
 

 

 

 

 

 

 

 

 
 



 
 

ABSTRACT 

Development of a 3D Tissue Engineered Bone Tumor Model 

by 

Emily Burdett 

3D ex vivo tumor models are required which better replicate the microenvironment 

encountered by tumor cells in vivo. In this study, we applied bone tissue engineering 

culture techniques to develop an ex vivo 3D bone tumor model. Ewing sarcoma cells 

were cultured on poly(ε-caprolactone) (PCL) microfiber scaffolds, and cellular 

growth kinetics, morphology, and infiltration were assessed. Cell/scaffold 

constructs were then exposed to anticancer drugs for up to 16 days and drug 

response was compared to 2D controls. Ewing sarcoma cells were capable of 

attachment and proliferation on PCL scaffolds and dense scaffold infiltration up to 

200 m. Constructs could be maintained in culture for up to 32 days, and high 

density 3D cell growth conferred an increased resistance to anticancer drugs over 

2D controls. This 3D tumor model shows potential for use in future studies of bone 

tumor biology, especially as it pertains to the development of new anticancer drugs. 
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Introduction 

Throughout its brief history, the principal focus of tissue engineering has 

been to repair or replace damaged tissues using engineering principles and 

technologies.1,2 One popular approach has been to develop functional human tissues 

ex vivo for in vivo implantation. This strategy has seen some success in 

reconstructing simple tissues, such as skin, bone, and cartilage, but clinically viable 

solutions for reconstructing more complex, vascularized tissues, such as the liver or 

pancreas, remain elusive.3 As the field navigates the complex developmental and 

regulatory hurdles that slow the clinical translation of these therapies, one of the 

most immediate uses for tissue-engineered systems is as a tool for biologists and 

physicians to study the complex 3D physiology of human tissues ex vivo.4  

One area where such a tool is sorely needed is the field of cancer biology, 

especially as it pertains to preclinical drug screening. Although a cancer cell’s 

genotype is still considered fundamentally important, there has been a growing 
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recognition within the field of the critical role played by 3D cellular architecture and 

the surrounding in vivo microenvironment in dictating cellular phenotype.5-8 As a 

result, a large number of emerging therapeutics actually target this 

microenvironment, either directly or indirectly.9 However, although cancer 

biologists are increasingly aware that flat, monolayer cultures poorly represent in 

vivo tumor behavior, such models are still extensively used during preclinical drug 

testing simply because better in vitro models do not exist. This results in a high 

failure rate for compounds that enter clinical trials and a subsequently inefficient 

allocation of limited financial and clinical resources towards mostly ineffective 

compounds.   

Because of this unmet need, there is a natural convergence between tissue 

engineering and cancer biology that has already sparked collaborative efforts 

between experts in both fields. A tissue-engineered tumor model that recreates the 

3D structure, stromal environment, and signaling milieu present in vivo could 

dramatically improve upon the current preclinical drug screening paradigm by 

providing valuable information about drug efficacy early in the drug development 

process. This is especially important for less common cancers, where limited patient 

numbers preclude widespread drug testing in phase I/II trials.10,11  

In this paper, we describe our development of a 3D bone tumor model using 

tissue culture techniques derived from the bone tissue engineering field. For initial 

model development, we used cells from a primary pediatric bone tumor called 

Ewing sarcoma (ES). First, we show how long term 3D bone tumor cell growth and 
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proliferation can be achieved by culturing tumor cells on a 3D microfiber polymer 

scaffold. Next, we characterize our tumor model in terms of cellular growth kinetics, 

morphology, and scaffold infiltration. Lastly, we assess the anticancer drug response 

of tumor cells within our model for different cell densities and drug exposure times, 

and we compare this drug response to 2D controls. 
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Chapter 1 

Background 

Work in this project builds upon a foundation of research in a variety of 

fields, including cancer drug development, 3D cancer research, bone tissue 

engineering, and Ewing sarcoma research. The following chapter details relevant 

background information from each of these fields. 

1.1. Classical preclinical cancer drug testing paradigm 

Within the area of cancer research, significant effort is expended to develop 

and screen new cancer treatment drugs in hopes that they will improve patient 

survival and decrease morbidity. More than $5 billion are spent annually on cancer 

research by the U.S. government, representing almost 20% of the total research 

funding provided by the NIH and much of this is aimed at finding new cancer 

therapeutics.12 Any drug candidate that is identified or engineered must go through 

preliminary preclinical tests and clinical trials before it is considered safe and 
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efficacious enough to enter the market, a process that, on average, takes about a 

decade and costs more than a billion dollars.13 But, of all those that enter clinical 

trials, only about 5% will ever reach FDA approval.14 This represents a huge burden, 

both financially and clinically, much of it focused solely on compounds that will 

never enter clinical use. This burden is even more extreme in rare cancers like 

Ewing sarcoma. Because the patient base is small, it is difficult to enroll enough 

patients in a trial to establish clinical efficacy. Drug trials must therefore span 

multiple institutions and longer time periods in order to accrue the requisite patient 

load, all the while developing extensive monetary losses.10,11 Overall, the current 

cancer drug development process is costly and inefficient, especially for rare 

cancers such as Ewing sarcoma; new therapies are slow to emerge, and meanwhile, 

patients continue to die. 

One way to decrease the time and money associated with drug development 

would be to eliminate ineffective therapies early in the drug development process. 

Before a new therapy can enter clinical trials, it must go through extensive 

preclinical screening to provide preliminary data about drug efficacy and toxicity. 

Classically, these preclinical tests typically involve both in vitro drug screens and 

testing within animal models.  

1.1.1. In vitro testing 

In vitro testing of anticancer drugs typically involves growing cancer cell 

lines in monolayers on tissue culture plastic and using high-throughput screening 

procedures to evaluate drug efficacy.15 This component of cancer drug testing began 
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in the late 1980s when the National Cancer Institute established a panel of 60 

unique cancer cell lines for use in screening antineoplastic drug candidates.15-17 

Since then, hundreds of other cancer cell lines have been used with similar intent.18 

Additionally, the widespread adoption of bioinformatic profiling has yielded 

invaluable information about cancer biology, led to the discovery of antineoplastic 

drugs with novel mechanisms of action, and helped to delineate resistance 

mechanisms for several cancer types.15-17  

Despite these advances, the monolayer culture has remained a poor 

predictor of whether a given drug will ultimately yield clinical benefit.19,20 There are 

a number of well-known potential explanations for this, with the artificial growth 

environment itself being implicated as a major contributing factor.15 Through 

multiple passages, the immortalization process results in the selection of tumor cells 

that rapidly proliferate and that have an advanced ability to survive on tissue 

culture plastic.18 These cells, therefore, may not be representative of the tumor as a 

whole and are especially susceptible to therapies that target rapidly dividing cells.21 

Perhaps the most dramatic alterations occur, however, because of the removal of 

the cells from their native microenvironment, including the extracellular matrix 

(ECM), soluble signals, and 3D architecture that surround the tumor cells in vivo.7 

There is a substantial body of work, including several excellent reviews, that 

demonstrates the impact of all of these microenvironmental factors on cancer cells.5-

7,22-24 These stromal elements affect many different aspects of cancer cell behavior, 

including the cell’s proliferation rate and resistance to drug-induced apoptosis.25-30 

It is, therefore, no surprise that current in vitro drug-screening strategies, which 
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specifically monitor changes in cell proliferation and cell death, often do not 

accurately forecast a tumor’s in vivo response. 

1.1.2. Animal models 

Another strategy to model the biological complexity of human tumor growth 

is to study human cancer within an animal model. This provides tumor cells with 

many of the 3D microenvironmental cues that are missing during monolayer 

growth.31 The most common mouse model employed in drug testing for solid 

tumors is the subcutaneous human tumor xenograft.32 In this model, human tumor 

cells are implanted just beneath the skin of immunodeficient mice, and a few days or 

weeks are allowed for initial tumor growth before drug candidates are 

administered.31 Throughout the treatment regimens, which often encompass 

several weeks, tumor size can be monitored easily through physical caliper 

measurements; the tumors can then be subjected to a more thorough histologic and 

molecular analysis once animals are euthanized.31  

As with in vitro testing, many drugs appear promising when tested in 

xenografts, but several studies involving a variety of tumor types have found a 

general lack of correlation between the human tumor xenograft response data and 

the results of phase II clinical trials.19,20,33 Because the 3D tumor microenvironment 

is of murine origin rather than human, subtle but important changes persist that 

impact tumor cell behavior, and these are exacerbated by the artificial subcutaneous 

tumor localization.31,32 Moreover, the unnatural progression of tumor development 

and growth has led many to question the xenograft’s biological relevance to 
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spontaneous tumor growth.31,34 Therefore, it is apparent that although they remain 

important for assessing drug pharmacokinetics and toxicity, animal models have 

their own unique limitations. 

1.2. 3D Tumor Models 

To address many of the problems identified above, researchers have sought 

to create 3D in vitro cancer models that better mimic in vivo tumor biology. 

1.2.1. Human tumor spheroids 

By far, the most widely used 3D model is the human tumor spheroid, a small, 

tightly bound cellular aggregate that tends to form when transformed cells are 

maintained under nonadherent conditions. These cellular aggregates can range in 

size from 20 µm all the way up to 1 mm in diameter, depending on the cell type and 

growth conditions. Spheroids have been widely used in cancer research because the 

3D architecture and extensive cell-cell contacts provided by spheroid growth appear 

to better mimic the in vivo cellular environment than 2D monolayer cultures. 

Spheroids also exhibit many of the biological properties of solid tumors, including 

cell morphology,35,36 growth kinetics,35 gene expression,35 and drug response. An 

extensive review of human tumor spheroids is beyond the scope of this article, 

though several excellent reviews exist.37-42 

Spheroid formation can be induced by a variety of different techniques. The 

earliest method employed in cancer biology, and a method still widely used today, is 
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spinner flask culture, where fluid turbulence prevents attachment and promotes 

cellular aggregation.43,44 Similar to the spinner flask culture is the rotary wall vessel 

reactor which suspends cells between rotating cylindrical walls to mimic 

microgravity.37,38 Both systems can produce large numbers of relatively consistent 

spheroids, but they both require specialized equipment and additional processing 

steps when used for drug testing.37,38 A simpler method for spheroid production 

involves liquid overlay of a cell suspension over a nonadherent surface, such as 

agar-coated plates.45 Although this technique avoids the shearing problems and 

equipment requirements associated with spinner flask culture, the absence of fluid 

flow results in more pronounced diffusional gradients within the spheroid.37 

Additionally, the spheroids formed through liquid overlay are more varied in size 

and number, although this variation can be negated by culturing individual 

spheroids within 96-well plates.46 To optimize experiments to ensure more 

consistent spheroid size and composition, recent adaptations involve spheroid 

formation within hanging drops47 and microfluidic chips,48 but these methods also 

require specialized equipment and additional handling steps that often outweigh 

any relative advantages. 

