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Abstract 

 

The structural and functional abnormalities of the tumor vasculature generate regions of 

elevated interstitial fluid pressure and aberrant flow shear stress within the tumor 

microenvironment. While research has shown that the hydrodynamics of the tumor vasculature 

reduce transport and uptake of therapeutic agents, the underlying mechanisms by which fluid 

forces regulate vascular organization are not well known. Understanding the reciprocal 

interaction between tumor and endothelial cells to mediate angiogenesis, and the role of flow 

shear stress on this process, may offer insight into the design of improved therapeutic strategies 

to control vascularized tumors. Instrumental to this is the development of physiologically 

relevant models that enable tumor-endothelial co-culture under dynamic conditions. By 

integrating tissue-engineering strategies with cancer biology, micro-scale fluid mechanics, and 

optical flow diagnostics, the goal of this research was to develop a 3D in vitro microfluidic 

culture model to investigate tumor-endothelial cross talk under physiologically relevant flow 

shear stress. This objective was motivated by early findings demonstrating a contact-independent, 

paracrine-mediated mechanism by which endothelial cells enhance tumor-expressed angiogenic 

factors during 2D, static co-culture. The 3D tumor vascular model consists of a central 

microchannel embedded within a type I collagen hydrogel, through which a range of normal (4 

dyn/cm
2
), low (1 dyn/cm

2
) and high (10 dyn/cm

2
) microvascular wall shear stresses (WSS) were 

introduced. Endothelial cells lining the microchannel lumen form a confluent endothelium across 

which soluble growth factors are exchanged with tumor cells in the gel. Microscopic particle 

image velocimetry (µ-PIV) was integrated within the model to enable noninvasive optical 

measurement of velocity profiles and quantification of WSS, which were then correlated with 

angiogenic potential. Results demonstrate that endothelial permeability decreases as a function of 

increasing WSS, while co-culture with tumor cells increases permeability. This response is likely 

due to shear stress-mediated endothelial cell alignment and tumor-VEGF-induced permeability. 

In addition, high WSS (10 dyn/cm
2
) significantly down-regulates tumor-expressed angiogenic 

factors, suggesting flow shear stress-mediates endothelial cross talk with surrounding tumor cells. 
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Collectively, this research demonstrates the utility of the 3D in vitro microfluidic culture model 

as a versatile platform for elucidating the role of tumor-relevant hydrodynamic stress on cellular 

response.  
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Chapter 1: Introduction 

 

1.1 Problem Statement 

Clinical evaluation of angiogenesis as a prognostic indicator in cancer patients has 

provided evidence of tumor-induced neovascularization at the pre-invasive stage, followed by 

increased microvessel density (1), and production of angiogenic growth factors during tumor 

progression (2). Anti-angiogenesis therapies have the potential to prevent tumor cells from 

accessing oxygen and other nutrients necessary for growth by inhibiting functional assembly of 

blood vessels; however, the specific mechanisms by which these therapies block tumor growth or 

cause vascular toxicity are largely unknown. It is possible that endothelial cells may not only 

establish a vascular niche that supplies the tumor with oxygen and nutrients, but also have an 

active function in promoting tumor growth by secreting angiogenic factors. Understanding the 

instructive role of the tumor vascular niche to promote tumor angiogenesis may improve the 

design of therapies with heightened selectivity and efficiency. Currently, the efficacy of anti-

angiogenesis treatments is limited to a moderate increase in breast cancer patient survival, while 

most patients ultimately succumb to tumor progression and metastasis (3). Survival rates for 

breast cancer patients have increased when diagnosis and treatment are administered early; 

however, metastatic breast cancer remains an incurable disease, with 40,030 deaths expected to 

occur in the United States in 2013 (4). The primary challenge in translating anti-angiogenesis 

treatment modalities from the laboratory to clinical practice lies in identifying the fundamental 

role of tissue-specific angiogenic factors in various tumor types and developmental stages. In 

order to meet this challenge, further research efforts that explore tumor-inherent mechanisms of 

vascularization and progression are needed. 

 The effect of the hydrodynamic tumor microenvironment on drug delivery, therapeutic 

efficacy, as well as fundamental tumor physiology must also be considered when designing anti-

cancer strategies. While research has shown that fluid mechanics of the tumor vasculature can 

reduce transport and uptake of therapeutic agents (5), the underlying role of these hydrodynamic 

stresses in regulating tumor-endothelial cell signaling, tumor growth, and neovascularization is 

not well known. Understanding the reciprocal interaction between endothelial and tumor cells to 

mediate angiogenesis, and the role of fluid forces on this process, will offer insight into the 
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development of improved therapeutic modalities to control pathological angiogenesis. 

Instrumental to this process is the development of physiologically relevant cell culture models 

that facilitate the investigation of tumor-endothelial cross talk under dynamic conditions. 

 

1.2 Hypothesis 

 It is hypothesized that mechanical and biochemical cues within the tumor 

microenvironment have a synergistic influence on the angiogenic potential of tumor cells. 

Tumor-relevant flow shear stresses regulate reciprocal tumor and endothelial expression of 

angiogenic growth factors, vascular organization and permeability, and tumor angiogenesis. This 

stress-enhanced angiogenesis is directly related to reciprocal tumor-endothelial cell interactions. 

 

1.3 Objective and Specific Aims 

 Currently, few in vitro tumor models are designed to replicate the complex process of 

tumor angiogenesis; and although in vivo models provide an ideal growth environment, they can 

be complicated by many uncontrollable and variable factors such as host cell invasion, 

hemodynamics, and external growth factors, which prevent isolation of the effect of a single 

stimulus on tumor response. By integrating tissue-engineering strategies with cancer biology, 

microscale fluid mechanics, and optical flow diagnostics, the objective of this work was to create 

a novel 3D in vitro tumor vascular model to investigate tumor and endothelial cross talk under 

physiologically relevant flow conditions. Microscopic particle image velocimetry (µ-PIV) was 

integrated within the in vitro tumor vascular model to enable noninvasive optical measurement 

of velocity profiles and quantification of wall shear stress, which were correlated with 

angiogenic activity. Specifically, changes in endothelial morphology and barrier function, and 

tumor-expressed angiogenic factors in response to various flow shear stresses were assessed. 

This research objective was achieved through the following specific aims:  
 

Specific Aim 1: Explore the angiogenic activity of breast cancer cells in response to 2D, 

static co-culture with endothelial cells.  

Specific Aim 2: Develop and characterize a 3D microfluidic model for dynamic co-

culture of tumor and endothelial cells under physiologically relevant flow conditions.  

Specific Aim 3: Investigate the relationship between shear stress and tumor-endothelial 

cross talk associated with angiogenesis.  
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1.4 Scientific Merit and Broader Impact 

 While previous studies have investigated the effect of tumor secreted factors on 

endothelial response, few have examined the role of the tumor vascular niche in regulating 

angiogenesis. Furthermore, the mechanisms by which flow shear stress modulates tumor-

endothelial cross talk or enhances angiogenic activity are largely unknown. Understanding the 

physical and chemical mechanisms by which endothelial cells convey instructive signals to 

promote tumor progression will provide a foundation for improved clinical studies to treat 

vascularized tumors.   

 This study integrates tissue-engineering strategies with microfluidic technologies in a 

transformative framework that aims to overcome traditional limitations of 2D static culture 

models of tumor progression and therapeutic screening. This interdisciplinary approach enables 

the design of a 3D tumor model that possess the mechanical integrity necessary for 

microfabrication, adapts to morphological changes in tissue structure and function over time, and 

permits quantitative investigation of tumor response to physiologically relevant hydrodynamic 

stresses. For the first time, µ-PIV optical flow diagnostics were integrated into the microfluidic 

tumor vascular model to quantify velocity profiles and wall shear stress within the system, which 

were used to accurately define the relationship between flow shear stress and tumor 

angiogenesis. Demonstration of this cell culture platform as a reliable preclinical tumor model to 

investigate the efficacy of anti-angiogenesis therapies will help accelerate the development and 

translation of vascular normalization strategies to the clinical setting. 

 

1.5 Background and Significance 

 Over the last decade of cancer research, significant progress has been made towards 

elucidating the molecular mechanisms that direct cell behavior and the development of a 

malignant phenotype. It is well established that cancer is a disease of genetic mutations that 

produce oncogenes with dominant gain of function and/or tumor suppressor genes with recessive 

loss of function (6). In the classic review by Hanahan and Weinberg, six essential alterations in 

cell-tissue physiology have been identified as collective hallmarks of the malignant phenotype: 

Self-sufficiency in growth signaling, insensitivity to growth-inhibitory signals, evasion of 

apoptosis, limitless replicative potential, sustained angiogenesis, and tissue invasion (7). These 

hallmarks have provided a fundamental framework for how the current state of cancer research 
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interprets, diagnoses and treats the disease. Interestingly, these phenotypic alterations are 

sensitive to interactions between the cell and its surroundings, which provide evidence that the 

physical tumor microenvironment may play a significant role in cancer development. Cells 

dynamically adapt to force by modifying their behavior and remodeling their microenvironment; 

however, little is known about how mechanical stresses regulate tumor cell fate and phenotype. 

Although common characteristics of the tumor microenvironment have been well investigated 

(vasculature, lymphatics, matrix properties), understanding the underlying biomechanics of these 

environmental features is critical to future advancements in cancer research.  

 

1.6 The Physical Tumor Microenvironment 

 The tumor microenvironment is comprised of a diverse population of cells, including 

those harboring genetic mutations (tumor cells) as well as other cell types that are activated or 

recruited (e.g., fibroblasts, immune cells, endothelial cells), all of which reside within the 

structural component of the tumor extracellular matrix (ECM) (8). Fibroblasts are connective 

tissue cells that maintain the surrounding matrix in normal epithelial tissues and, in tumors, 

secrete the ECM molecules that comprise the stroma (9). Tumor-associated fibroblasts adopt a 

myofibroblastic phenotype that produces a highly reactive stroma, which is significantly 

different from normal ECM, with increased levels of collagen, fibronectin, and tenascin-C (10-

12). In addition to synthesizing the tumor stroma, tumor-associated fibroblasts also secrete 

factors such as matrix metalloproteinases (MMP), chemokines, and growth factors that induce 

tumor growth, angiogenesis, and invasion. Immune cells within the tumor microenvironment, 

such as macrophages, lymphocytes, and neutrophils also secrete factors that, while normally 

intended to initiate or sustain an inflammatory or immune response, actually support tumor 

progression (13). Endothelial cells lining blood or lymphatic vessels also coordinate with tumor 

cells to sustain angiogenesis and lymphangiogenesis within the tumor microenvironment (14).  

Despite increased focus on the cellular and molecular components of cancer progression, 

our current conception of the tumor microenvironment lacks a fundamental understanding of 

how biomechanical cues mediate tumor pathophysiology. During tumor growth and progression, 

a variety of physical stresses develop including increased compression force due to growth-

induced solid stress (15), matrix stiffening due to the desmoplastic response (growth of fibrous 

tissue) (16), and increased interstitial pressure and altered fluid flow patterns due to leaky 
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vasculature and poor lymphatic drainage (17) (Figure 1.1). This altered tissue tensional 

homeostasis likely contributes to the abnormal cell behavior that drives tumor progression and 

metastasis, and warrants further investigation. 

 

Figure 1.1 Schematic of the physical tumor microenvironment. As tumor cells proliferate and 

invade the surrounding ECM, radial compressive forces and circumferential tensile forces are 

generated from outward growth (1) and (2). Enhanced deposition of ECM components and cross-

linking enzymes increase interstitial matrix density and stiffness (3) and (4). Tumor associated 

angiogenesis and lymphangiogenesis alters the fluid pressure, causing increased interstitial flow 

and abnormal flow shear stress within the tumor microenvironment (5) and (6). Reprinted with 

kind permission from Springer Science and Business Media (18). 

 

1.6.1 Matrix Properties and Mechanotransduction  

 The rigidity of the ECM is known to affect the growth, differentiation, and functionality 

of many cell types both in vitro and in vivo (16, 19). Disease states, especially cancer, are often 

accompanied by a local increase in ECM stiffness due to local accumulation of a dense, cross-

linked matrix. This occurs as a result of increased deposition of fibronectin, tenascin, collagen 

types I, III, and IV and proteoglycans (20-22), MMP-dependent cleavage (23, 24), and increased 

expression and activity of the collagen crosslinking enzyme lysyl oxidase (LOX) (25). For 

example, compared to normal mammary tissue, which has an elastic modulus of ~150 Pa, the 

Solid stress generated 

by tumor growth 

Increased tissue 

stiffness 

Abnormal fluid 

flow patterns 
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elastic modulus of tumor stroma is on average ~5000 Pa (16). As such, cells are not simply 

passive force recipients, rather, they dynamically respond to externally applied force or stiff 

matrices with a proportional reciprocal cell-generated force. Mechanoreceptors, such as integrins 

on the plasma membrane, detect mechanical cues via extracellular interaction with the ECM, 

then transduce and amplify the signal within the cell via intracellular interaction with plaque 

proteins and the cytoskeleton (26) (Figure 1.2). Studies have demonstrated that direct application 

of a piconewton of force can stimulate the mechanical extension or unfolding of proteins (such 

as p130Cas and talin1) that lead to activation of Src and focal adhesion kinase (FAK). Protein 

activation then initiates a sequence of events that propagates integrin signaling and translates the 

signal into a transient or sustained cellular response (27, 28). This reciprocal cell-generated force 

is a function of actomyosin contractility and cytoskeletal remodeling. Studies have also shown 

that while normal cells tune their contractility in response to matrix stiffness cues, tumor cells are 

hyper-responsive to mechanical cues, exhibiting increased contractility and cytoskeletal 

spreading in comparison to their non-malignant counterparts (16).  

 

Figure 1.2 Integrin activation by exogenous mechanical force. When cells are exposed to an 

exogenous force, integrins on the plasma membrane become activated, causing oligomerization 

or clustering, protein unfolding and association, and downstream signaling to stimulate 

actomyosin contractility and actin remodeling. Reprinted by permission from Macmillan 

Publishers Ltd. (26). 
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Similarly, recent studies have revealed that tumor-derived endothelial cells also exhibit 

altered mechanosensing, in which the ability of these cells to sense and respond to physical cues 

is lost (29). Although these findings have revealed insight into the relationship between 

pathological changes in tumor and stromal cells and their matrix microenvironment, many 

questions remain unanswered. These include how the tumor matrix mechanics are established 

and maintained, how cells coordinate their function and adaptation to external signals within 

their microenvironment, and how physical cues might interface with and modulate the activity of 

biochemical signaling pathways. 

 

1.6.2 Hydrodynamic Forces 

 The fluid environment of tumors undergoes dramatic changes over the course of tumor 

development. When tumors reach a critical size (~1 mm
3
), diffusion of oxygen and nutrients is 

no longer sufficient and progressive growth becomes dependent on the establishment of a 

convective nutrient supply via tumor microvessels (30, 31). Exposure to hypoxic conditions 

within the tumor core causes up-regulation of vascular endothelial growth factor (VEGF) and 

other angiogenic factors to recruit preexisting host vessels as well as promote neovascularization. 

However, the newly formed tumor vessels are poorly functional and form an irregular 

vasculature that is tortuous, dilated, and highly permeable (32, 33). This abnormal vessel 

structure accounts for increased extravasation of macromolecules into the tumor interstitium, 

which in combination with a lack of functional lymphatics alters the balance of Starling forces 

within the tumor microenvironment. The resulting increased hydrostatic pressure gradient and 

decreased oncotic pressure gradient, coupled with inadequate lymphatic drainage needed to 

equilibrate the net surplus of transvascular fluid, causes elevated interstitial fluid pressure (IFP) 

and altered flow patterns within the tumor microenvironment (34) (Figure 1.3). Consequently, 

non-uniform cytokine gradients and abnormal flow shear stresses are present, which can greatly 

influence tumor and stromal cell behavior. For example, in normal tissues, the IFP is usually 

between -1 to 2 mmHg; however, in a large range of tumors, values of around 20 mmHg up to 60 

mmHg have been measured (34-37). This elevated IFP results in increased fluid flux from the 

tumor into the surrounding microenvironment. Chary et al. have determined average interstitial 
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flow velocities in solid tumors to be on the order of 0.1-2.0 µm/s, with maximum velocities 

reaching as high as 4.0 µm/s (38).  

 

 

Figure 1.3 Schematic of the hydrodynamic tumor microenvironment. Endothelial cells lining 

the tumor vessels are exposed to shear stress as a result of viscous forces of blood on the vessel 

wall (1). Hyper-permeable blood vessels enable extravasation of macromolecules into the 

interstitial space, thereby disrupting the balance of Starling’s forces that maintains interstitial 

fluid pressure. As a result, increased fluid flow out of the tumor vessels and into the interstitium 

subjects tumor and stromal cells of the microenvironment to shear stress (2). Reprinted with 

permission from IOP Publishing (39)     

 

It is also known that geometrical resistance of the abnormal tumor vasculature 

compromises tumor blood flow. Therefore, the average blood velocity in tumor vessels can be an 

order of magnitude lower than that of normal microvessels (32). Endothelial cells lining blood 

vessels directly respond to wall shear stress (WSS), a fluid mechanical force generated by blood 

flowing tangential to the luminal surface (Figure 1.4), to maintain homeostasis of the circulatory 

system. However, it is currently not known to what extent shear forces affect the organization or 

migration of endothelial cells during tumor angiogenesis. The average WSS in normal 
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microvessel is around 4 dyn/cm
2
 (40); however, blood flow in tumors is both unevenly 

distributed and independent of vessel diameter, resulting in overall WSS that are reduced relative 

to normal tissue (41-43). Red blood cell velocity measurements in mouse mammary and cranial 

window tumors ranged from 0.1-2.0 mm/s in a variety of vessels with diameters of 25 to 150 µm 

(43). However, because tumor blood flow is extremely heterogeneous from tumor to tumor as 

well as within a single tumor itself, measured blood flow velocities are highly variable. A better 

understanding of how the tumor fluid environment regulates transport and uptake of therapeutic 

drugs, as well as its effect on both the physiological and therapeutic response of the tumor may 

be better accommodated through the use of in vitro tumor models, specifically microfluidic 

culture models that enable accurate replication of the physical tumor microenvironment.  

 

Figure 1.4 Definition of WSS. Wall shear stress (WSS), the tangential stress derived from 

frictional forces of blood flowing on the endothelial surface of a vessel wall, is expressed in units 

of force/unit area (N/m
2
 or Pa or dyn/cm

2
; 1N/m

2 
= 1 Pa = 10 dyn/cm

2
). WSS is proportional to 

the product of the blood viscosity (µ) and the spatial gradient of blood velocity at the vessel wall 

(dv/dy). Reprinted from (44) with permission from Elsevier. 

 

1.7 Microfluidics in Tissue Engineering  

Modified excerpts from Chapter 5: Review Article entitled “Microfluidic Culture Models to Study the 

Hydrodynamics of Tumor Progression and Response” Biotechnology and Bioengineering. In Review 

 Microfluidics is by definition the science and technology of systems that process or 

manipulate microscale volumes (10
-9

 to 10
-18

 liters) of fluids in networks of microchannels with 

dimensions ranging from 1 to 1000 µm (45, 46). Compared to their behavior at the macroscale, 

fluids at microscale volumes are dominated by viscous rather than inertial forces (47). Within the 

context of tissue engineering and cell culture, this allows for precise spatiotemporal delivery of 
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growth factors or therapeutic drugs within the system. Also, fluid flow in microchannels is 

laminar, such that mass transport is governed by local diffusion rates. Thus, supply and delivery 

of nutrients and oxygen can be controlled within the microfluidic platform (47, 48). Moreover, 

microfluidic systems for cell culture are becoming increasingly popular due to their ability to 

recreate specific cell-cell, cell-matrix, and fluid-matrix interactions within physiologically 

relevant geometries and dimensions. These characteristics of microfluidic systems enable the 

development of cell culture models that accurately recreate native oxygen and nutrient diffusion 

rates, flow shear stresses, and cellular microenvironments in vitro. 

 Early microfluidic culture systems (Figure 1.5a), adopted from the microelectronic 

industry, have been fabricated in glass, silicon or PDMS (49); however, these substrates are not 

ideal for 3D cell culture because they have limited biocompatibility and biodegradability, nor can 

they be easily functionalized with biologically active components due to processing requirements 

(50). More recently, biomimetic substrates that are chemically and mechanically tunable to better 

suit tissue-engineering applications have been integrated into microfluidic systems. These 

biomaterials also have high diffusive permeability to molecules, and maintain stability under 

physiological conditions such as pH, temperature, osmolarity, and physical stress (51). Naturally 

derived materials such as collagen, gelatin, silk, alginate and chitosan have been patterned using 

soft lithography techniques to create microfluidic scaffolds that successfully support long-term 

cell culture, match the mechanical properties of native tissue, generate chemical and oxygen 

gradients, and sustain exchange of soluble factors within the bulk of the scaffold (50, 52-56). 

These hydrogels can either be integrated into a PDMS microfluidic device (Figure 1.5b) (57-60) 

or contain microchannels themselves (Figure 1.5c) (55, 61-63). Sacrificial micromolding using 

selective pH sensitivity or enzymatic degradation of one material (such as shellac, glass, matrigel, 

gelatin etc.) in a composite scaffold represents another unique strategy for fabricating 

microstructures within a hydrogel (64-68). This microfabrication technique allows the 

development of microfluidic culture models that incorporate distinct, segregated populations of 

cells in geometries that resemble complex in vivo tissue structures (69). Cylindrical microvessels 

can also be fabricated by polymerizing a hydrogel around a syringe needle to create open-ended 

channels for continuous perfusion (70-72). Synthetic biomaterials have been used as well to 

create microfluidic scaffolds include poly(l-lactic acid) (PLA) (73), poly(DL-lactic-co-glycolide) 

(PLGA) (52), and poly(glycerol-co-sebacate) (PGS) (74) with potential applications as 
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implantable, drug delivery microdevices or in vitro culture models. These biomimetic 

microfluidic scaffolds accurately replicate native 3D microenvironments in combination with 

gradient and flow control, and thus enable systematic investigation of both physiological and 

pathological phenomena in vitro.  

 

Figure 1.5 Examples of microfluidic culture models adapted for tissue-engineering 

applications and cancer research. (a) Conventional PDMS microdevice provides accurate and 

simultaneous control of perfusion rates and chemical gradients; however, these devices are 

impermeable to oxygen and nutrients, and are limited to 2D monolayers that restrict dynamic cell 

processes during culture. (b) Advanced microfluidic culture systems interface a hydrogel region 

with PDMS microchannels to enable 3D cell culture, as well as study the effect of interstitial 

flow on tumor cell migration. Reprinted from (60) with permission from PNAS. (c) Hydrogels 

that contain perfusable microchannels can be fabricated by polymerizing the hydrogel around a 

PDMS stamp to control flow and wall shear stress. Reprinted from (62) with permission from 

Elsevier.   

 

1.7.1 Biomimetic Devices  

Perhaps one of the most recent and interesting applications of microfluidic technologies 

is to tumor engineering, which has helped materialize the next generation of sophisticated 3D in 

vitro culture models to study tumor progression under dynamic conditions. Tissue engineered 

microfluidic systems utilize nutrient supply or hydrodynamic stresses to induce functional 
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cellular responses into a surrounding hydrogel (55, 57, 61, 75, 76). Of particular importance, 

microfluidic cell culture models possess the unique capability to spatially and temporally control 

multiple physiological factors such as cell type and location, flow shear stress, interstitial 

pressure, chemical and oxygen gradients, matrix elasticity, and remodeling of the fluid-matrix 

interface (77). Therefore, microfluidic culture models are ideal platforms for studying 

mechanisms of tumor progression including, cell-cell and cell-matrix interactions, migration and 

morphogenesis, angiogenesis, and metastasis in response to various biochemical and 

biomechanical cues. 

