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the in vivo tumor microenvironment 

 

Christopher S. Szot 

 

Abstract 

 

The inability to accurately reproduce the complexities of the in vivo tumor 

microenvironment with reductionist-based two-dimensional in vitro cell culture models has been 

a notable deterrent in identifying therapeutic agents that reliably translate to in vivo animal and 

human clinical trials. In an effort to address this, a growing number of three-dimensional (3D) in 

vitro tumor models capable of mimicking specific tumorigenic processes have emerged within 

the last decade. This concept stems from the understanding that cells cultured within 3D in vitro 

matrices have the ability to acquire phenotypes representative of the in vivo microenvironment. 

The objective of this project was to apply a tissue engineering approach towards developing a 3D 

in vitro tumor angiogenesis model. Initially, different scaffolds were investigated for supporting 

3D tumor growth, including bacterial cellulose, electrospun polycaprolactone/collagen I, and 

highly porous electrospun poly(L-lactic acid). However, cancer cells cultured on these scaffolds 

demonstrated poor adhesion, sufficient adhesion with poor infiltration, and increased but still 

inadequate infiltration, respectively. Collagen I hydrogels were chosen as an appropriate scaffold 

for facilitating 3D in vitro tumor growth for two reasons – cell-mediated degradation and 

immediate 3D cell growth. It was hypothesized that cancer cells cultured within collagen I 

hydrogels could be encouraged to recapitulate key characteristics of in vivo tumor progression. 

MDA-MB-231 human breast cancer cells were shown to experience hypoxia and undergo 

necrosis in response to limitations in oxygen diffusion and competition for nutrients. 

Upregulation of hypoxia-inducible factor-1! resulted in a significant increase in vascular 

endothelial growth factor gene expression. To capitalize on this endogenous angiogenic 

potential, microvascular endothelial cells were cultured on the surface of the designated 

“bioengineered tumors.” It was hypothesized that paracrine signaling between tumor and 

endothelial cells co-cultured within this system would be sufficient for inducing an angiogenic 



 iii 

response in the absence of exogenous pro-angiogenic growth factors. Endothelial cells in the co-

culture group were shown to invasively sprout into the underlying collagen matrix, forming a 

capillary-like tubule network. This project culminated with the establishment of an improved in 

vitro tumor model that can be used as a tool for accurate evaluation and refinement of cancer 

therapies. 
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Chapter 1: Introduction 

 

1.1 Background  

1.1.1 Clinical significance  

Cancer is a pervasive malady that encompasses a diverse group of over 100 diseases 

defined by the acquired capacity of abnormal cells to divide without control and invade distant 

organs throughout the body using the cardiovascular and lymphatic systems [3]. While 

microscopic neoplasms, i.e. tumors, can accumulate in many tissues and organs over a lifetime 

[5], most of these tumors linger in a dormant state and remain harmless to the host [6]. Whether a 

tumor escapes dormancy is dependent on the overall balance of angiogenic promoters and 

inhibitors within the evolving tumor microenvironment [7, 8]. Although successful remission has 

been achieved when cancer is diagnosed and treated during its early stages of development, a 

tumor that has established neovascularization and metastasized poses a significantly greater risk 

of mortality [9]. The National Cancer Institute estimated that there were more than 1.6 million 

new incidences of cancer and approximately 577,000 deaths from cancer in the United States in 

2012 [10]. Current therapeutic approaches, many which were conceived over a half century ago, 

include surgery [11], chemotherapy [12], radiation therapy [13], hormone therapy [14], 

hyperthermia [15], immunotherapy [16], gene therapy [17], and angiogenesis inhibitors [18]. The 

main issue with these treatments is the persistence of recurrent tumors, which can occur through 

insufficient primary treatment, a developed resistance to therapy, or activation of dormant 

metastases. Other problems include non-specific targeting, damage to vital organs, aggravation 

of existing conditions, and infertility [10].  

Over $200 billion has been invested in cancer therapy research and development since 

President Nixon signed the National Cancer Act of 1971, which was perceived as the start of the 

“war on cancer” [19]. Unfortunately, a significant amount of this time and money has been spent 

on failed drug development, as 59% of the already limited number of anti-cancer agents that 

make it to Phase III clinical trials undergo attrition [20]. Overall, only 5% of new cancer drugs 

entering clinical trials are successful in obtaining FDA or European approval [20]. In a 2004 

article published in FORTUNE magazine titled “Why We’re Losing the War on Cancer,” several 

high-profile cancer researchers from academia and industry discussed one of the central 



 2 

limitations impeding the development of definitive cancer termination and prevention treatments 

– an over reliance on inadequate preclinical models, specifically in vivo mouse models [19]. 

While most of these researchers incorporate mouse models into their research, they understand 

that there are many basic physiological differences between humans and mice that can lead to 

inaccurate results and false hope. One example is that mice metabolize and react to drugs 

differently than humans [21-23]; specifically, certain drugs have been shown to fail in clinical 

trials because of liver toxicity that was not detectable in the in vivo model [24]. There are also 

considerable anatomical, cellular, and genetic differences between humans and mice, including 

telomerase regulation and incompatible cytokine signaling [21, 25, 26]. For example, mice do 

not produce interleukin (IL)-8 [27], which is an important pro-angiogenic factor expressed 

within the tumor microenvironment [28]. Furthermore, all in vivo cancer models, including mice, 

rats, hamsters, rabbits, opossums, and zebrafish, are intrinsically complex with unpredictable 

parameters, including host cells, an immune response, hemodynamics, and endogenous growth 

factors [29]. While this complexity is representative of the human body, these variables can 

complicate isolating the impact of specific stimuli, such as cellular, chemical, and mechanical 

cues, during therapeutic testing, which can lead to inaccurate drug evaluation. Regardless of 

these shortcomings, animal models still provide the closest representation of the complete in vivo 

human tumor microenvironment.  

An emerging interface between cancer research and tissue engineering has compelled 

many researchers to reevaluate the potential of developing complex in vitro cell culture models 

for conducting basic cancer research in place of or prior to in vivo animal models. This notion 

stems from both the limitations of in vivo animal models, as discussed above, and the recognition 

that cells cultured in a three-dimensional (3D) in vitro environment have the ability to develop 

phenotypes and respond to stimuli similar to in vivo biological systems [30, 31]. While the 

advantages of 3D cell culture over two-dimensional (2D) cell culture have been reported in the 

literature for several decades [32], the concept of constructing 3D in vitro tumor models has 

recently garnered considerable attention, highlighted by several prominent review articles [26, 

31, 33]. This hybrid field, referred to as tumor engineering, has attracted researchers from many 

diverse disciplines and is defined as the development of complex 3D in vitro tumor models that 

reproduce the phenotypes and physiological responses of the in vivo tumor microenvironment 

[34]. Although it is unlikely that these systems will reach a level of complexity that will allow 
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them to completely replace in vivo models, they can serve as powerful tools for the accurate 

evaluation and refinement of therapies before investing significant time and money in conducting 

in vivo animal trials.  

 

1.1.2 Fundamental characteristics of the tumor microenvironment 

Tumorigenesis is a consequence of multiple genetic mutations, typically acquired over a 

lifetime, which lead to the over expression of oncogenes and the down regulation of tumor-

suppressor genes. These transformed cells exhibit developed traits distinct to cancer cells, 

including self-sufficiency in the absence of growth factors, insensitivity to growth-inhibitory 

signals, limitless replicative potential, and evasion of apoptosis despite severe DNA damage [3].  

Due to these genetic changes, tumor cells have the ability to proliferate and differentiate into 

complex heterogeneous masses identifiable through specific fundamental characteristics, 

including severely low oxygen levels, regions of necrosis, increased stromal stiffness, 

extracellular matrix (ECM) buildup, increased interstitial pressure, and a malformed vasculature.  

 

1.1.2.1 Oxygen heterogeneity 

Initial tumor growth occurs in the absence of neovascularization, i.e. angiogenesis, 

leading to an avascular environment that has insufficient oxygen and nutrients for sustaining 

limitless growth [1, 6]. Under these restrictions, tumor cells only have the ability to proliferate 

into microscopic masses no larger than 1-2 mm3 in size. This state of limited oxygen availability, 

known as hypoxia, is a consequence of consumption outweighing supply [1, 35]. Chronic 

hypoxia develops in tumors as a result of diffusion limitations through the growing mass of 

tumor and stromal cells, with hypoxia observed at distances of 100-200 µm from the nearest 

blood vessel [1, 35, 36]. In general, oxygen distribution throughout tumors is vastly 

heterogeneous with many areas of exceedingly low oxygen levels (pO2 ! 5 mmHg) [35, 37].   

The role of hypoxia in tumor development is characterized as a “Janus face,” encouraging 

both pro-death and pro-survival mechanisms. Cells that have been deprived of oxygen and 

nutrients demonstrate a reduction in total protein synthesis, resulting in decreased proliferation 

and eventual cell death through either apoptosis or necrosis [35, 36, 38]. Apoptosis occurs 

following hypoxia-induced upregulation of the pro-apoptotic transcription factor p53 [35, 38]. 

Sustained levels of severe hypoxia, which are often accompanied by significant glucose 
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deficiencies, leads to necrosis. Histological analysis of excised tumors has demonstrated that 

regions of necrotic cells are present at the center of growing tumor masses surrounded by 

hypoxic cells (Fig. 1.1) [1]. Select tumor cells are able to acclimate to this oxygen and nutrient 

deprived environment through upregulating the expression of glucose transporters and glucose 

metabolizing enzymes, which act to increase anaerobic glycolysis [38]. These cells typically 

undergo proteome and genome alterations that result in a more aggressive phenotype, leading to 

limitless proliferation, invasiveness, and metastasis [39, 40]. Specifically, hypoxia-inducible 

factor (HIF)-1!, a transcription factor that is only stable under hypoxic oxygen levels, acts 

directly upon a specific set of genes which control cell survival and cell death, metabolism, pH 

regulation, cell adhesion and migration, ECM remodeling, angiogenesis, and metastasis [1].  

 

Figure 1.1. The characteristics of a hypoxic tumor mass. Blood capillaries carry oxygen to tissues, but 

since oxygen has a diffusion limit, its concentration decreases as the distance from capillaries 

increases. Macroscopic examination of solid tumors reveals the presence of expanding tumor cells in 

proximity to capillaries and a central region of necrotic cells. This gradient of cell viability parallels 

that of a decreasing gradient of oxygen, which is accompanied by an increase in HIF-1! levels [1]. 

Springer and the Journal of Molecular Medicine, volume 85, 2007, pages 1301-1307, Hypoxia and 

Cancer, M. Christiane Brahimi-Horn, Johanna Chiche, Jacques Pouysségur, Figure 1, with kind 

permission from Springer Science and Business Media. 
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1.1.2.2 Unregulated stroma 

Tumor aggressiveness is driven by a dynamic relationship between tumor cells and their 

surrounding microenvironment, i.e. the stroma [41]. The tumor stroma is comprised of deposited 

ECM proteins, specifically collagen I and fibronectin, and several types of cells, including 

fibroblasts, myofibroblasts, endothelial cells, smooth muscle cells, pericytes, and infiltrating 

immune cells [41]. In many solid tumors, such as breast, stomach, pancreatic, and colon, the 

stroma can compose >90% of the total tumor mass [42, 43]. While physiological stroma, which 

contains a normal ECM, regulated vasculature, and fewer fibroblasts and immune cells, acts to 

hinder tumor maturation, the tumor stroma is oncogenic and promotes an aggressive phenotype 

Figure 1.2. Tumor-stroma interactions during mammary ductal carcinoma progression. In normal 

breast tissue, the epithelial layers are separated from the surrounding stroma by an intact basement 

membrane. During invasive ductal carcinoma, cancer cells (transformed epithelia) proliferate without 

control, leading to a ruptured basement membrane and the formation of irregular duct-like areas 

without a defined basement membrane. In addition, the surrounding stroma becomes fibrotic from the 

deposition of fibrillar ECM and densely populated with infiltrating myofibroblasts, immune cells, and 

newly formed capillaries. Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews 

Cancer] [4], © 2006.  
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(Fig. 1.2) [44].     

Fibroblasts are the most prevalent cell type within the stroma of several cancers [45]. 

During tumor development, ~80% of stromal fibroblasts undergo ‘activation’ to myofibroblasts 

(also referred to as cancer associated fibroblasts, CAFs), in which their phenotypes are altered to 

promote increased proliferation and expression of different ECM proteins and tumor-specific 

growth factors [4, 46]. Myofibroblasts originate primarily from normal fibroblasts in response to 

paracrine signaling from surrounding tumor cells [45], as well as from interstitial fibroblasts, 

perivascular fibroblasts, and venous smooth muscle cells [47]. Myofibroblasts play a major role 

in cancer progression through mediating the inflammatory response, remodeling the ECM, 

stimulating cancer cell proliferation, enhancing neovascularization, and providing potentially 

oncogenic signals [4, 48]. Immune cells within the tumor stroma can have both a positive and a 

negative effect on tumor development depending on the type of cancer and the immune cells 

involved. Macrophages infiltrate tumors in response to hypoxia, provoking tumor aggressiveness 

through secreting pro-angiogenic growth factors [49]. Similarly, mast cells infiltrate tumors in 

response to secreted chemokines and have been implicated in contributing towards angiogenesis 

in pancreatic islet tumors [50]. Alternatively, when monitoring invasive breast cancer, mast cells 

within the stoma represent a positive marker, indicating a good prognosis [51].   

Desmoplasia, defined as the synthesis and deposition of ECM proteins, specifically 

fibrillar collagens, fibronectin, glycosaminoglycans, and proteoglycans, is a primary mechanism 

through which the stroma augments aggressive behavior during tumor development. This process 

is enforced by myofibroblasts and leads to the development of a dense, hard stroma [42, 43, 45, 

52]. To highlight the magnitude of the desmoplastic response, it has been reported that the elastic 

moduli of conventional transgenic mice tumor models is 24-fold greater than normal mouse 

mammary gland [53]. The freshly deposited desmoplastic ECM is quickly neovascularized by 

newly formed capillaries and populated by invasive stromal and tumor cells [43]. In order to 

facilitate tumor invasiveness and vascular remodeling, tumor and stromal cells, in particular 

myofibroblasts [54], secrete matrix metalloproteinases (MMPs), which are ECM-degrading 

proteases [55, 56]. MMPs also enhance angiogenesis through regulating the release of 

angiogenic factors that have attached to the ECM [43, 57]. This continuous progression of matrix 

deposition, matrix remodeling, cell infiltration, and angiogenesis fosters a highly malignant 

microenvironment that drives tumor aggressiveness. 
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1.1.2.3 Aberrant microvasculature  

Microscopic tumors remain in a dormant state for as long as there is balance between 

endogenous angiogenic promoters and inhibitors within the budding tumor microenvironment [7, 

8]. Several well-known endogenous inhibitors of angiogenesis are normal components and/or 

internal fragments of ECM and fibrinolytic proteins [58]. For example, thrombospondin-1 is a 

large, modular ECM protein [59], angiostatin is a fragment of plasminogen [60], and endostatin 

is a fragment of type XVIII collagen [61]. These protein inhibitors, among many others, govern 

initial tumor growth through maintaining an avascular microenvironment. However, severe 

changes in the microenvironment, such as chronic hypoxia [1], can shift this balance to an 

angiogenic phenotype through upregulating the expression of angiogenic promoters, including 

vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), IL-8, and 

platelet-derived growth factor (PDGF), among many others [6-8]. These pro-angiogenic factors 

interact with surrounding microvascular endothelial cells, initiating a sequence of events that 

culminates with new vessel formation. The general mechanism of angiogenesis follows six steps: 

(1) endothelial cell secretion of proteases and plasminogen activators, leading to degradation of 

the basement membrane, (2) invasion into the interstitial ECM, (3) proliferation, (4) lumen 

Figure 1.3. Schematic comparison of normal tissue and solid tumor vasculature. The tumor 

vasculature is dysregulated and tortuous leading to inefficient oxygen and nutrient exchange [2]. 

Olivier Trédan, Carlos M. Galmarini, Krupa Patel, Ian F. Tannock. Drug resistance and the solid 

tumor microenvironment. J Natl Cancer Inst. 2007; 99(19): pages 1441-54, by permission of Oxford 

University Press. 
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formation, (5) deposition of a new basement membrane, and (6) secretion of chemokines to 

attract pericytes for vessel stabilization [62, 63]. 

As a result of unregulated angiogenic growth factor expression and a dynamic stroma, the 

tumor vasculature is highly heterogeneous and tortuous with aberrant blood flow, chaotic 

branching, uneven vessel lumens, blunt-ended vessels, vascular shunts, areas of necrosis, and 

increased vascular density (Fig. 1.3) [2, 64, 65]. The pericytes and basement membrane, which 

provide stability to physiological vasculature, are also abnormal, leading to augmented vessel 

permeability and subsequent increased interstitial fluid pressure [65]. In addition, tumor vessels 

display inadequate musculature and innervation, which inhibits physiological feedback to the 

metabolic demands of the growing tumor [66]. Therefore, this irregular vasculature is 

exceedingly inefficient at conducting oxygen and nutrient exchange resulting in sustained 

regions of hypoxia and incessant tumor growth [67, 68]. 

 

1.1.3 Advantages of three-dimensional cell culture systems 

As the dysregulated nature of the tumor microenvironment continues to be unraveled, in 

vitro cell culture systems must progress to accurately model these dynamic tumor-stroma 

interactions. For several decades, in vitro cancer research has primarily been conducted by 

culturing cells in 2D monolayers on Petri dishes, well plates, and glass slides [33]. While these 

systems are sufficient for analyzing epithelial cells when coated with specific ECM proteins and 

provided appropriate growth medium [69], 2D studies involving cancer cells, which transform in 

vivo to escape a monolayer architecture, may generate misleading results. Cancer cells, like most 

cells, exist in vivo within a 3D microenvironment where cues from the surrounding ECM dictate 

cell-cell interactions, cell migration, phenotype differentiation, and oxygen, nutrient, and waste 

transport [33, 70]. 2D cell culture systems are unable to reproduce these microenvironmental 

cues and responses in their entirety. To be more specific, cells cultured as a monolayer 

immediately experience differences in gene expression and metabolism as a result of changes in 

morphology, ECM interactions, and gas exchange. Attachment to a hard, flat surface (e.g. 

polystyrene and glass) leads to loss of differentiation markers and altered cell surface receptor 

clustering and orientation. This results in unnatural polarization of integrin binding sites, which 

directly influences intra-cellular, autocrine, and paracrine signaling. Cell migration is also 
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impacted as cells are restricted to 2D movement and are no longer challenged by a surrounding 

ECM [26, 33, 44, 70].   

3D cell culture systems recapitulate many of the microenvironmental cues important for 

acquiring an in vivo phenotype, specifically cell-cell interactions, cell-ECM interactions, 

mechanical stimulation, and growth factor exchange [31]. Culturing cells within 3D matrices 

encourages the formation of growth factor gradients, which develop as a result of soluble growth 

factor attachment to matrix proteins. These gradients promote proper cell migration, 

proliferation, and differentiation [26, 31, 33, 71]. Additionally, mechanical stimulation and cell 

adhesion within the 3D matrix directly affect cell contractility and intra-cellular signaling [31]. 

As opposed to the cellular homogeneity characteristic of cell culture monolayers, 3D cell culture 

systems allow for cellular heterogeneity, including hypoxic, necrotic, proliferating, and non-

proliferating cells [44]. This heterogeneity has been shown to promote increased expression of 

angiogenic-specific genes in 3D in vitro tumor models, such as IL-8, HIF-1!, and VEGF [72-

74].  

In addition, cancer cells cultured within 3D matrices have been shown to respond to 

therapeutic stimuli, such as chemotherapy and radiation treatment, similar to in vivo biological 

systems [75, 76]. Specifically, 3D in vitro tumor models have demonstrated a developed 

resistance to anticancer agents [75, 77, 78], which is a distinct characteristic of malignant tumors. 

It is believed that this resistance may be a result of many different factors associated with 3D cell 

culture, including: (1) decreased drug availability within the growing tumor mass as compared to 

cell culture monolayers [75], (2) deposition of ECM proteins, which helps obstruct drug 

infiltration [78, 79], and (3) enhanced cell-cell and cell-matrix interactions [80, 81]. E-cadherin, 

an adhesion protein expressed during cell-cell interactions, has been shown to increase apoptosis 

resistance through arresting the cells in the G1 phase, which helps avoid cell cycle-dependent 

chemotherapy effectiveness [76]. Integrin binding to ECM components, such as collagen IV, 

fibronectin, and tenascin, has also been shown to reduce chemotherapy-induced apoptosis [82].   

Although a majority of in vitro cancer research is still conducted using 2D monolayers, 

for the reasons discussed above, a growing number of investigators are beginning to incorporate 

3D cell culture models into their research.  
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1.2 Literature review 

The first 3D cell culture models used for studying tumor biology and drug responsiveness 

in vitro were multicellular tumor spheroids (MCTS) [83]. MCTS are tightly bound aggregates of 

tumor cells that form under non-adherent conditions using several techniques, including gyratory 

and spinner flasks [84], rotary cell culture systems [85], and liquid overlay cultures [86]. These 

compact spheroids range in diameter from 20 µm to 1 mm and resemble the structure and 

function of avascular, microscopic tumors. The 3D architecture of the MCTS encourages cell-

cell and cell-matrix interactions that promote an in vivo-like phenotype [44, 83, 87]. As opposed 

to 2D monolayers, MCTS contain cellular heterogeneity with proliferating and non-proliferating 

phenotypes, hypoxic and necrotic oxygen availability, and surface vs. buried cell exposure [33]. 

In addition, tumor and stromal cells can be co-cultured to create more physiologically accurate 

spheroids [44].   

With the advent of tumor engineering, in vitro tumor models have progressed to include a 

matrix component that supports more complex 3D cell growth. These systems utilize a variety of 

natural and synthetic polymeric scaffolds, as highlighted in Table 1.1. While natural scaffolds 

tend to provide more favorable cell adhesion and cell-mediated matrix degradation, synthetic 

scaffolds are mechanically stronger and allow for a greater degree of customization. Many of 

these systems have successfully recapitulated important aspects of the in vivo tumor 

microenvironment and/or have demonstrated drug responses similar to in vivo situations. Table 

1.1 gives an overview of recent 3D in vitro tumor models. For a thorough review of in vitro 

tumor angiogenesis models, refer to Chapter 4.  
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Table 1.1 Recent 3D in vitro tumor models 
 

Type of scaffold Cell line Observations 

Natural   

Porous chitosan  MCF7 Increased resistance to tamoxifen as compared to 2D 

monolayers [88] 
   

Porous chitosan-gelatin NCI-H460 Tumor spheroids form within scaffold, demonstrating 

upregulation of fibronectin and N-cadherin; Increased 

resistance to topotecan, paclitaxel, and oxaliplatin [89] 

Porous collagen 

scaffolds 

MCF7 Upregulation of pro-angiogenic GFs, MMPs, and EMT 

markers; Cells cultured within the 3D scaffolds generated 

larger tumors when implanted in vivo as compared to cells 

cultured in 2D monolayers [90] 

Hyaluronic acid 

hydrogel 

C4-2B Cell clustering and spheroid formation within the hydrogel led 

to a gradient in drug response with cells on the periphery of the 

tumor mass killed first [91] 

 

LNCaP Large spheroids formed in response to EGF signaling, 

demonstrating cell-cell contacts with E-cadherin expression and 

upregulation of VEGF and IL-8 [92] 

Silk fibroin protein 

matrix 

MDA-MB-231 Presence of RGD sequence promoted proliferation and 

migration through the scaffold; Upregulation of MMP-9 [93] 

   

Alginate hydrogel OSCC-3, U87 VEGF secretion highest under hypoxic conditions and IL-8 

secretion highest under ambient conditions; RGD-modification 

caused increased IL-8 secretion [74] 

Collagen hydrogel MDA-MB-231 Hypoxia and necrosis developed as a result of oxygen and 

nutrient limitations leading to upregulation of VEGF [94] 

 

MDA-MB-231 Minitumor spheroids (tumor cells, fibroblasts, and endothelial 

cells) embedded in hydrogel; Angiogenic sprouting and 

response to anti-angiogenic inhibitors similar to in vivo [95] 

Synthetic   

Porous poly(lactic acid) 

microparticles modified 

with poly(vinyl alcohol) 

MCF7 Formation of tissue-like structures; Increased resistance to 

doxorubicin, paclitaxel, and tamoxifen due to decreased drug 

uptake compared to 2D monolayers [78, 96] 

Porous poly(lactic-co-

glycolic acid)  
OSCC-3 Development of hypoxic and necrotic regions; Angiogenic GF 

(VEGF, bFGF, IL-8) secretion similar to in vivo; Increased 

drug resistance compared to 2D monolayers [77] 

Polyethylene glycol 

(PEG) hydrogel 

LNCaP PEG was modified with RGD and MMP cleavage sites; tumor-

like structures formed with hypoxic and apoptotic regions [97] 
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1.3 Objective 

 This project originated as a collaboration amongst a group of professors from Virginia 

Tech and the Wake Forest Institute for Regenerative Medicine with the goal being to develop a 

three-dimensional tumor model for studying tumor angiogenesis. The idea was to grow a solid 

tumor around a tissue engineered vessel within a bioreactor system that conducts physiological 

flow rates. Initial vessel-based scaffold options were selected based on the expertise of the 

original collaborators, including a composite polycaprolactone (PCL)/collagen I electrospun 

scaffold [98], bacterial cellulose [99], and decellularized porcine arteries [100]. Tumors were to 

be grown by either seeding cancer cells directly onto the scaffold or through wrapping excised 

tumor tissue around the vessel. Through gaining a better understanding of tumor development 

from hands-on experience in the lab as well as the literature, the focus of the project was adjusted 

to study the pre-vascularized stages of tumor development before attempting an in vitro tumor 

angiogenesis model. In addition, the incorporation of flow was abandoned to further reduce the 

initial complexity of the model. Still, the primary objective has remained constant – develop a 

three-dimensional in vitro tumor angiogenesis model that reproduces the phenotypes and 

physiological responses of the in vivo tumor microenvironment without the aid of exogenous 

stimuli. The detailed process followed to achieve this goal is outlined in sub-section 1.4 Specific 

Aims. 
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1.4 Specific aims 

Aim 1: Identify an appropriate scaffold for supporting three-dimensional in vitro tumor growth 

It has been well established in the literature that cells cultured within a three-dimensional 

(3D) in vitro environment have the ability to acquire phenotypes and respond to stimuli 

analogous to in vivo biological systems [30, 31]. Despite this, a majority of cancer research is 

still conducted using 2D cell culture monolayers. Several different types of scaffolds, which are 

typically used in tissue engineering applications, were investigated for their potential to support 

3D in vitro tumor growth. Chapter 2 (published as “Investigation of cancer cell behavior on 

nanofibrous scaffolds” in Materials Science and Engineering C) and Appendix B (unpublished 

results) present a few of our unsuccessful attempts at achieving sufficient 3D cell growth using 

bacterial cellulose, a composite polycaprolactone (PCL)/collagen I electrospun scaffold, and a 

highly porous poly(L-lactic acid) (PLLA) electrospun scaffold. From these studies we came to 

three conclusions: 1) without significant surface modification, bacterial cellulose does not 

encourage cell adhesion and proliferation, 2) PCL/collagen I electrospun scaffolds promote 

excellent cell adhesion and proliferation, but the architecture of the scaffolds do not encourage 

cell infiltration, and 3) highly porous PLLA electrospun scaffolds allow for noticeable cell 

infiltration that is still inadequate for generating 3D tumor growth. 