One of the major uses of human tumor spheroids has been as a preclinical 

screening tool for anticancer drug candidates, including traditional cytotoxics, cell- 

and antibody-based therapies, and various experimental therapeutic 

approaches.37,38,49 Cancer cells from a wide variety of tumor types consistently 

display greater resistance to anticancer drugs when grown within spheroids, 

compared to monolayer controls, echoing what is often observed in the clinical 
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setting.37,46 The increased chemoresistance in spheroids compared to monolayer 

cultures may be explained in part by increased cell-cell contact, 3D cellular 

architecture, enhanced deposition of tumor-derived ECM within the spheroid, a 

lower overall cell proliferation rate, or a combination of these factors.40,50,51 

Regardless of the reasons underlying chemoresistance, what is most important is 

that they better reflect the mechanisms of chemoresistance found in vivo.  

With respect to drug evaluation, spheroids are not without their own 

problems. It is generally accepted that diffusion gradients exist within spheroids for 

oxygen and nutrients, and that the availability of these compounds to the innermost 

cells is limited.37,38 It is therefore likely that the diffusion of most larger compounds, 

such as drugs, will be limited within spheroids as well.38 Several research groups 

have used these diffusion gradients to their advantage to study the penetration of 

larger compounds into solid tumors, such as in monoclonal antibody therapies.52-54 

However, more often the effects of diffusion are neglected entirely when a drug’s 

impact is examined. In some cases this is understandable, as irregular vascularity 

results in inhomogeneous distribution of most anticancer drugs throughout a 

tumor;55 however, for untested drug candidates, it is imperative to distinguish 

between a general lack of drug efficacy and poor drug penetration.  

Another inherent problem with spheroid use for drug testing is the lack of 

defined endpoints and the lack of an accurate means for testing cell viability in 3D 

culture. As drug testing transitions from monolayer culture to 3D culture, many 

have simply used the same cell proliferation or cell viability assays to assess drug 
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response.35,36,50 However, these assays are often not accurate in 3D culture because 

of the need for assay reagents to diffuse into and out of the cell mass.56 These assays 

can also be inaccurate because of variations in the cells’ metabolic and proliferative 

rates throughout the spheroid.56 The accuracy of these methods can be improved 

through spheroid dissociation prior to reagent addition, but this step may lead to 

additional cell loss.38 Other endpoints, such as spheroid volume growth and growth 

delay after treatment can be used,46 but the methods for measuring these endpoints 

are more labor intensive and subjective than cell proliferation assays. 

Nondestructive, high-throughput, real-time methods for analyzing spheroid viability 

now include measuring electrical impedance across a spheroid57,58 or cellular 

respiratory activity,38 but these require specialized equipment and often do not 

offer a high degree of accuracy.38  

1.2.2. Engineered 3D models 

Because spheroid culture only succeeds in mimicking a small part of the in 

vivo microenvironment, more advanced 3D cancer models have been developed 

within the tissue engineering field. Of these, early models used biological gels as a 

substrate for spheroid growth, while many recent studies have drawn upon novel 

scaffolding materials and culture techniques.  

1.2.2.1. Gel embedding 

Although the idea of growing cancer cells within a 3D biomaterial scaffold is 

not a new one, an increasing recognition that 3D culture exerts an effect upon the 
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cancer phenotype has resulted in renewed interest. The earliest attempts to grow 

cancer cells within 3D substrates used small explants of cancer tissue within a 

natural gel. Because of its ubiquitous nature and relative ease of isolation, collagen 

was one of the earliest biomaterials to be widely used for 3D cell culture.59 

Traditionally, collagen gel embedding involved the placement of small tumor 

explants (1-2 mm) into a collagen matrix that allowed the explants to maintain their 

viability and cellular architecture ex vivo.60 This method was used to culture a wide 

variety of cancer types in a way that preserved the native tissue architecture and 

cell viability over several months.60 Such a system has shown potential for use in 

chemotherapeutic testing, especially in the area of personalized medicine, and 

correlates well with both murine in vivo data61 and general patient survival 

rates.62,63 Several investigators have begun to correlate the sensitivity of a patient’s 

tumor grown ex vivo within a collagen gel matrix to the patient’s observed 

chemotherapy response for use in personalized medicine, but this is not yet 

validated for widespread clinical use.64,65 Should such collagen-grown explants act 

to reliably predict the clinical benefit of any given chemotherapy, this culture 

method may allow physicians to move beyond what is currently a mostly empiric 

process.  

Collagen gel culture has also been widely used to grow dissociated cancer cell 

suspensions. When placed within a 3D gel, cancer cells will often aggregate into 3D 

spherical structures. Many researchers consider these malignant aggregates to be 

“spheroids”; however, unlike traditional spheroids, which are characterized by their 

lack of adhesion to a surface, cells within collagen experience both cell-cell and cell-
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matrix attachments that can affect their behavior.40 Additionally, collagen culture of 

more differentiated cancer cell lines can result in formation of 3D architectures that 

replicate patterns observed in vivo, such as ductal structures seen within the 

breast.66 Spheroids developed from culturing cell lines within collagen gel culture 

have been used in chemotherapeutic testing and generally show increased drug 

resistance compared to the same cell lines grown in monolayer cultures. For some 

drugs, the relative drug susceptibility of different cell lines was maintained upon 

transition to 3D culture, while others showed no correlation between results in 2D 

culture and 3D culture.67 Recent research involves the miniaturization and 

automation of collagen gel culture for adaptation to high-throughput testing. For 

example, cancer cells have been successfully cultured in 3D culture on silicon 

multichannel chips, where drug response can be monitored continuously though 

analysis of cell respiration.68  

Other natural polymer gels have been used for cancer cell cultures. Alginate 

is a natural polymer derived from brown seaweeds that gels in the presence of 

calcium ions and has been used as a scaffold for encapsulation of various types of 

cells.69 The main advantage associated with alginate is that gelation can be 

accomplished at room temperature after adding the cells to the polymer. A method 

for 3D culture of carcinoma cell lines within calcium alginate pellets was developed 

in the early 1980s and was later adapted for the growth of microscopic colorectal 

cancer explants. In both cases, the cancer cells could be maintained in the system for 

over a month and showed cell growth rates and tissue organization similar to those 

of in vivo cancers. 70,71 Similar to spheroids seen in collagen gel culture, spheroids 
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can also be formed through culture within alginate beads,72 and cancer cell lines 

grown within alginate culture have reduced cell survival when exposed to 

chemotherapeutic drugs when compared to untreated controls, showing some 

promise for this system as a drug-testing platform.73 More recently, a modified 

version of this polymer, alginate-poly-l-lysine-alginate, has been used to form breast 

cancer spheroids, and these spheroids showed increased resistance to several 

anticancer therapies when compared to monolayer controls.74  

Another widely used gel material that results in “spheroid” formation of 

embedded cancer cells is Matrigel (BD Biosciences, San Jose, CA). Matrigel is a 

basement membrane extract derived from the Engelbreth-Holm-Swarm tumor cell 

line that contains a diverse array of components, including collagen type IV, laminin, 

and other ECM molecules, as well as various soluble signals, such as cytokines and 

growth factors.75 This material is widely used to study both normal and malignant 

cells owing to its ability to promote cell differentiation, migration, and recreation of 

an in vivo cellular architecture, and it has been investigated as a substrate for 3D 

tissue growth. Many types of normal epithelial cells will form hollow, polarized, 

acinar structures when cultured within Matrigel, whereas corresponding metastatic 

epithelial cells will form solid, disorganized spheroids.76,77 Much of the work with 

3D culture of cancer cells within Matrigel has been conducted by Bissell and 

associates who developed a novel method for the 3D growth and analysis of both 

normal and malignant breast epithelial cells in Matrigel.78 This group found that 

biological agents that repress the tumor phenotype also result in restoration of a 

normal, organized tissue architecture.79 It was also shown that some signaling 
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pathways that work independently when cells are cultured in 2D monolayers 

become reciprocally modulated upon transition to 3D growth.80 These studies 

represent an important step in elucidating the impact that a 3D microenvironment 

has on cancer cell growth; however, because Matrigel is a largely undefined and 

variable mixture of proteins,75 Matrigel culture has not been widely used for drug 

screening purposes. 

1.2.2.2. Advanced models 

In recent years, as a result of advances in the tissue engineering and 

biomaterials fields, a few researchers have moved beyond simple gel culture 

systems and have begun using more tunable and mechanically superior polymer 

matrices as substrates for 3D cancer growth. For example, Dhiman et al. studied the 

growth of a breast cancer cell line, MCF-7, on porous chitosan scaffolds.81,82 In their 

first study, porous chitosan scaffolds were formed with varying degrees of 

deacetylation, and these scaffolds were investigated for their ability to promote 

breast cancer cell attachment and growth. These investigators found that the cancer 

cells had optimal attachment and proliferation on scaffolds with a high degree of 

deacetylation and that the cell metabolic activity under these conditions was similar 

to that seen in 2D cultures.81 The response of these cancer cells to varying doses of 

tamoxifen, a drug commonly used in breast cancer treatment, was then investigated, 

and these responses were compared to those seen in monolayer cultures. A much 

lower level of cell death and a 10-fold increase in drug resistance were observed 

compared to the monolayer cultures, indicating that 3D growth in this system 
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conferred therapeutic resistance to the cells. Although the authors discounted the 

effects of limited drug diffusion into the construct on this increased resistance, this 

phenomenon was not directly investigated.82 Overall, these studies showed that 

cancer cells could be successfully cultured on a polymer scaffold and that a drug 

testing scheme was possible within such a 3D model.  

