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Tissue assembly is a fundamental biological process that arises from complex cell-cell 

and cell-extracellular matrix interactions.  Angiogenesis is the process of capillary 

formation that enables normal physiological responses like wound healing and 

mediates disease states like tumorigenesis.  During angiogenesis, capillary endothelial 

cells degrade the basement membrane, proliferate, migrate, and assemble a new 

vascular network.  While there is much focus on growth factor signaling cascades that 

enable angiogenesis, less attention has been paid to the role of mechanics in capillary 

formation.  Notably, capillary network assembly has been demonstrated on compliant, 

but not stiff, substrates suggesting that the mechanical microenvironment also 

mediates angiogenesis.  However, it is unknown whether, or how, substrate stiffness 

regulates capillary network assembly. 

 

Herein, we demonstrate that substrate stiffness regulates capillary network assembly 

and mediates endothelial cell behaviors that enable assembly.  Compliant (E<1 kPa), 

but not stiff (E>1 kPa), substrates promote the self-assembly of endothelial cell 

networks that result from a balance of cell-cell and cell-matrix adhesion.  Substrate 

stiffness alters the localization of VE-cadherin and focal adhesions, mediators of 

endothelial cell-cell and cell-matrix adhesion, respectively.  Endothelial network 

assembly also requires polymerization of the matrix protein fibronectin that stabilizes 

cell-cell interactions.  Analogously, we demonstrate that mammary cell network 



 

assembly is also sensitive to substrate stiffness and requires the deposition of laminin.  

Our findings indicate that compliant substrates foster network assembly by promoting 

cell-cell adhesion, cell-matrix interactions, and reducing cell-matrix adhesion. 

   

We further investigate the role of substrate stiffness in mediating changes in cell shape 

and contractility.  We determine that substrate stiffness and ligand density alter cell 

area, and that both stiffness and cell area are significant predictors of traction force 

generation in endothelial cells during cell-cell contact.  In addition, we demonstrate 

that substrate stiffness alters the synthesis and deposition of fibronectin and extra 

domain B-fibronectin, an isoform preferentially localized to neovasculature, by 

modulating cell shape and the directionality of traction forces in endothelial cells.  

 

Taken together, these data demonstrate that substrate stiffness regulates capillary 

network assembly by altering endothelial cell behaviors that facilitate assembly.  

These findings contribute to the understanding of how the mechanical 

microenvironment regulates capillary network assembly and enable approaches to 

control angiogenesis for therapeutic use.   
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CHAPTER 1 

 

INTRODUCTION 

 

Tissue assembly is a fundamental biological process that results from complex 

interactions between cells and the extracellular matrix (ECM) [1,2].  In the 

vasculature, angiogenesis is the process of new blood vessel formation from existing 

vessels.  During angiogenesis, normally quiescent endothelial cells (EC) degrade the 

basement membrane, proliferate, migrate, and assemble into new capillary networks 

[3].  While angiogenesis is critical during development and in normal physiological 

responses like wound healing, it is exploited in disease states like cancer.  

 

Research in angiogenesis grew out of early observations of vascularization in tumors 

[4,5] suggesting that tumors stimulate capillary formation [6] enabling their growth 

[7].  By the early 1970s, based on observation in the 1960s that solid tumors were 

incapable of growth beyond a critical size (3-4 mm) without new blood vessel 

ingrowth [8,9], Dr. Judah Folkman postulated his pioneering hypothesis that 

angiogenesis could be targeted to inhibit solid tumor growth [10].  Continued work in 

this field lead Folkman to publish Angiogenesis In Vitro in December 1980 [11] .  This 

seminal work was the first demonstration of angiogenesis in vitro and indicated that 

ECs possess the blueprints required to assemble capillary networks [11].   

 

Since then, research in angiogenesis has focused primarily on understanding the 

molecular pathways that govern the angiogenic response in disease.  For example, 

vascular endothelial growth factor (VEGF) has emerged as a critical stimulus of EC 

proliferation, migration [12], and angiogenesis in the tumor microenvironment [13].  
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In several disease states, an increase in tissue stiffness is associated with altered 

angiogenesis, i.e. new vessel formation that exhibits differences in function and 

structure compared to vessels in healthy tissue.  In diabetic wounds, where collagen 

glycation increases tissue stiffness [14], wound healing is impaired by deficient 

angiogenesis [15].  Moreover, in tumor growth, where tumors are associated with an 

increase in ECM stiffness [16], angiogenic vessels are tortuous and leaky [17].  These 

findings suggest that, in addition to the biochemical microenvironment, the 

biomechanical microenvironment plays a role in mediating capillary network 

assembly in disease.   

 

A hallmark of angiogenesis in vitro is the assembly of EC networks, a response where 

ECs self-organize into ring-like networks with a morphology reminiscent of capillary 

beds found in vivo [11,18].  Several studies suggest that EC network formation is 

sensitive to the stiffness of the microenvironment.  For example, while ECs assemble 

networks on compliant 2D fibrin and matrigel substrates, ECs decrease network 

formation on stiff fibrin gels [19] and on matrigel rigidified by polymerization with 

collagen I [20] or glycation [21].  Similarly, ECs exhibit a decrease in network 

formation on collagen gels made stiffer by increased collagen concentration [22] or by 

glycation [23].  In 3D, ECs seeded within fibrin or collagen gels decrease network 

assembly with increasing gel stiffness [24,25].  While these findings suggest that 

network assembly is associated with compliant, but not stiff, substrates, the role of 

matrix mechanics as a mediator of angiogenesis has not been fully described; it is 

unclear whether, or how, substrate stiffness regulates EC network assembly. 

 

Previous work indicating that EC network assembly is associated with compliant, but 

not stiff, matrices have been performed with protein substrates where the mechanical 
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properties are varied by changing protein concentration [19,22,26].  However, this 

approach may change the number or availability of cell-matrix binding sites that 

fundamentally alter EC behaviors [27], and makes it difficult to decouple the relative 

contributions of mechanics and chemistry in these systems.  To overcome these 

challenges, we have utilized polyacrylamide (PA) substrates, a system that allows 

independent variation of matrix stiffness and chemistry [26,28-31].  While PA 

substrates are typically inert to EC adhesion, they can be functionalized to display a 

protein at the substrate surface [32] that enables cell adhesion and allows for the 

independent variation of mechanical properties and surface chemistry [33].   

 

Understanding how substrate stiffness regulates EC network assembly is crucial for 

the control of angiogenesis.  This is an important consideration for the clinical 

prevention of angiogenesis in disease states that are associated with an increase in 

tissue stiffness, like tumorigenesis [16] and diabetes [34], or to promote angiogenesis 

to vascularize engineering constructs for replacement tissues. 

 

Mechanisms of Stiffness Sensing 

The control of capillary network assembly by the mechanical microenvironment 

requires that cells are aware of, and can respond to, matrix stiffness.  Adherent cells 

are capable of probing the stiffness of the local microenvironment [35], and ñstiffness 

sensingò has been demonstrated in a variety of cell types including endothelial 

[20,30,36], smooth muscle [29,37], and transformed cells [38,39].  Substrate stiffness 

engages the mediators of cellular contractility that ultimately effect changes in cell 

behaviors that enable EC network assembly such as adhesion, spreading, and cell-cell 

interactions.  
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Substrate adhesion is enabled by integrins, heterodimeric transmembrane 

glycoproteins that mechanically link the cell to the ECM [40,41].  Integrins cluster 

into focal adhesions that anchor actin stress fibers, through a variety of adaptor 

proteins [42], to the plasma membrane.  Integrins thus serve as force transducers that 

can sense substrate stiffness, mediate cellular contractility, and enable 

mechanotransduction [43-48].   

 

Within cells, contractility is regulated in part by the Rho family of GTPases.  In 

general, Rho-Kinase (ROCK) is activated by Rho-GTP and alters the activity of 

myosin light chain kinase, an activator of myosin motor proteins [49].  Myosin motors 

interact with and tense actin stress fibers [50-52] that create cellular contraction that 

may be transmitted by integrins [53] to the ECM as traction forces [54].  In ECs, Rho-

mediated signaling is thought to facilitate stiffness sensing that enables angiogenic 

network assembly [55]. 

 

The Measurement of Cellular Traction Forces 

Cellular traction forces were first observed in seminal experiments as wrinkles or 

strains in flexible silicone rubber substrates [56].  Since then, several methods have 

been developed to quantify traction forces generated by adherent cells, including 

microfabricated post array detectors [57,58] or cantilevers [59], and micropatterned 

silicone elastomeric substrates [60]. 

 

In our own work, we have utilized a technique developed by Dembo and colleagues 

known as traction force microscopy (TFM) [61,62].  TFM is a tool that maps the 

magnitude, direction, and spatial orientation of traction stresses exerted by an adherent 

cell on a deformable substrate (PA gels).  This is done by tracking the displacement of 



 

5 

fiduciary markers (fluorescent beads) embedded within the deformable substrate with 

optical flow algorithms [62].  The displacements are translated into a strain field and 

traction stresses are computed using Bayesian statistics that determine the most likely 

traction fields that explain a given strain field [63].  In isolated ECs, the magnitude of 

traction stresses approaches 10 kPa [30]. 

