

effectively evaluate the functional activity of the ECM as it relates to the conformational 

state of its components. These limitations are highlighted in studies that aim to 

understand the rapid responses of cells and tissues during development, wound repair and 

disease.     

Fn is a prevalent component of the ECM during times of dynamic ECM 

remodeling such as wound healing, development, and the progression of diseases such as 

cancer and atherosclerosis (Hynes 2009). The expression of Fn at these times and the 

large number of binding partners for Fn, including integrins and growth factors, make it a 

prime candidate for regulation of cell fate and signaling (Pankov and Yamada 2002). 

Protein structure determines function, and both molecular Fn and Fn assembled into 

supermolecular fibers were demonstrated to have altered binding properties for ligands, 

and even altered bioactivity due to changes in their conformation (Zhong, Chrzanowska-
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Wodnicka et al. 1998; Mitsi, Hong et al. 2006; Little, Smith et al. 2008; Little, 

Schwartlander et al. 2009). A number of factors can influence Fn conformation, including 

denaturants, pH, mechanical forces, and allosteric binding partners (Alexander, Colonna 

et al. 1979; Khan, Medow et al. 1990; Mitsi, Hong et al. 2006; Bradshaw and Smith 

2011). Multiple factors are present simultaneously in vivo, although the combined 

influence of structure-altering factors are rarely considered in concert.  

Heparan sulfate represents a family of structurally related linear polysaccharides 

that are found on cell surfaces and in the ECM throughout all animal tissues (Sarrazin, 

Lamanna et al. 2011). Heparin is a highly sulfated member of the heparan sulfate family 

that is found mainly in the storage granules of connective tissue mast cells (Sarrazin, 

Lamanna et al. 2011) and is released at sites of injury and inflammation where it has been 

shown to help the growth of embryonic stem cells (Furue, Na et al. 2008). Heparan 

sulfates bind reversibly to Fn type III modules 12 to 14, thereby inducing a 

conformational change in Fn that is retained even after heparin unbinding (Mitsi, Hong et 

al. 2006; Mitsi, Forsten-Williams et al. 2008). We have previously shown, through 3H-

heparin binding assays, that heparin is not retained by Fn after sample washing (Mitsi, 

Hong et al. 2006) , which is consistent with the finding that heparin binding to Fn is 

relatively weak and destabilized under physiological ionic strength (Yamada, Kennedy et 

al. 1980; Gold, Frangione et al. 1983; Sekiguchi, Hakomori et al. 1983) . After heparin-

dependent alteration of Fn conformation, the apparent affinity of Fn for growth factors, 

including vascular endothelial growth factor-A (VEGF), is dramatically increased as a 

consequence of increased availability of binding sites on Fn (Mitsi, Hong et al. 2006; 
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Mitsi, Forsten-Williams et al. 2008; Smith, Mitsi et al. 2009; Martino and Hubbell 2010). 

This interaction is specific for heparan sulfate, as chondroitin sulfate and desulfated 

derivatives of heparin do not increase VEGF binding (Mitsi, Hong et al. 2006). 

 Cell-derived forces can mechanically strain Fn fibers (Smith, Gourdon et 

al. 2007), and the application of mechanical stress to Fn fibers leads to strain-induced 

alterations in the binding of numerous Fn ligands (Little, Smith et al. 2008; Little, 

Schwartlander et al. 2009; Cao, Zeller et al. 2012). These interactions can also alter cell 

attachment, as recent work has suggested that Fn binding sites for bacterial adhesins are 

disrupted with high levels of Fn fiber strain (Chabria, Hertig et al. 2010), and alterations 

in the conformation of the 9th and 10th type III repeats can reduce cell attachment (Grant, 

Spitzfaden et al. 1997; Wan, Chandler et al. 2013). The Fn molecule contains a large 

repertoire of binding sites for cell adhesion molecules, other ECM components, and cell 

signaling molecules (Pankov and Yamada 2002; Hynes 2009), and thus the role of 

mechanical forces in regulation of Fn competence for attachment of Fn binding partners 

has been of interest for some time.  

 In vivo, the ECM is exposed to both mechanical and chemical regulation 

of its conformation, and the combined effects are hypothesized to influence cell-signaling 

events. There is great interest in monitoring conformation changes of Fn, and currently 

available methods focus on mechanical strain-based conformation changes (Cao, Zeller et 

al. 2012; Hertig, Chabria et al. 2012). Antibodies (Abs) have been used for monitoring 

conformational changes of Fn for some time (Underwood, Dalton et al. 1992; Ugarova, 

Zamarron et al. 1995; Zhong, Chrzanowska-Wodnicka et al. 1998; Klein, Zheng et al. 
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2003), however binding of an Ab cannot account for changes in Fn quantity. Here, we 

report on the development and application of a dual Ab approach for monitoring 

conformational changes in Fn within cell-generated Fn fibers in the ECM. A control Fn 

Ab with consistent binding affinity regardless of mechanical strain or heparin binding is 

used in conjunction with a conformation specific Ab. The ratiometric approach accounts 

for differences in Ab binding due to Fn quantity, thus overcoming limitations in previous 

approaches. Furthermore, this approach was used to determine the relative contribution of 

mechanical strain and heparin binding on the regulation of the activity of the growth 

factor-binding region of Fn in the 12th to 14th type III repeats of Fn. The Abs were 

initially screened using a combination of ELISAs and single fibers studies. The dual Ab 

technique was then tested at the single fiber level and used to evaluate the mechanical 

impact on binding. Finally, the conformation of native cell made matrix was examined 

using the dual Ab screening system. The system was shown to be effective in exploring 

the conformation of native matrix, and is the first method to be developed that can 

monitor conformation differences due to heparin treatment. The dual Ab method has 

many possible applications and shows promise to become a robust tool in the 

extracellular Matrix Biologyogists’ toolbox.  

  

3.2. Results 

         Heparan sulfates are expressed by nearly every animal cell type and, as a 

pervasive component of the ECM, are regularly in contact with Fn, where they can 

induce conformational changes within Fn to promote the binding of growth factors such 
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as VEGF (Mitsi, Hong et al. 2006; Mitsi, Forsten-Williams et al. 2008; Martino and 

Hubbell 2010). Detection of altered conformational states is a major technical challenge, 

especially in vivo, and thus we sought to identify Abs that are sensitive to heparin-

induced conformational changes in Fn. We chose to analyze Abs that bind the Hep2, 

growth factor-binding domain of Fn, due to the importance of growth factor binding and 

presentation in regulation of cell behavior (Symes, Smith et al. 2010; Hudalla, Kouris et 

al. 2011). Such Abs could then be used to detect heparin-mediated conformational 

changes in Fn matrix that render it competent for growth factor binding, even in complex 

cell culture and tissue environments, using widely accessible immunohistochemical 

approaches. 

 

3.2.1 Biophysical analysis of heparin induced conformational change 

         Quartz crystal microbalance with dissipation (QCMD) was chosen as a 

platform for examining the conformational regulation of heparin on surface absorbed Fn 

in real-time in aqueous conditions. For these experiments, Fn or bovine serum albumin 

(BSA) was adsorbed onto the chip surface causing a sharp reduction in frequency and 

increase in dissipation (Fig. 3.1). When the Fn-coated chip was exposed to phosphate 

buffered saline (PBS) alone or when the BSA coated chip was exposed to heparin for the 

remainder of the experiment, minimal changes in frequency or dissipation were observed. 

However when Fn-chips were exposed to heparin, a rapid increase in frequency and 

decrease in dissipation was observed (Fig. 3.1C, D). Both concentrations of heparin 

tested (10 !g/ml and 100 !g/ml) caused a similar maximal change in frequency and 
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dissipation after prolonged exposure (Fig. 3.1C, D). However, the initial rates of change 

were greater for the higher heparin concentration. The differences in the rates of change 

are consistent with our previous work showing that heparin catalytically converts Fn from 

a globular to a stable elongated structure (Mitsi, Forsten-Williams et al. 2008).  The 

heparin-mediated change in Fn structure is also consistent with an overall reduction in the 

roughness of a fibronectin layer on a polystyrene surface (Mitsi, Hong et al. 2006), which 

would predict a loss of associated water (increased frequency) and a stiffer and more 

ordered surface (reduced dissipation). Moreover, the fact that heparin did not induce 

these changes on the BSA coated surface suggests that the changes are not an artifact of 

the addition of the highly charged heparin. Thus, QCMD provides additional evidence 

that heparin catalytically modifies Fn structure and offers a means to quantitatively 

monitor the kinetics of this process in real-time (Mitsi, Hong et al. 2006; Molino, Higgins 

et al. 2012). 

 

3.2.2 Biological monitoring of heparin induced changes 

         To determine if the heparin-induced conformational alteration in Fn leads 

to altered Ab binding to the Hep2 region, we conducted a series of ELISAs on Fn treated 

with and without heparin using anti-Fn Abs specific for the Hep2 region and a control Ab 

raised to full-length Fn. Fn was adsorbed onto polystyrene plates and treated with heparin 

over a range of 0 to 100 !g/ml. After washing the plates to remove heparin (demonstrated 

in (Mitsi, Hong et al. 2006)), primary Abs were incubated with samples, followed by 

HRP-conjugated secondary Abs for analysis of binding with a spectrophotometer. 
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Heparin treatment, at the range of concentrations tested, did not affect the binding of the 

control Fn Ab to the Fn-coated surfaces, confirmed by ANOVA (Fig. 3.2A). However, 

the binding of two Abs raised against the Hep2 domain was dependent upon whether Fn 

was pre-treated with heparin. A32 showed increased binding to heparin-pretreated Fn 

(Fig. 3.2B). Alternatively, MAB1935 showed decreased binding to Fn as the heparin 

concentration was increased (Fig. 3.2C). Thus, the heparin-induced conformational 

change in Fn appears to have altered the availability of the epitopes for these two Abs, 

with increased availability for A32 and reduced availability for MAB1935.  

 

3.2.3 Single fiber  

 Cell contractile forces mechanically stretch Fn matrix fibers, and 

mechanical stress alters the molecular conformation of Fn within fibers (Smith, Gourdon 

et al. 2007; Bradshaw and Smith 2011). Therefore, we sought to determine if the binding 

of an Ab could be regulated by mechanical tension applied to fibers of Fn. Single Fn fiber 

studies allowed for application of defined levels of strain to Fn fibers using previously 

described methods (Little, Smith et al. 2008; Little, Schwartlander et al. 2009; Chabria, 

Hertig et al. 2010).  Fn fibers labeled with Alexa 633 were first deposited onto a PDMS 

sheet. Uniaxial strain was then applied to the fibers while surface was incubated for one h 

at room temperature with a blocking solution of 4% BSA in PBS. The 1D application of 

strain creates an axis of strain and an axis of relaxation perpendicular to it. Pulling fibers 

at a variety of angles relative to the two axes produces a wide range of strain values for a 

single experiment. Due to this fact, an intensity ratio for an Ab at various strains can be 
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directly quantitatively and qualitatively compared. After the application of strain, fibers 

were treated with dilutions of L8 primary and FITC labeled secondary Abs. Fibers were 

washed three times with PBS (200 !l/wash) after each Ab incubation to remove excess 

Abs in order to limit background fluorescence through non specific binding. Fibers were 

imaged in respective channels for Fn (Fig. 3.3C, D) and secondary Ab for L8 (Fig. 3.3A, 

B). The average intensity ratio for each fiber was calculated as the fluorescent intensity of 

secondary Ab to L8 divided by fluorescent intensity of Fn and plotted relative to the 

strain of the fiber (Fig. 3.3G). L8 binding affinity was greater at low strain values and 

decreased as fibers were placed under increasing amounts of strain (Fig. 3.3G). The 

reduction of Ab binding due to strain could be attributed to unfolding of the binding 

epitope module, reduced density of binding epitopes, or a combination of both factors. 

 The effectiveness of the dual Ab system is dependent on identifying not 

only conformation-specific Abs such as L8 but also conformation-independent Abs. The 

lack of conformation specificity accounts for differences in amounts of Fn present in 

samples, a role that was previously fulfilled by labeled Fn, so that differences in intensity 

ratio can be directly attributed to differences in binding of conformation-specific Abs. 

The single fiber method used for L8 binding specificity was applied to other candidate 

Abs in the screening process. Several Abs were identified as having no preferential 

binding based on strain levels applied to fibers. Two of the best candidates were a control 

Fn Ab and a polyclonal Fn Ab. Fibers were placed under various strains and treated with 

primary Abs and respective secondaries for each Ab (Dyelight 650:control Fb Ab, 

Alexa633:polyclonal). Images for Alexa546 labeled Fn, and the secondaries for control 
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Fn Ab and polyclonal are shown in Fig. 3.4A, B, C, D and Fig. 3.4G, H, I, J respectively. 

Both Abs displayed some variance in binding specificity at various strain levels; 

however, no clear trend was observed (Fig. 3.4M, N). When the intensity ratios for the 

two Abs were normalized to the intensity ratios of L8, the variance in binding was shown 

to be constant across all strain levels (Fig. 3.4O). Through the use of ELISAs and single 

fiber studies, candidate Abs were identified for all conditions, heparin treated, mechanical 

strain, and conformation independent. 

 To determine the dual Ab system’s effectiveness for probing the 

conformation of native Fn matrix, single fiber dual Ab experiments were conducted. 

Single fiber techniques were utilized for the dual Ab system as previously used in single 

Ab protocols. Fibers were incubated with both primaries simultaneously, and after 

thorough washing with PBS, were incubated with corresponding secondary Abs.  L8 Ab 

was initially paired with the polyclonal. Therefore, the intensity ratio calculated from the 

dual antibody experiment is the fluorescent intensity of L8 divided by the fluorescent 

intensity of the polyclonal Ab. Labeled Fn was still utilized in the dual antibody single 

fiber experiments to screen for non-specific binding of the Abs. Images of labeled Fn 

fibers and secondary fluorescence for each Ab are shown in Fig. 3.5A, B:13C, D, and 

13E, F. The previously determined strain dependent binding of L8 is qualitatively evident 

in the images shown, with the horizontal relaxed fibers noticeably brighter than the 

strained vertical fibers in the FITC channel for L8, but not in the channels for the 

polyclonal Ab (red-633), and Fn (yellow – 546). The calculated intensity ratio for the 

fibers quantitatively shows the strain dependent binding of L8 (Fig. 3.5G, H,I ). When the 
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dual antibody system is normalized and plotted against the normalized values for 

intensity ratios of L8 divided by labeled Fn, the data aligns extremely well (Fig. 3.5I). 

The dual Ab system was shown to be effective in single fiber experiments and maintains 

the previously established trends of conformation specific binding of L8.  

 The Hep2 region of Fn is composed of three type III modules, repeats 12, 

13, and 14. Thus, we sought to determine whether mechanical tension applied to single 

fibers of Fn also altered the binding of monoclonal Ab A32 in the presence and absence 

of heparin. A32 was used since it demonstrated the largest relative change in binding to 

Fn in response to heparin treatment of Fn (i.e., 50% increase in binding; Fig. 3.2B).  The 

previously described methods (Little, Smith et al. 2008; Little, Schwartlander et al. 2009; 

Chabria, Hertig et al. 2010) used for the L8, control Fn Ab, and polyclonal antibody were 

also used for A32.  However, we improved our strain system by designing a novel device 

to produce a gradient in strain applied to Fn fibers, thus increasing the throughput of this 

approach. Fn fibers were stabilized by depositing them on stretchable sheets of 

polydimethylsiloxane (PDMS) (Fig. 3.6A, B). The strain gradient was established by 

making two incisions on a rectangular sheet of PDMS (Fig. 3.6A). Subsequent 1D 

application of strain leads to the largest degree of strain in the center of the PDMS sheet, 

which progressively diminishes when moving away from the center (Fig. 3.6C). In order 

to obtain local estimates of strain with this high throughput strain gradient device, a thin 

film of microfabricated ridges was applied on top of the PDMS sheet using previously 

described methods (Klotzsch, Smith et al. 2009; Bradshaw and Smith 2011), and the 

distance between ridges was measured to allow strain to be calculated precisely at 
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numerous points along the pattern. Fig. 3.6C demonstrates typical strain gradient values 

achievable with this device, although the overall range and magnitudes can be tuned by 

the extent of 1D strain applied to the sheet.  

Using this device, a three-color ratiometric approach was used to determine if Ab 

binding to Fn fibers was altered by mechanical strain or heparin treatment. First, artificial 

Fn fibers (Little, Smith et al. 2008) that were labeled with Alexa 546 fluorophores were 

deposited on top of the microfabricated ridges along the strain gradient (Fig. 3.7D, E). 

Next, Fn fibers were either untreated, or treated with 50 !g/ml heparin. After rinsing the 

samples to remove heparin, the fibers were placed under various strain conditions.  Fibers 

were then incubated with both the control Ab and A32, rinsed to remove primary 

antibodies, and incubated with corresponding fluorescently labeled secondary Abs for 

microscopic imaging (Fig. 3.7F, G). The relative binding of A32 was determined using 

an intensity ratio of secondary Ab bound to A32 Ab fluorescence divided by secondary 

Ab bound to control Fn Ab fluorescence. The control Fn Ab was shown to be strain 

independent by dividing its secondary Ab fluorescence by the intensity of fluorescently 

labeled Fn (Fig. 3.4). Intensity ratios were calculated for single fibers using areas of the 

fibers over valleys and not bound to ridges. Figure 3.7H shows the mean intensity ratios 

for single fibers of Fn over a range of strains with and without the addition of heparin. 