In addition, embedding cancer cells within sodium alginate hydrogels was briefly 

evaluated (no substantial data gathered). While sodium alginate is biocompatible and the gentle 

polymerization process allows for the inclusion of cells and an immediate 3D culturing 

environment, it is biologically inert. Modification with the tripeptide RGD (Arg-Gly-Asp), a 

short amino acid sequence that preferentially binds to receptors on cell surfaces [101], has been 

shown to promote cell adhesion to sodium alginate, but degradation through cellular interactions 

is not possible [102, 103]. Therefore, collagen I hydrogels were ultimately identified as the most 

appropriate scaffold for facilitating 3D in vitro tumor growth. Characterization of cancer cell 

growth within the collagen I hydrogels is the focus of Aim 2. 

 

Aim 2: Characterize cancer cell growth within collagen I hydrogels  

Collagen I is highly prevalent in many carcinomas, constituting a major portion of the 

stromal ECM [52, 104]. A myofibroblast-mediated build-up of collagen I, i.e. desmoplasia, 
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occurs during tumor progression and is responsible for elevated tumor stroma stiffness [41, 52]. 

Furthermore, remodeling of collagen I during in vivo tumor progression has been reported to 

stimulate endothelial cell migration and angiogenesis through releasing matrix-bound pro-

angiogenic growth factors [105, 106]. For these reasons, collagen I hydrogels were chosen as an 

appropriate scaffold for developing the in vitro tumor model. In addition, cells can remodel and 

degrade the collagen matrix during proliferation and invasion [107], and the gentle 

polymerization process allows for the immediate culture of cells within a 3D environment.  

Our hypothesis was that collagen I hydrogels could facilitate adequate 3D cell culture 

growth for developing an in vitro tumor model that mimics key characteristics of in vivo tumor 

progression. This simple model was composed of MDA-MB-231 human breast cancer cells 

cultured within dense collagen I hydrogels. Limitations in oxygen diffusion were enforced 

through altering the hydrogel thickness and competition for nutrients was enforced through 

altering the seeding density. Manipulating these culturing conditions encouraged the 

development of in vivo-characteristic regions of necrosis and hypoxia and a subsequent 

upregulation of VEGF gene expression. This study demonstrated that achieving an appropriate 

phenotypic response is highly dependent on the culturing conditions, and this response can be 

established independent of exogenous stimuli (hypoxic chamber). Chapter 3 presents these 

results, which were published as “3D in vitro bioengineered tumors based on collagen I 

hydrogels” in Biomaterials.   

 

Aim 3: Induce angiogenic sprouting through co-culturing endothelial cells with the pro-

angiogenic in vitro tumors 

In vitro tumor angiogenesis models are important tools for accurate evaluation and 

refinement of anti-angiogenesis therapies. However, many current systems rely on exogenous 

stimuli and incorrect culturing conditions to induce an angiogenic response. This presents a 

problem since determining the therapeutic impact of potential angiogenic inhibitors is highly 

dependent on the pro-angiogenic stimulus. If the stimulus is incorrect (composition and/or 

concentration of exogenous growth factors) or the system is physiologically-inaccurate (incorrect 

spatial relationships or endothelial polarity), any conclusions obtained using those models may 

be unreliable in an in vivo setting.  
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Our hypothesis was that paracrine signaling between tumor and endothelial cells co-

cultured in a spatially-relevant manner would be sufficient for inducing an angiogenic response 

in the absence of exogenous pro-angiogenic growth factors. The co-culture model was composed 

of microvascular endothelial cells cultured as an endothelium on the surface of an acellular 

collagen I hydrogel under which MDA-MB-231 cells were cultured in a separate collagen I 

hydrogel. These bilayered bioengineered tumors were cultured in transwell inserts to provide two 

individual medium compartments for the different cell types. This co-culture experimental setup 

maintained the appropriate spatial relationship between the tumor and endothelial cells as well as 

correct endothelial cell polarity. In response to paracrine signaling from the MDA-MB-231 cells 

(and in the absence of exogenous pro-angiogenic growth factors), the endothelial cells 

demonstrated a significant increase in proliferation, rapidly developed an elongated morphology, 

and assembled into a capillary-like tubule network beneath the surface of the confluent 

monolayer. The co-culture induced in vitro angiogenesis was shown to be dependent on matrix 

concentration, growth factor involvement, and duration of co-culture. Chapter 4 presents these 

results, which have been submitted as “In vitro angiogenesis induced by tumor-endothelial cell 

co-culture in bilayered, collagen I hydrogel bioengineered tumors” to Tissue Engineering Part C. 
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Tissue engineering and theuse of nano!brous biomaterial scaffolds offer a uniqueperspective for studying cancer
development in vitro. Current in vitromodels of tumorigenesis are limited by the use of static, two-dimensional
(2D) cell culture monolayers that lack the structural architecture necessary for cell–cell interaction and three-
dimensional (3D) scaffolds that are too simplistic for studying basic pathological mechanisms. In this study, two
nano!brous biomaterials that mimic the structure of the extracellular matrix, bacterial cellulose and electrospun
polycaprolactone (PCL)/collagen I, were investigated as potential 3D scaffolds for anin vitro cancer model.
Multiple cancer cell lines were cultured on each scaffold material and monitored for cell viability, proliferation,
adhesion, in!ltration, andmorphology. Both bacterial cellulose and electrospun PCL/collagen I,which have nano-
scale structures on the order of 100–500 nm, have been used in many diverse tissue engineering applications.
Cancer cell adhesion and growth were limited on bacterial cellulose, while all cellular processes were enhanced
on the electrospun scaffolds. This initial analysis has demonstrated the potential of electrospun PCL/collagen I
scaffolds toward the development of an improved 3Din vitro cancer model.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In vitro tumor models are invaluable systems for studying the
dynamic and progressive behavior of cancer under controlled
conditions. They allow systematic investigation of speci!c therapeutic
treatments without the complexity of in vivo models. Currently, the
progression of cancer research is limited by the available experimen-
tal systems for studying this complex disease; as such current in vitro
models are too simplistic to replicate an accurate in vivo response. 2D
cell monolayers cultured on tissue culture plastic have long been used
for studying cancer development and determining drug ef!cacy.
However, recent advances in tissue engineering have shown that cells
cultured on scaffolds that mimic the extracellular matrix and/or in a
3D environment develop a phenotype more representative of cells
cultured in vivo [1,2]. Cells cultured in 3D scaffolds differ from cells
cultured in 2D monolayers in terms of cell density [3], extracellular
matrix synthesis [4], cell surface receptor expression [5], cell
contraction [6], intracellular signaling [7], and metabolic functions
[8]. Recently, in vitro 3D models utilizing cancer cell encapsulation in
alginate-based microcapsules [9] and porous polymer microparticles
[2] have demonstrated more accurate physiological tumor structures.
Although these models have provided signi!cant insight into cancer
cell interactions in 3D they do not mimic the !brous nature of

biological tissues. Therefore, there remains a limited understanding of
the pathological processes of tumorigenesis.

Tissue engineering is a !eld of biomedical research focused on
constructing functional 3D tissues using a speci!cally coordinated
combination of cells, growth factors, scaffold materials, and culturing
conditions. This experimental approach can also be applied to
developing in vitro pathological systems for scienti!c research [1,2].
A key aspect in tissue engineering different types of tissues is the
composition and structure of the scaffold material. Cell adhesion
and migration are dependent on the composition of the scaffold,
and the cells' ability to remodel the material depends on the scaffold's
sensitivity to proteolytic enzymes [1]. Scaffolds with nano-scale
structures have been shown to enhance cell adhesion, proliferation,
and extracellular matrix synthesis [10], as opposed to micro-scale
scaffolds. Scaffolds on the nano-scale have a much larger surface area
that allows for increased protein adsorption and binding sites for cell
surface receptors [11]. In this study, two biomaterials with nano-scale
structures similar to the extracellular matrix, bacterial cellulose and
electrospun polycaprolactone (PCL)/collagen I (Fig. 1), were analyzed
for their effect on cell viability, proliferation, adhesion, in!ltration, and
morphology.

Bacterial cellulose (BC) is a polysaccharide synthesized and
secreted extracellularly into a nano!bril network structure by the
Acetobacter xylinum bacteria. BC is currently being investigated as a
scaffolding material in cartilage and blood vessel tissue engineering
studies, with data demonstrating viability, proliferation, and adhesion
of cells on the surface of the material [12–14]. These scaffolds can be
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designed with varying porosity, using an assortment of leaching
techniques, to promote in!ltration of cells and 3D growth. At the
microscopic level, BC nano!bers are similar to collagen !bers [15,16].
Previous studies demonstrating favorable cell–scaffold interactions,
the potential for incorporating a porous network, and the natural
nano!brous structure of BC makes it an attractive scaffold for devel-
oping an in vitro cancer model.

Electrospinning is a scaffold fabrication technique used in many
diverse tissue engineering applications, including bone [17], cartilage
[18], muscle [19], and blood vessel [20] studies. This process uses a
high voltage electric !eld to produce non-woven nano!bers with
micro-scale interconnected pores, resembling the extracellular matrix
[17]. Electrospinning is a promising approach to developing tissues in
vitro, because the structure of the electrospun scaffolds allows for cells
to in!ltrate the material and proliferate in 3D. Polymer blends and
concentrations can be varied to obtain speci!c !ber diameters, mech-
anical properties, porosity, degradation, and cellular responses[21].

Electrospun nano!bers of PCL have been extensively studied for
many tissue engineering applications [22–24]. PCL is non-toxic, in-
expensive, and exhibits a slow hydrolytic degradation [25] that is
commensurate with the rate of neo-tissue formation and remodeling
[22]. Other tissue engineering studies have investigated electrospinning
natural materials, such as collagen, in order to more accurately mimic
thenatural extracellularmatrix[26,27]. Collagen I contains cell adhesion
RGD (arginine–glycine–aspartic acid) sequences that promote cell
attachment and proliferation [28]. However, the high degradation
rates of natural polymers such as collagen often result in their use in
composites [29]. Thematerial and structural properties of PCL combined
with the natural biocompatibility and biodegradability of collagen I
in an electrospun nano!ber scaffold is expected to engender quality
mechanical properties while still providing the biocompatibility and
controlled degradation rates suf!cient for neo-tissue formation.

Cancer cell behavior was investigated on BC and electrospun PCL/
collagen I scaffolds using a variety of techniques to analyze cell viability,
proliferation, adhesion, in!ltration, and morphology. Three separate
cancer cell lines were cultured to determine if the selected nano!brous
biomaterials are suitable scaffolds for an in vitro cancer model. An
endothelial cell line was also cultured on the nano!brous scaffolds as a
preliminary investigation for the feasibility of a co-culture system.

2. Materials and methods

2.1. Bacterial cellulose

Bacterial cellulose (BC) was fabricated using methods described
previously [15,16]. Brie"y, BC was synthesized by A. xylinum subsp.

sucrofermentas BPR2001. Pellicles were statically grown in corn steep
liquidmedia using Roux"asks, puri!ed by treatment with 0.1 m NaOH,
rinsed with DI water, and steam sterilized. Prior to all cell culture
experiments, BC scaffolds were pre-treated in 0.05%!bronectin (Sigma
Aldrich, St. Louis, MO, USA) for 2 h to enhance cell attachment.

2.2. Electrospun scaffold preparation

Electrospun scaffolds were fabricated using a 1:1 weight ratio
polymer blend of collagen type I from calf skin (Elastin Products Co.,
Owensville, MO, USA) and poly(!-caprolactone) (PCL, inherent
viscosity = 1.0–1.3 dL/g, Lactel Absorbable Polymers, Pelham, AL,
USA). The two polymers were mixed in 1,1,1,3,3,3-hexa"uoro-2-
propanol (99+%) (HFIP, Sigma Aldrich) to achieve total solution
concentrations (w/v) of 5, 8, 10, and 15%. Using a syringe pump
(KDS120, KD Scienti!c Inc., Holliston, MA, USA), a total solution
volume of 5 ml was delivered out of an 18 gauge blunt tip syringe
needle at a constant rate of 3 ml/h. The needle was kept at a distance
of 10 cm from a spinning mandrel with a rotation rate of 1500 rpm.
Using a higher power voltage supply (Gamma High Voltage Research,
Inc., Ormond Beach, FL, USA), a positive voltage of +12 kV was
applied to the polymer solution and a negative voltage of !8 kV was
applied behind the spinning mandrel to attract the !bers.

2.3. Cell culture

Multiple cancer cell lines were used in this study to permit
characterization of their potentially unique response to varying
scaffold materials. A human androgen-independent prostate cancer
cell line (PC-3), a murine renal cancer cell line (RENCA), and a human
breast cancer cell line (MDA-MD-231)were purchased fromAmerican
Type Culture Collection (Manassas, VA, USA). Additionally, a human
microvascular endothelial cell line (HMEC-1) was provided by Dr.
Edwin Ades and Mr. Fransisco J. Candal of Center for Disease Control
and Prevention (Atlanta, GA, USA) and Dr. Thomas Lawley of Emory
University (Atlanta, GA, USA).

The PC-3 cell line was cultured in GIBCO® RPMI Medium 1640
(Invitrogen, Carlsbad, CA, USA) and supplemented with 10% fetal
bovine serum (FBS, Sigma Aldrich) and 1% Penicillin Streptomycin
(Invitrogen). The RENCA cell line was cultured in GIBCO® RPMI
Medium 1640 (Invitrogen, Carlsbad, CA, USA) and supplemented with
10% FBS (Sigma Aldrich), 1% Penicillin Streptomycin (Invitrogen), and
1% sodium pyruvate (Cellgro Mediatech, Manassas, VA, USA). The
MDA-MB-231 cell line was cultured in GIBCO® DMEM/F12 (1:1)+L-
Glutamine, +15 mMHEPES (Invitrogen) and supplemented with 10%
FBS (Sigma Aldrich) and 1% Penicillin Streptomycin (Invitrogen). The

Fig. 1. FESEM was used to show the scaffold morphology of (a) bacterial cellulose and (b) electrospun PCL/collagen I. Both scaffolds are a collection of non-woven, unorganized
nano!bers. The !ber diameter of the bacterial cellulose is considerably smaller than the 5% (w/v) electrospun 1:1 PCL/collagen I.
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HMEC-1 cell line was cultured in MCDB 131 (Cellgro Mediatech) and
supplemented with antibiotic/antimycotic (Cellgro Mediatech),
10 mM L-glutamine (Fischer Scienti!c, Pittsburgh, PA, USA), hydro-
cortisone (Sigma Aldrich), epidermal growth factor (Sigma Aldrich),
and 10% FBS (Sigma Aldrich).

All cell cultures were incubated in a humidi!ed atmosphere of 95%
air and 5% CO2 at a constant temperature of 37 °C. The duration of each
cell studywas 1 week and culturemediumwas replaced twice aweek.

2.4. Cell proliferation and cytotoxicity assessment

An alamarBlue® cell viability reagent (Invitrogen) was used to
analyze cell proliferation and cytotoxicity of the scaffolds. BC and

electrospun scaffolds were cut into samples with a diameter of 1.5 cm
and placed in 24 well ultra low attachment polystyrene plates
(Corning, Corning, NY, USA). Scaffold samples were sterilized using
ethanol and washed repeatedly in phosphate buffered saline (PBS).
Cells were seeded at a density of 20,000 cells/well. On days 1, 3, 5, and
7 all culture medium was replaced with medium containing 10%
alamarBlue® reagent, and samples were allowed to incubate for 4 h.
The absorbance of alamarBlue® was measured using a microplate
reader (SpectraMax M2e, Molecular Devices, Sunnyvale, CA, USA) at
570 nm with 600 nm as a reference wavelength. The same samples
were used for each time point, and fresh culture medium was added
following each reading.

2.5. Electron microscopy

Cell adhesion and !ber diameter were determined using !eld
emission scanning electron microscopy (FESEM; Leo Zeiss 1550, Carl
Zeiss, Thornwood, NY, USA). Scaffold samples were !xed using 1%
and 3% glutaraldehyde followed by successive methanol washes of
increasing concentration. Samples were then quenched in liquid
nitrogen, freeze dried, and sputter coated in gold. Imageswere obtained
at an accelerating voltage of 5 kV with a 7–8 cm working distance.
Fiber diameter size was determined using ImageJ (Freeware provided
by the NIH, Bethesda, MA, USA). Sixty randomly selected!bers from
each scaffold (!fteen !bers from four different images) were measured
to calculate the mean!ber diameter and standard deviation.

2.6. Confocal microscopy

Cell morphology was analyzed using a high-af!nity probe for F-
actin and DAPI to visualize nuclei. Scaffolds were prepared for 24 well
plates as described. Cells were seeded onto the scaffolds at a density of
20,000 cells/well and allowed to proliferate for 4–7 days depending
on the doubling time. Cells were then !xed with 3.7% paraformalde-
hyde and permeabilized using 0.5% Triton X-100 diluted in PBS. 1%
BSA diluted in PBS was used as a blocking buffer. Samples were
stained with Oregon Green® 488 phalloidin (Invitrogen) to detect
F-actin and mounted with VECTASHIELD® mounting medium with
DAPI (Vector Laboratories, Burlingame, CA, USA). Cell morphology
was visualized using a laser scanning confocal microscope (Zeiss
LSM 510, Carl Zeiss).

2.7. Statistical analysis

Cell viability data was analyzed for signi!cance using a Student's
t-test and ANOVA, where appropriate. Pb0.05 was considered
signi!cant.

3. Results and discussion

3.1. Cell viability and proliferation

Cell viability was determined based on the percent reduction of
the alamarBlue® reagent, with an increase in percent reduction
indicative of cell proliferation. Although all cell lineswere viable when
cultured on BC pre-treated with 0.05% !bronectin, only the PC-3 cells
demonstrated any considerable proliferation (Fig. 2a). Pre-treating BC

Fig. 2. An alamarBlue® cell viability reagent was used to analyze cell viability and
proliferation over a 7 day period for (a) all three cancer cell lines and the HMEC-1 cell
line on bacterial cellulose pre-treated with 0.05% !bronectin as well as (b) RENCA and
(c) HMEC-1 cells on different w/v concentrations of electrospun 1:1 PCL/collagen I.
Similar trends were observed for PC-3 and MDA-MB-231 cells cultured on the
electrospun scaffolds and therefore the data is not shown.

Table 1
Scaffold characterization: !ber diameter.

Electrospun 1:1 PCL/collagen I polymer concentration (w/v) Bacterial cellulose

5% 8% 10% 15%

Fiber diameter 424 nm±60 1156 nm±184 1613 nm±213 2236 nm±282 b100 nm

Mean !ber diameter and standard deviation were measured using ImageJ. Bacterial cellulose and the 5% (w/v) electrospun 1:1 PCL/collagen I scaffold are composed of nano!bers.
Increasing the w/v concentration of the electrospun scaffolds resulted in an increase in !ber diameter to the micro-scale.
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Fig. 3. Cell adhesion was characterized using FESEM. (a, b) PC-3, (c, d) RENCA, (e, f) MDA-MB-231, and (g, h) HMEC-1 cells were cultured on bacterial cellulose pre-treated with
0.05% !bronectin and 5% (w/v) electrospun 1:1 PCL/collagen I, respectively.
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with !bronectin increased cell viability by 37.5% (data not shown),
when compared to non-treated BC. The disparity in cell viability 24 h
following seeding suggests that adhesion to BC varied among the
cell lines. Lower adhesion correlated with reduced viability and
proliferation. BC has a nano-scale structure (!ber diameter b100 nm;
Table 1) ideal for harboring cell growth [10], however, viability and
proliferation were limited. This suggests that without further surface
modi!cation, BC may not be compatible with the cell surface integrins
expressed by the cancer and endothelial cells cultured during these
experiments.

Both cell viability and proliferationwere greater on the electrospun
PCL/collagen I scaffolds as compared to BC. The PC-3, RENCA (Fig. 2b),
and MDA-MB-231 cancer cell lines demonstrated steady proliferation
over the !rst 3–5 days. The alamarBlue® reagent percent reduction
data shows that proliferation slowed but viability remained constant
towards the end of the study. Cancer cells lack cell–cell contact
inhibition and will consequently proliferate into multilayered stacks
with a suf!cient nutrient source. It is probable that proliferation did
not cease, but rather, due to limited space and nutrients, the growing
cancer cells entered a dormant state, in which the cells were
simultaneously proliferating and undergoing apoptosis at the same
rate. A tumor will remain dormant until angiogenesis is initiated,
supplying the tumor with the necessary oxygen and nutrients to
continue 3D growth [30].

For the electrospun PCL/collagen I scaffolds therewas a statistically
signi!cant correlation between !ber diameter, which is dependent on
polymer concentration (Table 1), and cell viability. The alamarBlue®
assay demonstrated that 24 h following cell seeding, cell viability
was greatest on the 5% (w/v) electrospun scaffolds with viability
decreasing as a function of increasing polymer concentration (Fig. 2b).
This trend remained the same throughout the assay for all cancer cell
lines studied. Only the RENCA viability data set is shown to avoid
repetition. Cancer cell viability on the 5% electrospun scaffolds was
signi!cantly different than the other three polymer concentrations
during proliferation (day 3) and both the 8% and 10% scaffolds were
signi!cantly different than the 15% scaffold. Once population capacity
was reached we hypothesize that apoptosis began to counteract
proliferation (day 5–7) allowing cell viability on all electrospun
scaffolds to reach the same level. Therefore, cell viability among
the varying polymer concentrations was no longer signi!cantly
different.

Differences in cell viability and proliferation were more evident
with the HMEC-1 cells (Fig. 2c). HMEC-1 cells cultured on the 5%
electrospun scaffolds proliferated at a much quicker pace than when
cultured on the 10% electrospun scaffolds. HMEC-1 cell viability on
the 5% electrospun scaffolds was signi!cantly different than on the
10% electrospun scaffolds on days 3, 5, and 7. These differences were
attributed to the variation in !ber size of the electrospun scaffolds.
During electrospinning, polymer concentration is directly related
to !ber diameter. Lower polymer concentrations produce scaffolds
with smaller !ber diameters. The 5% electrospun scaffolds had
a mean !ber diameter of 424 nm (Table 1), the only polymer
concentration accurately classi!ed as having a nano-scale structure.
While cancer cells are less sensitive to the substrates and environ-
ments in which they grow, the HMEC-1 cells were clearly affected
by the micro-scale structure of the greater polymer concentration
electrospun scaffolds.

3.2. Cell adhesion

Cell adhesion on the scaffolds was characterized by SEM analysis.
The electrospun PCL/collagen I scaffolds appeared to be more
advantageous for cell adhesion as compared to BC pre-treated with
!bronectin (Fig. 3). Cells cultured on BC were not spread out across
the surface but spherical in shape. Despite steady proliferation,
the PC-3 cells also did not appear to have completely adhered to

the surface. Treatment with !bronectin alone was not suf!cient for
allowing BC to be compatible with the cell surface integrins expressed
by the cancer and endothelial cells. Further modi!cation may be
required for BC to sustain cell growth in an in vitro cancer model.
Bodin et al. has shown that adhesion of human EC cells has been
signi!cantly improved when BC has been coated with xyloglucan-
RGD bioconjugates. The hydrophilic nature of BC prevents protein
adsorption and consequently cell adhesion [31].

Using collagen I in the electrospun scaffolds promoted cell
adhesion, demonstrated by the favorable attachment of all cell lines
to the four electrospun polymer concentrations, regardless of the !ber
diameter (SEM images for 8, 10, and 15% electrospun scaffolds are not
shown). Even though the 8, 10, and 15% electrospunmats havemicro-
scale structures, the RGD sequences present on collagen I ensured
propitious attachment.

3.3. Cell in!ltration

There was no observed in!ltration of cells cultured on BC after
7 days and only limited signs of in!ltration of the cells cultured on the
electrospun scaffolds. The dense, nano!brous structure of BC hinders
cell in!ltration in the absence of manufactured porosity. Similarly,
cells cultured on the 5, 8, and 10% electrospun scaffolds did not exhibit
cell in!ltration because of the dense nature of their structures.
However, when cultured on the 15% electrospun scaffolds, the RENCA
cells began to migrate below the electrospun !bers (Fig. 4). With an
average !ber diameter of 2.2 !m, there is increased spacing/porosity
between adjacent !bers for cells to penetrate. These initial signs of
cell in!ltration into electrospun scaffolds have been seen elsewhere in
the literature [32]. Increased in!ltration is necessary for obtaining a 3D
structure in vitro. Porosity can be magni!ed in the electrospun scaffolds
through further modi!cation of the electrospinning parameters or by
salt leaching [33].

3.4. Cell morphology

Confocal microscopy revealed drastically different morphologies
between cells cultured on the electrospun PCL/collagen I scaffolds
and BC (Fig. 5). Similar to the SEM images, all three cancer cell lines
cultured on BCwere spherical in shapewith no observable protrusions
indicating surface adhesion. On the contrary, cells cultured on the
electrospun PCL/collagen I scaffolds had distinct actin cytoskeletal

Fig. 4. Cell in!ltration was analyzed using FESEM. Limited cell in!ltration was observed
when the cancer cells were cultured on the 15% (w/v) electrospun 1:1 PCL/collagen I.
After 7 days of culturing, the RENCA cells began tomigrate below the electrospun !bers.
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structures. Therewere also initial signs of endothelial tubule formation
(Fig. 5h), indicating endothelial migration across the surface.

4. Conclusions

The electrospun PCL/collagen I scaffolds were more conducive to
cancer cell growth, as all cell lines cultured on these scaffolds
demonstrated steadyproliferation, adhesion, and a normalmorphology.
In contrast, BC sustained only limited cell adhesion, which led to
decreased proliferation, viability, and an abnormal morphology. Partial
cell in!ltrationwas seenon the15% electrospunPCL/collagen I scaffolds,
however, in order for the electrospun scaffolds to successfully preserve
3D cancer growth in vitro, increased porosity must be engineered into
the nano!brous network. Endothelial cells were cultured on the
nano!brous scaffolds to demonstrate the feasibility of their inclusion
in the in vitro cancermodel for their potential use in forming vasculature
within the tumor model. Similar to the cancer cell lines, proliferation of
the endothelial cells was enhanced on the electrospun PCL/collagen I
scaffolds. Additional studies must focus on measuring surface rough-
ness, surface contact angle, and mechanical properties in order to
explain the difference in cellular behavior between BC and the
electrospun PCL/collagen I scaffolds.