 

The measurement of traction forces has elucidated the complex relationship between 

cell size, cell adhesion, and force generation.  In a variety of cell types, including ECs, 

there is a positive correlation between the magnitude of traction force and cell size 

[30,64].  As ECs spread, there is an increase in focal adhesion assembly [27], a 

response that requires cytoskeletal tension [65].  While focal adhesion size is 

dependent on the actin cytoskeleton [60], small nascent adhesions are capable of 

exerting large traction forces [31] that enable cell migration [66].   

 

Traction forces have been implicated in mediating cell-cell interactions and EC 

network assembly.  EC attachment to flexible ECM networks enables the development 

of traction forces and network assembly [67] that can be disrupted by inhibiting 

traction forces [22].  These traction force-mediated cell-matrix interactions are thought 

to create tension-based "guidance pathways" that allow ECs to sense each other at a 

distance and organize into multicellular structures [68].  It has been demonstrated that 

ECs sense and respond to the traction stresses exerted by adjacent cells causing 

alterations in cell migration and cell clustering [36].  These findings suggest that EC 

network assembly results in part from cellular contractility and traction forces that 

mediate cell adhesion, spreading, migration, and cell-ECM interactions; however these 

relationships are not well characterized. 
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Substrate Stiffness Mediates Cellular Responses that Enable Tissue Assembly 

Substrate stiffness has emerged as an important mediator of cellular responses like 

adhesion, spreading, and migration that are requisite for tissue assembly.  Stiff 

substrates promote an increase in focal adhesion organization [29,69-72] and support 

increases in cell spreading and actin stress fiber formation [26,71].  In addition, EC 

shape alters cell-cycle dynamics [73-77] that are critical determinants of growth 

[78,79]. 

 

Substrate stiffness and cell shape alter the polarization and alignment of actin stress 

fibers in cells [80,81].  The actin cytoskeleton is a critical determinant of cell shape, 

where the removal of a single actin stress fiber results in rearrangements in shape and 

cytoskeletal organization throughout the cell [51].  Importantly, EC shape alters the 

availability of Rho GTPase activating proteins [82] implicated in capillary formation 

in vitro and retinal angiogenesis in vivo [83].  These findings demonstrate crosstalk 

between substrate stiffness, actin cytoskeletal organization, and cell shape that 

facilitate cellular force balance [45], and suggest that substrate stiffness alters and 

enables capillary formation. 

 

Substrate stiffness has been shown to alter cellular traction forces and cell migration 

[37,84,85].  In fibroblasts, traction force generation increases with increasing substrate 

stiffness [70,86], and cells exhibit durotaxis, migration toward substrates of increasing 

stiffness [86].  In ECs, it is established that force increases linearly with cell area in 

response to changes in ligand density [30,31].  However, the relationship between 

substrate stiffness, cell area, and traction force generation is not well understood.  

Moreover, much of the work investigating EC traction forces has been performed on 

isolated cells, and traction force profiles, as well as the role of substrate stiffness in 
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mediating force profiles, of cells in contact are undefined. 

 

Substrate Stiffness Alters Preferences for Cell-Cell vs. Cell-Substrate Adhesion 

In addition to behaviors like adhesion, spreading, growth, and migration, preferences 

for cell-cell and cell-substrate interactions also enable tissue assembly.  Seminal work 

by Guo et al. hypothesized that substrate stiffness mediates a balance between cell-cell 

and cell-matrix adhesion that governs tissue assembly [87].  When tissue explants 

were plated on stiff substrates, cells from the explant migrated out of the tissue to 

cover the substrate.  In contrast, explants plated on compliant substrates did not exhibit 

the migration of cells out of the tissue.  It was proposed that these differences were 

due to preferences for cell-matrix vs. cell-cell adhesion that responded to substrate 

stiffness in order to optimize mechanical input.  For example, when cells sense a stiff 

substrate (where the substrate resistance to deformation is increased) cells prefer cell-

matrix interactions that provide a more optimal mechanical signal than cell-cell 

interactions.  In contrast, when cells sense a compliant substrate (where the substrate 

resistance to deformation is decreased), cells seek out cell-cell contacts that bolster 

mechanical input and thus prefer cell-cell rather than cell-matrix interactions. 

 

These findings suggest that, like integrins, the mediators of cell-cell interactions are 

capable of transmitting force.  Cell-cell adhesion is mediated in part by cadherins, 

transmembrane, calcium-dependent, intercellular adhesion proteins [88].  It has been 

demonstrated that cadherins are capable of transmitting traction forces [89,90], and 

that these forces require actomyosin activity [91].  Importantly, significant crosstalk 

exists between cadherins and integrins [92] that serve as mechanosensors during tissue 

morphogenesis [93].  In ECs, cell-cell adhesion is mediated in part by vascular 

endothelial (VE)-cadherin [94].  VE-cadherin-mediated cell-cell interactions alter 
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cytoskeletal tension [95], cell spreading, focal adhesion formation [96], and require 

actin cytoskeletal assembly and myosin activity [91].  In turn, changes in Rho-

mediated contractility influence cell-cell contacts [97].  These data suggest that 

cellular contractility is involved in feedback mechanisms that relate cell-cell and cell-

substrate adhesions. 

 

Taken together, these findings suggest that EC network assembly results from 

alterations in substrate stiffness-mediated preferences for cell-cell vs. cell-matrix 

interactions; however, it is not clear how substrate stiffness contributes to these 

interactions in capillary network assembly.    

 

Fibronectin Assembly is Requisite for Capillary Network  Assembly 

EC network assembly is thought to be guided in part by the ECM [67].  During 

network assembly in 3D fibrin matrices, ECs require fibronectin (FN) matrix 

fibrillogenesis to promote cytoskeletal organization and actomyosin-dependent tension 

[98].  These findings implicate ECM FN as an important mediator of capillary 

network assembly.    

 

FN is a dimeric glycoprotein found in the ECM and basement membranes that is 

required for embryonic development [99] and cardiovascular tissue morphogenesis 

[100].  During FN matrix assembly, or polymerization, FN dimers are converted into 

an insoluble fibrillar matrix [101].  FN is assembled into fibrils by cells [102] through 

cell-generated forces that stretch and unfold dimer arms [103].  It is thought that Rho-

mediated contractility enables FN assembly by exposing cryptic self-assembly sites 

[104] in FN type III repeats, homology domains containing a ɓ-sandwich structure that 

can be unfolded to a mechanically stable state [105]. 
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In tissues, FN may contain extra domain B (EDB), a type-III homology domain 

resulting from differential exon splicing [106]. While essentially undetectable in 

normal adult tissues [107], EDB-FN is a specific marker for angiogenic blood vessels 

[108] and may be an important clinical target for localizing tumor vasculature [109].  

This has ramifications in cancer, where solid tumors are associated with an increase in 

tissue stiffness [16], alterations in local vasculature [110], and growth requiring 

neovascularization [111]. 

 

These data implicate EC traction forces in mediating FN assembly; however the 

relationship between ECs and FN deposition is unknown.  Furthermore, these data 

indicate that FN matrix assembly mediates capillary network assembly, and suggest 

that substrate stiffness alters EC-FN interactions that enable EC network assembly; 

however, the role of substrate stiffness in mediating EC-FN interactions unknown. 

 

Dissertation Organization 

The goal of this work is to investigate the role of substrate stiffness in regulating 

capillary network assembly.  We demonstrate that substrate stiffness regulates 

capillary network assembly and alters EC behaviors that enable network formation.  In 

Chapter 2, we determine that network assembly is controlled by plating cells on 

substrates that minimize cell-substrate adhesion.  Compliant (E<1 kPa), but not stiff 

(E>1 kPa), substrates promote the self-assembly of EC networks.  This work 

demonstrates that EC network assembly requires the polymerization of ECM FN that 

stabilizes cell-cell interactions.  This work is the first demonstration that substrate 

stiffness regulates capillary network assembly.      

 

In Chapter 3, we investigate the role of substrate stiffness in mediating cell-cell and 
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cell-matrix adhesion in ECs.  We determine that substrate stiffness alters the 

localization of VE-cadherin-mediated cell-cell adhesions and focal adhesion 

organization.  In addition, we determine that the response to stiffness during network 

assembly is not unique to ECs.  Analogous to ECs, mammary cells assemble into 

networks on compliant substrates and require laminin deposition.  Moreover, laminin-

deficient mammary cells are induced to assemble networks in the presence of 

exogenous laminin indicating that the ECM is a crucial regulator of tissue assembly.  