 

 1.7.2 Design Criteria 

To accurately replicate the in vivo tumor microenvironment within in vitro microfluidic 

culture models, several physical and biochemical design factors must be considered. First, the 

matrix material must be able to accommodate cell migration and remodeling over the duration of 

culture, as well as be mechanically robust enough to withstand microfabrication and 

hydrodynamic stresses at the fluid-matrix interface (77, 78). Mechanical and material properties 

of the microfluidic scaffold, such as thickness, elastic modulus, hydraulic permeability, as well 

as fiber diameter, orientation and pore size, will influence the cell’s ability to maintain an in vivo 

phenotype (62, 79-81). Upon perfusion of microfluidic culture models such as these, design 

features including addition of posts or surface treatments to improve adhesion of the hydrogel to 

a microfluidic device may need to be employed (57). Integration of optical flow diagnostics 

within the system is also necessary to measure fluid flow patterns and pressure gradients that will 

influence cellular response. Additional considerations include cell density and type, imaging 

capabilities of the microfluidic scaffold, as well as modalities to observe real-time cellular 

response (i.e. fluorescent labeling), and method of quantitative analysis to understand the 

tumorigenic process of interest (i.e. downstream molecular analysis, protein secretion, 

immunostaining) (57). Significant progress has been made in the development microfluidic 

systems that can be applied to cancer research; however, great potential lies in the advancement 

of these systems to incorporate the combinatorial effect of growth factor exchange with 

hydrodynamic stresses of the tumor microenvironment. Furthermore, microfluidic tumor models 

can be used as a tool in which the coupling and de-coupling of various controllable factors can 
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be implemented to develop treatments with heightened selectivity and effectiveness, potentially 

customized specifically for individual patents in varying stages of tumor development. 

 

1.8 Optical Flow Diagnostics 

 The advent of anti-angiogenesis therapies targeting the tumor vasculature necessitates the 

use of rapid and effective biomarkers or optical flow diagnostics to both monitor clinical 

response as well as provide information on how cells respond to changes in blood velocity and 

vessel geometry. The most commonly used techniques to measure tissue structure are x-ray 

imaging, ultrasonography, and magnetic resonance imaging (MRI) (82). More recently, 

radionuclide imaging, laser Doppler velocimetry and particle image velocimetry have emerged 

as techniques that exclusively measure dynamic changes in tissue over time (82). Methods to 

perform accurate assessment of blood flow and velocity in a minimally or noninvasive manner 

have been researched extensively, as these measurements are critical to understanding 

cardiovascular disease, and are now becoming increasingly important for elucidating 

mechanisms of tumor angiogenesis and progression. 

 

1.8.1 In Vivo Imaging and Limitations 

Methods used to image tumor vasculature in vivo include x-ray computed tomography 

(CT), magnetic resonance imaging (MRI), positron emission tomography (PET), single-photon 

emission computed tomography (SPECT), ultrasound, and near infrared optical imaging (83-89). 

Such techniques have enabled the measurement of blood volume and flow in tumors, as well as 

changes in blood vessel permeability, vascular size and oxygenation (90). However, no single 

imaging modality is ideal in all circumstances; each has its advantages and disadvantages with 

respect to availability, sensitivity, ease of accurate and reproducible quantification, ability to 

image specific regions of the body, and contrast agent compatibility and toxicity (91). Also, 

many of these optical flow diagnostics are limited in that they cannot directly determine blood 

flow heterogeneity or distribution, and the spatiotemporal resolution is insufficient to definitively 

monitor therapies targeting the tumor vasculature (92).  
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Figure 1.6 Intravital microscopy. Setup requires an a) appropriate animal model with a 

window preparation b) a molecular probe that can be imaged, c) a microscope equipped with an 

excitation source and detection system, and d) image processing and analysis algorithms that 

extract quantitative data. Reprinted by permission from Macmillan Publishers Ltd. (93) 

 

 Intravital microscopy (IVM) overcomes many limitations of current in vivo optical flow 

diagnostics that require invasive tissue excision or have low spatial resolution. This technique 

allows continuous non-invasive imaging in living tissue with 1-10 µm resolution (93). The 

requirements for IVM include: appropriate window preparation in an animal model, a detectable 

molecular probe, a microscope and detection system, and algorithms that can extract optical 

information (Figure 1.6) (14). A recently published study by Kamoun et al., utilized multiphoton 

laser scanning microscopy (MPLSM) to measure tumor blood flow in mammary fat pad 

windows or cranial windows implanted in mice (43). MPLSM IVM offers significant 

advancements over trans- or epi-illumination IVM such as improved signal-to-noise ratio, 

increased imaging depth up to 700 µm, and extended molecular probe life in thick samples (94). 

Results from this work are some of the first to indicate that shear rate gradients in tumors may 

help guide branching and growth of new vessels (43). However, because there have been few 

successful methods for measuring shear stress gradients in vivo, the mechanisms behind shear 

stress-regulated endothelial organization, vessel permeability, or expression of angiogenic 
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growth factors within the tumor microenvironment are poorly understood. In addition, 

improvements in IVM image acquisition rate, speed of imaging, development of molecular 

probes, and miniaturization of microscopy set-ups are needed before the full benefits of IVM are 

reaped (95). Until advanced in vivo imaging techniques are developed that can measure the 

spatiotemporal changes in blood flow with higher resolution, the effects of anti-angiogenesis 

treatments on vascular function in tumors cannot be deduced. 

 

1.8.2 In Vitro Methods and Particle Image Velocimetry 

 Currently, one of the main problems limiting our understanding of the role of 

hydrodynamics in tumor angiogenesis and vascular therapeutics is the lack of appropriate in vitro 

tools to systematically investigate physiologically relevant parameters. Common in vitro 

methods lack intraluminal flow (e.g. matrigel tubule assays or microspheres), or lack the 3D 

substrate necessary for endothelial sprouting (e.g. parallel plate bioreactors or PDMS devices). 

Microfluidic cell culture models have the potential to aid studies on flow-mediated angiogenesis 

in vitro, in which assessment of vascular structure, permeability, and velocity profiles in 

response to anti-angiogenesis agents can be easily quantified. Although wall shear stress (WSS) 

in perfused culture models or bioreactors is conventionally estimated from the flow rate 

assuming Poiseuille flow, we have shown this assumption is not always accurate (96). Thus, 

precise measurement of fluid flow and pressure gradients within the system is necessary to 

understand the generation of hydrodynamic stresses that will influence cellular response. By 

integrating optical flow diagnostics into microfluidic culture models, noninvasive measurement 

of velocity profiles and quantification of WSS can be conducted within the system, which can 

then be correlated with tumor angiogenic activity.  

Particle image velocimetry (PIV) is the most common and well-established technique for 

measuring velocity fields in both macro- and microscopic fluid systems. In a typical PIV 

experiment, positions of flow-tracing particles are recorded at two known times by either 

illuminating the particles using a double-pulsed light source, or by illuminating the particles 

using a continuous light source and gating the light near the camera using a shutter (97) (Figure 

1.7). Cross-correlation of image pairs is used to calculate statistical particle displacement, which 

with the known image frequency, is used to compute the velocity field (98-102). PIV is non-

intrusive and provides real-time velocity maps that are invaluable tools for fluid dynamics 
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researchers. Micro-PIV (µ–PIV) is one variation of this technique in which the illumination is 

typically volume illumination, rather than planar illumination (103). Quantification of velocity 

profiles and WSS within microfluidic culture models is important due to the fact that the 

biomaterials used to fabricate these systems may be compliant, porous, or contain surface 

variations due to cell linings. These features can be expected to cause deviations from a 

physiological Poiseuille flow, and must be taken into consideration when correlating cellular 

response to specific hydrodynamic stresses.  

 

Figure 1.7 Measurement principles of PIV. Particle Image Velocimetry (PIV) is a whole-flow-

field technique that provides instantaneous velocity vector measurements in a cross-section of 

flow. A laser illuminates the flow, and a sequence of double-pulsed images is recorded. Images 

are divided into small subsections called interrogation areas, I.  The interrogation areas from 

each frame, I1 and I2, are then cross-correlated with each other, pixel by pixel. The correlation 

produces a signal peak, identifying the common particle displacement !X. Velocity vectors are 

derived from the particle displacement between the two light pulses !t. Reprinted with 

permission from Dantec Dynamics (103). 

 

1.9 Tumor-Endothelial Cell Signaling 

The current conception of tumor-endothelial interactions is fundamentally based on the 

idea that endothelial cells respond to tumor-secreted differentiation and survival factors, such as 

vascular endothelial growth factor (VEGF) and interleukin-8 (IL-8). For example, tumor-

secreted VEGF is known to bind VEGF receptors on endothelial cells, thereby activating the 

mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) signaling 

pathway to promote endothelial cell migration, proliferation, and survival (104). Work by Zeng 

et al. has further defined this mechanism to show that tumor cells secrete jagged1, the ligand for 

Notch receptors, via the MAPK/ERK pathway (105). Jagged1 then activates the Notch pathway 

in endothelial cells to stimulate neovascularization and tumor growth. Other growth factors such 

as epidermal growth factor (EGF) and transforming growth factor (TGF") also induce tumor 
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expressed jagged1 to promote angiogenesis, suggesting that cross talk between tumor and 

endothelial cells could be triggered by a variety of signals (105, 106). However, targeting these 

factors in human cancer clinical trials has been largely unsuccessful, suggesting the role of other 

factors, such as those originating from endothelial cells, to regulate tumor angiogenesis. Reports 

by Kaneko et al. described a two-way paracrine signaling mechanism mediated by bcl-2, an anti-

apoptotic factor, to stimulate tumor growth (107). Their findings indicate that bcl-2 gene 

expression is significantly higher in tumor-associated endothelial cells of patients with head and 

neck squamous cell carcinoma (HNSCC). In addition, bcl-2 was shown to induce endothelial 

cell-derived VEGF expression, which stimulates bcl-2 secretion in tumor cells, as well as the 

proangiogenic chemokines CXCL1 and CXCL8. Overexpression of bcl-2 in breast cancer cells 

also enhanced VEGF expression and angiogenesis in vivo (108). These findings indicate that 

interactions between endothelial cells and tumor cells are mutually relevant, and underscore the 

importance of understanding tumor-endothelial cross talk when administering anti-angiogenic 

therapies to treat cancer.  

 

1.9.1 Flow-Mediated Angiogenesis 

Endothelial cells sense flow shear stress, which is derived from the friction of blood flow 

acting tangential to the cell, by various luminal (i.e. ion channels, tyrosine kinase receptors), 

junctional (PECAM-1/Flk-1), and basal (integrins) mechanoreceptors (Figure 1.8). A complex 

network of many intracellular pathways is triggered upon mechanoreceptor activation, in which 

the majority converge into the MAPK signaling cascade (44). Although there is a limited amount 

of information regarding tumor-endothelial paracrine signaling under flow conditions, great 

insight into the mechanisms by which endothelial cells integrate mechanical forces and local 

growth factor gradients to achieve angiogenesis has been provided by Song et al., which have 

significant implications in tumor angiogenesis (58, 109, 110). Using a microfluidic culture 

model, this group demonstrated that physiological shear stress (3 dyn/cm
2
) attenuates VEGF-

induced sprouting by NO signaling (58). The fact that the abnormal tumor vasculature contains 

segments with stagnant or slow flow, suggests that shear-mediated sprout inhibiting may be 

lacking in many tumor vessels, thereby contributing to tumor angiogenesis. Additional studies 

have shown that RhoA, one of the key mediators of endothelial mechanotransduction and 

cytoskeletal organization, is involved in flow-mediated endothelial sprouting morphogenesis 
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(110). RhoA is not only critical for laminar shear stress induced cell polarization (111), which is 

necessary for endothelial alignment in the direction of flow, but is also emerging as an important 

regulator acting downstream of VEGF (112, 113). The effect of shear stress magnitude or spatial 

gradients to determine endothelial cell behavior remain unknown (58). Thus, further 

characterization of endothelial mechanosensing may provide new targets for controlling 

angiogenesis in tumors, and may ultimately lead to novel discoveries on flow-mediated tumor-

endothelial signaling mechanisms. 

 

Figure 1.8 Endothelial mechanotransduction of WSS. Flow shear stress activates endothelial 

mechanoreceptors on the luminal surface, or is transmitted through the cytoskeleton to activate 

integrins or adhesion molecules, thereby triggering various intracellular pathways that modulate 

cellular morphology and function. Reprinted from (44) with permission from Elsevier. 
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1.10 Experimental Plan and Dissertation Overview 

 This work is intended to provide a fundamental understanding of the relationship between 

tumor and endothelial cells to regulate tumor angiogenesis, with specific appreciation of how 

physical cues might interface with or modulate the activity of biochemical signaling pathways. A 

progressive investigation of tumor-endothelial cross talk in vitro was conducted, starting with 

two-dimensional (2D) static co-culture to examine functional paracrine signaling, followed by 

the development of a three-dimensional (3D) microfluidic culture model to study tumorigenesis 

under various flow shear stress conditions. This is the first experimental approach that utilizes a 

unique combination of tissue-engineering strategies, microfluidics and optical flow diagnostics 

to elucidate the underlying biomechanical mechanisms of in vitro tumor angiogenesis.  

 

The following chapters outline the research completed for this dissertation: 

1. Chapter 1 introduces the background and motivation for the research objectives of this 

dissertation and summarizes previous work related to the physical tumor 

microenvironment, tumor-endothelial cross talk, and angiogenesis. 

2. Chapter 2 explores the angiogenic activity of breast cancer cells in response to 2D, static 

co-culture with endothelial cells. Using a transwell co-culture assay, the significance of 

tumor-endothelial cross talk to regulate reciprocal expression of angiogenic factors in 

vitro was determined. Temporal changes in angiogenic gene and protein expression were 

measured, and an endothelial tubule assay was conducted to validate a functional in vitro 

angiogenic response. These results meet Specific Aim 1 and have been published in a 

manuscript entitled “Cross Talk Between Endothelial and Breast Cancer Cells Regulates 

Reciprocal Expression of Angiogenic Factors In Vitro” in the Journal of Cellular 

Biochemistry. 

3. Chapter 3 presents methods used to develop and characterize a 3D microfluidic culture 

model for dynamic co-culture of tumor and endothelial cells under physiologically 

relevant flow conditions. Endothelial cells seeded along the microchannel lumen develop 

a confluent endothelium that provides a biological interface for exchange of growth 

factors with tumor cells seeded in the bulk of the hydrogel. µ-PIV methodologies were 

integrated within the microfluidic culture model to quantify fluid velocity and shear stress 

through the channel. In addition, a preliminary 24 hr gene-expression analysis reveals the 
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importance of 2D vs. 3D and static vs. dynamic culture on tumor angiogenic potential. 

These results meet Specific Aim 2 and have been resubmitted following revisions in a 

manuscript entitled “3D Microfluidic Collagen Hydrogels for Investigating Flow-

Mediated Tumor-Endothelial Signaling and Vascular Organization” to Tissue 

Engineering Part C: Methods.  

4. Chapter 4 investigates the relationship between shear stress and tumor-endothelial cross 

talk associated with angiogenesis. Using the 3D microfluidic culture model, the effect of 

flow shear stresses on endothelial cell morphology, microvascular permeability, and 

tumor-expressed angiogenic factors were assessed. This experimental method enables the 

coupling and de-coupling of various mechanical and biochemical factors to investigate 

the role of hydrodynamics on tumor-endothelial reciprocation to stimulate angiogenesis. 

These results meet Specific Aim 3 and are in preparation in a manuscript entitled “Flow 

Shear Stress Regulates Endothelial Barrier Function and Angiogenic Potential in a 3D 

Microfluidic Tumor Vascular Model”. 

5. Chapter 5 reviews the current state and future direction of microfluidic culture models of 

tumor progression. Specifically, applications to drug screening, therapeutic targeting and 

tumor response, and an overall understanding of tumor physiology as a function of 

hydrodynamic stresses of the tumor microenvironment are discussed. This review article, 

entitled “Microfluidic Culture Models to Study the Hydrodynamics of Tumor Progression 

and Response”, has been resubmitted following revisions to Biotechnology and 

Bioengineering. 

6. Chapter 6 summarizes the main contributions of this research and suggests possible 

topics that can be explored in the future. 

7. Appendix A includes a brief summary of several co-authored manuscripts that have been 

previously published. These studies are not directly related to the main objective of this 

dissertation, but contain complementary methodologies and results that were included to 

demonstrate collaborative research efforts. 
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2.1 Abstract 

 

Reciprocal growth factor exchange between endothelial and malignant cells within the 

tumor microenvironment may directly stimulate neovascularization; however, the role of host 

vasculature in regulating tumor cell activity is not well understood. While previous studies have 

examined the angiogenic response of endothelial cells to tumor-secreted factors, few have 

explored tumor response to endothelial cells. Using an in vitro co-culture system, we 

investigated the influence of endothelial cells on the angiogenic phenotype of breast cancer cells. 

Specifically, VEGF, ANG1 and ANG2 gene and protein expression were assessed. When co-

cultured with microvascular endothelial cells (HMEC-1), breast cancer cells (MDA-MB-231) 

significantly increased expression of ANG2 mRNA (20-fold relative to MDA-MB-231 

monoculture). Moreover, MDA-MB-231/HMEC-1 co-cultures produced significantly increased 

levels of ANG2 (up to 580 pg/ml) and VEGF protein (up to 38400 pg/ml) while ANG1 protein 

expression was decreased relative to MDA-MB-231 monocultures. Thus, the ratio of 

ANG1:ANG2 protein, a critical indicator of neovascularization, shifted in favor of ANG2, a 

phenomenon known to correlate with vessel destabilization and sprouting in vivo. This 

angiogenic response was not observed in nonmalignant breast epithelial cells (MCF-10A), where 

absolute protein levels of MCF-10A/HMEC-1 co-cultures were an order of magnitude less than 

that of the MDA-MB-231/HMEC-1 co-cultures. Results were further verified with a functional 

angiogenesis assay demonstrating well-defined microvascular endothelial cell (TIME) tube 

formation when cultured in media collected from MDA-MB-231/HMEC-1 co-cultures. This 

study demonstrates that the angiogenic activity of malignant mammary epithelial cells is 

significantly enhanced by the presence of endothelial cells. 
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2.2 Introduction 

The reciprocal interactions between tumor and stromal cells such as smooth muscle cells, 

pericytes, myofibroblasts, and vascular endothelial cells (114), are considered to be an integral 

part of tumor formation, progression and the evolution of metastasis. Tumor cells recruit stromal 

cells and promote neo-vascularization through production of stimulatory growth factors and 

cytokines, thereby sustaining the proliferative and invasive activity of the tumor (115-117). 

Angiogenesis, the expansion and remodeling of the primitive blood vessel network into a 

complex network, is critical to meet the demand of the growing tumor mass (118, 119). This 

process requires a precise balance of stimulatory and inhibitory signals that modulate endothelial 

growth and organization at sites of neovascularization (119, 120). Perhaps the most important 

microenvironmental interaction with regard to angiogenesis is the tumor cells’ ability to cross 

talk with endothelial cells (121). Several angiogenic molecules and pathways responsible for 

stimulating endothelial cell activity have been implicated in tumorigenesis. These include 

vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), platelet-derived 

growth factor (PDGF), transforming growth factor beta 1 (TGF-#1), angiopoietins (ANG), 

chemokines, and integrins (115, 119, 122-126). Discovery of these tumor-derived factors has 

provoked an interest in developing cancer therapies that target these molecules and their 

receptors. However, little is known about the mechanisms by which endothelial cells influence 

expression of angiogenic growth factors within the tumor microenvironment.  

Emerging evidence suggests that endothelial cells may have an active role in regulating 

angiogenic factor expression by tumor cells (107, 123, 127-129); however, this phenomenon has 

not been directly investigated. Among these angiogenic factors is VEGF, an endothelial cell 

survival factor that functions to stimulate angiogenesis and induce vessel permeability (123, 130). 

Also critically involved in angiogenesis are the angiopoietins, a family of extracellular ligands 

that recognize and bind to the endothelial cell-specific tyrosine kinase receptor Tie2 (126). 

Specifically, angiopoietin-1 (ANG1) acts as an agonist to activate the Tie2 signaling pathways 

and has been shown to induce endothelial migration, tubule formation and survival in vitro (131, 

132). Angiopoietin-2 (ANG2) specifically blocks the ANG1 phosphorylation of Tie2, rendering 

vessels more amenable to sprouting (126, 133).  

Research by Maisonpierre et al., which analyzed expression of ANG1, ANG2, and VEGF 

in a rat ovary model, demonstrated a relationship between the angiopoietins and VEGF in 
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physiological angiogenesis (134). These studies led to the current understanding that ANG1 and 

VEGF promote vessel maturation and stability in vivo, whereas ANG2 serves to antagonize this 

relationship. In the presence of VEGF, ANG2 induces vessel destabilization and 

neovascularization; however, it promotes endothelial cell death and vessel regression when 

VEGF activity is inhibited (134, 135). In addition, a wide range of malignant tumors exhibit up-

regulation of ANG1 and ANG2, favoring a shift in the ANG2:ANG1 ratio towards ANG2 that 

correlates with tumor angiogenesis (126). Therefore, the ratio of ANG1 and ANG2 in the 

presence of VEGF has important implications regarding both physiologic and pathogenic 

angiogenesis.  

We hypothesize that bidirectional cross talk between endothelial and tumor cells 

stimulates reciprocal growth factor exchange that directly influences the angiogenic response and 

metastatic potential of the tumor. Currently, the role of tumor vascular endothelial cells in 

balancing the expression of angiogenic factors to modulate intratumoral angiogenesis remains 

unknown (128).  Therefore, understanding reciprocal tumor-endothelial cell signaling within the 

tumor microenvironment may allow for more selective inhibition of tumor growth. 

This study examines the influential role of endothelial cells on the angiogenic phenotype 

of breast cancer cells using an in vitro co-culture system. We observed that co-culture of an 

immortalized human endothelial cell line HMEC-1, with a human breast carcinoma cell line 

MDA-MB-231, results in increased expression of angiogenic factors in vitro. In contrast, no 

angiogenic activity was observed in the nonmalignant breast epithelial cell line MCF-10A when 

co-cultured with HMEC-1 cells. This highlights an important disparity in cell signaling between 

malignant and nonmalignant breast epithelial cells and the endothelium. The direct influence of 

endothelial cells on tumor cell proliferation and expression of angiogenic factors has significant 

therapeutic implications in regulating tumorigenesis. 

 

2.3 Materials and Methods 

2.3.1 Cell Culture 

 A human breast carcinoma cell line MDA-MB-231 (American Type Culture Collection 

(ATCC)) and a nonmalignant human mammary epithelial cell line MCF-10A (ATCC) were used 

in this study. A human microvascular endothelial cell line, HMEC-1, was provided by Dr. Edwin 

Ades and Mr. Fransisco J. Candal of the Center for Disease Control and Prevention (Atlanta, 
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GA) and Dr. Thomas Lawley of Emory University (Atlanta, GA). Telomerase-immortalized 

human microvascular endothelial cells labeled with red fluorescent protein (TIME-RFP) were 

provided as a generous gift from Dr. Shay Soker at the Wake Forest Institute for Regenerative 

Medicine (Winston-Salem, NC). A lentiviral vector system was used to genetically modify the 

cells to stably express RFP for visualization of the cells during the tube formation assay. 

 MDA-MB-231 cells were cultured in Dulbecco’s Modified Eagle Medium: nutrient 

mixture F-12 (DMEM/F12) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine 

serum (FBS) (Sigma-Aldrich, St. Louis, MO), and 1% penicillin-streptomycin (Invitrogen, 

Carlsbad, CA). MCF-10A cells were cultured in DMEM/F12 (Invitrogen, Carlsbad, CA) 

supplemented with 5% horse serum (Invitrogen, Carlsbad, CA), 0.5 µg/ml hydrocortisone 

(Sigma-Aldrich, St. Louis, MO), 20 ng/ml epidermal growth factor (Sigma-Aldrich, St. Louis, 

MO), 100 ng/ml cholera toxin (Sigma-Aldrich, St. Louis, MO), 10 µg/ml insulin (Sigma-Aldrich, 

St. Louis, MO) and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA). HMEC-1 cells were 

cultured in MCDB 131 medium (Mediatech, Herndon, VA) supplemented with 1% 

antibiotic/antimycotic (MediaTech, Inc., Manassas, VA), 10 mM L-glutamine (Fisher, Pittsburgh, 

PA), 1 µg/mL hydrocortisone (Sigma-Aldrich, St. Louis, MO), 10 ng/mL epidermal growth 

factor (Sigma-Aldrich, St. Louis, MO) and 10% FBS (Sigma-Aldrich, St. Louis, MO). TIME 

cells were cultured in EBM-2 (Lonza, Rockland, ME) media supplemented with a growth factor 

BulletKit (Lonza CC-4176). All cell cultures were maintained in a humidified 5% CO2/95% air 

atmosphere at 37°C within an incubator.  