Tumors remain in a dormant state in the absence of angiogenesis,
which provides the cancer with oxygen and nutrients. At the onset of
angiogenesis, tumors will rapidly grow to a clinically relevant size. It
is anticipated that the co-culture of endothelial cells with cancer cells
on a scaffold that permits 3D growth will enhance tumor formation
by stimulating angiogenesis. A co-culture system will facilitate the
development of a 3D in vitro cancer that can more accurately mimic
the pathological process of tumorigenesis. Further investigation and
modi!cation of the electrospun PCL/collagen I scaffolds will allow us
to determine if these scaffolds are suitable for obtaining this goal.
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a b s t r a c t

Cells cultured within a three-dimensional (3D) in vitro environment have the ability to acquire pheno-
types and respond to stimuli analogous to in vivo biological systems. This approach has been utilized in
tissue engineering and can also be applied to the development of a physiologically relevant in vitro tumor
model. In this study, collagen I hydrogels cultured with MDA-MB-231 human breast cancer cells were
bioengineered as a platform for in vitro solid tumor development. The cellecell and cell-matrix inter-
actions present during in vivo tissue progression were encouraged within the 3D hydrogel architecture,
and the biocompatibility of collagen I supported uncon!ned cellular proliferation. The development of
necrosis beyond a depth of w150e200 mm and the expression of hypoxia-inducible factor (HIF)-1a were
demonstrated in the in vitro bioengineered tumors. Oxygen and nutrient diffusion limitations through
the collagen I matrix as well as competition for available nutrients resulted in growing levels of intra-
cellular hypoxia, quanti!ed by a statistically signi!cant (p < 0.01) upregulation of HIF-1a gene expres-
sion. The bioengineered tumors also demonstrated promising angiogenic potential with a statistically
signi!cant (p < 0.001) upregulation of vascular endothelial growth factor (VEGF)-A gene expression. In
addition, comparable gene expression analysis demonstrated a statistically signi!cant increase of HIF-1a
(p < 0.05) and VEGF-A (p < 0.001) by MDA-MB-231 cells cultured in the 3D collagen I hydrogels
compared to cells cultured in a monolayer on two-dimensional tissue culture polystyrene. The results
presented in this study demonstrate the capacity of collagen I hydrogels to facilitate the development of
3D in vitro bioengineered tumors that are representative of the pre-vascularized stages of in vivo solid
tumor progression.

! 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Cancer biologists, biomedical researchers, and oncologists have
long relied on two-dimensional (2D) Petri dish studies and small
animal models to study the complex tumorigenic mechanisms of
angiogenesis, invasion, and metastasis. However, these models of
tumor development have thus far been inadequate for cultivating
the discovery of de!nitive cancer termination and prevention
treatments. 2D cell culture models lack the structural architecture
necessary for proper cellecell and cell-matrix interactions and are
therefore incapable of replicating an in vivo phenotype [1e5]. Small
animal models are the current gold standard for conducting cancer
research, even though there are considerable differences between
cancer progression in humans and animals [3,6]. Additionally,
animals intrinsically containmany uncontrollable factors, including
host cells, an immune response, hemodynamics, and endogenous
growth factors. These variables complicate isolating the impact of

speci!c stimuli, such as cellular, chemical, and mechanical cues,
during therapeutic testing [7]. Recently, some promising three-
dimensional (3D) cell culture models have been developed for
studying tumor progression in vitro. Results in the literature show
that these models are beginning to restore the cellular morphol-
ogies and phenotypes seen during in vivo tumor development
[8e13].

Ghajar and Bissell recently de!ned Tumor Engineering as “the
construction of complex culture models that recapitulate aspects of
the in vivo tumor microenvironment to study the dynamics of
tumor development, progression, and therapy on multiple scales
[14].” This burgeoning !eld of research is rapidly evolving the study
of cancer progression in vitro [5,15]. Fischbach and colleagues have
engineered an array of 3D in vitro tumor models using both
synthetic and natural polymeric scaffolds to demonstrate angio-
genic factor secretion and drug responsiveness [8], the effects of
tumor oxygen tension and 3D cell-extracellular matrix (ECM)
interactions on angiogenic potential [12], and endothelial cell
remodeling of dense collagen I matrices in response to potential
secretion of angiogenic factors from underlying cancer cells [9].
Nelson and Bissell have highlighted the importance of developing
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functional 3D in vitromodels ofmammary gland acini for advancing
breast cancer research [10] and have fabricated 3D epithelial
culture models using lithography [11]. Our group has reported
previously on the potential use of nano!brous scaffolds, such as
bacterial cellulose and electrospun polymer composites, for tissue
engineering in vitro tumor models [16].

The pre-vascularized stages of solid tumor growth can be
characterized by identi!able criteria within the tumor microenvi-
ronment, including an uninhibited 3D proliferative capacity [17],
regions of hypoxia surrounding a necrotic core [18,19], and activa-
tion of genetic factors that lead to the recruitment of local endo-
thelial cells for self-sustaining angiogenesis (Fig. 1a) [17,20].
Uninhibited 3D proliferative capacity is a trait that cancer cells
achieve during in vivo tumor development following a series of
mutations that cause growth signal autonomy, insensitivity to
antigrowth signals, and resistance to apoptosis [17]. Cancer cell
lines in vitro maintain this phenotype, demonstrating limitless
proliferation within the con!nes of their environment. Culturing
cancer cells in 3D scaffolds has been shown to foster this prolifer-
ative potential, allowing for growth of clinically relevant tumor
masses [8]. However, within an in vivo tumor microenvironment,
there are restrictions on tumor growth enforced by oxygen and
nutrient diffusion limitations through tissue. Hypoxia, a state of
limited oxygen availability, occurs within 100e200 mm of the
closest vasculature. Cancer cells that cannot adjust to the oxygen
and nutrient de!ciencies at the core of a growing tumor mass cede
to cell death through either apoptosis or necrosis. A key marker for
identifying hypoxia is hypoxia-inducible factor (HIF)-1a, a hetero-
dimeric transcription factor protected from degradation when the
surrounding oxygen tension is at a hypoxic level [18,19]. Solid
tumors evolve from an avascular to a vascular state by responding

to this microenvironmental hypoxic stress and initiating an
angiogenic response from the host vasculature. This process is
instigated by the cancer cells, which secrete growth factors and
cytokines that interact with local endothelial cells, promoting
vascular sprouting and neovascularization [21]. Vascular endothe-
lial growth factor A (VEGF-A), a heparin-binding homodimeric
glycoprotein, plays a major role in initiating this process through
stimulating vascular permeability and endothelial growth [22].
Activation of VEGF-A gene transcription occurs in direct response to
the development of hypoxia and HIF-1a expression [23].

The biocompatibility and 3D architecture of collagen I hydrogels
are suitable properties for reproducing the microenvironmental
conditions of a solid tumor. Collagen I is a frequently used substrate
for cell culture and tissue engineering applications, because it
contains the tripeptide RGD (Arg-Gly-Asp), a short amino acid
sequence that preferentially binds to receptors on cell surfaces [24].
Cell-mediated degradation of collagen I through the secretion of
cleaving enzymes allows for remodeling of the matrix during
proliferation, migration, and in!ltration [25]. Furthermore, hydro-
gel concentration, scaffold thickness, and cell seeding density can
be tailored to stimulate speci!c cellular responses within the
engineered microenvironment. We hypothesize that collagen I
hydrogels can be used as 3D cell culture scaffolds for bioengi-
neering tumors that mimic key characteristics of in vivo tumor
progression.

While the in"uence of hypoxic oxygen levels and cell-matrix
interactions on the angiogenic potential of cancer cells cultured
in vitro has been documented [12], a 3D in vitro tumor microenvi-
ronment that inherently promotes a phenotype typical of the pre-
vascularized stages of in vivo solid tumor progression has not been
established. In this study, MDA-MB-231 human breast cancer cells

Fig. 1. (a) The pre-vascularized stages of in vivo solid tumor development can be characterized by identi!able criteria within the tumor microenvironment, including an uninhibited
3D proliferative capacity, regions of hypoxia surrounding a necrotic core, and activation of angiogenic growth factors, including VEGF-A. (b) Collagen I hydrogels cultured with MDA-
MB-231 human breast cancer cells were bioengineered as a platform for in vitro solid tumor development.
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were cultured in collagen I hydrogel scaffolds, and the cellecell and
cell-matrix interactions present during in vivo development were
demonstrated. Culturing conditions, including cell seeding density
and scaffold thickness, were varied to control oxygen and nutrient
availability and diffusion limitations for the purpose of encouraging
the development of necrosis and hypoxia. These phenotypical
changes were con!rmed through real-time "uorescent imaging,

immuno"uorescence staining, and gene expression analysis. The
bioengineered tumors exhibited considerable angiogenic potential,
with a statistically signi!cant upregulation of VEGF-A gene
expression in response to the growing levels of intra-cellular
hypoxia. The results from this study support the development of
3D in vitro bioengineered tumors that are representative of in vivo
tumor progression.

Fig. 2. MDA-MB-231 cells were cultured in collagen I hydrogels for 1, 3, 5, and 7 days (a-d, respectively), exhibiting the typical cell-matrix and cellecell interactions observed in vivo.
Cells developed an elongated morphology over 7 days with visible processes, demonstrating cell-matrix interactions. As the cells began to proliferate, they aggregated into 3D
clusters, demonstrating cellecell interactions. Scale bars are (a, b) 10 mm and (c, d) 20 mm.

Fig. 3. (a) MDA-MB-231 cells were seeded at a density of 1 million cells/ml, and on day 1, the cells were evenly distributed throughout the entire hydrogel. (b) Noticeable
proliferation was observed on day 5, with cell proliferation leading to the formation of cell clusters. (c) The initial cell seeding density was increased to 4 million cells/ml, and on day
1, the viable cells (green) were evenly distributed with only a few dead cells (red) present at non-speci!c degrees of depth. (d) On day 5, cells were viable throughw150e200 mm of
depth below the surface, with limitations in oxygen and nutrients leading to cell death towards the core of the bioengineered tumors. Scale bars are (a, b) 250 mm and (c, d) 100 mm.
(For interpretation of the references to colour in this !gure legend, the reader is referred to the web version of this article.)
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2. Materials and methods

2.1. Cell culture

The MDA-MB-231 human breast cancer cell line was used in all experiments
(American Type Culture Collection, Manassas, VA, USA). MDA-MB-231 cells were
cultured in GIBCO! DMEM/F12 (1:1) !L-Glutamine, !15 mM HEPES (Invitrogen,
Carlsbad, CA, USA) and supplemented with 10% fetal bovine serum (Sigma Aldrich,
St. Louis, MO, USA) and 1% Penicillin/Streptomycin (Invitrogen). Cell cultures were
incubated in a humidi!ed atmosphere of 95% air and 5% CO2 at a constant
temperature of 37 "C. Cell passages of 10e18 were used for all experiments.

2.2. Collagen I Hydrogels

Collagen I was removed from rat tail tendons and prepared as a solid hydrogel to
facilitate 3D cell culture. Tendons were excised from the tails of Sprague Dawley rats
and allowed to dissolve in 40 ml of 10 mM HCl per gram of tendon under agitation
overnight at room temperature. The resulting suspension was centrifuged at
30,000 g for 30min at 4 "C. The supernatant, containing the collagen I, was decanted
and the pellet was discarded. The concentration of collagen I was obtained by
evaporating out the solvent from 0.25, 0.5, and 1.0 ml samples in a 110 "C oven for
2 h, measuring the dry weights, and averaging the concentration values. In order to
sterilize the collagen I for cell culture, chloroform (10% of the volume of collagen)
was layered beneath the collagen I solution and allowed to rest for 24 h at 4 "C
(Sigma Aldrich protocol).

The volume of collagen I necessary for obtaining a target !nal concentration of
8 mg/ml was neutralized with a buffer containing 10# concentrated DMEM (sup-
plemented with 4.5 g/L glucose, L-glutamine, sodium pyruvate, and sodium bicar-
bonate; Mediatech, Inc., Manassas, VA, USA), 1N NaOH, and dH20. In order to initiate
collagen I gelation, the ratio of components in the neutralizing buffer was calculated
using the following equations: (1) 10# DMEM $ Final Volume # 0.1, (2) 1N
NaOH $ Volume of Collagen I # 0.02, and (3) dH20 $ Final Volume % Volume of
Collagen I % 10# DMEM % 1N NaOH. MDA-MB-231 cells were !rst suspended in the
neutralizing buffer and then mixed with the collagen I solution at the desired !nal
seeding density (Fig. 1b). The collagen-cell suspension was pipetted into 8 mm
diameter cylindrical glass molds and allowed to gel in an incubator at 37 "C for
30 min. The volume of the collagen-cell suspension (75 and 150 ml) was varied to
fabricate speci!c levels of hydrogel thickness (1.5 and 3 mm, respectively). The
cancer cell seeded hydrogels were removed from the molds and cultured in cell
culture media, as described above, for 0, 1, 3, 5, and 7 days.

2.3. Immuno!uorescence staining

The bioengineered tumors were !xed in 10% formalin for 24 h at room
temperature and then stored in 70% ethanol (EtOH) for no longer than 7 days at 4 "C.
Next, the tumors were dehydrated through a series of EtOH incubations (70, 80, 90,
95, 95, 100, 100%) at 37 "C and then moved to xylene for 1 h at room temperature. A
series of two 1 h melted paraf!n wax (Tissue Prep, Fischer Scienti!c, Pittsburgh, PA,
USA) incubations at 60 "C were used to embed the bioengineered tumors, and the
wax blocks were allowed to solidify overnight at 4 "C. A Microm HM 355S micro-
tome (Thermo Scienti!c, Kalamazoo, MI, USA) was used to obtain 15 mm thick
sections. Paraf!n was removed from the slides using a pair of xylene washes fol-
lowed by a series of EtOH washes (100, 100, 95, 95, 80%) to re-hydrate the tumor
sections. All images shown are representative of the entire bioengineered tumor.

2.3.1. 3D Morphological Analysis
Cell morphology was analyzed as described previously [16]. Brie"y, bio-

engineered tumor sections were permeabilized using 0.5% Triton X-100 (Sigma
Aldrich), and 1% BSA (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) was used
as a blocking buffer for 30 min at 37 "C. Cells were stained for 20 min at room
temperature with rhodamine phalloidin (Invitrogen), a high-af!nity probe for F-
actin, and sections were mounted with VECTASHIELD! mounting medium with
DAPI (Vector Laboratories, Burlingame, CA, USA), to visualize nuclei. Imaging was
performed using a Zeiss LSM 510 laser scanning confocal microscope (Carl Zeiss,
Thornwood, NY, USA).

2.3.2. Cell proliferation and necrosis
Cell proliferation was qualitatively observed using a DAPI stain for nuclei, as

described above. A Leica DMI 6000 "uorescent microscope (Leica Microsystems Inc.,
Buffalo Grove, IL, USA) was used to tile a set of images and reconstruct entire cross
sections of the bioengineered tumors. Representative w2 mm2 regions of interest
are shown. The development of necrosis and the depth at which this occurred was
analyzed using a laser scanning confocal microscope (Zeiss LSM 510) to perform
a Z-stack through a “live” bioengineered tumor in real-time. Image slices were taken
at intervals of 5e10 mm to a depth of w400 mm. Prior to imaging, the bioengineered
tumors were incubated for 45 min in cell culture media containing 4 mM calcein AM
(lem $ 515 nm, Invitrogen) to stain viable cells. 1.5 mM propidium iodide
(lem $ 617 nm, Invitrogen) was added to the cell culture media for the last 5 min of
the calcein AM incubation to stain dead cells. The bioengineered tumors were
washed with PBS before imaging.

2.3.3. Hypoxia
The presence of hypoxia was visualized using a rabbit monoclonal [EP1215Y] to

HIF-1a primary antibody (Abcam Inc., Cambridge, MA, USA) in conjunction with an
Alexa Fluor! 350 goat anti-rabbit IgG (H ! L) secondary antibody (Invitrogen).
Bioengineered tumor sections were permeabilized with 0.5% Triton X-100 (Sigma
Aldrich) and blocked with 5% goat serum (Santa Cruz Biotechnology Inc.) overnight
at 4 "C. Sections were incubated at 37 "C for 2.5 h with the HIF-1a primary antibody
and then for 1 hwith the Alexa Fluor! 350 secondary antibody, separated by a series
of PBS washes. VECTASHIELD! mounting medium was used to preserve "uores-
cence. Sections were imaged with a Leica DMI 6000 "uorescent microscope. The
"uorescent images were overlaid on the bright !eld images.

2.4. Gene expression analysis

The gene expression levels of HIF-1a and VEGF-A were measured using quan-
titative reverse transcription polymerase chain reaction (qRT-PCR). Total RNA was
!rst isolated on days 0, 1, 3, 5, and 7 using TRI Reagent! Solution (Applied Bio-
systems/Ambion, Austin, TX, USA). For the 3D cell culture groups, the cells were
allowed to remain in culture for 4 h on day 0 before RNA isolation was performed.
For the 2D cell culture group, the cells were allowed to remain in culture for 8 h to
ensure complete cell attachment before RNA isolation was performed. Next, 1 mg of
total RNA was reverse-transcribed to cDNA using a Reverse Transcription System
(Promega, Madison, WI, USA). Lastly, an ABI 7300 Sequence Detection System
(Applied Biosystems, Carlsbad, CA, USA) was used to conduct qRT-PCR using
TaqMan! Universal PCR Master Mix and gene-speci!c TaqMan! PCR primers
(Applied Biosystems): HIF-1a (NM_001530.3), VEGF-A (NM_001025366.2), and
GAPDH (NM_002046.3). Gene expression was normalized to GAPDH using the
comparative threshold cycle (DDCt) method of quanti!cation [26]. The data is

Fig. 4. Hypoxia was detected using immuno"uorescence for HIF-1a. (a) MDA-MB-231 cells were seeded at a density of 4 million cells/ml, and on day 1, the blue "uorescence
indicated intra-cellular levels of hypoxia. (b) On day 5, the "uorescence intensity increased, in particular within the large cell clusters, signifying an increase in hypoxic oxygen
levels. Scale bar is 100 mm.(For interpretation of the references to colour in this !gure legend, the reader is referred to the web version of this article.)
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presented as a relative fold induction, calculated as 2!DDC
T, with gene expression on

day 0 used as the control group in Fig. 5 and gene expression for 2D cell culture used
as the control group in Fig. 6. All experiments were performed with an n " 4.

2.5. Statistical Analysis

Gene expression levels measured by qRT-PCR were analyzed for signi!cance
using an ANOVA test with a Tukey post hoc test. p< 0.05 was considered signi!cant,
and p < 0.01 and p < 0.001 were also noted.

3. Results

3.1. Cell morphology in 3D collagen I hydrogels

MDA-MB-231 cells were cultured in 3D collagen I hydrogels for
1, 3, 5, and 7 days (Fig. 2aed, respectively). The cells developed
a stellate, elongated morphology with disorganized nuclei and
invasive processes by day 3, demonstrating cell-matrix interactions

(Fig. 2b). By day 5, as the cells began to proliferate throughout the
hydrogel, they aggregated into clusters, demonstrating cellecell
interactions (Fig. 2c). These cell-matrix and cellecell interactions
are representative of in vivo biological systems and have been
classi!ed previously [27].

3.2. Cell proliferation and the progression towards cell death

Proliferation of MDA-MB-231 cells, seeded at a density of 1
million cells/ml in 3 mm thick collagen I hydrogels, was qualita-
tively observed using a DAPI stain. Representativew2 mm2 regions
of interest are shown from the bioengineered tumor cross sections.
On day 1, the cells appear to be evenly distributed throughout the
entire volume of the hydrogel (Fig. 3a). A noticeable increase in cell
numberwas visible fromday 1 to day 5, with numerous cell clusters
forming by day 5 (Fig. 3b). On day 5, the cell clusters were evenly

Fig. 5. Quantitative RT-PCR was used to analyze the progression of HIF-1a and VEGF-A gene expression in the bioengineered tumors over a 7-day period, with expression on day
0 used as the control. (a, b) Similar to when both necrosis and hypoxia were observed, MDA-MB-231 cells were seeded at a density of 4 million cells/ml in 3 mm thick hydrogels.
HIF-1a was upregulated on day 3 and day 5, and VEGF-A was signi!cantly upregulated on days 3, 5, and 7. (c, d) When the initial cell seeding density was decreased to 1 million
cells/ml, HIF-1awas signi!cantly upregulated on day 7, and VEGF-Awas signi!cantly upregulated on days 3, 5, and 7. (e, f) When the cell seeding density was kept at 4 million cells/
ml but a 1.5 mm thick hydrogel was used, neither HIF-1a nor VEGF-A were upregulated over the 7-day period. *was used to indicate signi!cance compared to day 0. */#, **/##, and
***/### denote p < 0.05, 0.01, and 0.001, respectively.
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distributed, similar to the individual cells on day 1, suggesting that
they formed as a result of cell proliferation rather than cell
migration.

In an effort to induce necrosis at the core of the bioengineered
tumors, MDA-MB-231 cells were seeded at a higher density of 4
million cells/ml in 3 mm thick collagen I hydrogels. On day 1, viable
cells were visible and evenly distributed throughout the entire 400-
mm segment with only a small number of dead cells present at non-
speci!c degrees of depth (Fig. 3c). However, on day 5, viable cells
were only visible until a depth of w150e200 mm from the bio-
engineered tumor surface (Fig. 3d). Beyond this level, a large
number of dead cells were present followed by a large void with no
visible cells. Cell death was attributed to limitations in oxygen and
nutrient diffusion through the collagen I matrix and an increase in
consumption of the available nutrients. One explanation for the
cellular void at the core of the bioengineered tumors is that since
propidium iodide is a nuclear stain, the nuclear DNA degraded in
the dead cells closest to the center [28]. Another possibility is that
the cells migrated to the outer periphery of the bioengineered
tumors towards themore prevalent supply of oxygen and nutrients.

3.3. Growing levels of hypoxia in the bioengineered tumors

The onset of tumor necrosis is a direct result of limited oxygen
and nutrient availability [18,19]. Therefore, hypoxia is a viable
precursor of cell death. To demonstrate this correlation, MDA-MB-
231 cells were seeded at a density of 4 million cells/ml in 3 mm
thick hydrogels, similar to the experiment used to induce necrosis.
Intra-cellular levels of hypoxia were qualitatively observed through
immuno"uorescence imaging of HIF-1a protein. HIF-1awas visible
on day 1 (Fig. 4a) with an increase in intensity seen on day 5
(Fig. 4b). The presence of HIF-1a on day 1 demonstrates the initial
hypoxic cellular response to being cultured in 3D. It is expected that
cells will have greater dif!culty in obtaining oxygen and nutrients
when con!ned within a 3D matrix as opposed to being cultured in
a monolayer where they are in direct contact with oxygenated
media. The increase in HIF-1a intensity observed on day 5 was
attributed to cell proliferation and the resulting increase in
competition for available oxygen and nutrients. This was evident in
the large clusters of cells, which exhibited the greatest magnitude
of intensity, signifying an augmented degree of intra-cellular
hypoxia [22].

3.4. Bioengineered tumor hypoxic and angiogenic gene expression
pro!le

In order to demonstrate an intrinsically induced upregulation of
HIF-1a and VEGF-A gene expression in correlation with bio-
engineered tumor maturation, we varied scaffold thickness and cell
seeding density to alter speci!c microenvironmental parameters
including oxygen and nutrient diffusion and competition for
available nutrients. Three culturing con!gurations were used: 4
million cells/ml seeded in 3 mm thick hydrogels (Fig. 5a and b), 1
million cells/ml seeded in 3 mm thick hydrogels (Fig. 5c and d), and
4 million cells/ml seeded in 1.5 mm thick hydrogels (Fig. 5e and f).

When 4 million cells/ml were seeded in the thicker, 3 mm
hydrogels, HIF-1a expression was upregulated on day 3 and day 5
(Fig. 5a). Although this upregulationwas not statistically signi!cant
compared to day 0, immuno"uorescence staining (Fig. 4) demon-
strated an initial presence of HIF-1a protein on day 1 with an
increase in intensity on day 5. The statistically signi!cant (p< 0.01)
decrease in HIF-1a gene expression on day 7 is hypothesized to be
a result of the hypoxic cells dying from a lack of oxygen and
nutrients. VEGF-A expression was statistically upregulated
(p< 0.001) on days 3, 5, and 7 compared to day 0 (Fig. 5b). Between
day 3 and day 5, VEGF-A expression was further signi!cantly
upregulated (p< 0.001), whereas between day 5 and day 7, VEGF-A
expression was signi!cantly downregulated (p < 0.001). However,
day 7 VEGF-A expression was still signi!cantly higher compared to
day 0. Since HIF-1a expression leads to activation of VEGF-A gene
transcription [23], this decrease in VEGF-A expression from day 5 to
day 7 was likely due to the downregulation in HIF-1a expression
seen on day 7.

When the cell seeding density was reduced to 1 million cells/ml
in the 3 mm thick hydrogels, the competition for available oxygen
and nutrients decreased, resulting in an initial downregulation of
HIF-1a expression (Fig. 5c) and a delayed upregulation of VEGF-A
expression (Fig. 5d), compared to when 4 million cells/ml were
seeded in the same scaffold thickness. HIF-1a expression was
signi!cantly upregulated (p< 0.05) on day 3 and day 5 compared to
day 1 and signi!cantly upregulated (p< 0.01) on day 7 compared to
day 0. VEGF-A expression was signi!cantly upregulated on day 3
(p< 0.05) and days 5 and 7 (p< 0.001) compared to day 0. Between
day 3 and day 5 and between day 5 and day 7, VEGF-A expression
was further signi!cantly upregulated (p < 0.01 and p < 0.001,
respectively). When comparing data from the high (4 million cells/
ml) and low (1million cells/ml) cell seeding densities in 3mm thick
bioengineered tumors, it can be concluded that HIF-1a and VEGF-A
gene expression upregulation peaked at day 5 when a high seeding
density was used as a result of oxygen and nutrient de!ciency-
induced cell death after day 5 (Fig. 5a and b). However, with
a lower seeding density, a consistent upregulation is present over
the 7-day period, indicative of cell proliferation-sustained hypoxic
stresses (Fig. 5c and d).

Decreasing the scaffold thickness to 1.5 mm mitigated the
oxygen and nutrient diffusion limitations. Under these culturing
conditions, neither HIF-1a nor VEGF-A expression were upregu-
lated on any day compared to day 0 (Fig. 5e and f). HIF-1a
expressionwas signi!cantly downregulated (p< 0.01) on day 1 and
maintained that level through day 7. As mentioned previously,
since HIF-1a expression is known to activate VEGF-A gene tran-
scription [23], no signi!cant upregulation in VEGF-A expression
compared to day 0 was expected. An increase in intra-cellular
hypoxic levels is expected when cells are !rst con!ned in a 3D
matrix on day 0. Therefore, the signi!cant downregulation in HIF-
1a expression seen on day 1 implies that the cells had migrated to
the periphery of the bioengineered tumors to obtain more oxygen.

Fig. 6. HIF-1a and VEGF-A gene expression were signi!cantly upregulated when MDA-
MB-231 cells were cultured in 3D collagen I hydrogels as compared to cells cultured in
a monolayer on 2D tissue culture polystyrene. Gene expression was compared on day
0 to determine the speci!c effect of 3D culture without the contribution of cell
proliferation or the development of hypoxia. * and *** denote p < 0.05 and 0.001,
respectively.
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3.5. 2D versus 3D cell culture: comparison of hypoxic and
angiogenic gene expression

Comparable gene expression analysis between cells cultured in
a 2D monolayer versus in a 3D hydrogel was performed to
emphasize the importance and relevance of using 3D cell culture
models. Fig. 6 demonstrates a statistically signi!cant upregulation
of HIF-1a (p < 0.05) and VEGF-A (p < 0.001) gene expression when
MDA-MB-231 cells were cultured in the 3D collagen I hydrogels
compared to a 2D 6-well cell culture dish. Since HIF-1a and VEGF-A
expression were shown to change over time due to microenvi-
ronmental conditions (Fig. 5), gene expression was compared on
day 0 to determine the speci!c effect of 3D cell culture on the
phenotypic changes. This initial upregulation of HIF-1a gene
expression in the 3D bioengineered tumors is consistent with the
presence of HIF-1a protein on day 1 (Fig. 4a) and supports the cell
migration-mediated downregulation of HIF-1a gene expression
observed in the thinner scaffolds on day 1 (Fig. 5e).