We determine that vascular, mammary, and mesenchymal cell network assembly on 

compliant substrates is associated with ECM colocalization and a reduction in cell-

matrix adhesion.  This work is the first demonstration that compliant substrates 

promote network assembly in a variety of cell types by altering cell-cell and cell-

matrix adhesion, and cell-matrix colocalization.  

 

In Chapter 4, we investigate the relationship between substrate stiffness, cell area, and 

traction force generation in ECs.  We determine that substrate stiffness and cell area 

are both significant predictors of traction force generation during cell-cell contact.  

This work is the first demonstration that substrate stiffness contributes to force 

generation during endothelial cell-cell interaction.        

 

In Chapter 5, we investigate the role of substrate stiffness in mediating FN deposition.  

We determine that substrate stiffness alters the deposition of FN through changes in 

cell shape and ROCK-mediated traction forces.  Furthermore, we determine that 

substrate stiffness alters the synthesis and deposition of EDB-FN, an FN isoform 

specific to neovasculature.  This work is the first demonstration that the mechanical 

microenvironment plays a role in mediating EC-FN interactions. 
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In Chapter 6, conclusions and future directions are presented.  Chapter 7 overviews 

my experience as an NSF STEM Fellow in GK-12 Education, where we developed 

laboratory activities and taught a science curriculum to local middle school students 

that focused on polymer science.  
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CHAPTER 2 

 

A BALANCE OF SUBSTRATE MECHANICS AND MATRIX CHEMISTRY 

REGULATES ENDOTHELIAL CELL NETWORK ASSEMBLY  

 

Published in Cellular and Molecular Bioengineering [112]
1
. 

Selected as an Outstanding Paper from the 2008 Biomedical Engineering Society 

(BMES) Annual Meeting [113]. 

 

2.1 Abstract 

Driven by specific extracellular matrix cues, endothelial cells can spontaneously 

assemble into networks.  Cell assembly is, in part, dictated by both substrate stiffness 

and extracellular matrix chemistry; however, the balance between substrate mechanics 

and matrix chemistry in promoting cell assembly is not well understood.  Because 

both mechanics and chemistry can alter cell-substrate and cell-cell adhesion, we 

hypothesized that cell assembly can be promoted on substrates that minimize cell-

substrate adhesivity while promoting cell-cell connections.  To investigate these 

hypotheses, bovine aortic endothelial cells (EC) were seeded on variably compliant 

polyacrylamide (PA) substrates derivatized with type I collagen and observed over 

time.  Our results indicate that cell assembly can be induced on substrates that are 

sufficiently compliant (E=200 Pa) and present significant amounts of substrate-bound 

ligand, and on substrates that are stiffer (E=10000 Pa) but which present less adhesive 

ligand.  In both of these cases, cell-substrate adhesivity is decreased, which may 

enhance cell-cell adhesivity.  Moreover, our data indicate that fibronectin 

polymerization stabilizes cell-cell contacts and is necessary for network formation to 

                                                 
1
 Figure 2.9 contributed by Tracy Cheung.  
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occur regardless of substrate compliance or the density of substrate-bound ligand.  

These data demonstrate the balance between substrate mechanics and chemistry in 

directing cell assembly. 

 

2.2 Introduction 

Angiogenesis is the process of new blood vessel formation.  Regulated by factors 

including shear stress, growth factors, and cytokines, endothelial cells (EC) migrate 

from pre-existing vessels, proliferate, and differentiate to form new blood vessels [3].  

The extracellular matrix (ECM), which includes collagen and fibronectin (FN) 

[114,115], provides ECs with chemical and mechanical cues that drive migration and 

invasion [116], events integral to new vessel formation.  While these events occur in 

vivo, ECs can be induced to assemble into capillary-like networks that mimic 

angiogenesis in vitro [117] under the appropriate conditions.  Because vascularization 

is critical to most successful tissue engineering, understanding and controlling these 

conditions may be critical to the in vitro development of transplantable organs.   

 

Cell assembly has been shown to be influenced by ECM protein type [118,119], ECM 

concentration [120,121] and substrate stiffness [122,123] through their effects on cell 

shape [124], motility, and differentiation [125].  Tissue formation may arise from the 

optimization of mechanical and chemical input from both cell-cell cohesivity and cell-

substrate adhesivity [126,127].  Recent evidence suggests that cellular organization 

may be directed in part by substrate mechanics; in contrast to compliant substrates, 

rigid gel substrates promote cytoskeletal and focal adhesion organization and cell 

spreading [128].  On compliant substrates, cells tend to aggregate rather than migrate 

away from each other.  Substrate mechanics may have a direct effect on EC sorting 

and subsequent in vitro organization.  Recent data from our lab suggests that ECs on 
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compliant substrates prefer cell-cell connections and cluster while those on stiff 

substrates prefer cell-substrate connections and migrate away from each other [36].  

ECs exhibit an increase in projected area and the appearance of actin stress fibers with 

increasing substrate stiffness [129], and others have suggested that EC capillary 

morphogenesis may be modulated by a balance between substrate stiffness and 

traction force generation [123].  Taken together, these data indicate that substrate 

compliance can directly affect cell organization. 

 

Endothelial cell assembly is further influenced by ECM concentration.  EC attachment 

increases with increasing collagen concentration and promotes the formation of 

capillary networks at intermediate adhesivity [120].  It has been suggested that FN 

may control EC assembly by supporting tension-dependent cell shape changes [130].  

While it is well accepted that both matrix chemistry and mechanics affect endothelial 

network formation, the balance between substrate mechanics and matrix chemistry in 

promoting EC assembly is not well understood. 

 

In this study, the effects of substrate mechanics and matrix chemistry on EC adhesion 

were investigated to understand the integration of mechanical and chemical signals 

that mediate cell assembly and network formation.  Bovine aortic ECs were seeded on 

variably compliant polyacrylamide (PA) substrates derivatized with type I collagen.  

Our results indicate that cell assembly occurs on compliant substrates and not on stiff 

substrates at a high concentration of matrix collagen, that cell assembly is induced on 

stiff substrates by lowering the concentration of collagen, and that overall cell 

assembly is dependent on the ability of ECs to polymerize FN.  These results indicate 

that ECs may integrate mechanical and chemical cues to achieve a balance in cell-cell 

vs. cell-substrate adhesion; when cell-substrate adhesivity is low, cell-cell connectivity 
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is increased, and conversely, when cells are firmly adherent to a substrate, they are 

less likely to assemble. 

 

2.3 Materials and Methods 

Coverslip Activation 

Coverslips were prepared as previously described [131,132].  Square glass coverslips 

(No. 2, 22 x 22mm, VWR, West Chester, PA) were passed through the flame of a 

Bunsen burner, coated with 0.1 N NaOH (Sigma-Aldrich, St. Louis, MO), and allowed 

to dry.  The coverslips were coated with 3-aminopropyl-trimethoxysilane (Sigma-

Aldrich, St. Louis, MO), washed in 18.2 Mɋcm purified deionized water, and 

incubated with a coating of a 0.5% solution of glutaraldehyde (70% aqueous stock 

solution, Sigma-Aldrich, St. Louis, MO) in phosphate-buffered saline ((PBS), 

Invitrogen, Carlsbad, CA) at room temperature for 30 minutes.  The coverslips were 

washed with 18.2 Mɋcm purified deionized water and allowed to dry overnight. 

 

Poly(acrylamide) Gel Synthesis 

Gels of various Youngôs Moduli (E=200, 1000, 2500, 5000, and 10000 Pascals) were 

synthesized by varying the ratio of acrylamide to bis-acrylamide in the gel solution 

mixture [129].  Gel mixtures were prepared with 3-7.5% acrylamide (40% w/v 

solution), 0.04-0.35% N,Nô-methylene-bis-acrylamide (2% w/v solution), 0.05% 

N,N,N,N-tetramethylethylenediamine (Bio-Rad, Hercules, CA), and 30 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid ((HEPES), pH 6.0, Sigma-Aldrich, St. 

Louis, MO).  The solutions were adjusted to pH 6.0 with 2N HCl (Sigma-Aldrich, St. 

Louis, MO) and degassed for 30 minutes.  Additional solution components were 20 

µmol/ml N-6-((acryloyl)amido)hexanoic acid ((N-6), synthesized in our lab according 

to the method of Pless et al. [133]) dissolved in ethanol (Sigma-Aldrich, St. Louis, 
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MO), and 2% 0.5 µm diameter fluorescent beads (Molecular Probes, Carlsbad, CA). 

Polymerization was initiated by the addition of a 0.1% ammonium persulfate (Bio-

Rad, Hercules, CA) solution in water to the acrylamide mixture.  20 µl of the mixture 

was pipetted onto an activated coverslip and a circular coverslip (No. 2, 18 mm 

diameter, VWR, West Chester PA) was used to flatten the drop.  Polymerization was 

allowed to occur for 30 minutes at room temperature.  The circular coverslip was 

removed, and the gel was incubated with 1, 5, 10, 50, or 100 µg/ml of type I rat-tail 

collagen (Becton Dickinson, Franklin Lakes, NJ) in HEPES (pH 8.0, Sigma-Aldrich, 

St. Louis, MO) for two hours at 4°C.  The un-reacted N-6 linker was capped with 

0.1% ethanolamine (Sigma-Aldrich, St. Louis, MO) in HEPES (pH 8.0, Sigma-

Aldrich, St. Louis, MO).  Gels were washed with sterile PBS and stored in six-well 

plates. 