These data demonstrate that A32 binding was not affected by the mechanical strain state 

of Fn fibers in the absence of heparin. A32 binding was increased at all strain levels in 

heparin-pretreated versus the non-treated fibers, but there was a statistically significant 

decrease in A32 binding on fibers treated with heparin as fiber strain increased. 
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3.2.4 Cell made matrix 

Our dual Ab system was shown to be effective at evaluating Fn conformation as a 

function of mechanical strain and heparin treatment using the L8 and A32 antibodies. 

Therefore, we next wanted to determine if this approach could be used to probe the 

conformation of native cell made Fn matrix. To do this, we cultured NIH 3T3 fibroblasts 

on glass cover slips for two days to allow the cells to reach confluency. Culture media 

was supplemented with Alexa546 labeled Fn, which will incorporate into Fn fibers within 

the cultures in order to label the cell deposited Fn fibers so that the specific binding of 

Abs could be monitored.  Once cells reached confluency, they were washed and fixed 

with paraformaldehyde at 4 °C. The fixed cells were then stained with two antibodies, L8 

and the polyclonal, and their respective secondaries in order to visualize the produced 

matrix. The labeled Fn showed that the fibroblasts formed a robust matrix (Fig. 3.8A, B, 

C), the high levels of confluency created a pseudo 3D environment as cells produced a 

thick matrix during culturing. The L8 Ab produced a clean stain with highly specific 

binding to the Fn matrix (Fig. 3.8D, E, F). The polyclonal Ab suffered from high levels 

of non-specific binding (Fig. 3.8G, H, I) and was not applicable to the intensity ratio 

calculation for L8. Due to the poor staining of the polyclonal Ab, the intensity ratio for 

L8 was normalized using the fluorescent intensity of the labeled Fn as in initial single 

fibers studies. The intensity ratio values (Fig. 3.8J, K, L) show a matrix with various 

levels of strain throughout.  
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         Next, we sought to determine whether our Ab-based system could be used 

to detect heparin-dependent conformational changes in cell made matrix. Bovine aortic 

endothelial cells (BAECs) were cultured in Labtech multi-well chambers for four days to 

reach confluency (Fig. 3.9A, B) and produce a robust Fn matrix. Following the culture 

period the cells were either untreated, or treated with 50 !g/ml heparin, washed, and 

fixed with paraformaldehyde. The state of the Fn matrix in untreated and heparin-treated 

samples was visualized with the control Ab (Fig. 3.9C, D, respectively) and A32 (Fig. 

3.9E, F, respectively) after incubation with their respective fluorescently labeled 

secondary Abs. The relative binding of A32 was determined using a fluorescent intensity 

ratio of the secondary Ab bound to A32 divided by secondary Ab bound to the control Ab 

(Fig. 3.9G, H). The interconnected nature of cell-derived matrix is visible through 

immunohistochemical staining with both Abs and in untreated and heparin treated 

samples (Fig 3.9E, F, G, H), thus making single fiber analysis not feasible.  Instead, 

approximately two million above-background pixels from 5 fields of view in 3 chambers 

were analyzed for both heparin treated and untreated matrix from multiple wells. Heparin 

treatment increased the intensity ratio of A32/Ctl, as indicated by the distribution of pixel 

intensities in the absence versus presence of heparin (Fig. 3.9I). Closer analysis of the 

intensity ratio distribution, by reducing the number of intensity ratio bins, shows that the 

conformation of only a subset of Fn matrix fibers was apparently altered by heparin 

treatment (Fig. 3.9J). The percentage of analyzed pixels at intensity ratios below 0.9 was 

similar for treated and untreated matrix, while the percentage of pixels with intensity 

ratios between 0.9 and 1.1 was markedly higher in untreated cells compared to heparin-
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treated samples. Conversely, heparin-treated samples had a much higher percentage of 

pixels with intensity ratios above 1.1 compared to untreated samples. The intensity ratio 

range for cell made matrix studies falls within the intensity ratio previously shown in Fig. 

3.7H, quantitatively demonstrating that the cell made matrix provided an ensemble of 

fibers. The pixel analysis shown in Figure 3.9 is representative data that has been 

replicated in 3 experiments. 

 The final test of our Ab-based system was completed in cell made matrix 

with the other heparin sensitive Ab, MAB1935. BAECs were cultured in Labtech 

chambers as previously described for A32 staining. Cell media was supplemented with 

Alexa546 labeled Fn to account for species specificity of Ab binding with the control Fn 

Ab and MAB1935. After cells reached confluency, wells were either treated or not 

treated with 50 ug/ml heparin, and fixed with paraformaldehyde. The state of the matrix 

was analyzed using the primary and secondary Abs for MAB1935 (Fig. 3.10C, D) and 

Ctl Fn Ab (Fig. 3.10E, F). The intensity ratio for each pixel, above background, was 

calculated and displayed in a histogram (Fig. 3.10I). Absolute values for MAB1935 

intensity ratios are lower than A32. This could be due to the necessary supplementing of 

labeled Fn reducing MAB1935 staining relative to control Fn Ab which can stain both 

human and bovine Fn. Despite this, the trend of reduced Ab binding to Fn after heparin 

treatment is visible in the matrix (Fig. 3.10G, H). The observed trend is not as striking as 

with A32 cell made matrix studies but we do see a reduced number of high value 

intensity ratio pixels in the heparin treated matrix. Qualitative the amount of matrix 

produced by the heparin treated BAECs appears to be less; however, we do not think this 
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is due to heparin treatment as previous experiments with A32 did not produce an altered 

amount of matrix deposition. The analyzed matrix of the heparin treated show an overall 

reduced intensity ratio profile when compared to the non-heparin treated matrix (Fig. 

3.10G, H, I). 
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Figure 3.1. Heparin-induced conformation changes shown by QCMD 

A) Frequency (blue) and dissipation curves (red) are shown before and after adsorption of 
BSA to the chip which causes the initial decrease in frequency and increase in 
dissipation. Ten-min pulses of heparin (100 !g/ml) flowed over the chip surface followed 
by 30 min incubations are indicated by the arrows. B) Frequency and dissipation curves 
are shown before and after adsorption of Fn to the chip. PBS was exposed to the chip 
surface using the same pulse flow/incubation sequence as described in A). C) and D) 
Frequency and dissipation data are shown after adsorption of Fn to the chip, followed by 
exposed to heparin at 10 or 100 !g/ml as indicated using the same pulse flow/incubation 
sequence as in panels A) and B). The addition of heparin to the Fn surfaces caused 
noticeable changes in frequency and dissipation. The observed initial rates of change of 
the frequency (F) and dissipation (D) were greater for the higher heparin dose (DF/DT = 
0.11 and 0.24 Hz/min; and DD/DT = -1.3x104 and -2.1x104 units/min for 10 and 100 
!g/ml heparin respectively). A similar heparin-induced change in frequency and 
dissipation of Fn coated chips was observed in 5 separate experiments.  

 



!

!

57 

  

Figure 3.2.  ELISA data for the binding of Abs raised to the Hep2 domain (A32, 
MAB1935) and Ctl Fn Ab  

A) Mean ± standard deviation ELISA values are shown for Ctl Fn Ab when exposed to a 
heparin concentration ladder (n=12) B) Mean ± standard deviation ELISA values for A32 
are shown when exposed to the heparin concentration ladder and show an increase with 
heparin treatment (n=12). Values were normalized to the no heparin condition. C) Mean 
± standard deviation ELISA values for MAB1935 are shown when exposed to the 
heparin concentration ladder and decrease with heparin treatment (n=12). Values were 
normalized to the no heparin condition. Asterisks indicate statistically significant trends 
according to ANOVA (P<0.05) 
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Figure 3.3. Single fiber staining with L8 Ab 

Secondary Ab fluorescence for L8 (FITC – green) are shown in A) and B). Alexa 633 
(red) labeled Fn is shown in C) and D). The intensity ratios for both samples were 
calculated as L8 divided by Fn and ratiometic MATLAB images are seen in E) and D). 
Intensity ratios were calculated for many fibers in multiple experiments and plotted 
relative to strain G). (Scale Bar = 50 µm) 
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Figure 3.4. Single fiber staining of Fn with polyclonal and control Fn Abs 

Alexa 488 labeled Fn C), D), E) and F) were incubated with control Fn Ab A) and B) and 
polyclonal Ab G) and H). Images were analyzed in MATLAB E), F), K), and L) and 
calculated intensity ratios were plotted again strain M) and N). Binding does not appear 
to have a direct trend. When normalized to the intensity ratios of L8 the binding of both 
polyclonal and total Fn Abs are constant across all strain values O). (Scale Bar = 50 µm) 
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Figure 3.5. Dual antibody staining of Single fibers with L8 and Polyclonal Abs 

A) and B) Alexa 546 labeled Fn fibers were deposited on PDMS and then incubated with 
L8 Ab C) and D) and polyclonal Ab E) and F) simultaneously. Intensity ratios were 
determined from MATLAB ratiometric analysis G) and H). The normalized intensity 
ratios for L8 divided by Polyclonal through a range of strains replicate the trend seen 
from normalized L8 to Fn intensity ratios over the same range I). (Scale bar = 50 µm) 
!
!
!
!
!
!
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!
Figure 3.6. Strain gradient creation 

A) A schematic for preparation of the strain gradient pattern is shown. The dimensions 
for a rectangle of PDMS, with micropatterned ridges, is shown with dotted lines 
indicating incision points. After application of strain to the sheet, the incision leads to a 
gradient with highest strain between the incision that decreases moving progressively 
away from the middle of the PDMS sheet. B) A representative image of a PDMS sheet 
with a strain gradient pattern is shown clamped within the strain device. The sheet is 
stretched to a length of 10.5 cm. C) The strain values were measured on a gradient-
stretched PDMS substrate by measuring the width of microfabricated ridges/valleys, Li. 
Relative strain was calculated according to Li/L where L is the unstretched width of the 
valleys (20 mm). 
 

!
!
!
!
!
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Figure 3.7. Single Fn fiber staining with A32 and Ctl Fn Ab 

A-D) A brightfield image (A) is shown of a single Fn fiber fluorescently labeled with 
Alex-546 (B) after incubation with both the Ctl Fn Ab ((F), the A32 Ab (G), and 
fluorescently labeled secondary Abs. E) Intensity ratios (A32/Ctl) are shown for Fn fibers 
stretched over a wide range of strains with (orange circles) or without prior exposure to 
heparin at 50 mg/ml (blue circles). Each circle represents one field of view for a single Fn 
fiber measured over the valleys. Four experiments for untreated and heparin treated fibers 
were conducted to populate the graph. The regression of intensity ratio versus strain for 
heparin-treated fibers was statistically different from 0, showing a trend as a function of 
strain, by using the standard error of the slope. (scale bar = 100 µm). Line equation:  y = -
0.1103x + 1.9177. 
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Figure 3.8. Fibroblast-derived ECM staining with L8 and polyclonal Abs 

A-C) Alexa 546 labeld Fn supplemented in media was incorporated by cells and laid 
down into cellular ECM. Robust matrices were then stained with L8 Ab D-F) which 
demonstrated specific staining and polyclonal Ab G-I) which had large amounts of non 
specific binding leading to control Fn Ab being used in heparin treated cell made matrix 
studies. Due to the poor staining of the polyclonal Ab the intensity ratios were calculated 
as L8 divided by Fn J-L) and we see that the fibers occupy a wide range of mechanical 
strain. (Scale bar if 50 µm) 
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Figure 3.9. BAEC-derived ECM staining with A32 and Ctl Fn Abs 

A-B) Brightfield images of BAEC cultured to a confluent state and then untreated (A) or 
treated with 50 !g/ml heparin (B) are shown. C-D) Fluorescent microscopic images are 
shown of fixed BAEC samples without (C) or with heparin exposure (D) followed by 
incubation with Ctl Fn Ab and DyLight 650-labeled secondary. E-F) Fluorescent 
microscopic images are shown of fixed BAEC samples without (E) or with heparin 
exposure (F) followed by incubation with A32 Ab and FITC-labeled secondary. G-H) 
False-colored intensity ratio images are shown for BAEC samples without (G) and with 
heparin exposure (H). The colorbar indicates that range of ratios in the images. I) A 
histogram of intensity ratios is shown for all above background pixels from 5 fields of 
view from 3 samples with (orange line) or without heparin exposure (blue line). J) 
Histograms were broken into bins with values <0.9, between 0.9 and 1.1, and >1.1 so that 
the fraction of pixels in each bin is plotted with (orange) or without heparin exposure 
(blue). Pixel analysis of 5 images from 3 wells of cells. 
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Figure 3.10. BAEC-derived ECM staining with MAB1935 and total Fn Abs 

A-B) Brightifield of BAECs cultured to confluent state on chamber slides then treated 
(A) or untreated (B) with 50 µg/ml heparin are shown. Untreated and treated cells were 
then stained with MAB1935 C) and D) and Ctl Fn Ab E) and F) respectively. Stained 
images were analyzed in MATLAB G) and H). The non treated ECM has a peak that is 
slightly greater trend than non treated cells I). Breaking the intensity ratio bins in big 
groups J) heparin treated is slightly lower in percentage of analyzed pixels in sins below 
0.6. Once above 0.6 the heparin treated has a greater amount of analyzed pixels.  (Scale 
bar = 200 µm) 
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3.3. Discussion 

 Composition and conformation of the ECM influence cell behavior and 

fate. Although much is known about the composition of the ECM, there are few 

techniques available to probe the conformation of the ECM. Here we show that several 

commercially available Abs are conformation specific following heparin treatment or 

application of mechanical strain. Abs raised to the Hep2 domain of Fn, MAB 1935 and 

A32, were initially screened using ELISAs and shown to have dependent binding to Fn 

after treatment with heparin. A control Fn Ab, raised to the entire length of fibronectin 

was also investigated and did not display a dependent binding pattern due to heparin 

treatment. Single fiber experiments identified L8 as having strain dependent binding to 

Fn; while a polyclonal and control Fn Ab did not demonstrate this trend. Additionally, 

singler fiber experiments involving A32 and control Fn Abs demonstrated the 

effectiveness of the dual Ab, method as well as showing that the heparin dependent 

binding of A32 was also impacted by mechanical strain. 

 The structure of heparan sulfate, while not easily defined, is dynamic and 

shows interesting distinctions based on the tissue of origin, stage of development, and 

state of disease or injury (Turnbull, Powell et al. 2001; Shi and Zaia 2009). Thus, it is 

possible that critical alterations in heparan sulfate structure that lead to changes in its 

ability to modulate Fn may play important roles in mediating cell function. In particular, 

the ability of heparan sulfate to mediate growth factor deposition within Fn-rich matrices 

may be used to localize growth factors for positional specific activity. Indeed, our 

previous work demonstrating that heparan sulfate is required for the platelet derived 
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growth factor-mediated cell movements over Fn matrix that occur during gastrulation in 

the developing Xenopus embryo are likely reflective of the ability of heparan sulfate to 

modify Fn conformation (Smith, Mitsi et al. 2009). Here, we provide a technique to 

image heparin-mediated changes in Fn. The ability to now probe the conformational state 

of biological matrices using the robust technique reported here will provide a means to 

explore the importance of this interesting process in a variety of settings. The dual Ab 

approach will also provide opportunities to examine other conformational changes as 

well by using other conformation specific Abs such as the mechanically sensitive L8 Ab 

(Little, Schwartlander et al. 2009).  

 A number of techniques have been described to characterize non-

equilibrium conformations of Fn. Two recently described methods for imaging Fn 

conformation are both foucsed upon mechanical tension-induced conformational changes 

in Fn fibers and make use of phage-based molecular probes and peptides inspired by 

bacterial adhesins (Chabria, Hertig et al. 2010; Cao, Zeller et al. 2012). More complex 

probes for analyzing Fn conformation also exist and include Förster resonance energy 

transfer (Smith, Gourdon et al. 2007) and atomic force microscopy. Each of these 

techniques has been used with great success to explore various aspects of Fn 

conformation. Our technique builds on previous studies using mAbs to evaluate 

conformational changes in Fn (Ugarova, Zamarron et al. 1995; Zhong, Chrzanowska-

Wodnicka et al. 1998; Klein, Zheng et al. 2003). However, our technique is distinct in 

that it uses a ratiometric approach where both antibodies are used simultaneously. Single 

probe tests cannot account for changes in the total amount of Fn, and thus a ratiometric 



!

!

68 

approach with a control Ab that is conformation insensitive is needed to account for 

variations in the quantity of Fn. The use of commercially available monoclonal Abs that 

give precise information on the binding location on Fn using standard 

immunohistochemical approaches will allow this method to be easily implemented by a 

wide range of researchers. The technique requires minimal equipment and reagents 

besides the Ab and microscope for image acquisition. The technique provides consistent 

and comparable results for multiple experiments as demonstrated by the intensity ratios 

shown in Figure 3.6H and Figure 3.8I, J when all experimental and imaging parameters 

remain constant. Identification of other conformation specific Abs will provide additional 

application possibilities for the dual Ab conformation screening technique. Finally, a 

three color assay could also be employed whereby one control Ab is used with two 

additional Abs that are sensitive to different regions or distinct conformational regulators, 

list of Abs and their binding specificity is shown in Table 2.  