4. Discussion

The development and utilization of 3D in vitro cell culture
models for studying the complex mechanisms of tumorigenesis are
beginning to play a major role in advancing fundamental cancer
research as well as the testing and discovery of several different
treatment modalities. The !eld of tissue engineering offers
a promising approach for fabricating “functional” in vitro tumor
models that are representative of in vivo tumor progression. Similar
to tissue engineering an organ or tissue replacement, cells are
grown on 3D polymeric scaffolds in an in vitro environment that
induces upregulation of characteristic genetic markers, HIF-1a and
VEGF-A in this study, to promote an in vivo phenotype. Our
previous work has investigated electrospun polycaprolactone/
collagen I composites as a scaffold for in vitro tumor development
[16]. While the electrospun scaffolds demonstrated favorable cell
adhesion, viability, and proliferation, the!bers were too compact to
allow for signi!cant cell in!ltration and 3D growth. Other attempts
by our group have involved the fabrication of 3D electrospun
poly(L-lactic) acid/polyethylene oxide (PEO) composite scaffolds
where the PEO was leached out, leaving large pores for cell in!l-
tration [29]. Although signi!cant cell in!ltration and 3D growth
was achieved over several weeks, the development of intra-cellular
levels of hypoxia was not observed.

In the present study, collagen I hydrogel scaffolds facilitated
immediate 3D cell growth, allowing for the development of
necrotic and hypoxic cellular regions. A collagen I concentration of
8 mg/ml was chosen based on mechanical characterization data
from the literature [30]. Paszek et al.measured the elastic moduli of
established tumors grown in transgenic mice as well as hydrogels
containing 2 and 4 mg/ml collagen I, with values reported of
4.05! 0.94 kPa, 0.328 ! 0.09 kPa, and 1.59! 0.38 kPa, respectively.
We expect an 8 mg/ml collagen I hydrogel to have an elastic
modulus that falls within the range of the established tumor
models. Matrix stiffness is an important microenvironmental
parameter, because it directly affects cell-matrix interactions,
including cell in!ltration and matrix remodeling during cell
proliferation [31,32]. In addition to controlling stiffness, the
concentration of collagen I also determines the diffusivity of the
hydrogel matrix [30,33], which is an important factor in the
development of hypoxia [19,31,32]. Using a collagen I-based
hydrogel promoted ideal cell adhesion, viability, and proliferation.
Cells demonstrated visible, invasive processes that interacted with
the surrounding matrix, and the cell-mediated degradation of
collagen I allowed for uninhibited cell proliferation and the
formation of large cell clusters (Figs. 2 and 3a and b). As opposed to

when cells are cultured in 2D, these cell-matrix and cellecell
interactions encourage cell signaling and a phenotype representa-
tive of in vivo biological systems [1,2].

Analogous to in vivo tumor progression, limitations in oxygen
and nutrient diffusion through the collagen I matrix as well as
increased competition for the available nutrients, led to cell death
beyond a depth of w150e200 mm from the surface of the bio-
engineered tumors and an increase in intra-cellular levels of
hypoxia (Figs. 3d and 4). The restriction of viable cells to
a w150e200 mm region below the bioengineered tumor surface is
representative of the oxygen diffusion limitations in biological
tissue [19] and has been shown previously in collagen I hydrogels
[34]. HIF-1a protein and gene expression analysis were used to
determine hypoxia given that the degree of HIF-1a expression
correlates with intra-cellular oxygen levels [22]. Immuno"uo-
rescence staining demonstrated expression of HIF-1a protein on
day 1 with a noticeable increase in intensity correlating with cell
proliferation on day 5, in culturing conditions using a high cell
seeding density (4 million cells/ml, 3 mm thick scaffolds) (Fig. 4).
HIF-1a gene expression was signi!cantly upregulated at the lower
cell seeding density (1 million cells/ml, 3 mm thick scaffolds) over
the 7-day culturing period (Fig. 5c), though immuno"uorescence
intensity was only observed to be slightly greater than the
background (data not shown). This indicated that while HIF-1a
gene expression was not signi!cantly upregulated over time at
the higher cell seeding density, the initial degree of intra-cellular
hypoxia was greater than at the lower cell seeding density. Intra-
cellular hypoxic levels were also shown to be initially upregulated
on day 0 when cells were cultured in 3D as opposed to 2D
(Fig. 6a). Our results suggest that this is a consequence of diffu-
sion limitations and competition for the available oxygen and
nutrients in the immediate vicinity within the con!ned 3D
collagen I matrix. When a thinner hydrogel scaffold was used
(1.5 mm thick), HIF-1a was signi!cantly downregulated on day 1
(Fig. 5e), implying that the cells were no longer experiencing the
same hypoxic oxygen tension as on day 0. We believe this is
a result of the cells migrating towards the periphery of the scaf-
fold, where more oxygen was available. Overall, cells cultured in
3D were shown to experience initial intra-cellular levels of
hypoxia on day 0, with a larger cell seeding density correlating
with a greater degree of hypoxia and an increase in HIF-1a
expression associated with cell proliferation and the aggregation
of cells into large clusters.

The developed intrinsic increase in intra-cellular hypoxic
oxygen levels led to a statistically signi!cant upregulation of VEGF-
A gene expression (Fig. 5B, D), which is a strong indicator of the
angiogenic potential of the in vitro bioengineered tumors.
Achieving a hypoxic microenvironment was important for repro-
ducing the in vivo stages of tumor development, speci!cally the
HIF-1a expression-mediated activation of VEGF-A gene transcrip-
tion [23]. Our results are representative of this, with a direct
correlation between HIF-1a and VEGF-A expression demonstrated
in all gene expression experiments (Figs. 5 and 6). VEGF-A is
a crucial factor involved in tumor maturation, acting exclusively on
endothelial cells to promote tumor angiogenesis [21,22]. Hence, the
signi!cant upregulation of VEGF-A expression induced in the
in vitro bioengineered tumors points towards the accuracy and
relevance of our model. Similar 3D in vitro cancer cell culture
systems have also shown an upregulation in VEGF-A expression in
response to both hypoxic oxygen levels and 3D cell-matrix inter-
actions [12]. These systems, however, relied upon the use of man-
ufactured air"ow to reproduce a hypoxic environment, rather than
allowing cell proliferation and matrix-imposed limitations in
oxygen and nutrient diffusion to foster the development of hypoxic
oxygen levels.
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Although this bioengineered tumor model is only a simplistic
representation of the complex nature of a malignant tumor, several
key characteristics of in vivo solid tumor development (e.g.
necrosis, hypoxia, angiogenic gene upregulation) were reproduced,
thus exposing the cells to typical tumor microenvironmental
stresses. Therefore, it is believed that the in vitro bioengineered
tumors will respond to stimuli comparable to an in vivo response,
allowing this system to be used as a more ef!cient tool for testing
a wide range of treatment modalities over conventional methods
[35]. The advantages of using 3D scaffolds over 2D tissue culture
polystyrene for obtaining an in vivo phenotype are well docu-
mented [1e5]. However, small animal models are still the primary
vehicles used for determining drug ef!cacy. One of the main issues
with drug testing in animals is that many newdrugs have success in
animal pre-clinical trials but fail in human clinical trials, wasting
signi!cant time and money [36]. This failure stems from signi!cant
cellular and genetic differences between humans and animals [6].
In addition, the ethical and humane issues associated with animal
trials are a noteworthy concern. Nevertheless, animal models
should still be used during pre-clinical trials but in conjunction
with 3D cell culture systems. Substantial progress still needs to be
made before 3D in vitro tumor models can replace the more
physiologically complete and familiar small animal models.

Physiologically relevant 3D cell culture models, such as the one
developed in this study, have the potential to aide in accelerating
more effective and cost ef!cient drug discovery. The next step in
advancing our in vitro bioengineered tumors into more complex,
“functional” tumor replicates is to incorporate additional cell types,
including endothelial and stromal cells, to induce neovessel
formation. Engineering an in vitro 3D microenvironment in which
the malignant, tumorigenic mechanisms of angiogenesis, invasion,
and metastasis can mature through a natural progression will yield
a cell culture system with greater and more reliable predictive
capability than traditional animal models. The pre-vascularized
bioengineered tumor model introduced in this study is the !rst
step towards tissue engineering a “functional” cancer model.

5. Conclusion

The results presented in this study demonstrate that collagen I
hydrogels can facilitate the pre-vascularized stages of in vivo solid
tumor development. A phenotype representative of in vivo tumor
progression was achieved in 3D in vitro bioengineered tumors by
adjusting speci!c microenvironmental parameters, including
limitingoxygenandnutrientdiffusionand increasing competition for
available nutrients. As the bioengineered tumors matured, in vivo-
characteristic regions of necrosis and hypoxia developed. The upre-
gulation of VEGF-A gene expression in response to growing levels of
intra-cellular hypoxia was a promising !nding that may provide
clinical relevance to this 3D in vitro bioengineered tumor model.
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4.1 Abstract 

Although successful remission has been achieved when cancer is diagnosed and treated 

during its early stages of development, a tumor that has established neovascularization poses a 

significantly greater risk of mortality. The inability to recapitulate the complexities of a maturing 

in vivo tumor microenvironment in an in vitro setting has frustrated attempts to identify and test 

anti-angiogenesis therapies that are effective at permanently halting cancer progression. We 

established an in vitro tumor angiogenesis model driven solely by paracrine signaling between 

MDA-MB-231 breast cancer cells and microvascular endothelial (TIME) cells co-cultured in a 

spatially-relevant manner. The bilayered bioengineered tumor model consists of TIME cells 

cultured as an endothelium on the surface of an acellular collagen I hydrogel under which MDA-

MB-231 cells are cultured in a separate collagen I hydrogel. Results showed that TIME cells co-

cultured with the MDA-MB-231 cells demonstrated a significant increase in proliferation, 

rapidly developed an elongated morphology, and invasively sprouted into the underlying 

acellular collagen I layer. Comparatively, bioengineered tumors cultured with less aggressive 

MCF7 breast cancer cells did not elicit an angiogenic response. Angiogenic sprouting was 

demonstrated by the formation of a complex capillary-like tubule network beneath the surface of 

a confluent endothelial monolayer with lumen formation and anastomosing branches. In vitro 
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angiogenesis was dependent on vascular endothelial growth factor (VEGF) secretion, matrix 

concentration, and duration of co-culture. Basic fibroblast growth factor (bFGF) supplemented at 

4 ng/ml to the co-cultures augmented angiogenic sprouting. The development of improved 

preclinical tumor angiogenesis models, such as the one presented here, is critical for accurate 

evaluation and refinement of anti-angiogenesis therapies.  

 

4.2 Introduction 

Physiological angiogenesis, or vascular neovessel formation from a pre-existing vessel, is 

fundamental for tissue maintenance and homeostasis during embryonic development and adult 

life [1-4]. Similar to normal tissue development, an expanding tumor requires oxygen and 

nutrients to maintain cell function, growth, and survival [4, 5]. At the early stages of 

development, solid tumor growth is constrained and remains dormant in the absence of 

angiogenesis [6]. Tumors progress from an avascular to a vascular state in response to 

microenvironmental changes, specifically the onset of severe hypoxia [7]. Tumor angiogenesis is 

a multifaceted and dynamic progression characterized by an imbalance of angiogenic promoters 

and inhibitors, extracellular matrix remodeling, and endothelial cell migration, proliferation, and 

differentiation resulting in neovessel sprouting. This process is initiated by the tumor and stromal 

cells, which supply an extensive panel of pro-angiogenic growth factors, most prominently 

vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) [8-10]. 

These ligands interact directly with receptor tyrosine kinases on endothelial cells from the 

surrounding microvasculature to promote invasive sprouting into the tumor, forming a new 

vascular network which propagates tumor growth [10].  

The idea that inhibiting tumor angiogenesis could be an effective strategy for treating 

solid tumors was proposed by Judah Folkman in 1971 [11]. Since then, researchers have 

identified and isolated many angiogenic promoters and inhibitors that represent attractive 

therapeutic targets. Clinical success has been achieved, and FDA approval suggests that these 

drugs are capable of significantly halting cancer progression. However, in the absence of 

validated predictive biomarkers, developed resistance to anti-angiogenic inhibitors frequently 

occurs through increased redundancy of existing angiogenic factors, activation of alternative 

angiogenic pathways, and vasculogenic mimicry. Furthermore, anti-angiogenesis therapies often 

lead to augmented invasiveness and metastasis due to the selection of tumor cells capable of 
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surviving in severely hypoxic environments. Hence, anti-angiogenic drugs have only been shown 

to temporarily extend progression-free survival with merely a small improvement on overall 

survival [4, 12-14]. Regardless, targeting the tumor vasculature remains a promising approach 

for inhibiting tumor growth and merits continued investigation.  

Conventional in vitro angiogenesis models have been designed to characterize the 

angiogenic activity of endothelial cells cultured on a compliant matrix, such as a collagen or 

fibrin hydrogel, in response to known pro-angiogenic factors [1, 15-21]. While these assays 

provide the foundation for contemporary angiogenesis research, a comprehensive understanding 

of the mechanism and interplay of angiogenic growth factors in relation to dynamic cellular and 

environmental interactions during tumor development is lacking. The emergence of tumor 

engineering, defined as the development of complex three-dimensional (3D) in vitro tumor 

models that reproduce the phenotypes and physiological responses of the in vivo tumor 

microenvironment [22], is facilitating the establishment of new platforms for identifying and 

testing more efficacious anti-angiogenic drugs. These systems are beginning to successfully 

incorporate multiple cell types (endothelial, tumor and/or stromal) into controlled 3D in vitro 

environments, demonstrating reproducible angiogenic sprouting [23-28] as well as inhibition in 

response to known angiogenic blockers [25, 26, 28]. However, many of these models are unable 

to recapitulate co-culture induced angiogenic sprouting from a confluent monolayer [24, 26, 28], 

which is important for maintaining proper endothelial cell polarity. Furthermore, most co-culture 

angiogenesis models have been unsuccessful in achieving invasive sprouting without the 

contribution of exogenous angiogenic growth factors [26, 27] or fibroblasts [23-25, 28].  

To address this deficiency, we introduce an in vitro angiogenesis model based on 

microvascular endothelial cells cultured as a confluent monolayer on the surface of previously 

characterized pro-angiogenic bioengineered tumors [29] in the absence of exogenous angiogenic 

growth factors. These in vitro tumors, composed of MDA-MB-231 breast cancer cells cultured 

within a bulk collagen I hydrogel, have been shown to exhibit phenotypic characteristics ideal 

for encouraging an in vivo-like angiogenic response, including the development of a necrotic 

core, intracellular levels of hypoxia, and subsequent upregulation of VEGF gene expression. In 

the current study, paracrine signaling between telomerase-immortalized human microvascular 

endothelial (TIME) cells cultured as an endothelium on the surface of an acellular collagen I 

hydrogel and MDA-MB-231 cells cultured beneath in a separate collagen I hydrogel led to 
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augmented angiogenic activity, specifically a significant increase in TIME proliferation, the 

development of an elongated and aligned TIME morphology, and invasive angiogenic sprouting. 

This system allowed for decoupling of important cellular and environmental factors that 

influence co-culture induced in vitro angiogenesis; particularly cancer cell aggressiveness, 

seeding density (tumor and endothelial), matrix concentration, growth factor involvement 

(VEGF and bFGF), and duration of co-culture. The in vitro tumor angiogenesis platform 

presented here can be used to gain a clearer understanding of specific mechanisms involved in 

tumor angiogenesis, such as the time- and concentration-dependent paracrine expression and 

influence of different angiogenic growth factors on invasive sprouting, as well as potentially 

provide a more realistic and reproducible response to anti-angiogenesis therapies. 

 

4.3 Materials and methods 

4.3.1 Cell culture 

MDA-MB-231 human breast cancer cells (American Type Culture Collection, Manassas, 

VA, USA) were cultured in DMEM/F12 (1:1) +L-Glutamine, +15mM HEPES (Invitrogen, 

Carlsbad, CA, USA) and supplemented with 10% fetal bovine serum (FBS) (Sigma Aldrich, St. 

Louis, MO, USA) and 1% Penicillin/Streptomycin (P/S) (Invitrogen). MCF7 human breast 

cancer cells were cultured in EMEM with L-Glutamine (ATCC) and supplemented with 10% 

FBS, 1% P/S, and 0.01 mg/ml insulin (Sigma Aldrich). Telomerase-immortalized human 

microvascular endothelial (TIME) cells stably transduced with an mKate lentivirus (generously 

provided by the Wake Forest Institute of Regenerative Medicine, Winston-Salem, NC, USA) 

were cultured in EBM-2 (Lonza Biomedical, Walkersville, MD, USA) and supplemented with an 

EGM-2 SingleQuots® Kit (Lonza Biomedical), which contains 2% FBS, hydrocortisone, VEGF 

(2 ng/ml), hFGF-B (4 ng/ml), R3-insulin growth factor, ascorbic acid, human epidermal growth 

factor, GA-1000, and heparin. Fluorescently labeled endothelial cells enabled convenient 

monitoring of angiogenic sprouting prior to immunofluorescence staining. Cell cultures were 

incubated in a humidified atmosphere of 95% air and 5% CO2 at a constant temperature of 37°C.   

 

4.3.2 Bilayered, collagen I hydrogel bioengineered tumors 
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Bioengineered tumors were fabricated similar to a previous study [29]. MDA-MB-231 

and MCF7 cells were cultured separately in an 8 mg/ml collagen solution at a seeding density of 

5x10
6
 cells/ml. The tumor cell-collagen suspension was pipetted into 12-well costar transwell 

inserts with 0.4 µm pore polyester membranes (Corning Incorporates, Corning, NY, USA). Two-

thirds of the final volume (226 µl to achieve 2 mm thickness) was allowed to polymerize for 5 

min at 37°C before the final one-third of the suspension was added to fill in the naturally 

occurring meniscus of the collagen solution, thereby creating a flat top surface of the hydrogel. 

Following polymerization of the tumor cell-collagen layer, a thin acellular layer of 8 mg/ml 

collagen hydrogel (113 µl to achieve 1 mm thickness) was similarly added in two separate and 

equal volumes. Respective cell culture mediums were added to the well and insert, and medium 

was replenished every 24 h.  

The tumor cells were cultured for 24 h, after which the TIME cells were seeded at a 

density of 3x10
4
 cells/cm

2
 on the surface of the acellular layer of the bilayered bioengineered 

tumors. The use of transwell inserts provided two separate medium compartments for the 

different cell types, which protected the endothelial cells from the acidic growth conditions 

generated by the tumor cells cultured at a high density. Respective cell culture mediums were 

added to the well and insert, and medium was replenished every 24 h. Figure 4.1 illustrates the 

co-culture experimental setup. The co-culture experimental setup maintains the appropriate 

Figure 4.1. Schematic illustration of the bilayered bioengineered tumor model cultured in a transwell 

insert. Breast cancer cells are cultured in the bulk collagen I hydrogel and microvascular endothelial 

cells are cultured on the surface of an acellular layer of collagen I hydrogel separating the two cell 

types.  
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spatial relationship between the tumor and endothelial cells as well as correct endothelial cell 

polarity. The model was designed to focus on the cellular interactions between the tumor and 

endothelial cells during angiogenic sprouting without the influence of vascular flow. An acellular 

collagen layer was added as a barrier between the two cell types to preserve endothelial health. 

Previous studies have reported that direct cell-to-cell contact between breast cancer cells and 

endothelial cells in vivo and in vitro leads to the induction of endothelial cell apoptosis, 

confirmed through TUNEL labeling and a significant increase in caspase-3 activity [30]. We 

obtained similar results, with decreased TIME viability observed when the acellular layer was 

removed (Fig. 4.S1).  

 

4.3.3 Angiogenic growth factor expression  

 VEGF protein secretion from the bioengineered tumors (breast cancer cell monocultures 

only) was measured by an enzyme-linked immunosorbent assay (ELISA) using Quantikine 

Human Immunoassay kits (R&D Systems, Minneapolis, MN, USA) according to the 

manufacturer’s protocol. Conditioned medium samples from the inserts were collected on days 1, 

3, 5, and 7. In order to monitor temporal changes in protein secretion, fresh cell culture medium 

was replaced 24 h prior to each time point. 

Figure 4.S1. TIME-mKate cells after 7 days of co-culture on MDA-MB-231 bioengineered tumors (a) 

when cultured in direct contact with the cancer cell-seeded surface and (b) when cultured on the 

acellular collagen hydrogel layered on top of the bioengineered tumors. TIME cell health was 

negatively affected through direct cell-cell contact with the breast cancer cells. Scale bars represent 

100 µm.   
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 In an effort to confirm that differences in VEGF protein levels were the result of 

increased expression per cell, immunofluorescence staining for VEGF was conducted. The 

bioengineered tumors were embedded in paraffin and sectioned as described previously [29]. 

Sections were permeabilized with 0.5% Triton X-100 (Sigma Aldrich) and blocked with 5% goat 

serum (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) for 1 h. Samples were incubated 

overnight with a rabbit polyclonal antibody to VEGF (Abcam Inc., Cambridge, MA, USA) at a 

dilution of 1:200 followed by a DyLight 488-conjugated affini-pure goat anti-rabbit IgG (H+L) 

secondary antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) at a 

dilution of 1:100 for 1 h. VECTASHIELD® mounting medium with DAPI (Vector Laboratories, 

Burlingame, CA, USA) was used to preserve fluorescence and stain nuclei. Samples were 

imaged with a Leica DMI 6000 fluorescent microscope (Leica Microsystems Inc., Buffalo 

Grove, IL, USA).   

 

4.3.4 Analysis of angiogenic activity 

The capacity of the breast cancer cells in the bioengineered tumors to induce angiogenic 

activity by the TIME cells cultured as an endothelium was characterized by monitoring 

endothelial proliferation, morphological changes, and angiogenic sprouting. VEGF and bFGF 

were removed from the endothelial growth medium to determine if the tumor cells used in the 

model could provide the necessary growth factors to generate an angiogenic response without the 

aid of an exogenous stimulus. For the proliferation and morphology experiments, the tumors 

cells were seeded at a density of 5x10
6
 cells/ml, the TIME cells were seeded at a density of 

3x10
4
 cells/cm

2
, and the acellular collagen layer concentration was 8 mg/ml. The culturing 

parameters were varied for the sprouting experiments, as described below. The control group 

was a TIME cell monoculture on an acellular collagen hydrogel cultured with complete 

endothelial growth medium. 

 

4.3.4.1 Quantification of endothelial cell proliferation 

Quantification of endothelial cell number was conducted on days 1, 3, and 5 (following 

TIME cell seeding on bioengineered tumors). Samples were fixed with 10% formalin and 

permeabilized with 0.5% Triton X-100  (Sigma Aldrich). NucBlue™ Fixed Cell Stain with 

DAPI (Invitrogen) was used to stain nuclei. A set of 12 images were taken from each sample 
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using a Leica DMI 6000 fluorescent microscope, and Image J (NIH, Bethesda, MA, USA) was 

used to count nuclei. For these experiments, all experimental and control groups were cultured 

simultaneously to reduce variability due to cell passage and health, collagen batch, quality of 

serum, and conditions of growth. 

 

4.3.4.2 Analysis of morphological changes 

Endothelial cell morphology was analyzed on days 1, 3, 5, and 7 as described previously 

[31]. Briefly, cells were stained with Oregon Green® 488 phalloidin (Invitrogen), a high-affinity 

probe for F-actin, and NucBlue™ Fixed Cell Stain with DAPI (Invitrogen). Imaging was 

performed with a Zeiss LSM 510 laser scanning confocal microscope (Carl Zeiss, Thornwood, 

NY, USA). Representative images are shown for all groups.  

 

4.3.4.3 Characterization of angiogenic sprouting 

 For the sprouting experiments, parameters were varied to characterize the cellular and 

environmental factors that influence co-culture induced in vitro angiogenesis. Besides using two 

breast cancer cell lines of differing aggressiveness (more aggressive MDA-MB-231 and less 

aggressive MCF7), the effect of growth conditions such as tumor cell seeding density (1x10
6
 

cells/ml and 5x10
6
 cells/ml), endothelial cell seeding density (3x10

4
 cells/cm

2
 and 1x10

5
 

cells/cm
2
), acellular collagen I hydrogel concentration (2, 4, and 8 mg/ml), exogenous growth 

factor supplementation (complete EGM-2 with 2 ng/ml VEGF and 4 ng/ml bFGF and EGM-2 

containing 10 ng/ml bFGF), and time-delay of co-culture (seeding TIME cells 1 and 5 days after 

initial culture of the bioengineered tumors) were investigated. Confirmation of sprouting was 

visualized with the fluorescent mKate lentivirus prior to immunofluorescence staining with 

Oregon Green® 488 phalloidin, as described above. Imaging was performed with a Zeiss LSM 

510 laser scanning confocal microscope. Representative images are shown for all groups. While 

the trends between experimental groups remained constant throughout the study, minor 

variability in angiogenic sprouting within the same group was attributed to differences in cell 

passage and health, collagen batch, quality of serum, and conditions of growth. 

 

4.3.5 Statistical analysis 
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 A Student’s t-test was used to determine statistical significance of the ELISA and 

endothelial cell proliferation data. p < 0.05 was considered significant. p < 0.01 and p < 0.001 

were also noted. 

 

4.4 Results 

4.4.1 VEGF expression from the bioengineered tumors 

  Two human breast cancer cell lines of differing degrees of aggressiveness were cultured 

individually within bulk collagen I hydrogels cast in 12-well transwell inserts. The more 

aggressive MDA-MB-231 cells were shown to proliferate and interact with the surrounding 

collagen matrix to a greater extent than the less aggressive MCF7 cells over 7 days in culture 

(Fig. 4.S2). In addition, the MDA-MB-231 bioengineered tumors secreted a significantly greater 

(p < 0.001) concentration of VEGF than the MCF7 bioengineered tumors at each time point over 

7 days in culture (Fig. 4.2). There was a significant increase in protein secretion by the MDA-

MB-231 bioengineered tumors at each time point (day 3, 5: p <0.001; day 7: p < 0.01), compared 

to the previous time point, which correlated with the observed MDA-MB-231 proliferation. The 

Figure 4.S2. Tumor cell proliferation and cell-matrix interactions within the bioengineered tumors. 

MDA-MB-231 cells proliferated and interacted with the surrounding matrix to a greater extent than 

MCF7 cells when cultured in dense collagen I hydrogels over a 7-day period. Green, F-actin; blue, 

nuclei. Scale bar represent 100 µm.  
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MCF7 bioengineered tumors exhibited a significant increase (p < 0.05) in protein secretion only 

from day 1-3, with no statistical difference observed after day 3. Immunofluorescence staining 

for VEGF confirmed that the distinction in VEGF protein secretion between the two cell types 

was a result of increased expression per cell rather than differences in cell number (Fig. 4.S3).  

The dotted line in Figure 4.2 represents the concentration of VEGF supplemented in the 

complete endothelial growth medium (2 ng/ml). This is important to note since the control group 

for subsequent co-culture experiments was a TIME cell monoculture on an acellular collagen 

hydrogel cultured with complete endothelial growth medium. While the MCF7 bioengineered 

tumors secreted a similar concentration of VEGF compared to the complete medium, the MDA-

MB-231 bioengineered tumors secreted a considerably greater concentration of VEGF at each 

time point. An ELISA was unable to detect bFGF in the bioengineered tumor conditioned 

medium, which is a limitation of using an in vitro model containing only one cell type.  