     

Cell Culture 

Bovine aortic ECs were maintained at 37°C and 5% CO2 in Medium 199 (Invitrogen, 

Carlsbad, CA) supplemented with 10% FetalClone III (HyClone, Logan, UT), and 1% 

each of penicillin-streptomycin, MEM amino acids (Invitrogen, Carlsbad, CA), and 

MEM vitamins (Mediatech, Manassas, VA).  ECs were used from passages 8-12. 

 

Fibr onectin Inhibitor and Control  

Fibronectin polymerization was inhibited by adding 500 nM pUR4B (a kind gift from 

Dr. Jane Sottile) to the EC suspension just prior to gel plating.  500 nM III-11C was 

added to the EC suspension to serve as a control to pUR4B [134,135] (also a kind gift 

from Dr. Sottile).   
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EC Network Assembly, Area, and Perimeter Studies 

ECs were plated on gels of various Youngôs Moduli (200-10000 Pa) at a density of 

100,000 or 200,000 cells per well of a six-well plate for cell-assembly studies and 

50,000 cells per well for area and perimeter studies.  10X magnification images of 

cells were captured with an Olympus IMT-2 inverted phase contrast microscope with 

a QImaging Retiga 1300 camera or a Zeiss Axio Observer D1m inverted phase 

contrast microscope with an AxioCam camera for the duration of the experiment.  

Media were replenished every other day. 

 

For cell-assembly studies, aspect ratios of ECs within a network morphology were 

measured with ImageJ (version 1.37, available from the National Institutes of Health, 

Bethesda, MD, at http://rsb.info.nih.gov/ij/).  The aspect ratio was defined as the ratio 

of straight line-segment lengths drawn onto images of ECs corresponding to the long 

and short axis of the cells.  Aspect ratio measurements were constrained to ECs that 

were in contact with at least two additional cells.  Data were measured and pooled into 

two groups (n = 150 for each condition) representing the presence or absence of cell 

assembly across multiple experiments and time points.  For area and perimeter studies, 

ImageJ was used to outline and quantify cells.  Area and perimeter measurements 

were constrained to ECs that were not in contact with any other cells in pre-network, 

sub-confluent cultures.  Data were measured (n = 50 for each gel compliance) across 

multiple experiments at 24 hours after plating. 

 

Statistical Analysis of Assembly, Area, and Perimeter Measurements 

The natural log of aspect ratios, cell area, and cell perimeter measurements were taken 

to ensure normality of the data.  Data were compared with analysis of variance and 

Tukeyôs Honestly Significantly Different test or Studentôs t test (Figure 2.8D only) in 

http://rsb.info.nih.gov/ij/
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JMP software (v.7, SAS, Cary, NC).   

 

Immuno- and Fluorescent Staining for Fibronectin Localization 

ECs on PA gels were fixed in 3.7% formaldehyde (Mallinckrodt Baker, Phillipsburg, 

NJ) at 4°C overnight and washed with PBS as described elsewhere [136].  Samples 

were incubated with 1% Triton in PBS and 0.02% Tween (Mallinckrodt Baker, 

Phillipsburg, NJ)/1% bovine serum albumin ((BSA), Sigma-Aldrich, St. Louis, MO) 

in PBS for one hour.  Gels were incubated 1:50 with a mouse monoclonal fibronectin 

primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) in PBS/3% BSA in a 

humidified chamber at 4°C overnight.  A 1:200 fluorescein isothiocyanate (FITC)-

conjugated goat anti-mouse secondary antibody (Santa Cruz Biotechnology, Santa 

Cruz, CA) in PBS/3% BSA was applied to the samples for one hour at room 

temperature.  EC filamentous actin was stained with Alexa Fluor 546 phalloidin 

(Molecular Probes, Carlsbad, CA) 1:25 in PBS and nuclei were stained with 4',6-

diamidino-2-phenylindole ((DAPI), Sigma-Aldrich, St. Louis, MO) 1:10 in 18.2 

Mɋcm purified deionized water.  Fluorescent localization was visualized with a Zeiss 

Axio Observer Z1m with a Hamamatsu ORCA-ER camera.  Images were pseudo-

colored with Axiovision software v. 4.6. 

 

2.4 Results  

Compliant Substrates Promote EC Network Assembly 

Previous data suggest that compliant substrates promote cell assembly of a variety of 

cell types [118,126], including ECs [122,123].  However, in EC network formation, 

the relative contributions of matrix mechanics and chemistry are unclear.  PA gels 

permit the independent manipulation of the substrate stiffness and matrix chemistry to 

study the effects of mechanics and chemistry on cell assembly [126,128].  Here, PA 
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gels were synthesized with Youngôs Moduli of 200, 1000, 2500, 5000, and 10000 Pa, 

derivatized with 100 ɛg/ml of type I collagen, and seeded with ECs.  On 200 and 1000 

Pa gels, ECs organized into two-dimensional (2D) network structures characterized by 

cords and looping-cell morphologies (Figures 2.1A and 2.1B, respectively), often seen 

in tube formation assays.  Cords and loops of ECs presented as early as 24 hours after 

plating and endured for the duration of the experiment.  On stiffer gels (2500, 5000, 

and 10000 Pa), ECs failed to assemble into cords or loops and appeared uniformly 

distributed throughout the course of observation (Figures 2.1C-2.1E, respectively). 

 
Figure 2.1.  Compliant substrates derivatized with collagen promote EC network 
assembly. 

(A and B) Phase contrast images of ECs on PA gels derivatized with 100 mg/mL of 

collagen I assemble into networks on 200 and 1000 Pa substrates, respectively.  This 

phenotype was characterized by cords of cells and ring-like morphologies.  (CïE) 

This organization was not present when substrate stiffness was increased to 2500, 

5000, and 10,000 Pa, respectively.  Scale bars are 50 mm. 
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In addition to collagen, we investigated the role of substrate stiffness in mediating 

network assembly on substrates derivatized with FN (Figure 2.2) and an RGD 

sequence-containing peptide (Figure 2.3).  These data indicate that compliant 

substrates promote network assembly independent of ligand type.   

 

 
Figure 2.2.  Compliant substrates derivatized with FN promote EC network 
assembly. 
ECs were plated on variably compliant (E=0.2-10 kPa) substrates derivatized with 100 

mg/mL fibronectin (FN).  After 24 hours, ECs on 0.2-1 kPa substrates began to form 
cords and lacunae, hallmarks of developing networks.  Networks continued to develop 
over 48-96 hours after plating.  In contrast, cells on 2.5-10 kPa substrates did not 

assemble networks but were instead uniformly distributed.  Scale bars are 100 mm.  
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Figure 2.3.  Compliant substrates derivatized with RGD promote EC network 
assembly. 
ECs were plated on compliant (E=0.2 kPa) and stiff (E=10 kPa) substrates derivatized 

with 100 mg/mL of an RGD sequence-containing peptide (NH2-YAVTGRGDS-OH, 
ChemPep, Wellington, FL).  The RGD sequence is found in FN and mediates integrin-
FN attachment [137].  (A) Similar to collagen-derivatized substrates, ECs self-
assembled into networks characterized by clusters (*) and cords (arrow head) of cells 
on compliant substrates.  (B) On stiff substrates, networks did not form and cells were 

uniformly distributed across the substrate.  Scale bars are 100 mm.  

 

Time lapse microscopy of cell assembly on compliant gels indicated that early cords 

or line segments of processional ECs branched between nodes of cells and matured 

into closed-loop ring patterns of cells over time.  Cells were observed to sprout from 

cords to create additional connections (Figure 2.4). 
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Figure 2.4.  Network development over time. 
Time-lapse images of EC network development over an 18 hour period.  T = 0 
corresponded to 96 hours after PA gel seeding.  Networks developed as cords of cells 
that joined together to form 2D ring-like morphologies over time.  Circled regions 
highlight ECs that formed an additional connection (arrow) by sprouting from existing 

cords.  Time in hours.  Scale bar is 50 mm. 

 

Cell Network Assembly is Induced on Stiff Substrates by Decreasing Collagen I 

Concentration  

Because ECs tended to form networks on compliant gels where cells are also less 

spread and adherent, we hypothesized that a decrease in cell-substrate adhesivity 

enhances cell assembly.  To test this hypothesis, PA gels of varying stiffness were 

synthesized and conjugated with decreased collagen (1 ɛg/ml) to decrease cell-

substrate adhesivity relative to substrates conjugated with 100 ɛg/ml of collagen.  