 All cell cultures were grown to 70-80% confluence in tissue-culture treated polystyrene 

(TCPS) flasks before being passaged for use in the experiment. Co-culture of MDA-MB-

231/HMEC-1 cells and MFC-10A/HMEC-1 cells was conducted using Millicell 0.4 µm pore size 

hanging PET 6-well culture inserts (Millipore, Bedford, MA) in which breast epithelial cells 

were seeded in the bottom of a 6-well dish (25,000 seeding density) and microvascular 

endothelial cells were seeded (25,000 seeding density) in the hanging culture insert, similar to 

methods described by (136). Breast epithelial cells and microvascular endothelial cells were 

cultured separately for 48 hours to establish attachment. After 48 hours, HMEC-1 seeded inserts 

were moved over either MDA-MB-231 or MCF-10 cell cultures in the 6-well plates to create the 

hanging co-culture setup. Due to the membrane pore size and diffusional distance between cells 

within this set-up, cell-to-cell contact is prevented but paracrine signaling can occur between 
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epithelial cells in the 6-well plate and endothelial cells on the insert. The working volume of 

media was 2750 µl in each 6-well and 2000 µl in the hanging inserts. Every 3-4 days, 1 ml of 

culture media was removed from the 6-well compartment and 1 ml from the insert compartment. 

Then, 1 ml of fresh MDA-MB-231 culture media was added to the 6-well compartment and 1 ml 

fresh HMEC-1 culture media was added to the insert compartment. MDA-MB-231 and MCF-

10A cells were each cultured alone (monoculture) on TCPS without HMEC-1 seeded inserts as 

controls. HMEC-1 cells were also grown as monocultures on Millicell inserts over empty 6-well 

TCPS plates as controls. Each cell type was fed every 3-4 days with their respective media over 

the 4-week duration of the experiment.  

 

2.3.2 Proliferation and Cell Viability  

 Proliferation of MDA-MB-231, MCF-10A and HMEC-1 cells was evaluated at each 

experimental time point using an alamarBlue
TM

 assay (Invitrogen, Carlsbad, CA) according to 

the manufacturer’s protocol. This assay incorporates an (REDOX) indicator that undergoes 

colorimetric change in response to cellular metabolic reduction. Metabolic activity, 

corresponding to a measure of cell proliferation and/or cell viability, was assessed by percent 

reduction of alamarBlue
TM 

(137). Growth media was removed and replaced with 1 mL media 

containing 10% alamarBlue
TM 

reagent 

. Cells were incubated for 1 hour at 37°C, then 100 µl aliquots of the alamarBlue
TM

 medium 

were removed (in triplicate) and the absorbance was read at 570 and 600 nm using SpectraMax 

M2
e
 microplate reader (Molecular Devices, Sunnyvale, CA). Viability of cells was measured 

using a Vi-CELL
TM

 cell viability analyzer (Beckman Coulter, Brea, CA). 

 

2.3.3 Oxygen and pH Measurement 

 Environmental conditions, including oxygen tension and pH, were monitored over the 

duration of the experiment to ensure that expression of angiogenic growth factors was not stress-

induced. Hypoxia is a potent inducer of VEGF expression (138). Therefore, uncontrolled 

variations in media oxygenation would significantly complicate interpretation of results. Oxygen 

tension in the culture media was measured using an ExStik dissolved oxygen meter (Extech 

Instruments, Waltham, MA) to monitor hypoxic conditions. Culture media pH was also 
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measured over the duration of the experiment using an Orion Star pH meter (Thermo Fisher 

Scientific, Waltham, MA). 

 

2.3.4 Quantitative Real Time RT-PCR 

 Expression levels of target genes in MDA-MB-231, MCF-10A, and HMEC-1 cells for 

all experimental conditions were determined quantitatively by real-time RT-PCR. Cells were 

removed from their respective culture surface (breast epithelial cells from the 6-well TCPS and 

endothelial cells from the PET insert) for molecular analysis. At each time point (1, 7, 14, 21, 

and 28 days), total RNA was isolated and purified by spin protocol using the RNeasy Mini kit 

(Qiagen Inc., CA) and QIAshredder (Qiagen Inc., CA) according to the manufacturer’s 

instructions. 1 µg of total RNA was reverse-transcribed at 25°C for 15 minutes, 42°C for 45 

minutes and 99°C for 5 minutes using components of a Reverse Transcription System (Promega 

Corporation, WI) with random hexamers as primers. Following reverse transcription, 

quantitative PCR amplification was performed on an ABI 7300 Sequence Detection System 

(Applied Biosystems, Foster City, CA) using TaqMan Universal PCR Master Mix (Applied 

Biosystems, Foster City, CA), and gene-specific TaqMan PCR primers: VEGF-A 

(NM_001025366.2), ANG-1 (NM_001146.3), ANG-2 (NM_001118887), and GAPDH 

(NM_002046.3) (Applied Biosystems, Foster City, CA). A standard thermal cycler protocol was 

followed (reaction initiation at 50°C for 2 minutes followed by 95°C for 15 seconds and 60°C for 

1 minute, repeated 45 times). Relative quantification, which represents the change in gene 

expression from quantitative RT-PCR experiments between co-culture and monoculture (control) 

groups, was calculated by the comparative threshold cycle (!!CT) method (139, 140). The 

threshold cycle (CT) indicates the fractional cycle number at which the amount of amplified 

target gene reaches a fixed threshold. The CT from each sample was determined using the 

Applied Biosystems Sequence Detection Software v1.2.3.  Evaluation of 2
-!!C

T indicates the fold 

change in gene expression, normalized to GAPDH housekeeping gene and relative to the control 

group.   

 

2.3.5 Enzyme-Linked Immunosorbent Assay 

 At each time point (1, 7, 14, 21, and 28 days), protein levels of VEGF, ANG1, and ANG2 

in co-cultures of MDA-MB-231/HMEC-1 and MCF-10A/HMEC-1 and monocultures of MDA-
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MB-231, MCF-10A and HMEC-1 (control) were determined by enzyme-linked immunosorbent 

assay (ELISA) using Quantikine Human Immunoassay kits (R & D Systems, Minneapolis, MN) 

according to the manufacturer’s protocol. Media samples were collected assuming homogenous 

distribution of growth factors within the co-culture or monoculture. 

 

2.3.6 Endothelial Cell Tube Formation Assay 

 To demonstrate a functional endothelial response to increased angiogenic factors in 

MDA-MB-231/HMEC-1 co-cultures, an endothelial tube formation assay was conducted on 

three dimensional (3D) type I collagen gels as described previously (141, 142).  Briefly, type I 

collagen was isolated from excised rat tail tendon and dissolved in a pH-2.0 HCl solution. Type I 

collagen gels (1.5 mg/ml) were prepared by neutralization with 1N NaOH and 10X M199 media 

and allowed to gel in 24-well culture dishes. TIME-RFP cells were seeded on solidified collagen 

gels (300 µl) at a density of 100,000 cells.  After 30 minutes, the media was replaced with 

conditioned cell culture supernatant collected from either MDA-MB-231/HMEC-1 co-culture or 

MDA-MB-231 monoculture (control) on days 1, 7, 14, 21, and 28. The assay was conducted for 

3 days in which endothelial tube formation was qualitatively examined every 12 hours by 

visualization with a fluorescence microscope (Leica AF6000). A quantitative comparison of 

experimental groups was conducted by measuring the total endothelial tube length using ImageJ 

software (National Institutes of Health, Bethesda, MD). Lengths were measured in several 

random view-fields and the values were then averaged.        

  

2.3.7 Statistical Analysis 

 The experiment was conducted with a total of 6 samples per group (n=6). Experimental 

groups were tested and analyzed independently and the data are expressed as mean value ± 

standard error of the mean. Significance of results was verified using Student’s t-test. A 95% 

confidence criterion was used to determine statistically significant differences between co-

cultures and monocultures (control).  
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2.4 Results 

2.4.1 Proliferation and Cell Viability 

Cell viability in all cultures remained >90% viable for the duration of the study. Growth 

exhibited a characteristic exponential phase during the first week of culture, followed by a 

plateau of growth. Overall, there was no difference in proliferation between the co-culture and 

control groups (data not shown). 

 

2.4.2 Oxygen and pH 

 Trends for change in oxygen saturation or pH of the culture media remained similar over 

the duration of the experiment, indicating that these environmental conditions were not 

influential factors of the angiogenic response (Figure 2.1). 

Figure 2.1 Oxygen and pH Measurements. Similar trends in a) O2 saturation and b) pH 

fluctuations of culture media over the duration of the experiment indicate that a stress-induced 

cellular response due to environmental conditions was not occurring. *Co-culture statistically 

significant as compared to monoculture (control) (p <0.05). 

 

2.4.3 mRNA Expression of Angiogenic Factors 

Expression of angiogenic growth factor mRNA in MDA-MB-231 cells was significantly 

influenced by co-culture with HMEC-1 cells (Figure 2.2). ANG2 mRNA expression was 

upregulated during MDA-MB-231/HMEC-1 co-culture relative to MDA-MB-231 monoculture 

(control) for all time points, with a significant 2-fold, 2.5-fold, 5-fold and 20-fold induction on 

days 7, 14, 21 and 28, respectively (Figure 2.2c). In general, ANG1 and VEGF-A mRNA were 

not consistently increased due to co-culture, although a modest but statistically significant 

induction of VEGF-A on day 1 (2-fold) and ANG1 on day 28 (2-fold) was observed. The 

(a) (b) 
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increase in ANG2 relative to ANG1 during co-culture suggests that a potential feedback system 

may exist which regulates expression of the angiopoietins (143).   

 
Figure 2.2 Expression of VEGF-A, ANG1 and ANG2 mRNA in MDA-MB-231 cells co-

cultured with HMEC-1 cells as compared to MDA-MB-231 monoculture (control). The 

relative mRNA to GAPDH mRNA of a) VEGF-A, b) ANG1, and c) ANG2 as determined by 

quantitative real-time PCR indicate a significant fold induction of VEGF-A mRNA on day1 and 

ANG2 mRNA on days 7, 14, 21 and 28 during co-culture. No significant fold induction of 

ANG1 mRNA was observed until day 28.  Co-culture statistically significant as compared to 

monoculture (control) denoted by ***p <0.001, **p<0.01, *p<0.05. 

 

Expression of angiopoietins in normal breast epithelium has not been well defined (144, 

145).  Angiogenic mRNA expression in the nonmalignant MCF-10A breast epithelial cell line, in 

the presence of endothelial cells, was also assessed. In general, VEGF-A and ANG1 mRNA was 

down-regulated during co-culture with HMEC-1 cells and ANG2 mRNA was undetected (Figure 

2.3).  However, a modest, but statistically significant up-regulation of VEGF-A mRNA (1.5-fold 

relative to MCF-10A monoculture) was observed on day 14 (Figure 2.3a). 

 

(a) 

(c) 

(b) 
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Figure 2.3 Expression of VEGF-A, ANG1 and ANG2 mRNA in MCF-10A cells co-cultured 

with HMEC-1 cells as compared to MCF-10A monoculture (control). The relative mRNA to 

GAPDH mRNA of a) VEGF-A and b) ANG1 as determined by quantitative real-time PCR 

indicate no significant fold induction of ANG1 or VEGF-A mRNA with the exception of VEGF-

A on day 14, while ANG2 mRNA was undetected. Co-culture statistically significant as 

compared to monoculture (control) denoted by ***p <0.001, **p<0.01, *p<0.05. 

 

Significant up-regulation of VEGF-A mRNA (2-fold on days 14, 21, and 28) and ANG1 

mRNA (1.5-fold and 2-fold on days 21 and 28) occurred in the HMEC-1 cells during co-culture 

with MDA-MB-231 cells relative to HMEC-1 monoculture (Figure 2.4).  

 

(a) (b) 
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Figure 2.4 Expression of VEGF-A, ANG1 and ANG2 mRNA in HMEC-1 cells co-cultured 

with MDA-MB-231 cells as compared to HMEC-1 monoculture (control). The relative 

mRNA to GAPDH mRNA of a) VEGF-A and b) ANG1 as determined by quantitative real-time 

PCR indicate a significant fold induction of VEGF-A mRNA on days 14, 21, and 28 and ANG1 

mRNA on days 1, 7, 21, and 28, while ANG2 mRNA was down-regulated. Co-culture 

statistically significant as compared to monoculture (control) denoted by ***p <0.001, **p<0.01, 

*p<0.05. 

 

2.4.4 Protein Expression of Angiogenic Factors 

Significantly increased secretion of VEGF and ANG2 proteins was observed in MDA-

MB-231/HMEC-1 co-cultures, while ANG1 protein was decreased compared to both HMEC-1 

and MDA-MB-231 monocultures (control) (Figure 2.5). VEGF protein concentration was 

increased for all time points after 7 days (5300 pg/ml, 16100 pg/ml, 38400 pg/ml, and 31700 

pg/ml on days 7, 14, 21, and 28, respectively) in the MDA-MB-231/HMEC-1 co-culture (with up 

to a 7-fold increase) relative to MDA-MB-231 monoculture and (with up to a 1000-fold increase) 

relative to HMEC-1 monoculture (Figure 2.5-1a). ANG2 protein concentration was significantly 

higher in the MDA-MB-231/HMEC-1 co-culture (200 pg/ml, 515 pg/ml, and 580 pg/ml on days 

14, 21, and 28, respectively) corresponding to a 1.5-fold, 5-fold, and 3-fold induction relative to 

(a) 

(c) 

(b) 
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MDA-MB-231 monoculture and a 2-fold, 1.5-fold, and 1.1-fold induction relative to HMEC-1 

monoculture (Figure 2.5-1c). This corresponds with the significant up-regulation of ANG2 

mRNA expression in the MDA-MB-231/HMEC-1 co-culture.  Most importantly, the relative 

protein concentrations of each angiogenic growth factor represent a balance that would induce 

tumor vascularization and growth in vivo. VEGF protein is high (5000-30,000 pg/ml) relative to 

the angiopoietins, and ANG2 protein concentration (200-600 pg/ml) is greater than ANG1 (100-

300 pg/ml) protein concentration. This expression profile demonstrates a time-dependent pattern 

of angiogenic protein secretion.   

Although a modest, but statistically significant increase in secretion of VEGF (up to 700 

pg/ml) and ANG2 (up to 15 pg/ml) protein was observed in MCF-10A/HMEC-1 co-culture 

supernatants (Figure 2.5-2a,c), the absolute levels of these angiogenic proteins are low (an order 

of magnitude less) in comparison to the MDA-MB-231/HMEC-1 secreted protein concentrations. 

It is also likely that the presence of VEGF and ANG2 protein in the supernatant can be attributed 

to secretion of these growth factors by the HMEC-1 cells. ANG1 protein was also decreased in 

the MDC-10A/HMEC-1 co-culture relative to the MCF-10A monolayer (control) (Figure 2.5-2b). 

The increased gene and protein expression observed in this study reveals a potentially 

significant influence of endothelial cells on the angiogenic potential of breast cancer cells, and 

highlights the importance of their role in regulating vascularization of the tumor 

microenvironment. 
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Figure 2.5-1 Secretion of VEGF, ANG1 and ANG2, and proteins by MDA-MB-231/HMEC-

1 co-cultures compared to MDA-MB-231 and HMEC-1 monocultures (control).Cell culture 

supernatants for each experimental group were collected for ELISA. a) A significant increase in 

VEGF protein secretion (pg/ml) was observed in MDA-MB-231/HMEC-1 co-cultures compared 

to MDA-MB-231 monocultures (after day 7) and HMEC-1 monocultures (all timepoints). b) A 

significant decrease in ANG1 protein secretion (pg/ml) was observed in MDA-MB-231/HMEC-

1 co-cultures compared to MDA-MB-231 monocultures (on days 1, 7, 14, and 28) while no 

difference in ANG1 protein secretion (pg/ml) was observed compared to HMEC-1 monocultures 

(with the exception of a significant increase on day 28). c) A significant increase in ANG2 

protein secretion (pg/ml) was observed in MDA-MB-231/HMEC-1 co-cultures compared to 

MDA-MB-231 monocultures (after day 21) while no difference in ANG2 protein secretion 

(pg/ml) was observed compared to HMEC-1 monocultures (with the exception of a significant 

increase on day 14). 

 

(a) 

(c) 

(b) 



 35 

 
Figure 2.5-2 MCF-10A/HMEC-1 co-cultures compared to MCF-10A and HMEC-1 

monocultures (control). Cell culture supernatants for each experimental group were collected 

for ELISA.  a) A modest but significant increase in VEGF protein secretion (pg/ml) was 

observed in MCF-10A/HMEC-1 co-cultures compared to MCF-10A monocultures (after day 7); 

however, these levels are two orders of magnitude lower than VEGF-A protein (pg/ml) in MDA-

MB-231/HMEC-1 co-cultures. b) A significant decrease in ANG1 protein secretion (pg/ml) was 

observed in MCF-10A/HMEC-1 co-cultures compared to MCF-10A monocultures (on days 7, 14, 

21 and 28) while an increase in ANG1 protein secretion (pg/ml) was on day 1). c) A significant 

increase in ANG2 protein secretion (pg/ml) was observed in MCF-10A/HMEC-1 co-cultures 

compared to MCF-10A monocultures (after day 7); however, these levels are an order of 

magnitude lower than ANG2 protein (pg/ml) in MDA-MB-231/HMEC-1 co-cultures. In 

conclusion, protein analysis in MDA-MB-231/HMEC-1 co-cultures indicate 

VEGF>ANG2>ANG1 protein (pg/ml) relative to monocultures (control), and VEGF and ANG2 

protein (pg/ml) in MDA-MB-231/HMEC-1 co-cultures are an order of magnitude greater than 

VEGF and ANG2 protein (pg/ml) in MCF-10A/HMEC-1 co-cultures. Co-culture statistically 

significant as compared to MDA-MB-231 or MCF-10A monoculture (control) denoted by ***p 

<0.001, **p<0.01, *p<0.05. Co-culture statistically significant as compared to HMEC-1 

monoculture (control) denoted by 
###

p <0.001, 
##

p<0.01, 
#
p<0.05. 
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(b) 



 36 

2.4.5 Endothelial Tube Formation Assay 

 To test whether the increased expression of angiogenic factors during MDA-MB-

231/HMEC-1 co-culture conditions affected endothelial angiogenesis, a tube formation assay 

was conducted to measure endothelial cell response in vitro. Endothelial tube formation was 

induced in cells grown in conditioned supernatant collected from MDA-MB-231/HMEC-1 co-

culture compared to cells grown in conditioned supernatant collected from MDA-MB-231 

monoculture (control). Interconnecting networks of endothelial cell-lined tubes were first 

observed at 12 hours with increased proliferation and migration into organized endothelial tubes 

occurring over time (24 hours) for all timepoints (Figure 2.6a). The increased proliferative 

response can be attributed to the increased VEGF protein concentration (ranging from 5-30 

ng/ml), which is much greater than typical TIME cell culture media, which is supplemented with 

2 ng/ml VEGF. Qualitative assessment of endothelial sprouting and formation of luminal 

structures on collagen gels after 24 hours indicates well defined, interconnecting cellular 

networks (in endothelial cells cultured in MDA-MB-231/HMEC-1 co-culture supernatant from 

day 14, 21, and 28 timepoints) due to migration, alignment, and development of endothelial 

tubes. This endothelial response was quantitatively assessed by measuring the total length of all 

capillary tubes in the view-field after 24 hours, in which the average tubule length was 

statistically increased in endothelial cells grown in MDA-MB-231/HMEC-1 conditioned 

supernatant (from day 14, 21, and 28 timepoints) relative to MDA-MB-231 monoculture 

conditioned supernatant (Figure 2.6b). Weakly enhanced tube formation was observed for some 

controls (day 7 and 14); however, the endothelial cells grown in MDA-MB-231 monoculture 

conditioned supernatant overall did not form tubes as well defined as the endothelial cells grown 

in MDA-MB-231/HMEC-1 co-culture conditioned supernatant.  
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Figure 2.6 Tube formation assay on collagen gels. Endothelial cells stably expressing red 

fluorescent protein (TIME-RFP) were seeded on type 1 collagen gels (1.5 mg/ml) and grown in 

conditioned cell culture supernatant collected from either MDA-MB-231/HMEC-1 (Co-Culture) 

or MDA-MB-231 monoculture (Control) experimental groups on days 1, 7, 14, 21, and 28. a) 

Tube formation visualized by fluorescence microscopy at 24 hours (representative images 

shown) indicate increased migration and alignment into organized, interconnected cellular 

networks of endothelial cells grown in co-culture conditioned supernatant compared to 

monoculture conditioned supernatant (control). b) Quantification of average tubule length 

indicate a statistically significant increase in average tubule length in cells grown in co-culture 

conditioned supernatant (from day 14, 21, and 28 timepoints) compared to monoculture 

conditioned supernatant (control). Co-culture statistically significant as compared to monoculture 

(control) denoted by ***p <0.001, **p<0.01, *p<0.05. Scale bar 200 µm. 

 

2.5 Discussion 

Normal endothelial and epithelial cells, as well as tumor cells, communicate through a 

complex network of interactions to drive cellular differentiation and formation of tissue 

structures. One mechanism of this communication is exchange of both soluble and insoluble 
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signaling molecules (146, 147). Stromal cells, such as fibroblasts and infiltrating inflammatory 

cells, have the capacity to modulate both epithelial and tumor cell morphogenesis (148, 149). In 

vivo, tumor cells have been observed to preferentially align toward and associate with blood 

vessels, even prior to the initiation of angiogenesis (150). While previous studies have examined 

angiogenic changes in endothelial cells in response to tumor cells or conditioned media (151, 

152), our data, using a long-term (28-day) in vitro co-culture system, suggests that the tumor 

endothelium can also exert potent influence on tumor cells.  

Results from the alamarBlue
TM

 assay indicate that the presence of endothelial cells in co-

culture with cancerous or nonmalignant epithelial cells does not enhance tumor cell proliferation. 

Also, despite the high protein concentration of VEGF, a potent endothelial cell mitogen (12), 

increased HMEC-1 proliferation was not observed when co-cultured with the MDA-MB-231 

cells as compared to MCF-10A cells. This response may be due to the growth limitations of 2D 

cell-culture monolayers. Although endothelial cell proliferation is required for angiogenesis, 

remodeling and migration of the existing vasculature may be more critical in developing a 

functional vascular supply within the solid tumor (153). In vitro, ANG1 and ANG2 have also 

been shown to have little effect on endothelial cell proliferation, and instead function as 

apoptosis survival factors (154, 155). Future investigation into receptor expression of angiogenic 

ligands (Tie2 and VEGFR-2) under co-culture conditions may provide further information on the 

cellular response to increased secretion of angiogenic factors. Furthermore, utilization of a 3D 

co-culture system, now under development in our laboratory, may allow for observation of more 

subtle, spatial changes in tumor and endothelial cell growth due to these secreted mitogens. 

MDA-MB-231 cells, in the presence of endothelial cells during co-culture demonstrated a 

time-dependent and significant increase in ANG2 gene expression as determined by real-time 

RT-PCR. While the mRNA levels of ANG2 were low at early time points when cells were in an 

exponential growth phase, mRNA levels were increased when the cells reached plateau phase. In 

contrast, ANG1 and VEGF-A gene expression in the nonmalignant MCF-10A cells was typically 

decreased during co-culture with endothelial cells, while ANG2 mRNA was undetected. This 

study demonstrates that only the MDA-MB-231 cells respond to endothelial cells with increased 

expression of angiogenic cues, perhaps highlighting a fundamental difference in tumor 

responsiveness between the malignant breast epithelial cell line compared to the nonmalignant 

breast epithelial cell line (MCF-10A). 
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Increased gene expression of VEGF-A and ANG1 in HMEC-1 cells during co-culture 

with MDA-MB-231 cells further provides evidence that reciprocal cross talk between the two 

cell types influences expression of angiogenic factors. Results from angiogenic gene expression 

analysis highlight an important role for endothelial cells in creating and maintaining the tumor 

vasculature.  