Labhasetwar and coworkers studied the growth and drug susceptibility of 

MCF-7 breast cancer cells when grown within porous poly(lactic acid) (PLA) or 

poly(lactic-co-glycolic acid) (PLGA) microparticles.83,84 In their first study, PLGA and 

PLA microparticles (100-200 µm in diameter) were fabricated using a two-phase 

emulsion system, and various properties of the microparticles were varied to 

optimize the adherence and growth of the breast cancer cells upon the scaffolds.83 

Optimal cell adhesion on the PLA microparticles was found to occur after 

incorporation of a more hydrophilic polymer, poly(vinyl alcohol), into the polymer 

matrix and surface pretreatment with serum. After several days in 3D microparticle 

culture, formation of tissue-like structures was observed.83 In their next study, the 

same group looked at using this cancer growth system as a screen for potential 

cancer therapeutics.84 Cancer cells within PLA microparticles were exposed to three 

cancer drugs commonly used to treat breast cancer—doxorubicin, paclitaxel, and 

tamoxifen—and the drug responses were compared to those seen in monolayer 

cultures. As in the studies by Dhiman et al. using chitosan scaffolds,81,82 a large 

increase in drug resistance was present, ranging from 12 to 23 times that seen in 

monolayers.84 However, Labhasetwar and coworkers also investigated drug 

accumulation in the cells in an attempt to discover the effect of drug availability on 
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this increased resistance.84 A 2.6-fold decrease in drug accumulation in cancer cells 

was seen compared to the monolayer controls, suggesting that this increased 

therapeutic resistance may be partially due to the decreased availability of drugs 

within the cells. It was hypothesized that phenotypic changes associated with 3D 

growth also played a role in the increased drug resistance observed; however, the 

authors were unable to distinguish between the effects of 3D growth and reduced 

drug penetration.84 

A final study on 3D cancer cell growth within solid scaffolds investigated the 

angiogenic properties of cancer cells in a 3D environment.85 Mooney and colleagues 

also employed a porous PLGA scaffold, this time to culture an oral cancer cell line. 

Larger scaffolds were used (8.5-mm diameter disk) than in the studies described 

above, and scaffolds were fabricated with a gas-foaming/particulate-leaching 

method. After seeding cells onto the scaffolds, the authors investigated cell 

morphology and proliferation, hypoxia, secretion of proangiogenic factors, and drug 

response. The effects of cancer growth in the 2D monolayer culture, in the 3D 

Matrigel culture, and in mice after implantation of cell-seeded PLGA scaffolds were 

compared. Cells grown ex vivo within these PLGA constructs resembled those grown 

in vivo both histologically and in terms of the overall growth kinetics. Hypoxia levels 

observed within the constructs were similar to those often seen within tumors, as 

was the increase in the release of proangiogenic factors associated with this rise in 

hypoxia. Interestingly, the mixture of angiogenic factors released was different than 

that released from cells grown in the monolayer controls under artificially hypoxic 

conditions, suggesting that the 3D architecture within the construct impacts how 
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the cells respond to hypoxia. The investigation of the drug response of the cancer 

cells within these PLGA constructs involved only one compound, a 

phosphatidylinositol-3 kinase inhibitor, and increased drug resistance of the cells 

within this construct was found compared to that seen in the monolayer controls.85 

However, as the main focus of the study involved recreation of the limited diffusive 

capacity of in vivo tumors, it can be inferred that some, if not all, of this change in 

drug response could be attributable to the limited drug availability to the cells.85 

This study was notable because it showed the utility of a tunable 3D model in 

recreating in vivo conditions for studying cancer biology and for using this 

technology to create more effective animal cancer models through implantation of 

artificial, tissue-engineered tumors, but it was not directly focused on the creation of 

an effective in vitro cancer drug screen. 

1.2.2.3. Future of 3D Engineered Models 

Overall, a tissue engineering approach to cancer cell culture appears to hold 

promise for the future of 3D cancer biology and drug testing. Polymer gels and 

scaffolds mimic the in vivo microenvironment, effectively promote the attachment 

and 3D growth of cancer cell lines, and result in tissue structures that resemble in 

vitro tumor tissue in terms of growth kinetics, histology, cell metabolism, and 

production of angiogenic factors. Also, without exception, each system displayed 

much higher drug resistance than the monolayer cultures. However, these 

engineered models still suffer from many of the problems encountered in spheroid 
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culture, such as diffusion limitations and a lack of simple, reliable assays for 

measuring cell viability and proliferation.  

1.3. Ewing Sarcoma 

The specific cancer under study within our lab is Ewing sarcoma, a cancer of 

primitive mesenchymal origin that typically develops in bone tissue of adolescents 

and young adults. The term Ewing sarcoma encompasses a family of tumors 

including classic Ewing sarcoma, Askin tumor, extraskeletal Ewing sarcoma, and 

primitive neuroectodermal tumor86. It is the second most common bone malignancy 

in children and adolescents, and accounts for about 3% of childhood cancers.87 

Histologically, it is characterized by small, round, poorly differentiated cells 

arranged in sheets, as shown in Figure 1.88,89  

 

Figure 1: Light micrograph of ES tumor sections after H&E stain at (A) 200X 

and (B) 400X magnification. Figure adapted from Bernstein, et al.89 

Ewing sarcoma arises most commonly in bone tissue, but may also 

occasionally develop in soft tissues as well. The most common sites of formation are 

the pelvis, femur, and the bones of the chest wall. In addition to primary tumor 
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growth, about 25% of patients present with metastases. These are usually found in 

the lungs, bone, or bone marrow, and are rarely found elsewhere.89  

Like many sarcomas, Ewing sarcoma is characterized by a specific 

chromosomal translocation resulting in production of a chimeric fusion protein. In 

85% of cases, this translocation occurs between the EWS gene on chromosome 22 

and the FLI-1 gene on chromosome 11. Almost all other cases of Ewing sarcoma are 

associated with similar fusion genes, usually between EWS and other members of 

the ets family of transcription factors.88 These chimeric proteins acts as aberrant 

transcription factors; they have been shown to induce transformation in fibroblasts, 

and are implicated in the tumorgensis of Ewing sarcoma. 

1.3.1. Current and Experimental Treatments 

Current treatment for Ewing sarcoma usually consists of localized control 

measures combined with systemic chemotherapy.86  Frontline chemotherapy 

regimens usually include drugs with proven efficacy in this disease, such as 

vincristine, actinomycin-D, cyclophosphamide, doxorubicin, etoposide, and 

ifosfamide.86 Treatment for localized disease usually involves neoadjuvant 

chemotherapy to reduce the tumor mass, tumor resection and/or radiation therapy 

if tumor is inoperable, and adjuvant chemotherapy to remove any residual disease. 

If frontline treatments are not effective, second line chemotherapy regimens can 

also include drugs such as cyclophophamide, topotecan, irinotecan, temozolomide, 

or high-dose ifosfamide.86 For localized disease, these control measures have proven 

very effective, and advances in chemotherapy over the past forty years have 
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improved survival dramatically, increasing 5 year survival to almost 70%.90 

However, for those with metastatic or recurrent disease, progress has been much 

slower, and five year survival rates have remained relatively static over the past 

several decades at only about 25%. Initial treatment strategies can be similar to 

localized disease, but available drugs are much less effective and experimental 

therapies are often considered earlier.86,87  

Many of the experimental therapeutics currently under investigation for 

Ewing sarcoma are biologically targeted, and one of the most promising targets is 

the insulin like growth factor I receptor (IGF-1R).86,87,91,92 IGF-1R is activated by 

binding of its ligand, IGF-1. Usually, much of the IGIF-1 in a cell is sequestered 

through binding to IGFBP-3. When the chimeric fusion protein EWS/FLI-1 is 

expressed, it binds to the IGFBP3 promoter, leading to a downregulation of IGFBP3. 

This leads to a much greater availability of IGF-1, which can then bind to IGF-1R and 

activate its downstream signaling cascades. The two major pathways downstream 

of IGF-1R are MAPK and PI3K/Akt/mTOR, and these have been shown to play a 

major role in the growth, differentiation, survival, and metastasis of Ewing sarcoma 

as well as many other cancers. Fibroblasts lacking IGF-1R cannot be transformed by 

expression of EWS/FLI-1, and instead the fusion protein results in cell death, 

implying that IGF-1R is a key mediator in the tumorgenic transformation of Ewing 

sarcoma cells.86,87  

Several therapies that target IGF-1R are currently under evaluation. These 

include both small molecules and monocloncal antibodies, and those within clinical 
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trials have already displayed promising results. In addition, many compounds that 

target the downstream signaling cascades are also being considered. Some groups 

have attempted to target the chimeric fusion protein itself, but because of its 

intercellular localization, a therapy that can be administered effectively in vivo is 

difficult to develop.86,87 

1.3.2. Preclinical Ewing sarcoma models 

In Ewing sarcoma, the majority of work concerning preclinical screening of 

antineoplastic drug candidates has involved the use of monolayer cell line testing 

and animal models. A large number of Ewing sarcoma cell lines have been generated 

and several have had in depth cytogenetic characterization, making them a popular 

tool for the early assessment of therapeutic efficacy in this cancer.93-95 However, as 

the focus on drug development shifts towards biologically targeted therapeutics, the 

influence of the tumor microenviorment becomes more important and the results 

from cell line screens become less relevant. For example, an antibody against IGF-1R 

showed little antiproliferative activity when tested in vitro on ES monolayers, but 

caused significant growth inhibition when tested on Ewing tumors within mice.96 

Effective mouse models of Ewing sarcoma have been slow to emerge,97 but 

the past 10 years have seen some progress towards their development. Although 

early ES xenograft models involved the implantation of human tumor tissue 

fragments directly into mice98, this strategy was often unsuccessful. Most xenograft 

drug testing schemes have involved the injection of pre-established Ewing cell 

lines34 and ES subcutaneous xenografts have been used to investigate a wide variety 
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of drugs, including small molecules, monoclonal antibodies, and biological 

therapies.99-105 A few studies have used orthotopic xenografts implanted into the 

tibia106,107 or the gastrocnemius muscle, located on the lower part of the hind leg,108-

112 and other groups have investigated metastatic xenograft models where Ewing 

cells are injected intravenously in order to observe the resultant metastatic 

spread.34,113,114 The production of transgenic Ewing models has been difficult 

because the EWS/FLI-1 fusion protein is toxic to most primary cells.88 Some groups 

have transfected murine fibroblasts with EWS-FLI1 and then injected these cells 

into mice to produce tumors,115 but the gene expression profiles of these tumors 

varied markedly from that seen in traditional ES, implying that they are not a 

relevant model of ES biology.116 

A few studies have been published that employ spheroid culture in the study 

of Ewing sarcoma and these studies reinforce the spheroid characteristics displayed 

by most other solid tumors and highlight the importance of 3D culture in this 

cancer. ES spheroids were first studied by Lawlor and colleagues as they sought to 

better understand the signal transduction pathways that play an important role in 