Notably, lowering the concentration of collagen I shifted cell assembly to gels of 

2500, 5000, and 10000 Pa (Figures 2.5B-2.5D, respectively), where it was not seen 
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previously on gels with increased collagen (see Figures 2.1C-2.1E).  Cord 

development occurred on 2500 and 5000 Pa gels as well (Figures 2.5B and 2.5C, 

respectively) but qualitatively did not develop into looping morphologies as complete 

as those on 10000 Pa gels (Figure 2.5D).  On 200 and 1000 Pa gels, ECs were 

adherent to the gel but retained a rounded morphology (Figure 2.5A), and thus were 

unable to form loops.  It should be noted that while decreasing the substrate adhesivity 

on a stiff gel increased network assembly, cell assembly on stiffer gels derivatized 

with 1 ɛg/ml of collagen I were less extensive than assemblies formed at 100 ɛg/ml on 

compliant gels. 

 

Figure 2.5.  Cell network assembly is induced on stiff substrates by decreasing 
collagen concentration. 

(A) ECs on PA gels derivatized with 1 mg/mL of collagen I showed limited spreading 
and an inability to organize into networks but remained adherent to the gel.  (BïD) 
Cell network assembly was shifted to 2500, 5000, and 10,000 Pa gels, respectively, in 

comparison to cells on gels derivatized with 100 mg/mL collagen.  Scale bar is 50 mm. 
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Similar to decreased collagen concentration, network assembly was induced on stiff 

substrates by decreasing concentrations of FN (Figure 2.6) and an RGD-containing 

peptide (Figure 2.7).   

 
Figure 2.6.  Network assembly is induced on stiff substrates by decreasing FN 
concentration. 
ECs were plated on variably compliant (E=0.2-10 kPa) substrates derivatized with 1 

mg/mL FN.  On 0.2-2.5 kPa substrates, network assembly did not occur but cells 
instead formed aggregates over 96 hours.  Similar to results found with collagen, 

network assembly was induced on stiffer 5-10 kPa substrates.  Scale bars are 100 mm.  
 

 
Figure 2.7.  Cell-cell adhesion is induced on stiff substrates by decreasing RGD 
concentration. 
ECs were plated on variably compliant (E=0.2-2.5 kPa) substrates derivatized with 1 
mg/mL of an RGD-sequence containing peptide (NH2-YAVTGRGDS-OH).  After 96 
hours, cells on 0.2 kPa substrates were not well spread.  On 1 kPa substrates, cells 
began to form clusters and formed network-like cords on 2.5 kPa substrates.  Scale bar 

is 100 mm.  
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Taken together, these data indicate that compliant substrates foster network assembly 

regardless of matrix ligand type, and that network assembly results from a balance of 

substrate stiffness and matrix chemistry. 

 

Ratio of Area to Perimeter Correlates with EC Assembly 

To explore the mechanism of cell assembly, we measured changes in cell morphology 

as a function of gel modulus and ligand density.  Area and perimeter measurements 

were limited to ECs that were not in contact with any other cells in pre-network, sub-

confluent cultures.  Cell area (Figure 2.8A, white bars) and perimeter (Figure 2.8B, 

white bars) increased with increasing substrate stiffness.  When the collagen 

concentration was decreased to 1 ɛg/ml, the cell area (Figure 2.8A, black bars) and 

perimeter (Figure 2.8B, black bars) decreased.  Cell adhesion and spreading were 

insufficient to measure on 200 and 1000 Pa gels derivatized with only 1 ɛg/ml 

collagen.  Notably, area and perimeter alone were not necessarily predictors of cell 

assembly as cell areas of statistical similarity were observed in cases of both the 

presence and absence of cell assembly (e.g. Figure 2.8B, compare the statistically 

similar 2500 Pa gel white bar, where networks did not form, to the 5000 Pa gel black 

bar, where networks did form).  However, it was determined that the ratio of EC area 

to perimeter did correlate with cell assembly.  Sub-confluent ECs with a significantly 

lower ratio of area to perimeter developed into network structures (Figure 2.8C, below 

the dashed line), whereas those with a higher ratio typically did not form network 

structures (Figure 2.8C, above the dashed line).  Therefore, the ratio of area to 

perimeter appeared to be a predictor of future EC assembly, where rounder cells were 

less likely to form spontaneous networks. 
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Assembled ECs have an Increased Aspect Ratio 

To quantify cell assembly, observed in Figures 2.1 and 2.4, the aspect ratio of ECs in 

cell assemblies was measured (Figure 2.8D).  The aspect ratio was defined as the ratio 

of the long axis to the short axis of ECs making at least two cell-cell contacts.  The 

aspect ratio of ECs assembled in cords or loops (Figure 2.8D, starred (+) bar) was 

significantly different than the aspect ratios of ECs not arranged in networks (Figure 

2.8D, (-) bar).  Cell assembly was not quantified by more traditional methods 

including skeletonizing the micrographs [123] or measuring lengths of cords [138], 

because in our samples cell assembly was most extensive approximately four days 

after plating when cells on stiffer substrates were 100% confluent, and these 

measurements could not be done.  

 

 
 
Figure 2.8.  Ratio of area to perimeter 
predicts EC network assembly. 
(A and B) Cell area and perimeter increase on 

PA gels derivatized with 100 mg/mL of type I 
collagen with an increase in substrate stiffness 
(white bars).  Cell area and perimeter was 
reduced by lowering the collagen I 

concentration to 1 mg/mL but still increased 
with substrate stiffness (black bars; insufficient 
spreading to measure on 200 and 1000 Pa gels).  
(C) Measurements of ratios of EC area to 
perimeter showed statistical significance 
between the occurrence (bars below dashed 
line) and absence (bars above dashed line) of 
cell network assembly.  Note that the 
occurrence and absence of cell network 
assembly show statistical similarity within each 
group.  (D) Aspect ratios showed statistical 
significance between the occurrence (+) and 
absence (-) of cell network assembly.  óó*ôô 
Indicates p<0.001, +/- indicates the presence or 
absence of cell network assembly, respectively.  
Mean + SEM. 
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With the help of Tracy Cheung, we also characterized the role of substrate stiffness in 

mediating EC proliferation (Figure 2.9).  Our data indicate that proliferation increases 

with increasing substrate stiffness over time, and that proliferation rate is dependent on 

ligand concentration.   

 

Figure 2.9.  Substrate stiffness and ligand concentration alter EC proliferation. 
ECs were plated on variably compliant (E=0.2-10 kPa) substrates derivatized with 100 

or 1 mg/mL collagen I.  To measure proliferation, Tracy Cheung painstakingly imaged 
the entire substrate and counted cells at each time point.  (A) On substrates derivatized 
with 100 mg/mL collagen, cell proliferation increased with time and with substrate 

stiffness.  (B) On substrates derivatized with 1 mg/mL collagen, cells failed to 
proliferate on 0.2-10 kPa substrate.  On 2.5-10 kPa substrates, proliferation increased 
over time and was greatest on 5 kPa substrates, but was less than proliferation 

observed on  substrates derivatized with 100 mg/mL collagen. 
 

FN Fibers Colocalize with EC Network Assembly 

Recent data suggest that FN is required for EC assembly in 3D [139].  While it is 

known that cell spreading and FN polymerization are linked [140], and spreading 
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increases with matrix stiffness [129], it is unclear how matrix stiffness affects FN 

polymerization during cell assembly.  To assay for the presence of FN in networks 

formed on 2D compliant gels, ECs on PA gels of varying compliance were stained 

with a FITC-conjugated anti-fibronectin antibody.  FN fibrils colocalized with ECs 

organized into networks (Figure 2.10A) whereas FN was uniformly distributed in 

samples where networks did not form (Figure 2.10B).  Interestingly, FN also 

colocalized with networks formed on gels conjugated with decreased collagen, 

however the FN appeared more web-like (Figure 2.10C) in comparison to the FN 

fibri ls formed by cells in networks on compliant gels. 

 
Figure 2.10.  FN colocalizes with EC network assembly. 

PA gels of 200, 1000, 2500, 5000, and 10,000 Pa were derivatized with 100 mg/mL of 
type I collagen and plated with ECs. Samples were fixed and stained with a FITC-
conjugated anti-fibronectin antibody.  (A) ECs assembled into cords and loops that 
were colocalized with FN.  (B) FN was uniformly distributed in samples where 
networks did not form.  (C) FN signal appeared web-like on 10,000 Pa gels when the 

collagen I concentration was lowered to 5 or 10 mg/mL.  Scale bar is 50 mm. 
 

ECs Do Not Require Exogenous FN to Assemble into Network-like Structures  

Because EC assembly was associated with FN (see Figure 2.10A), and othersô data 

suggest that cell assembly proceeds independently of exogenous layers of ECM [118], 
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we sought to determine whether serum-derived FN was necessary for 2D cell 

assembly on compliant substrates.  ECs were seeded on variably compliant PA gels 

derivatized with collagen, either in the presence of media with fibronectin-free serum 

(experimental condition) or in the presence of media with complete serum (control).  