Similar to the mRNA expression trends, the ANG2 protein concentration in the MDA-

MB-231/HMEC-1 co-culture was greater than ANG1, with the ratio of ANG2:ANG1 increasing 

over time. It has been suggested that it is not the absolute levels of ANG1 and ANG2, but rather 

the ratio of these opposing factors, that modulates angiogenesis. ANG1 is known to play a role in 

stabilizing the tumor vasculature, while ANG2 promotes tumor angiogenesis in vivo (155, 156). 

In a study using the mouse corneal micropocket assay, both ANG1 and ANG2 failed to stimulate 

an angiogenic response when administered alone; however, when co-administered with VEGF, 

both ANG1 and ANG2 augmented the formation of neovessels (157). In our study, the presence 

of high VEGF protein concentration, with an increased ANG2 protein concentration in MDA-

MB-231/HMEC-1 co-cultures, provides evidence that endothelial cells have the ability to 

enhance the angiogenic potential of breast cancer cells in vitro. Due to the fact that no significant 

changes in cell viability, oxygen tension, or pH were observed over the duration of the 

experiment, we can assume the observed angiogenic response is not stress (hypoxia) induced. 

Rather, the response is primarily due to the close proximity of endothelial cells and cancer cells 

in culture.  

The profile of these angiogenic factors during MDA-MB-231/HMEC-1 co-culture 

represent a highly pro-angiogenic state, as increased VEGF and ANG2 levels are associated with 

increased plasticity of the vasculature and angiogenic sprouting (158). The functionality of this 

increased angiogenic activity was confirmed using an endothelial tube formation assay, in which 

endothelial cells readily and rapidly formed well-defined tubes and interconnecting cellular 

networks when grown in media collected from MDA-MB-231/HMEC-1 co-cultures in vitro. By 

comparison, MDA-MB-231 monocultures (control) secreted less VEGF protein than the co-

culture with the ratio of ANG1:ANG2 favoring ANG1. These conditions are characteristic of a 

more stabilized and mature tumor vasculature in vivo. This angiogenic profile was also evaluated 

using the endothelial tube formation assay, demonstrating little sprouting with weakly enhanced 

to no tube formation in endothelial cells grown in control supernatants in vitro. This provides 
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further supportive evidence that the angiogenic activity of tumor and endothelial cells in co-

culture is enhanced compared to tumor cells alone.   

Research has shown tumor cell-enhanced up-regulation of ANG2 in endothelial cells 

(159), though few reports have examined tumor response to endothelial cells (160, 161). Other 

studies have investigated the signaling pathways implicated in cross talk between lymphoblastic 

leukemia cells and endothelial cells (162), as well as cross talk between squamous epithelial cells 

and endothelial cells in tumor angiogenesis (105). Such reports suggest the existence of 

molecular exchanges between tumor cells and stromal compartments that effect tumor growth. 

However, few studies have examined how endothelial cells directly mediate the angiogenic 

phenotype of neoplastic mammary epithelial cells; this is an important area for further research.  

 

2.6 Conclusion 

Our results demonstrate that in vitro, the angiogenic activity of malignant mammary 

epithelial cells, but not nonmalignant mammary epithelial cells, is significantly enhanced by the 

presence of endothelial cells. Overall, the most striking finding from our study is an endothelial-

induced change in MDA-MB-231 expression of ANG2 over ANG1 with absolute protein levels 

of VEGF > ANG2 > ANG1 during MDA-MB-231/HMEC-1 co-culture compared to MDA-MB-

231 or HMEC-1 monocultures. This phenomenon reveals therapeutically and biologically 

significant interactions between cancer cells and endothelial cells for tumor angiogenesis. 

Identifying the role of endothelial cells within the tumor microenvironment and their effect on 

the temporal release of angiogenic factors may lead to novel methods to overcome tumor 

resistance to current anti-angiogenic therapies.  
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3.1 Abstract 

 Hyper-permeable tumor vessels are responsible for elevated interstitial fluid pressure and 

altered flow patterns within the tumor microenvironment. These aberrant hydrodynamic stresses 

may enhance tumor development by stimulating angiogenic activity of endothelial cells lining 

the tumor vasculature. However, it is currently not known to what extent shear forces affect 

endothelial organization or paracrine signaling during tumor angiogenesis. The objective of this 

study is to develop a three-dimensional (3D), in vitro microfluidic tumor vascular model for co-

culture of tumor and endothelial cells under varying flow shear stress conditions. A central 

microchannel embedded within a collagen hydrogel functions as a single neovessel through 

which tumor-relevant hydrodynamic stresses are introduced and quantified using micro-particle 

image velocimetry (µ-PIV). This is the first use of µ-PIV in a tumor representative, 3D collagen 

matrix comprised of cylindrical microchannels, rather than planar geometries, to experimentally 

measure flow velocity and shear stress. Results demonstrate that endothelial cells develop a 

confluent endothelium on the microchannel lumen that maintains integrity under physiological 

flow shear stresses. Furthermore, this system provides downstream molecular analysis capability, 

as demonstrated by qRT-PCR, in which tumor cells significantly increase expression of pro-

angiogenic genes in response to co-culture with endothelial cells under low flow conditions. This 

work demonstrates that the microfluidic in vitro cell culture model can withstand a range of 

physiological flow rates and permit quantitative measurement of wall shear stress at the fluid-

collagen interface using µ-PIV optical flow diagnostics; ultimately serving as a versatile platform 

for elucidating the role of fluid forces on tumor-endothelial cross talk.  
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3.2 Introduction 

 The hydrodynamics of the tumor and surrounding extracellular matrix dramatically 

change over the course of tumor expansion and vascularization (163). Following avascular 

growth, preexisting host vessels are incorporated into the tumor tissue and microvessels are 

formed by neovascularization due to increased expression of angiogenic factors (30). However, 

the vasculature of solid tumors compared to normal tissue is tortuous, dilated, and highly 

permeable (164). This irregular vascular network, combined with a lack of functional lymphatic 

drainage, generates regions of elevated tumor interstitial fluid pressure and altered fluid flow 

patterns (32, 33). As a result, non-uniform cytokine gradients and abnormal flow shear stresses 

are present within the tumor microenvironment, which can greatly influence tumor and stromal 

cell behavior (18). While research has shown that the fluid dynamics of tumor vasculature can 

reduce transport and uptake of therapeutic drugs (5, 165-167), the underlying effect of flow shear 

stress on tumor-endothelial signaling, neovascularization and tumor growth is not well known. 

 Endothelial cells lining tumor vessels are directly exposed to wall shear stress (WSS), 

resulting from viscous forces of blood flow on the vessel wall. WSS directly regulates 

endothelial cell morphology, barrier function, and expression of angiogenic growth factors (168-

170). However, within the context of the tumor microenvironment, the direct relationship 

between endothelial response to shear stress and tumor angiogenesis is not well understood. 

Reports have provided evidence that interstitial flow regulates tumor cell growth and 

differentiation (171, 172), though the effect of shear stress on tumor cell behavior has not been 

largely investigated. Other studies have shown that interstitial flow regulates tumor cell 

migration and metastasis (39, 60, 173-178), in which progressive changes in the tumor flow 

environment may enhance angiogenesis and promote tumorigenic activity of stromal cells such 

as fibroblasts, immune cells and endothelial cells. While previous experiments have 

demonstrated the importance of tumor-endothelial signaling on angiogenesis (105, 107, 151, 152, 

179), currently it is not known to what extent shear forces affect endothelial cells during this 

pathological process. A better understanding of the role of fluid forces on tumor angiogenesis 

may offer insight into the development of improved therapeutic strategies to control vascularized 

tumors. 

 The development of physiologically relevant cell culture models that facilitate the 

investigation of tumor-endothelial cross talk under dynamic conditions is instrumental in this 
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process. Conventional models of tumor angiogenesis are limited by the use of static, 2D culture 

systems that poorly reflect the pathological tumor microenvironment in vitro. Although in vivo 

models present a more physiologically representative environment, they can be complicated with 

many uncontrollable variables such as host cell invasion, mass transport, and external growth 

factors (180) which may prevent isolation of the effect of a single stimulus, such as fluid shear, 

on tumor response. More recently, promising 3D culture systems have been developed for 

studying tumor progression in vitro, which have been shown to restore cellular morphologies and 

phenotypes characteristic of in vivo tumor development (62, 79, 81, 181). Further advancements 

have led to the fabrication of microfluidic culture models that replicate native 3D 

microenvironments in combination with gradient and flow control, and thus enable systematic 

investigation of both physiological and pathological phenomena in vitro (63, 109, 182).  

 Measuring tumor blood flow in vivo and in vitro is important for assessing drug delivery, 

monitoring therapeutic response, and understanding tumor physiology. To date, there have been 

few successful methods for measuring shear stress gradients in vivo; therefore, little is known 

about how flow shear stress regulates endothelial morphology, vessel permeability, or expression 

of angiogenic growth factors within the tumor microenvironment. As an intermediate solution, 

we have designed a microfluidic 3D in vitro culture model to investigate shear stress-mediated 

endothelial organization and paracrine signaling with tumor cells. To accurately correlate tumor 

response with the hydrodynamics of the microfluidic system, a method to quantitatively measure 

fluid velocity profiles and WSS is necessary. Micro-Particle Image Velocimetry (µ-PIV), a 

noninvasive flow measurement technique with high spatial and temporal resolution, is a well-

established optical flow diagnostic tool capable of accurately measuring instantaneous velocity 

fields that have a high dynamic range (183). This method of optical flow measurement also has 

the potential to be translated to in vivo diagnostics (82), but has not been previously utilized to 

measure in vivo tumor hydrodynamics or integrated into in vitro tumor culture models to 

determine flow velocity profiles or shear stresses.  In a typical µ-PIV measurement, fluorescent 

tracer particles seeded in the flow are illuminated and imaged through a microscope objective by 

a high-speed camera (97). Cross-correlation of image-pairs is used to statistically calculate 

particle displacements, which, combined with the known sampling frequency, is used to compute 

the velocity field (98, 99). Next, instantaneous WSS is calculated to enable the relationship 

between tumor progression and flow shear stress to be quantitatively investigated. 
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Characterization of velocity profiles and WSS within the microfluidic culture model is important 

due to the fact that collagen hydrogels are compliant, porous, or may contain surface variations 

due to cell linings. These features can be expected to cause deviations from Poiseuille flow, and 

must be taken into consideration when correlating cellular response to specific hydrodynamic 

stresses.  

 By integrating tissue-engineering strategies with cancer biology, micro-scale fluid 

mechanics, and optical flow diagnostics, we developed a 3D microfluidic tumor vascular model 

for dynamic co-culture of tumor and endothelial cells under a range of experimentally quantified 

wall shear stresses (Figure 3.1a). Methods describing the microfabrication process of collagen 

hydrogels that provide an optimal in vitro environment for the development of an endothelialized 

microchannel, inclusion of wall shear stress, and co-culture with tumor cells are presented 

(Figure 3.1b). This is the first application of µ-PIV in a tumor representative, 3D collagen matrix 

to measure flow velocity and shear stress in microchannels with cylindrical geometries. Shear-

induced changes in endothelial morphology were assessed to demonstrate the integrity of the 

microfluidic tumor vascular model in 3D, dynamic culture. Gene expression analysis not only 

validates the ability of this system to yield sample volumes necessary for downstream molecular 

analysis, but also highlights the importance of the hydrodynamic tumor microenvironment in 

regulating angiogenic activity. 

 

Figure 3.1 Tumor-endothelial co-culture in microfluidic collagen hydrogels (a) Schematic of 

3D microfluidic tumor vascular model in which cancer cells seeded in the bulk of hydrogel 

surround endothelial cells lining the luminal surface of the central microchannel. (b) Co-culture 

maintains growth of MDA-MB-231-GFP breast cancer cells and TIME-RFP endothelial cells 

within physiologically relevant geometries. Image 24 hrs post culture. Scale bar 200 µm 
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3.3 Materials and Methods 

3.3.1 Scaffold Design and Fabrication 

 Type I collagen stock solutions were prepared by the following method: briefly, tendons 

were excised from rat tails and dissolved in a pH-2.0 HCl solution for 12 hours at 23°C. The 

solution was centrifuged for 45 min at 30,000 x g and the supernatant was collected. 

Concentration was determined by measuring the dry weight of the collagen stock solution. 

 The collagen stock solution was sterilized prior to scaffold fabrication by layering the 

solution over 10% (v/v) chloroform for 24 hours at 4°C, after which the top collagen portion was 

aseptically removed (184). A working collagen solution of 8 mg/ml was prepared by neutralizing 

the stock solution with 10% (v/v) 10X DMEM mixed with 1N NaOH and deionized water 

(dH20). This concentration was chosen because it has been shown to have an elastic modulus that 

closely matches neoplastic tissue stiffness (17) as well as supports both microfabrication and 

cellular remodeling (16, 62). 3D microfluidic collagen hydrogels were fabricated by pouring the 

neutralized collagen solution into fluorinated ethylene propylene (FEP) tubing fit concentrically 

with a 22G (711 µm) stainless steel needle and capped with PDMS sleeves (Figure 3.2a). The 

collagen hydrogels were stabilized in standard 35-mm petri dishes by boring opposing holes on 

either side of the dish through which the FEP tubing was inserted. A third hole was cut in the 

bottom of the dish and replaced with a 1.5 mm glass slide to improve optical access. Adapted 

from methods by Chrobak et al. (70), the collagen was allowed to polymerize for 20 minutes at 

37°C before removal of the needle, creating a cylindrical microchannel embedded within the 

hydrogel (Figure 3.2b,c). Prior to fabrication, the FEP tubing and PDMS sleeves were sterilized 

under UV with 70% ethanol for 1 hr followed by exposure to air plasma (Harrick Plasma, Ithaca, 

NY) for 2 min to activate hydroxyl groups on the FEP surface. To improve adhesion at the 

collagen/FEP interface, the FEP and PDMS sleeves were further treated with 1% (v/v) 

polyethyleneimine (PEI) in dH20 for 10 min followed by 0.1% (v/v) glutaraldehyde in dH20 for 

20 min. The use of FEP tubing as an architectural mold for the microfluidic collagen hydrogel 

overcomes challenges associated with optical access and refractive index mismatching in typical 

tissue engineering scaffolds or bioreactors. FEP has a refractive index that closely matches that 

of water, collagen, and cell culture media (Table 3.1), which minimizes optical distortion during 

image acquisition and flow measurements. Therefore, when the petri dish is filled with water and 

the FEP housing the microfluidic collagen gel becomes submerged, refractive index matching 



 47 

across all curved surfaces affords optical clarity for high-resolution microscopy. Refractive 

indices for type I collagen and EGM-2 endothelial growth media (n=3) were measured using a 

digital refractometer (PA-202X, MISCO, Cleveland, OH) at 37°C and $=589 nm. (185-187) 

 
Figure 3.2 Fabrication of microfluidic collagen hydrogels and perfusion setup (a) FEP 

tubing fit concentrically with a 2.0” 22G needle and capped with PDMS sleeves (b) Microfluidic 

collagen hydrogel after polymerization and removal of needle (c) Magnified view of central 

microchannel (d) Introduction of flow into microchannel using syringe pump and in-line bubble 

trap (e) Magnified view of 0.5” 22G needles inserted into either end of microchannel for 

dynamic culture 

 

 To introduce flow into the microfluidic culture model, 22G stainless steel needles were 

inserted through the PDMS sleeves and partially into the collagen microchannel. The inlet needle 

was connected to autoclaved Tygon® silicone tubing (1/16” ID), which connected to a syringe 

pump that controls the flow rate. The outlet needle was similarly connected to silicone tubing 

leading to a collection reservoir (Figure 3.2d,e). In addition, a low protein binding air-

eliminating filter set (Pall Life Sciences, Ann Arbor, MI) was utilized at the tubing/microchannel 

interface to prevent bubbles from entering the microchannel during perfusion. Average shear 

stress in normal microvasculature is 4 dyn/cm
2 

(40). It has also been published that cancer cell 

growth arrest and inhibited differentiation is observed after exposure to relatively high shear 

stresses of 12 dyn/cm
2 
(172). Therefore, a range of flow rates generating a target WSS (%W) of 1, 

4, or 10 dyn/cm
2
 were introduced in the collagen microchannel. These shear stresses were first 

(a) (b) (c) 

(d) (e) 
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estimated based on an assumption of Poiseuille flow, , where Q is the volumetric flow 

rate, µ is the fluid viscosity, and r is the diameter of the microchannel. Flow rates were 

determined using the measured viscosity of EBM-2 culture media measured at 37°C (µ=0.78 ± 

0.0057 cP). Viscosity of culture media (n=3) was measured using a rotational viscometer (DV-

II+ PRO, Brookfield Engineering, Middleboro, MA). Experimental shear stress values were then 

measured and validated using µ-PIV.  

Table 3.1 Refractive indices of materials measured at 37°C and !=589 nm. For measured 

values, a digital refractometer was used to determine the refractive index. Refractive index 

matching across all media minimizes optical distortion during image acquisition.  

 

3.3.2 Cell Culture 

 A human breast carcinoma cell line (MDA-MB-231) (American Type Culture Collection 

(ATCC)) and a telomerase-immortalized human microvascular endothelial cell line were used in 

this study. TIME cells were provided as a generous gift from Dr. Shay Soker at the Wake Forest 

Institute for Regenerative Medicine (Winston-Salem, NC). A lentiviral vector system was used 

to genetically modify the cells to stably express either a green fluorescent protein (GFP) or red 

fluorescent protein (RFP) for real-time visualization of during culture. Imaging was performed 

using a fluorescence microscope (Leica AF6000) to observe cell localization, proliferation, and 

viability during culture.  

 MDA-MB-231 cells were cultured in Dulbecco’s Modified Eagle Medium: nutrient 

mixture F-12 (DMEM/F12) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine 

serum (FBS) (Sigma-Aldrich, St. Louis, MO), and 1% penicillin-streptomycin (Invitrogen, 

Carlsbad, CA). TIME cells were cultured in EBM-2 (Lonza, Rockland, ME) media 

supplemented with a growth factor BulletKit (Lonza CC-4176). All cell cultures were 

maintained in a 5% CO2/95% air atmosphere at 37°C within an incubator.  

! 
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 To fabricate cellularized microfluidic collagen gels, 1 x 10
6
 MDA-MB-231 cells/ml were 

resuspended in the neutralized collagen and carefully mixed before pouring the solution into the 

FEP tubing. During polymerization, the cells become suspended within the bulk of the collagen 

hydrogel. After gelation and removal of the needle, 10 x 10
6 

TIME cells/ml were injected into 

microchannel 2X at 10 min intervals and slowly rotated to encourage complete coverage of the 

luminal surface. The microfluidic collagen scaffold was then connected to the syringe pump and 

flow was introduced into the microchannel. A 3-day graded increase in flow rate which 

corresponded with 36 hrs at %=0.01 dyn/cm
2
 followed by 36 hrs at %=0.1 dyn/cm

2
, was 

implemented to establish a confluent endothelialized microchannel (Figure 3.3), as this type of 

hydrodynamic loading has been shown to maintain endothelial integrity (188). After the 72 hour 

preconditioning, a rate of increase in shear of ~5.5 (dyn/cm
2
)hr

-1
 was used to reach a target WSS 

of %W=1, 4 or 10 dyn/cm
2
, after which a constant flow rate was then used to maintain the target 

WSS for a total of 6 hrs.  

 
Figure 3.3 Shear stress preconditioning protocol to develop confluent endothelium (a) A 

graded increase in shear stress (%=0.01 to 0.1 dyn/cm
2
) over 72 hrs best encourages the 

development of a confluent endothelium, after which a rate of increase in shear of ~5.5 

(dyn/cm
2
)hr

-1
 was used to reach a target WSS of %W=1, 4 or 10 dyn/cm

2
 in t=9.71, 42.12, or 

106.58 min, respectively, and maintained for a total of 6 hr. (b) TIME-RFP cells exhibit 

progressive adhesion, proliferation and elongation in the direction of flow during the 72 hr 

preconditioning scheme.  
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In addition, total oxygen consumption (3x10
-9

 mol/min) was estimated based on tumor 

cell O2 consumption rate (5.4x10
-17

 (mol/s)cell
-1

, (189)), total number of cells in the collagen 

scaffold (1x10
6
), volume of media in the microchannel (20 µl), and Henry’s constant at 37°C 

(1.04x10
-2

 mol/L), to ensure that at even the lowest flow rate (Q=3 µl/min), a sufficient amount 

of oxygenated media is provided to the cells. MDA-MB-231 viability in the collagen matrix was 

further verified using a calcein AM/propidium iodide LIVE/DEAD® assay (Invitrogen, Carlsbad, 

CA), at 0, 24, 48 and 72 hrs post flow (n=3) to monitor cell death at regions furthest from the 

microchannel. Images were taken in three random view-fields per sample and analyzed using a 

custom designed LabVIEW algorithm (National Instruments, Austin, TX) (190). Non-

fluorescently labeled MDA-MB-231 cells were used in the viability assay. 

 

3.3.3 Morphological Characterization    

 To visualize endothelial integrity after exposure to each target WSS, fluorescent labeling 

of F-actin and nuclei was utilized. Briefly, the endothelium was fixed by perfusing 3.7% 

paraformaldehyde and permeabilized by perfusing 0.5% Triton X-100 (Sigma Aldrich) through 

the microchannel for 20 minutes, followed by incubation in 1% BSA blocking buffer (Santa 

Cruz Biotechnology Inc., Santa Cruz, CA) for 30 min at 37°C. Cells were then stained with 

Oregon Green phalloidin (Invitrogen), a high-affinity probe for F-actin, for 20 min at room 

temperature, and DAPI (Vector Laboratories, Burlingame, CA), to visualize nuclei. Imaging was 

performed using an inverted fluorescence microscope (Leica AF6000).  

 

3.3.4 PIV Flow Measurement 

 The design of the microfluidic collagen hydrogels enabled experimental measurement of 

fluid velocity in the microchannels using micro-Particle Image Velocimetry (µ-PIV) (Figure 

3.4a). µ-PIV optical flow diagnostics were performed in both acellular and endothelialized 

(TIME-GFP) microchannels. Measurements were conducted independently after the 72 hr 

preconditioning period plus 6 hrs exposure to either %W=1, 4 or 10 dyn/cm
2
. Briefly, 3.0 µm red 

fluorescent particles (Thermo Scientific, Rockford, IL) were suspended in EMB-2 media and 

perfused through the microchannel at various flow rates to generate a target WSS (%W) of 1, 4, 

and 10 dyn/cm
2
 (Table 3.2). The flow rates were initially estimated based on Poiseuille 
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assumptions and then validated using µ-PIV. The channel was illuminated through an 

epifluorescent inverted microscope (Zeiss) with a 532 nm double-pulsed laser (New Waver 

Research Solo). The fluorescing particles were imaged using a 1MP camera (Photron APX-RS) 

using a 20x microscope objective. 500 image pairs were acquired at a frequency of 7.5 Hz 

(Figure 3.4b). Mean subtraction and intensity normalization were performed on the images to 

enhance correlation accuracy. Image pair correlation was done using a two-pass multigrid sum-

of-correlation robust phase correlation algorithm with discrete window offset and zero-mean 

windows and validated using a median universal outlier detection scheme (191-196). A set of 

125 generated vector fields were ensemble averaged to obtain a mean velocity field (Figure 3.4c). 

Shear stress at the channel wall was calculated based on the linear portion of the velocity 

gradient, determined by thin-plate spline radial basis functions (96, 197), and the measured 

viscosity of culture media (µ = 0.78  ± 0.0057 cP).  

 

 

 

Figure 3.4 Schematic of µ-PIV flow diagnostics µ-PIV, a noninvasive flow measurement 

technique with high spatial and temporal resolution (183), was used to measure velocities in the 

collagen microchannel. (a) Microfluidic collagen scaffold interfaced with u-PIV imaging system 

(Adapted from (82)). (b) Fluorescent tracer particles in the flow are illuminated and imaged by a 

high-speed camera (c) Cross-correlation of image pairs is used to calculate particle displacement, 

which, with known image frequency, quantifies the velocity field. 
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Table 3.2 Parameters used to generate a theoretical "W in the collagen microchannels and 

obtain image pairs with tracer particle displacement ~8 pixels/frame for µ-PIV 

correlations. 