Ewing sarcoma.35 It was found that Ewing sarcoma spheroids mimic solid tumors 

much more effectively in terms of cell morphology, growth kinetics, gene 

expression, and kinase activation than monolayer controls.35 Specifically it was 

shown that the activation of the PI3K/Akt pathway was altered upon transition to 

3D culture,35 a fact that has gained greater significance recently due to the 

connection of this pathway to IGF-1R.  
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A more recent study involved the impact of cell-cell contacts on Ewing 

sarcoma spheroids. The spheroids displayed a greater resistance than monolayers 

to several common cytotoxics used in ES treatment, including carboplatin, 

etoposide, doxorubicin, and topotecan.50 This resistance was found to be mediated 

by cell-cell contacts via e-caderin molecules and downstream signaling pathways, 

and that expression of a dominant negative e-caderin resulted in an increased drug 

sensitization.50 This is not surprising, as other studies indicate a similar role for e-

cadherin and cell-cell contacts in the therapeutic protection of spheroids derived 

from various other tumor types.40 However, despite the above advantages offerered 

by spheroid culture, to our knowledge only one study exists that incorporates them 

into a drug testing scheme, where Ewing spheroids were shown to have a decreased 

sensitivity to a vitamin A analog called fenretinide.36 

1.4. Flow perfusion bioreactor culture 

As mentioned previously, one significant challenge in the creation of an 

effective drug testing model is a means to overcome the diffusional limitations 

inherent in a 3D cellular system. This has long been a focus of tissue engineering 

research due to the need to create functional tissues of significant size to have 

therapeutic efficacy.117 One solution to these problems is the use of bioreactors 

throughout ex vivo culture to in order to facilitate the delivery of oxygen and 

nutrients and the removal of waste products from the cells.  
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Simple bioreactors, such as spinner flasks and stirred tanks, only overcome 

external diffusion gradients. These system have been used for the culture of rat 

marrow stromal cells (MSCs) on PLGA foams.118 Although the spinner flask culture 

improved cell proliferation and differentiation over static controls, cell growth was 

still limited to the outer boundary of the polymer, implying that internal diffusion 

gradients must also be overcome for adequate 3D growth to occur.118 

In order to facilitate better internal diffusion many groups have engineered 

more sophisticated bioreactor systems that involve media perfusion directly 

through a tissue construct.119-121 In our lab, we have developed a flow perfusion 

bioreactor to be used in the culture of MSCs for bone tissue engineering purposes.122 

The detailed design can be found elsewhere,122 but briefly, the flow perfusion 

bioreactor works by pumping media through a porous scaffold through the use of a 

peristaltic pump. The scaffolds are tightly press-fit into tissue culture cassettes to 

ensure that the media goes through the scaffold rather than around its sides. 

Provided that scaffolds have sufficient interconnected porosity, this culture system 

will supply continuous oxygen and nutrients to cells throughout an entire 3D tissue 

construct. The current bioreactor is designed for 8 mm diameter scaffolds and can 

house up to 6 tissue constructs at one time.122 

The earliest studies with the flow perfusion bioreactor involved the use of 

titanium mesh scaffolds as a substrate for MSC growth,123-131 but various other 

materials have also been successfully used in this system, including starch based 

scaffolds,132-134 non-woven PLLA mats,135 a porous hydroxyapetite/β–tricalcium 
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phosphate ceramic,136 and electrospun poly(e-caprolactone) (PCL).137 For all 

materials tested, flow perfusion culture appeared to improve overall cell 

proliferation as well as cell distribution within the scaffold. Control constructs 

cultured in static would only have a thin layer of cell growth on the edge of the 

scaffold, while those grown under flow would be much more spread out throughout 

the scaffold interior.124,126,132,135-137  

One added benefit of the flow perfusion bioreactor is that it exposes cells to 

mechanical stimulation in the form of fluid sheer stress.122 Bone tissue and bone 

marrow are exposed to sheer stress in vivo because the mechanical loading of bones 

induces interstitial fluid flow between cells.138,139 We have previously shown that 

the sheer stress provided by flow perfusion bioreactors can induce osteogenic 

differentiation of MSCs and deposition of a mineralized matrix.124,132,135 Because 

sheer stress can influence both cell signaling and cellular differentiation, it is an 

important aspect of the tissue microenvironment to recreate when modeling bone 

tissue or a bone tumor, such as ES. 
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Chapter 2 

Objective 

2.1. Problem Statement 

The current paradigm of cancer drug discovery is both costly and inefficient, 

taking years for novel drug candidates to advance through the necessary preclinical 

and clinical steps required for regulatory approval. It would be most cost effective to 

eliminate ineffectual drugs before they begin clinical testing; however preclinical 

screening tools often fail to do this because of their inability to accurately replicate 

in vivo tumor behavior. Much of the divergent behavior exhibited by cancer cells in 

current in vitro drug screens is due to their separation from a 3D in vivo tumor 

microenvironment. We hypothesized, therefore, that a 3D tissue engineered 

construct would recreate many of these microenvironmental cues, thus allowing 

cancer cells to maintain their native phenotype ex vivo and have a clinically relevant 

antineoplastic drug response. The objective of this project was to apply established 
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bone tissue engineering techniques to the culture of bone tumor cells in order to 

create a 3D tissue engineered bone tumor model. This model consists of an 

electrospun poly(ε-caprolactone) scaffold seeded with Ewing sarcoma cells derived 

from an established ES cell line. We hypothesized that the polymer scaffold would 

provide an adequate surface for tumor cell attachment and proliferation, and that 

cellular infiltration into the scaffold would be sufficient to recreate the 3D 

architecture within native tumor tissue. We further hypothesized that 3D growth 

within our tumor model would increase the drug resistance of tumor cells to 

traditional chemotherapeutic drugs, and result in an ex vivo drug response more 

clinically relevant than current 2D models. The research in this thesis specifically 

investigates 2 Specific Aims, shown below.  

2.2. Specific Aims 

1. To investigate the 3D growth characteristics of cancer cells on an electrospun 

polymer scaffold exposed to both static and dynamic culture and to 

characterize the influence of cell culture duration upon cellular growth 

kinetics, distribution, and morphology. 

2. To identify the effect of 3D growth within an ex vivo tumor model upon 

sensitivity to sarcoma active cytotoxic drugs, and to analyze the variability in 

3D drug response resulting from changes in cell density and drug exposure 

duration. 

These 2 Specific Aims will be explored in depth in Chapters 4 and 5, respectively.
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Chapter 3 

Materials and Methods 

Tissue culture techniques and analysis methods for this study were adapted 

from previous bone tissue engineering studies conducted within our lab122,137,140-144 

and are described in detail in the following chapter. 

3.1. Scaffold Fabrication 

The PCL (inherent viscosity = 1.22 dL/g; Lactel, Pelham, AL) had a number-

average molecular weight (Mn) = 72,100 ± 1400 Da, weight-average molecular 

weight (Mw) = 115,000 ± 2200 Da, and polydispersity index (Mw/Mn) of 1.60 ± 0.02, 

determined via gel permeation chromatography (Phenogel Linear Column with 

5 μm particles, Phenomenex, Torrance, CA; Differential Refractometer 410, Waters, 

Milford, MA) using a calibration curve created from polystyrene standards (Fluka, 

Switzerland). The PCL was dissolved in a 5:1 (vol/vol) chloroform:methanol 

solution at 18 wt%. This solution was used to generate electrospun meshes of PCL 
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microfibers using a previously decribed apparatus consisting of a syringe pump 

(Cole Parmer, Vernon Hills, IL), power supply (Gamma High Voltage Research, 

Osmond Beach, FL), 19 cm diameter copper wire (18 gauge) ring, and a square 

grounded copper plate (11 × 11 × 0.3 cm).137 Briefly, 11 mL of PCL solution were 

loaded into a 10 mL syringe to which a 16 gauge blunt-tip needle (Brico Medical 

Supplies, Inc., Metuchen, NJ) was attached. The syringe was positioned in the 

electrospinning apparatus such that the needle tip was 33 cm from a glass collecting 

plate, placed immediately in front of the grounded copper plate, and 4 cm from the 

copper ring used to direct the spinning fibers onto the plate. The positive lead from 

the power supply was split and connected to both the needle tip and the copper 

ring. A voltage difference of 30 kV was applied and the PCL solution was pumped 

out of the needle tip at 25 mL/h using the syringe pump. Disks with a diameter of 

8 mm were cut from each resulting PCL microfiber mesh using an arch punch (C.S. 

Osborne & Co., Harrison, NJ). Those disks with thickness 0.95–1.05 mm, as 

measured using digital micro-calipers (Mitutoyo, Aurora, IL), were used as scaffolds 

for the study.  

3.2. Scaffold Visualization and Fiber Size Analysis  

Scaffold samples were mounted onto aluminum stubs and sputter coated 

with gold for 1.5 min. Scaffolds fibers on the top surface of each sample were 

visualized using scanning electron microscopy (SEM) (FEI Quanta 400 

Environmental, Hillsboro, OR) at an accelerating voltage of 30 kV and a spot size of 

3.0. Fiber diameter was determined by visualizing the center of the sample at 2000X 
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magnification and measuring the first five fibers to intersect with a line drawn 

across the middle of the field of view. This process was repeated for images taken at 

a predetermined distance to the left and right of the initial image. 3 scaffolds were 

analyzed for each electrospun mat for a total of n=45 measurements. Only those 

electrospun mats with an average fiber diameter of 7.5 – 8.5 m and a standard 

deviation of less than 1 m were used to obtain scaffolds for this study. 

3.3. Scaffold Fabrication 

Electrospun PCL scaffolds were prepared for ES cell seeding according to 

established protocols.137 The scaffolds were sterilized via exposure to ethylene 

oxide gas (Anderson Sterilizers, Haw River, NC) for 14 h, and then passed through a 

decreasing ethanol gradient from 100% to 70% to expel air from the scaffold pores. 

Centrifugation was used to ensure complete wetting. The ethanol was exchanged 

with three rinses of phosphate buffered saline (PBS), and then scaffolds were 

immersed in RPMI culture media and left in a humidified incubator at 37°C and 5% 

CO2 over night. Prior to cell seeding, scaffolds were press-fit into seeding cassettes 

and placed into 12-well cell culture plates (Sigma, St. Louis, MO). 

3.4. Cell Culture and Expansion 

Ewing sarcoma cell line TC71 (American Type Culture Collection, Manassas, 

VA) was used as the cell source for all experiments in this study. Cells were cultured 

in RPMI media (Sigma, St. Louis, MO) containing 10% (vol/vol) fetal bovine serum 
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(Cambrex Biosciences, Walkersville, MD) and antibiotics (100 g/mL penicillin, 100 

U/mL streptomycin) (Sigma, St. Louis, MO) within a humidified incubator at 37°C 

and 5% CO2. Media was exchanged every 48-72 h. Prior to cell seeding, cells were 

expanded in 75-cm tissue culture flasks (Sigma, St. Louis, MO). Every 4-5 days, as 

cells approached confluence, cells were lifted using 1.5 mL 0.25% (vol/vol) 

trypsin/EDTA (Sigma, St. Louis, MO) and replated at a 1:10 dilution. Expansion 

continued until an adequate cell volume for experimentation was obtained.  