Antibodies Binding Specificity 

A32 Heparin dependent (increased biding to heparin treated Fn) 

MAB1935 Heparin dependent (reduced binding to heparin treated Fn) 

Polyclonal Strain independent 

Ctl Fn Ab Heparin treatment and strain independent 

L8 Strain dependent (reduced binding to Fn under strain) 

C6F10 Strain independent 

HFN 7.1 Strain independent 

Table 3.1. Abs and their conformational binding specificities to Fn 
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Previous findings using atomic force microscopy showed an elongation of Fn 

molecules and decreased roughness of a monolayer of Fn after treatment with heparin 

(Mitsi, Hong et al. 2006). We have previously shown that the heparin-induced increase in 

binding of VEGF to full-length Fn is similar to the heparin-induced increase in binding of 

VEGF to the 40 kDa fragment of Fn that contains III12-14 (Mitsi, Forsten-Williams et al. 

2008). This indicates that heparin causes a local change in III12-14 that increases VEGF 

binding, although we cannot exclude that disruption of interactions between III12-14 and 

other domains on the same molecule, or between molecules in the crowded environment 

of a Fn fiber also (Bradshaw, Cheung et al. 2012) contributes to the increase in binding 

after heparin treatment. In the QCMD study shown in Fig. 3.1C and D, the addition of 

heparin to Fn adsorbed on the chip surface caused an increase in frequency and a 

decrease in dissipation, which indicates that heparin induced the Fn layer to become more 

rigid and organized. Based on these two findings it is logical that mechanical strain could 

negate this effect by disrupting the Hep2 domain such that high levels of strain might 

partially or completely unfold the type III modules within III12 to III14. The influence of 

mechanical force on heparin induced conformation may also explain the heterogenous 

binding profile of A32 to cell made matrix since it is known that Fn strain is not uniform. 

Cell made matrix staining showed an overall increase in the A32/control Ab ratio when 

treated with heparin. However, the distribution of pixel intensities suggests that a subset 

of Fn fibers are more sensitive to the heparin-induced effects. This result is supported by 

the finding that the heparin effect was reduced in single Fn fibers subjected to strain.  
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Together these findings suggest that heparin and mechanical strain may co-regulate 

growth factor sequestration within Fn. 

 In vivo the ECM is exposed to numerous regulators at specific periods and 

in concert (Hynes 2009). The ability to probe the conformation of Fn when exposed to 

multiple regulators will provide a critical step toward understanding how dynamic 

conformational changes influence cells and tissues.  The dual Ab system presented here 

provides the versatility to explore the conformational impact of different regulators. The 

conformation-specific binding of A32 Ab shows that mechanical force and heparin co-

regulate Fn structure. Expanding this technique to use other conformation specific Abs, 

such as L8 or ones yet to be determined, will provide the basis for exploring Fn 

conformation in a variety of physiological states. Future studies should explore the 

biological role of conformational regulation of Fn as it pertains to its ability to bind and 

modulate a number of growth factors (Mitsi, Forsten-Williams et al. 2008; Martino and 

Hubbell 2010; Wan, Chandler et al. 2013). 
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CHAPTER 4 IMPACT OF MECHANICAL STRAIN ON CELL ATTACHMENT 

AND MIGRATION 

4.1 Introduction 

 Cell adhesion to ECM proteins is critical for cell viability.  This primary 

point of interaction provides not only a structural meshwork environment for cell but also 

brings them into proximity to other cells, signaling molecules, and other biological 

molecules (Gerhardt, Golding et al. 2003; Chen, Luque et al. 2010). The adhesion of cells 

to the ECM provides points for force generation by cells (Galbraith and Sheetz 1998; 

Sheetz, Felsenfeld et al. 1998; Balaban, Schwarz et al. 2001) and the ability of the cells to 

interrogate the mechanical properties, presence of growth factors, and other 

characteristics of the ECM that regulate function (Galbraith and Sheetz 1998; Krammer, 

Craig et al. 2002; Ferrara, Gerber et al. 2003; Li, Huang et al. 2005; Li, Lu et al. 2012). 

The method presented here provides insight into the attachment process and how it is 

affected by mechanical strain in a native fibrillar structure of Fn.  

 Cell spreading, adhesion, and migration all involve interaction of the cell 

with the ECM protein (Cuvelier, Thery et al. 2007; Qutub and Popel 2009). Many of 

these interactions are achieved by cell surface receptors, such as integrins. Several 

integrins specifically recognize the tripeptide RGD in the respective extracellular ligand, 

including both the "5!1 and avb3 integrins (Pytela, Pierschbacher et al. 1985). These 

integrins interact with Fn at the central cell binding domain (Fig. 1.1, 1.2, 4.1), which 

includes type III modules 9-10, with the RGD loop located on the III10 module and a 

synergy site on the III9 module.  It has been shown that the presence of the RGD alone 
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loop severely reduces cell attachment; the presence of the synergy site and a specific 

amino acid sequence in it (PHSRN) is necessary (Aota, Nomizu et al. 1994). Additional 

work done with molecular modeling of Fn proposed that application of mechanical strain 

to Fn would cause a conformation change of the cell-binding domain (Krammer, Craig et 

al. 2002), deforming the RGD loop and more than doubling the distance between the 

RGD loop and synergy site (Fig. 4.1) (Krammer, Craig et al. 2002). Further experimental 

and modeling work on Fn demonstrated that type III modules unfold, revealing cryptic 

cysteines, with the application of strain (Bradshaw and Smith 2011; Bradshaw, Cheung et 

al. 2012). Both aspects provide a possible biological impact on cell spreading and 

migration, but studies have not been carried out to experimentally determine the actual 

contribution.  

 Cell adhesion to the ECM is a complex system involving cell-matrix 

contact area, ligand density, and force generation (Dubin-Thaler, Giannone et al. 2004). 

Initial cell interaction with the matrix leads to signaling events that illicit strong a 

response in motility, growth, and viability (Geiger, Bershadsky et al. 2001; Aplin, Hogan 

et al. 2002). Cells interact with the ECM through integrins, linking the cytoskeleton and 

ECM. Binding of integrins to the ECM results in cell spreading, which in turn triggers 

additional integrin interactions (Maheshwari, Brown et al. 2000). The class of integrin is 

also important as different integrin different cell fates (Brown, Rowe et al. 2011). Cell 

spreading is driven by actin-myosin dependent process of membrane extension, the 

leading edge of a cell extends and as cytoskeleton rearrangement continues the cell 

changes geometry from spherical to elongated. Actin filament dynamics play an essential 
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role in cell spreading as does other factors such as focal contacts (Dubin-Thaler, 

Giannone et al. 2004). The transition from initial cell to ECM contact to cell spreading 

creates two distinct phases of cell spreading, passive and active respectively (Dubin-

Thaler, Giannone et al. 2004). After cell spreading, these interactions and cytoskeleton 

rearrangements continue to affect cell migration though not necessarily in the same 

manner. Work on these cell processes have provided great insight into the mechanisms 

and factors that guide and regulate them. Ligand density has been shown to cause a lag in 

the transition from the passive to active phase of cell spreading, though once initiated the 

spreading occurs unimpeded (Dubin-Thaler, Giannone et al. 2004). Extensive work has 

also been done on cell migration determining several forms of directed migration 

including the mechanically driven durotaxis (Isenberg, Dimilla et al. 2009; Harland, 

Walcott et al. 2011). All of these studies were completed on ECM molecules absorbed to 

a surface. This negates the contributions of the fibrillar from of Fn and their 

corresponding impact on the processes of adhesion and migration. 

 The supramolecular architecture of Fn in fibrillar form and strain state 

could impact ligand density on its surface (Bradshaw and Smith 2014) by altering the 

conformation of the RGD and synergy site of the cell binding domain. Molecular 

modeling has shown that strain can alter the conformation of the RGD loop, linearizing it, 

and can also significantly increase the distance between the RGD loop and synergy site 

preventing integrin binding (Fig. 4.1) (Krammer, Craig et al. 2002). The synergy site and 

which integrin binds to a recognition sequence also impact the outcome of cell 
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phenotypes; different classes of integrins can cause vastly different cell outcomes 

(Brown, Rowe et al. 2011). 

 Here we sought to explore the impact of mechanical strain on the cell 

processes of adhesion, spreading, and migration. We used the single fiber method 

previously used in Ab binding studies. Micropatterned ridges were used as well to reduce 

contact of Fn fiber with surface and create an area of pure cell to ECM contact. The 

ridges also let individual strain measurements to be taken throughout the sample. Time 

lapse imaging protocol was used to monitor cell attachment and migration to Fn fibers. 

Analysis of attachment events provided quantitative data on both rate and cell geometry. 

The work presented here is the first monitoring of cell attachment and migration on 

native fibrillar Fn.  
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Figure 4.1. Predicted force disruption of 9th and 10th type three repeats of cell 
binding domain 

Cartoon representation of (a) the initial equilibrated structure solvated in a periodic box 
with explicit water; (b) the pre-stretched state;(c) the functionally decoupled state; and (d) 
the separation of the first b-strand. Snapshots are taken at times 0, 200, 400 and 800 ps in 
the cf-750 pN simulation corresponding to extensions of 0, 20, 34 and 100 A˚, 
respectively. For simplicity, the water box is only shown in (a). Modulesare color-coded 
such that the upper b-sheets are red, the lower b-sheets are green and the RGD and 
synergy binding sites are in yellow. In the native and pre-stretched states, the time-
averaged distance between the synergy site and RGD-loop is 35"2 A˚ , while in the 
unctionally decoupledstate the time-averaged distance is 55"3 A. In later stages of this 
simulation the G-strand of FN-III10 separates first, thereby straightening the ˚RGD-loop. 
Frame (d) in the figure provides a snapshot of the subsequent unraveling process taken at 
a synergy–RGD distance of 85 A˚. Modified from (Krammer, Craig et al. 2002) 
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4.2 Results 

 Current work studying cell attachment to Fn uses surfaces coated with the 

protein in a 2D environment.  Here we evaluate the cell attachment and spreading to 

single fibers of Fn. Single fibers of Fn are deposited on micropatterned ridges of PDMS. 

The system closely mimics the native matrix fibrillar form of Fn and places it in a 

suspended state that limits cell contact with the underlying substrate. Additionally, the 

features allow precise strain characterization of the Fn throughout its length. Here we 

present data on the impact of mechanical strain on the attachment of cells to Fn and we 

also ascertain mechanistically and biologically how any effect is created.  

Though migration and attachment are mechanistically similar, they are discrete 

processes. Attachment is a prerequisite for cell motility but attachment does not 

guarantee migration; however, both actions are frequent in dynamic times of 

development, disease, and wound healing. The single Fn fiber approach was also utilized 

to evaluate cell migration. It has previously been shown that cell migration on 

micropatterend lines of Fn closely parallels 3D matrix migration (Doyle, Wang et al. 

2009). Our approach makes use of this idea but expands on it by using single fiber of Fn 

rather than micropatterned tracks. The width of the tracks and single fibers are nearly 

identical, in the 1 to 5 um range (Doyle, Wang et al. 2009). The data presented here 

provide the first look into cell interaction with Fn mimicking the native matrix form and 

insight into cell interaction with Fn during dynamic and critical times of tissues.  
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4.2.1 Spreading Rates 

The RGD loop and synergy site for cell binding in Fn is composed of type III 

modules. Due to this location, and our previous work showing that the Abs can bind 

preferentially to different conformations of Fn based on strain, we sought to determine 

the effect mechanical strain has on cell spreading. Single fibers of Fn were deposited on 

micropatterned ridges on a sheet of PDMS that were treated to allow Fn to covalently 

bind to the structures. Uniaxial strain was then applied to the fibers, which was later 

determined using the measurements between ridges. The surface of PDMS and fibers 

were then incubated with a 4% BSA solution for 30 min at room temperature to prevent 

non-specific binding of cells to PDMS or fibers. The sample was incubated for an 

additional 30 min at 37° Celsius to equilibrate the temperature of the PDMS to prevent 

condensation during imaging. BAECs were cultured to confluence in T25 flasks. Cells 

were removed from the surface with trypsin and placed in a centrifuge to pellet the cells. 

The supernatant was removed and cells were resuspended in serum free media to 

eliminate the presence of growth factor during cell attachment. BAECs were added to Fn 

fibers at concentration of 200,000 cells/ml (500 µl). The sample was placed on an 

enclosed microscope stage maintained at 37° Celsius, 5% CO2, and 65% humidity. Cell 

attachment was visualized using a time course acquisition with an image being captured 

every 5 min. Cell attachment was quantified by calculating the overall cell length at each 

time point after initial fiber interaction until a maximum length was achieved and 

maintained (Fig. 4.2A). Traces for the attachment of a single cell on fibers with 0% 

strain, 120% strain, and 400% strain are shown in Fig. 4.2A.  Cell attachment to fibers at 



!

!

78 

all strain states show a similar rate of spreading before 5 min, but quickly showed distinct 

trends with the 0% strain fibers having the greatest rate, 120% closely paralleling, and a 

significant drop in cell spreading after 5 min for the 400% strain state. A cell-spreading 

rate was calculated for each cell by dividing the total change in length by the time 

required to achieve length change. The mean spreading rate for multiple cells, from 

multiple experiments, was then compared for fiber strain values of 0%, 120%, and 400% 

(Fig. 4.2B). ANOVA analysis showed a statistically significant difference in mean 

spreading rates for cells on both the 0% and 120% strain values relative to the 400% 

strain state but not between the rates for 0% relative to the 120%.  

4.2.2 Cell geometry: major axis, minor axis, and elongation factor  

The phenotype of motile endothelial cells, such as endothelial tip cells during 

vasculogenesis (Gerhardt, Golding et al. 2003; Qutub and Popel 2009), takes on a spindle 

like geometry. The geometry is indicative of the cell entering the active stage of cell 

spreading, as opposed to the remaining in the passive stage (Dobereiner, Dubin-Thaler et 

al. 2004; Dubin-Thaler, Giannone et al. 2004). We therefore examined attached cells after 

acquisition of an equilibrium-spread length for dimensions of length and width. Changes 

in length and width were calculated as a percent change over the initial measurement, 

final measurement divided by initial measurement times 100, immediately prior to 

attachment. The mean percentage of change for length and width for 0%, 120%, and 

400% strain states are shown in Fig. 4.3A, B. Similar to mean spreading rates, the mean 

elongation percent is greatest for cells on 0% fibers. ANOVA analysis again indicated a 

significant difference in the elongation percent of 0% and 120% strained fibers relative to 
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400% fibers, but not between the 0% and 120% states. Mean changes in width 

demonstrated the same trend with the greatest change in width occurring at the fibers at 

0% strain. However, the change in width is antagonistic to the length change as 

represents a reduction in width for 0% and 120% while 400% strain state maintains 

similar width measurements during attachment (Fig. 4.3B). An elongation factor was 

calculated as the final length measurement divided by the final width measurement to 

provide an overall phenotypical observation (Fig. 4.3C). The trend of significant 

differences between 0% and 120% relative to 400%, but not between 0% and 120% was 

maintained the the elongation factor.  

4.2.3 Cell migration  

Migration is mechanistically similar to cell attachment and spreading and we next 

applied our single fiber analysis of cell interaction with Fn fibers to cellular migration. 

BAECs and single Fn fibers were prepared in the same manner as for cell attachment. 

Imaging was completed on the enclosed stage but the time lapse protocol was altered to 

30 min between each image capture and total experiment time to 12 h. After cell 

attachment the cell migration rate was determined for cells that traversed along the length 

of the fiber. A distinct landmark was identified and the cell distance from the landmark 

was determined at each time point during cell migration (Fig. 4.4B). Distances were 

measured from the landmark to the center-of-mass of the cell, established by the widest 

point of the cell. Mean cell velocities for 120% strain fibers were determined for the 

entire length of migration (Fig. 4.4C), migration measurements continued for duration of 

experiments unless the cell interacted with another cell or ridge that could influence 
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migration direction or speed. Initial cell migration rates were determined for 0% and 

400% strain fibers during cell attachment assays, as some cells would began to migrate 

during the course of the time lapse acquisition. Cell migration rates for 400% fibers were 

noticeably lower (4-6 µm/hr) than the measured values for 120% fibers (Fig. 4.4C) or 

relaxed fibers (20-40 µm/hr). The trend of cell interaction with Fn being impacted by 

mechanical strain during attachment appears to continue into the migratory phase. 