FN-free media appeared to have no effect on cell assembly at a high collagen I 

concentration (100 ɛg/ml, as depicted in Figure 2.1), however cell assembly on stiff 

10000 Pa gels derivatized with low amounts of collagen was shifted to gels derivatized 

with 5 and 10 ɛg/ml of collagen I where it was previously seen at 1 mg/ml.  Despite 

the lack of exogenous FN in the media, FN staining still colocalized with networks of 

cells, indicating cells were secreting and polymerizing their own FN (Figure 2.11). 

 

 

 

 

 

 

Figure 2.11.  ECs do not require exogenous FN to 
assemble into network-like structures. 
ECs were seeded on PA gels and derivatized with 
collagen I in media with FN-free serum (a gift from 
Dr. Jane Sottile; experimental condition) or in media 
with complete serum (control).  Samples were 
seeded with ECs and stained with a FITC-
conjugated anti-FN antibody.  In the presence of 
media containing FN-free serum, cell network 
assembly occurred on 200 and 1000 Pa gels and was 

associated with FN staining.  Scale bar is 50 mm. 
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EC Assembly on Compliant Substrates Requires FN Polymerization 

Our data indicate that EC assembly is associated with FN deposition (Figure 2.10) and 

yet is independent of exogenous FN from serum (Figure 2.11).  To determine whether 

FN polymerization is requisite for cell assembly, 500 nM pUR4B, a fibronectin 

polymerization inhibitor, or a control peptide, III-11C [134,135], was added to 

cultures on variably compliant PA gels. 

 

In the presence of the FN polymerization inhibitor, no networks formed on any type of 

gel, whereas in the presence of the control peptide, networks formed under the same 

conditions where they formed previously.  On 200 Pa gels, where EC networks 

typically form, EC assembly was very transient in the presence of pUR4B (Figure 

2.12A).  Cells were adherent and appeared to form small cords, but ECs in this 

configuration were not seamlessly well connected and were generally rounded in 

shape, unlike those observed on 200 Pa gels without the inhibitor.  Time lapse images 

revealed that ECs on 200 Pa gels treated with pUR4B appeared more motile than 

control cells in networks (data not shown) and failed to develop stable assemblies of 

cords or loops; instead, transient cell-cell connections formed that disassembled over 

time (Figure 2.12A).   

 

Immunostaining of cells treated with FN inhibitor revealed a punctuate distribution of 

FN surrounding the cells (Figure 2.12B).  This was in stark contrast to the fibrils 

formed between cells when the inhibitor was not added (see Figure 2.10). 
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Figure 2.12.  EC network assembly on compliant substrates requires FN 
polymerization. 
(A) ECs were seeded on PA gels with media containing 500 nM pUR4B FN 
polymerization inhibitor or 500 nM III-11C control peptide (gifts from Dr. Jane 
Sottile).  On 200 Pa gels in the presence of pUR4B, EC network assembly was 
disrupted with regions of transient assembly.  Time-lapse images over a 17 hour 
period revealed that ECs treated with pUR4B failed to develop complete network 
structures; instead, cell clusters made transient cellïcell connections that disassembled 
over time.  T = 0 corresponded to 48 hours after plating.  Time in hours.  (B) On 1000 

and 10,000 (1 mg/mL of collagen I) Pa gels, cell network assembly was ablated in the 
presence of pUR4B.  FN surrounding cells treated with pUR4B appeared punctate.  

Scale bars are 50 mm. 

 

Interestingly, individual, subconfluent cells on stiffer, 2500 and 10000 Pa gels 

conjugated with 100 ɛg/ml of collagen, that normally would not form networks, when 

treated with FN polymerization inhibitor, displayed a morphology that was typically 

indicative of future cell assembly (Figure 2.13).  Cells were more elongated and 

spindle-shaped.  However, despite this pre-network-like morphology, these cells did 

not form networks.  Time-lapse microscopy of cells on these substrates in the presence 

of FN inhibitor indicated that cells formed connections and elongated, but upon 

elongation, the connection between cell tethers either broke or one of the cells released 

from the substrate and rounded up (Figure 2.13).  In the presence of FN inhibitor, 

these cells displayed impaired cell-cell and cell-substrate adhesion, perhaps attributed 
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to their cell shape change and inability to form stable cell-cell connections. 

 

 
Figure 2.13.  Inhibiting F N polymerization disrupts the balance between cellïcell 
and cellïsubstrate adhesivity. 

ECs were seeded on 10,000 Pa gels conjugated with 100 mg/mL of collagen I in the 
presence of FN polymerization inhibitor and recorded using time-lapse microscopy.  
When FN polymerization is inhibited, cells appear more elongated and spindle-shaped 
with long cellïcell connections (arrows) which are typical of cells prior to network 
formation.  However networks do not form; cellïcell connections are transient and 
tend to break and/or result in cells rounding and releasing from the substrate (asterisk).  

Time in minutes.  Scale bar is 50 mm. 

 

2.5 Discussion 

To investigate the balance of substrate mechanics and matrix chemistry in mediating 

EC assembly, variably compliant PA gels were synthesized and derivatized with two 

(high and low) concentrations of type I collagen.  Cell assembly occurred on 200 and 

1000 Pa gels, and not on 2500, 5000, or 10000 Pa gels when the collagen 

concentration was 100 ɛg/ml.  Cell assembly was shifted to stiffer gels (2500, 5000, 

and 10000 Pa) when the concentration of collagen was lowered to 1 ɛg/ml.  We 

hypothesize that EC assembly results from a balance between cell-cell and cell-matrix 

interactions as modulated by substrate stiffness and ECM matrix chemistry, and that 
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cell assembly results from an optimization of mechanical input [126]. 

 

The formation of cell assemblies due to substrate stiffness may be due to an alteration 

of associated focal adhesion and cytoskeletal proteins that mediate cell-substrate 

interactions through a tactile-sensing feedback mechanism linked to adhesion and net 

contractile forces [35].  It is well established that focal adhesion size and number and 

stress fibers are reduced on compliant substrates [129] and substrates with less ligand 

available to bind [128].  Cell assembly is disrupted when traction forces are inhibited 

[119], and it has been shown that a decrease in substrate rigidity, through a decrease in 

collagen content, induces EC cord-like morphologies with associated decreased 

concentrations of actin, talin, and vinculin [122].  Additionally, type I collagen 

mediates capillary cell assembly via ɓ1 integrin-activated Src and Rho activation that 

disrupts VE-cadherin interactions at the cell-cell junctions and induces actin stress 

fibers [141].  Changes in these cell-cell-, cell-substrate-, and cytoskeletal-associated 

proteins may affect cell-generated tensile forces based on ECM density; high ECM 

density promotes cell spreading while lower concentrations permit EC shape changes 

that promote capillary tube formation [124].  Changing the density of ECM attachment 

sites causes cell shape changes that can affect differentiation of capillary cells [73,130] 

resulting in enhanced tube formation [142].  These results suggest that on a high 

collagen concentration-derivatized compliant substrate, and on a low collagen 

concentration-derivatized stiff substrate (conditions that promoted EC assembly), 

inadequate mechanical input, as mediated by substrate stiffness and matrix ligand 

concentration, drove ECs to prefer cell-cell contacts that increased mechanical input 

and fostered cell assembly. 

 

FN polymerization colocalizes with EC networks.  It was shown previously that tube 
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formation was associated with FN [143,144] and that ECs form networks of cords 

independent of exogenous layers of ECM [118].  Cell assembly on PA gels was 

associated with FN deposition and independent of exogenous soluble FN.  On stiff 

10000 Pa gels, a low collagen concentration resulted in cell assembly with or without 

FN-containing serum used in the media.  This result suggests that a decreased 

adhesivity (due to a decreased collagen concentration), and not soluble ECM, induced 

cell assembly.  The inhibitor pUR4B is a 49-mer peptide that binds to, and inhibits, 

FN matrix polymerization [134] by interfering with the interaction of FN and 

molecules at cell-surface assembly sites [145].  It has been suggested that FN 

polymerization is integral to maintaining ECM FN [146], and it has been shown to 

regulate neovessel formation by supporting cytoskeletal organization and the 

development of actomyosin-dependent tension [139].  Our data further show that EC 

2D cell assembly requires FN polymerization.  Figure 2.12A indicates that EC plated 

on 200 Pa gels, where networks normally form, when treated with pUR4B form 

transient assemblies characterized by rounded cells.  Time lapse images revealed that 

these ECs appeared more motile, and made transient cell-cell connections compared 

with control cells in networks.  These results suggest that ECs require FN 

polymerization to stabilize cell-cell interactions that promote cell assembly.  While 

pericellular FN polymerization plays a role in 3D neovascularization [139] that may 

occur during angiogenesis, both the combination of a compliant substrate that drives 

EC proximity, and FN polymerization which stabilizes cell-cell contacts, facilitate EC 

2D assembly.   