3.5. Cell Culture on PCL Scaffolds 

Nearly confluent TC71 ES cells were lifted from cell culture flasks using 1.5 

mL 0.25% (vol/vol) trypsin/EDTA (Sigma, St. Louis, MO), counted with a 

hemocytometer, centrifuged for 10 min at 1000 rpm and resuspended in RPMI 

media at a concentration of 1.25 million cells/mL. For 3D scaffold seeding, 200 L of 

the resuspended cell solution was added drop-wise to the top surface of each 

scaffold, which had already been press-fit into seeding cassettes and placed in 12-

well plates as detailed above. This resulted in the addition of 250,000 cells/scaffold. 

Cells were allowed to attach for 24 h, and then RPMI media was added to each well 

at a volume required to cause scaffold submersion. Cell/scaffold constructs were 

then maintained in seeding cassettes for a further 24 h to ensure maximal cellular 

attachment. Constructs to be used in static studies were then removed sterilely from 

seeding cassettes and transferred to new 12-well tissue culture plates (Sigma, St. 

Louis, MO). 3 mL of RPMI media was added to each well, and media was exchanged 



 33 

every 24-48 h for the duration of the experiment. For flow studies, after cellular 

attachment, seeding cassettes containing constructs were transferred to a flow 

perfusion bioreactor as previously described.122 Constructs were maintained in the 

bioreactor at a constant flow rate of 0.3 mL/min, which is equivalent to an average 

linear velocity of 0.1 mm/s. Each bioreactor contained a total of 200 L of RPMI 

media, which was exchanged every 2 days.   

3.6. Measurement of Cellular Overflow 

In order to determine the amount of cellular overflow occurring in static 

constructs, a selection of constructs were sterilely transferred to new 12-well tissue 

culture plates at each media exchange and covered in fresh RPMI media so as to 

separate them from any cell growth on the plate surface. At each media exchange 

time point, n=3 constructs were also removed for DNA quantification. Media 

surrounding these 3 samples was centrifuged to separate any cells present, cells 

were resuspended in 1000 L sterile milliQ water, and the cell/water solution was 

transferred back to the original tissue culture well to begin the dsDNA extraction 

and quantification process. The dsDNA isolated from each well therefore represents 

any cellular overflow from constructs that occurred between media exchanges. The 

cell content of these solutions was then added to the cellularity of the constructs and 

cellular overflow data from previous time points in order to give total cell 

proliferation data at each time point.  
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3.7. Drug Exposure of 2D and 3D Samples 

Two drugs, doxorubicin and vincristine (Sigma, St. Louis, MO) were 

investigated for their effects on ES cells in 3D culture. Both drugs are currently used 

as a part of frontline therapeutic strategies in the treatment of clinical Ewing 

sarcoma.87 In separate reservoirs of RPMI media, doxorubicin was diluted to an 

initial concentration of 1.0 M and vincristine was diluted to an initial concentration 

of 0.18 M. Each drug was then serially diluted by a ratio of 1/3 to create 6 different 

concentrations, shown in Table 1. In 3D culture, cell culture media surrounding the 

cell/scaffold construct was aspirated and replaced with 3 mL of drug containing 

media. Each drug concentration, as well as a drug free media control, was added to a 

total of n=4 scaffolds for each testing group. Drug was initially added to constructs 

at either day 2 (low cell density) or day 16 (high cell density) after cell seeding. 

Constructs then remained in the presence of drug for either 3 or 16 days after 

exposure. This resulted in a total of 4 3D treatment groups, which are described in 

Table 2. Through the duration of drug treatment, media was exchanged every 24-48 

h with new drug containing media. For 2D controls, confluent cells were lifted from 

75-mm tissue culture flasks and resuspended at a concentration of 125,000 

cells/mL. 2 mL of this cell solution was then added to each well of a 12-well tissue 

culture plate (Sigma, St. Louis, MO), for a total of 250,000 cells/well. Cells were 

allowed to attach for 24 h, and then cell culture media was replaced with drug 

containing media. Each drug concentration, as well as a drug free media control, was 
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added to a total of n=3 wells. Cells in 2D were maintained in the presence of drug for 

3 days without media exchange. 

Table 1: Vincristine and doxorubicin concentrations used for drug testing. A 

1:3 dilution between concentrations was used for both drugs. 

 

Table 2: Summary of groups used to assess drug response. “Cell density” refers 

to the density of the cells at the time of initial drug exposure. 
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3.8. Cellularity Measurement 

Cellularity was quantified according to an established protocol.127 For 3D 

constructs, n = 3 constructs from each group were removed at each time point, 

rinsed with PBS, and placed in 1200 L of sterile milliQ water. The cells were lysed 

and cell contents were extracted with 3 freeze/thaw cycles followed by 10 minutes 

of sonication. For 2D cell samples, n=3 tissue culture wells were rinsed with PBS and 

filled with 1000 L sterile milliQ water. Wells were covered in parafilm to reduce 

water loss due to evaporation and frozen at -80°C in order to detach any cells 

attached to the tissue culture plate surface and begin the cell lysis process. Solutions 

from culture wells were then thawed at room temperature and transferred to 

microcentrifuge tubes. Wells were then rinsed with a further 200 L milliQ water to 

ensure removal of all cell contents, bringing the total water volume added to each 

sample to 1200 L. Solutions were then subjected to 2 more freeze/thaw cycles 

followed by 10 minutes of sonication, as with 3D samples. After extraction, the 

dsDNA content of both 2D and 3D samples was quantified using the fluorometric 

PicoGreen assay (Molecular Probes, Eugene, OR) with an excitation wavelength of 

490 nm and an emission wavelength of 520 nm according to the manufacturer’s 

protocol. Samples and dsDNA standards were run in triplicate. The dsDNA extracted 

from a known concentration of TC71 cells (measured via hemocytometer) was also 

assessed, and the resultant ratio was used to convert dsDNA data to cells/scaffold or 

cells/culture well.  
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3.9. Histological Sample Preparation 

At each timepoint, n = 1 construct from each group was rinsed with PBS and 

fixed for a minimum of 24 h in 1.5 mL of 10% buffered formalin phosphate. In order 

to use constructs for both histology and SEM analysis, each construct was cut in half 

using a razor blade. One construct half was placed in 1 mL 70% ethanol, while the 

other half was placed in 0.5 mL of 2.5% gluteraldehyde to await later preparations 

for SEM. Construct halves underwent dehydration in 70% ethanol for 30 min and 

were then embedded in HistoPrep frozen tissue embedding media (Fisher Scientific, 

Pittsburgh, PA). Frozen 5 μm thick sections were cut using a cryotome (CM1850, 

Leica Microsystems, Bannockburn, IL) and mounted on Superfrost Plus glass slides 

(Fisher Scientific). The slides were incubated at 45 °C on a slide warmer for 4–5 

days for optimal section adhesion. 

3.10. Histological Staining and Imaging 

To visualize the distribution of cells within each construct, sections were 

stained using standard hematoxylin and eosin protocols. Sections were stained with 

hematoxylin solution (Sigma, St. Louis, MO) for 3 min and rinsed gently with water 

to remove residual stain. Sections were then briefly exposed to 2% acetic acid and 

1% ammonium hydroxide, with a gentle water rinse between solutions. Next, 

sections were dehydrated by 95% ethanol for 5 min, and then counter-stained with 

alcoholic eosin Y for 3 min. Finally, sections were rinsed gently with 95% ethanol 

until slides appeared clean. Once dry, stained slides were imaged with a light 
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microscope (Eclipse E600, Nikon, Melville, NY) using an attached video camera 

(3CCD Color Video Camera DXC-950P, Sony, Park Ridge, NJ) and computer. 

3.11. SEM Analysis of Cell/Scaffold Constructs 

3D construct samples for scanning electron microscopy were fixed in 2.5% 

glutaraldehyde for 1 h, dehydrated through a gradient series of ethanol from 70% to 

100%, air-dried overnight, and mounted on aluminum stubs to visualize the top 

surface of the constructs. Mounted samples were placed under vacuum in a 

lyophilizer for 3 h to ensure complete drying and then sputter coated with gold for 

1.5 min. The constructs were imaged using SEM (FEI Quanta 400 Environmental, 

Hillsboro, OR) at an accelerating voltage of 30 kV and a spot size of 3.0. 

3.12. Statistical Analysis 

Cellularity data for all samples is reported as mean ± standard deviation for 

n=3. A one-factor ANOVA was performed to determine whether culture duration 

had a significant effect on cell proliferation within scaffolds, total cell proliferation, 

or cell proliferation under flow conditions, and multiple pairwise comparisons were 

made using the Tukey procedure to determine significant differences between data 

points. A one-factor ANOVA test was performed to determine whether drug 

concentration had a significant effect on cellular drug response for each group, and 

then a two-factor ANOVA was performed to determine whether dose response 
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curves for different groups were significantly different. All statistical analyses were 

performed at a significance level of 5%. 
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Chapter 4 

Establishment of a 3D in vitro Ewing 

sarcoma model within microfiber PCL 

scaffolds 

Poly(ε-caprolactone) (PCL) is a biocompatible, biodegradable synthetic 

polymer that has been used medically as a degradable suture material, a drug 

delivery vehicle, and a tissue engineering scaffold capable of supporting a wide 

variety of cell types.145 In our laboratory, we have used electrospun microfiber PCL 

scaffolds for the 3D culture of bone and cartilage cells under both static and dynamic 

culture conditions.137,140-143 In this study, we establish the suitability of a PCL 

microfiber scaffold as a platform for the 3D growth of Ewing sarcoma cells and we 

characterize the attachment, proliferation, infiltration, and morphology of cells 

within these constructs over time.  
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4.1. Results 

Ewing sarcoma (ES) cells were seeded onto elecrospun microfiber poly(ε-

caprolactone) (PCL) scaffolds and maintained in culture for up to 32 days. Cell 

proliferation within the cell/scaffold constructs at each time point was determined 

via a picogreen dsDNA assay (Figure 2). The cell number within each construct 

increased rapidly between days 2 and 8 and then remained relatively static at about 

700,000 cells per scaffold for all later time points.  

 

Figure 2: Cellularity of scaffolds seeded with ES cells after static culture. Cell 

numbers were determined with a PicoGreen assay kit and are represented as 

mean ± standard deviation with n = 3. * denotes statistically different groups 

(p < 0.05 ). 
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Cell/scaffold constructs were visualized using scanning electron microscopy 

(SEM) and histology. After 24 days, cells on the top surface of the construct 

appeared as dense, scattered colonies (Figure 3). Cells on the construct surface 

exhibited a mixture of flat and rounded morphologies. Flat cells tended to be 

directly attached to the scaffold fibers, while rounded cells had less direct contact 

with the fibers and tended to be layered upon other cells. Cellular distribution was 

observed by taking a vertical cross section of the constructs and applying a 

hematoxylin and eosin stain (Figure 4). Significant cell penetration was only seen 

throughout the top ~200 m of the construct, but isolated cell groups could also be 

seen extending all throughout the remaining construct depth.   