4.2.4 10th type III repeat Ab single fiber binding 

The above data indicate that cell attachment is limited on strained Fn matrix fibers 

relative to relaxed fibers. Since stretched fibers have a higher Young’s modulus than 

relaxed fibers, this suggests that limited attachment must be due to either a change in 

ligand density on stretched fibers or a disruption of the conformation of the central cell 

binding domain that limits integrin affinity for Fn. It is predicted by molecular modeling 

that the RGD loop of Fn changes conformation, linearizes, with the application of strain 

as well as increasing the distance between the alpha5beta1 synergy site (Krammer, Craig 

et al. 2002). Additionally, in vitro experiments and modeling demonstrated that type III 

modules unfold with the application of strain (Bradshaw and Smith 2011). We used our 

Ab screening procedure to determine if the RGD binding site is maintained with the 

application of mechanical strain. A monoclonal antibody raised to the type III tenth 

repeat module of Fn, site of the RGD loop, was selected for this application.  Single 

fibers of Alexa 633 labeled Fn fibers were deposited on a PDMS sheet and uniaxial strain 

was applied. Fibers were then incubated with primary and secondary antibodies at 1:200 

and 1:400 dilutions respectively (200 µl/incubation). After final washes the fibers were 
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imaged for Fn fluorescence (Alexa 633 - red)(Fig. 4.5C, D) and secondary fluorescence 

(FITC – green)(Fig. 4.5A, B). The mean intensity ratio for the fibers was calculated as 

the fluorescence of secondary Ab divided by the fluorescence of Fn plotted relative to 

strain of the fiber (Fig. 4.5G). Similar to the Ctl Fn and polyclonal Ab previously 

described in our dual Ab method the RGD Ab demonstrates binding to Fn independent of 

strain. The consistent binding of the RGD Ab, even at high strain values, shows that the 

type III tenth module stays intact as a viable binding epitope.  

!  
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Figure 4.2. Cell spreading traces and average cell spreading rate on Fn fibers of 
different strains 

A representative attachment is shown for each strain state A). All cells initially adhere 
quickly. While the relaxed and 1.2 strain state maintain this rate, the 4 fold strain state 
cells have a noticeable drop off in cell elongation. The mean cell spreading rate for each 
strain condition are shown in B). Significant differences by ANOVA analysis (P < 0.05) 
are indicated by a star, the 0 (relaxed) and 1.2 strain states both have a significantly faster 
spreading rate then the 4 fold strain state (n = 12 for all conditions). C-D) representative 
images of cells spreading from initial interaction C) to maximum cell length along the 
major axis (blue) D). 
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Figure 4.3. Geometries of cells attached to Fn fibers with different strain values 

The mean change in major and minor axis measurements were calculated for each strain 
state. A significant different is seen in all measurements, major a), minor B), and 
elongation factor C) between relaxed and 4 fold strain. The 1.2 fold strain is reduced in 
major axis and elongation fact and greater in minor axis change compared to relaxed state 
but not significantly by ANOVA (P <0.05).  
!
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Figure 4.4. Cell migration on Fn fiber. 

After attachment the cells can become motile and move uniaxially along the fiber A). The 
position of the cell for each time point during migration was measured B) and mean 
velocities were calculated for the total migratory period C). All shown migration traces 
and velocities were on 1.2 strain state fibers. 
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Figure 4.5. 10th type III module Ab HFN7.1 staining of single fibers of Fn 

Alexa 633 labeled fibers of Fn (red) were deposited on PDMS, C) and D), and stained 
with HFN7.1 Ab A) and B). Intensity ratios were calculated as HFN7.1 divided by Fn, E) 
and F), for fibers in a range of strain states G). The binding is consistent for all strain 
states tested. 

 

 

!



!

!

86 

4.3 Discussion 

 The interaction of a cell with the ECM is important for survival and proper 

biological function. When left in suspension, cells quickly enter a quiescent phase, and 

eventually undergo apoptosis (Stoker, O'Neill et al. 1968; Otsuka and Moskowitz 1975; 

Campisi and Medrano 1983). Thus, cell adhesion is important in numerous processes 

including cell migration, development, wound healing, and disease progression (Berrier 

and Yamada 2007). Cell surface receptors are responsible for cell adhesion to the ECM, 

specially the integrin family of molecules (Cuvelier, Thery et al. 2007). A great deal of 

work has been done on the adhesion of cells to 2D coated surfaces but the process of cell 

attachment to matrix components in native conformation is not well studied. Here we 

conducted cell adhesion and spreading assays to quantify the rate and extent of cell 

adhesion to single fibers of Fn. Single fibers were exposed to different strain states and 

significant information was gained on the process of cell attachment to fibrillar Fn. 

 BAECs demonstrated a significant increase in spreading rate when 

attaching to fibers with 0% strain compared to fibers of 400% strain. Plots of cell 

spreading versus time (Fig. 4.2A) shows the initial adhesion of cells, 5 min mark, to be 

nearly identical. The sharp change in cell spreading rates after initial adhesion between 

the strain states parallels the 2 step cell attachment model posed previously (Dobereiner, 

Dubin-Thaler et al. 2004; Dubin-Thaler, Giannone et al. 2004). The passive spreading 

phase occurs on the cell contact area on first interaction with the formation of focal 

adhesion (Dobereiner, Dubin-Thaler et al. 2004; McGrath 2007). Pseudopodia reach out 

along the axis of the fiber as the passive phase ends, and cytoskeleton rearrangement 
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takes over during active spreading causing extensive changes in cell 

geometry(Dobereiner, Dubin-Thaler et al. 2004; McGrath 2007). The changes in major 

and minor cell axis measurements during cell attachment, along with the elongation 

factor show an markedly different geometry on high strain fibers compared to fibers in 

the 0% strain state (Fig. 4.3A, B, C)(Table 3). Table 3 shows the analysis of cell 

spreading rate, geometry, and migration for the three strain states. The differences in cell 

shape imply a difference in biological activity of the cell. Cells on the strained fibers have 

a smaller cell area, but have attached to the fiber, these cells have active protein synthesis 

(Ben-Ze'ev, Farmer et al. 1980).  Conversely, the elongated cells on relaxed fibers have 

have greater nuclear activity and are able to effectively replicate DNA and therefore 

proliferate efficiently (Ben-Ze'ev, Farmer et al. 1980). 

 Relaxed Std error 1.2 fold St Error 4 fold Std error 

G71(*:$%&!
1*+(!

<µ3H3$%>!

0.9371 0.0712 0.8131 0.0539 0.5445 0.0992 

I*8-1!"9$#!
),*%&(!

217.65 5.85 194.28 10.93 168.42 10.50 

I$%-1!
"9$#!

J,*%&(!

78.15 2.10 84.20 3.18 89.51 3.06 

K'-%&*+$-%!
.*)+-1!

2.87 0.11 2.38 0.22 1.98 0.16 

L('-)$+;!
1*%&(!

<µ3H,1>!

20-40  11-36  4-7  

Table 4.1. Spreading rate, cell geometries, and velocity for single fiber studies 

 The 9th and 10th type III repeats of Fn comprise the cell binding domain 

and both are necessary for effective cell attachment (Aota, Nomizu et al. 1994). Removal 

of the synergy site greatly reduces cell attachment, even in the presence of the RGD loop 
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containing 10th repeat. Molecular modeling of Fn predicts that the application of 

mechanical strain alters the conformation of the cell binding domain, increasing the 

distance between the two modules and linearizing the RGD loop. Modeling and in vitro 

experimentation have also shown that type III module repeats can completely unfold 

when exposed to mechanical strain (Bradshaw and Smith 2011). A monoclonal antibody 

raised to the 10th type III module maintained consistent binding over a wide range of 

strains (Fig. 4.5G). The module is maintained as a binding epitope indicating that ligand 

density may play a more critical roll than conformation in fibrillar Fn. A reduction in the 

density of RGD loops and the synergy sites as strain is applied limits the number of sites 

that are in proximity to one another to allow for adhesion and spreading. 

 Adipose progenitor cells showed an increased attachment to surfaces 

coated with an adsorbed layer of unfolded Fn relative to folded Fn (Chandler, Seo et al. 

2012). Many other studies on migration and adhesion have also been done on absorbed 

surfaces. The results shown here demonstrate the importance of studying Fn it a 

physiologically relevant fibrillar form.  

 One-dimensional migration of cells on patterned tracks of Fn parallels 3D 

fibrillar migration (Doyle, Wang et al. 2009).  Reported values of migration on these 

patterned tracks aligned with our values on single fibers for relaxed and 120%, but not 

the 400% strain state (Fig. 4.4C, Table 3). The diameter of fibers fell with in the studied 

track width of 1-5 µm (Doyle, Wang et al. 2009) and had the added factor of being in a 

pseudo 3D environment with the ridge features suspending Fn fibers. The persistence of 

migration for the BAECs on constant strains was almost 1, showing that without external 
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signaling, cells maintain a persistent migration mode unless physically impeded. 

Migration studies also showed that the decreased interaction with fibers demonstrated by 

reduced cell spreading rate and elongation is maintained in initial migration rates. Cell 

velocities on high strain fibers were well below any values for 0% and 120% fibers.  

 Previous work from our lab suggests that ligand density goes down as 

strain is applied to Fn fibers (Bradshaw and Smith 2014) . The significantly reduced rate 

of spreading, migratory rate, and differences in cell geometry show that the cells respond 

readily to changes in the Fn fiber strain. Previous work on ECM coated surfaces 

demonstrated a lag in transition from the passive to active phase of cell spreading due to 

reduces density of ECM protein (Dubin-Thaler, Giannone et al. 2004).  However, the 

cells eventually fully proceeded into the active cell-spreading phase. Our data does show 

a similar lag from passive to active but the active phase also is affected with significantly 

changes to cell geometry in addition to rate. This agrees with the critical importance of 

ligand density, and shows in fibrillar Fn that ligand density might play a strong in cell 

path and fate. RGD clustering has demonstrated a similar outcome on Fn coated surfaces 

with fibroblasts, higher densities of RGD integrins allowed for full spreading and 

migration (Maheshwari, Brown et al. 2000). Our antibody binding data also supports the 

idea that ligand density is a strong driving force, as the binding epitope for the RGD loop 

remains intact. However, additional experimental validation is needed to elucidate the 

complete mechanism. 

 The work presented here demonstrates the extensive impact mechanical 

strain has on cell processes of adhesion, spreading, and migration. Previous work on 
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durotaxis shows the cells preference for rigid substrates (Isenberg, Dimilla et al. 2009), 

this work shifts that idea to not that cells prefer rigid areas but rather then can not escape 

those areas since motility is reduced. Rigid substrates function as a beacon for cells, or 

stop signal, indicating they have reached a desired area. The impact of mechanical strain 

on all facets of cell motility has application potential in many areas such as development, 

wound healing, and disease progression. The reorganization and conformational 

regulation of Fn at these times has implications to all areas of cell interaction with Fn and 

many biological processes. 
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CHAPTER 5 VEGF SEQUESTERING EFFECT ON CELL ATTACHMENT 

5.1 Introduction 

 Angiogenesis plays an important role in many biological processes 

including disease progression, development, and wound healing (Adams, Carder et al. 

2000; Ferrara, Gerber et al. 2003; Gerhardt, Golding et al. 2003; Li, Lu et al. 2012). 

Development of vascular network is one of the first events in organogenesis in embryos 

as proper supply of nutrients to secondary developing organs is necessary for effective 

completion (Coultas, Chawengsaksophak et al. 2005). A vascular plexus of angioblasts 

forms initially, which then undergoes remodeling process where growth, sprouting, and 

migration lead to development of a functional circulatory system (Fig. 5.1) (Coultas, 

Chawengsaksophak et al. 2005). These initial events are recapitulated in later stages of 

adult life, notably in tumor progression when malignant tumors recruit the host blood 

vessels to feed their expansion and to provide access for metastasis to other locations in 

the host (Carmeliet 2003). Successful angiogenesis relies on a balance of pro- and anti-

angiogenic factors. Growth factors are a large category of extracellular proteins that 

control a wide range of cellular activities and have been shown to function as pro-

angiogenic factors. The VEGF family is of particular interest as it has been shown to be 

required for angiogenesis and vasculogenesis and in normal and pathogenic situations 

(Ferrara, Gerber et al. 2003). VEGF is critical for the proper progression of angiogenesis; 

mice lacking a single allele of VEGF have severely altered blood vessel development and 

are non-viable whereas complete VEGF knockouts are embryonic lethal at an early stage 

of development (Carmeliet, Ferreira et al. 1996). 
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  The neurovascular link has shed light on the strong correlation between 

the vascular and nervous systems and their regulation and interaction. VEGF has been 

shown to act directly on neural cells and serves an important roll in nervous system 

development and within diseases of the nervous system (Carmeliet and Ruiz de 

Almodovar 2013). VEGF-A is a founding member of a family of homodimeric disulfide-

bound-glycoproteins that encompass several variants of VEGF as well as platelet derived 

growth factor (Holmes and Zachary 2005). VEGF-A appears to be involved in many 

areas of neural development including neogenesis, glia survival and migration, and axon 

growth and guidance.  Endothelial cells influence proliferation of neural stem cells 

suggesting a mechanism for VEGF to function indirectly to modulate the nervous system 

(Kilic, Kilic et al. 2006; Ruiz de Almodovar, Lambrechts et al. 2009).  It is not known to 

what extent VEGF signals neural stem cells directly or through the action of endothelial 

cells, thus, this remains a promising area of therapeutic and diagnostic research. 

 Heparin binds reversibly to Fn type III modules 12-14 and causes a 

conformational change in Fn that is maintained once heparin is removed (Mitsi, Hong et 

al. 2006; Mitsi, Forsten-Williams et al. 2008). The heparin-dependent conformational 

change leads to increased affinity for numerous growth factors, including VEGF A, due 

to greater availability of the binding site on Fn (Mitsi, Hong et al. 2006; Mitsi, Forsten-

Williams et al. 2008; Martino and Hubbell 2010). VEGF signaling and cellular response 

to VEGF has been shown to be modified by its interactions with the ECM, and 

specifically Fn (Wijelath, Murray et al. 2002). Recent work has shown that modification 
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of growth factors for increased affinity for ECM proteins greatly increases tissue healing 

potential (Martino, Briquez et al. 2014). 

 We previously demonstrated through our dual Ab system that the binding 

of a hepII raised Ab to Fn is altered not only by treatment of Fn with heparin, but also by 

the application of mechanical strain on Fn (Hubbard, Buczek-Thomas et al. 2013). The 

dual regulation of Ab binding in the hepII region, led us to hypothesize that growth factor 

binding could also be affected by mechanical factors in addition to heparin treatment. 

Here we use single fiber Fn studies to apply precise levels of strain to fibers and monitor 

the binding of VEGF. VEGF was visualized by fluorescent labeling and an intensity ratio 

was calculated with the fluorescence of VEGF divided by the fluorescence of labeled Fn. 

Additionally, we assessed the influence of VEGF on cell spreading rate and cell geometry 

in cell attachment assays. 
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Figure 5.1. VEGF and FN guide endothelial cells in angiogenesis 

(a) Wild-type littermate showing normal smooth surface of the hyaloid vessels (arrows) 
lying on the inner surface of the retina. Filopodia are only present in the intraretinal 
vascular plexus (asterisks).(b and c) Hyaloid vessels in VEGF164tg are studded with 
filopodia (arrows and inset). Bundles of filopodia are involved in sprouting and fusion 
(arrowhead), leading to an aberrant hyperfused vascular structure. e) High magnification 
of a sprouting tip triple labeled for VE-cadherin (cell borders and junctions), fibronectin 
(astrocytes and vessel basement membrane), and nuclei. Note focal filopodia extension at 
the tip (arrow), whereas following cells extend no filopodia (arrowheads). (i) Graphic 
illustration of tip cell and stalk cell terminology. Modified from (Gerhardt, Golding et al. 
2003) 
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5.2 Results 

 VEGF binding to Fn is increased by the treatment of Fn with heparin 

(Mitsi, Hong et al. 2006; Mitsi, Forsten-Williams et al. 2008; Martino and Hubbell 2010). 

Due to our previous work with mononclonal Abs demonstrating strain dependent binding 

in the HepII domain, and other type III modules, we sought to determine the impact of 

strain on VEGF binding to Fn. Cell shape influences many biological processes including 

migration, proliferation, and growth. The sequestration of VEGF on Fn fibers increases 

its signaling and activity (Mitsi, Forsten-Williams et al. 2008; Martino and Hubbell 2010) 

and we proposed that treatment of single fibers of Fn would have an impact on cell 

spreading rates and cell geometry.  Using our single Fn fiber cell attachment assay we 

tested this hypothesis.  

5.2.1 Dual regulation of VEGF binding to FN 

 Single fiber studies proved to be effective at identifying strain dependent 

binding of Abs in our previous conformation studies on A32 and L8 (see Chapter 3). 

Micropatterned structures were used, as with A32, to determine strain levels along the 

fiber. Single fibers of Alexa633 labeled Fn were deposited on surfaces treated to 

covalently attach Fn to the ridges. Fibers were then treated or not treated with a 50 µg/ml 

heparin for one h at room temperature to expose VEGF binding sites. Desired uniform 

strain was then applied to the fibers, followed by incubation with Alexa488 labeled 

VEGF. The VEGF binding incubation was conducted at room temperature for one h in a 

slightly acidic buffer (pH 6.5). Acidic conditions have been shown to increase the 

binding of integrins to the RGD loop on Fn, as well as to enhance VEGF binding to Fn ( 
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Goerges and Nugent 2004). The fluorescence of VEGF and Fn were imaged in the 

respective channels. Mean intensity ratios were calculated for each fiber as the 

fluorescence of VEGF divided by the fluorescence of Fn. Intensity ratios were only 

calculated over the valleys and not the ridges to minimize background fluorescence from 

non-specific binding. The strain rate for fibers was calculated from the change in ridge-

to-ridge distance from the initial. Intensity ratios were normalized for each batch of 

labeled fibronectin to remove inconsistencies in labeling efficiency. Fibers for each 

experiment remained within a small strain state due to the ridges reducing the possible 

angle of fibers to the axis of strain. An overall mean intensity ratio for all fibers at a given 

strain condition were plotted verse strain (Fig. 5.2G, H, I). The binding of VEGF was 

greatest in fully relaxed fibers.  The application of strain caused a significant drop in 

binding of VEGF that was maintained across all fiber strain states evaluated. The dual 

regulation of binding of A32 to the hepII domain is paralleled by the trend observed for 

VEGF binding to Fn.  