 

Figure 4.2. VEGF protein secretion from bioengineered tumors seeded with MDA-MB-231 or MCF7 

cells. There was a significant difference (p < 0.001) in protein secretion between the two groups at 

each time point. There was a significant increase in protein secretion by the MDA-MB-231 

bioengineered tumors at each time point (day 3, 5: p <0.001; day 7: p < 0.01), as compared to the 

previous time point. The MCF7 bioengineered tumors exhibited a significant increase (p < 0.05) in 

protein secretion only on day 3, as compared to day 1. The dotted line represents the concentration of 

VEGF supplemented in the complete endothelial growth medium (2 ng/ml).   
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4.4.2 Tumor-endothelial cell co-culture regulates endothelial cell proliferation 

 Tumor-endothelial cell co-culture led to significant changes in TIME cell proliferation 

compared to the control group, with the MDA-MB-231 bioengineered tumors stimulating 

endothelial proliferation and the MCF7 bioengineered tumors reducing endothelial proliferation 

(Fig. 4.S4). TIME cell number on the MDA-MB-231 bioengineered tumors was significantly 

greater (day 1, 3: p <0.05; day 5: p < 0.01) at each time point compared to the MCF7 

bioengineered tumors (Fig. 4.3). This difference was directly related to the significant increase in 

VEGF protein secretion by the MDA-MB-231 bioengineered tumors as determined by an ELISA 

(Fig. 4.2). Compared to the control group, TIME cell number on the MDA-MB-231 

bioengineered tumors was significantly greater (p < 0.01) on days 1 and 3. By day 5, TIME cells 

cultured on the MDA-MB-231 bioengineered tumors and the control group had reached 

confluence; therefore, there was no statistical difference in cell number. TIME cell number was 

statistically less (p < 0.01) on the MCF7 bioengineered tumors than the control group only on 

day 5. This difference was likely due to a combination of low VEGF protein secretion levels 

from the MCF7 bioengineered tumors and decreased availability of growth supplements in the 

medium (such as FBS) since there were a greater total number of cells competing for the same 

volume of medium compared to the control group. It is also possible that MCF7 cells secrete 

anti-angiogenic factors that suppress endothelial cell growth, similar to pancreatic cancer cells 

Figure 4.S3. Immunofluorescence staining for intracellular VEGF expression. (a) MDA-MB-231 cells 

expressed greater levels of VEGF than (b) MCF7 cells cultured within the bioengineered tumors. 

Green, VEGF; blue, nuclei. Scale bar represents 50 µm.   
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[32], which may maintain their less aggressive phenotype in vivo. TIME cell number increased 

significantly from day 1 to day 3 and from day 3 to day 5 in all groups.  

 

4.4.3 Tumor-endothelial cell co-culture elicits an elongated endothelial cell morphology 

 TIME cells cultured on the surface of the MDA-MB-231 bioengineered tumors 

developed elongated and tightly aligned morphologies over a 7-day period, with morphological 

changes becoming evident by day 3 (Fig. 4.4). Although TIME cells cultured on the MCF7 

Figure 4.S4. TIME cells stained with DAPI cultured on the surface of the bioengineered tumors. 

TIME cells cultured on the surface of MDA-MB-231 bioengineered tumors proliferated at a faster 

rate than TIME cells cultured on MCF7 bioengineered tumors with TIME cell number greater at 

each time point. TIME cell number on the MDA-MB-231 bioengineered tumors was greater on days 

1 and 3 compared to the control group. By day 5, TIME cells cultured on the MDA-MB-231 and 

control groups reached confluence; therefore there was no difference in cell number. Scale bar 

represents 200 µm.   

 



Submitted as Szot CS, Buchanan CF, Freeman JW, Rylander MN to Tissue Engineering Part C 

 42 

bioengineered tumors did not reach confluence following 7 days of co-culture, an elongated 

morphology was observed. When complete endothelial growth medium was provided to the 

TIME cells cultured on the MCF7 bioengineered tumors, the cells became confluent and 

displayed similar elongated and tightly aligned morphologies to the TIME cells cultured on the 

MDA-MB-231 bioengineered tumors (Fig. 4.S5). Conversely, TIME cells in the control group 

reached confluence by day 5 but did not undergo any morphological changes. The development 

of an elongated morphology was not a consequence of over confluence as endothelial cell 

number on the MDA-MB-231 bioengineered tumors and the control group were similar on day 5 

(Fig. 4.3). Furthermore, since the supplemented VEGF and bFGF were removed from the co-

culture groups, these results suggest that paracrine growth factors from both types of breast 

Figure 4.3. TIME cell proliferation when cultured on the surface of the bioengineered tumors. TIME 

cells cultured on the surface of MDA-MB-231 bioengineered tumors proliferated at a faster rate than 

TIME cells cultured on MCF7 bioengineered tumors with TIME cell number significantly greater at 

each time point. TIME cell number on the MDA-MB-231 bioengineered tumors was significantly 

greater on days 1 and 3 compared to the control group. By day 5, TIME cells cultured on the MDA-

MB-231 and control groups reached confluence; therefore, there was no statistical difference in cell 

number. TIME cell number in each group was significantly greater than the previous time point on 

days 3 and 5. * denotes significant difference between groups, and # denotes significant difference 

within the same group compared to the previous time point. */#, **/##, and ***/### indicate p < 0.05, 

0.01, and 0.001, respectively.  
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cancer cells, other than VEGF and bFGF, are responsible for encouraging an in vivo-like 

elongated and aligned endothelial morphology in the absence of vascular flow. Similar 

morphological changes were observed when the TIME cells were cultured on lower 

concentrations of the acellular collagen hydrogel layer (2 and 4 mg/ml) (data not shown). 

 

Figure 4.S5. TIME cells cultured on the MCF7 bioengineered tumors 

reached confluence on day 7 when supplemented with complete 

endothelial growth medium. TIME cells displayed an elongated and 

tightly aligned morphology similar to when cultured on the MDA-MB-

231 bioengineered tumors. Green, F-actin; blue, nuclei. Scale bars 

represent 50 µm.  

 

Figure 4.4. TIME cell morphology when cultured on the surface of the bioengineered tumors. TIME 

cells became elongated and tightly aligned when co-cultured on MDA-MB-231 bioengineered tumors. 

Although TIME cells did not reached confluence on the MCF7 bioengineered tumors, an elongated 

morphology was observed. Conversely, TIME cells in the control group reached confluence, but they 

did not undergo any morphological changes. Green, F-actin; blue, nuclei. Scale bars represent 50 µm.  
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4.4.4 Tumor-endothelial cell co-culture induces invasive angiogenic sprouting 

 Invasive angiogenic sprouting was observed when TIME cells were cultured on the 

surface of the more aggressive MDA-MB-231 bioengineered tumors (Fig. 4.5) but not with the 

less aggressive MCF7 bioengineered tumors. In order to facilitate sprouting, the concentration of 

the acellular collagen layer was reduced as sprouting could not be attained when the TIME cells 

were cultured on an 8 mg/ml acellular collagen hydrogel. A capillary-like tubule network was 

shown to develop beneath the surface of a confluent monolayer of TIME cells (2 mg/ml acellular 

collagen layer) after 7 days of co-culture (Fig. 4.5a, b). Select tubules contained patent lumens, 

typically surrounded by a single endothelial cell (4 mg/ml acellular collagen layer) (Fig. 4.5c). 

These results validate that paracrine signaling between the tumor and endothelial cells in the 

bilayered bioengineered tumor in vitro angiogenesis model is sufficient to induce angiogenic 

sprouting with complex capillary-like tubule formation without the addition of exogenous pro-

angiogenic growth factors (VEGF and bFGF removed from endothelial growth medium). 

Angiogenic sprouting was also observed in the control group when TIME cells were cultured on 

2 mg/ml acellular collagen hydrogels with complete endothelial growth medium (Fig. 4.6). 

However, TIME cells were not shown to develop capillary-like tubule networks beneath the 

surface monolayer (Fig. 4.6a, b). Rather, sprouting was characterized by isolated points of 

Figure 4.5. Angiogenic sprouting of TIME cells cultured on MDA-MB-231 bioengineered tumors in 

the absence of exogenous VEGF and bFGF. (a) TIME cells grown to confluence after 7 days on a 2 

mg/ml acellular collagen hydrogel layer of the bioengineered tumor (b) formed a capillary-like tubule 

network beneath the surface. (c) Select tubules were shown to develop patent lumens (day 10; 4 mg/ml 

acellular collagen layer). The top and side panels of (c) illustrate cross-sectional cuts of a single tubule 

in the x-z and y-z directions. Green, F-actin; blue, nuclei. Scale bars represent 50 µm.   
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endothelial invasion with radially branching filopodia (Fig. 4.6c, d). When TIME cells cultured 

with the MCF7 bioengineered tumors were provided complete endothelial growth medium, 

angiogenic sprouting was still not observed. The inability to reproduce a similar response to the 

control group, with identical concentrations of supplemented VEGF and bFGF, supports the 

possibility that MCF7 cells may secrete anti-angiogenic factors. 

4.4.5 Acellular collagen matrix concentration governs angiogenic sprouting 

The concentration of the acellular collagen hydrogel layer was a limiting factor in 

supporting angiogenic sprouting on the MDA-MB-231 bioengineered tumors. After 7 days of co-

culture, sprouting with branching tubule formation was only observed when TIME cells were 

cultured on a 2 mg/ml acellular collagen layer (Fig. 4.7a). Three-dimensional image 

reconstruction accentuated the complexity of the capillary-like tubule network that was achieved. 

Separate tubules were shown to anastomose and extend far beneath the confluent monolayer   

Figure 4.6. Angiogenic sprouting of TIME cells in the control group. (a) TIME cells grown to 

confluence after 7 days on a 2 mg/ml acellular collagen hydrogel layer of the control group 

demonstrated (b) isolated points of invasion with (c) radially branching filopodia beneath the surface. 

(d) Three-dimensional image reconstruction of an isolated sprouting event. Green, F-actin; blue, 

nuclei. Scale bars represent (a, b) 100 µm and (c, d) 50 µm.   
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Figure 4.7. Influence of matrix concentration and supplemented bFGF on angiogenic sprouting of 

TIME cells cultured for 7 days on MDA-MB-231 bioengineered tumors. (a) A considerably greater 

degree of angiogenic sprouting was observed within the 2 mg/ml acellular collagen layers as compared 

to the 4 mg/ml acellular collagen. Sprouting was augmented within both collagen concentrations when 

complete medium containing bFGF (4 ng/ml) was supplemented to the co-culture TIME cells. (b) 

Three-dimensional image reconstruction shows two separate tubules anastomosing and extending 

down beneath the surface monolayer (2 mg/ml acellular collagen layer; 10 ng/ml bFGF). Green, F-

actin; blue, nuclei. Scale bars represent 50 µm.   

 



Submitted as Szot CS, Buchanan CF, Freeman JW, Rylander MN to Tissue Engineering Part C 

 47 

(Fig. 4.7b). TIME cells cultured on a 4 mg/ml acellular collagen hydrogel began to invade 

beneath the surface, but these sprouting tubules were scarce, shorter in length, and showed no 

signs of branching (Fig. 4.7a). As mentioned above, invasive tubule formation was not observed 

within the 8 mg/ml acellular collagen hydrogel. The observed correlation between matrix 

concentration and the degree of sprouting indicates that collagen degradation may be a rate-

limiting step in regulating invasive sprouting, as reported previously [33]. 

 

4.4.6 Angiogenic growth factor composition and concentration influence angiogenic sprouting 

 The influence of exogenous bFGF and endogenous VEGF on angiogenic sprouting was 

explored through changing the medium composition and altering the seeding density of the 

MDA-MB-231 bioengineered tumors, respectively. When co-culture TIME cells were provided 

complete endothelial growth medium (2 ng/ml VEGF and 4 ng/ml bFGF) for the extent of the 

study, angiogenic sprouting was enhanced on both the 2 mg/ml and 4 mg/ml acellular collagen 

layers, as compared to the non-VEGF and bFGF supplemented co-cultures which only contained 

endogenous VEGF (Fig. 4.7a). It is probable that this increase was in response to the addition of 

bFGF as an ELISA was unable to detect bFGF in the MDA-MB-231 bioengineered tumor 

conditioned medium (data not shown). Furthermore, the endogenous concentration of VEGF 

secreted by the MDA-MB-231 bioengineered tumors was significantly larger than the amount 

provided in the complete medium; hence, it is unlikely that the exogenous VEGF from the 

medium provided an added stimulus to the VEGF already present within the system. Augmented 

in vitro angiogenic sprouting in response to VEGF and bFGF co-stimulation as compared to 

either growth factor alone has been shown previously using an endothelial cell monoculture 

assay [1]. In that study, optimal sprouting was obtained when 30 ng/ml VEGF and 10 ng/ml 

bFGF were supplemented to the endothelial cells. However, when 10 ng/ml bFGF was added to 

TIME cells cultured with the MDA-MB-231 bioengineered tumors, angiogenic sprouting was 

not further increased (data not shown).  

MDA-MB-231 bioengineered tumors seeded at a lower density (1x10
6
 cells/ml) were 

shown to secrete a significantly lower concentration of VEGF (4-fold) (p < 0.001) than the high 

seeding density (5x10
6
 cells/ml) bioengineered tumors at each time point (Fig. 4.S6a). However, 

this concentration on day 7 was still 5-fold greater than the VEGF provided in the complete 

endothelial growth medium. TIME cells cultured with the low seeding density MDA-MB-231 
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bioengineered tumors proliferated at a similar rate to the high seeding density bioengineered 

tumors (Fig. 4.S6b) and developed identical elongated and aligned morphologies (Fig. 4.S6c). 

Invasive angiogenic sprouting was observed within both the 2 mg/ml (Fig 4.S6d) and 4 mg/ml 

acellular collagen layers, with and without complete endothelial growth medium. While there 

was a minor decrease in the extent of angiogenic sprouting within the 4 mg/ml acellular collagen 

layers as compared to the high seeding density bioengineered tumors, it is clear that the MDA-

MB-231 bioengineered tumors seeded at a density of 1x10
6
 cells/ml provided sufficient VEGF 

signaling to induce a comparable angiogenic response. 

 

Figure 4.S6. (a) VEGF protein secretion from bioengineered tumors cultured with MDA-MB-231 

cells at a density of 1x10
6
 cells/ml. TIME cells cultured on the 1x10

6
 cells/ml MDA-MB-231 

bioengineered tumors (b) proliferated, (c) developed elongated and aligned morphologies (day 7), and 

(d) formed capillary-like tubules (day 7; 2 mg/ml acellular collagen) similar to when cultured on the 5 

x10
6 
MDA-MB-231 bioengineered tumors.     
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4.4.7 Duration of co-culture determines induction but not extent of angiogenic sprouting 

 When co-cultured under optimal sprouting conditions (2 mg/ml acellular collagen; 

complete medium), capillary-like tubule formation was not observed until day 5 (Fig. 4.8a). In an 

attempt to accelerate tubule growth, TIME cells were seeded at confluence (1x10
5
 cells/cm

2
), as 

determined from the proliferation experiment (Fig. 4.3). This approach was derived from 

previous in vitro angiogenesis studies that have allowed endothelial cells to reach confluence 

before inducing angiogenic activity [1, 17-19], as it has been shown that tubule formation only 

occurs when endothelial cells have a low proliferative potential [16]. While there was a minor 

increase in the number of sprouting events, capillary-like tubule formation was still not observed 

Figure 4.8. Influence of (a) TIME cell seeding density and (b) duration in co-culture on angiogenic 

sprouting. (a) Angiogenic sprouting with noticeable capillary-like tubule formation was not observed 

within the 2 mg/ml acellular collagen until day 5, regardless of the TIME cell seeding density. 

However, seeding the TIME cells at confluence (1x10
5
 cells/cm

2
) resulted in a minor increase in the 

number of sprouting events. (b) Sprouting reached a maximum by day 7 when TIME cells were 

cultured on the 2 mg/ml acellular collagen layer but continued to progress through day 10 when 

cultured on the 4 mg/ml acellular collagen layer. Green, F-actin; blue, nuclei. Scale bars represent 50 

µm.   
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until day 5 (Fig. 4.8a). Another approach was to seed the TIME cells on the acellular collagen 

layer 5 days following initial culture of the MDA-MB-231 bioengineered tumors when there was 

a significantly greater concentration of secreted VEGF, as compared to day 1 (Fig. 4.2). Similar 

to increasing the TIME cell seeding density, a minor increase in the number of sprouting events 

was observed, but capillary-like tubule formation was not seen until day 5 (data not shown). 

Based on these results, it is possible that additional time-dependent crosstalk between the tumor 

and endothelial cells, besides VEGF signaling, is necessary to encourage angiogenic sprouting 

[34].  

There was no noticeable increase in angiogenic sprouting between day 7 and day 10 from 

TIME cells cultured on the 2 mg/ml acellular collagen layer when supplemented with complete 

endothelial growth medium (Fig. 4.8b). Alternatively, sprouting continued to progress through 

day 10 within the 4 mg/ml acellular collagen, with tubule growth and the formation of a 

branching network observed (Fig. 4.8b). When the co-culture was not supplemented with 

complete medium, sprouting also increased on both the 2 mg/ml and 4 mg/ml acellular collagen 

layers (data not shown). This indicates that the rate of sprouting within this system is dependent 

on both matrix concentration and growth factor involvement, and the extent of sprouting is 

terminal. Given enough time in co-culture, sprouting will reach a maximum limit, as observed 

previously [18]. 

 

4.5 Discussion 

The first demonstration of in vitro angiogenesis was reported by Judah Folkman in 1980 

[15]. In that study, capillary endothelial cells were cultured on gelatin and stimulated to form 

tubule networks when provided tumor-conditioned medium. Over the next decade, endothelial 

cell monoculture assays provided a fundamental understanding of the function of many pro-

angiogenic factors, including bFGF [18], VEGF [19], and phorbol esters [17], individually as 

well as synergistically [1, 20]. More recently, co-culture angiogenesis assays have relied on 

paracrine signaling to promote angiogenic tubule formation. These systems can be separated into 

three categories: (1) tumor and endothelial cells co-cultured in a single monolayer [35, 36], (2) 

endothelial cells embedded within a bulk hydrogel with the tumor cells cultured separately or in 

contact with the endothelial cells [24, 26, 28], and (3) endothelial cells cultured as a monolayer 

on the surface of a bulk hydrogel containing tumor cells [25, 27]. While these models allow for 
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the study of multicellular interactions during tumor angiogenesis, each of these systems is flawed 

for one or more of the following reasons: the lack of an underlying matrix for endothelial 

remodeling [35, 36], inaccurate spatial relationships between tumor/stromal and endothelial cells 

[25, 28, 35, 36], incorrect endothelial polarity [26, 28], and a reliance on exogenous pro-

angiogenic growth factors [26, 27, 36]. In this study, we established an in vitro tumor 

angiogenesis model based on the hypothesis that paracrine signaling between tumor and 

endothelial cells co-cultured in a spatially-relevant manner is sufficient for inducing an 

angiogenic response in the absence of exogenous pro-angiogenic growth factors. Microvascular 

endothelial cells cultured as an endothelium on the surface of aggressive MDA-MB-231 

bioengineered tumors demonstrated a significant increase in proliferation, rapidly developed an 

elongated morphology, and invasively sprouted into an underlying acellular collagen I layer, 

forming a complex capillary-like tubule network with lumen formation and anastomosing 

branches.  

To the best of our knowledge, the bilayered bioengineered tumor angiogenesis model 

represents the first demonstration of tumor-endothelial cell paracrine signaling-induced invasive 

angiogenic sprouting into a three-dimensional matrix. Previous groups have attempted to study 

this interaction but have been unable to achieve angiogenic sprouting without the addition of 

fibroblasts. In a similar co-culture setup, tumor cells cultured in a collagen hydrogel beneath an 

endothelial cell monolayer were reported to have proliferated too quickly, leading to high levels 

of acidity and endothelial toxicity [23]. When fibroblasts were cultured in place of the tumor 

cells, the endothelial cells invasively sprouted into the collagen, forming capillary-like tubules. 

Similarly, endothelial cells cultured in direct contact with tumor cells as multicellular spheroids 

embedded in a collagen hydrogel were unable to sprout due to cell-cell contact-induced 

endothelial cell apoptosis [28]. When the multicellular spheroids were cultured with fibroblasts 

and tumor cells, endothelial viability was maintained and sprouting was observed. In studies 

where endothelial cell health was not jeopardized by tumor cell co-culture, fibroblasts were still 

required for supporting endothelial invasive sprouting, in addition to the tumor cells [24, 25]. It 

is assumed that the fibroblasts provided an additional angiogenic growth factor stimulus 

necessary for inducing an angiogenic response. While fibroblasts are a central component of the 

tumor stroma, understanding the distinct influence of tumor cells on angiogenic sprouting will 
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allow for decoupling of their role from fibroblasts, providing a clearer understanding of the 

complex paracrine signaling network that drives tumor angiogenesis. 

Matrix concentration, growth factor involvement, and duration of co-culture were 

important aspects of our bilayered bioengineered tumor model that influenced the extent of in 

vitro angiogenic sprouting. Endothelial cell remodeling of collagen I hydrogels has recently been 

shown to progress in both a time and concentration dependent manner, with the magnitude of 

endothelial network formation increasing with time and the rate of network formation decreasing 

with collagen concentration [33], similar to our results. Additionally, endothelial invasion in the 

lowest collagen hydrogel concentration (3 mg/ml) only progressed until day 14 while invasion in 

the higher concentrations (6 and 10 mg/ml) continued to increase until day 21 [33]. While we 

attributed this to the terminal nature of in vitro angiogenic sprouting within our system, it has 

been suggested in other studies that stiffer matrices may provide a more secure architecture for 

maintaining angiogenic sprouting longer with stable tubule formation [21, 33, 37]. Since 

angiogenic sprouting was contingent on both matrix concentration and growth factor 

involvement in the bioengineered tumor model, the inability to induce invasive sprouting within 

the 8 mg/ml acellular collagen layer was likely due to an insufficient concentration and/or 

composition of paracrine angiogenic growth factors. This highlights an important distinction 

between monoculture and co-culture angiogenesis assays. Endothelial cells cultured alone can be 

forced to differentiate into an angiogenic phenotype on many different types and concentrations 

of matrices if supplemented with an appropriate cocktail of pro-angiogenic factors. Alternatively, 

co-culture models rely on paracrine signaling and therefore may produce an angiogenic response 

that is not as pronounced. Nevertheless, we believe that exploiting multicellular interactions to 

generate in vitro angiogenesis, rather than exogenous stimuli, will provide a more 

physiologically-accurate response.  

Angiogenic sprouting was strongly influenced by endogenous VEGF and exogenous 

bFGF. MDA-MB-231 bioengineered tumors secreted an ample concentration of VEGF, which 

resulted in a significant increase in TIME proliferation and invasive sprouting. Bioengineered 

tumors cultured with a lower seeding density of MDA-MB-231 cells were shown to generate an 

identical angiogenic response, indicating that the concentration of VEGF required to provoke 

this level of angiogenic activity is <10 ng/ml and a 4-fold increase in concentration does not 

enhance this response. Supplementing the co-culture TIME cells with exogenous bFGF (4 ng/ml) 
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led to an increase in angiogenic sprouting. It is possible that this additive effect is related to an 

increase in plasminogen activator (PA) expression by the TIME cells as PA activity, which is 

necessary for endothelial invasion, is regulated by bFGF [18] and not influenced by VEGF [19]. 

bFGF has previously been shown to induce more developed capillary-like tubule formation at the 

same concentration as VEGF, and co-stimulation with both growth factors has led to accelerated 

tubule formation as compared to either ligand alone [1]. Similar to VEGF, increasing the 

concentration of bFGF (10 ng/ml) in our co-culture did not lead to an enhanced response. The 

concentrations of VEGF (10 ng/ml) and bFGF (4 ng/ml) required to obtain a maximum 

synergistic effect in our system were considerably less than what has been reported in a 

monoculture angiogenesis assay (VEGF 30 ng/ml, bFGF 10 ng/ml) [1]. This supports the notion 

that the impact of an individual cytokine on tumor angiogenesis is contextual, i.e. it relies on the 

presence of other factors in the microenvironment [1, 20]. However, within co-culture 

angiogenesis models, it is challenging to monitor the interplay among the multitude of growth 

factors secreted in relation to dynamic cellular and environmental interactions. In our study, the 

inability to induce angiogenic sprouting prior to 5 days in co-culture, regardless of seeding the 

endothelial cells at confluence or an increased concentration of endogenous VEGF, strongly 

suggests that additional paracrine signaling between the tumor and endothelial cells occurs in a 

time-dependent manner and is necessary for stimulating in vitro angiogenesis. It is possible that 

the angiopoietins (ANG) have active roles in regulating angiogenic sprouting within our model 

as we have previously reported that a shift in the ANG1:ANG2 ratio occurs in favor of an 

increase in ANG2 expression by MDA-MB-231 cells when co-cultured with microvascular 

endothelial cells [34].  

While in vitro angiogenesis assays have been used in cancer research for a few decades, 

these systems have relied on exogenous stimuli and incorrect culturing conditions to induce an 

angiogenic response. This presents a problem since determining the therapeutic impact of 

potential angiogenic inhibitors is highly dependent on the pro-angiogenic stimulus. If the 

stimulus is incorrect (composition and/or concentration of exogenous growth factors) or the 

system is physiologically-inaccurate (incorrect spatial relationships and endothelial polarity), any 

conclusions obtained using those models may be unreliable in an in vivo setting. As the bilayered 

bioengineered tumor angiogenesis model presented here was driven solely by paracrine signaling 

between tumor and endothelial cells in a spatially-relevant manner, it is expected that this system 
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will provide a more clinically-translatable drug response. However, it is important to recognize 

the limitations of this system. The integration of additional stromal cells, such as fibroblasts, 

pericytes, and immune cells, may enhance angiogenic activity, influencing the magnitude, rate, 

and duration of sprouting. Furthermore, the incorporation of flow will allow for analysis of the 

effect of shear stress on the development of angiogenic sprouting. Although our system does not 

allow for vascular flow, it is still practical as the tortuous nature of the in vivo tumor vasculature 

leads to many regions of static circulation where angiogenic sprouting may be more inclined to 

occur. Future studies will focus on incorporating further complexity into the in vitro tumor 

angiogenesis model as well as test the functionality of our system through blocking angiogenic 

sprouting with known inhibitors. 