 

 

Figure 3: A&B) Scanning electron micrograph of ES cells on PCL scaffolds 24 

days after seeding at A) 500X and B) 200X magnification. C) Scanning electron 

micrograph of PCL microfiber scaffold prior to cell seeding. Bar = A) 100 µm or 

B&C) 40 µm. 
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Figure 4: Light micrograph of construct vertical cross section at day 12 of 

culture after H&E stain. Cells can be identified as small, dark purple dots and 

polymer fibers appear as transparent tubes. Most cell growth occured within 

the top 200 µm of the construct, although isolated cell groupings often 

appeared deeper within the construct interior (red arrow). Bar = 200µm. 
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In addition to cellular migration throughout the interior of the constructs, ES 

cells would occasionally aggregate into scaffold free cell masses above the surface of 

the construct. These aggregates were captured in histology sections as dense bands 

of cells above the top surface of the polymer scaffold. As this band of cells increased 

in density, it would eventually break away from the construct, as seen in Figure 5. 

 

 

 

Figure 5: Light micrograph of top of construct vertical cross section at day 16 

of culture after H&E stain. When a cell mass growing on the surface of the 

construct grew large, it would detach from the polymer scaffold. This cross 

section captures this detachment as it occured. Bar = 200 µm. 
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Because masses of cells can and do break away from the constructs 

throughout cell culture, a calculation of total cell proliferation required the addition 

of any cells that detached from the scaffold and grew either attached to the cell 

culture plate surface or as a nonadherent mass in the cell culture media. This 

number was calculated by summing the scaffold cellularity with the total cells 

isolated from the plate surface and from the cell culture media for each time point. 

These results are summarized in Figure 6. Until day 13 of cell culture, there was no 

significant difference between scaffold cellularity and total cell proliferation. 

However, at the latest two time points, total cell proliferation was significantly 

higher than the scaffold cellularity, indicating that, at later time points, there was 

significant cell proliferation occurring beyond what was indicated by scaffold 

cellularity alone. The total cell proliferation rate within our model was then 

calculated by analyzing data points from Figure 6 with an online calculator (Roth V. 

2006, available from http://www.doubling-time.com/compute.php), which gave an 

average doubling time within our model of 4.5 days. 
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Figure 6: Total cell proliferation of ES cells after seeding on PCL scaffolds was 

compared to cellularity of scaffolds at each time point. Total cell proliferation 

was equal to the scaffold cellularity plus cells that have detached from the 

scaffold to either float within the cell culture media or attach to the surface of 

the tissue culture plate. Cell numbers were determined with a PicoGreen 

assay kit and are represented as mean ± standard deviation with n = 3. * 

denotes statistically different groups (p < 0.05 ). 
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The effect of sheer stress on ES cell growth within PCL scaffolds was 

observed by placing cell/scaffold constructs in a flow perfusion bioreactor. 

Constructs were seeded under static conditions and maintained in static culture for 

2 days before being transferred to the bioreactor. After transfer, scaffolds were 

exposed to a media flow at a constant average linear velocity of 0.1 mm/s for either 

3 or 5 days, for a total culture time of either 5 or 7 days. Total scaffold cellularity of 

constructs in flow and static conditions is shown in Figure 7. At both day 5 and day 

7, cell numbers in both static and flow were significantly higher than cell numbers at 

day 1, before transfer to the bioreactor. There is no significant difference between 

cell numbers under static and flow conditions at either time point, although flow 

conditions did appear to result in a generally higher scaffold cellularity than static 

controls. 
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Figure 7: Scaffold cellularity after flow perfusion culture. Scaffolds were 

maintained in static culture for 2 days before exposure to a fluid flow rate of 

0.3 mL/min in a flow perfusion bioreactor. Cell numbers were determined 

with a PicoGreen assay kit and are represented as mean ± standard deviation 

with n = 3. * denotes statistically different groups (p < 0.05 ). 
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The morphology of cells in ES cell/scaffold constructs exposed to fluid flow 

was compared to static controls using SEM (Figure 8). 5 days after seeding, cells in 

static conditions exhibited a mostly flat, widely spread morphology (Figure 8B & D). 

Conversely, cells under flow conditions were almost uniformly small and rounded 

(Figure 8A & C). Scaffolds were also visualized via vertical cross-section followed by 

H&E stain (Figure 9). When histology sections of flow and static controls were 

compared, there was little difference in cellular distribution or density. There was, 

however, significant pink staining between cells from the flow scaffolds, indicating 

the presence of ECM and other extracellular materials (Figure 9B). There was little 

or no pink staining in the static sections (Figure 9A), which is consistent with earlier 

static studies (Figure 4 & Figure 5). 
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Figure 8: Scanning electron micrograph of ES cells on PCL scaffolds. A&C) Cells 

were maintained in static culture for 2 days and then transferred to flow 

perfusion culture for 3 days at a flow rate of 0.3 mL/min. B&D) Cells were 

maintained in static culture continuously for 5 days. A&B) 250 X, Bar = 200 

µm. C&D) 1000X, Bar = 50 µm. 
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Figure 9: Light micrograph of the tops of construct vertical cross sections at 

day 4 of culture after H&E stain. Cells can be identified as small, dark purple 

dots while ECM appears as diffuse, light pink staining. A) Continuous static 

culture. B) One day static culture followed by 3 days flow perfusion culture. 

Bar = 200 µm. 
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4.2. Discussion 

4.2.1. Cell morphology 

Cellular morphology at the top surface of cell/scaffold constructs was 

visualized qualitatively by using scanning electron microscopy. Rather than growing 

uniformly throughout the construct, cells formed small multicellular colonies at 

various points throughout the construct interior which began to merge as cell 

density increased over time. This clumping behavior was evident even at the earliest 

time points and indicated that cells were more likely to attach to the scaffold and 

proliferate when they were in contact with other cells. Within these groupings, the 

tumor cells appeared to adopt 2 distinct morphologies. Many cells in direct contact 

with the polymer fibers exhibited a broad flattened morphology without clear 

distinctions between cells, and at the earliest time points, this cell morphology 

predominated. As scaffold cellularity increased, other tumor cells, often growing on 

top of the flattened cells, exhibited a much more distinct and rounded morphology. 

This variation in cell morphology is likely due to the differences in substrate 

stiffness and adhesiveness between the polymer fiber surface and the surface of 

other ES cells.146,147 The ES cells appeared to adhere very strongly to the polymer 

fiber surface directly, but when cell crowding and proliferation forced the ES cells to 

instead adhere to the surface of other cells, they adhered less strongly and adopted 

a more rounded morphology. Because ES tumors in vivo are made up of small, 

rounded cells (Figure 1), the lower adhesiveness of the ES cell surface and the 

subsequent cell rounding experienced by additional layers of cells was more 
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representative of the in vivo tumor phenotype than the flattened cells in direct 

contact with the polymer fibers.148  

4.2.2. Cell proliferation and migration 

The cellularity of cell/scaffold constructs was calculated at various time 

points through the use of a picogreen cell proliferation assay and cellular 

distribution was assessed visually using electron microscopy and histology. Cellular 

growth kinetics are an important factor to consider when developing a drug testing 

model, especially when assessing traditional chemotherapeutic drugs because they 

work by selectively targeting rapidly dividing cells.149 When TC71 ES cells are 

grown in 2D monolayers on tissue culture plastic, they proliferate rapidly, with a 

mean doubling time of only about 24 h. 150 In contrast, Ewing sarcoma tumors in 

vivo have a tumor volume doubling time of about 22 days.151 Although Ewing 

sarcoma is considered a rapidly growing tumor (for comparison, slower growing 

tumors, like breast, prostate, or colon, have a doubling time measured in months or 

years), this difference in cell proliferation rate can significantly affect the way cells 

respond to antitumor drugs.152 In our model, scaffold cellularity increased rapidly 

after initial seeding, but quickly reached a plateau value of about 700,000 

cells/scaffold. Cell proliferation at the construct surface continued, however; cell 

masses were observed growing above the construct surface, where they eventually 

detached and became spheroid-like cellular aggregates in the surrounding tissue 

culture well. When this cellular outgrowth was included, the overall average cell 

proliferation rate in our 3D model was observed to remain relatively constant, with 
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an average doubling time of 4.5 days. This cellular growth rate was slower than the 

rapid doubling time observed in monolayer cultures and shows that our 3D model is 

a closer representation of in vivo cellular growth kinetics and chemotherapeutic 

drug response. 

Initial cell seeding was accomplished by placing a concentrated cell 

suspension on top of the scaffold surface, and any deeper cell localization was the 

result of cellular migration. After initial cell seeding, cellular migration primarily 

occurred downward into the scaffold interior. Cells colonized the entirety of the top 

~20% of the scaffold, and could be seen as sporadic colonies throughout the 

remaining scaffold depth at later time points (Figure 4). In contrast, when marrow 

stromal cells are cultured statically under the same conditions, cells remain as a thin 

film on top of the scaffold surface, and deeper cell localization can only be 

accomplished through dynamic cell culture methods like flow perfusion.137 Because 

ES tumors are currently theorized to have a mesenchymal origin,153-155 the 

increased migratory capacity of the ES cells when compared to their “healthy” 

counterparts is indicative of the more infiltrative and migratory nature of all tumor 

cells.156   

As the cell number within the constructs reached its maximum value, the 

primary direction of cell migration changed. ES cells began to migrate outward and 

formed 3D cellular aggregates above the scaffold surface, a behavior unique to 

tumor cells. In our lab marrow stromal cells (MSCs) and various other connective 

tissue cell types have been cultured in a wide variety of polymer scaffolds, and cell 
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growth has always been confined within the scaffold architecture. Although the ES 

cells would seek out surface attachments when they are available, they would 

readily grow beyond the scaffold when growth conditions within the scaffold 

became unfavorable. This lack of anchorage dependence is a defining aspect of 

cancer cells and is a requirement for the acquisition of malignancy.157 When non 

cancerous anchorage dependent cells are separated from attachment to their 

underlying extracellular matrix they undergo anoikis – apoptosis due to lack of 

attachments.158 In cancer cells, however, this normal control mechanism has been 

disrupted, which is a contributing factor allowing cells to grow beyond their typical 

tissue boundaries and to metastasize to other parts of the body.158 The anchorage 

independence of cancer cells has been used for the creation of other 3D cancer 

models, such as spheroids; many tumor cell lines will spontaneously aggregate into 

spheroids when placed on a non-adherent surface, while healthy, non-lymphoid 

tissues usually require an ECM gel base or a specialized dynamic culture method for 

cell survival and aggregation to occur.45,159-162 The 3D ES cell aggregates in our 

model formed thick layers above the scaffold surface until they would eventually 

break off from the scaffold to become independent spheroid like cellular structures 

on the surrounding surface of the culture well.  