5.2.2 VEGF sequestering affect on cell spreading 

 Many cell processes are affected by the presence of VEGF, particularly 

when bound to the ECM (Martino, Briquez et al. 2014). We therefore measured cell 

attachment parameters in the presence of VEGF to determine the functional impact of 

VEGF sequestering. Single fibers of Fn were deposited on ridges. To maximize VEGF 

binding in all strain conditions, fibers were first treated with 50 !g/ml of heparin for one 

h at room temperature (Mitsi, Hong et al. 2006; Mitsi, Forsten-Williams et al. 2008). 

Uniform strain rates were applied to fibers which were then incubated with 30 µg/ml of 
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VEGF for one h at room temperature. BAECs were prepared for attachment as described 

in Chapter 4. The time course was set for an image acquisition every 5 min for the 

duration of cell spreading events. Cell spreading rates were calculated for each individual 

cell by measuring the cell length at each time point, the mean was determined by dividing 

the total change in length by the time required to reach the respective length. Mean 

spreading rates were plotted for each strain state relative to the non-VEGF and heparin 

only treated controls (Fig. 5.3A). Only 0% and 400% strain states were examined since a 

significant difference in spreading was not demonstrated at the intermediate strain state of 

120%. Minimal change in cell spreading rate is observed in 0% strain between 

VEGF+heparin and heparin treated fibers and the control non-treated fibers (Fig. 5.3A). 

However, the heparin only treated fibers demonstrate a reduced rate of extension 

compared to the control (Fig. 5.3A). Conversely, at the high strain rate we see that the 

heparin treated and non-treated control have consistent cell spreading rates but the 

VEGF+heparin treated fibers have a faster cell spreading rate.   

 Tip cell are a specific type of endothelial cell that guide the sprouting of 

new blood vessels during angiogenesis and are characterized by an elongated, spindle 

like shape (Gerhardt, Golding et al. 2003). As tip cells are highly motile we hypothesized 

that this cell shape may indicate cell motility. Therefore, we also analyzed attached cells 

for differences in minor and major axis measurements. The changes in length for both 

axes were calculated as a percent  of the initial length (i.e., final length divided by initial 

length multiplied by 100).  An elongation factor was also calculated by dividing the 

change in length of the major axis (parallel to the fiber. Fig. 2.3) by the change in length 
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of the minor axis (perpendicular to the fiber, Fig. 2.3). We observed that there were 

minimal differences in the minor axis in any of the treated cases relative to the non-

treated control (Fig. 5.4 B). However, the elongation factor and change in major axis 

measurement was significantly different for the VEGF + heparin treated cells compared 

to the control condition, but not for the heparin only treated cells (Fig. 5.4A, C). The 

heparin only treated fibers caused less elongation than the control but was not significant 

according to ANOVA. The increase in elongation is demonstrated at both the 0% and 

400% strain states. Additionally, the significant difference seen between 0% and 400% 

fibers in the non treated and heparin treated controls was eliminated by the addition of 

VEGF. These results show that mechanical factors and signaling from growth factors act 

together to modulate endothelial cell attachment to fibrillar Fn. 
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Figure 5.2. Mechanical Regulation of VEGF binding to Fn 

Alexa 633 labeled Fn fibers, E) and F), were deposited on micropatterned ridges, A) and 
B). Fibers were incubated with fluorescently labeled VEGF, C) and D). Intensity ratios 
were calculated as VEGF/Fn, G) and H). Only areas over valleys were used in calculating 
intensity ratios, indicated by yellow boxes. Mean intensity ratios were calculated for 
fibers at each strain state and normalized to account for differences in efficacy of 
fluorescent labeling. VEGF binds readily to relaxed fibers of Fn, with a sharp decline in 
binding with small amounts of strain. The VEGF levels quickly reach a stable point and 
maintain binding throughout the strain states. 
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Figure 5.3. Cell spreading rates on Fn fibers with heparin and VEGF treatments 

Cell attachment assays were run with fibers that were not treated, or treated with heparin, 
heparin and VEGF. Mean spreading rates were determined for relaxed (0 fold) and high 
strain rates (4 fold) A). Heparin treatment maintains cell spreading rate trends with non-
significant reduction in spreading rate compared to the control.  Heparin+VEGF treated 
cells maintained cell spreading rates on the relaxed fibers but noticeably increased the 
rate on high strain fibers. B) and C) fully spread cells on high strain and relaxed fibers, 
respectively. 

 

 

 

 

 

 

 

 

 

 

 



!

!

101 

 

Figure 5.4. Geometries of attached cells to Fn fibers treated with heparin and 
heparin + VEGF 

Mean changes in major axis measurement, A), minor axis measurement, B), and 
elongation factor, C) were determined for cells attached to fibers without treatment 
(control, black outline), heparin treated (orange), and heparin+VEGF (purple). Heparin 
treated fibers maintain the trend established by the control cells. Heparin+VEGF treated 
cells experience greater degrees of major axis increase A) and elongation factors C) in 
both relaxed and high strain state fibers. Heparin treated cells have a minor reduction in 
elongation factor but not significant. 
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5.3 Discussion 

In vivo, the cell is exposed to a myriad of regulations and biological molecules; 

the combined effect influences cell processes and fate. The ECM is also regulated by 

biochemical and mechanical factors, which alter its conformation and affect the 

interaction between cells, growth factors, and other molecules and the ECM. Here we 

used single fiber Fn techniques to determine that the binding of VEGF to Fn is regulated 

by both heparin and mechanical strain, similar to the A32 Ab (Mitsi, Hong et al. 2006; 

Hubbard, Buczek-Thomas et al. 2013). This finding is extremely interesting due to the 

dynamic nature of the ECM as a consequence of the ability of cells to interact and exert 

forces on it. Whereas we showed that VEGF interactions with Fn and its activity on cells 

is modulated by strain, it is important to note that numerous other growth factors bind to 

the hepII region (Martino and Hubbell 2010) suggesting that this process provides a 

landscape for complex mechanical and biochemical regulation of growth factor 

interaction.  

Fn fibers treated with heparin and VEGF showed an increased rate of spreading 

and a significant increase in total elongation (Fig. 5.3A and 5.4A). The increased 

elongation and spreading rate show an increased ability to attach to the Fn fibers as well 

as strong impact on cell geometry. The increased elongation parallels a geometry 

observed by tip cells that are actively sprouting during angiogenesis in response to VEGF 

guidance (Gerhardt, Golding et al. 2003). This phenotype is also a preliminary marker in 

the process of endothelial-to-mesenchymal transition which is critical to early vascular 

development and wound healing, malignancy and inflammation (Kovacic, Mercader et al. 
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2012). The increase in elongation also creates a corresponding increase in cell area which 

leads to greater levels of nuclear material and increased DNA replication, showing the 

potential for increased proliferation that would be required in development and wound 

healing, as well as in disease progression (O'Neill, Jordan et al. 1986). 

 VEGF serves a critical function in many biological processes including 

progression of most forms of cancer, early vascular development, and angiogenesis 

(Carmeliet, Ferreira et al. 1996; Adams, Carder et al. 2000; Carmeliet 2003; Rossiter, 

Barresi et al. 2004). The combined impact of biochemical and mechanical regulation 

shows the importance of understanding the interaction of VEGF and other growth factors 

with Fn. The regulation of these interactions has a large impact on growth factor activity 

and leads to further impact on biological function and cellular processes. Further work 

could provide insight into how complex and dynamic physiological states modulate 

cellular response to matrix presented growth factors.  
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CHAPTER 6 DISCUSSION 

6.1 Conformational regulation and monitoring of Fn 

 The initial view of the ECM as an inert scaffold system purely providing 

mechanical strength and support has been replaced by an evolving appreciation for the 

role the ECM plays in regulation of many dynamic cellular functions and processes. 

Interaction of cells with the ECM brings them into proximity with biological signaling 

molecules and other cells to participate in signaling and formation of cell-to-cell 

interactions. Fn is one of the primary fibrous proteins of the ECM and serves an essential 

role in cell adhesion and the regulation of other cellular processes. Fn is the primary 

component of the ECM during dynamic remodeling events including development and 

vasculogenesis, disease progression, and wound healing. The increased presence of Fn 

during these times and its requirement for processes such as development and 

angiogenesis make it a model protein for understanding the function of the ECM in cell 

signaling. However, we now know that Fn function is itself regulated by chemical cues 

such as the allosteric binding partner heparin, and the previous demonstration that its 

molecular conformation is altered as the material is stretched by cell contractile forces 

further complicates our understanding of the reciprocal interaction between cells and the 

ECM. In this thesis, the combinatorial roles of both heparin and mechanical strain on 

growth factor binding and cell attachment and spreading were studied.  

 Growth factors are critical signaling molecules for cell migration, 

proliferation, and differentiation (Discher, Mooney et al. 2009; Schultz and Wysocki 

2009; Martino, Briquez et al. 2014). Their mode of action was first thought to be through 
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diffusion through the matrix and that highest concentrations were in solution in the 

interstitial space. However, microdialysis data showed that soluble growth factor levels in 

tissues are actually extremely low. This led to research investigating the locations of the 

local growth factor concentrations. ECM components, and specifically fibronectin were 

found to bind numerous growth factors (Mitsi, Hong et al. 2006; Smith, Mitsi et al. 2009; 

Martino and Hubbell 2010; Symes, Smith et al. 2010), sequestering them in the ECM. 

Heparin was shown to increase the binding of several growth factors (Wijelath, Murray et 

al. 2002; Mitsi, Hong et al. 2006; Wijelath, Rahman et al. 2006). Here we demonstrated 

that binding of VEGF is also affected by mechanical strain, showing a dual regulation of 

Fn function. The altered binding of VEGF provides another mechanism for Fn to 

influence cell processes and fates. 

  Heparan sulfates are GAGs with a linear polysaccharide backbone that is 

sulfated at different locations (Nader, Chavante et al. 1999; Turnbull, Powell et al. 2001; 

Sarrazin, Lamanna et al. 2011). Increased understanding of the function of HS has 

demonstrated that it has many other rolls besides structural support. HS interact with 

many ECM proteins, including FN, and also numerous growth factors (Chen, Sivakumar 

et al. 2007; Symes, Smith et al. 2010; Nugent, Zaia et al. 2013).  Heparin is a highly 

sulfated HS stored in the granuales of mast cells while HS are found in nearly all 

mammalian cells and ECM (Nader, Chavante et al. 1999; Sarrazin, Lamanna et al. 2011). 

Heparin also binds to the hep2 region of Fn like other HS and is commonly found in 

tissues during inflammation and wound healing under conditions of mast cell 

degranulation (Turnbull, Powell et al. 2001).   Our group has previously shown that the 
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addition of heparin to the hep2 domain of Fn caused a significant increase in the binding 

of VEGF (Mitsi, Hong et al. 2006), and this observation was extended to other growth 

factors by us (Smith, Mitsi et al. 2009; Symes, Smith et al. 2010) and the Hubbell lab 

(Martino and Hubbell 2010). In this work we also demonstrated the heparin 

conformational regulation works in conjunction with mechanical strain to modify 

biological activity of Fn. 

Previous work on the hep2 region of Fn showed that heparin causes a 

conformational change in Fn that leads to increased binding of VEGF (Mitsi, Hong et al. 

2006; Mitsi, Forsten-Williams et al. 2008). However, new tools are needed for the 

detection and study of non-equilibrium binding sites in Fn’s more physiologically 

relevant state in matrix fibrils. We probed this conformational change deeper by using 

different experimental tools of biophysical analysis and single fibers studies. The QCMD 

studies demonstrated that the heparin affect on Fn is a rapid process and is kinetically 

dependent on the concentration of heparin available. However, the saturating change in 

conformation of Fn is the same regardless of heparin concentrations due to the heparin-

Fn interaction being brief (Mitsi, Hong et al. 2006; Mitsi, Forsten-Williams et al. 2008). 

Biological monitoring of the heparin induced conformational changes, as well as 

mechanical changes, was achieved utilizing monoclonal Abs. Through screening of 

monoclonal Abs we identified candidates that exhibited altered binding affinity due to 

heparin treatment (A32, MAB1935), mechanical strain (L8), and non conformation 

specific Abs (polyclonal, total Fn Ab). A dual antibody method was designed using a 

conformation specific antibody and a conformation independent antibody to account for 
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differences in the total quantity of Fn present and directly attribute changes in binding to 

conformational consideration. Using this method we demonstrated a dual regulation of 

binding of A32 to Fn from heparin treatment and mechanical strain.  

The dual regulation of binding in this region may impact a wide variety of 

processes since the hep2 region has high binding affinities for more than 25 growth 

factors in addition to heparan sulfates (Martino and Hubbell 2010). The presence of these 

growth factors is important for many cellular processes and overall biological function. 

This dual regulation also highlights the importance of analyzing Fn conformational 

changes when exposed to multiple conformational regulators. Fn is exposed to a myriad 

of signals and regulators in vivo and the dual regulation of the hep2 region shows they 

can work in synergy or antagonistically to each other. The presence of biochemical 

regulators and high levels of mechanical strain due to ECM composition or cell traction 

forces has been demonstrated to be a present factor during times of disease progression 

and other critical times. The full understanding of the symphony of conformational 

regulation of Fn is of critical importance to the regulation of biological interaction with 

the ECM. The dual Ab method will be a powerful tool for achieving this goal. Abs can 

demonstrate altered binding affinities based on multiple factors.  Additionally, expanding 

the method to include a second conformation-specific Ab could enhance the screening 

potential and resolution of the technique. 

The impact of ECM interaction on cellular processes is of great interest and a 

breadth of work has been completed to elucidate methods and regulation of these 

interactions. However, this work has exclusively been done on surfaces coated with Fn. 



!

!

108 

In this work, we probed these interactions in fibrillar Fn to recapitulate the form of Fn 

that cells would interact with in native matrix. The one dimensional approach has also 

been shown to underly 3D processes in migration using patterned tracks of Fn (Doyle, 

Wang et al. 2009).  Here we extend that idea to using single fibers of Fn to explore cell 

attachment and migration. We demonstrate a direct influence of the strain state of Fn on 

the rate and extent of cell spreading on single fibers. Cells attaching to fibers with 0% 

strain had not only a faster rate (Fig. 4.2) of attachment but also reached greater total 

elongation, leading to noticeably different cell geometries on 0% and 400% fibers (Fig. 

4.3).  

6.2 Dual regulation of binding of VEGF to Fn 

The binding of VEGF paralleled the dual regulation of binding of the A32 Ab. 

Previous demonstrated a higher affinity of VEGF to Fn treated with heparin (Mitsi, Hong 

et al. 2006), and using single fibers techniques we showed that binding of VEGF is also 

altered by mechanical strain (Fig. 5.2). The dual regulation of VEGF binding presents a 

hypothesis of VEGF sequestering. VEGF initially cannot bind the hep2 domain in closed 

conformation. However, after treatment with heparin the open conformation of Fn allows 

VEGF to bind (Fig. 6.1). The application of strain then causes the release of VEGF (Fig. 

6.1). We expanded on this regulation of VEGF binding by combining VEGF and 

mechanical strain in the single fiber cell attachment assays. The presence of VEGF 

significantly increased cellular elongation in both the 0% and 400% strain states, actually 

eliminating the significant different seen between 0% and 400% fibers in the absence of 

VEGF (Fig. 5.4A, C). The rate of cell spreading was also increased in 400% strain fibers, 
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while minimally increasing in 0% strain fibers. The alterations of the 400% strained 

fibers, relative to the 0% fibers shows the unique contributions of cell interaction with 

matrix attached growth actors and Fn fibers in different strain states. The regulation of 

VEGF interactions to the ECM, and likely other growth factors, are highly complex. A 

thorough understanding of regulatory mechanisms have significant impact in fields of 

disease progression, wound healing, and development. Molecular modeling is a powerful 

tool currently and work being devoted to growth factor/receptor interactions 

(Hashambhoy, Chappell et al. 2011). However, the models assume constant affinity in all 

conditions. This work, and work it has expanded on, demonstrate that this is not the case 

and is a much more complicated system. Models are dependent on accurate assumptions 

and this work furthers that cause and provides biological evidence for its impact as well. 

 

6.3 Impact of strain dependent alterations on cell adhesion and spreading on 

Fn 

Durotaxis studies on several ECM proteins, and with numerous cell types, have 

shown a preference of cells to migrate to areas of increased rigidity (Sheetz, Felsenfeld et 

al. 1998; Li, Huang et al. 2005; Isenberg, Dimilla et al. 2009; Schlüter, Ramis-Conde et 

al. 2012). Furthermore, previous work on Fn fibers shows that Fn fibers are more than 2 

orders of magnitude stiffer when stretched to high strain states (i.e., above 300% strain). 