 

Our data also indicate that FN polymerization plays a key role in the balance between 

cell-cell and cell-substrate adhesion that drives network assembly.  When ECs are 

unable to polymerize FN, their ability to spread is impaired [140], therefore the cells 
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are generally smaller, appear more spindle-shaped and appear to be less adherent to 

the substrate.  When cell-substrate adhesion is decreased, cells typically shift the 

balance to cell-cell adhesion [127],  and increased cell assembly and aggregation.  So 

we might expect that by inhibiting FN polymerization, cell assembly might increase 

due to a decrease in cell spreading and cell-substrate adhesion.  However, FN 

polymerization also appears to reinforce cell-cell connections (Figure 2.12).  

Therefore, when FN fibril formation is inhibited, cell-cell adhesions are unstable and 

transient.  Clearly, there exists a balance where FN polymerization supports and 

strengthens the formation of stable cell-cell contacts without enhancing cell spreading 

to the extent that cell-cell contact is no longer preferred over cell-substrate adhesion. 

 

Together, these data indicate that substrate mechanics or decreased cell-substrate 

adhesivity through changes in matrix density can drive cells into a network-like 

assembly, and FN polymerization is required to form stable cell-cell contacts.  These 

results should help further guide the design of biomaterials intended to foster 

angiogenesis. 
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CHAPTER 3 

 

SUBSTRATE STIFFNESS ALTERS CELL-CELL AND CELL-MATRIX 

INTERACTIONS THAT REGULATE NETWORK ASSEMBLY  

 

Portions of this chapter are in preparation for submission.
1,2

 

 

3.1 Abstract 

Tissue formation arises from a complex interaction between cells and their 

extracellular matrix, and is thought to result from a balance of cell-cell and cell-matrix 

adhesivity.  In our previous work, we demonstrate that substrate stiffness mediates 

capillary network formation, the self-assembly of endothelial cell networks on 

compliant, but not stiff, substrates.  While it is known that substrate stiffness alters cell 

aggregation, the role of substrate stiffness in mediating cell-cell and cell-matrix 

interactions that give rise to capillary network assembly are not well described.  

Herein, we demonstrate that substrate stiffness alters the expression and spatial 

localization of vascular-endothelial (VE) cadherin, a prominent mediator of 

endothelial cell-cell adhesion.  Our data indicate that compliant substrates promote 

cell-cell interactions characterized by tight and mature VE-cadherin-mediated cell-cell 

junctions.  Endothelial cells on compliant substrates exhibit a reduction in cell-

substrate adhesion suggesting a preference for cell-cell vs. cell-substrate adhesion.  In 

addition, we demonstrate the sensitivity of network assembly to substrate stiffness in 

mammary and mesenchymal tissue-derived cells and show that network assembly on 

compliant substrates is associated with i) extracellular matrix colocalization and/or ii) 

                                                 
1
 Figure 3.1E-F contributed by Dr. Christine Montague. 

2
 Figure 3.5C contributed by Alina Starchenko. 
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a reduction in cell-substrate adhesion.  These findings demonstrate that network 

assembly results from a balance between cell-cell and cell-matrix adhesion, and 

suggest that substrate stiffness is a critical regulator of network assembly.   

 

3.2 Introduction 

Tissue formation is a fundamental biological process that involves a complex 

interaction between cells and the extracellular matrix (ECM), and is thought to arise 

from a balance of cell-cell and cell-matrix adhesive forces [147].  When cell-matrix 

adhesion is reduced, cells are prone to cluster (prefer cell-cell interactions).  In 

contrast, when cell-cell adhesion is reduced, cells tend to disperse (prefer cell-

substrate interactions).  This response is also recapitulated by altering the mechanical 

environment of cells.  On compliant substrates, cells prefer cell-cell interactions and 

cluster, while those on stiff substrates tend to disperse [87].  These findings suggest 

that substrate stiffness plays a role in mediating cell-cell and cell-matrix adhesion 

events that enable tissue assembly; however these relationships are poorly understood.  

 

In our previous work, we have demonstrated that compliant, but not stiff, substrates 

promote capillary network assembly [112].  This response is characterized by the self-

assembly of endothelial cells (EC) into clusters and cords of cells that form 

interconnected ring-like networks reminiscent of capillary beds [11].  While we have 

established that ECs prefer cell-cell contacts on compliant substrates [36,112], the 

mechanisms mediating these preferences are unknown.  

 

Endothelial cell-cell adhesion is largely mediated by vascular endothelial (VE)-

cadherin, a major transmembrane receptor governing intercellular adhesion [148].  

Cell-matrix adhesion is mediated by focal adhesions, clusters of integrins that act as 
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mechanosensors and link the ECM to the cytoskeleton [43].  In addition, ECM 

proteins play a prominent role in mediating cell-cell adhesion.  We have shown 

previously that the assembly of ECM fibronectin (FN) stabilizes cell-cell interactions 

and is requisite for capillary network assembly [112].  These findings suggest that 

substrate stiffness promotes capillary network assembly by altering VE-cadherin and 

focal adhesion-mediated cell-cell and cell-substrate interactions in ECs; however these 

interactions are not well described.   

  

In this study, we examined the role of substrate stiffness in altering the mediators of 

cell-cell and cell-matrix interactions that regulate capillary network assembly.  Our 

data indicate that substrate stiffness alters the localization of VE-cadherin in ECs.  

Compliant substrates reduce cell-substrate adhesivity and promote network assembly 

characterized by tight and mature VE-cadherin-mediated cell-cell junctions.  We 

extend these findings to other cell types and demonstrate that network assembly on 

compliant substrates is not unique to ECs.  Cells derived from mammary and 

mesenchymal tissue are induced to assemble networks on compliant substrates and 

exhibit ECM colocalization and a reduction in cell-substrate adhesion.  In contrast, 

cells lacking strong cell-ECM associations and exhibiting insensitivity to alterations in 

cell-substrate adhesion did not assemble networks.  Together, these data suggest that 

substrate stiffness alters cell-cell and cell-substrate interactions that regulate network 

assembly.  

 

3.3 Materials & Methods 

Cell Culture 

Bovine aortic endothelial cells (VEC Technologies, Rensselaer, NY) were maintained 

as described previously [112,149].  MCF-10A mammary epithelial cells (American 
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Type Culture Collection, Rockville, MD, CRL-10317) were maintained in DMEM 

supplemented with 5% (v/v) horse serum, 20 ng/mL EGF (Invitrogen), 10 mg/mL 

insulin, 0.5 mg/mL hydrocortisone, 100 ng/mL cholera toxin (Sigma-Aldrich, St. 

Louis, MO), and 1% (v/v) penicillin-streptomycin (Invitrogen) [150].  MDA-MB-231 

highly metastatic breast adenocarcinoma cells (ATCC, HTB-26) were maintained in 

Minimum Essential Medium supplemented with 10% (v/v) FBS, and 1% (v/v) 

penicillin-streptomycin (Invitrogen).  C3H/10T1/2 mouse mesenchymal progenitor 

cells (ATCC) were maintained in BME media supplemented with 10% (v/v) heat-

inactivated FBS and 1% (v/v) L-glutamine (Invitrogen).  After passage 5, cells were 

maintained in DMEM supplemented with 10% (v/v) FBS, 1% (v/v) L-glutamine, and 

1% (v/v) penicillin-streptomycin (Invitrogen) according to ATCC protocol.  A7r5 rat 

smooth muscle cells were maintained in DMEM supplemented with 10% (v/v) FBS 

and 1% (v/v) penicillin-streptomycin (Invitrogen). BEAS-2B bronchial epithelial cells 

(ATCC, CRL-9609) were maintained in BECB Medium supplemented with 

SingleQuots (Lonza) according to ATCC protocols, and 1% (v/v) penicillin-

streptomycin (Invitrogen).  A549 metastatic lung carcinoma cells (ATCC, CCL-185) 

were a kind gift from Dr. Paraskevi Giannakakou (Weill Cornell Medical College) and 

were maintained in RPMI 1640 supplemented with 10% (v/v) FBS and 1% (v/v) 

penicillin-streptomycin (Invitrogen).  All cells were cultured at 37
o
C and 5% CO2. 

Live cell imaging was performed in a custom temperature, humidity, and CO2- 

controlled stage of a Zeiss Axio Observer Z1m inverted phase contrast microscope 

with a Hamamatsu ORCA-ER camera. 

 

Polyacrylamide Substrates and Stiffness Characterization 

Variably compliant poly(acrylamide) (PA) gels were prepared as described previously 

[28,112,149] and derivatized with an applied type I collagen (BD, Franklin Lakes, NJ) 
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concentration of 100 µg/ml, or a mixture of 10%:90% collagen to laminin (Sigma) for 

Figures 3.16-3.17.  Matrigel substrates (Figure 3.16A-B) were prepared in well-plates 

according to the manufacturer's instructions.  PA substrates were synthesized with 

Youngôs Moduli (E) of 0.2-10 kPa to mimic physiologically relevant tissue stiffness 

[151].  Substrate stiffness was confirmed by measuring E at the gel surface using 

Hertz theory as described previously [30,149]. 