 

3.3.5 Quantitative RT-PCR 

 To determine the effect of 3D, dynamic co-culture on tumor cell expression of angiogenic 

factors, expression levels of target genes in MDA-MB-231 cells were determined quantitatively 

by real-time RT-PCR as described previously (179). A preliminary 24 hr study was conducted in 

which MDA-MB-231 tumor cells were cultured under either static or dynamic flow conditions in 

the microfluidic collagen hydrogels, in the presence or absence of microvascular endothelial 

cells, and compared to MDA-MB-231 mono-cultures on tissue-culture treated polystyrene 

(TCPS) as controls. To isolate mRNA from the tumor cell population, endothelial cells were 

trypsinized and removed from the microchannel lumen. Total tumor mRNA was then isolated by 

phenol-chloroform extraction. Briefly, cells were lysed using TRI Reagent® Solution (Applied 

Biosystems/Ambion). A biphasic mixture was then formed upon the addition of chloroform, and 

isopropanol precipitation of RNA was utilized for RT-PCR. Reverse transcription and PCR 

amplification was conducted using gene-specific TaqMan PCR primers (Applied Biosystems, 

Foster City, CA) for: matrix metalloproteinase (MMP9), vascular endothelial growth factor 

(VEGFA), angiopoietin 2 (ANG2), and platelet-derived growth factor (PDGFB), which are 

factors implicated in breast cancer angiogenesis and metastasis (123). Evaluation of the 2
-!!C

T 

indicates the fold change in gene expression, normalized to GAPDH housekeeping gene and 

relative to the control group (139). 

 

3.3.6 Statistical Analysis 

 For the theoretical estimation of WSS based on Poiseuille flow, a propagation of error 

analysis was conducted to determine the effect of the variable’s uncertainties (viscosity, µ; flow 

rate, Q; and radius, r) on the uncertainty of WSS calculation. Statistical analysis on µ-PIV 
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calculation of WSS was conducted by averaging all vectors (160) along the wall and computing 

the standard deviation, as described previously (96).   

 Gene expression analysis experiments were conducted with a total of 4 samples per group 

(n=4). Experimental groups were tested and analyzed independently and the data are expressed 

as mean value ± standard deviation. Significance of results was verified using Student’s t-test, in 

which a 95% confidence criterion was used to determine statistically significant differences 

between groups.  

 

3.4 Results 

3.4.1 Cell Culture in Microfluidic Tumor Model  

 Type I collagen hydrogels were selected as the scaffolding material to best replicate the 

structural architecture and mass transport properties of tumor tissue in vivo. Collagen can also be 

remodeled by the cells to accommodate long-term morphological changes and migration in three 

dimensions. A central microchannel embedded within the hydrogel functions as a single 

neovessel through which tumor-relevant hydrodynamic stresses are introduced. Endothelial cells 

seeded along the luminal surface of the microchannel develop a confluent endothelium that 

provides a biological interface for exchange of growth factors with tumor cells seeded in the bulk 

of the hydrogel. This design enables tumor and endothelial cell co-culture within physiologically 

relevant geometries, as well as the introduction of flow through the microchannel to expose the 

endothelial cells to a range of shear stresses. Lastly, the use of FEP in this model overcomes 

challenges associated with optical access in typical tissue engineered scaffolds or bioreactor 

systems, such that live-cell imaging can be conducted without having the need to fix and dissect 

the scaffolding for analysis. 

 A successful 72 hr preconditioning scheme was developed to encourage the development 

of a confluent endothelium. Following a 20 min static seed, the endothelialized microchannel 

was first exposed to a low flow rate Q=3 µl/min for 36 hrs before ramping up the flow to Q=26 

µl/min for an additional 36 hrs. This scheme was based on an in vitro study investigating the 

integrity of endothelial cell-seeded vascular grafts, in which a gradually graded shear stress was 

shown to reduce cell detachment, as well as stimulate endothelial elongation and orientation in 

the direction of flow (188). A rate of increase in shear of ~5.5 (dyn/cm
2
)hr

-1 
did not perturb 

endothelial integrity or coverage of the microchannel lumen during preconditioning or exposure 
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to the target WSS (%w=1, 4 or 10 dyn/cm
2
). After 72 hrs of preconditioning, the endothelial cells 

form a confluent monolayer on the microchannel lumen as characterized by F-actin staining. 

Following preconditioning, the endothelium withstood each %w for up to 6 hrs, demonstrating 

increased spreading and alignment in the direction of flow as a function of increased WSS 

(Figure 3.5).  

Figure 3.5 TIME cells develop a confluent endothelium and maintain integrity after 

exposure to each target WSS ("W ) Endothelium with fluorescently labeled F-Actin and DAPI 

after the 72 hr preconditioning scheme and plus an additional 6 hr exposure of %W=1, 4, or 10 

dyn/cm
2
 demonstrate increased alignment in the direction of flow as a function of increasing 

WSS. Scale bar 50 µm  

 

 Tumor cell viability and proliferation was also confirmed in the microfluidic collagen 

hydrogels to ensure a sufficient amount of oxygen and nutrients are available to sustain the 

culture for the duration of the three day experiment. Results demonstrate that tumor cells remain 

greater than 90% viable in the collagen matrix (Figure 3.6a), with an observed increase in cell 

number from 0 to 72 hrs (Figure 3.6b).  

F-Actin 

DAPI 

!W = 1 dyn/cm2 

!W = 4 dyn/cm2 !W = 10 dyn/cm2 

72 Hr Precondition 

Flow 
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Figure 3.6 Tumor Cell Viability and Proliferation in the Collagen Hydrogel (a) MDA-MB-

231 cells remain >90% viable and (b) demonstrate increased proliferation within the collagen 

matrix for the duration of the 3 day experiment.    

 

3.4.2 Velocity and Wall Shear Stress Measurements 

 µ-PIV experiments were successfully conducted in endothelialized and acellular 

microchannels to characterize the velocity profile and quantify wall shear stress (%W=1, 4, and 10 

dyn/cm
2
). Velocity data acquired from the µ-PIV experiments and post-processed in MATLAB 

match closely to the estimated parabolic Poiseuille solution (Figure 3.7a) confirming that fluid 

velocity through the endothelialized microchannels maintains a laminar flow profile. The tails 

observed at the wall for the experimental velocity data are likely due to measurement bias in the 

PIV processing (197). Further experimentation and improved µ-PIV processing is necessary to 

interpret the low velocity gradient measured at the microchannel wall. 

 Experimental WSS measurements in the endothelialized microchannels agree well with 

the theoretical values for all cases of %W, while WSS measurements in acellular channels are low 

(Figure 3.7b). This is due to the fact that during the 72 hr preconditioning period, the diameter of 

the acellular microchannels widened (~850 µm), which decreases the velocity gradient at the 

wall. In contrast, contractile forces of the endothelial cells better maintained the geometry of the 

microchannel under flow conditions.  

Live/Dead 

0 Hrs 

Live/Dead 

72 Hrs 

(a) (b) 
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Figure 3.7 Experimentally Measured Velocity Profiles and Wall Shear Stress in 

Microchannel. (a) Parabolic velocity profiles for each target WSS calculated from experimental 

PIV measurements (red) and compared to Poiseuille solution (black). Data shown in 

endothelialized microchannels. (a) u-PIV measured in both acellular and endothelialized 

microchannels for each target WSS and compared with theoretical WSS. Data expressed as 

average WSS ± standard deviation. WSS calculated based on the linear portion of the measured 

velocity gradient and measured viscosity of culture media (0.78 cP). 

 

3.4.3 Gene Expression Analysis 

 A preliminary 24 hr gene-expression analysis experiment was conducted to demonstrate 

the ability of the microfluidic culture system to yield a sufficient amount of cellular mRNA for 

quantitative RT-PCR. In contrast to conventional PDMS/hydrogel microfluidic devices, which 

typically contain less than 1000 cells, the design of this microfluidic tumor model contains a 

larger collagen volume that has the capacity for high cell density culture (>300,000 total cells), 

thereby enabling downstream molecular analysis that can not be otherwise conducted using 

conventional methods in existing devices. RT-PCR results indicate that MDA-MB-231 mono-

cultures grown in 3D microfluidic collagen hydrogels under static conditions, significantly 

increased gene expression of MMP9, a proteinase that degrades collagen, as well as PDGFB and 

ANG2, both of which are implicated in breast cancer angiogenesis (123), relative to MDA-MB-

231 mono-cultures grown on 2D TCPS controls (Figure 3.8). The increased angiogenic capacity 

of tumor cells grown in 3D culture compared to 2D substrates has been attributed to centrally 

diminished oxygen availability in thick scaffolds and resultant induction of a hypoxic response 

(79, 81). The 3D scaffolding also promotes integrin engagement important for angiogenic 

signaling (26, 198). When a low flow rate of 50 ul/min (%=0.2 dyn/cm
2
) is introduced through the 
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microchannel, PDGFB gene expression was further upregulated, as well as a significant fold 

increase in VEGFA, relative to MDA-MB-231 mono-cultures grown in 3D static conditions.  

However, most interestingly, the addition of endothelial cells (co-cultured on the luminal surface 

of the microchannel) plus flow, significantly increased MDA-MB-231 expression of all pro-

angiogenic factors investigated, relative to mono-cultures grown in 3D dynamic conditions. 

Comparatively, in the absence of flow, MDA-MB-231 cells significantly increased expression of 

VEGFA only during co-culture with endothelial cells.  

 
Figure 3.8. 3D, dynamic co-culture with endothelial cells significantly increases tumor-

expressed angiogenic genes After 24 hrs, MDA-MB-231 cells significantly upregulate MMP9, 

PDGFB and ANG2 under 3D static conditions relative to 2D TCPS controls. The introduction of 

a low flow rate (50 ul/min) further increased PDGFB as well as significantly increased VEGFA 

gene expression relative to 3D static conditions. The presence of endothelial without flow had a 

significant effect on tumor expressed VEGFA; however, in the presence of flow, all tumor 

expressed pro-angiogenic genes were significantly upregulated during co-culture, relative to 

MDA-MB-231 mono-cultures under 3D dynamic conditions. Relative mRNA to GAPDH 

mRNA expressed as a fold induction ± standard deviation (n=4). *p<0.05.  

 

These results are supported by evidence of a contact-independent mechanism of tumor-

endothelial cross talk, in which VEGF mediates expression of the antiapoptotic protein, Bcl-2, 

that elicits reciprocal pro-angiogenic signaling (107). Fluid shear forces and VEGF gradients 

have also been shown to cooperatively control endothelial sprouting and morphogenesis (58), 

and likely play a significant role in tumor angiogenesis. These results highlight the importance of 

the hydrodynamic tumor vascular niche in regulating tumorigenesis, and warrant further 

investigation under physiologically relevant shear stresses.  
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3.5 Discussion 

 While previous studies have demonstrated the importance of tumor-endothelial cross talk 

under two-dimensional (2D), static culture conditions, a better understanding of the relationship 

between endothelial cells and the physical tumor microenvironment may be better 

accommodated in three-dimensional (3D), dynamic co-culture models. This work demonstrates 

that microfluidic collagen scaffolds can be fabricated for co-culture of tumor and endothelial 

cells under a range of physiologically relevant shear stress conditions. We have presented the 

design and fabrication of a 3D microfluidic tumor vascular model, characterized flow properties 

in the microchannel, and assessed endothelialization and tumor cell response to various flow 

conditions. While the average diameter of tumor microvessels is generally less than 100 µm (33), 

this system is a viable tool for applying physiologically relevant flow shear stresses and 

measuring cellular response. The microchannel diameter used in this study (711 µm) is still 

within the range of physiologically relevant mammary tumor capillaries, especially in the venous 

network (mean diameter of 650 µm) (199). Furthermore, a larger diameter microchannel is more 

stable during extended culture durations, less likely to collapse during perfusion, and reduces 

flow resistance, thereby avoiding pressure drops along the length of the channel that may be 

detrimental to cell health. Results demonstrate that tumor cells maintain viability in the bulk of 

the collagen hydrogel while endothelial cells form a confluent monolayer along the microchannel 

lumen after 72 hr of preconditioning at low flow rates. For longer durations of co-culture (>3 

days), a bilayered collagen hydrogel modification may be a necessary to separate the tumor cells 

and endothelialized microchannel with a thin acellular collagen region, as direct contact of 

MDA-MB-231 cells and microvascular endothelial cells has proven to decrease endothelial 

viability in vitro (200, 201). 

The microfluidic tumor vascular model can withstand a range of normal, high and low 

flow shear stresses that are relevant to the hydrodynamic tumor microvasculature, as evident by 

F-actin staining of the endothelium. Furthermore, RT-PCR results confirm that these cultures 

yield sufficient mRNA for downstream molecular analysis, and our preliminary findings 

underscore the importance of tumor-endothelial cross talk under dynamic culture conditions. 

Lastly, the 3D culture model is designed such that refractive index matching across all mediums 

affords optical clarity and the ability to obtain high-resolution images (both cell morphology and 

particle tracking for PIV) at various focal planes.   
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 The velocity profile and wall shear stress (WSS) for three different flow conditions were 

successfully characterized in both endothelialized and acellular microchannels using µ-PIV. 

While experimental WSS measurements in the endothelialized microchannels are in good 

agreement with the theoretical values, the calculated WSS were much lower in acellular 

channels. This is mainly due to an increase in diameter under flow without an endothelialized 

lumen, and emphasizes the importance of monitoring changes in microchannel geometry under 

different culture conditions, fluid forces, or duration of experiments. However, deviations from 

the theoretical estimation of WSS are not entirely unexpected because collagen is a compliant 

and porous biomaterial, and may contain surface variations along the microchannel lumen due to 

the endothelial cell lining or fabrication process. Resolution limitations in PIV estimation of 

WSS will also contribute to differences in experimental versus theoretical solutions (197, 202, 

203). Moreover, although WSS in perfused culture models or bioreactors is conventionally 

estimated from the flow rate assuming Poiseuille flow, we have previously shown this 

assumption may not always hold true due to possible unsteadiness in flow and short vessel length 

typically used for in vitro models (96). Challenges associated with optical access, refractive 

index matching across non-planar surfaces, and the need to use non-biocompatible 

water/glycerin solutions for imaging has previously restricted the use of PIV for biological 

applications. Also, while previous studies have utilized particle tracking velocimetry in 2D 

microfluidic devices (102, 204) or 3D collagen coated substrates (58), this is the first experiment 

to integrate optical flow diagnostics into a 3D collagen matrix based on cylindrical 

microchannels rather than planar geometries. More specifically, this unique application of flow 

measurements within the context of a tumor-endothelial co-culture model validates µ-PIV as 

quantitative tool to correlate shear stress with tumor angiogenic response in vitro. Future 

experiments that accommodate endothelial migration and branching off the luminal surface of 

the microchannel to form 3D tubules in the collagen hydrogel will be achieved by increasing 

culture duration, adjusting the ratio of tumor and endothelial cells, and supplementation of 

angiogenic growth factors. µ-PIV can then be used to measure localized shear stress in 

endothelial branches to provide insight on how shear gradients may influence endothelial tubule 

formation within the tumor microenvironment.  

The next generation of 3D culture systems utilize a combination of microfluidic 

technologies and tissue engineering approaches to enable the development of in vitro models 
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fabricated with biomaterials that permit exchange of solutes with cells, provide specific barrier 

properties of the endothelium, and accommodate remodeling during angiogenic progression (62, 

63, 78). Diffusion rates, cytokine gradients, shear stresses, and micro-scale cellular niches can be 

artificially recreated in microfluidic scaffolds to study physiological processes, such as wound 

healing, neovascularization, or tumor development, under controlled conditions (46, 205). 

Moreover, the flow properties in microfluidic devices are dominated by viscous rather than 

inertial forces (48). Therefore, mass transport is governed by local diffusion rates, whereby 

convective contributions are negligible and the supply of nutrients, gases, and therapeutic drugs 

to cells can be controlled and analyzed. In particular, these characteristics enable microfluidic 

scaffolds to be used as a tool to model the physical tumor microenvironment, in which the effects 

of matrix permeability, hypoxia and shear stress on tumor response can be systematically 

investigated. This research area is a burgeoning field that has led to the development of novel 

biomimetic microdevices designed to study the dynamics of cancer progression, namely 

interstitial flow on tumor cell migration patterns (57, 59-61, 77, 177, 182) and vascular response 

(109). Many of these models have provided insight into the field of cancer research by 

identifying novel mechanisms of flow-guided endothelial alignment, sprouting, and vessel 

formation (58, 110, 206).  However, to the best of our knowledge, there are no existing in vitro 

culture models that are specifically designed to investigate the effect of flow shear stress on 

tumor-endothelial signaling or vascular organization within the context of the tumor 

microenvironment.  

 State-of-the-art microfluidic devices for tissue engineering and cancer research have been 

primarily based on microchannels formed by soft lithography in PDMS and sealed with glass 

coverslips for image acquisition (57, 58, 60, 63, 182, 207, 208). While these systems provide 

dynamic 3D cell-culture environments with complex planar geometries, the low cell density and 

scaffold thickness limitations inherent to silicon-microfabrciated devices severely restrict 

dynamic cellular processes and prevent downstream molecular analysis of tumor-expressed 

genes and proteins. Furthermore, existing devices are prohibitively expensive and difficult to 

modify for specific biological applications (209). We have overcome these limitations by 

eliminating the need for costly photolithography, modified the microfabrication design to 

increase cellular capacity and sample yield for gene and protein expression analysis, and 

replaced planar geometries with 3D cylindrical microchannels to improve physiological fidelity 
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of the tumor model. The development of physiologically relevant in vitro tumor models can 

potentially impact cancer research applications of cytotoxicity testing and therapeutic targeting, 

as well as provide a platform for elucidating fundamental mechanisms of tumor physiology and 

progression under controlled culture conditions. 
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Chapter 4: Flow Shear Stress Regulates Endothelial Barrier Function and 

Angiogenic Potential in a 3D Microfluidic Tumor Vascular Model 

Manuscript in Preparation 

 

4.1 Abstract

 Endothelial cells lining blood vessels are exposed to various hemodynamic forces 

associated with blood flow. These include fluid shear, the tangential force derived from the 

friction of blood flowing across the luminal cell surface, tensile stress due to deformation of the 

vessel wall by transvascular flow, and normal stress caused by the hydrodynamic pressure 

differential across the vessel wall. While it is well known that these fluid forces induce changes 

in endothelial morphology, cytoskeletal reorganization, and altered gene expression, the effect of 

flow on endothelial organization within the context of the tumor microenvironment is largely 

unknown. Using a previously published microfluidic tumor vascular model, the objective of this 

study was to investigate the effect of normal (4 dyn/cm
2
), low (1 dyn/cm

2
), and high (10 

dyn/cm
2
) microvascular wall shear stress (WSS) on tumor-endothelial paracrine signaling 

associated with angiogenesis. It is hypothesized that WSS will alter the endothelial phenotype 

such that vascular permeability and tumor-expressed angiogenic factors are enhanced. Results 

demonstrate that endothelial permeability decreased as a function of increasing WSS, while co-

culture with tumor cells increased permeability relative to mono-cultures. This response is likely 

due to shear stress-mediated endothelial cell alignment and tumor-VEGF-induced permeability. 

In addition, gene expression analysis revealed that high WSS (10 dyn/cm
2
) significantly down-

regulated tumor-expressed MMP9, HIF1, VEGFA, ANG1, and ANG2, all of which are 

important factors implicated in tumor angiogenesis. This result was not observed in tumor mono-

cultures, suggesting a flow-mediated paracrine signaling mechanism with surrounding tumor 

cells that elicits an angiogenic response. Findings from this work have significant implications 

regarding low blood velocities commonly seen in the tumor vasculature, suggesting high shear 

stress-regulation of angiogenic activity is lacking in many vessels, thereby driving tumor 

angiogenesis. 
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4.2 Introduction 

Solid tumors are comprised of a porous interstitium and an irregular vascular network 

characterized by highly permeable vessels. The parenchyma and stromal cells that reside in this 

microenvironment are exposed to interstitial fluid flow, pressure gradients, and hemodynamic 

shear that can significantly influence tumor progression. These hydrodynamic stresses are 

generated by osmotic and hydrostatic pressure gradients that arise from tumor pathophysiology 

including tumor growth-induced compressive strain, increased extravasation of macromolecules 

from leaky tumor vessels, and elevated interstitial pressure due to lack of functional lymphatics. 

For the last decade, investigation of flow through the vasculature and interstitium of tumors has 

been motivated by the desire to understand the role of fluid convection in the delivery of 

therapeutic drugs to treat cancer (17, 32, 36, 167, 210-212). However, recent studies have 

revealed an underlying importance of fluid dynamics in regulating molecular signaling, gene 

expression, cell cycle progression and tumor development (60, 172, 174, 178, 213). 

 Emerging evidence suggests that interstitial flow plays a significant role in promoting 

tumor cell migration and metastasis. Such studies have shown that interstitial flow not only 

influences the direction and magnitude of cell migration, but also generates transcellular 

chemokine gradients that guide metastasis (60, 174). Clinically significant findings have also 

demonstrated that interstitial fluid pressure is correlated with survival of cervical cancer patients 

(214) and lowering interstitial fluid pressure reduces tumor cell proliferation in vivo (213). 

Although few studies have explored the effect of flow shear stress on tumor cell phenotype, 

experiments by Change et al. have characterized a mechanisms by which shear stress (12 

dyn/cm
2
) induces a G2/M cell cycle arrest in tumor cells (172). These findings suggest that tumor 

cells in regions subjected to low flow shear stress may not become growth arrested and continue 

to undergo mitosis. Thus, different fluid flow patterns may have a regulatory affect on tumor cell 

proliferation and invasion, thereby influencing region-specificity for tumor metastasis. 

Collectively, these data imply that tumor response to flow shear stress should be considered in 

the treatment and management of metastatic disease. 

It is well known that endothelial cells lining blood vessels respond to shear stress, a fluid 

mechanical force generated by blood flowing tangential to the luminal surface, thereby 

maintaining homeostasis of the circulatory system. Many reports have documented the effect of 

wall shear stress (WSS) on endothelial cell-matrix interactions, junction molecules, gene 
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expression, and barrier transport properties (40, 58, 168, 170, 215-223). Several in vivo and in 

vitro experiments have also demonstrated that blood flow enhances angiogenesis (224). For 

example, reports have shown that shear stress causes upregulation of Tie2 and MMP-1 (222) and 

increases vascular endothelial growth factor (VEGF) expression in endothelial cells (225). 

Similar studies have also shown that shear stress stimulates endothelial cell migration as well as 

supports blood vessel maintenance (226, 227). However, the exact mechanisms of vascular 

reorganization in response to shear stress are not fully defined (228). Even less understood is the 

role of shear stress within the context of tumor angiogenesis. While previous studies have 

demonstrated the importance of tumor-endothelial cross talk for tumor angiogenesis (151, 152, 

179), it is not known to what extent shear forces interface with or regulate the activity of 

angiogenic signaling pathways within the tumor microenvironment. Insightful reports have 

demonstrated that endothelial cells of the tumor vasculature lose their ability to sense and 

respond to physical cues. For example, dysregulated mechanosensing was revealed by the fact 

that tumor-derived endothelial cells fail to reorient their actin cytoskeleton when exposed to 

uniaxial cyclic strain, are sensitive to variations in ECM elasticity, and exert increased traction 

forces that enable reorganization of tubular networks in vitro (29). It has also been shown that 

tumor derived endothelial cells display a pro-survival phenotype with increased angiogenic 

capacity (229). These endothelial behaviors likely arise from the anomalous physical cues of the 

tumor microenvironment, which can alter endothelial cell mechanoreciprocity and the ability to 

transduce mechanical signals into a transient or sustained cellular response (16, 26, 29).  