 

4.6 Conclusion 

 A principal distinction between conventional in vitro angiogenesis assays and 

angiogenesis development in vivo is that exogenous angiogenic growth factors interact with the 

apical surface of endothelial cells cultured in vitro, while during in vivo angiogenesis, paracrine 

signaling from adjacent tumor cells interact with the basal endothelial cell surface. To more 

accurately mimic in vivo angiogenesis, a co-culture in vitro tumor angiogenesis model was 

introduced with microvascular endothelial cells cultured as an endothelium on the surface of an 

acellular collagen I hydrogel under which MDA-MB-231 breast cancer cells were cultured in a 

separate collagen I hydrogel. Endothelial cells were shown to assemble into a capillary-like 

tubule network with lumen formation and anastosmosing branches evident beneath the surface of 

the confluent monolayer. Angiogenic sprouting was stimulated in response to paracrine signaling 

between the tumor and endothelial cells in the absence of exogenous angiogenic factors, and the 

magnitude and rate of sprouting were dependent on endogenous VEGF secretion, matrix 

concentration, and duration of co-culture. This model may be well suited for conducting 

improved anti-angiogenesis drug screening in a controlled and reproducible manner. 
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Chapter 5: Future Work 

 

5.1 Immediate objective 

5.1.1 Quantification of angiogenic sprouting 

 It will be necessary to determine a valid metric for quantifying angiogenic sprouting 

within the bilayered bioengineered tumor angiogenesis model before it can be used as a reliable 

drug screening tool. In vitro angiogenesis assays from the literature have reported mean sprout 

length beneath a surface monolayer [108, 109], # and length of sprouts from an endothelial 

coated bead [110] or tumor spheroid [95], and # of endothelial invasions/mm
2
 [74]. While these 

are all valid metrics, measuring sprout length or counting the number of invasions will be 

challenging within this system as sprouting from the co-culture groups was often random and 

chaotic, making it difficult to distinguish between separate points of invasion (Fig. 5.1). For this 

reason, angiogenic sprouting was qualitatively assessed in Chapter 4. This was sufficient as 

obvious and consistent trends were noticeable among the different groups. 

 

 

 

 

 

 

 

 

 

Another challenge that must be addressed while determining an appropriate metric for 

quantitative analysis is the contour of the acellular collagen layer, which is not flat but slightly 

concave. By allowing a fraction of the collagen solution to polymerize before adding the 

remaining volume, the naturally occurring meniscus that formed within the transwell insert was 

minimized. However, the endothelial monolayer cultured on the surface of the acellular collagen 

layer was still slightly curved, which made imaging difficult. The only way to visualize 

angiogenic sprouting within the bilayered bioengineered tumor co-culture setup is to use 

Figure 5.1. Angiogenic sprouting beneath the 

surface endothelial monolayer when co-

cultured on the MDA-MB-231 bioengineered 

tumors. Sprouting is random and chaotic, which 

makes it difficult to quantify. 
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confocal microscopy to focus beneath the surface. Without a completely flat surface, it was not 

possible to obtain images from the entire sample for quantitative analysis. This issue was 

frustrating as meniscus formation was more prominent with the lower concentrations of collagen 

(2 mg/ml), where the degree of sprouting was greatest. To address this, glass coverslips are now 

placed on the surface of the collagen hydrogel solution during polymerization to produce a flat 

surface. Specifically, 12 mm diameter glass coverslips (the diameter of the 12-well transwell 

insert is 12 mm) have been attached to 20 µl pipette tips to allow for placement and removal of 

the coverslips (Fig. 5.2a). Since the diameter of the coverslips is an exact match to the diameter 

of the transwell insert, a small portion of the coverslip has to be removed with a sanding machine 

to allow for air to escape when the coverslip is placed onto the collagen solution. Although this 

works well for the higher concentrations of collagen (8 mg/ml), the coverslips sank when first 

placed on the lower concentrations of collagen (2 mg/ml). By reducing the volume of the 

solution, the surface tension of the collagen is now sufficient to support the coverslips, allowing 

the acellular collagen to form a flat surface (Fig. 5.2b). 

 While imaging angiogenic sprouting within the acellular collagen layer has been greatly 

improved by creating a completely flat surface, a valid metric for quantifying angiogenic 

sprouting still needs to be determined. One approach attempted was to trypsinize the endothelial 

Figure 5.2. a) Glass coverslip used to create a flat surface on the collagen hydrogel during 

polymerization. The dotted line highlights where a portion was sanded away to allow air to escape. b) 

Collagen hydrogel within the transwell insert with a completely flat surface. 
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monolayer on the surface in order to leave only the endothelial cells that had successfully 

invaded into the underlying collagen matrix, similar to another group that had used a fibrin 

hydrogel matrix [111]. However, after 10 min of incubation with 0.25% trypsin, the entire 

endothelial monolayer was still attached to the collagen surface. Another idea is to grade 

angiogenic sprouting through blind assessment using a generic scale, similar to histological 

grading. Although this is not a true quantitative measurement, it may be more appropriate than 

trying to measure accurate sprout lengths and number of invasions from the images obtained. 

Finally, commercially available software, such as S.CORE web-based image analysis, can be 

purchased to assess angiogenic sprouting. However, these types of software are expensive and 

may not be able to accurately distinguish between individual tubules from the chaotic sprouting 

observed within this system. 

 

5.1.2 Fibroblast co-culture 

 Incorporating additional stromal cell types into the existing in vitro tumor model will be 

necessary in order to further expand the complexity and accuracy of the system. While immune 

cells and mural cells play important roles within the tumor microenvironment, fibroblasts should 

be integrated next as they are the most prevalent stromal cell type, responsible for remodeling the 

matrix, stimulating cancer cell proliferation, and enhancing neovascularization [4, 48]. 

Fibroblasts have been co-cultured previously with tumor and endothelial cells within hydrogel-

based in vitro tumor models, providing an angiogenic stimulus that was necessary in order to 

achieve angiogenic sprouting [95, 112, 113]. Co-culturing fibroblasts within the bilayered 

bioengineered tumor angiogenesis model, which has already demonstrated tumor-endothelial cell 

induced in vitro angiogenesis, will allow us to isolate the additive influence that fibroblasts have 

on angiogenic sprouting, effectively decoupling the angiogenic-specific role of fibroblasts from 

tumor cells. This has been briefly highlighted in a recent study where tumor spheroids containing 

either fibroblasts and endothelial cells or tumor cells, fibroblasts, and endothelial cells were 

treated with angiogenic inhibitors. A neutralizing antibody targeting interleukin (IL)-8 was 

shown to reduce sprouting from the spheroids containing tumor cells to the same level as the 

fibroblast-endothelial cell spheroids, demonstrating that IL-8 is an angiogenic promoter 

expressed by the tumor cells but not by the fibroblasts [95]. 
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5.1.2.1 Preliminary results 

 An initial concern regarding culturing fibroblasts within collagen hydrogels was matrix 

compaction. MRC-5 normal lung fibroblasts were previously cultured within 8 mg/ml collagen 

hydrogels at a seeding density of 1x10
6
 cells/ml, resulting in noticeable compaction following 4 

days in culture (data not available). More recently, primary neonatal human dermal fibroblasts 

(NHDF) were cultured within 8 mg/ml collagen hydrogels at a seeding density of 1x10
6
 cells/ml. 

At the advice of Dr. Chris Roberts, the NHDFs were incubated in 50 µg/ml of mitomycin-C for 

30 min prior to seeding in an effort to prevent matrix compaction. While the function of 

mitomycin-C is to crosslink DNA, which inhibits DNA replication, Dr. Robert’s group has had 

success previously in preventing matrix compaction when treating fibroblasts with mitomycin-C. 

Perhaps there is a cell density threshold at which compaction starts to have a noticeable effect on 

the matrix, and the anti-proliferative influence of mitomycin-C ensures that this threshold is 

never reached. Following 7 days in culture, collagen hydrogels containing NHDFs with and 

without mitomycin-C treatment showed no signs of matrix compaction (Fig. 5.3).  

Figure 5.3. Live/Dead stain on day 7 of NHDFs cultured within a collagen hydrogel a) without and b) 

with prior mitomycin-C treatment. a) The NHDFs proliferated to such a great extent that the entire 

surface of the hydrogel was covered in a confluent monolayer of NHDFs. However, there was no 

indication of matrix compaction from either group. Green, live cells stained with calcein AM; red, 

dead cells stained with propidium iodide. Scale bars represent 500 µm. 
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In view of this, fibroblast-endothelial and tumor-fibroblast-endothelial co-cultures were 

setup similar to the tumor-endothelial cell groups from Chapter 4. Specifically, NHDFs with 

and without MDA-MB-231 cells were cultured within 8 mg/ml collagen hydrogels at a seeding 

density of 1x10
6
 cells/ml for each cell type, and telomerase-immortalized human microvascular 

endothelial (TIME) cells were seeded on the surface of a 2 mg/ml acellular collagen layer 24 h 

later at a seeding density of 3x10
4
 cells/mm

2
. Complete endothelial growth medium was 

provided to the TIME cells cultured within the inserts, and complete fibroblast growth medium 

was provided to the wells. After 1 day of co-culture with the TIME cells, the hydrogels from 

both groups were no longer whole but reduced to small fragments (Fig. 5.4). In an attempt to 

alleviate this issue, the NHDF seeding density was reduced to 5x10
5
 cells/ml and the NHDFs 

were treated with mitomycin-C. After 1 day of co-culture with the TIME cells, the fibroblast-

endothelial hydrogels were at approximately half of the original volume with a noticeable change 

in structure (the hydrogels were softer), suggesting that an endothelial cell-mediated upregulation 

in protease activity may be the issue. When the NHDF seeding density was further reduced to 

2.5x10
5
 cells/ml with mitomycin-C treatment and co-cultured with MDA-MB-231 cells at 1x10

6
 

cells/ml, no reduction in hydrogel volume was observed up to 5 days after co-culture with the 

TIME cells. Both the NHDF and MDA-MB-231 cells appeared normal when stained with 

Oregon Green® 488 phalloidin, and invasive angiogenic sprouting with capillary-like tubule 

formation was observed beneath the surface endothelial monolayer (Fig. 5.5). 

Figure 5.4. The NHDF collagen hydrogels after 1 day of co-culture with TIME cells from the a) side 

and b) top view. All that remained were small fragments of the hydrogel. 
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Although the initial issues hindering fibroblast co-culture with the TIME cells appear to 

be solved after several trial and error attempts at altering the seeding densities and ratio, the 

cause of the volume reduction still needs to be determined. There are two possible explanations 

that have begun to be investigated – matrix compaction by the NHDFs following activation to 

myofibroblasts and significant matrix metalloproteinase (MMP) secretion by the NHDFs. While 

it has been reported that tumor cells, in particular breast cancer cells, have the ability to activate 

fibroblasts through transforming growth factor-!1 paracrine signaling [114-116] as well as 

stimulate fibroblast expression of MMPs [117, 118], our results suggest that endothelial cells 

may also play a role in influencing fibroblast activity. For these preliminary experiments, TIME 

cells were cultured on 12-well costar transwell inserts with 0.4 µm pore polyester membranes 

and NHDFs were cultured below in the 12-well dish. On days 1 and 3, NHDFs were either 

stained for "-smooth muscle actin (SMA), a marker of fibroblast activation, or the NHDF RNA 

was isolated for quantitative reverse transcription polymerase chain reaction (qRT-PCR). "-SMA 

was expressed at similar levels from both groups (NHDFs cultured alone and NHDFs co-

cultured with the TIME cells) (data not shown), implying that fibroblasts are not activated to 

myofibroblasts as a result of co-culture with endothelial cells in a two-dimensional setting. 

Therefore, matrix compaction as a result of fibroblast activation may not be the cause of the 

observed hydrogel volume reduction. For the qRT-PCR experiment, the cycle thresholds for 

Figure 5.5. The tumor-fibroblast-endothelial cell hydrogels after 7 days of co-culture gave no 

indication of volume reduction. a) The NHDFs displayed extended morphologies throughout the 

collagen matrix, as observed in Fig. 5.3, and the MDA-MB-231 cells formed small aggregates. b) 

TIME cells reached confluence and c) began to invasively sprout beneath the surface forming 

capillary-like tubules. Green, f-actin; blue, nuclei. Scale bars represent 100 µm. 
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MMP9 expression from both groups was high (> 37) on day 1, indicating that the NHDF basal 

levels of MMP9 mRNA are low. Because of this, there was too much variability in the cycle 

thresholds to generate reliable data. However, there were obvious trends; specifically, the cycle 

thresholds for MMP9 from the co-culture group decreased considerably from day 1 to day 3, and 

the cycle thresholds from the co-culture group were noticeably lower than the control NHDF 

group on day 3. These observations suggest that MMP9 expression from the co-culture NHDFs 

may have increased from day 1 to day 3, and the day 3 expression levels were likely higher than 

the control group.  

Additional work is needed to confirm these assumptions as well as measure the 

expression of other MMPs, such as MMP2 and MMP13, which are exclusively expressed by 

stromal fibroblasts [117, 118]. Furthermore, now that all three cell types (tumor cells, fibroblasts, 

and endothelial cells) can be successfully co-cultured within the bilayered bioengineered tumor 

model, it is necessary to begin characterizing the influence of fibroblasts on angiogenic 

sprouting. 

 

5.1.3 Screening of angiogenesis inhibitors 

 The ultimate goal of this project is to develop a three-dimensional in vitro tumor model 

that can serve as a reliable tool for accurate evaluation and refinement of anti-angiogenic 

therapies. Similar hydrogel-based in vitro tumor models have previously demonstrated inhibition 

of angiogenic sprouting in response to known angiogenesis blockers, including neutralizing 

antibodies and receptor tyrosine kinase inhibitors (TKIs) [95, 110, 113]. In particular, a recent 

study reported significantly different responses to angiogenic inhibitors between spheroids 

embedded in a collagen hydrogel containing either fibroblasts and endothelial cells or tumor 

cells, fibroblasts, and endothelial cells [95]. As mentioned in the previous sub-section, a 

neutralizing antibody targeting IL-8 was shown to reduce sprouting from the spheroids 

containing tumor cells, fibroblasts, and endothelial cells but not from the spheroids containing 

only fibroblasts and endothelial cells. In addition, endostatin and thalidomine were only shown 

to reduce angiogenic sprouting from the fibroblast-endothelial spheroids. These results 

emphasize the importance of screening angiogenesis inhibitors within complex in vitro tumor 

angiogenesis models, as these systems can successfully isolate the angiogenic-specific role of 

different cell types within the tumor microenvironment. However, as discussed in Chapter 4, 
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these systems relied on exogenous stimuli and inaccurate culturing conditions to induce an 

angiogenic response. Therefore, the conclusions drawn from those studies may be unreliable in 

an in vivo setting and should be validated using a more physiologically-accurate in vitro tumor 

model.  

 We have conducted preliminary experiments using a neutralizing antibody targeting 

vascular endothelial growth factor (VEGF). Specifically, a human VEGF monoclonal antibody 

was supplied to TIME cells cultured on the surface of the bilayered bioengineered tumors at a 

concentration of 500 ng/ml every 24 h for 7 days. Our results varied significantly, with sprouting 

successfully inhibited during only 1 of 3 sets of experiments (data not shown). This was likely 

due to variability in VEGF secretion from the MDA-MB-231 cells. For the set of experiments 

where angiogenic sprouting was inhibited, the concentration of the VEGF antibody was 

sufficient for neutralizing the endogenous VEGF secretion. However, since the concentration of 

VEGF required to induce an angiogenic response was determined to be ~10 ng/ml (from 

Chapter 4), any positive variability in VEGF secretion may be enough to outweigh the 

neutralizing antibody. When planning future experiments, a wide range of antibody/TKI 

concentrations should be tested, and each set of experiments should contain a control group due 

to experimental variability.  

Additional inhibitors that should be screened include neutralizing antibodies targeting IL-

8 and platelet-derived growth factor (PDGF), TKIs, such as SU4312 and SU6668, and 

endogenous anti-angiogenic inhibitors, including endostatin, thrombospondin-1, and angiostatin. 

While these inhibitors are frequently used throughout the literature, the bilayered bioengineered 

tumor angiogenesis model provides a more physiologically-accurate co-culture setup that allows 

for inexpensive, easy, and reproducible testing of multiple inhibitors either individually or in 

different combinations. Furthermore, the transwell co-culture setup allows for angiogenic 

inhibitors to be supplied to both the apical and basal surfaces of the endothelial monolayer. This 

may provide useful information about receptor localization, which is not well known [119] and is 

important to consider when planning treatment regimens. Differences in apical and basal 

stimulation have been reported previously in a study where pro-angiogenic conditioned medium 

supplied to endothelial cells cultured on collagen hydrogels only induced an angiogenic response 

when injected into the hydrogel where it could interact with the basal surface [120]. Conditioned 

medium provided to the apical surface was not shown to have an effect. Bioengineered tumors 
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cultured with other cancer types, such as brain and pancreatic, can be screened as well to 

determine which inhibitors are most appropriate for different types of cancer. 
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5.2 Long term objective 

There are two areas where this project can be expanded in the future: 1) incorporating 

additional layers of complexity to the existing in vitro tumor model and 2) comparing angiogenic 

inhibitor response to in vivo mouse models. Besides other cell types, as discussed above, the 

acellular collagen layer can be replaced with a more accurate representation of the basement 

membrane, such as varying mixtures of laminin and collagen IV. Specifically, laminin has an 

active role within the tumor microenvironment, influencing cell survival and invasion [121, 122]. 

This model can also be adapted to allow for microfluidic flow. While the tortuous nature of the 

in vivo tumor vasculature leads to many regions of static circulation where angiogenic sprouting 

may be more inclined to occur, aberrant blood flow, chaotic branching, uneven vessel lumens, 

vascular shunts, and increased vessel permeability also influence angiogenic sprouting and the 

response/resistance to angiogenic inhibitors [2, 64, 65]. A microfluidic model for studying the 

influence of shear stress on tumor angiogenesis is currently being developed in our lab. In the 

future, expertise from both projects can be combined to develop a tortuous microfluidic tumor 

angiogenesis model for more realistic drug screening.  

In the Clinical significance section from Chapter 1 I mentioned that although it is 

unlikely these in vitro tumor models will reach a level of complexity that will allow them to 

completely replace in vivo models, they can serve as powerful tools for the accurate evaluation 

and refinement of therapies before investing significant time and money in conducting in vivo 

animal trials. Comparing the angiogenic inhibitor response of the bilayered bioengineered tumor 

angiogenesis model to in vivo mouse models will determine whether this statement is valid. The 

expectation is that effective doses and combinations of angiogenic inhibitors can be more 

accurately judged during in vitro preclinical experiments, leading to higher in vivo success rates 

and a greater percentage of drugs receiving FDA approval. 
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5.3 Conclusions 

 According to the National Cancer Institute, the U.S. cancer death rate has been declining 

since 1994 from 211.76 deaths per 100,000 people to 175.86 deaths per 100,000 people in 2008. 

This improved death rate is approaching the Department of Health and Human Services “Healthy 

People Target” of 160.6 cancer deaths per 100,000 people by 2020. While this emphasizes the 

advances being made in cancer research over the last couple of decades and is encouraging for 

individuals diagnosed with this disease, the financial costs of cancer care have been steadily 

increasing with the national cancer care expenditures in 2010 estimated to be $124.6 billion. One 

area of cancer research that can reduce the financial burden of cancer while identifying more 

effective anti-cancer agents for improving the death rate is the development of more 

physiologically-relevant in vitro tumor models for preclinical drug screening prior to in vivo 

animal and human clinical trials. 

 Throughout this project, my goal has been to develop an improved three-dimensional in 

vitro tumor model. This began with investigating cancer cell growth on several different types of 

scaffolds. After deciding to take a hydrogel-based approach, aggressive breast cancer cells 

cultured within a collagen I hydrogel matrix were shown to mimic important characteristics of 

the in vivo tumor microenvironment. Specifically, limitations in oxygen diffusion and 

competition for nutrients forced the cells to experience hypoxia and undergo necrosis, resulting 

in a significant upregulation of VEGF expression. Microvascular endothelial cells cultured on 

the surface of the designated pro-angiogenic “bioengineered tumors” displayed a pronounced 

angiogenic response in the absence of exogenous angiogenic stimuli. The co-cultured endothelial 

cells demonstrated a significant increase in proliferation, rapidly developed an elongated 

morphology, and invasively sprouted into the underlying collagen matrix, forming a capillary-

like tubule network. With the incorporation of fibroblasts and the determination of a valid 

angiogenic sprouting quantification metric, my hope is that the bilayered bioengineered tumor 

angiogenesis model will provide a more physiologically-relevant response to angiogenesis 

inhibitors that can be clinically-translatable in the future. 
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Appendix A: Highly porous PLLA electrospun scaffolds for  

increased cell infiltration 

 

 

A.1 Introduction 

 Although nanofibrous scaffolds such as bacterial cellulose and electrospun 

polycaprolactone (PCL)/collagen I structurally resemble the extracellular matrix, neither was 

capable of facilitating three-dimensional (3D) cell growth in our previous study [1]. A potential 

solution to this problem was to engineer cell-size pores between the electrospun fibers to 

enhance cell infiltration. Several techniques have been shown to successfully increase the 

porosity of electrospun scaffolds and subsequently augment cell infiltration. These methods 

include salt leaching [2], the removal of sacrificial fibers [3, 4], and increasing fiber diameter so 

that the spacing between the fibers act as natural cell-size pores [5]. While increasing fiber 

diameter was attempted and an increase in cell infiltration was observed (data not shown), the 

removal of sacrificial fibers was shown to be more effective at increasing 3D cell growth. 

 Poly(L-lactic Acid) (PLLA) was dual electrospun with polyethylene oxide (PEO), a 

synthetic polymer that dissolves in aqueous solution [4]. PLLA is a commonly used synthetic 

polymer in tissue engineering scaffolds because of its biocompatibility and biodegradability [6]. 

Electrospinning PLLA and PEO simultaneously on the same mandrel has been shown to form an 

inter-woven mesh of fibers from both polymers. A series of ethanol and DI water washes 

effectively removes the PEO fibers, leaving cell-size pores between the PLLA fibers [3]. Cell 

infiltration studies in the literature suggest that the highly porous PLLA electrospun scaffolds 

may be capable of facilitating sufficient 3D cell growth for encouraging regions of oxygen 

deficiencies, or hypoxia, to develop. In this short study, scanning electron microscopy was used 

to characterize scaffold fabrication, a nuclear stain was used to monitor cell infiltration, and gene 

expression analysis for hypoxia-inducible factor (HIF)-1! was used to determine if the cells were 

experiencing hypoxic stress.  

 

A.2 Materials and methods 

A.2.1 Dual electrospun PLLA/PEO scaffolds 
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Poly(L-lactic acid) (Sigma Aldrich, St. Louis, MO, USA) was dissolved in a 3:1 mixture 

of dichloromethane and N,N-dimethlyformamide at a total solution concentration of 12% (w/v). 

Using a syringe pump (KDS120, KD Scientific Inc., Holliston, MA, USA), the PLLA solution 

was delivered out of an 18 gauge blunt tip syringe needle at a constant rate of 5 ml/hr. The 

needle was kept at a distance of 20 cm from a spinning mandrel. Using a higher power voltage 

supply (Gamma High Voltage Research, Inc., Ormond Beach, FL, USA), a positive voltage of 16 

kV was applied to the polymer solution and a negative voltage of 1 kV was applied to the 

spinning mandrel to attract the fibers. For fabricating the dual electrospun scaffolds, a second 

syringe pump was used to deliver a 10% (w/v) solution of PEO (Sigma Aldrich) dissolved in 

90% ethanol (EtOH) (Fig. A.1). The PEO syringe pump was set up directly facing the PLLA 

syringe pump on the opposite side of the mandrel. An 18 gauge blunt tip needle was used to 

deliver the PEO solution at a distance of 17 cm from the spinning mandrel. The PEO solution 

was also connected to the higher power voltage supply at 16 kV. For dual electrospinning the 

mandrel was grounded. Following scaffold fabrication, the PEO fibers were leached from the 

dual electrospun scaffolds following separate 3 h washes in 95% EtOH and DI water.   

 

 

 

 

 

 

 

 

 

 

 

A.2.2 Scanning electron microscopy 

 A FEI Quanta 600 FEG environmental scanning electron microscope (ESEM; FEI, 

Hillsboro, OR, USA) was used to characterize scaffold fabrication. Images were obtained under 

high vacuum at an accelerating voltage of 5 kV and a working distance of 9.6 – 9.8 mm.   

 

Figure A.1. Schematic drawing of the PLLA/PEO dual electrospinning set up. 
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A.2.3 Cell infiltration 

 The highly porous PLLA scaffolds were cut into 9 mm ! circles and sterilized in 70% 

EtOH for 2 h followed by a series of PBS washes. The scaffolds were then placed in 48-well 

culture plates, pinned down with polymer tubing inserts, and allowed to soak in cell culture 

medium overnight prior to seeding. MDA-MB-231 human breast cancer cells (American Type 

Culture Collection, Manassas, VA, USA) were cultured in DMEM/F12 (1:1) +L-Glutamine, +15 

mM HEPES (Invitrogen, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum 

(Sigma Aldrich) and 1% Penicillin/Streptomycin (Invitrogen), and seeded at a density of 2.5 x 

10
5
 cells/scaffold. At set time points of 7, 14, and 21 days, the cell seeded scaffolds were 

embedded in Optimum Cutting Temperature Compound (Sakura Finetek, Torrance, CA, USA) at 

-20°C and sectioned using a MICROM HM 550 cryostat (Thermo Scientific, Kalamazoo, MI, 

USA) to obtain cross-sections. VECTASHIELD® mounting medium with DAPI (Vector 

Laboratories, Burlingame, CA, USA) was used to visualize nuclei with a Leica DMI 6000 

fluorescent microscope (Leica Microsystems Inc., Buffalo Grove, IL, USA). 

 

A.2.4 Gene expression analysis 

HIF-1! and VEGF-A gene expression were measured using quantitative reverse 

transcription polymerase chain reaction (qRT-PCR). MDA-MB-231 cells were seeded on 2.4 cm 

! circular scaffolds in 6-well culture plates at a density of 2 x 10
6
 cells/scaffold. Total RNA was 

isolated on days 7, 14, and 21 using TRI Reagent® Solution (Applied Biosystems/Ambion, 

Austin, TX, USA). Next, 1 µg of total RNA was reverse-transcribed to cDNA using a Reverse 

Transcription System (Promega, Madison, WI, USA). Lastly, an ABI 7300 Sequence Detection 

System (Applied Biosystems, Carlsbad, CA, USA) was used to conduct qRT-PCR using 

TaqMan® Universal PCR Master Mix and gene-specific TaqMan® PCR primers (Applied 

Biosystems): HIF-1! (NM_001530.3), VEGF-A (NM_001025366.2) and GAPDH 

(NM_002046.3). Gene expression was normalized to GAPDH using the comparative threshold 

cycle (""Ct) method of quantification [7]. The data is presented as a relative fold induction, 

calculated as 2
-""C

T, with gene expression for cells cultured in 6-well culture plates used as the 

control.  All experiments were performed as n = 3.   
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A.2.5 Statistical analysis 

Relative fold induction measured using qRT-PCR was analyzed for significance using a 

Student’s t-test. p < 0.01 was considered significant. 

 

A.3 Results and discussion 

 Similar to what has been shown in the literature, removal of the PEO fibers from the dual 

electrospun scaffolds left large pores that were able to facilitate cell infiltration. Fig. A.2 shows 

SEM images of PLLA electrospun alone, PLLA dual electrospun with PEO, and the dual 

electrospun highly porous PLLA scaffolds following aqueous dissolution of the PEO fibers. 

There was a noticeable increase in pore size between the PLLA scaffolds before and after 

removal of the PEO fibers (Fig. A.2a and Fig. A.2c, respectively).  

Over a 21-day period, cell infiltration into the highly porous PLLA scaffolds was shown 

to increase, monitored using a DAPI stain for nuclei. Maximum cell infiltration was observed at 

an average depth of 250 µm from the scaffold surface (Fig. A.3). However, cell density was still 

greatest at the surface rather than being evenly distributed throughout the scaffold. The lack of 

uniform cell density is discouraging for achieving 3D in vitro tumor growth as maintaining cells 

in culture for 21 days is challenging and a greater cell density (i.e. more time in culture) may be 

required to encourage hypoxia and subsequent upregulation of pro-angiogenic growth factors. 