The pattern of cell proliferation and migration within our model and the 

tendency of the cells to migrate outside of the boundaries of the scaffold are due to 

diffusion gradients of oxygen, nutrients, and metabolites developed within the 

construct over time. It is well established that dramatic oxygen and nutrient 

gradients exist when cells are grown on scaffolds under static conditions, and that 
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these gradients affect cell proliferation and distribution in tissue engineered 

constructs.117,163-167 These gradients become even more pronounced when the cells 

have high metabolic rates, such as cancer cells.168-170 In static cell-scaffold 

constructs, oxygen and nutrient levels drop dramatically as distance from the 

scaffold surface increases, and viable cell growth is often limited to only about 200 

m.171,172 During the first few days after seeding in our model, the ES cells 

proliferated and migrated throughout this “viable zone”. As cell density within this 

zone increased, so did hypoxia levels and waste buildup, which placed the deepest 

cells within the construct under metabolic stress. Meanwhile, cells at the surface of 

the construct continued to proliferate rapidly, as evidenced by the cellular 

overgrowth from the scaffold observed at later time points. This resulted in a 

stratified cell structure where cell viability and proliferation rate decreased along 

with distance from the construct surface. Diffusion gradients within tumor 

spheroids have been shown to produce this type of cellular stratification, leading 

spheroids to be widely lauded as an effective tool to study the growth kinetics and 

physiological tumor cell diversity found in avascular tumor microregions resulting 

from irregular tumor vasculature.37-39,41,173 Our model, therefore, when grown under 

static growth conditions, could also effectively mimic the variation in physiological 

stress and oxygenation experienced by tumor cells in vivo.  

4.2.3. The effect of dynamic culture on cell/scaffold constructs 

Cell/scaffold constructs were cultured within a flow perfusion bioreactor for 

up to 5 days in order to determine the effect of dynamic culture on cell proliferation, 
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morphology, and distribution within the constructs. The benefits of dynamic culture 

include the elimination of the oxygen and nutrient gradients common to static 

cultures and the addition of sheer stress which can mimic the mechanical 

stimulation experienced by cells in vivo.124,132,135 Although the gradients and cell 

stratification in static culture are a good representation of avascular tumor 

microregions, there are many applications where a solid 3D tumor mass with 

customizable culture parameters would be advantageous. For drug testing 

specifically, a perfused tumor model offers the advantage of testing potential 

therapies in a well defined system so that poor drug diffusion is not confused with a 

general lack of efficacy, as well as providing more precise control of factors such as 

hypoxia and poor nutrient availability. 

For our model, cell/scaffold constructs cultured in flow conditions appeared 

to have higher cell numbers than static controls, although these differences in cell 

proliferation were not statistically significant (Figure 7). Differences in cell 

morphology were also observed between the groups. Even at very low cell densities, 

when cells were attached directly to the scaffold surface, significant cell rounding 

was evident under flow conditions, while cells at low densities in static conditions 

adopted a flattened morphology (Figure 8). This cell rounding could be related to a 

decrease in cellular adhesion strength caused by the force of fluid flow on the cells.  

Cells within our model also appeared to produce some kind of extracellular 

material in response to mechanical stimulation, as evidenced by pink staining 

between cells appearing on histology sections (Figure 9). MSCs placed under flow 
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conditions deposit a variety of matrix materials related to bone remodeling such as 

collagen, hydroxyapatite, matrix remodeling proteins, and regulatory proteins.142 

Because of its mesenchymal origins, the ES cells might be depositing a similar 

mixture of matrix materials, but this has yet to be investigated. The ES matrix 

deposition also raises the possibility that the ES cells are undergoing some kind of 

differentiation process, similar to the osteogenic differentiation of MSCs. Certain 

cellular subpopulations of primary ES tumors are capable of differentiation into 

adiopogenic, osteogenic, and chondrogenic lineages, but thus far such mesenchymal 

differentiation of ES cell lines has only been possible after silencing of the oncogenic 

EWS-ETS fusion gene.153,154,174 Although ES tumors contain little ECM material 

relative to other tissue types, replication of the matrix that does connect the cells in 

vivo could be helpful in recreating the native tumor microenvironment, and further 

investigation of the matrix production and other possible cell changes that occur 

upon exposure to sheer stress could give us valuable insights into the biological 

origins of the disease. 
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Chapter 5 

Response of Ewing Sarcoma cells 

grown on microfiber scaffolds to 

anticancer drugs 

One of the major goals in the development of a new tumor model is the 

production of a more accurate ex vivo preclinical drug screening tool. With this in 

mind, in this study we assessed the drug response of tumor cells in our model under 

various conditions and then compared this drug response to 2D controls.  

5.1. Selection of Groups 

The drug response of tumor cells within our 3D model was tested under 4 

different unique sets of conditions. These four groups are summarized in Table 2 

and a cell culture time table is shown in Table 3. The effects of two independent 

variables were assessed: cell density at the time of initial drug application, and total 
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drug exposure time. Drug was applied at either 2 days (low density) or 16 days 

(high density) after cell seeding, and then samples were maintained in the presence 

of drug for either 3 days or 16 days. 

Table 3: Cell culture time table for 3D groups used to assess drug response. 

 

 

These experimental groups were chosen, in part, because of the difficulty in 

defining a precise counterpart for comparison to 2D cellular controls. In a typical 2D 

monolayer drug testing strategy, cells are plated at a low density in microwell plates 

and allowed to attach for about 24 h. They are then cultured for 3-4 days in the 

presence of the drug under study, and then cell number/proliferation is measured 

by one of a variety cell proliferation assays.175 The low cell density at the time of 

drug application and the short duration of drug exposure suggest that the L-3 group 

would be the closest analog for comparison. However, the drug resistance of cells in 

3D environments is mediated in part by 3D cell-cell contacts, which only become 

extensive at the high cell densities observed at later time points, at which point our 

model better replicates the in vivo tumor cell structure. Additionally, drug diffusion 
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into a 3D system may require more time than is necessary in 2D controls, and a 

longer drug exposure time is more representative of clinical drug application times. 

Drug responses were therefore also assessed at high cell density and for a longer 

exposure time. 

5.2. Drugs tested 

Two chemotherapeutic drugs, vincristine and doxorubicin, were selected for 

the evaluation of our 3D tumor model. These drugs have been used, both as single 

agents and as parts of combination regimens, to treat Ewing sarcoma since the 

1960s. Currently, both drugs are used as parts of frontline multidrug treatment 

regimens for the disease in both North America and Europe and have been 

extremely effective in treating localized disease.176 Both drugs have also been shown 

to work synergistically with IGF-1R targeted therapies to inhibit cell growth, and 

may therefore play an important role in future advances in the treatment of ES and 

other IGF-1R mediated cancers.177 

Vincristine is one of several vinca alkaloids that have been used to treat solid 

and hematological malignancies both as single agents and in combination with other 

drugs.178 Vinca alkaloids bind to tubulin dimers; at low concentrations they 

suppress microtubule dynamics and at high concentrations they inhibit microtubule 

polymerization entirely. Without microtubule polymerization, the mitotic spindle 

cannot form and mitosis is blocked at the metaphase/anaphase transition. This 

blockage signals the mitotic checkpoint and leads to cell cycle arrest which, when 
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prolonged, usually leads to cell death.179,180 Occasionally cells will survive after 

exiting mitosis, but the excess chromosomes present within the cells will make them 

inherently unstable.179   

Doxorubicin is an anthracycline antibiotic that serves as an important part of 

treatment for breast cancer, solid childhood tumors, soft tissue sarcomas, and 

lymphomas.181 Doxorubicin acts as a topoisomerase II inhibitor by stabilizing the 

topoisomerase II/DNA complex after DNA cleavage occuring during chromosome 

condensation prior to mitosis and meiosis. This causes double stranded DNA breaks 

which can lead to G1 and G2 growth arrest and eventual apoptosis.181 However, 

recent studies indicate that topoisomerase II inhibition is only a secondary 

mechanism, and that the induction of apoptosis by doxorubicin is primarily initiated 

by oxidative DNA damage.182 Anthracyclines act as reducing agents and produce 

reactive oxygen species that cause major oxidative damage to the cells and induce 

detectable levels of potentially cytotoxic oxidized DNA bases when cells are exposed 

to clinical drug concentrations.181 Both of these mechanisms of apoptosis induction 

are likely responsible for doxorubin’s activity against ES and other types of cancer. 

5.3. Results 

The response of ES cells growing in microfiber PCL scaffolds under static 

conditions to anticancer drugs was assessed and compared to static controls. 

Doxorubicin and vincristine, 2 standard therapeutic anticancer drugs, were tested. 

The effect of each drug was assessed at six different concentrations, as summarized 



 63 

in Table 1. In 2D culture, drugs were applied 1 day after seeding when cells were at 

10-20% confluency. Cells were then maintained in drug for 3 days, at which point 

drug free controls were at about 90% confluency. In 3D scaffold culture, drugs were 

applied either when cell numbers were still low, at day 2 (low density), or when cell 

numbers had already reached their plateau value, at day 16 (high density). Drugs 

were then maintained on cell/scaffold constructs for either 3 or 16 days. Cell 

proliferation for each group was assessed by quantifying the cellular content of each 

construct with a picogreen dsDNA assay at the end of each drug testing period.  

The cellular distribution, scaffold infiltration, and morphology of tumor cells 

growing in 3D at both a high and low cellular density were compared by visually 

assessing scaffolds at day 2 and day 16 after seeding using SEM and histology 

(Figure 10 Figure 11). Cells at low density were widely distributed and adopted a 

mostly flat, spread out morphology. The cells were isolated, existing as individual 

cells or small cell groupings on the scaffold fibers with few cell-cell contacts. In 

addition, at lower density scaffold infiltration was low, and the majority of cells 

formed a thin film above the construct surface. Conversely, cells at high density 

were tightly aggregated and adopted a mixture of flat and rounded morphologies. 

The cells formed dense, highly interconnected structures with significant cell-cell 

and cell-scaffold contacts. In addition, at higher density scaffold infilitration was 

high, and a pronounced population of cells extended throughout the top 200 m of 

the construct.  
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Figure 10: Scanning electron micrograph of ES cells on PCL scaffolds 

maintained in static culture for A) 2 days and B) 16 days at 500X. Bar = 100 

µm. 