Finally, numerous studies suggest that gradients in Fn fiber strain may exist within 

developing tissues (Legant, Chen et al. 2012). In summary, these works suggest that cells 

within a Fn matrix presenting a gradient in strain should migrate towards regions of high 
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matrix strain. Here, we showed that, contrary to this view, cell adhesion, spreading, and 

migration is reduced on Fn fibers that are highly strained. Although we did not study cell 

migration on Fn fibers with a gradient in mechanical strain, these data suggest that 

regions of high strain represent a stop signal or homing beacon to cells. As the cells are 

migrating along native matrix they sense the difference in strain state of the attached 

surface (Gerthoffer 2007; Lamalice, Le Boeuf et al. 2007) and begin to reduce their 

migratory rate. The continual increase in strain leads to the progressive reduction in cell 

migratory rate, as well as altering the cell phenotype from the spindle shaped geometry to 

a more spherical once (Fig. 6.2), specifically in the case of endothelial cells. Eventually, 

the cells reach a point that cell motility stops and they are left in the desired area. In this 

perspective the cells are not preferentially migrating to areas of high strain, but rather 

then are not able to escape them and the high strain functions as a signal that migration 

should be halted as a “final destination” has been reached. This is a fundamental 

alteration of the current view of durotaxis. One hypothesis that has been put forth is that 

stretched Fn may cause a disruption of the central cell binding domain, hence 

compromising integrin binding to Fn  (Krammer, Craig et al. 2002; Brown, Rowe et al. 

2011). However, the consistent binding of an Ab to the 10th type III repeat shows that 

module remains intact (Fig. 4.5). This lends credence to the critical important of ligand 

density for cell processes (Cavalcanti-Adam, Micoulet et al. 2006; Arnold, Hirschfeld-

Warneken et al. 2008; Bradshaw and Smith 2014). 
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6.4 Future work 

The work presented here shows the importance of studying Fn in the fibrillar form 

and presents robust techniques for monitoring conformation of Fn as well as determining 

impacts on biological function. Further work in this area could continue to provide 

meaningful knowledge in this field. Cytoskeletal staining of attached cells to single fibers 

of Fn would ascertain if cells are in an active or passive state of adhesion and the roll this 

cytoskeleton rearrangement plays in the different cell spreading rates. Staining for focal 

adhesion and quantifying the number present in both 0% and 400% fibers could expand 

on the importance of ligand density. The predicted decrease in ligand density with 

applied strain should correspond to a reduction in the total number of focal adhesions. 

The hep2 domain also binds a variety of other growth factor families and it is likely that 

some of them have altered binding due to mechanical strain, single fiber testing for all 

candidate growth factors would expand on the overall regulation of Fn. The single fiber 

platform would be valuable for many other cellular processes as well.  The change in cell 

shape corresponds with increase in DNA replication, which could cause an increase in 

cellular proliferation. Additionally, the rigidity of coated surfaces have directed the 

differentiation of stem cells (Engler, Sen et al. 2006) making it a reasonable assumption 

that single fiber studies could lead to different lineage specifications. Finally, there are 

other techniques from our lab for monitoring cell mechanical properties and tractions 

force.  Combining the single fn approach with these technique could provide a great deal 

of information of how the interplay between cell generated forces, cell mechanical 
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properties, and Fn conformation contributes to an overall regulation of biological 

function of the system.  

This work has demonstrated the importance of continued study into the 

conformation of Fn.  The regulations of Fn’s structure, as well as its impact on biological 

activity, clearly exude a large impact on molecular interaction and cell processes. The 

difference in ECM composition and conformation throughout our lives, from 

development, aging, and disease progression, to wound healing and angiogenesis 

demonstrate that a thorough knowledge of Fn and cell interactions can have immense 

impact (Adams and Watt 1990; Vogel 2006; Berrier and Yamada 2007; Antia, Baneyx et 

al. 2008; Chen, Luque et al. 2010). The research presented here and the methods designed 

during it will help future endeavors in this area and help to generate a complete view and 

understanding of the regulation of the ECM in regards to the function of cells and the 

tissues they comprise. 

 

 

 

 

 

 

 

 

 



!

!

113 

 

Figure 6.1. VEGF binding to Fn 

VEGF binds to the hep2 domain of Fn (type III 12-14). In the closed formation VEGF 
cannot effectively bind Fn (A). Treatment with heparin causes a conformational shift in 
Fn to the open formation, allowing VEGF to bind (B). Application of strain to Fn causes 
VEGF to dissociate from Fn (C). 
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Figure 6.2. Fn strain and growth factoring binding spreading rate and elongation 
factor 

Fibronectin experiences different strain rates in vivo, we demonstrated cells on 0% strain 
fibers have faster cell spreading rates and greater elongation factors (change in blue 
measurement/change in red measurement). Binding of VEGF to Fn increases this trend 
for both strain rates. The effect on cell geometry could lead to different cells fates such as 
greater motility or proliferation. 

 

APPENDIX 

function  irROI  
  
ac1 = imread( 'f1_1 800 ms exposure 100 attenuator.tif' );  
do1 = imread( 'cy5_1 200 ms expo sure 100 attenuator.tif' );  
filename = 'f5_fiber1' ;  
dc1 = 50; dc2 = 157;  
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accThresh = 100; donThresh = 350;  
upLimit = 1.00; lowLimit = 0.05; limits = [lowLimit 
upLimit];  
%number of bins in ir histogram  
z = 90; binsize = (upLimit - lowLimit)/z;  
  
%convert to do uble precision  
ac1 = double(ac1); do1 = double(do1);  
  
%averaging mask  
ac1 = colfilt(ac1,[2 2], 'sliding' ,@mean); do1 = 
colfilt(do1,[2 2], 'sliding' ,@mean);  
  
%Remove dark current offset  
ac1=ac1 - dc1; do1=do1 - dc2;  
  
%eliminate low intensity or saturated pixel s 
threshIndAcc = find(ac1 <= accThresh | ac1 >= 3700); 
threshIndDon = find(do1 <= donThresh | do1 >= 3700);  
ac1(threshIndAcc) = 0; do1(threshIndDon) = 0;  
  
%fret calculation  
ir = ac1./do1;  
  
%Remove un- realistic ir values and NaNs  
realInd = find((isnan(ir)  | ir < lowLimit | ir > upLimit));  
ir(realInd) = 0;  
  
%Scale and display image  
imagesc(ir, limits); %display image on scaled colormap  
axis square ; colorbar;  
  
reply = 'y' ;  
ind = 1;  
while  reply == 'y'  
    roi(:,:,ind) = roipoly;  %invoke roi function  
    cl ose;  
     
    reply = input( '...What next? y = do another roi, n = 
finished, r = redo roi: ' , 's' );  
    if  isempty(reply) || (reply == 'Y' )  
        reply = 'y' ;  
    end  
    if  (reply == 'r' ) || (reply == 'R' )  
        roi(:,:,ind) = [];  %clears this roi  
        imagesc(ir, limits);  
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        axis square ;  
        colorbar;  
        reply = 'y' ;  
        continue  
    end  
    if  reply == 'y'   %This creates a filled polygon in the 
image to identify the roi  
        %ir = ir.*(~roi(:,:,ind));  
        %roiFill = roi(: ,:,ind).*upLimit;  
        %ir = ir + roiFill;  
        imagesc(ir, limits);  
        axis square ;  
        colorbar;  
    end  
    ind = ind+1;  
end  
  
roiMask = sum(roi,3);  %combine masks  
ir = ir.*roiMask;  
do1 = do1.*roiMask;  
  
%determine number of ir pixels an d ir statistics  
avgirArray=nonzeros(ir); avgirsize=size(avgirArray);  
avgirmean=mean(avgirArray); avgirstd=std(avgirArray);  
per5 = prctile(avgirArray,5); per95 = 
prctile(avgirArray,95);  
  
avgfiberArray=nonzeros(do1); 
avgfibersize=size(avgfiberArray);  
avgfib ermean=mean(avgfiberArray); 
avgfiberstd=std(avgfiberArray);  
  
%generate a histogram for ir mode determination and display  
bins = lowLimit:binsize:upLimit; [histCounts, histX] = 
hist(avgirArray,bins);  
[C,I] = max(histCounts); modeReal = histX(I); histCounts  = 
histCounts/C;   
  
%Plotting  
subplot(3,1,[1 2]); imagesc(ir, limits);  
axis off ; axis square ; colorbar( 'horiz' ); set(gca, 
'FontName' , 'Times New Roman' , 'FontSize' , 12);  
subplot(3, 1, [3]); bar(histX, histCounts);  
xlabel( 'intensity ratio (acceptor/donor)' , 'FontName' , 
'Times New Roman' , 'FontSize' , 12);  
ylabel( 'events' , 'FontName' , 'Times New Roman' , 'FontSize' , 
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12);  
set(gca, 'FontName' , 'Times New Roman' , 'FontSize' , 12); 
axis([lowLimit upLimit 0 1]);  
  
%output data for further analysis into a text file  
output = [ avgirmean modeReal avgirstd avgirsize(1,1) per5 
per95 avgfibermean avgfiberstd avgfibersize(1,1)];  
save image3_fiber2_data.out  output  - ASCII  - tabs  

 



!

!

118 

BIBLIOGRAPHY 

Adams, J., P. J. Carder, et al. (2000). "Vascular endothelial growth factor (VEGF) in 
breast cancer: comparison of plasma, serum, and tissue VEGF and microvessel 
density and effects of tamoxifen." Cancer Research 60(11): 2898-2905. 

Adams, J. C. and F. M. Watt (1990). "Changes in keratinocyte adhesion during terminal 
differentiation: reduction in fibronectin binding precedes alpha 5 beta 1 integrin 
loss from the cell surface." Cell 63(2): 425-435. 

Alexander, S. S., Jr., G. Colonna, et al. (1979). "The structure and stability of human 
plasma cold-insoluble globulin." Journal of Biological Chemistry 254(5): 1501-
1505. 

Altroff, H., L. Choulier, et al. (2003). "Synergistic activity of the ninth and tenth FIII 
domains of human fibronectin depends upon structural stability." Journal of 
Biological Chemistry 278(1): 491-497. 

Antia, M., G. Baneyx, et al. (2008). "Fibronectin in aging extracellular matrix fibrils is 
progressively unfolded by cells and elicits an enhanced rigidity response." 
Faraday Discussions 139: 229-249; discussion 309-225, 419-220. 

Aota, S., M. Nomizu, et al. (1994). "The short amino acid sequence Pro-His-Ser-Arg-Asn 
in human fibronectin enhances cell-adhesive function." Journal of Biological 
Chemistry 269(40): 24756-24761. 

Aplin, A. E., B. P. Hogan, et al. (2002). "Cell adhesion differentially regulates the 
nucleocytoplasmic distribution of active MAP kinases." Journal of Cell Science 
115(Pt 13): 2781-2790. 

Arnold, M., V. C. Hirschfeld-Warneken, et al. (2008). "Induction of cell polarization and 
migration by a gradient of nanoscale variations in adhesive ligand spacing." Nano 
Letters 8(7): 2063-2069. 

Balaban, N. Q., U. S. Schwarz, et al. (2001). "Force and focal adhesion assembly: a close 
relationship studied using elastic micropatterned substrates." Nature Cell Biology 
3(5): 466-472. 

Ben-Ze'ev, A., S. R. Farmer, et al. (1980). "Protein synthesis requires cell-surface contact 
while nuclear events respond to cell shape in anchorage-dependent fibroblasts." 
Cell 21(2): 365-372. 

Berrier, A. L. and K. M. Yamada (2007). "Cell-matrix adhesion." Journal of Cell 
Physiology 213(3): 565-573. 

Bradshaw, M. J., M. C. Cheung, et al. (2012). "Using molecular mechanics to predict 
bulk material properties of fibronectin fibers." PLoS Computational Biology 
8(12): e1002845. 

Bradshaw, M. J. and M. L. Smith (2011). "Contribution of unfolding and intermolecular 
architecture to fibronectin fiber extensibility." Biophysical Journal 101(7): 1740-
1748. 

Bradshaw, M. J. and M. L. Smith (2014). "Multiscale relationships between fibronectin 
structure and functional properties." Acta Biomater 10(4): 1524-1531. 



!

!

119 

Brown, A. C., J. A. Rowe, et al. (2011). "Guiding epithelial cell phenotypes with 
engineered integrin-specific recombinant fibronectin fragments." Tissue 
Engineering Part A 17(1-2): 139-150. 

Bultmann, H., A. J. Santas, et al. (1998). "Fibronectin fibrillogenesis involves the heparin 
II binding domain of fibronectin." Journal of Biological Chemistry 273(5): 2601-
2609. 

Campisi, J. and E. E. Medrano (1983). "Cell cycle perturbations in normal and 
transformed fibroblasts caused by detachment from the substratum." Journal of 
Cell Physiology 114(1): 53-60. 

Cao, L., M. K. Zeller, et al. (2012). "Phage-based molecular probes that discriminate 
force-induced structural states of fibronectin in vivo." Proceedings of the National 
Academy of Science U S A. 

Cao, L., M. K. Zeller, et al. (2012). "Phage-based molecular probes that discriminate 
force-induced structural states of fibronectin in vivo." Proceedings of the National 
Academy of Science U S A 109(19): 7251-7256. 

Carmeliet, P. (2003). "Angiogenesis in health and disease." Nature Medicine 9(6): 653-
660. 

Carmeliet, P., V. Ferreira, et al. (1996). "Abnormal blood vessel development and 
lethality in embryos lacking a single VEGF allele." Nature 380(6573): 435-439. 

Carmeliet, P. and C. Ruiz de Almodovar (2013). "VEGF ligands and receptors: 
implications in neurodevelopment and neurodegeneration." Cell and Molecular 
Life Sciences 70(10): 1763-1778. 

Cavalcanti-Adam, E. A., A. Micoulet, et al. (2006). "Lateral spacing of integrin ligands 
influences cell spreading and focal adhesion assembly." European Journal of Cell 
Biology 85(3-4): 219-224. 

Chabria, M., S. Hertig, et al. (2010). "Stretching fibronectin fibres disrupts binding of 
bacterial adhesins by physically destroying an epitope." Nature Communications 
1: 135. 

Chabria, M., S. Hertig, et al. (2010). "Stretching fibronectin fibres disrupts binding of 
bacterial adhesins by physically destroying an epitope." Nature Communications 
1(9): 135. 

Chandler, E. M., B. R. Seo, et al. (2012). "Implanted adipose progenitor cells as 
physicochemical regulators of breast cancer." Proceedings of the National 
Academy of Science U S A 109(25): 9786-9791. 

Chavakis, E. and S. Dimmeler (2002). "Regulation of endothelial cell survival and 
apoptosis during angiogenesis." Arteriosclerosis, Thrombosis, and Vascular 
Biolgoy 22(6): 887-893. 

Chen, Q., P. Sivakumar, et al. (2007). "Potential role for heparan sulfate proteoglycans in 
regulation of transforming growth factor-beta (TGF-beta) by modulating 
assembly of latent TGF-beta-binding protein-1." Journal of Biological Chemistry 
282(36): 26418-26430. 

Chen, T., M. Buckley, et al. (2012). "Insights into interstitial flow, shear stress, and mass 
transport effects on ECM heterogeneity in bioreactor-cultivated engineered 



!

!

120 

cartilage hydrogels." Biomechanics and Modeling in Mechanobiology 11(5): 689-
702. 

Chen, T. T., A. Luque, et al. (2010). "Anchorage of VEGF to the extracellular matrix 
conveys differential signaling responses to endothelial cells." Journal of Cell 
Biology 188(4): 595-609. 

Coultas, L., K. Chawengsaksophak, et al. (2005). "Endothelial cells and VEGF in 
vascular development." Nature 438(7070): 937-945. 

Cuvelier, D., M. Thery, et al. (2007). "The universal dynamics of cell spreading." Current 
Biology 17(8): 694-699. 

Dallas, S. L., P. Sivakumar, et al. (2005). "Fibronectin regulates latent transforming 
growth factor-beta (TGF beta) by controlling matrix assembly of latent TGF beta-
binding protein-1." Journal of Biological Chemistry 280(19): 18871-18880. 

Davidson, L. A., R. Keller, et al. (2004). "Assembly and remodeling of the fibrillar 
fibronectin extracellular matrix during gastrulation and neurulation in Xenopus 
laevis." Developmental Dynamics 231(4): 888-895. 

Davis, G. E. and D. R. Senger (2005). "Endothelial extracellular matrix: biosynthesis, 
remodeling, and functions during vascular morphogenesis and neovessel 
stabilization." Circulation Research 97(11): 1093-1107. 

Discher, D. E., D. J. Mooney, et al. (2009). "Growth factors, matrices, and forces 
combine and control stem cells." Science 324(5935): 1673-1677. 

Dobereiner, H. G., B. Dubin-Thaler, et al. (2004). "Dynamic phase transitions in cell 
spreading." Physical Review Letters 93(10): 108105. 

Doyle, A. D., F. W. Wang, et al. (2009). "One-dimensional topography underlies three-
dimensional fibrillar cell migration." Journal of Cell Biology 184(4): 481-490. 