 The objective of this study was to characterize the role of flow shear stress on tumor-

endothelial cross talk and vascular barrier function. Using a previously developed 3D, in vitro 

microfluidic tumor vascular model (230), tumor and endothelial cells were co-cultured under a 

range of tumor-relevant hydrodynamic stresses. It is hypothesized that wall shear stress along the 

endothelialized microchannel will alter the endothelial phenotype to enhance reciprocal tumor-

endothelial expression of growth factors and promote angiogenesis. Permeability of the 

endothelium, secretion of pro-angiogenic factors, hypoxic response, and tumor-expressed 

angiogenic genes were assessed as a function of normal microvascular WSS (4 dyn/cm
2
) (40), as 

well as a low (1 dyn/cm
2
), and high (10 dyn/cm

2
) WSS to target a range of tumor-relevant fluid 

forces. Understanding the significance of shear stress-mediated tumor angiogenesis is important 

for overcoming challenges associated with therapeutic targeting of the tumor vasculature. In 
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addition, defining a relationship between flow shear stress and tumor angiogenesis may provide 

evidence that further supports the theory of tumor vascular normalization strategies to revert the 

malignant phenotype and halt tumor progression. 

 

4.3 Materials and Methods 

4.3.1 Cell Culture 

A human breast carcinoma cell line (MDA-MB-231) (American Type Culture Collection 

(ATCC)) and a telomerase-immortalized human microvascular endothelial cell line (TIME) were 

used in this study. TIME cells were provided as a generous gift from Dr. Shay Soker at the Wake 

Forest Institute for Regenerative Medicine (Winston-Salem, NC). A lentiviral vector system was 

used to genetically modify the TIME cells to stably express a red fluorescent protein (RFP) for 

real-time visualization of endothelial morphology during culture. Imaging was performed using a 

fluorescence microscope (Leica AF6000) to monitor cell growth during culture.  

 MDA-MB-231 cells were cultured in Dulbecco’s Modified Eagle Medium: nutrient 

mixture F-12 (DMEM/F12) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine 

serum (FBS) (Sigma-Aldrich, St. Louis, MO), and 1% penicillin-streptomycin (Invitrogen, 

Carlsbad, CA). TIME cells were cultured in EBM-2 (Lonza, Rockland, ME) media 

supplemented with a growth factor BulletKit (Lonza CC-4176). All cells were maintained in a 

humidified 5% CO2/95% air atmosphere at 37°C within an incubator. 

 Co-culture of breast tumor and endothelial cells within microfluidic type I collagen 

hydrogels was conducted as described previously (230). Briefly, 1 x 10
6
 MDA-MB-231 cells 

were resuspended in neutralized collagen, poured into FEP tubing fit concentrically with a 22G 

needle (711 µm), and capped with PDMS sleeves. After polymerization for 20 minutes at 37°C, 

the needle was removed and 10 x 10
6
 endothelial cells/ml were carefully injected into the central 

microchannel 2X at 10 min intervals and slowly rotated to completely cover the luminal surface. 

Flow was then immediately introduced through the endothelialized microchannel by perfusing 

EBM-2 growth media at a low flow rate of 3 µl/min. A graded increase in flow that subjected the 

endothelium to a low shear stress of %=0.01 dyn/cm
2
 up to %=0.1 dyn/cm

2
 over 72 hours was 

utilized to encourage the establishment of a functional endothelialized channel (230). Following 

this initial preconditioning time period, the flow was increased to induce one of three target WSS 

(%W = 1, 4, or 10 dyn/cm
2
) for 6 hours, after which analysis of angiogenic activity (vascular 
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permeability, hypoxic response, expression of angiogenic factors) was conducted. Mono-cultures 

of MDA-MB-231 cells or TIME cells were used as controls. 

 

4.3.2 Enzyme-Linked Immunosorbent Assay 

Protein levels of VEGF during the 72 hr preconditioning time period were measured 

using an enzyme-linked immunosorbent assay (ELISA) (Quantikine Human Immunoassay kits 

(R & D Systems, Minneapolis, MN)) according to the manufacturer’s protocol. Samples were 

collected from conditioned perfusate of tumor-endothelial co-cultures and compared to tumor 

and endothelial mono-cultures at 24, 48 and 72 hrs (n=4). 

 

4.3.3 Quantitative RT-PCR 

To determine the effect of WSS on tumor-endothelial cross talk, expression levels of 

target genes in MDA-MB-231 during co-culture or mono-culture after the 6 hr exposure to each 

%W were determined quantitatively by real-time RT-PCR. To isolate tumor cell mRNA from co-

cultures, the endothelialized microchannel was de-nuded by careful scraping the cells off the 

luminal surface and subsequently washing with PBS. Total RNA from the microfluidic collagen 

scaffolds was then isolated by the phenol-chloroform extraction method as described previously 

(230). Reverse transcription and PCR amplification of gene-specific TaqMan PCR primers: 

VEGF-A (NM_001025366.2), ANG-1 (NM_001146.3), ANG-2 (NM_001118887), HIF1-" 

(NM_001243084.1) and MMP-9 (NM_004994.2) (Applied Biosystems, Foster City, CA) were 

then conducted. Evaluation of 2
-!!C

T indicates the fold change in gene expression, normalized to 

GAPDH (NM_002046.3) housekeeping gene and relative to the control group (n=4).   

 

4.3.4 Immunofluorescence Staining 

Tumor expression of VEGF and HIF-1" as a function of radial distance from the central 

microchannel was visualized by immunostaining cross-sections of both tumor mono-cultures and 

co-culture with endothelial cells after the 6 hr exposure to each %W. Samples were fixed in 10% 

formalin for 24 hrs at room temperature and then dehydrated through a series of ethanol 

incubations before embedding in paraffin wax (Tissue Prep, Fisher Scientific, Pittsburg, PA) as 

described previously (79). A Microm HM 355S microtome (Thermo Scientific, Kalamazoo, MI) 
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was used to obtain 15 µm thick cross-sections, after which the paraffin was removed and the 

samples rehydrated. 

Briefly, samples were fixed in 3.7% paraformaldehyde, permeabilized with 0.5% Triton 

X-100 (Sigma Aldrich), and blocked for 1 hr in 1% BSA. Sections were then incubated at 37°C 

for 2 hrs with a mouse monoclonal to VEGF primary antibody (Invitrogen) and a rabbit 

monoclonal to HIF-1" antibody (Invitrogen), followed by a 1 hr incubation with an Alexa 

Fluor® 594 anti-mouse IgG (H+L) secondary antibody (Invitrogen) and an Alexa Fluor® 488 

anti-rabbit IgG (H+L) secondary antibody (Invitrogen). VECTASHIELD® mountain medium 

was used to preserve fluorescence. Sections were imaged using an inverted fluorescence 

microscope (Leica AF6000). 

 

4.3.5 Endothelial Permeability Assay 

A permeability assay to quantify barrier function of the endothelialized microchannel was 

conducted as described previously (71). Briefly, 70 kDa Oregon green-conjugated dextran (10 

µg/ml in serum-free medium) was perfused through the endothelialized microchannel at 26 

µl/min (%=0.1 dyn/cm
2
) for 1 hr, as selectively permeable mature capillaries are known to be 

impermeable to dextrans over a molecular weight of 65 kDa (231). Images were captured every 4 

minutes using an inverted fluorescence microscope (Leica AF6000). ImageJ (National Institutes 

of Health, Bethesda, MD) was then used to measure average fluorescence intensity in a ROI that 

spanned the width of the collagen, including the endothelialized microchannel. The effective 

permeability coefficient, Pd, which describes the ability of a solute to escape uniformly from the 

vascular lumen (71), was calculated using the following equation: 

 

where d is the microchannel diameter, Ib is the average background intensity, I1 is the average 

initial intensity, and I2 is the average intensity after the recovery time !t (71). Pd was calculated 

as a function of each target WSS (%W=1, 4, or 10 dyn/cm
2
) from at least 5 consecutive 

measurements in both endothelial mono-culture as well as co-culture with tumor cells (n=3). 
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4.3.6 Statistical Analysis 

Experimental groups were tested and analyzed independently and the data are expressed 

as mean value ± standard deviation. Significance of the RT-PCR results, ELISA results and 

permeability were verified using Student’s t-test. A 95% confidence criterion will be used to 

determine statistically significant differences between experimental groups. 

 

4.4 Results and Discussion 

4.4.1 VEGF Protein Secretion during Preconditioning 

 Total VEGF protein was isolated from the perfusate of endothelial mono-cultures 

compared to co-culture with tumor cells only during the 72 hr preconditioning period. Analysis 

shows a statistically significant increase in VEGF secretion from day 1 to day 3 (Figure 4.1). 

While a greater amount of VEGF protein was measured in co-culture samples relative to 

endothelial mono-cultures, the difference was not significant. This may be due to matrix-binding 

or endothelial VEGFR association of tumor-secreted VEGF, such that measurable changes in 

total VEGF secretions were undetected during co-culture. In addition, measured VEGF protein 

secretion from tumor-monocultures (data not shown) was slightly greater than that of endothelial 

mono-culture or co-culture, though the difference was not statistically different.  

 

 

 

 

 

 

 

 

Figure 4.1 VEGF protein secretion during 72 hr low 

flow preconditioning scheme. ELISA of perfused culture 

media from endothelial mono-culture relative to co-culture 

with tumor cells reveals a significant increase in total 

VEGF protein over time p<0.05. Concentration (ng/ml) was 

multiplied by volume of perfusate at time of collection (5, 

25, and 60 ml at t=24, 48, and 72 hrs, respectively).  

 

  

Our current findings indicate that under low flow shear stress conditions (%W<0.1 

dyn/cm
2
) and short culture durations (<3 days), VEGF protein secretion is unaffected by co-
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culture conditions relative to tumor or endothelial mono-cultures. Additional studies 

investigating endothelial-originated VEGF in the microfluidic collagen hydrogel are needed to 

fully understand the role of flow shear stress on autocrine signaling mechanisms. The dynamic 

interplay between VEGF and its downstream signaling pathways has only recently been 

implicated in studies investigating shear stress-mediated angiogenesis (232-235). Although 

hypoxia is the most well characterized factor that causes VEGF upregulation (236, 237), 

emerging mechanisms by which mechanical forces regulate VEGF expression are now being 

discovered. For example, a dynamic regulation pattern of VEGF gene and protein expression in 

endothelial cells was first demonstrated by Gan et al., in which high shear stress (25 dyn/cm
2
) 

decreased VEGF gene expression after exposure for 1.5 hours, but increased VEGF gene 

expression after exposure for 3 hours (233). A later study by Conklin et al. showed that 24 hours 

of low shear stress (1.5 dyn/cm
2
) significantly increased VEGF gene and protein expression in 

endothelial cells (232). In addition, we have previously shown that VEGF protein expression is 

enhanced in 2D, static tumor-endothelial co-cultures compared to monocultures (179), though 

this response was observed over long-term culture durations (up to 28 days).  

 

4.4.2 Tumor-Expressed Angiogenic Genes in Response to WSS 

 Tumor co-cultures and tumor mono-cultures were maintained under the 72 hr low flow 

preconditioning scheme, followed by exposure to one of three target WSS (%W = 1, 4, or 10 

dyn/cm
2
) for 6 hrs, after which tumor mRNA was isolated for gene expression analysis. qRT-

PCR results indicate that in the presence of an endothelialized microchannel, high WSS (%W = 10 

dyn/cm
2
) significantly down-regulates all MDA-MB-231-expressed angiogenic factors probed in 

this experiment (Fig. 4.2). In contrast, WSS did not have an effect on tumor mono-cultures, 

suggesting fluid forces acting on the endothelium regulate cross talk with surrounding tumor 

cells, thus altering gene expression activity. Furthermore, the decreasing trend in gene expression 

as a function of increasing WSS was not observed in tumor-monocultures compared to tumor co-

cultures, thereby suggesting that this phenomenon is not a function of flow-mediated transport of 

oxygen and nutrients through the collagen matrix. 



 70 

 

Figure 4.2 High WSS down-regulates tumor-expressed angiogenic factors in the presence of 

an endothelium. Tumor mono-cultures (a) or co-cultures (b) were cultured under the 72 hr 

precondition flow rate, after which the target WSS (%W  = 1, 4, or 10 dyn/cm
2
) was introduced 

through the microchannel for a total 6 hrs. Total tumor mRNA was then isolated for gene 

expression analysis. Scale bar 200 µm*p<0.5 

 

In a recent study by Song et al. investigating the role of VEGF gradients and shear stress 

on in vitro endothelial morphogenesis, results demonstrated that physiological shear stress (3 

dyn/cm
2
) attenuates VEGF-driven endothelial sprouting (58). Even in the presence of high 

VEGF concentrations (50 ng/ml) endothelial invasion was minimal under flow relative to static 

conditions. These studies further confirmed that inhibition of VEGF-induced sprouting requires 

nitric oxide (NO) signaling, an important shear stress-responsive signaling molecule. Results 

from this work may provide an explanation by which high shear stress down-regulates tumor 

expressed angiogenic factors via NO secretion. For example, several studies have shown that NO 

can have inhibitory effects on tumorigenesis, in which DNA damage induced by NO induces 

tumor regression and inhibition of metastasis (238, 239). Angiogenic factors such as VEGF and 

the angiopoietins have also been shown to activate eNOS in vascular endothelial cells (240, 241). 

As such, co-culture conditions within the microfluidic tumor vascular model, which increase 
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VEGF and possibly angiopoietin, may stimulate NO secretion by the endothelium. Flow shear 

stress may further increase NO signaling, such that the combinatorial effect of flow shear stress 

and tumor-endothelial expression of angiogenic factors induces decreased tumor angiogenic 

activity. This hypothesis may be tested by the addition of a nitric oxide synthase inhibitor NG-

monomethyl-L-arginine monoacetate (L-NMMA) to block NO signaling. Or by using a 

neutralizing antibody against VEGF to determine if high flow shear stress-down-regulated tumor 

angiogenesis is mediated by these pathways. 

 

4.4.3 Endothelial Barrier Function 

 The permeability of the endothelium was measured following the 72 hrs precondition 

period, and after 6 hrs exposure to one of three target WSS (%W = 1, 4, or 10 dyn/cm
2
). The 

measured effective permeability coefficient, Pd, of the endothelialized microchannel as a 

function of WSS indicates that Pd of the 70 kDa Oregon Green-conjugated dextran decreases 

with increasing WSS for both endothelial mono-culture and co-culture with tumor cells (Fig. 

4.3a). This decreased permeability is likely due to increased endothelial alignment and spreading 

in the direction of flow (230), in which high WSS (%W = 10 dyn/cm
2
) significantly decreased Pd 

relative to the preconditioned endothelium. These findings are consistent with others showing 

shear stress-mediated endothelial morphological adaptations (58, 111, 230, 242-244) and 

permeability (168, 215, 217, 219, 221, 245). The presence of tumor cells also increased Pd 

relative to endothelial mono-cultures, with a significantly greater Pd under high WSS conditions. 

Images taken at the end of the permeability assay for the case of %W = 10 dyn/cm
2
 qualitatively 

show greater distribution of Dextran across the endothelium during co-culture with tumor cells 

(Figure 4.3b). A more disorganized endothelium at the channel wall are also observed during co-

culture, with initial signs of migration off the luminal surface, which may contribute to increased 

permeability.  
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Figure 4.3 Effective permeability coefficient, Pd, decreases as a function of increasing WSS 

and increases in during co-culture with tumor cells. (a) Pd of 70 kDa Oregon Green-

conjugated Dextran across the endothelialized microchannel decreases as %W  increases for both 

mono-culture and co-culture with tumor cells, with a statistically significant reduction at %W = 10 

dyn/cm
2
 relative to the preconditioned endothelium *p<0.05. Pd during co-culture was 

significantly increased for all %W relative to mono-cultures #p<0.05. (b) Representative images of 

70 kDa Oregon Green-conjugated Dextran diffusion across the endothelialized microchannel for 

the case of %W = 10 dyn/cm
2
. Scale bar 200 µm 

 

Endothelial tight junctions and adherens junctions are known to play a role in the 

paracellular permeability of the endothelium. Therefore, a more thorough investigation in tight 

junction protein distribution in response for flow shear stress and co-culture with tumor cells is 

needed to determine if down-regulated tight junction protein expression explains the decreased 

permeability observed in the current study. For example, the tight junction protein, occludin, 

forms a seal between adjacent endothelial cells and limits the free transport of solutes and other 

molecules through the paracellular pathway (246). VE-cadherin also affects the paracellular 

permeability barrier (247). Several reports have provided evidence of flow shear stress-mediated 

distribution of tight junction proteins, in which exposure to shear stress leads to a transient 

decrease (<4 hrs post shear) in VE-cadherin or occludin protein expression, as endothelial cells 

migrate and align in the direction of flow (215, 216, 232, 248-252). Studies investigating the 

effect of shear stress on permeability of macromolecules across the endothelium also revealed 

that endothelial permeability is acutely sensitive to shear stress in vitro (245). Exposure of both 1 

and 10 dyn/cm
2
 dramatically increased permeability of FITC-BSA after 30 and 60 minutes; 

however, permeability returned to pre-shear values after 120 minutes (245). Similar studies 
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demonstrated that when subjected to low shear stress, endothelial cells cultured in collagen 

hydrogels were visibly more permeable to FITC-BSA (72). These findings are consistent with 

permeability results obtained from this study.  

 

4.5 Conclusion 

Endothelial response to abnormal shear stress impairs various vascular functions and can 

lead to diseases such as atherosclerosis, thrombosis or pathological angiogenesis commonly seen 

in cancer. However, the effect of flow shear stress on the endothelial cell phenotype within the 

context of tumor progression is largely unknown. The relationships between blood flow, 

mechanotransduction, and local cell behavior can be discovered by the advancement of in vitro 

tissue culture models designed to quantitatively measure fluid mechanics coupled with cellular 

response. 

 This study has been designed to investigate the combinatorial effect of shear stress and 

tumor-endothelial cross talk on tumor angiogenesis in a 3D microfluidic collagen hydrogel. We 

have previously provided evidence that tumor cells have an altered phenotype when cultured 

under 3D dynamic conditions compared to both 3D static and 2D TCPS controls (230). Results 

presented here further support the idea that endothelial cells play an active role in regulating 

tumor angiogenic activity, and that flow shear stress influences tumor-endothelial cross talk such 

that barrier function and expression of angiogenic factors are altered. This is the first study to 

utilize an in vitro culture model to demonstrate tumor cell-mediated changes in endothelial 

barrier function, in addition to flow-mediated vascular permeability. A better understanding of 

the physical and chemical mechanisms by which endothelial cells convey instructive signals to 

promote tumor progression will provide a foundation for improved clinical studies to treat 

vascularized tumors.  

 

4.6 Acknowledgements 

We would like to thank Dr. Scott Verbridge for many insightful discussions on this work. 

We would also like to thank Andrea Martin for generously donating the Sprague Dawley rat tails. 

Funding for this study was provided by the National Science Foundation Early CAREER Award 

CBET 0955072 and a National Institute of Health Grant IR21CA158454-01A1. 

 



 74 

Chapter 5: Review - Microfluidic Culture Models to Study the 

Hydrodynamics of Tumor Progression and Response 

Cara Buchanan
1
 and Marissa Nichole Rylander

1, 2 

 

1
Virginia Tech-Wake Forest School of Biomedical Engineering and Sciences, Blacksburg, VA 

2
Virginia Tech, Department of Mechanical Engineering, Blacksburg, VA 

 

Manuscript under revision after submission to Biotechnology and Bioengineering.  

 

5.1 Abstract 

 The integration of tissue engineering strategies with microfluidic technologies has 

enabled the design of in vitro microfluidic culture models that better adapt to morphological 

changes in tissue structure and function over time. These biomimetic microfluidic scaffolds 

accurately mimic native 3D microenvironments, as well as permit precise an

d simultaneous control of chemical gradients, hydrodynamic stresses, and cellular niches within 

the system. The recent application of microfluidic in vitro culture models to cancer research 

offers enormous potential to aid in the development of improved therapeutic strategies by 

supporting the investigation of tumor angiogenesis and metastasis under physiologically relevant 

flow conditions. The intrinsic material properties and fluid mechanics of microfluidic culture 

models enable high-throughput anti-cancer drug screening, permit well-defined and controllable 

input parameters to monitor tumor cell response to various hydrodynamic conditions or treatment 

modalities, as well as provide a platform for elucidating fundamental mechanisms of tumor 

physiology. This review highlights recent developments and future applications of microfluidic 

culture models to study tumor progression and therapeutic targeting under conditions of 

hydrodynamic stress relevant to the complex tumor microenvironment. 
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5.2 Introduction 

 The hydrodynamics of the tumor microenvironment impact drug delivery, therapeutic 

response, and tumor progression. Due to the abnormal vasculature and lack of functional 

lymphatics, the tumor fluid environment is characterized by increased interstitial fluid pressure 

and altered flow patterns (164). As a result, non-uniform cytokine gradients and abnormal flow 

shear stresses are present, which can greatly influence tumor and stromal cell behavior, immune 

response, as well as delivery and efficacy of therapeutic modalities (253). Current methods to 

measure tumor blood flow in vivo rely on imaging techniques such as MRI, PET, and CT; 

however, these measurements are limited in that they cannot directly determine blood flow 

heterogeneity or distribution, and the spatial and temporal resolution is insufficient to 

definitively monitor therapies targeting tumor vasculature (92). Advances in intravital 

microscopy (IVM) have overcome many of these limitations by permitting continuous non-

invasive in vivo imaging of cellular and sub-cellular events with 1-10 µm resolution (93). While 

this approach has provided great insight into tumor angiogenesis and blood velocity, interstitial 

flow, and vascular permeability, commonly used methods are surface weighted (<40 µm) (95). In 

addition, improvements in IVM image acquisition rate, development of molecular probes, and 

miniaturization of set-ups are needed before the benefits of IVM are fully realized (14).  

A better understanding of how the tumor fluid environment regulates transport and 

uptake of therapeutic drugs, as well as its effect on both the physiological and treatment response 

of the tumor may be better accommodated through the use of in vitro tumor models. These 

systems enable high-resolution and high-speed image acquisition necessary for capturing 

dynamic events such as changes in flow fields, tumor cell-vessel interactions, and transport of 

small molecules (93), which are difficult to monitor using conventional in vivo imaging 

modalities. Advantages of in vitro models include spatiotemporal control of experimental 

parameters, ease of monitoring cellular response, and reduced cost and effort over in vivo models 

(254). However, many macroscale in vitro approaches lack the ability to induce relevant 

hydrodynamic parameters (i.e. matrigel or microsphere sprouting assays lack transvascular flow, 

or modified Boyden chamber assays lack flow shear stress). Parallel plate bioreactors and radial 

flow chambers, which typically incorporate fluid flow over confluent cell monolayers, are 

convenient for mimicking shear stress or interstitial flow; though, such macroscale systems 

require sizable volumes of chemicals and reagents, and lack the ability to produced micro-
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patterned cellular geometries. More recently, microscale culture models are being utilized for 

physiological recapitulation of the hydrodynamic tumor microenvironment in vitro. These 

systems accurately recreate native oxygen and nutrient diffusion rates, fluid forces, and cellular 

microenvironments that are advantageous over macroscale culture models. A more thorough 

evaluation of the differences between macro- and microscale systems to study flow-mediated cell 

response can be found in the review by Young et al. (255). 

 The combination of tissue engineering principles, microfluidics and cancer biology 

facilitates the development of innovative microfluidic tools that can be used to study the role of 

fluid mechanics on tumor progression under physiologically relevant conditions. Conventional 

polydimethylsiloxane (PDMS) microfluidic culture models provide accurate and simultaneous 

control of multiple environmental factors such as perfusion rates, chemical gradients and cellular 

geometries using micro-patterned cell culture substrates (50, 256); however, these systems are 

limited in their ability to sustain diffusion and mass transport of nutrients within the bulk of the 

substrate, as well as permit cellular migration and remodeling during culture (257). Advances in 

microfluidic technologies have enabled the design of culture models that better adapt to 

morphological changes in tissue structure and function over time. For example, microfluidic 

platforms can be fabricated using porous and biodegradable biomaterials that permit exchange of 

solutes with cells, provide specific barrier properties of the endothelium, and accommodate 

remodeling during angiogenic and metastatic progression (51, 62, 78). Microscale cell culture 

systems also enable high resolution visualization of cellular events in real-time (59). This has 

been demonstrated in microfabricated devices designed to monitor cell migration as a function of 

substrate stiffness (57, 258) or growth factor gradients (259, 260), as well as tumor cell motility 

mechanisms of deformation and extravasastion important in metastasis (182, 261, 262). Other 

microfluidic platforms have employed methods to create well-defined biochemical gradients or 

flow stresses to examine cell response (208, 263, 264). By applying microfluidic technologies to 

cancer biology, these culture models have the potential to aid in the development of improved 

therapeutic strategies by supporting the investigation of tumor cell viability, proliferation, 

migration, signaling, and therapeutic response under various fluid flow conditions.  