Figure A.2. a) 12% (w/v) PLLA was electrospun alone and b) dual electrospun with 10% (w/v) PEO.  

c) The PEO fibers were leached out through aqueous dissolution, leaving large voids for cell 

infiltration. 
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Quantitative RT-PCR was used to determine if the MDA-MB-231 cells cultured within 

the highly porous PLLA electrospun scaffolds experienced hypoxic stress. HIF-1! was 

significantly downregulated (p < 0.01) at all time points over the 21-day period compared to 

MDA-MB-231 cells cultured as 2D monolayers on polystyrene 6-well culture plates (Fig. A.4). 

While the cause of the downregulation is unknown, it is clear that the cells cultured within the 

highly porous PLLA scaffolds were not experiencing hypoxic stress. In the absence of hypoxia, 

there was no upregulation of VEGF-A gene expression. This supports our previous concern that 

Figure A.3. Cross-section of a highly porous PLLA 

electrospun scaffold following 21 days of culture 

with the MDA-MB-231 cells. Considerable cell 

infiltration into the scaffold was observed, visualized 

with a DAPI stain for cell nuclei.  Scale bar is 250 

µm. 

Figure A.4. Quantitative RT-PCR for determining intra-cellular levels of hypoxia and VEGF 

expression following cell infiltration within the highly porous PLLA electrospun scaffolds. 

Neither HIF-1! nor VEGF-A were upregulated. * indicates significance (p < 0.01) compared 

to cells cultured in 2D monolayers. 
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the cell density within the scaffolds would not be sufficient to enforce limitations in oxygen and 

nutrient diffusion.   

 

A.4 Conclusion 

 The highly porous PLLA electrospun scaffolds facilitated a considerably greater degree 

of cell infiltration compared to the composite PCL/collagen I electrospun scaffolds [1]. Aqueous 

dissolution of the PEO fibers left pores in the scaffold large enough to allow for noticeable cell 

infiltration over a 21-day period. However, these scaffolds were inadequate for encouraging 3D 

in vitro tumor growth. Gene expression analysis demonstrated that even after 21 days in culture, 

the MDA-MB-231 cells were not experiencing hypoxic stress or upregulating VEGF-A. Seeding 

efficiency and scaffold fabrication can be altered to help improve cell density, but the amount of 

time required to achieve the observed level of insufficient cell infiltration was substantial. An 

alternative scaffold type that promotes more efficient 3D cell growth will be considered in future 

studies. 
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A Three-Dimensional In Vitro Tumor Platform for Modeling Therapeutic
Irreversible Electroporation

Christopher B. Arena,†D Christopher S. Szot,†D Paulo A. Garcia,† Marissa Nichole Rylander,†

and Rafael V. Davalos†*
†School of Biomedical Engineering and Sciences (SBES), Virginia Tech-Wake Forest University, Blacksburg, Virginia

ABSTRACT Irreversible electroporation (IRE) is emerging as a powerful tool for tumor ablation that utilizes pulsed electric
fields to destabilize the plasma membrane of cancer cells past the point of recovery. The ablated region is dictated primarily
by the electric field distribution in the tissue, which forms the basis of current treatment planning algorithms. To generate
data for refinement of these algorithms, there is a need to develop a physiologically accurate and reproducible platform on which
to study IRE in vitro. Here, IRE was performed on a 3D in vitro tumor model consisting of cancer cells cultured within dense
collagen I hydrogels, which have been shown to acquire phenotypes and respond to therapeutic stimuli in a manner analogous
to that observed in in vivo pathological systems. Electrical and thermal fluctuations were monitored during treatment, and this
information was incorporated into a numerical model for predicting the electric field distribution in the tumors. When correlated
with Live/Dead staining of the tumors, an electric field threshold for cell death (500 V/cm) comparable to values reported in vivo
was generated. In addition, submillimeter resolution was observed at the boundary between the treated and untreated regions,
which is characteristic of in vivo IRE. Overall, these results illustrate the advantages of using 3D cancer cell culture models to
improve IRE-treatment planning and facilitate widespread clinical use of the technology.

INTRODUCTION

Irreversible electroporation (IRE) is a nonthermal, focal
ablation technique that has shown tremendous promise as
an effective cancer therapy (1–7). This procedure uses elec-
trodes to apply a series of short-duration, high-intensity
electric pulses through tissue. At the appropriate parame-
ters, the pulses produce irreversible structural changes in
the cell membranes within the targeted region, generating
a predictable range of cell death with submillimeter resolu-
tion (8,9). IRE-based therapy is in the beginning phases of
human clinical trials for prostate, kidney, liver, lung, and
pancreatic cancer (4–7,10). Because the mechanism of
cell death is linked to altered membrane permeability and
not thermal processes, IRE spares important extracellular
matrix components, such as major blood vessel and nerve
architecture (11,12). This enables the treatment of tumors
that are normally considered surgically inoperable, due to
their close proximity to these sensitive structures (2,3). In
addition, IRE is not subject to heat-sink effects from nearby
blood flow, and IRE-induced lesions heal rapidly within
2 weeks after treatment (13). The lesion that develops
during IRE is visible in real time on multiple imaging plat-
forms (13–16), which is of great benefit to the surgeon, as
there can be direct visual confirmation of treatment.

Developing accurate IRE-treatment planning models is
essential for the technology to achieve widespread clinical
use. Currently, the predictability of IRE outcomes relies

upon one’s ability to predict the electric field distribution
in the tissue and an a priori knowledge of the electric field
threshold for cell death given a specific set of pulse param-
eters (duration, number, repetition rate). This is a com-
plicated task. Altered membrane permeability leads to
nonlinear changes in the dielectric tissue properties. In
addition, although thermal damage is avoided by properly
tuning the pulse parameters, there can still be significant
Joule heating within the tissue that influences the dielectric
response. Many studies have been performed to investigate
the physiological response of various tissue types to IRE
pulses without focusing on the engineering aspects of treat-
ment planning (17–20). To the best of our knowledge, the
electric field threshold for cell death has only been well
documented in vivo for liver tissue (9,21,22), brain tissue
(23), and an orthotopic model of mammary tumors in
mice (24). Also, studies conducted to elucidate the dynamic
relationship between IRE and changes in dielectric proper-
ties are limited to experiments on liver (25,26), skin (27),
brain (28), kidney (29), and a subcutaneous model of fibro-
sarcoma in mice (30). Many types of tissue remain unex-
plored, including a variety of tumors. This can partially be
attributed to the cost and difficulty associated with perform-
ing in vivo experiments.

A broader literature exists on in vitro cell suspensions
(31–33). In this platform, the electric field threshold for
cell death can be readily determined using commercially
available indicators of membrane integrity or mitochondrial
activity. However, there are significant limitations associ-
ated with using information derived from this model for
treatment planning. Cells in suspension do not provide an
accurate representation of their in vivo morphology, and
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the cellular response obtained from these cultures is altered
in the absence of cell-cell and cell-matrix interactions. In
addition, cells in suspension lack the structural foundation
necessary to provide useful spatial information after pulse
delivery. To account for spatial information, researchers
have proposed using vegetable tissue, such as potato. Pota-
toes are useful for economically determining field thresh-
olds, because regions subject to IRE are markedly darker
(34,35). Also, changes in potato dielectric properties during
IRE have been shown to mimic those seen in vivo (34).
However, although vegetables are useful for economically
investigating trends, it is difficult to draw direct compari-
sons to tissue with the absence of physiologically responsive
cancer cells.

There is a clear need for a system that can be used to
model IRE-based cancer therapies and improve treatment
planning in a more physiologically relevant manner without
requiring the use of animal models. It has been well estab-
lished in the fields of tissue engineering and cancer biology
that cells cultured within a three-dimensional (3D) in vitro
environment are capable of acquiring phenotypes and re-
sponding to stimuli in a manner analogous to that observed
in in vivo biological systems (36–38). We hypothesize that
engineering a platform for 3D tumor growth that mimics
an in vivo tumor microenvironment will allow the cells to
respond to IRE-based therapies in a manner that can be
directly related to an in vivo response and therefore have
direct clinical impact. Several groups have investigated
the phenotypic response of culturing cancer cells in a 3D
in vitro environment (39–41). Specifically, our group has
developed 3D bioengineered tumors that exhibit phenotypic
characteristics representative of in vivo cancer progression
(40). This model involves culturing cancer cells within
dense collagen I hydrogels, which facilitates proper cell-
cell and cell-matrix interactions and encourages the devel-
opment of a necrotic core, intracellular levels of hypoxia,
and angiogenic potential. Therefore, these collagen I
hydrogel-based bioengineered tumors can potentially be
used for more accurate modeling of IRE-based cancer
therapies in an in vitro setting.

In this study, a 3D cancer cell culture model is introduced
for improving IRE-treatment planning. Changes in electri-
cal conductivity and temperature were measured for a range
of applied voltages. In addition, the role of cell concentra-
tion was explored in producing an electrically relevant
model of tissue. After treatment, a Live/Dead assay was per-
formed on intact constructs to demonstrate the relationship
between the applied voltage and the extent of cell death.
Select samples were fixed and processed for hematoxylin
and eosin (H&E) staining. All data generated were incorpo-
rated into a numerical model. This allowed for the accurate
determination of the electric field threshold for cell death
(500 V/cm). These results were then compared to experi-
ments using in vitro cell suspensions, which predicted a
much higher threshold for cell death (1500 V/cm), illus-

trating the benefits of 3D cell culture models for IRE-treat-
ment planning.

MATERIALS AND METHODS

Cell culture

Primary dispersed murine pancreatic cancer cells (provided by Dr. Dieter
Saur, Technische Universität München, Munich, Germany) were estab-
lished from pancreatic ductal adenocarcinomas (PDACs) of Ptf1aCre/!;
LSL-KrasG12D/! mice on a C57Bl/6J genetic background. Specifically,
primary pancreatic tumors (PPTs) were removed from a mouse (number
8182) and digested in 10 ml Dulbecco’s modified Eagle’s medium
(DMEM) containing 150 U/ml collagenase Type 2 (Worthington, Lake-
wood, NJ) as described (42). Single PPT-8182 cell suspensions were culti-
vated in DMEM (supplemented with L-glutamine, ATCC, Manassas, VA)
containing 10% fetal bovine serum (Sigma Aldrich, St. Louis, MO) and
1% penicillin/streptomycin (Invitrogen, Carlsbad, CA). These cells have
been shown to replicate human pancreatic cancer in terms of histology,
metastasis, and genetic alterations (42–44).

Collagen I hydrogel in vitro tumors

Collagen I hydrogel-based in vitro tumors were fabricated as described
previously (40). Briefly, Sprague Dawley rat tail tendons were dissolved
in 10 mM HCL under agitation overnight, the suspension was centrifuged
at 22,500 " g for 45 min, and the supernatant containing the collagen I
was decanted. The concentration of the collagen I solution was calculated
using dry-weight measurements, and the solution was sterilized by layering
chloroform beneath the collagen I for 24 h. A neutralizing buffer containing
10" DMEM (Mediatech, Manassas, VA), 1N NaOH, and dH20 was used to
resuspend a pellet of PPT-8182 cells to obtain a final seeding density of 5"
106 or 50 " 106 cells/ml. The cell suspension was then gently mixed on
ice with an appropriate volume of collagen I to achieve a concentration
of 8 mg/ml, which provides a matrix stiffness close to measured values
for in vivo tumors (45), and pipetted into 10-mm-diameter cylindrical
molds. After a 20-min polymerization period at 37#C, the cancer-cell-
seeded hydrogels were removed from the molds and cultured in complete
media overnight before IRE pulse delivery. It is important to note that the
5 " 106 cells/ml seeding density was used in a majority of the experiments,
because this was found to adequately maintain cell viability throughout the
construct over a 24-h period. The seeding density of 50 " 106 cells/ml was
used to investigate whether a higher concentration of cells could modulate
the electrical properties of the in vitro tumors. Control hydrogels were also
fabricated using the neutralizing buffer alone without cells as a comparison
to elucidate any effects due to electroporation.

IRE pulse delivery for in vitro tumors

In vitro tumors were temporarily removed from media and placed in
six-well plates for IRE pulse delivery. Pulses were applied through custom
electrodes (1.3 mm Ø) fabricated from stainless steel hollow dispensing
needles (Howard Electronic Instruments, El Dorado, KS) using the ECM
830 electroporation system (BTX-Harvard Apparatus, Holliston, MA)
(Fig. 1 a). The pulse duration (100 ms), number (80 pulses), and repetition
rate (1 pulse/s) were held constant and chosen based on established proto-
cols (8,46). In the 5 " 106 cells/ml seeded in vitro tumors, the applied
voltage was varied (0 V, 150 V, 300 V, 450 V, and 600 V) to generate
voltage/distance ratios of 0–1800 V/cm across the 3.35-mm electrode
spacing (center to center). In the no-cells control and 50 " 106 cells/ml
seeded in vitro tumors, the applied voltage was held constant at 300 V.
Before the full IRE protocol, a prepulse was delivered at 30 V to determine
the baseline electrical conductivity of the in vitro tumors. A port located
2.3 mm below the center point between the electrodes was included in
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the electrode design to monitor temperature in real time during treatment
with a fiber optic probe (Luxtron m3300, LumaSense Technologies, Santa
Clara, CA). In addition, current (TCP305 and TCPA300, Tektronix, Beaver-
ton, OR) and voltage (P5200, Tektronix) were recorded noninvasively
during treatment. The generated temperature, current, and voltage data
were used to validate the numerical model for predicting the electric field
threshold for IRE (see Results, Numerical model validation). Further, to
eliminate the influence of the temperature probe on the electrical measure-
ments, samples used for monitoring temperature were separate from those
used for performing the viability analysis. After each treatment, the tumor
diameter and thickness were measured with calipers for use in determining
electrical properties. Each parameter combination was tested a minimum of
three times (n ! 3).

Viability analysis for in vitro tumors

After IRE pulse delivery, the in vitro tumors were incubated in complete
media for 2 h before conducting a Live/Dead assay to allow any cells expe-
riencing reversible electroporation to fully recover. Calcein acetomethoxy
(AM) (4 mM; lem ! 515 nm; Invitrogen) was added to the media 30 min
before analysis, and propidium iodide (1.5 mM; lem ! 617 nm; Invitrogen)
was added to the media 5 min before analysis. Calcein AM stains live cells,
as it can be transported across the cell membrane and fluoresces when intra-
cellular esterases remove the attached AM group. Propidium iodide (PI) flu-
orescently labels dead cells, as it only enters compromised cell membranes
and binds to nucleic acids. A Leica DMI 6000 fluorescent microscope (Leica
Microsystems, Buffalo Grove, IL) was used to tile a set of images and recon-
struct the entire surface of the IRE-treated in vitro tumors. A Zeiss LSM 510
laser scanning confocal microscope (Carl Zeiss, Thornwood, NY) was used
to analyze the live-dead cell interface and reconstruct a Z-stack. Viability
imaging was performed on complete, nonsectioned in vitro tumors.

In addition, cytoskeletal disruption within the IRE-treated regions
was investigated. The tumors were stained with rhodamine phalloidin
(Invitrogen), a high-affinity probe for F-actin, and NucBlue fixed cell stain
(Invitrogen) to visualize nuclei. The samples were then routinely fixed in
10% formalin, paraffin-embedded, and sectioned at 5 mm for histological
analysis. An H&E stain was performed to further analyze cell death within
the IRE-treated regions.

Analysis of IRE on cell suspensions

The details of the methods associated with IRE pulse delivery and viability
analysis for cell suspensions can be found in the Supporting Material.

Numerical modeling

Description of the model geometry and mesh

Finite element analysis software (COMSOL Multiphysics 4.2a, Stock-
holm, Sweden) was used to solve for the electric field and temperature

distributions within the in vitro tumor during IRE therapy. A 3D geome-
try was constructed with dimensions equivalent to those in the experi-
mental setup (Fig. 1 b). Each treatment was performed in a single well
of a polystyrene six-well plate with a thickness of 1.2 mm and radius of
1.9 cm. The stainless steel electrodes had a length of 5.5 cm through
which heat could dissipate. A finer mesh was used that consisted of
67,557 tetrahedral elements. This resulted in a <0.02% difference in
temperature calculations at the site of the fiber optic probe upon succes-
sive refinements.

Determination of baseline electrical properties

To solve for the baseline electrical conductivity of the in vitro tumors, a
three-variable parametric study was performed on the tumor radius (4.5,
4.75, and 5 mm), thickness (2, 2.5, and 3 mm), and conductivity (0.25,
0.5, 0.75, 1.0, 1.25 S/m) using the numerical model. Based on the
pulse characteristics associated with IRE and the subdomain dielectric
(Table 1) and geometry properties, propagation effects and transients
were assumed to be negligible, and the quasistatic approximation was
implemented (47,48). This allows for definition of the electric field magni-
tude as E ! "Vf, where f is the electric potential. Therefore, the spatial
distribution of electric potential can be expressed as

0 ! "V , #s0E$; (1)

where s0 is the baseline electrical conductivity. Equation 1 was used to
solve for the total current flowing in the in vitro tumor when a constant
30 V prepulse was applied to the energized electrode, with the other elec-
trode set as ground. Specifically, the magnitude of the current density (J)
was integrated over a cut plane dividing the geometry in half between the
electrodes. All outer boundaries, excluding the electrodes, were assumed
to be electrically insulating ("n ! J! 0), and the initial voltage (V0) within
each subdomain was 0 V.

The resulting data relating current (I) to each parameter combination
were imported into Mathematica 8.0 (Wolfram, Champaign, IL). A regres-
sion analysis was performed to determine the baseline electrical conduc-
tivity using the measured current from the prepulse routine along with
the corresponding tumor dimensions.

For comparison to the experimentally determined values for in vitro
tumor baseline electrical conductivity, a theoretical calculation was
performed using effective medium theory (EMT) (49). Specifically, Max-
well’s equation for a dilute suspension was solved for the effective conduc-
tivity, s:

se " s

2se % s
! f

se " sp

2se % sp
; (2)

where se is the extracellular medium conductivity (1.2 S/m), sp is the
homogeneous particle conductivity (0.2 & 10"4 S/m for an equivalent
cell (49)), and f is the volume fraction of particles dispersed in the medium.
Equation 2 is valid for predicting the low-frequency effective conductivity
of a cell suspension for volume fractions up to 0.8 (50). This allowed for
extrapolations of tumor baseline conductivity at cell concentrations higher
than those tested experimentally to estimate what cell concentration would
be required to be electrically similar to tissue.

FIGURE 1 (a) Experimental setup for IRE pulse delivery in collagen I
hydrogel-based in vitro tumors in which PDAC cells are embedded. (b)
Geometry and mesh used in the finite element model for simulating the
electrical and thermal response of the in vitro tumors to IRE.

TABLE 1 Physical properties used in numerical simulations

Parameter Tumor Electrodey Platez

k (W m"1 K"1) 0.6 14 0.14
c (J kg"1 K"1) 4181.8 477 1300
r (kg m"3) 997.8 7900 1050
s0 (S m"1) 1.2 2.22 & 106 1 & 10"16

yElectrode numerical data are taken from Al Sakere et al. (46).
zPlate numerical data are taken from Chiu and Fair (67).
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Determination of transient current and temperature
development

The temperature distribution (T) within the in vitro tumor was obtained by
transiently solving a modified heat conduction equation with inclusion of
the Joule heating-source term (J , E ! sjEj2):

rc
vT

vt
! V , "kVT# $

t
!
sjEj2

"

P
; (3)

where t is the pulse duration, P is the period of the pulses, k is the thermal
conductivity, c is the specific heat at constant pressure, and r is the density
(Table 1). Due to the fact that the collagen-I-hydrogel-based tumors
have a water content of >98%, the thermal properties of the tumor were
chosen to be the same as those of water. The tumor baseline electrical
conductivity (1.2 S/m) was determined experimentally from the average
of the no-cells and 5 % 106-cells/ml trials (Table 2), as there was no statis-
tical difference between those two groups (see Results, Determination of
baseline electrical properties). In addition, the tumor radius (4.705 mm)
and thickness (2.45 mm) were also selected by averaging the measurements
from the same groups. Equation 1 was modified to include a temperature
dependence on electrical conductivity:

0 ! &V , "s"T#E#; (4)

where

s"T# ! s0"1$ a"T & T0## (5)

and a is the coefficient that describes how the conductivity varies with
temperature. This parameter was estimated to be 2%/'C by optimizing
the measured change in temperature and current throughout treatment to
match the theoretical changes. The optimization was performed by running
a parametric study on a at 0.5%/K increments. A value of 2%/'C is similar
to values observed in biological tissue (51).

At each time step, the conductivity and electric field are determined and
updated in the Joule heating term. As opposed to simulating individual
pulses, a duty cycle approach was employed to calculate the temperature
increase resulting from various IRE protocols. A constant voltage (150,
300, 450, and 600 V) was applied to the energized electrode, with the other
electrode set as ground. The Joule heating term was scaled by the duty cycle
(t/P ! 100 % 10&6) to ensure that equal amounts of energy were deposited
into the tissue by the onset of each pulse. This approach has been validated
in our previous work (29,52) as providing an accurate prediction of the
temperature distribution with a fraction of the computational requirements
necessary to resolve microsecond-order pulses within a treatment lasting
several seconds.

All outer boundaries, excluding the outer vertical edge of the well
plate, were treated as convective cooling (&n ! (&kVT) ! h(Text & T))
with an exterior temperature of 22'C and a heat-transfer coefficient
of 25 (W m&2 K&1). The vertical edge of the well plate was treated as
thermally insulating (&n ! (&kVT) ! 0), and the initial temperature (T0)
within each subdomain was the same as the exterior temperature. Interme-
diate time stepping was used to ensure that at least one time step was taken
each second.

Determination of electric field threshold for cell death

After the in vitro tumor viability analysis, the area, height, and width of the
treated region were measured using Image J (National Institutes of Health,
Bethesda MD) for three samples of each parameter combination and aver-
aged. All measurements were made on the surface of the tumors. The width
measurements were taken in the x-direction and the height measurements
were taken in the y-direction. The electric-field threshold for cell death
was determined in three ways, using the area, height, and width measure-
ments (Table 3). For determining the threshold from the area measurement,
the electric field on the top surface of the tumors was integrated at the end
of the treatment (t ! 80 s) for values greater than the threshold value. The
threshold value was varied until the area calculation best matched the
measured values within 1 V/cm (excluding the area of the electrodes).
For determining the threshold from the height and width measurements,
the value of the electric field at a point on the surface corresponding to
the measurements was taken at the end of treatment.

RESULTS

Physiological response to IRE pulse delivery
within in vitro tumors

When the 30 V prepulse was delivered to determine the
baseline electrical conductivity of the in vitro tumors, no
cell death was observed as a result of the treatment (Fig. 2
a). At this low voltage/distance ratio (90 V/cm taken from
the center-to-center electrode spacing), any electroporation
that may have occurred was reversible (21). Minimal cell
death was observed where the electrodes punctured the
surface of the tumors. When the electric field strength was
increased to 150 V, cell death was observed on the medial
side of both electrodes, but the treated regions did not
expand far enough to completely connect (Fig. 2 b). Rather,
a transition zone of both live and dead cells was observed at
the center of the two electrodes. At the higher electric-field
strengths (300 V and 450 V), the treated region was ampli-
fied with increasing electric-field strength, expanding in
both the x- and y-directions (Fig. 2, c and d). The nonspecific
regions of cell death present around the periphery of the
tumors were a result of handling the samples with tweezers.

A sharp interface between live and dead cells was
observed at the threshold boundary for cell death with
submillimeter resolution (Fig. 3 a). The specificity of these
treatments was similar to what has been achieved during
in vivo IRE pulse delivery (8,9). Confocal microscopy
was used to show that the IRE-induced cell death was
uniform in the z-direction (Fig. 3 b), demonstrating that
the in vitro tumors can provide spatial information in both
the xy and z planes. In addition, the 3D reconstruction high-
lighted the transition zone at the live/dead cell interface
where there were clear contrasting gradients of live and
dead cells that converged at the threshold boundary for
cell death.

Histology was used to further assess the IRE-induced
cell death in the in vitro tumors. Again, a sharp interface
between live and dead cells was evident from an H&E stain
(Fig. 4 a). The PPT-8182 cells within the untreated regions

TABLE 2 Baseline electrical conductivity from prepulse
measurements and EMT theory

Concentration
(cells ml&1) Experimental s0 (S m&1) Theoretical s0 (S m&1)

0 (n ! 6) 1.18 5 0.09 1.2
5 % 106 (n ! 15) 1.24 5 0.11 1.2
50 % 106 (n ! 6) 1.08 5 0.08 1.1
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appeared normal with healthy nuclei and complete cyto-
plasms, signifying that they were not affected by the IRE
pulse delivery (Fig. 4 c). Conversely, the cells within the
IRE-treated regions were completely destroyed except for
their remaining nuclei, which appeared abnormal and no
longer contained nucleoli (Fig. 4 b). The absence of cyto-
plasmic material indicated that the IRE pulses had irrevers-
ibly compromised the cell membranes, leaving clear voids
in the collagen hydrogel where the cells had been.

An F-actin stain was performed to determine the effect of
the IRE pulses on the actin cytoskeleton of PPT-8182 cells
cultured within the in vitro tumors (Fig. 4, d and e). PPT-
8182 cells within the untreated regions had spherical
morphologies with high concentrations of actin present
around the periphery of the cells (Fig. 4 e). Since the tumors
were only cultured overnight before IRE pulse delivery,
the cells did not proliferate into large clusters or develop
invasive processes, as observed previously (40). The cyto-
skeleton of cells within the IRE-treated regions seems to
be permanently disrupted, appearing speckled and faded
(Fig. 4 d). This suggests that the IRE pulses led to degrada-

tion of the actin filaments, which differs from reversible
electroporation, where actin filaments have been shown to
reassemble 1 h after electroporation (53). The presence of
a disrupted cytoskeleton within the IRE-treated cells re-
vealed that some cytoplasmic material was still present after
IRE pulse delivery. Over time, this remaining cytoplasm
was either fully degraded or washed away during histology
preparation (Fig. 4 b). In treatment groups where the Live/
Dead stain was not performed until 24 h after IRE treatment,
there were no visible PI-stained dead cells within the treated
regions, indicating that the nuclei had also been fully
degraded or washed away (data not shown).

Determination of baseline electrical properties

The baseline electrical conductivity of the in vitro tumors is
given in Table 2. A one-way ANOVAwas used to investigate
the effect of cell concentration on the rank of baseline
conductivity. In the event of a significant main effect, pair-
wise comparisons were completed using Tukey’s honestly
significant difference (HSD). All statistical analysis were
conducted using JMP 9 (SAS Institute, Cary, NC) with a
significance level of p % 0.05. Results indicate that a cell
concentration of 50 ! 106 cells/ml is high enough to pro-
duce a detectable decrease of ~0.1 S/m in baseline conduc-
tivity when compared to the 5! 106 cells/ml group. Further,
there is no significant difference in baseline conductivity
between the no-cells and 5 ! 106 cells/ml groups. These

FIGURE 2 A live/dead assay for assessment of cell death after IRE pulse
delivery of 30 V (a), 150 V (b), 300 V (c), and 450 V (d). Live cells were
stained green using Calcein AM and dead cells were stained red using
propidium iodide. Images were tiled to reconstruct the entire surface of
the IRE-treated in vitro tumors. The bright rings encircling the hydrogels
are a consequence of out-of-plane fluorescence at the rounded edges. Scale
bars, 2.5 mm.