Dubin-Thaler, B. J., G. Giannone, et al. (2004). "Nanometer analysis of cell spreading on 
matrix-coated surfaces reveals two distinct cell states and STEPs." Biophysical 
Journal 86(3): 1794-1806. 

Ejim, O. S., G. W. Blunn, et al. (1993). "Production of artificial-orientated mats and 
strands from plasma fibronectin: a morphological study." Biomaterials 14(10): 
743-748. 

Engler, A. J., S. Sen, et al. (2006). "Matrix Elasticity Directs Stem Cell Lineage 
Specification." Cell 126(4): 677-689. 

Erickson, H. P. (1994). "Reversible unfolding of fibronectin type III and immunoglobulin 
domains provides the structural basis for stretch and elasticity of titin and 
fibronectin." Proceedings of the National Academy of Science U S A 91(21): 
10114-10118. 

Ferrara, N., H. P. Gerber, et al. (2003). "The biology of VEGF and its receptors." Nature 
Medicine 9(6): 669-676. 

Folkman, J. and A. Moscona (1978). "Role of cell shape in growth control." Nature 
273(5661): 345-349. 

Frantz, C., K. M. Stewart, et al. (2010). "The extracellular matrix at a glance." Journal of 
Cell Science 123(Pt 24): 4195-4200. 



!

!

121 

Furue, M. K., J. Na, et al. (2008). "Heparin promotes the growth of human embryonic 
stem cells in a defined serum-free medium." Proceedings of the National 
Academy of Science U S A 105(36): 13409-13414. 

Galbraith, C. G. and M. P. Sheetz (1998). "Forces on adhesive contacts affect cell 
function." Current Opinions in Cell Biology 10(5): 566-571. 

Gao, M., D. Craig, et al. (2002). "Identifying unfolding intermediates of FN-III(10) by 
steered molecular dynamics." Journal of Molecular Biology 323(5): 939-950. 

Geiger, B., A. Bershadsky, et al. (2001). "Transmembrane crosstalk between the 
extracellular matrix--cytoskeleton crosstalk." Nature Reviews Molecular Cell 
Biology 2(11): 793-805. 

Gerhardt, H., M. Golding, et al. (2003). "VEGF guides angiogenic sprouting utilizing 
endothelial tip cell filopodia." Journal of Cell Biology 161(6): 1163-1177. 

Gerthoffer, W. T. (2007). "Mechanisms of vascular smooth muscle cell migration." 
Circulation Research 100(5): 607-621. 

Ghosh, K., C. K. Thodeti, et al. (2008). "Tumor-derived endothelial cells exhibit aberrant 
Rho-mediated mechanosensing and abnormal angiogenesis in vitro." Proceedings 
of the National Academy of Science U S A 105(32): 11305-11310. 

Goerges, A. L. and M. A. Nugent (2004). "pH regulates vascular endothelial growth 
factor binding to fibronectin: a mechanism for control of extracellular matrix 
storage and release." Journal of Biological Chemistry 279(3): 2307-2315. 

Gold, L. I., B. Frangione, et al. (1983). "Biochemical and immunological characterization 
of three binding sites on human plasma fibronectin with different affinities for 
heparin." Biochemistry 22(17): 4113-4119. 

Grant, R. P., C. Spitzfaden, et al. (1997). "Structural requirements for biological activity 
of the ninth and tenth FIII domains of human fibronectin." Journal of Biological 
Chemistry 272(10): 6159-6166. 

Greenberg, D. A. and K. Jin (2013). "Vascular endothelial growth factors (VEGFs) and 
stroke." Cell and Molecular Life Sciences 70(10): 1753-1761. 

Harland, B., S. Walcott, et al. (2011). "Adhesion dynamics and durotaxis in migrating 
cells." Physical Biology 8(1): 015011. 

Hashambhoy, Y. L., J. C. Chappell, et al. (2011). "Computational modeling of interacting 
VEGF and soluble VEGF receptor concentration gradients." Frontiers in 
Physiology 2: 62. 

Hertig, S., M. Chabria, et al. (2012). "Engineering mechanosensitive multivalent 
receptor-ligand interactions: why the nanolinker regions of bacterial adhesins 
matter." Nano Letters 12(10): 5162-5168. 

Holmbeck, K. and L. Szabova (2006). "Aspects of extracellular matrix remodeling in 
development and disease." Birth Defects Research Part C: Embryo Today 78(1): 
11-23. 

Holmes, D. I. and I. Zachary (2005). "The vascular endothelial growth factor (VEGF) 
family: angiogenic factors in health and disease." Genome Biology 6(2): 209. 

Hubbard, B., J. A. Buczek-Thomas, et al. (2013). "Heparin-dependent regulation of 
fibronectin matrix conformation." Matrix Biology. 



!

!

122 

Hudalla, G. A., N. A. Kouris, et al. (2011). "Harnessing endogenous growth factor 
activity modulates stem cell behavior." Integrative Biology (Cambridge) 3(8): 
832-842. 

Hynes, R. O. (2009). "The Extracellular Matrix: Not Just Pretty Fibrils." Science 
326(5957): 1216-1219. 

Isenberg, B. C., P. A. Dimilla, et al. (2009). "Vascular smooth muscle cell durotaxis 
depends on substrate stiffness gradient strength." Biophysical Journal 97(5): 
1313-1322. 

Khan, M. Y., M. S. Medow, et al. (1990). "Unfolding transitions of fibronectin and its 
domains. Stabilization and structural alteration of the N-terminal domain by 
heparin." Biochemical Journal 270(1): 33-38. 

Kilic, U., E. Kilic, et al. (2006). "Human vascular endothelial growth factor protects 
axotomized retinal ganglion cells in vivo by activating ERK-1/2 and Akt 
pathways." Journal Neuroscience 26(48): 12439-12446. 

Kim, S. H., J. Turnbull, et al. (2011). "Extracellular matrix and cell signalling: the 
dynamic cooperation of integrin, proteoglycan and growth factor receptor." 
Journal of Endocrinology 209(2): 139-151. 

Klein, R. M., M. Zheng, et al. (2003). "Stimulation of extracellular matrix remodeling by 
the first type III repeat in fibronectin." Journal of Cell Science 116(Pt 22): 4663-
4674. 

Klotzsch, E., M. L. Smith, et al. (2009). "Fibronectin forms the most extensible biological 
fibers displaying switchable force-exposed cryptic binding sites." Proceedings of 
the National Academy of Sciences 106(43): 18267-18272. 

Klotzsch, E., M. L. Smith, et al. (2009). "Fibronectin forms the most extensible biological 
fibers displaying switchable force-exposed cryptic binding sites." Proceedings of 
the National Academy of Science U S A 106(43): 18267-18272. 

Kovacic, J. C., N. Mercader, et al. (2012). "Epithelial-to-mesenchymal and endothelial-
to-mesenchymal transition: from cardiovascular development to disease." 
Circulation 125(14): 1795-1808. 

Krammer, A., D. Craig, et al. (2002). "A structural model for force regulated integrin 
binding to fibronectin's RGD-synergy site." Matrix Biology 21(2): 139-147. 

Lamalice, L., F. Le Boeuf, et al. (2007). "Endothelial Cell Migration During 
Angiogenesis." Circulation Research 100(6): 782-794. 

Legant, W. R., C. S. Chen, et al. (2012). "Force-induced fibronectin assembly and matrix 
remodeling in a 3D microtissue model of tissue morphogenesis." Integrative 
Biology (Cambridge) 4(10): 1164-1174. 

Li, S., N. F. Huang, et al. (2005). "Mechanotransduction in endothelial cell migration." 
Journal of Cellular Biochemistry 96(6): 1110-1126. 

Li, S., N. F. Huang, et al. (2005). "Mechanotransduction in endothelial cell migration." J 
Journal of Cellular Biochemistry 96(6): 1110-1126. 

Li, W., Z.-F. Lu, et al. (2012). "VEGF upregulates VEGF receptor-2 on human outer root 
sheath cells and stimulates proliferation through ERK pathway." Molecular 
Biology Reports 39(9): 8687-8694. 



!

!

123 

Little, W. C., R. Schwartlander, et al. (2009). "Stretched extracellular matrix proteins turn 
fouling and are functionally rescued by the chaperones albumin and casein." Nano 
Letters 9(12): 4158-4167. 

Little, W. C., M. L. Smith, et al. (2008). "Assay to mechanically tune and optically probe 
fibrillar fibronectin conformations from fully relaxed to breakage." Matrix 
Biology 27(5): 451-461. 

Maheshwari, G., G. Brown, et al. (2000). "Cell adhesion and motility depend on 
nanoscale RGD clustering." Journal of Cell Science 113 ( Pt 10): 1677-1686. 

Marastoni, S., G. Ligresti, et al. (2008). "Extracellular matrix: a matter of life and death." 
Connective Tissue Research 49(3): 203-206. 

Martino, M. M., P. S. Briquez, et al. (2014). "Growth factors engineered for super-
affinity to the extracellular matrix enhance tissue healing." Science 343(6173): 
885-888. 

Martino, M. M. and J. A. Hubbell (2010). "The 12th-14th type III repeats of fibronectin 
function as a highly promiscuous growth factor-binding domain." Journal of the 
Federation of American Societies for Experimental Biology 24(12): 4711-4721. 

McDonald, J. A., D. G. Kelley, et al. (1982). "Role of fibronectin in collagen deposition: 
Fab' to the gelatin-binding domain of fibronectin inhibits both fibronectin and 
collagen organization in fibroblast extracellular matrix." Journal of Cell Biology 
92(2): 485-492. 

McGrath, J. L. (2007). "Cell spreading: the power to simplify." Current Biology 17(10): 
R357-358. 

McGrath, J. L. (2007). "Cell Spreading: The Power to Simplify." Current Biology 17(10): 
R357-R358. 

Mitsi, M., K. Forsten-Williams, et al. (2008). "A catalytic role of heparin within the 
extracellular matrix." Journal of Biological Chemistry 283(50): 34796-34807. 

Mitsi, M., Z. Hong, et al. (2006). "Heparin-mediated conformational changes in 
fibronectin expose vascular endothelial growth factor binding sites." Biochemistry 
45(34): 10319-10328. 

Molino, P. J., M. J. Higgins, et al. (2012). "Fibronectin and Bovine Serum Albumin 
Adsorption and Conformational Dynamics on Inherently Conducting Polymers: A 
QCM-D Study." Langmuir 28(22): 8433-8445. 

Nader, H. B., S. F. Chavante, et al. (1999). "Heparan sulfates and heparins: similar 
compounds performing the same functions in vertebrates and invertebrates?" 
Brazilian Journal of Medical and Biological Research 32(5): 529-538. 

Nugent, M. A., J. L. Spencer, et al. (2009). In vitro/in vivo correlations of 
pharmacokinetics, pharmacodynamics and metabolism for extracellular matrix-
binding growth factors. in Proteins and Petides: Pharmacokinetic, 
Pharmacodynamic and Metabolic Outcomes, CRC Press 

Nugent, M. A., J. Zaia, et al. (2013). "Heparan sulfate-protein binding specificity." 
Biochemistry (Moscow) 78(7): 726-735. 



!

!

124 

O'Neill, C., P. Jordan, et al. (1986). "Evidence for two distinct mechanisms of anchorage 
stimulation in freshly explanted and 3T3 Swiss mouse fibroblasts." Cell 44(3): 
489-496. 

Otsuka, H. and M. Moskowitz (1975). "Arrest of 3T3 cells in G1 phase in suspension 
culture." Journal of Cell Physiology 87(2): 213-219. 

Pankov, R. and K. M. Yamada (2002). "Fibronectin at a glance." Journal of Cell Science 
115(Pt 20): 3861-3863. 

Paszek, M. J., N. Zahir, et al. (2005). "Tensional homeostasis and the malignant 
phenotype." Cancer Cell 8(3): 241-254. 

Pereira, M., B. J. Rybarczyk, et al. (2002). "The incorporation of fibrinogen into 
extracellular matrix is dependent on active assembly of a fibronectin matrix." 
Journal of Cell Science 115(Pt 3): 609-617. 

Plotnikov, S. V., A. M. Pasapera, et al. (2012). "Force fluctuations within focal adhesions 
mediate ECM-rigidity sensing to guide directed cell migration." Cell 151(7): 
1513-1527. 

Polio, S. R., K. E. Rothenberg, et al. (2012). "A micropatterning and image processing 
approach to simplify measurement of cellular traction forces." Acta Biomater 
8(1): 82-88. 

Pytela, R., M. D. Pierschbacher, et al. (1985). "Identification and isolation of a 140 kd 
cell surface glycoprotein with properties expected of a fibronectin receptor." Cell 
40(1): 191-198. 

Qutub, A. A. and A. S. Popel (2009). "Elongation, proliferation & migration differentiate 
endothelial cell phenotypes and determine capillary sprouting." BMC Systems 
Biology 3: 13. 

Rossiter, H., C. Barresi, et al. (2004). "Loss of vascular endothelial growth factor a 
activity in murine epidermal keratinocytes delays wound healing and inhibits 
tumor formation." Cancer Research 64(10): 3508-3516. 

Ruiz de Almodovar, C., D. Lambrechts, et al. (2009). "Role and therapeutic potential of 
VEGF in the nervous system." Physiological Reviews 89(2): 607-648. 

Sarrazin, S., W. C. Lamanna, et al. (2011). "Heparan sulfate proteoglycans." Cold Spring 
Harbor Perspectives in Biology 3(7). 

Schlüter, Daniela K., I. Ramis-Conde, et al. (2012). "Computational Modeling of Single-
Cell Migration: The Leading Role of Extracellular Matrix Fibers." Biophysical 
Journal 103(6): 1141-1151. 

Schultz, G. S. and A. Wysocki (2009). "Interactions between extracellular matrix and 
growth factors in wound healing." Wound Repair and Regeneration 17(2): 153-
162. 

Sekiguchi, K., S. Hakomori, et al. (1983). "Binding of fibronectin and its proteolytic 
fragments to glycosaminoglycans. Exposure of cryptic glycosaminoglycan-
binding domains upon limited proteolysis." Journal of Biological Chemistry 
258(23): 14359-14365. 

Sheetz, M. P., D. P. Felsenfeld, et al. (1998). "Cell migration: regulation of force on 
extracellular-matrix-integrin complexes." Trends in Cell Biology 8(2): 51-54. 



!

!

125 

Shi, X. and J. Zaia (2009). "Organ-specific heparan sulfate structural phenotypes." 
Journal of Biological Chemistry 284(18): 11806-11814. 

Shinkaruk, S., M. Bayle, et al. (2003). "Vascular endothelial cell growth factor (VEGF), 
an emerging target for cancer chemotherapy." Current Medicinal Chemistry - 
Anticancer Agents 3(2): 95-117. 

Shoulders, M. D. and R. T. Raines (2009). "Collagen structure and stability." Annual 
Review of Biochemistry 78: 929-958. 

Smith, E. M., M. Mitsi, et al. (2009). "PDGF-A interactions with fibronectin reveal a 
critical role for heparan sulfate in directed cell migration during Xenopus 
gastrulation." Proceedings of the National Academy of Science U S A 106(51): 
21683-21688. 

Smith, E. M., M. Mitsi, et al. (2009). "PDGF-A interactions with fibronectin reveal a 
critical role for heparan sulfate in directed cell migration during Xenopus 
gastrulation." Proceedings of the National Academy of Sciences 106(51): 21683-
21688. 

Smith, M. L., D. Gourdon, et al. (2007). "Force-Induced Unfolding of Fibronectin in the 
Extracellular Matrix of Living Cells." PLoS Biology 5(10): e268. 

Stoker, M., C. O'Neill, et al. (1968). "Anchorage and growth regulation in normal and 
virus-transformed cells." International Journal of Cancer 3(5): 683-693. 

Stupack, D. G. and D. A. Cheresh (2002). "Get a ligand, get a life: integrins, signaling 
and cell survival." Journal of Cell Science 115(Pt 19): 3729-3738. 

Stupack, D. G. and D. A. Cheresh (2003). "Apoptotic cues from the extracellular matrix: 
regulators of angiogenesis." Oncogene 22(56): 9022-9029. 

Symes, K., E. M. Smith, et al. (2010). "Sweet cues: How heparan sulfate modification of 
fibronectin enables growth factor guided migration of embryonic cells." Cell 
Adhesion and Migration 4(4): 507-510. 

Tilghman, R. W., C. R. Cowan, et al. (2010). "Matrix rigidity regulates cancer cell 
growth and cellular phenotype." PLoS One 5(9): e12905. 

Turnbull, J., A. Powell, et al. (2001). "Heparan sulfate: decoding a dynamic 
multifunctional cell regulator." Trends in Cell Biology 11(2): 75-82. 

Ugarova, T. P., C. Zamarron, et al. (1995). "Conformational transitions in the cell binding 
domain of fibronectin." Biochemistry 34(13): 4457-4466. 

Underwood, P. A., B. A. Dalton, et al. (1992). "Anti-fibronectin antibodies that modify 
heparin binding and cell adhesion: evidence for a new cell binding site in the 
heparin binding region." Journal of Cell Science 102 ( Pt 4): 833-845. 