 This review highlights current progress and future directions of microfluidic culture 

models of tumor progression. Specifically, applications to drug screening, therapeutic targeting 
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and tumor response, and an overall understanding of tumor physiology as a function of 

hydrodynamic stresses of the tumor microenvironment will be discussed. 

 

5.3 Microfluidic Cell Culture Models 

 Microfluidics is by definition the science and technology of systems that process or 

manipulate microscale volumes (10
-9

 to 10
-18

 liters) of fluids in networks of microchannels with 

dimensions ranging from 1 to 1000 µm (45, 46). Compared to their behavior at the macroscale, 

fluids at microscale volumes are dominated by viscous rather than inertial forces (47, 265). 

Within the context of tissue engineering and cell culture, this allows for precise spatiotemporal 

delivery of growth factors or therapeutic drugs within the system. Laminar fluid flow also causes 

mass transport to be governed by local diffusion rates. Thus, delivery of nutrients and oxygen 

can be controlled within the microfluidic platform (47, 48). Moreover, microfluidic systems for 

cell culture are becoming increasingly popular due to their ability to recreate specific cell-cell 

and cell-matrix interactions within physiologically relevant geometries and flow conditions. This 

is critical to understanding the role hydrodynamic stress on cellular response. Specifically, fluid 

forces acting tangential to the cell surface that induce shear stress (e.g. endothelial cells lining 

blood vessels), or interstitial flow through a 3D tissue (e.g. stromal cells in the extracellular 

matrix) that imposes stresses in all directions, rather than just the apical cell surface (173). 

Interstitial flow across a blood vessel wall (transvasular flow) also causes endothelial tensile 

stress resulting from vessel deformation (266). These hydrodynamic forces elicit varied cellular 

response (i.e. shear induced cytoskeletal alignment and spreading (170), interstitial flow-induced 

migration (39), or transvascular flow-mediated expression of intercellular proteins (267)). 

 Early microfluidic culture systems (Figure 5.1a), adopted from the microelectronic 

industry, have been fabricated in glass, silicon or PDMS (49); however, these substrates are not 

ideal for 3D cell culture because they have limited biocompatibility and biodegradability, are 

difficult to functionalize with biologically active components due to processing requirements, 

and are often unsuitable due to their hydrophobicity and low porosity (50). More recently, 

biomimetic substrates that are chemically and mechanically tunable to better suit tissue 

engineering applications have been integrated into microfluidic systems. A comprehensive 

review of biomimetic microfluidic scaffolds for tissue engineering can be found in several 

articles (50-52, 257, 268). Such microdevices accurately replicate native 3D cellular micro-
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environments in combination with gradient and flow control, and thus enable systematic 

investigation of both physiological and pathological phenomena in vitro.  

 
Figure 5.1 3D microfluidic cell culture models that integrate tissue engineering principles 

with micro-scale fluid mechanics for the investigation of hydrodynamic stress on tumor 

response. A) Conventional PDMS (gray) microfluidic culture models provide accurate and 

simultaneous control of multiple parameters such as perfusion rates Q, chemical gradients and 

cellular geometries; however, these devices are impermeable to oxygen and nutrients, and are 

limited to 2D monolayers that restrict dynamic cell processes during culture. B) State-of-the-art 

multi-channel microdevices that incorporate a hydrogel component (pink) not only permit co-

culture of multiple cell types in 3D, but also allow establishment of controlled pressure gradients, 

!P, and interstitial flow velocities, v, by adjusting the flow rate, Q, in each microchannel. This 

enables the introduction of tumor-relevant interstitial flow velocities that influence cell migration 

dynamics (adapted from (77, 209, 259, 269)). C) Hydrogels that contain perfusable 

microchannels can be fabricated by polymerizing the hydrogel around a PDMS stamp, or by 

sacrificial micromolding using selective pH sensitivity or enzymatic degradation to create 

microstructures. In such devices, cells seeded on the microchannel surface are directly exposed 

to wall shear stress, %W, which, for example, plays an important role in tumor angiogenesis 

(adapted from (62, 63, 270)). D) Hydrogel-PDMS composite microdevices can be fabricated 

with increasing complex geometries to not only enhance mechanical integrity of the hydrogel, 

but also simulate more diverse flow patterns of the tumor microenvironment (adapted from (59)). 
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5.4 Applications to Cancer Research 

 The tumor microenvironment is a highly heterogeneous and dynamic milieu undergoing 

many biological processes such as cell proliferation and matrix remodeling, angiogenesis, 

invasion, and metastasis in response to cytokine and oxygen gradients, aberrant blood flow 

patterns, and elevated interstitial fluid pressure and shear. The fact that microfabrication and 

microfluidic technology allow for precise, simultaneous control of multiple environmental 

factors, cellular complexity, and real-time analysis of physiological response, confers that 

microfluidic cell culture platforms can be used as versatile tools to study these tumorigenic 

phenomena in vitro.  3D microfluidic cell culture platforms overcome limitations of conventional 

2D culture models that poorly reflect the pathological tumor microenvironment or in vivo models 

that are complicated with many uncontrollable factors that prevent isolation of the effect of a 

single stimulus on tumor response. Thus, microfluidic culture models are highly amenable for 

assessing high-throughput drug screening procedures, enable well-defined and highly 

controllable conditions to monitor tumor cell response to various culture conditions or treatment 

modalities, as well as provide a platform for elucidating fundamental mechanisms of tumor 

physiology and progression. Significant progress has been made in the development of 

microfluidic systems that can be applied to cancer research; however, great potential lies in the 

advancement of these systems to incorporate the combinatorial effect of growth factor and gas 

exchange with hydrodynamic stresses of the tumor microenvironment. Furthermore, microfluidic 

tumor models can be used as a tool in which the coupling and de-coupling of various controllable 

factors can be implemented to develop treatments with heightened selectivity and effectiveness, 

potentially customized specifically for individual patients in varying stages of tumor 

development. 

 

5.4.1 Assessing Drug Delivery and Efficiency 

 Challenges in delivering diagnostic and therapeutic moieties intratumorally occur due to 

low perfusion and elevated interstitial fluid pressure, which arise from the abnormal structure 

and function of tumor vessels and lymphatics, as well as the dense matrix associated with the 

desmoplastic response (212). Successful delivery and infiltration of therapeutic agents to tumors 

depends on the drug carrier’s ability to overcome these physical barriers. Significant problems 

with anti-cancer drug therapies are unforeseen toxicity, inadequate drug penetration into the 
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tumor tissue, and the overall lack of targeting efficiency (46). These shortcomings are often due 

to the poor predictability of in vitro assays for drug toxicity, in which problems with drug 

delivery and efficacy are not revealed until later stages of clinical trials. The utility of 

microfluidic systems in improving drug discovery and development has been widely recognized 

(271); however, application to anti-cancer drug efficacy is relatively new. It is becoming well 

acknowledged that cancer cells respond differently to anti-cancer drugs when cultured in a 3D 

matrix compared to traditional 2D substrates such as polystyrene or glass (81, 272-274). Thus, 

the complex and time-dependent process of drug absorption, distribution, metabolism, and 

elimination can be better screened in 3D, dynamic microfluidic culture models compared to 

static 2D cell monolayers.  

 One of the first applications of microfluidic scaffolds to cancer drug screening was 

demonstrated by the group Shuler et al., in which a microfluidic hydrogel was designed to test 

the toxicity of a chemotherapeutic drug on colon cancer cells in vitro (270, 275). This design 

accurately reproduces the pharmacokinetics and pharmacodynamics of drug delivery and permits 

real-time analysis of cell viability in response to various culture conditions. Results demonstrate 

that cells have differential adaptability to the microfluidic environment, and that the presence of 

flow has a significant effect on the physiology and behavior of the cells in response to the 

chemotherapeutic agent. Similar studies have also developed alginate microfluidic scaffolds to 

evaluate drug concentrations and predict toxicity on breast cancer cells (276, 277). Other groups 

have utilized traditional PDMS microfluidic devices to successfully simulate 

microenvironmental gradients and diffusion rates to investigate dose-dependent response of 

chemotherapeutic drugs on glioma cells (278) and colon cancer cells (205). Using microfluidic 

culture models, factors such as fluid residence times, shear stress, and liquid-to-cell volume 

ratios can be adjusted so that they mimic in vivo conditions that are more appropriate for in vitro 

drug screening (279). 

 Delivery of therapeutic agents to interstitial cells is likely affected by the magnitude, 

direction and pattern of flow (173). Thus, transport and uptake of therapeutic drugs can also be 

modeled using microfluidic cell culture models. For example, nanoparticle mediated drug 

delivery shows poor penetration in solid tumors due to diffusional restrictions, non-specific 

binding and interaction with extracellular matrix (211, 280). Ng et al. have developed composite 

PDMS-matrigel microfluidic devices to study nanoparticle penetration and delivery to cells in a 
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3D matrix architecture under physiological pressure gradients and interstitial fluid flow (281). 

Results indicate that in the absence of convective flow, nanoparticle penetration was diffusion 

limited. When fluid flow was introduced, transport was increased, but as a function of 

nanoparticle size, diffusivity as well as steric hindrance from matrix components (281). This 

further substantiates the necessity of 3D culture models that incorporate interstitial flow to 

investigate transport efficiency of therapeutic drugs in the tumor microenvironment. Microfluidic 

culture models can also be used to optimize important aspects of tumorigenic therapies such as 

choice of drug delivery vehicle, appropriate temporal delivery, and intratumoral localization of 

the drug (78). Microenvironmental gradients, diffusion rates, and hydrodynamics of the tumor 

vasculature and interstitium play a critical role in controlling drug delivery; therefore, 

microfluidic culture platforms are a powerful in vitro tool for understanding the distribution and 

metabolism of chemotherapeutic drugs in solid tumors. 

 

5.4.2 Modeling Tumor Normalization Strategies 

 Compared to normal tissue, the tumor vasculature is highly permeable, tortuous, and 

dilated. As a result, the homeostatic balance between hydrostatic and oncotic pressure gradients 

is disrupted, and abnormally high interstitial fluid pressure is present in the tumor 

microenvironment (36). Innovative efforts to improve delivery efficiency of drug carriers have 

focused on normalizing the tumor vasculature to reduce interstitial fluid pressure and improve 

perfusion within the tissue (212). In vivo tumor vascular normalization has been documented in 

rectal cancer patients receiving bevacizumab (282) and recurrent glioblastoma patients receiving 

cediranib (283). However, interpretation of these data relies on the accuracy of the imaging 

methods used to measure blood distribution that cannot directly quantify global blood perfusion 

and vessel permeability (92). Until improved imaging techniques are developed that can measure 

the spatial and temporal changes in blood flow with higher resolution, the effects of anti-

angiogenesis treatments on vascular function in tumors cannot be definitively deduced.  

 Works by Tien et al. have demonstrated the ability to fabricate vascularized microfluidic 

channels within collagen hydrogels that can be perfused continuously as well as respond to 

chemical and mechanical cues (70-72). Functional microvascular networks within collagen 

matrices have also been achieved by Zheng et al. to model angiogenesis, thrombosis, or other 

pathological phenomena (63). Combined results from these works have demonstrated that the 
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vascular channels form confluent monolayers with strong barrier function, and that the 

endothelium responds appropriately to agents known to perturb tight-junction formation and 

vessel permeability (70, 284). Other examples of microfluidic devices used to conduct dynamic 

permeability assays of an endothelium include the design of a multi-layer PDMS/polyester chip 

(285) or fibrinogen gels for 3D co-culture with stromal cells (231). Microfluidic systems such as 

these have the potential to provide a physiologically relevant in vitro cell culture model in which 

the phenotype of engineered blood microvessel can be qualitatively and quantitatively assessed 

in response to therapeutic strategies to normalize the tumor vasculature. Among the first to apply 

the concept of vascularized microfluidic channels to cancer biology were Kamm et al. In their 

work, devices were designed to study the effect of endothelial cell migration kinetics, barrier 

function, transendothelial fluid flow, and chemotaxis relevant to the tumor microenvironment 

(57, 59, 182, 209, 286, 287) (Figure 5.1b,d). Pioneering efforts have also been made by Song et 

al. utilizing microfluidic devices to model interactions between the endothelium and circulating 

tumor cells, as well as the effect of flow shear stress on angiogenesis (58, 109, 288). Results 

from these studies have provided significant insight into the role of fluid flow on tumor cell 

intravasation, endothelial sprouting and tubule formation, and represent a new generation of 

clinically relevant platforms for studying various mechanisms of tumor progression in vitro.  

 Our lab is also investigating the role of flow shear stress on tumor angiogenesis using a 

3D microfluidic tumor vascular model. By integrating optical flow diagnostics (particle image 

velocimetry (PIV)) into an in vitro microfluidic collagen scaffold, spatiotemporal velocity 

profiles are measured and wall shear stress (WSS) within the microchannel is quantified, which 

is then correlated with tumor angiogenic activity (230). Type I collagen hydrogels embedded 

with a central microchannel are fabricated for dynamic co-culture of tumor and microvascular 

endothelial cells, in which the structure and function of the endothelialized microchannel can be 

assessed under select physiological conditions. These microfluidic cell culture models are 

designed such that refractive index matching across all curved surfaces reduces optical distortion 

during image acquisition. As a result, the model can be interfaced with a µ-PIV imaging system 

to enable accurate measurement of velocity profiles within the microchannel. Using PIV 

technologies, we have previously shown that conventionally estimated WSS based on Poiseuille 

flow is often not accurately reproduced in perfused in vitro bioreactors (e.g. an arterial flow 

system with cylindrical geometry), due to expansion at the inlet and entrance effects along the 
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vessel length (96). Furthermore, quantification of velocity profiles and WSS within microfluidic 

culture models is important due to the fact that the biomaterials used to fabricate these systems 

may be compliant, porous, or contain surface variations due to cell linings. These features can be 

expected to cause deviations from a physiological Poiseuille flow, and must be taken into 

consideration when correlating cellular response to specific hydrodynamic stresses. Microfluidic 

culture models have the potential to aid studies on the normalization of tumor vasculature in 

vitro, in which assessment of vascular structure, permeability, and fluid flow patterns in response 

to anti-angiogenesis agents can be quantified.   

 In addition to normalization of the tumor vasculature, strategies to normalize the tumor 

interstitial matrix are also being investigated to not only improve drug penetration, but also to 

reverse the invasive phenotype of tumors. Tumor and associated stromal cells produce a matrix 

of collagens, proteoglycans, and other molecules that hinder the transport of high molecular 

weight macromolecules into the tumor interstitium (17, 165). To improve drug penetration, 

efforts have been made to degrade the collagen and glycosaminoglycan content of tumors. Such 

studies have demonstrated that collagenase treatment to dense, penetration-resistant tumors 

significantly increases the interstitial diffusion rate of the antibody, IgG, suggesting a reduction 

in extracellular matrix density may improve drug delivery to tumors (17). Macromolecule 

distribution was also significantly increased when ectopic expression of MMP-1 and MMP-8 

resulted in decreased levels of tumor glycosaminoglycans (289). Similarly, the hormone relaxin, 

which modifies the structure of collagen fibrils, can also increase diffusive transport in tumors in 

vivo (290, 291). Increased extracellular matrix density and stiffness in tumors has also been 

shown to elevate focal adhesions and increase proliferation to promote an invasive behavior of 

breast cancer cells (19, 292, 293). Thus, modifying the extracellular matrix density and extent of 

cross-linking has the potential to decrease the metastatic potential of tumors (294). The current 

conception on the effect of extracellular matrix properties on tumor therapeutic and physiological 

response has been determined based on both 2D monocultures and 3D culture models. Studies 

have shown that collagen is a major contributor to diffusive hindrance in tumors, and that in vitro 

collagen gel models can be used to investigate diffusion in tissues (295). By varying the 

concentration of collagen, these results show that diffusion rates in collagen hydrogels closely 

match those of in vivo tumors (295). Integrating these strategies into microfluidic cell culture 

models permits the effect of altered matrix mechanics on both drug transport and tumor 
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phenotype to be further elucidated, in which the fluid environment and physical properties of the 

systems, such as matrix microstructure and elasticity can be well controlled.  

 This type of system, albeit not applied to cancer research, has been demonstrated for the 

first time by Cheung et al., in which microfluidic cell culture platforms were patterned with 

discrete micro-variations in stiffness to examine fibroblast morphology (296). Similar 

microfabrication approaches could also be used to examine the distribution of a macromolecule 

as a function of matrix density, stiffness and flow conditions. Although no current microfluidic 

cell culture platforms have been utilized to examine tumor vascular or matrix normalization 

strategies, enormous potential lies in microfluidic systems to test hypotheses concerning the role 

of differential cell-ECM interactions for tumor progression and therapeutic efficacy. 

 

5.4.3 Investigating Mechanisms of Tumor Cell Migration 

 Perhaps one of the most recent and interesting applications of microfluidic technologies 

is to tumor engineering, which has helped materialize the next generation of sophisticated 3D in 

vitro culture models to study tumor progression under dynamic conditions. Tissue engineered-

microfluidic systems utilize nutrient supply or hydrodynamic stresses to induce functional 

cellular responses into a surrounding hydrogel (55, 57, 61, 75, 76). These platforms are ideal for 

studying mechanisms of tumor migration including, cell-cell and cell-matrix interactions, 

morphogenesis, angiogenesis, and metastasis in response to various hydrodynamic, biochemical 

and biomechanical cues. 

 To accurately replicate the in vivo tumor microenvironment within in vitro microfluidic 

culture models, several physical and biochemical design factors must be considered. First, the 

matrix material must be able to accommodate cell migration and remodeling over the duration of 

culture, as well as be mechanically robust enough to withstand microfabrication and flow shear 

stresses at the fluid-matrix interface (77, 78). Mechanical and material properties of the 

microfluidic scaffold, such as thickness, elastic modulus, hydraulic permeability, as well as fiber 

diameter, orientation and pore size, will influence the cell’s ability to maintain an in vivo 

phenotype (62, 81). Upon perfusion of microfluidic culture models such as these, design features 

including addition of posts or surface treatments to improve adhesion of the hydrogel to a 

microfluidic device may need to be employed (77). Careful measurement of fluid flow and 

pressure gradients within the system is necessary to understand the generation of shear stress or 
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cytokine gradients that will influence cellular response. Additional considerations include cell 

density and type, imaging capabilities within the microfluidic scaffold as well as modalities to 

observe real-time cellular response (e.g. fluorescent labeling), and method of quantitative 

analysis to understand the tumorigenic process of interest (e.g. downstream molecular analysis, 

protein secretion, immunostaining) (77) 

 A pioneering example of a microfluidic culture model designed to quantify the effects of 

the tumor microenvironment on cancer cell motility in vitro was developed by Chung et al. (57, 

60, 77). Microfluidic scaffolds were designed to contain three independent flow channels, each 

separated by 3D collagen microchannels that enable directed cell migration in response to 

chemokine or fluid pressure gradients, as well as gel stiffness (57, 59). Results demonstrate that 

when co-cultured with a high density of MTLn3 mammary adenocarcinoma cells in one channel, 

endothelial cells migrate across the collagen hydrogel from the opposing channel and form 

capillary structures due to attractive VEGF and oxygen gradients (57). A similar tumor-

endothelial cell interaction assay was conducted in the microfluidic device using a highly 

invasive brain cancer cell line U87MG (77). These works demonstrated that over a 2-3 day time 

period, tumor cells proliferated into an aggressive mass, endothelial sprouts were initiated from 

the endothelial monolayer, and invasion of the tumor cells into the collagen gel was observed 

(77). Microfluidic cell culture platforms enable real-time quantification of tumor-endothelial 

interactions such as migration velocity, persistence, and directionality in response to various 

biochemical gradients and matrix mechanics (77, 269). In addition, recently published work by 

Polacheck et al. has further demonstrated the capacity of these microfluidic scaffolds to 

investigate the influence of interstitial flow on tumor cell migration (60). By applying stable 

pressure gradients, interstitial fluid velocities ranging from 0.3 – 3.0 µm/s (which are 

characteristic of tumors in vivo (38)) were generated across the collagen hydrogel. Morphology 

and migration of MDA-MB-231 breast carcinoma cells in response to these hydrodynamic 

stresses was then investigated. In this study, preferential cell migration along streamlines in the 

presence of flow was observed; however, the direction of migration was a function of cell 

density, interstitial flow velocity, and CCR7 receptor activity (60). These results provide 

profound evidence that interstitial flow influences the directional bias of tumor cell migration in 

an integrin-mediated manner, which has important implications in developing treatments 

targeting metastatic disease. A similar study by Haessler et al. demonstrated heterogeneous 
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tumor cell migration dynamics in response to interstitial flow of 10 µm/s in a microfluidic device, 

suggesting functional differences between invasive and non-invasive phenotypes in tumor cell 

populations (177). Combined, these works demonstrate that microfluidic cell culture models hold 

considerable promise for studying flow-mediated mechanisms of metastasis such as tumor cell 

guidance toward draining lymphatic vessels or transmigration across an endothelial monolayer 

under physiologically relevant hydrodynamic stress. 

 Another example of a tumor mimetic culture environment with embedded microvascular 

structures was developed by Stroock and Fischbach et al. (51, 63, 78) (Figure 5.1c). This in vitro 

microfluidic cell culture platform was designed for the purpose of investigating transport of 

chemical and cellular factors that mediate tumor angiogenesis. Perfusion within microfluidic cell 

culture platforms creates wall tension and shear stress sensed by the endothelialized 

microchannel, which in turn regulates the migration, recruitment and replication of tumor and 

other stromal cells that may be critical to angiogenesis, metastasis, and the effectiveness of 

chemotherapeutic agents (78). The ability to fabricate type I collagen microfluidic scaffolds that 

support cellular remodeling and tumor angiogenesis was recently demonstrated by this group in a 

study published by Cross et al. (62). An optimal density of collagen between 1.0% and 2.0% 

concentration was defined to form scaffolds that have an elastic modulus similar to tumor tissue, 

as well as support microfabrication and cellular remodeling (62). In addition, a preliminary co-

culture study of oral squamous cell carcinoma and endothelial cells was conducted to 

demonstrate the dense collagen scaffolds sustain cell viability and proliferation within the bulk 

of the matrix. Results show that endothelial cells invade the collagen gel towards the tumor cells, 

possibly due to a chemoattractant gradient of IL-8 and VEGF secreted by the tumor cells, or due 

to hypoxic conditions within the dense collagen matrix (62). The observation of tumor cell-

initiated angiogenic activity validates that microfabricated collagen scaffolds have the potential 

to mimic mechanisms of tumor progression in vitro. These mechanisms could include tumor 

metastasis and angiogenesis, leukocyte extravasation and intravasation, or attachment and 

integration of circulating progenitor cells (62, 78).   

 

 

 

5.5 Limitations 
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 Although a relatively new concept, microfluidic cell culture models hold considerable 

promise for accurately replicating the tumor microenvironment in vitro, and provide a versatile 

platform for studying tumor physiology under fluid flow conditions. The potential of 

microfluidic tumor models; however, does not come without some technical challenges 

limitations. For example, the microscale nature of these systems only permits the use of media 

volumes in the microliter range and cell numbers that may only reach several hundred (47, 77).  