TABLE 3 Treatment dimensions and electric field threshold for cell death

Voltage (V) Conc. (cells ml"1) Area (mm2) Height (mm) Width (mm) ET (Area, Height, and Width) (V cm"1)

300 (n # 3) 5 ! 106 16.28 5 2.73 4.02 5 0.40 4.91 5 0.34 491, 501, 500
450 (n # 3) 5 ! 106 25.80 5 1.48 5.83 5 0.40 5.58 5 0.13 498, 502, 470

Conc., concentration.

FIGURE 3 (a) A sharp interface between live (green; left) and dead (red;
right) cells at the threshold boundary for cell death with submillimeter
resolution. (b) 3D reconstruction at this interface highlights the transition
zone between live and dead cells and demonstrates that IRE-induced cell
death was uniform throughout the in vitro tumors. The dotted lines in (a)
define the representative region from which the image in (b) was taken.
Scale bars, 400 mm (a) and 200 mm (b).
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results agree well with the theoretical calculations based
on EMT. Specifically, a cell concentration on the order of
48 ! 106 cells/ml is required to reduce the baseline conduc-
tivity by 0.1 S/m. This corresponds to a volume fraction of
cells of ~0.06.

Numerical model validation

The numerical model was validated through comparisons to
experimentally measured changes in current and tempera-
ture between the first and last pulse of treatment (Fig. 5).
The predicted change in current delivered through the
in vitro tumors was accurate around 1 standard deviation
at all voltages tested (Fig. 5 a). As the applied voltage
increased, the change in current during treatment also
increased. This change is nonlinear due to the inclusion
of a temperature-dependent conductivity. The predicted
change in temperature at the location of the fiber optic
temperature probe was accurate within a single standard
deviation at all voltages tested (Fig. 5 b). The temperature
change during treatment also increased nonlinearly with
the applied voltage. The inclusion of the actual metal elec-
trodes and polystyrene plate was required to dissipate the
heat and match experimental temperatures using a reason-
able heat-transfer coefficient for free convection with air
of 25 W m"2 K"1 (54).

Determination of transient current and
temperature development

Representative surface plots of the predicted electric field,
temperature, and electrical conductivity distributions for
an applied voltage of 300 V are shown in Fig. 6. The
maximum temperature at the end of treatment occurred at
the center of the domain. For all simulated voltages, the
maximum temperature was calculated to be 23#C, 27#C,
35#C, and 51#C for applied voltages of 150 V, 300 V, 450
V, and 600 V, respectively, with the baseline set at 22#C.
Experimentally, an applied voltage of 600 V resulted in

the formation of a void at the center of the in vitro tumors,
presumably due to collagen denaturation (data not shown)
(55). By comparing the dimensions of the void with the
temperature distribution, it was conservatively estimated
that temperatures >45#C should be avoided in future exper-
iments on this in vitro platform.

Due to the inclusion of a temperature-dependent electri-
cal conductivity, the maximum conductivity at the end
of treatment also occurred at the center of the domain.
For all simulated voltages, the maximum conductivity was
calculated to be 1.2 S/m, 1.3 S/m, 1.5 S/m, and 1.9 S/m
for applied voltages of 150 V, 300 V, 450 V, and 600 V,
respectively, with the baseline set at 1.2 S/m. Even at the
highest voltages, the noticeable increase in conductivity
had an insignificant effect on the electric-field distribution
in the current experimental setup. For example, between

FIGURE 4 (a) An H&E stain for further assess-
ment of cell viability after IRE pulse delivery of
450 V through in vitro tumors seeded with 50 !
106 cells/ml. (b and c) Cells located within the
IRE-treated regions appeared to be devoid of most
cytoplasmic material (b), whereas cells located
within the untreated regions appeared normal,
with intact cell membranes (c). (d and e) Dotted
lines in (a) define the transition zone at the live/
dead cell interface. An F-actin stain (red) was
used to determine the effect of IRE-pulse delivery
on the cytoskeleton of PPT-8182 cells cultured
within the IRE-treated (d) and untreated (e) regions
of the in vitro tumors. The actin cytoskeleton within
the IRE-treated cells appears permanently disrup-
ted. Nuclei were stained with DAPI (blue). Scale
bars, 250 mm (a), 50 mm (b and c), and 25 mm
(d and e).

FIGURE 5 Change in current (a) and temperature (b) delivered through
the in vitro tumors during IRE performed at 150 V, 300 V, 450 V, and 600 V.
The treatment consisted of 80 100-ms-long pulses delivered at a rate of 1/s.
The bars with 1 standard deviation indicate the experimentally measured
values. The data points along the line illustrate the results of the numerical
model, which was optimized to match the measured changes in current and
temperature from onset to offset of pulsing.
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the onset and offset of pulsing, the area of the top surface of
the in vitro tumors exposed to an electric field >500 V/cm
changed by 0.01 mm2, 0.02 mm2, 0.09 mm2, and 0.4 mm2

for applied voltages of 150 V, 300 V, 450 V, and 600 V,
respectively. This correlates with a slight change in the
dimensions of the 500 V/cm electric-field contour from
the onset to offset of pulsing. However, even at 600 V, the
height of the area encompassed by the contour (y-direction)
changed by only 0.08 mm, and the width (x-direction)
changed by only 0.04 mm. All of these variations are within
1 standard deviation of experimentally measured values
(Table 3).

Determination of electric-field threshold for cell
death of in vitro tumors

Only applied voltages of 300 V and 450 V were used to
determine the electric-field threshold for cell death (Table
3). As mentioned, an applied voltage of 150 V did not
produce a complete lesion extending past the lateral surfaces
of the electrodes or completely connecting in the center
(Fig. 2), which eliminated the possibility of accurate width
measurements. At 600 V, void formation at the center of
the in vitro tumors, presumably due to collagen denatur-
ation, also eliminated the possibility of accurate measure-

ments. There was a close agreement in the electric-field
threshold for cell death as determined by both the 300 V
and 450 V treatment groups. In the 300 V group, averaging
the electric-field threshold as determined by each separate
measurement resulted in a threshold of 497 V/cm. In a simi-
lar way, in the 450 V group, the average threshold from
each measurement was 490 V/cm. Between the groups,
the highest variability was present within thresholds deter-
mined from width measurements. This is likely due to the
difficulty in measuring lesion width near the electrodes
and the steep gradient in electric potential near the lateral
electrode surfaces. When width measurements were omitted
from the analysis, the electric-field threshold for cell death
became 496 V/cm and 500 V/cm for the 300 V and 450 V
groups, respectively.

Overlaying the 500 V/cm contour on the live/dead stained
images of the in vitro tumors from each of these groups
illustrates the accuracy of the numerical model for deter-
mining the electric-field threshold for cell death (Fig. 7).
Although no data are present in the literature on the
threshold in pancreatic tumors, our result is comparable to
that obtained in vivo for brain tissue (23) when a similar
pulsing protocol was implemented. Results citing a higher
threshold of 637 V/cm in vivo for liver tissue were likely
due to a 10-fold reduction in the number of pulses delivered
(21), and this effect could be elucidated in future
experiments.

Determination of electric-field threshold for cell
death in suspension

It is difficult to determine a distinct electric-field threshold
for cell death from the viability analysis on cell suspensions.
In the past, conservative estimates have been made under
the assumption that the threshold in vivo corresponds to
the value of the electric field, resulting in <5% viability in
suspension (31). Under the same logic, our results suggest
that a conservative estimate of the electric-field threshold
for cell death in vivo would be ~1500 V/cm (see Fig. S1).
In addition, at 500 V/cm there was no corresponding
reduction of cell viability in suspension. Similar results
have been shown for the onset of reversible electroporation,

FIGURE 6 Surface plots from the numerical
model showing the electric-field distribution (a),
temperature distribution (b), and conductivity
distribution (c) at the end of an 80-s IRE treatment
at 300 V. The upper and lower triangles along the
scale bars indicate maximum and minimum values,
respectively, present within the entire domain. In
the case of (c) these values are consistent with
those reported in Table 1 for the electrode and plate
domains. Regions experiencing values outside the
given color range (e.g., electrode and plate conduc-
tivity) assume the color associated with the limits
of the displayed data.

FIGURE 7 Overlay of electric-field contours predicted by the numerical
model at the end of 80-s IRE treatments at 300 V (a) and 450 V (b) with the
corresponding live/dead tiled images from Fig. 2. The field contours shown
are at 400 V/cm (inner), 500 V/cm (middle), and 600 V/cm (outer). The
contour labeled 500 V/cm denotes the threshold for cell death. Scale
bars, 2.5 mm.
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which was found to occur at a significantly lower electric-
field strength in vivo compared to the same cells in suspen-
sion (56).

DISCUSSION

Cancer cells cultured in 3D collagen I hydrogels were
shown to respond to IRE pulse delivery comparable to
published in vivo results. This included a similar electric-
field threshold for cell death (Table 3) (23), sparing of the
underlying collagen network (8), and submillimeter resolu-
tion at the boundary between treated and untreated regions
(Fig. 3) (8,9). Recently, collagen I hydrogels have been
used to study reversible electroporation and electrogene
transfer (57). In that study, conducted by Haberl and Pavlin,
it was found that electrogene transfer had a dependency on
plasmid concentration and pulse duration similar to that
seen in vivo when performed in a 3D in vitro environment.
Further, transfection was more pronounced on the surface
of the collagen I hydrogels, due to diffusion limitations
through the collagen mesh, which is also a characteristic
seen in vivo (58). Outside the field of electroporation, 3D
cell culture models have been shown to elicit an in-vivo-
like response for other cancer therapies, including che-
motherapy (59), radiation therapy (60), and nanoparticle
delivery (61). This platform could also be used to optimize
therapies that utilize low-intensity alternating electric fields
to arrest cell proliferation by disrupting cells during cleav-
age (62), as opposed to directly inducing cell death through
membrane disruption, as shown here.

Compared to conventional in vitro IRE-treatment-plan-
ning models, such as cell suspensions and cell-culture
monolayers, the 3D in vitro tumor model generated more
accurate predictability of IRE outcomes. This is likely due
to the ability of the cells cultured in 3D to reproduce the
cell-cell/cell-matrix interactions seen in the original tissue
that are important for dictating an in-vivo-like morphology.
As a result of cell protrusions interacting with the collagen
matrix, the cell diameters in the hydrogel are larger than
they are in suspension (13.1 mm). This may contribute to
the decreased electric-field threshold for cell death, as
a larger diameter increases the calculated transmembrane
potential (63):

D4!q" #
3

2
E a cos!q"; (6)

where a is the radius of the cell and q is the polar angle
measured from the center of the cell with respect to the
direction of the electric field. The induced transmembrane
potential creates a supraphysiologic electric field in the
membrane that is thought to be responsible for permeabili-
zation. For a membrane thickness of 5 nm, an external elec-
tric field of 500 V/cm applied across a cell in suspension
(D4max # 0.98 V) generates a voltage/distance ratio on

the order of ~2 MV/cm within the membrane. In cell mono-
layers, 2D spatial information and limited cell-cell/cell-
matrix interactions can be obtained, but the path taken by
electrical current is significantly altered when compared to
a 3D environment (a majority of current flows through the
culture media over the top of cells that are adhered to a
highly insulative surface), which may alter the transmem-
brane potential and electric-field threshold for cell death.
Furthermore, analysis of dead cells is complicated by the
fact that they can detach from the culture surface.

Current measurements were unable to detect any dynamic
change in bulk electrical conductivity due to electroporation
for in vitro tumors consisting of 5 $ 106 cells/ml. Specifi-
cally, at an applied voltage of 300 V, there was no statistical
difference in the change in current between the first and last
pulse when comparing the 5 $ 106-cells/ml group to the
no-cells control group. Therefore, any dynamic changes in
bulk-tissue electrical conductivity due to electroporation
that have been reported in vivo (64) could be neglected
from the numerical model of the in vitro tumor. This greatly
reduced the number of parameters contributing to an accu-
rate determination of the electric-field threshold for IRE.

When the cell concentration was increased to 50 $ 106

cells/ml, there was a significant decrease in the measured
current during treatment at 300 V compared to the no-cells
control and 5 $ 106-cells/ml groups (data not shown). This
is unlike what happens in vivo, and it may be the result of the
fact that the cytoplasm has a lower electrical conductivity
than the extracellular space (65). Upon electroporation,
the release of cytosol into the extracellular space may domi-
nate the bulk electrical properties at this specific cell
concentration. At higher cell concentrations in tissue, the
bulk electrical properties during electroporation are domi-
nated by the creation of membrane defects, which greatly
increase the conductivity and resulting current during treat-
ment. According to the EMT model, a cell concentration on
the order of 340 $ 106 cells/ml would be required to cut the
baseline conductivity of the in vitro tumors in half, from 1.2
S/m to 0.6 S/m, which is more electrically relevant to tissue
and corresponds to a volume fraction of 0.4. Due to diffu-
sion limitations through the collagen hydrogel, obtaining
such high concentrations while maintaining cell viability
is a challenging task. This will be the subject of future
work directed toward replicating the dynamic conductivity
changes seen in vivo on a 3D in vitro platform.

A current limitation of the relatively high electrical
conductivity of the in vitro tumors compared to an in vivo
environment is the added heat generated during treatment.
As a result, select protocols that do not cause significant
thermal damage in vivo may be unsuitable for testing
in vitro due to collagen I denaturation. Similar concerns
are present when treating cells in suspension. For the range
of applicable pulse parameters tested here, thermal changes
had a minimal influence on the electric field distribution.
This may be attributed to the small size of the in vitro tumor
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domain relative to the electrode spacing, which causes the
entire tumor to experience both an elevated temperature
and conductivity. In the future, the hydrogel volume could
be increased to mimic a clinical scenario in which the elec-
trodes are inserted into a targeted tumor and the treatment
region varies in all directions. Here, the experimental setup
was designed to induce a region of cell death that was
symmetric in the z-direction (Fig. 3).

CONCLUSION

Performing IRE on a 3D in vitro tumor platform produced
an electric field dependence on cell death characteristic of
an in vivo response. Thus, this model is suitable for gener-
ating a wide range of data that will be useful in refining
treatment-planning algorithms used in clinical IRE proce-
dures. Specifically, studies correlating varying pulse param-
eters to ablation volume in a variety of cancer cell lines will
help identify both protocol-specific and cell-specific param-
eters to enhance the reliability of predicted outcomes. In
addition, there is the possibility of growing patient-specific
in vitro tumors from biopsied tissue. Further development of
this platform will facilitate the acceptance of IRE as a viable
cancer therapy.

SUPPORTING MATERIAL

One figure, supporting references, and a detailed description of IRE pulse
delivery and viability analysis for cell suspensions are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(12)01032-6.

The authors thank Dr. Dieter Saur of the Technische Universität München
for generously providing access to the murine PDAC cells.

This work was supported by the National Science Foundation under Awards
CAREER CBET-1055913 and CAREER CBET-0955072.

REFERENCES

1. Davalos, R. V., I. L. Mir, and B. Rubinsky. 2005. Tissue ablation with
irreversible electroporation. Ann. Biomed. Eng. 33:223–231.

2. Garcia, P. A., T. Pancotto, ., R. V. Davalos. 2011. Non-thermal irre-
versible electroporation (N-TIRE) and adjuvant fractionated radiother-
apeutic multimodal therapy for intracranial malignant glioma in a
canine patient. Technol. Cancer Res. Treat. 10:73–83.

3. Neal, 2nd, R. E., J. H. Rossmeisl, Jr.,., R. V. Davalos. 2011. Success-
ful treatment of a large soft tissue sarcoma with irreversible electropo-
ration. J. Clin. Oncol. 29:e372–e377.

4. Thomson, K. R., W. Cheung,., A. Haydon. 2011. Investigation of the
safety of irreversible electroporation in humans. J. Vasc. Interv. Radiol.
22:611–621.

5. Bagla, S., and D. Papadouris. 2012. Percutaneous irreversible electro-
poration of surgically unresectable pancreatic cancer: a case report.
J. Vasc. Interv. Radiol. 23:142–145.

6. Ball, C., K. R. Thomson, and H. Kavnoudias. 2010. Irreversible elec-
troporation: a new challenge in ‘‘out of operating theater’’ anesthesia.
Anesth. Analg. 110:1305–1309.

7. Kingham, T. P., A. M. Karkar,., Y. Fong. 2012. Ablation of perivas-
cular hepatic malignant tumors with irreversible electroporation. J. Am.
Coll. Surg. 215:379–387.

8. Onik, G., P. Mikus, and B. Rubinsky. 2007. Irreversible electropora-
tion: implications for prostate ablation. Technol. Cancer Res. Treat.
6:295–300.

9. Edd, J. F., L. Horowitz,., B. Rubinsky. 2006. In vivo results of a new
focal tissue ablation technique: irreversible electroporation. IEEE
Trans. Biomed. Eng. 53:1409–1415.

10. Onik, G., and B. Rubinsky. 2010. Irreversible electroporation: first
patient experience focal therapy of prostate cancer. In Irreversible Elec-
troporation. B. Rubinsky, editor. Springer, Berlin/Heidelberg. 235–247.

11. Maor, E., A. Ivorra, and B. Rubinsky. 2009. Non thermal irreversible
electroporation: novel technology for vascular smooth muscle cells
ablation. PLoS ONE. 4:e4757.

12. Li, W., Q. Y. Fan,., Z. Li. 2011. The effects of irreversible electropo-
ration (IRE) on nerves. PLoS ONE. 6:e18831.

13. Rubinsky, B., G. Onik, and P. Mikus. 2007. Irreversible electropora-
tion: a new ablation modality—clinical implications. Technol. Cancer
Res. Treat. 6:37–48.

14. Zhang, Y., Y. Guo, ., A. C. Larson. 2010. MR imaging to assess
immediate response to irreversible electroporation for targeted ablation
of liver tissues: preclinical feasibility studies in a rodent model. Radi-
ology. 256:424–432.

15. Lee, E. W., C. Chen, ., S. T. Kee. 2010. Advanced hepatic ablation
technique for creating complete cell death: irreversible electroporation.
Radiology. 255:426–433.

16. Deodhar, A., S. Monette, ., S. B. Solomon. 2011. Percutaneous irre-
versible electroporation lung ablation: preliminary results in a porcine
model. Cardiovasc. Intervent. Radiol. 34:1278–1287.

17. Appelbaum, L., E. Ben-David, ., S. N. Goldberg. 2012. US findings
after irreversible electroporation ablation: radiologic-pathologic corre-
lation. Radiology. 262:117–125.

18. Ben-David, E., L. Appelbaum,., S. N. Goldberg. 2012. Characteriza-
tion of irreversible electroporation ablation in in vivo porcine liver.AJR
Am. J. Roentgenol. 198:W62–W68.

19. Bower, M., L. Sherwood,., R. Martin. 2011. Irreversible electropora-
tion of the pancreas: definitive local therapy without systemic effects.
J. Surg. Oncol. 104:22–28.

20. Charpentier, K. P., F. Wolf, ., D. E. Dupuy. 2010. Irreversible elec-
troporation of the pancreas in swine: a pilot study. HPB (Oxford).
12:348–351.

21. Miklavcic, D., D. Semrov, ., L. M. Mir. 2000. A validated model of
in vivo electric field distribution in tissues for electrochemotherapy
and for DNA electrotransfer for gene therapy. Biochim. Biophys.
Acta. 1523:73–83.

22. Sano, M. B., R. E. Neal,., R. V. Davalos. 2010. Towards the creation
of decellularized organ constructs using irreversible electroporation
and active mechanical perfusion. Biomed. Eng. Online. 9:83.

23. Garcia, P. A., J. H. Rossmeisl, Jr.,., R. V. Davalos. 2010. Intracranial
nonthermal irreversible electroporation: in vivo analysis. J. Membr.
Biol. 236:127–136.

24. Neal, 2nd, R. E., R. Singh,., R. V. Davalos. 2010. Treatment of breast
cancer through the application of irreversible electroporation using a
novel minimally invasive single needle electrode. Breast Cancer Res.
Treat. 123:295–301.

25. Miklavcic, D., D. Sel,., L. Mir. 2004. Sequential finite element model
of tissue electropermeabilisation. Conf. Proc. IEEE Eng. Med. Biol.
Soc. 5:3551–3554.

26. Ivorra, A., and B. Rubinsky. 2007. In vivo electrical impedance
measurements during and after electroporation of rat liver. Bio-
electrochemistry. 70:287–295.

27. Pavselj, N., Z. Bregar, ., D. Miklavcic. 2005. The course of tissue
permeabilization studied on a mathematical model of a subcutaneous
tumor in small animals. IEEE Trans. Biomed. Eng. 52:1373–1381.

28. Garcia, P. A., J. H. Rossmeisl, Jr., ., R. V. Davalos. 2011. A para-
metric study delineating irreversible electroporation from thermal
damage based on a minimally invasive intracranial procedure. Biomed.
Eng. Online. 10:34.

Biophysical Journal 103(9) 2033–2042

IRE on 3D In Vitro Tumors 2041

 96

http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)01032-6
http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)01032-6


29. Neal, 2nd, R. E., P. A. Garcia, ., R. V. Davalos. 2012. Experimental
characterization and numerical modeling of tissue electrical conduc-
tivity during pulsed electric fields for irreversible electroporation treat-
ment planning. IEEE Trans. Biomed. Eng. 59:1076–1085.

30. Ivorra, A., B. Al-Sakere, ., L. M. Mir. 2009. In vivo electrical con-
ductivity measurements during and after tumor electroporation: con-
ductivity changes reflect the treatment outcome. Phys. Med. Biol.
54:5949–5963.

31. Neal, 2nd, R. E., and R. V. Davalos. 2009. The feasibility of irreversible
electroporation for the treatment of breast cancer and other heteroge-
neous systems. Ann. Biomed. Eng. 37:2615–2625.

32. Miller, L., J. Leor, and B. Rubinsky. 2005. Cancer cells ablation with
irreversible electroporation. Technol. Cancer Res. Treat. 4:699–705.

33. Shafiee, H., P. A. Garcia, and R. V. Davalos. 2009. A preliminary study
to delineate irreversible electroporation from thermal damage using the
Arrhenius equation. J. Biomech. Eng. 131:074509.

34. Ivorra, A., L. M. Mir, and B. Rubinsky. 2010. Electric field redistribu-
tion due to conductivity changes during tissue electroporation: experi-
ments with a simple vegetal model. IFMBE Proc. 25:59–62.

35. Hjouj, M., and B. Rubinsky. 2010. Magnetic resonance imaging char-
acteristics of nonthermal irreversible electroporation in vegetable
tissue. J. Membr. Biol. 236:137–146.

36. Yamada, K. M., and E. Cukierman. 2007. Modeling tissue morphogen-
esis and cancer in 3D. Cell. 130:601–610.

37. Kim, J. B. 2005. Three-dimensional tissue culture models in cancer
biology. Semin. Cancer Biol. 15:365–377.

38. Griffith, L. G., and M. A. Swartz. 2006. Capturing complex 3D tissue
physiology in vitro. Nat. Rev. Mol. Cell Biol. 7:211–224.

39. Fischbach, C., R. Chen, ., D. J. Mooney. 2007. Engineering tumors
with 3D scaffolds. Nat. Methods. 4:855–860.

40. Szot, C. S., C. F. Buchanan,., M. N. Rylander. 2011. 3D in vitro bio-
engineered tumors based on collagen I hydrogels. Biomaterials. 32:
7905–7912.

41. Verbridge, S. S., N. W. Choi, ., C. Fischbach. 2010. Oxygen-
controlled three-dimensional cultures to analyze tumor angiogenesis.
Tissue Eng. Part A. 16:2133–2141.

42. von Burstin, J., S. Eser,., D. Saur. 2009. E-cadherin regulates metas-
tasis of pancreatic cancer in vivo and is suppressed by a SNAIL/
HDAC1/HDAC2 repressor complex. Gastroenterology. 137:361–371,
371, e1–e5.

43. Seidler, B., A. Schmidt, ., D. Saur. 2008. A Cre-loxP-based mouse
model for conditional somatic gene expression and knockdown in vivo
by using avian retroviral vectors. Proc. Natl. Acad. Sci. USA. 105:
10137–10142.

44. Saur, D., B. Seidler, ., R. M. Schmid. 2005. CXCR4 expression
increases liver and lung metastasis in a mouse model of pancreatic
cancer. Gastroenterology. 129:1237–1250.

45. Paszek, M. J., N. Zahir,., V. M. Weaver. 2005. Tensional homeostasis
and the malignant phenotype. Cancer Cell. 8:241–254.
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Supporting Materials 

 

IRE Pulse Delivery and Viability Analysis for Cell Suspensions 

 

PPT-8182 cells were suspended at a concentration of 5!10
6 

cells/ml in electroporation 

buffer, which was created by mixing (3:1) complete culture media with dielectrophoresis buffer 

(8.5% sucrose, 0.3% glucose, and 0.725% basal media). This mixture was selected to obtain a 

solution with an electrical conductivity of 1 S/m, as determined by a conductivity meter (B-173, 

Horiba, Kyoto, Japan). A conductivity of 1 S/m resembled the baseline conductivity of the 

collagen I hydrogels and allowed for the delivery of electric fields up to 1500 V/cm without 

arcing or significant bubble formation due to electrolysis. A micro-osmometer (3MO Plus, 

Advanced Instruments Inc., Norwood, MA, USA) was used to confirm that the osmolality of the 

buffer (315 mOsm/kg) was near the value for complete culture media (320  mOsm/kg) and well 

within the physiological range (300 to 340 mOsm) (1). 

For each treatment, 250 µl of cell suspension was pipetted into an electroporation 

chamber (HT-P96-4, BTX-Harvard Apparatus, Holliston, MA, USA) with parallel plate 

electrodes. IRE pulses were applied as described above with a fixed pulse duration (100 µs), 

number (80 pulses), and repetition rate (1 pulse/sec). The applied voltage was varied (0 V, 200 

V, 400 V, 500 V, and 600 V) to generate electric fields ranging from 0 to 1500 V/cm across the 4 

mm electrode gap (edge-to-edge). Each parameter combination was repeated five times (n = 5). 

Following IRE pulse delivery, samples were removed from the electroporation chambers, 

pipetted into 1.5 ml microcentrifuge tubes, and kept on ice for 1 h to allow adequate time for the 

cells to recover from any reversible electroporation effects (2). A dye exclusion assay was 

performed by mixing samples 1:1 with a 0.4% Trypan Blue solution (T8154, Sigma-Aldrich, St. 

Louis, MO, USA). Samples were then pipetted into an Ultra-plane Neubauer’s hemocytometer 

(Hausser Scientific, Horsham, PA, USA) and placed under an inverted light microscope 

(Olympus CKX41, Center Valley, PA, USA). Live and dead cell counts were obtained assuming 

that live cells exclude Trypan Blue and dead cells absorb it, providing a clear indicator of cell 

death. Percent viability was based on the ratio of the number of blue cells to the total number of 

cells and normalized to the 0 V sham group. 
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FIGURE S1 Percent viability (normalized to the sham group) following IRE of PPT-8182 cells 

in suspension at electric fields ranging from 0 V/cm to 1500 V/cm. At the field threshold for cell 

death determined from the in vitro tumors (500 V/cm), there was no significant reduction in cell 

viability determined from suspension experiments performed in cuvettes. The raw percent 

viability for the sham group was 95 %. 
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