 

Western Blot for VE-Cadherin  

Subconfluent ECs on PA (E=0.2-10 kPa) substrates or polystyrene were lysed with 

buffers to separate Triton-soluble and Triton-insoluble proteins [152].  Triton-soluble 

fractions were extracted with 1% (w/v) NP-40 and 1% (v/v) Triton in Tris-buffered 

saline (TBS; 10 mM Tris-HCl, 150 mM NaCl) with 2 mM CaCl2 (JT Baker, 

Phillipsburg, NJ) pH 7.5, and protease inhibitor cocktail (1:500, Sigma-Aldrich, St. 

Louis, MO).  The Triton-insoluble fractions were extracted with 0.5% (w/v) sodium 

dodecyl sulfate and 1% (w/v) NP-40 (JT Baker) in TBS.  The supernatants were 

analyzed with a protein assay (Bio-Rad, Hercules, CA) and subjected to gel 

electrophoresis (15 mg per sample; 8% acrylamide gel) and Western blot.  Antibodies 

to VE-cadherin (C-19, Santa Cruz Biotechnology, Santa Cruz, CA), and to b-actin 

(AC-15, Sigma) were detected by chemiluminescence on a Bio-Rad ChemiDoc 

imaging system.  Densitometry of VE-cadherin was performed with Quantity One (v. 

4.6.5; Bio-Rad) and expressed as a ratio to b-actin.  Total cell VE-Cadherin was 

calculated by adding the VE-Cadherin/b-Actin ratios for Triton-soluble and Triton-

insoluble fractions and the VE-Cadherin in each fraction was determined as a percent 

of the total VE-Cadherin.  Results are the average of three independent experiments. 
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Centrifugation Assay 

A centrifugation assay was performed as described previously by Guo et al. [87].  

Cells were plated on variably compliant (E=0.5-10 kPa) PA gels and allowed to 

adhere for 25 minutes.  A chamber was assembled by the addition of a silicone o-ring 

and top coverslip, inverted, and centrifuged at 500 xg for 10 minutes. Substrates were 

imaged and cells were counted with ImageJ [153].  The percentage of adherent cells 

was determined as the ratio of adherent cells after centrifugation to the number of cells 

from static controls.  For ECs, (Figure 3.5C), ratios were normalized to the 10 kPa 

substrate and fit with a logistic equation (modified from [154]) of the form  

f=1/(1+exp(-b[E-p]), where f is the adherent cell fraction, b and p are the fitted slope 

and inflection point, respectively, and E is the substrate Youngôs Modulus in kPa.  

Data were the average of three independent experiments. 

 

Fluorescent Localization  

Cells on PA gels were processed for fluorescence imaging as described previously 

[112].  Briefly, samples were fixed in 3.7% (w/v) formaldehyde for 30 minutes, 

permeabilized with 1% (w/v) Triton, washed with 0.2% (v/v) Tween in PBS, blocked 

with 3% (w/v) BSA in 0.2% (v/v) Tween in PBS for one hour, and incubated 

overnight at 4°C 1:50 in 1% BSA (w/v) in PBS with either an anti-VE-cadherin (C19), 

E-cadherin (H-108), fibronectin (A17), laminin (GB3) (SCBT), or collagen (755P; 

Millipore) primary antibody.  For paxillin staining, samples were blocked with 40% 

(v/v) heat-denatured FBS in PBS for one hour, and incubated with an anti-paxillin 

primary antibody (177; BD) overnight.  Samples were incubated with Alexa Fluor 

secondary antibodies, or Alexa Fluor-labeled phalloidin for one hour, stained with 

DAPI to localize cell nuclei, and imaged with a Zeiss Axio Observer Z1m or Zeiss 

700 LSM confocal microscope with a Hamamatsu ORCA-ER camera.      
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EGTA and VE-Cadherin Blocking  

To disrupt cell-cell interactions, ECs were plated in the presence of 5 mM ethylene 

glycol tetraacetic acid (EGTA) in complete media or vehicle control.  To specifically 

block VE-cadherin engagement, ECs were plated in the presence of 5 mg/mL VE-

cadherin blocking antibody [155] (BV9; SCBT) in complete media or vehicle control. 

VE-cadherin was stained and imaged as described above. 

  

Laminin Knockdown  

To knockdown laminin expression, MCF-10A cells were transfected with siRNA 

against laminin-5 chains a3, b3, or g2, or a control siRNA (SCBT) by incubation in 

Lipofectamine 2000 (Invitrogen).  Cells were plated on compliant (E=0.2 kPa) 

substrates 24 hours after transfection for two days.  Separate preliminary experiments 

determined laminin expression with Western blotting over the same time course using 

anti-laminin a3 (N20), b3 (A6), or g2 (B2) antibodies (SCBT).   

 

Statistics 

Data for figures Figures 3.1F, 3.5C were analyzed with analysis of variance (ANOVA) 

and Tukeyôs HSD test.  Data for centrifugation tests were analyzed with Student's t 

test. Plots were reported as mean +/- SE.  Analyses were performed with JMP (SAS, 

Cary, NC). 

 

3.4 Results 

Substrate Stiffness Alters VE-Cadherin Localization  

We have shown previously that substrate stiffness is a critical mediator of capillary 

network assembly, the self-assembly of endothelial cell (EC) networks [112]. On 

compliant (E=0.2 kPa) substrates, ECs assembled into networks characterized by 
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clusters of ECs connected by cords of aligned cells (Figure 3.1A).  When substrate 

stiffness was increased (E=10 kPa), network assembly did not occur and cells were 

instead uniformly distributed across the substrate (Figure 3.1B).  

 

Endothelial cell-cell connections are largely mediated by VE-cadherin, an EC-specific 

adherens junction protein [156]. To investigate the role of VE-cadherin in mediating 

cell-cell interactions with respect to substrate stiffness, ECs were plated on compliant 

(E=0.2 kPa) and stiff (E=10 kPa) substrates and stained to localize VE-cadherin.  On 

compliant substrates where networks spontaneously assembled, cells formed tight cell-

cell junctions that were colocalized with a continuous signal of VE-cadherin at the 

membrane of adjoining cells (Figure 3.1C arrow heads; inset is a magnification of the 

boxed region).  When substrate stiffness was increased, ECs did not form tight cell-

cell junctions, and VE-cadherin localization at the membrane of adjoining cells 

appeared punctate (Figure 3.1D). 

 

To quantify the localization of VE-cadherin with respect to stiffness, ECs plated on 

variably compliant substrates (E=0.2-10 kPa, and tissue culture plastic [TCP; 

polystyrene; E=3 GPa [157]]) were analyzed by Western blot (Figure 3.1E). VE-

cadherin was fractionated into soluble and insoluble fractions with Triton, where 

insoluble VE-cadherin corresponds to association with the cytoskeleton (Ctsk) and 

mature inter-endothelial junctions [152].  A plot of the average percent of total VE-

cadherin indicated that on compliant (E=0.2 kPa) substrates, a greater fraction of total 

VE-cadherin was associated with the cytoskeleton (Figure 3.1F).  The proportion VE-

cadherin associated with the cytoskeleton (Ctsk[+]) decreased with substrate stiffness 

(black bars) while the soluble fraction ((Ctsk[-]); non-cytoskeleton associated) of VE-

cadherin increased proportionately with stiffness (white bars).  These data indicate that 
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compliant substrates foster the development of EC network assemblies characterized 

by tight and mature VE-cadherin-associated cell-cell interactions. 

 

Figure 3.1.  Substrate stiffness alters the localization of VE-cadherin in ECs. 
(A) On compliant (E=0.2 kPa) substrates, ECs self-assembled into networks 
characterized by clusters of cells (*) connected by cords of cells (arrow head).  (B) On 

stiff (E=10 kPa) substrates, cells were uniformly distributed. Scale bars are 100 mm.  
(C) On compliant substrates, VE-cadherin localization was continuous at cell-cell 
junctions (arrow heads, inset is a magnification of the boxed region).  (D) On stiff 
substrates, VE-cadherin localization was punctate at cell-cell junctions. Scale bars are 

50 mm.  (E) Western blot of VE-cadherin fractionated to localize association with the 
cytoskeleton (Ctsk +/-; E, Youngôs Modulus; TCP, tissue culture plastic).  (F) A plot 
of the average percent of total VE-cadherin fractionated for localization with the 
cytoskeleton indicated a significant decrease in cytoskeleton-associated VE-cadherin 
with increasing substrate stiffness (mean + SE, *p<0.001).  Dr. Christine Montague 
performed the Western blot in (E)-(F). 