Thus, the total amount of analytes isolated from the cell population may require more sensitive 

analysis methods (e.g. single-cell qRT-PCR, genetic labeling, or microdroplet-based microfluidic 

technology (297)) over conventional techniques (RT-PCR, Western Blot, ELISA etc.). In 

modified devices that enable long-term culture of cells at high densities, challenges associated 

with oxygenation or accumulation of CO2 and other metabolic waste must be overcome to 

preserve cell viability (298). Furthermore, although soft lithography patterning techniques enable 

the fabrication of devices that provide 3D cell culture environments with complex planar 

geometries, the space limitations inherent to silicon-microfabricated devices and the influence of 

artificial boundaries at the PDMS/glass interfaces severely restrict dynamic cellular processes 

(268). This highlights the need for high throughput, reproducible microfluidic scaffolds that have 

the capacity for greater scaffolding volume, yield larger amounts of cell-expressed protein and 

mRNA, as well as provide sufficient data for statistical analysis. Another critical issue is the 

fragility of microfabricated hydrogel scaffolds. Not only can the microchannels easily collapse or 

deform when handling, but when attempting to perfuse these scaffolds, gel shrinkage due to cell 

contraction or detachment from the microfluidic device can be a significant problem. Gel 

contractility can be remedied by altering the cell seeding density or pre-conditioning the matrix 

with an appropriate surface treatment to maintain architectural integrity. 

 

5.6 Conclusion 

 Understanding the role of the biomechanical and hydrodynamic tumor microenvironment 

on drug delivery, therapeutic efficacy, as well as on the underlying mechanisms of tumor 

progression, relies heavily on the experimental systems used to investigate these processes. The 

intrinsic fluid mechanics and tunable material properties of 3D in vitro microfluidic culture 

models accurately replicate the native tumor microenvironment and possess the unique capability 

to spatially and temporally control multiple physiological factors such as cell type and location, 
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hydrodynamic shear stress, interstitial pressure, chemical and oxygen gradients, matrix elasticity, 

and remodeling of the fluid-matrix interface. Significant progress has been made in the 

development of “tumor-on-a-chip” microdevices for high throughput drug screening; however, 

the future of microfluidic culture models that are based on biomimetic scaffolds has enormous 

potential for investigating functional tumor response to both hydrodynamic conditions and 

therapeutic strategies. The integration of microfluidic technologies to cancer research provides 

an opportunity to develop treatments with heightened selectivity and effectiveness, which may 

ultimately be translated into both comprehensive and patient specific clinical applications.   
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Chapter 6: Conclusions and Future Work 

 

6.1 Summary of Scientific Contributions 

 The goal of this research was to characterize the relationship between tumor and 

endothelial cells to regulate angiogenesis, with specific appreciation of how hydrodynamic 

stresses interface with or modulate the activity of biochemical signaling pathways. To achieve 

this goal, a progressive investigation of tumor-endothelial cross talk was conducted in vitro, 

starting with two-dimensional (2D) static co-culture experiment to examine functional paracrine 

signaling, followed by the development of a three-dimensional (3D) microfluidic tumor vascular 

model to study endothelial barrier function and tumor-expression of angiogenic factors in 

response to physiologically-relevant fluid forces. The main findings of this research underscore 

the importance of reciprocal tumor-endothelial cross talk, present a unique 3D microfluidic tool 

for co-culture of multiple cell types in physiologically relevant geometries, and demonstrate the 

role of flow shear stress in in vitro tumor angiogenesis. 

 In specific aim 1, the influence of endothelial cells on the angiogenic phenotype of breast 

cancer cells was investigated using a conventional 2D, static transwell co-culture assay. Results 

demonstrated that when co-cultured with microvascular endothelial cells, MDA-MB-231 breast 

cancer cells significantly increased VEGF and ANG2 protein secretion, and decreased ANG1 

secretion. This angiogenic profile is known to correlate with vessel destabilization and sprouting 

in vivo, suggesting that the presence of an endothelium induces a pro-angiogenic shift in breast 

cancer cells. The functionality of this pro-angiogenic response was confirmed using an 

endothelial tube formation assay, in which endothelial cells readily and rapidly formed 

interconnected cellular networks when cultured in conditioned co-culture media. This angiogenic 

response was not observed in non-malignant breast epithelial cells (MCF-10A), highlighting a 

fundamental difference between malignant breast epithelial cells and their normal counterpart. 

Results from this work motivated the development of a 3D co-culture model to further 

investigate reciprocal tumor-endothelial cross talk under flow conditions. 

In specific aim 2, the design, fabrication, and characterization of a 3D, in vitro 

microfluidic tumor vascular model was conducted. This system overcomes limitations of 2D, 

static culture models, and enables dynamic co-culture of tumor and endothelial cells within 
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physiologically relevant geometries. The 3D microfluidic tumor vascular model consists of a 

central microchannel embedded within a collagen hydrogel that functions as a single neovessel 

through which tumor-relevant flow shear stresses are introduced. In addition, the culture model 

is designed such that refractive index matching across all mediums affords optical clarity and 

high-resolution image acquisition. Velocity profiles were experimentally quantified in the 

microchannel using micro-particle image velocimetry (µ-PIV) and wall sear stress (WSS) values 

were deduced from the measured velocity gradient and viscosity of culture media. Results 

demonstrated that endothelial cells develop a confluent endothelium on the microchannel lumen 

that maintains integrity under a range of normal (4 dyn/cm
2
), low (1 dyn/cm

2
) and high (10 

dyn/cm
2
) microvascular WSS. Furthermore, this system provides downstream molecular analysis 

capabilities, as demonstrated by qRT-PCR, in which tumor cells significantly increased 

expression of pro-angiogenic genes in response to co-culture with endothelial cells under low 

flow conditions. Collectively, this work demonstrates the utility of the 3D in vitro microfluidic 

culture model as a versatile platform for elucidating the role of tumor-relevant hydrodynamic 

stress on cellular response. 

In specific aim 3, the role of flow shear stress on vascular barrier function and tumor 

angiogenic potential was characterized using the previously validated 3D in vitro microfluidic 

culture model. Results demonstrated that permeability of the endothelium decreases as a function 

of increasing WSS, which is likely due to increased endothelial alignment and spreading in the 

direction of flow. In addition, co-culture with tumor cells increased permeability relative to 

endothelial mono-cultures. Most interestingly, qRT-PCR results indicated that in the presence of 

an endothelium, high WSS (10 dyn/cm
2
) significantly down-regulated MDA-MB-231 expressed 

VEGF, ANG1, ANG2, MMP9, HIF1", which are all implicated in angiogenesis. In contrast, 

WSS did not have a significant effect on tumor mono-cultures, suggesting fluid forces acting on 

the endothelium regulate cross talk with surrounding tumor cells, thereby altering gene 

expression activity. This disparity also implies that the altered tumor angiogenic response was 

not mediated by transport of oxygen and nutrients through the collagen matrix. However, 

additional experiments are needed to probe the exact mechanisms by which flow shear stress 

alters the endothelial phenotype to elicit angiogenic activity.  

 The scientific contributions of this dissertation include 1) demonstration of a contact-

independent, paracrine-mediated mechanism in which endothelial cells alter tumor-expressed 
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angiogenic factors during 2D in vitro, static co-culture, 2) the development of a novel 3D 

microfluidic tumor vascular model to co-culture tumor and endothelial cells under 

physiologically relevant hydrodynamic conditions and 3) proof that flow shear stress regulates 

endothelial morphology, barrier function, and cross talk with tumor cells to stimulate 

angiogenesis. Taken together, these findings suggest that the tumor vasculature are not simply 

passive conduits for transport of oxygen and nutrients, but have an active role in regulating 

tumor angiogenic potential. Furthermore, the physical tumor microenvironment, specifically 

flow shear stress, significantly alters vascular organization and permeability, and likely induces 

flow-mediated paracrine signaling with surrounding tumor cells to provoke an angiogenic 

response. 

In conclusion, this research demonstrates the synergistic influence of biochemical and 

mechanical cues within the tumor microenvironment on the angiogenic potential of tumor cells. 

Results indicate that flow shears stress has a regulatory affect on tumor angiogenesis, which may 

have significant implications regarding region specificity for tumor vascularization or metastasis. 

In addition, the fact that tumor blood flow is often characterized by an abundance of segments 

with stagnant or slow flow, suggests that high shear stress-mediated down-regulation of 

angiogenic activity is lacking in many vessels, thereby contributing to tumor angiogenesis. This 

also provides evidence in support of tumor vascular normalization strategies to revert the 

malignant phenotype and halt tumor progression.  
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6.2 Future Work 

While the progress made in this research provide insight into tumor-endothelial paracrine 

signaling and the role of flow shear stress on angiogenic potential, they also highlight several 

areas where further research is needed, as well as point to opportunities for advanced 

methodologies. These include 1) the development of a more complex, multi-faceted microfluidic 

culture model, 2) the use of PIV to measure flow patterns in endothelial branching networks, and 

3) assessment of vascular normalization strategies.  

 

6.2.1 Development of More Complex, Multi-Faceted Microfluidic Device 

The in vitro tumor vascular model developed in chapter 3 is a simplified system, and is 

among the first iterations of 3D microfluidic collagen hydrogels that enables dynamic co-culture 

of tumor cells with endothelial cells lining a single channel. While this design permits 3D culture 

within physiologically relevant geometries and enables the inclusion of flow shear stress along 

the endothelialized microchannel, there are several design parameters that could be improved to 

strengthen the physiological fidelity of the system, as well as incorporate additional mechanical 

and biochemical cues within the system. First, a dual-channel configuration can be fabricated by 

polymerizing the collagen around two adjacent stainless steel syringe needles, as illustrated in 

figure 6.1, steps 1 and 2. Second, discrete stiffness gradients can be added by polymerizing 

concentric layers of collagen with variable properties (controlled by polymerization kinetics at 

different temperatures, pH, and collagen concentration) as illustrated in figure 6.1, steps 3 and 4. 

 
Figure 6.1 Fabrication of dual-channel configuration and concentric collagen layers 

Modification of the previous single-channel design by polymerization collagen around two 

adjacent needles creates a dual-channel configuration. Next a second polymerization step around 

two smaller diameter needles fit in the existing channels creates discrete collagen layers. 
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 This modified design will enable perfusion of each microchannel at different flow rates 

(Q1 and Q2), which will not only impose variable wall shear stress on each individual 

microchannel, but will also induce a pressure gradient (!P) across the hydrogel (Figure 6.2a). 

Particle tracking velocimetry can also be integrated within the system to monitor cell migration 

dynamics in response to discrete variations in matrix stiffness and pressure gradients (Figure 

6.2b) and particle image velocimetry can again be implemented to measure wall shear stress in 

the perfused microchannels (Figure 6.2c). In addition to mechanical gradients, a growth factor 

gradient can also be generated in the collagen hydrogel by perfusing one microchannel with 

growth factor-free media and the other with media containing a chemotactic agent (e.g. 

epidermal growth factor or VEGF). The aforementioned design modifications, characterization 

of mechanical and chemical gradients, and automated cell tracking algorithms are currently in 

progress in our lab. 

 

Figure 6.2 Additional mechanical and biochemical gradients in multi-faceted microfluidic 

culture model (a) Increasing complexity of the microfluidic collagen hydrogel with dual-

channel configuration and discrete collagen stiffness layers enables the introduction of pressure 

gradients and interstitial flow in the region between the microchannels, as well as (b) the ability 

to investigate matrix mechanics-mediated cell migration. (c) Varying wall shear stress can also 

be introduced into the collagen microchannels. 
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6.2.2 Flow Diagnostics in Endothelial Branching Networks 

 Using our 3D, microfluidic tumor vascular model, we successfully confirmed particle 

image velocimetry (PIV) as a valid optical flow diagnostics tool for measuring velocity fields 

and wall shear stress (WSS) in a simple, straight endothelial vessel geometry (230). However, it 

would be of great interest to measure flow fields in more complex endothelial tubule networks. 

Future experiments that accommodate endothelial migration and branching off the luminal 

surface of the microchannel may be achieved by increasing culture duration, adjusting the ratio 

of tumor and endothelial cells, and supplementation with angiogenic growth factors such as 

VEGF and basic fibroblast growth factor (bFGF). µ-PIV can then be used to measure localized 

shear stress in endothelial tubules to provide insight on how shear rate gradients help guide 

branching and growth of new vessels within the tumor microenvironment. 

 In addition, the concentration of the collagen hydrogel is an important parameter that 

dictates sprouting morphogenesis and cellular migration. Studies by our group have shown that 

invasive endothelial sprouting and the formation of capillary-like tubule networks can be 

achieved from microvascular endothelial cells cultured as a monolayer after 7 days on low 

concentration (2 mg/ml) collagen hydrogels (Figure 6.1). However, this response was governed 

by the collagen concentration, in which 4 mg/ml collagen hydrogels decreased sprouting length 

and number, while 8 mg/ml completely inhibited endothelial migration. Therefore, concentric 

layering of discrete collagen concentrations as described above may prove useful in generating 

endothelial migration and branching off the luminal surface of the microchannel. Fabricating a 

low concentration (2-4 mg/ml) acellular collagen region between the endothelial monolayer and 

surrounding tumor cells may facilitate the development of more complex endothelial tubules 

with open, perfusable lumens in which PIV could be applied.  

Figure 6.1 Sprouting morgphogenesis achieved in collagen hydrogels when endothelial cells 

grown as a monolayer on the surface of type I collagen hydrogels (2 mg/ml). Invasion observed 

beneath the surface monolayer after 7 days. Scale bar 50 µm. Copyright permissions not required 

for authors of content published in Mary Ann Liebert, Inc. (299)  
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6.2.4 Vascular Normalization Strategies 

Significant problems with anti-cancer drug therapies are unforeseen toxicity, inadequate 

drug penetration into the tumor tissue, and the overall lack of targeting efficiency (46). These 

shortcomings are often due to the poor predictability of in vitro assays for drug toxicity, in which 

problems with drug delivery and efficacy are not revealed until later stages of clinical trials. The 

utility of microfluidic systems in improving drug discovery and development has been widely 

recognized (271); however, application to anti-cancer drug efficacy is relatively new. 

Compelling evidence on the success of anti-angiogenesis therapies to induce vascular 

regression in tumors was first provided by Ferrara et al. in the early 90s, in which profound 

reduction of vascular density and tumor size was demonstrated in nude mice bearing various 

tumor xenografts. However, despite these promising preclinical results, the effects of anti-VEGF 

therapy have been much less successful in the treatment of solid human tumors. More opportune 

findings have been seen in combinatorial treatments of anti-VEGF antibody therapy with 

chemotherapy in some malignancies, suggesting that anti-angiogenesis therapies revert the 

abnormal structure and function of the tumor vasculature to enhance therapeutic efficacy. This 

“vessel normalization” hypothesis was first proposed by Jain et al. in 2001 (211), and in the last 

decade a number of clinical studies have provided evidence in support of this hypothesis. Most 

studies demonstrating vascular normalization have utilized direct pharmacological inhibitors of 

tumor angiogenesis, in which VEGF signaling pathways have been the most widely exploited. 

However, the method of action of anti-VEGF therapy in cancer patients is far from fully 

understood. Understanding the cellular and molecular mechanisms of the vascular normalization 

process in an important step for the application and improvement of this strategy. This 

necessitates the use of versatile in vitro tumor vascular models to qualitatively and quantitatively 

screen anti-VEGF therapies.  

 To demonstrate the utility of the 3D microfluidic culture model as a tool to monitor 

therapeutic efficacy and tumor response in vitro, a monoclonal antibody neutralizing VEGF, can 

be perfused through the collagen microchannel. Studies have shown that neutralizing antibodies 

against VEGF prevent VEGF-induced endothelial proliferation and survival, as well as VEGF-

induced increased permeability (300). The likely mechanism of its anti-angiogenic activity is 

prevention of soluble VEGF from binding its receptor (VEGFR1 or VEGFR2). This will inhibit 

biological events mediated by the interaction of VEGF and its receptor, which has been 
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demonstrated by the group of Rakesh Jain in several different tumor models (14, 92, 164, 282, 

283, 301-303). These studies have confirmed that anti-VEGF antibody lowers interstitial fluid 

pressure in transplanted tumors in mice (304) and in human rectal carcinomas (282) by restoring 

a morphologically and functionally normalized vasculature. They further confirmed these tumor 

vascular normalization events were occurring due to blocked VEGF signaling via VEGFR2 

(302).  

It is hypothesized that perfusion of anti-VEGF through our 3D, microfluidic tumor model 

will elicit a functional endothelial response that can be qualitatively and quantitatively measured 

in vitro. Changes in endothelial barrier function (tight junction protein distribution and 

paracellular permeability) can be analyzed in response to neutralization of VEGF and its 

downstream signaling pathways. Inhibition of endothelial migration or sprouting towards tumor-

secreted VEGF can also be monitored to further confirm the ability of the in vitro tumor model 

to sustain an anti-angiogenic response. Using a dual-channel configuration, VEGF antibody 

could be perfused in one endothelialized microchannel, after which changes in pressure gradients 

and interstitial flow velocities could be measured using particle tracking or diffusion assays. This 

could determine restoration of physiological hydrodynamic stresses and vessel properties in 

vitro.  Validation of the microfluidic tumor vascular model as a viable system for understanding 

the kinetics of anti-angiogenesis therapies will establish its functionality as a powerful tool to 

screen potential new drug candidates. The development of preclinical tumor models that clarify 

the impact of vascular normalization on tumor growth will ultimately lead to further clinical 

translation of these therapeutic strategies.  
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Appendix A: Collaborative Research Projects 

 The following research was conducted in collaboration with other projects pertaining to 

the investigation of 2D and 3D tumor culture models, as well as PIV methodologies in both 

macroscale bioreactors and microfluidic systems. The findings from these works are not closely 

linked to the overall goal of this dissertation, but resulted in accessory publications that were 

included to demonstrate collaborate research efforts. A brief summary of the main findings from 

each research project is included below. 
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A.1: Investigation of Cancer Cell Behavior on Nanofibrous Scaffolds 

Christopher S. Szot
1
, Cara F. Buchanan

1
, Paul Gatenholm

2
, M. Nichole Rylander
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, and Joseph 

W. Freeman
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1
Virginia Tech-Wake Forest School of Biomedical Engineering and Sciences, Blacksburg, VA 

2
Department of Chemical Engineering, Chalmers University of Technology, Goteborg, Sweden 

http://dx.doi.org/10.1016/j.msec.2009.12.005 

 In this study, materials commonly used in tissue engineering applications were 

investigated as potential scaffolding to support 3D in vitro tumor growth. These experiments 

were critical to the development of a macroscale fluid flow bioreactor that was originally 

intended to be used for in vitro tumor angiogenesis studies. Specifically, MDA-MB-231 breast 

cancer and HMEC-1 endothelial cell adhesion and proliferation were assessed on bacterial 

cellulose (BC) and electrospun 5% (w/v) 1:1 polycaprolactone (PCL)/collagen I. Results from 

these studies indicated that electrospun PCL/collagen was conducive to cancer cell growth, as 

demonstrated by increased proliferation and normal morphological adhesion. In contrast, cells 

cultured on BC showed limited adhesion and proliferation. However, because inadequate cell 

infiltration was observed on these scaffolds, additional materials were considered for 3D in vitro 

tumor growth, which ultimately led to the selection type I collagen for future experiments.   

 

Figure A.1 Assessment of adhesion and morphology of MDA-MB-231 breast cancer cells 

and HMEC-1 microvascular endothelial cells by F-actin staining and FESEM. (a,b) MDA-

MB-231 cells and (c,d) HMEC-1 cells on bacterial cellulose demonstrated low adhesion and 

spherical morphology. In contrast, (e,f) MDA-MB-231 cells and (g,h) HMEC-1 cells show 

favorable adhesion and morphological spreading on PCL/collagen electrospun scaffolds. 

However, limited infiltration in 3D was observed on both nanofibrous scaffolds. Reprinted from 

(80) with permission from Elsevier.  

(a) (c) 

(e) (g) 

(b) (d) 

(f) (h) 
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A.2: 3D In Vitro Bioengineered Tumors based on Collagen I Hydrogels 

Christopher S. Szot, Cara F. Buchanan, Joseph W. Freeman, and M. Nichole Rylander
 

Virginia Tech-Wake Forest School of Biomedical Engineering and Sciences, Blacksburg, VA 

http://dx.doi.org/10.1016/j.biomaterials.2011.07.001 

 Type I collagen was chosen as an appropriate scaffold material for developing a 3D in 

vitro tumor model because it constitutes a major portion of the extracellular matrix in many 

carcinomas, it accommodates cellular migration and remodeling in 3D, and promotes integrin 

engagement necessary for dynamic cellular processes. The objective of this study was to 

demonstrate that MDA-MB-231 breast cancer cells cultured within 3D collagen hydrogels 

develop a phenotype and respond to stimuli analogous to in vivo biological systems. By 

manipulating culture conditions such as scaffold thickness and cell density, regions of necrosis 

and hypoxia (beyond a depth of ~150-200 µm) could be generated within the collagen hydrogels, 

causing subsequent up-regulation of HIF-1" and VEGF-A gene expression over a period of 7 

days. This response was achieved with tumor cell mono-cultures (1 x 10
6
 cells/ml) grown in 

collagen hydrogels of 3 mm thickness, and under static conditions. Results from this work 

demonstrate that 3D collagen hydrogels mimic the pre-vascularized stages of solid tumor 

development, and represent one of the first steps toward tissue-engineering a functional 

preclinical cancer model. The fabrication methods and culture conditions tested in this study 

served as a benchmark for the microfluidic collagen hydrogels that were concurrently being 

developed in our lab. 

 

Figure A.2 MDA-MB-231 cells cultured in 3D collagen I hydrogels (a) develop an elongated 

morphology over 7 days (b) and significantly increase expression of HIF-1" and VEGF-A over 

the duration of the experiment. Reprinted from (79) with permission from Elsevier. 
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A.3: Wall Shear Stress Measurements in an Arterial Flow Bioreactor 
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 While arterial flow bioreactors are widely used in vascular tissue engineering to 

investigate the response of endothelial cells to wall shear stress (WSS), the assumptions that 

these models reproduce physiological flow has not been experimentally tested. Most studies rely 

on analytical solutions of WSS; however, particle image velocimetry (PIV) results from this 

experiment indicate that the Poiseuille flow assumption is invalid. Deviations from physiological 

flow occurred due to entrance effects and flow development along the vessel length, sudden 

expansion from the inlet leading to recirculation flow patterns, and vessel asymmetry. The 

purpose of this study was to warn researchers of the possibility that flow within typical 

bioreactors may not match Poiseuille assumptions, and demonstrates the necessity for 

performing flow measurements before making conclusions about endothelial response to 

hydrodynamic stress. These findings motivated integration of PIV within the microfluidic tumor 

vascular model to validate WSS along the endothelialized microchannel. 

 

 

 

 

 

 

 

 

Figure A.3 Vector fields and corresponding flow shear stresses obtained from PIV analysis. 

Three vessel locations were imaged at four time points, demonstrating (a) recirculation regions at 

the entrance, and (b,c) flow development and asymmetry along the length of the vessel. 

Reprinted with kind permission from Springer Science and Business Media (96). 
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A.4: X-ray Micro-PIV in a Blood-Perfused Collagen Vessel  
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 Interest in blood-perfused culture models is growing in the field of tissue engineering to 

better reproduce hemodynamic conditions of the in vivo vasculature. In addition, intravital 

microscopy is emerging as a powerful tool for monitoring changes in the structure and function 

of vascularized tissue in vivo. While particle image velocimetry (PIV) is capable of accurately 

measuring instantaneous velocity fields that have a high dynamic range, a major drawback of 

this technique is the requirements of optical access, which limits its application to thin-walled, 

surface weighted vessels in vivo, and necessitates the use of fluids that are optically transparent 

for in vitro experimentation. Phase-contrast x-ray PIV is a recently developed variation of 

standard optical PIV that permits flow measurement within opaque vessels; however, this 

method provides extremely low signal-to-noise ratio images that are inadequate for PIV cross-

correlation. The objective of this study was to develop algorithms with improved image 

preprocessing and PIV cross-correlation for analysis of x-ray PIV data in blood-perfused 

collagen microchannels. The methods developed in these experiments overcome challenges 

associated with analysis of low 

quality particle images and 

demonstrate the utility of x-ray 

PIV in opaque flow 

experiments. These results 

highlight the potential of x-ray 

PIV for measuring flow fields 

in blood perfused in vitro 

models or window preparations 

in vivo. 
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Figure A.4 Images of blood flow in collagen microchannel. 

A) Raw image showing poor quality B) Image processing 

increases contrast and corrects illumination, bubbles and slow-

moving particle aggregates for improved PIV correlations. 
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