Underwood, P. A., J. G. Steele, et al. (1993). "Effects of polystyrene surface chemistry on 
the biological activity of solid phase fibronectin and vitronectin, analysed with 
monoclonal antibodies." Journal of Cell Science 104 ( Pt 3): 793-803. 

Vogel, V. (2006). "Mechanotransduction involving multimodular proteins: converting 
force into biochemical signals."Annual Review of Biophysics and Biomolecular 
Structure 35: 459-488. 

Vogel, V. and M. Sheetz (2006). "Local force and geometry sensing regulate cell 
functions." Nature Reviews Molecular Cell Biology 7(4): 265-275. 



!

!

126 

Wan, A. M., E. M. Chandler, et al. (2013). "Fibronectin conformation regulates the 
proangiogenic capability of tumor-associated adipogenic stromal cells." 
Biochimica et biophysica acta. 

Wijelath, E. S., J. Murray, et al. (2002). "Novel vascular endothelial growth factor 
binding domains of fibronectin enhance vascular endothelial growth factor 
biological activity." Circulation Research 91(1): 25-31. 

Wijelath, E. S., S. Rahman, et al. (2006). "Heparin-II domain of fibronectin is a vascular 
endothelial growth factor-binding domain: enhancement of VEGF biological 
activity by a singular growth factor/matrix protein synergism." Circulation 
Research 99(8): 853-860. 

Yamada, K. M., D. W. Kennedy, et al. (1980). "Characterization of fibronectin 
interactions with glycosaminoglycans and identification of active proteolytic 
fragments." Journal of Biological Chemistry 255(13): 6055-6063. 

Zaman, M. H. (2006). "Migration of tumor cells in 3D matrices is governed by matrix 
stiffness along with cell-matrix adhesion and proteolysis." Proceedings of the 
National Academy of Sciences 103(29): 10889-10894. 

Zhong, C., M. Chrzanowska-Wodnicka, et al. (1998). "Rho-mediated contractility 
exposes a cryptic site in fibronectin and induces fibronectin matrix assembly." 
Journal of Cell Biology 141(2): 539-551. 

 

  



!

!

127 

CURRICULUM VITAE 

!"#$%&'())#"* &
MNF!J-1(;!O-*:!P!Q1$&,+-%A!I"!P!CMBNF!

R,-%(S!ECM=MCM=EBFT!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!K3*$'S!,400*1:0U045(:4!
!
+),-.%/0-1 &&
J-37'(+(!3;!&1*:4*+(!#+4:$(#!0;!#4))(##/4'';!#403$++$%&!*%:!:(/(%:$%&!3;!
:$##(1+*+$-%!*%:!71(7*1(!M!3-1(!3*%4#)1$7+#!/-1!740'$)*+$-%5!!
!
2*(.#%/3 $&
!"#$#%%I-'()4'*1!J(''!Q$-'-&;!*%:!Q$-),(3$#+1;5!!Q-#+-%!V%$2(1#$+;5!R1-8()+(:!I*;!
MCBE5!
!
&#'#%%Q$-),(3$#+1;5!V%$2(1#$+;!-/!W(01*#?*A!X$%)-'%5!MCCY5!
!!!!!!!!I$%-1#S!I*+,A!J,(3$#+1;!
&#'#%%Q$-'-&$)*'!G;#+(3#!K%&$%((1$%&!<Z-%-1#>5!V%$2(1#$+;!-/!W(01*#?*A!X$%)-'%5!
MCCY5!
&
4()5/.#%/3$6&

B5 !7&'())#"* A![5"5!Q4)\(?=6,-3*#A!I5"5!W4&(%+A!I5X5!G3$+,5!Z(7*1$%=
:(7(%:(%+!1(&4'*+$-%!-/!/$01-%()+$%!3*+1$9!)-%/-13*+$-%5!()*+,-%&,./.01 5!
"2*$'*0'(!-%'$%(!B]!^)+-0(1!MCBN5!

M5 !7&'())#"* A![5"5!Q4)\(?=6,-3*#A!I5X5!G3$+,A!I5"5!W4&(%+5!MCBE5!J-=
1(&4'*+$-%!-/!&1-@+,!/*)+-1!#(D4(#+1*+$-%!@$+,$%!/$01-%()+$%!3*+1$9!0;!
,(7*1$%!*%:!3(),*%$)*'!#+1*$%5!_%!R1(7*1*+$-%5&

N5 !7&'())#"*8& [5"5!Q4)\(?=6,-3*#A!I5X5!G3$+,A!I5"5!W4&(%+5!MCBE5!I(),*%$)*'!
1(&4'*+$-%!-/!)(''!*++*),3(%+!+-!/$01$''*1!.%5!_%!R1(7*1*+$-%5&

E5 !7&'())#"*8& "5I5!W$)?('5!"%*';#$#!-/!+,(!7,;#$)*'!*%:!),(3$)*'!71-7(1+$(#!-/!
:41*/-13!7-';*3$:(!7-@:(1!4#(:!$%!#('()+$2(!'*#(1!#$%+(1$%&5!R1-)((:$%&#!-/!
+,(!W*+$-%*'!J-%/(1(%)(!-/!V%:(1&1*:4*+(!O(#(*1),5!I*;!MCC`5!

&
93$:-"-$.-&4"-6-$%#%/3$6&
;&+"#5&<"-6-$%#%/3$&

B5 ; !7& '())#"* A! [5"5! Q4)\(?=6,-3*#A! I5! W4&(%+A! I5X5! G3$+,5! K2*'4*+$%&!
/$01-%()+$%! )-%/-13*+$-%! 0*#(:! -%! 0$-),(3$)*'! *%:! 3(),*%$)*'! )4(#5!
"3(1$)*%! G-)$(+;! /-1! I*+1$9! Q$-'-&;! Q$(%%$*'! I((+$%&a! G*%! b$(&-A! J"5!
W-2(30(1!BMA!MCBM5!

M5 c!7& '())#"* A! [5"5! Q4)\(?=6,-3*#A! I5! W4&(%+A! I5X5! G3$+,5! Q$-),(3$)*'! *%:!
3(),*%$)*'! )4(#! +4%(! /$01-%()+$%! )-%/-13*+$-%5! J(''! *%:! I-'()4'*1! Q$-'-&;!
<JI>!*%:!I-'()4'*1!J(''!Q$-'-&;!*%:!Q$-),(3$#+1;!<IJQQ>!G(3$%*15!!<[4%(!TA!
MCBBa!I*;!MEA!MCBMa!"71$'!MYA!MCBN>!



!

!

128 

N5 !7& '())#"* A! [5"5! Q4)\(?=6,-3*#A! I5! W4&(%+A! I5X5! G3$+,5! Q$-),(3$)*'! *%:!
3(),*%$)*'! )4(#! +4%(! /$01-%()+$%! )-%/-13*+$-%5! "GIQa! J,*1'(#+-%A! GJ5!
^)+-0(1!MFA!MCBC5!

E5 !7&'())#"* A!"5I5!W$)?('5!"%*';#$#!-/!+,(!7,;#$)*'!*%:!),(3$)*'!71-7(1+$(#!-/!
:41*/-13! 7-';*3$:(! 7-@:(1! 4#(:! $%! #('()+$2(! '*#(1! #$%+(1$%&5! W*+$-%*'!
J-%/(1(%)(!/-1!V%:(1&1*:4*+(!O(#(*1),5!G*%!.1*%)$#)-A!J"5!"71$'!MCA!MCC`!

&
&
=3">&2?<-"/-$.-1 &
":84%)+!.*)4'+;!=!V%$2(1#$+;!-/!I*##*),4#(++#!*+!X-@(''S![*%!MCBE!P!I*;!MCBE!

• X(*:!34'+$7'(!#()+$-%#!-/!0$-'-&;!'*05!!_%)'4:(:!$%#+14)+$-%!-%!0*#$)!'*0!
+(),%$D4(#!*%:!(97(1$3(%+*'!71-+-)-'#5!!O(#7-%#$0'(!/-1!&1*:$%&!'*0!1(7-1+#!
*%:!*##$&%$%&!)-41#(!&1*:(#5!

"##$#+*%+!O(#$:(%+!b$1()+-1S!V%$2(1#$+;!-/!W(01*#?*A!X$%)-'%S!"4&4#+!MCC`!P!I*;!
MCCY!

• I*%*&(:!#+*//!-/!BN!1(#$:(%+!*##$#+*%+#!*%:!Y!:(#?!@-1?(1#5!
• "##$#+(:!$%!'(*:$%&!@((?';!#+*//!3((+$%&#!*%:!$%!),*1&(!-/!#),(:4'$%&!:41$%&!

*)*:(3$)!;(*1!*%:!:41$%&!01(*?#5!
• Z(':!3-%+,';!71-&1(##!3((+$%&#!@$+,!(*),!#+*//!3(30(1!*%:!3-%$+-1(:!

71-&1*3$%&!1(D4$1(3(%+#5!
O(#$:(%+!"##$#+*%+S!V%$2(1#$+;!-/!W(01*#?*A!X$%)-'%5!"4&4#+!MCCF!P!I*;!MCC`!

• I*%*&(:!/'--1!-/!ECd!4%:(1&1*:4*+(!1(#$:(%+#5!
• .*)$'$+*+(:!(:4)*+$-%*'!71-&1*33$%&!$%!*)+$2$+$(#!*%:!$%/-13*+$-%*'!04''(+$%#!

*%:!7-#+$%&#5!
R--'!I*%*&(1S!e-1?A!WK!P!I*;=[4%(!MCCF!
!
@-#.A/$B&
K97(1$3(%+*'!Q$-'-&;!__!<4%:(1&1*:4*+(>A!*:84%)+!/*)4'+;5!VIX5!<G71$%&!MCBE>!
I-'()4'*1!Q$-'-&;!/-1!K%&$%((1$%&!<4%:(1&1*:4*+(>A!+(*),$%&!*##$#+*%+5!QV!<.*''!
MCBN>!

• f1-+(!*%:!71-)+-1(:!(9*3#A!&*2(!'()+41(#A!'(:!1(2$(@#A!*%:!&1*:(:!
*##$&%3(%+#!*%:!(9*3#5!

O(#(*1),!_%+(1%#,$7!$%!G)$(%)(!*%:!K%&$%((1$%&!<O_GKa!
,++7SHH@@@5045(:4H#433(1H,$&,=#),--'=71-&1*3#H1(#(*1),=$%+(1%#,$7H>!3(%+-1!
/-1!G3$+![*$%!<G433(1!MCBN>5!
W*%-3*+(1$*'#!<4%:(1&1*:4*+(>A!+(*),$%&!*##$#+*%+5!QV!<G71$%&!MCBN>!
O-+*+$-%!#+4:(%+!</$1#+!;(*1!R,b>!3(%+-1!+-!I*++![*)-0#(%!<.*''!MCBB>!*%:!G4#$(!J,*!
<.*''!MCBN>!
V%:(1&1*:4*+(!G(%$-1!b(#$&%!R1-8()+!3(%+-1!/-1!K:('$\!.'-1(#!*%:!"%*!X*1*!
6$+'(S!.$01-%()+$%!G+1*$%!g1*:$(%+!
g(%(1*'!J,(3$#+1;!_!<4%:(1&1*:4*+(>A!'*0!+(*),$%&!*##$#+*%+5!VWX5!<.*''!MCC`>!
"+,'(+$)!b(7*1+3(%+!64+-15!VWX5!<.*''!MCCF=G71$%&!MCCY>!



!

!

129 

• f-1?(:!@$+,!$%:$2$:4*'#A!47!+-!&1-47#!-/!NA!-%!?(;!)-%)(7+#!-/!)'*##(#A!
*##$&%3(%+!3-%$+-1$%&!*%:!(9*3!71(7*1*+$-%!<"'&(01*A!),(3$#+1;A!0$-'-&;A!
7,;#$)#A!)*')4'4#>5!

!
4"-0/3(6&C-6-#".A&2?<-"/-$.- &
V%:(1&1*:4*+(!O(#(*1),!6(*3A!VWXA!":2$#(1S!g1(&-1;!Q*#,/-1:5!<MCC`=MCCY>!

• f-1?(:!@$+,!)*1:$-2*#)4'*1!#41&(-%!+-!:(2('-7!71-+-+;7(!)-%+$%4-4#!:14&!
:('$2(1;!#;#+(3!/-1!3$%$3*'';!$%2*#$2(!)*1:$*)!#41&(1;5!

• _%:(7(%:(%+!@-1?!)-%+1$04+$%&!+-!*!1(#(*1),!+(*3!-08()+$2(5!
g(%(+$)$#+!_%+(1%A!I;)-&(%!G((:!J-37*%;A!e-1?A!WK5!<G433(1!MCC`>5!

• I-%$+-1(:!*%:!1()-1:(:!7'*%+#!/-1!$%,(1$+*%)(!-/!3-:$/$(:!&(%(!0;!
(9*3$%$%&!7,(%-+;7(!<&1*:(:!/-1!,-3-&(%-4#A!,(+(1&(%-4#A!-1!%-!
$%,(1$+*%)(>5!

• "##$#+(:!'(*:$%&!)1(@!7-''$%*+$-%!$%!+(#+!/$(':#5!
O(#(*1),!K97(1$(%)(!/-1!V%:(1&1*:4*+(#5!I$'@*4?((!G),--'!-/!K%&$%((1$%&5!!!
":2$#(1S!"%%(!I*1$(!W$)?('5!<G433(1!MCCT>!

• I-%$+-1(:!(//()+#!+-!7,;#$)*'!*%:!),(3$)*'!71-7(1+$(#!-/!*!7-@:(1!4#(:!$%!
1*7$:!71-+-+;7$%&!4#$%&!*+-3$)!/-1)(!3$)1-#)-7;!<".I>!*%:!3*##!
#7()+1-3(+1;!<IG>5!

• b(#$&%(:!(97(1$3(%+#A!)-''()+(:!:*+*A!*%:!?(7+!:(+*$'(:!'*0!%-+(0--?5!!
O(#4'+#!'(*:!+-!71(#(%+*+$-%!*+!%*+$-%*'!)-%/(1(%)(!*%:!740'$#,(:!
3*%4#)1$7+5!

!
D-E&F>/5561&
J-334%$)*+$-%S!:(2('-7(:!$%!&'*##!0'-@$%&A!%$%8$+#4A!,$&,!1-7(#!$%#+14)+$%&A!
+(*),$%&! &
X(*:(1#,$7S!!3(%+-1$%&A!J1-##/$+A!0*''(+A!0*%:!3*%*&$%&A!!+4+-1$%&A!+(*),$%&! ! &
R1(7*1*+$-%H7'*%%$%&S!&'*##!0'-@$%&A!84&&'$%&A!7(1)4##$-%A!(97(1$3(%+*'!:(#$&%&
I*%*&(3(%+S!!7--'!3*%*&(1A!+(*),$%&A!*##$#+*%+!1(#$:(%+!:$1()+-1A!+4+-1$%&! !
! &
^1&*%$\*+$-%S!,$&,!1-7(!$%#+14)+$%&A!&'*##!0'-@$%&A!0*''(+A!+(*),$%&A!'*0!@-1?A!
3(%+-1$%&&

!
D$3G5-*B-&#$*&2?<-"%/6-1&
I$)1-#)-7;a!$3*&(!*)D4$#$+$-%!*%:!*%*';#$#A!KX_G"h#A!_334%-,$#+-),(3$#+1;A!
3-%-)'-%*'!*%+$0-:$(#A!)(''!)4'+41(A!#$%&'(!)(''!+1*)?$%&A!)(''!3$&1*+$-%A!)(''!
*:,(#$-%H#71(*:$%&A!iJIbA!".IA!g1-@+,!/*)+-1!0$%:$%&!*%:!#$&%*'$%&!<LKg.>A!
71-+($%!#+14)+41(!+-!/4%)+$-%A!+$3(!'*7#(!$3*&$%&A!_3*&(![A!'$2(!)(''!$3*&$%&A!
71-&(%$+-1!)(''#A!/'4-1(#)(%+!'*0('$%&A!71-+($%!$#-'*+$-%A!I$)1-#-/+!-//$)(!#4$+(#!
<K9+(%#$2(!4#(!-/!R-@(17-$%+!*%:!K9)('!/-1!:*+*!*%*';#$#>a!I"6X"Q!<$3*&(!
71-)(##$%&A!-2(1*''!/*3$'$*1$+;>A!":-0(!$''4#+1*+-1!<&(%(1*'!/*3$'$*1$+;>A!K%:!%-+(A!
Q'*)?0-*1:!<KbV!#;#+(3>A!I(+*I-17,!
&



!

!
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'3$3"6&#$*&HG#"*61&
.$01-%()+$%!7*7(1!/(*+41(:!-%!*%+$0-:;1(#-41)(5)-3!<MCBE>!
R*##(:!W(01*#?*!.4%:*3(%+*'#!-/!K%&$%((1$%&!K9*3!<MCC`>!
I-1+*1!Q-*1:!W*+$-%*'!Z-%-1!G-)$(+;!<MCC`>!
W*+$-%*'!G-)$(+;!-/!J-''(&$*+(!G),-'*1#!<MCCT>!
K%&$%((1$%&!b(*%#!X$#+!<BC!#(3(#+(1#>!
Z$&,!7(1/-13$%&!K%&$%((1$%&!#+4:(%+!#),-'*1#,$7!<MCCEA!MCC`>!

 

 