 

Figure 11: Light micrograph of tops of construct vertical cross sections after 

H&E stain at A) 2 days or B) 16 days after cell seeding. Bar = 200 µm. 
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The response of cells within our 3D model to anticancer drugs is shown 

below. Figure 12 compares drug response curves at different initial cell densities. 

Response curves were compared using a 2 way ANOVA with a 95% confidence 

interval, and this showed a significant difference between groups for all curve 

comparisons. When drug exposure time was short, the difference in survival curves 

between cell densities was very pronounced. When cells at low density were 

exposed to drug for 3 days (Group L-3), cell survival was universally low. For both 

drugs, there was no statistical correlation between drug concentration and cell 

viability, and viability at all concentrations was not significantly different than zero. 

For doxorubicin, some non-significant and highly variably cell viability appeared 

evident at the lowest 2 drug concentrations, but for vincristine, little to no cell 

survival was evident at all. When cells at high density were exposed to drug for 3 

days (Group H-3), cell survival changed dramatically and little cell death was 

evident. For vincristine, there was again no statistical correlation between drug 

concentration and cell viability, but this time cell viability was close to 100% for all 

data points. For doxorubicin, cell survival did decrease significantly as drug 

concentration increased, but cell viability still never dropped below 60%.  

When drug exposure time was increased to 16 days, differences between 

survival curves at different cell densities were still statistically significant, but were 

less extreme. When cells at low density were exposed to drug for 16 days (Group L-

16), the change in cell viability with concentration was sudden. For most drug 

concentrations, scaffold cellularity was effectively zero with very little variation 

between data points, but at the lowest 1 (doxorubicin) or 2 (vincristine) 
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concentrations, cell numbers increased rapidly to plateau at about 60% cell 

viability. When cells at high density were exposed to drug for 16 days (Group H-16), 

the change in drug response with drug concentration was more gradual. For both 

drugs, cell viability was extremely low for the highest 3 drug concentrations. For the 

lower 3 concentrations, cell viability increased with decreasing concentration, until 

it reached a point where no statistical loss in cell viability was evident.  
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Figure 12: Comparison between the anticancer drug response of cell/scaffold 

constructs at low or high cell density. Cell viability is represented as a 

mean ± standard deviation with n = 3. 
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A comparison between the effects of short and long term drug exposure is 

shown in Figure 13. There was a significant difference between groups for all curve 

comparisons. At high density (H-3 and H-16), prolonged drug exposure lead to a 

marked increase in drug susceptibility. 3 days of drug exposure resulted in very 

little cell death at any drug concentration, but extending the drug exposure to 16 

days caused cell survival to drop to almost zero at the highest drug concentrations. 

At low density (L-3 and L-16), prolonged drug exposure had mixed results. For 

doxorubicin, longer drug exposure led to more cell loss at the majority of drug 

concentrations, but at the lowest drug concentration, cell viability actually increased 

by about 30%. For vincristine, however, overall drug resistance actually appeared to 

increase over time. Almost no cell viability was present after 3 days drug exposure, 

but after 16 days, cell viability at the lowest two drug concentrations shot up 

dramatically to 60%. 
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Figure 13: Comparison between the anticancer drug response of cell/scaffold 

constructs after 3 or 16 days drug exposure. Cell viability is represented as a 

mean ± standard deviation with n = 3. 
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The drug response of 2D controls after 3 days of drug exposure was 

compared to drug response in our 3D model, as shown in Figure 14. At low density, 

cells in 3D were less resistant to drug than 2D controls. Controls showed a much 

greater cell survival at low drug concentrations than cells in 3D after 3 days of drug 

exposure, although the difference in survival curves for doxorubicin was not 

significant. For vincristine, the superior cell survival in controls largely disappears 

when drug exposure time in 3D was increased, but for doxorubicin, the difference 

remained. Conversely, high density 3D cells were more resistant to drug than cells 

in 2D. Cell survival in 2D controls was much lower than in 3D after 3 days of 

exposure to either drug. Longer exposure in 3D caused cell survival to drop. 16 days 

of 3D exposure to doxorubicin led to a survival curve similar to that in 2D, but for 

vincristine, survival still remained much higher than 2D controls. 
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Figure 14: Comparison between the anticancer drug response of ES cells 

grown in 2D and 3D. Cell viability is represented as a mean ± standard 

deviation with n = 3. 
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5.4. Discussion 

5.4.1. The effect of cell density on drug response 

The two different cell densities tested represent the two different extremes 

of cell density possible within the scaffold (Figure 10Figure 11). At day 2, the cells 

had enough time to attach to the polymer scaffold and adjust to their new 

environment after seeding, and had just begun to undergo significant cell 

proliferation. Cells existed as sparse, isolated colonies on the upper edge of the 

scaffold, with few cell-cell contacts and a mostly flattened cell morphology. At day 

16, cells had expanded to their maximum cell density and had been stable at that 

stage for several days. Cells appeared in dense, 3D aggregates throughout the top 

200 m of the scaffold, with extensive 3D cell-cell and cell-fiber contacts and a 

mixture of round and flat cellular morphologies. These differences are summarized 

in Table 4. 

Table 4: Summary of differences between low and high density 3D culture. 
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For both drug exposure times tested, a higher cell density appeared to offer a 

protective effect to the cells when compared to a lower cell density. This increased 

resistance was most extreme in the comparison between short term exposure 

groups L-3 and H-3, but was evident to a lesser degree in the comparison between 

long term exposure groups L-16 and H-16 as well. A variety of factors could be 

responsible for the higher drug resistance observed in the high density samples. At 

lower cell densities, most tumor cells are attached along the top edge of the scaffold, 

and are therefore exposed to drug immediately after it is added to the cell culture 

media. At higher cell densities, however, the drug has to diffuse through the scaffold 

and through the dense outer layers of cells before it can reach the tumor cells 

located deeper within the construct. This results in a lower effective drug 

concentration faced by the high density cells immediately after drug exposure. 

Additionally, because chemotherapeutic drugs target rapidly dividing cells, 

variations in cell proliferation rate can also have an impact on cellular drug 

resistance. At the low cell density, all cells have adequate access to oxygen and 

nutrients and are dividing at a relatively rapid pace, increasing the toxicity of the 

drugs. At the higher cell density, the proliferation rate decreases along with depth in 

the scaffold, decreasing the toxicity of the drugs against the innermost cells.  

As drug exposure time is extended, drug diffusion and cell proliferation rate 

have less of an impact on overall drug response; given enough time for diffusion and 

cellular uptake, even cells deep within the construct would be exposed to the 

external drug concentration, and even a slower proliferation rate would be enough 

to result in drug toxicity. This is why the difference between high and low density 
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cell survival became less dramatic as drug exposure time increased. The residual 

difference in drug resistance between low and high density cells after long term 

exposure was most likely due to the increased 3D architecture in the high density 

construct. Because cells at low density were often isolated as individual cells or 

small groupings, they experienced less cell-cell and cell-scaffold contacts, which 

have been linked previously with increased drug resistance.40,50,51 The need for drug 

diffusion, the variations in oxygenation and proliferation rate, and the increased 

overall 3D architecture observed in the high density samples were more 

representative of the 3D tumors that this model seeks to replicate, and the drug 

resistance displayed was likely more indicative on in vivo tumor behavior than low 

density samples.  

5.4.2. The effect of drug exposure time on drug response 

When a potential anticancer agent is evaluated in vitro, the amount of tumor 

cell death associated with drug exposure is often treated as a precise value 

dependent only on drug concentration, however numerous studies have shown that, 

for many drugs, cancer cell drug response is also dependent on drug exposure 

time.183,184 The IC50 value (equal to the concentration of drug necessary to cause 

50% cell death) for a cell line/drug combination will often decrease gradually over 

time, making the standardization of experimental endpoints difficult and hindering 

comparisons between different studies.183 Despite the need to understand this time 

dependence, long drug studies are often precluded due to the nature of monolayer 

growth. Monolayer assays can only evaluate drug response reliably until they reach 
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confluence, which is typically 72-144 h for most tumor cell lines.185-188 In addition, 

when drugs are introduced into a 3D environment, drug diffusion through the cell 

mass becomes a much more significant factor in determining the drug response of 

cells.52-54 Because our tumor model can be maintained in culture for up to 32 days, it 

offers a unique opportunity to study how changes in drug exposure time affect 

tumor cell drug response. A short drug exposure time (3 days) was chosen in order 

to reflect 2D controls, while the longer drug exposure time (16 days) offered an 

opportunity to see how this drug response changed over time. 

Under most conditions, cells that underwent prolonged drug exposure 

suffered further cell death when compared to cells exposed to drug for only 3 days. 

For the high density cell cultures, this change in cell survival was considerable. 

While 3 days of drug exposure (group H-3) had little to no effect on cell survival, 16 

days of drug exposure (group H-16) had a much greater impact and caused almost 

100% loss in cell viability at the highest drug concentrations. This large change 

shows the importance of considering time as a factor when assessing new tumor 

models, especially those involving 3D cell growth where factors such as drug 

diffusion and variations in cell proliferation play a role. For our model, variations 

across drug concentration and across time must both therefore be considered when 

comparing the drug response of different groups. 

When drug response was varied for low density cell cultures, the changes 

that occurred were much more complex. Cell survival after 3 days of exposure (L-3) 

was very low, especially for vincristine, which showed no significant difference from 
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zero cell viability. When drug exposure was increased to 16 days (L-16), no trace of 

cells was observed in any but the lowest 1 or 2 concentrations of drug. For cells 

exposed to doxorubicin, a complete loss of cell viability for group L-16 occurred at a 

lower concentration than was indicated by data from group L-3; group L-3 showed 

some cell viability for 3 drug concentrations, but only the lowest concentration 

maintained a population of cells through further drug exposure. However, the 

opposite was true for cells exposed to vincristine; there was almost no viability 

evident for group L-3 at any drug concentration, but as drug exposure was 

prolonged, a significant population of cells actually emerged. This inconsistent data 

could be reflective of the mechanisms of action of the two drugs. Doxorubicin causes 

apoptosis directly through oxidative DNA damage. Since a long lag phase exists 

between cellular exposure to doxorubicin and detection of hydrogen peroxide,181 

the drug’s toxicity increases over time, which contributes to the leftward shift in the 

dose response curve. In contrast, vincristine works primarily by disrupting 

formation of microtubules, which, initially, results in growth arrest rather than 

immediate cell death. The low cell viability evident for L-3 may indicate that cells 

are low in number and non-proliferative, rather than completely absent. As drug 

exposure continued, however, a resistant subpopulation of cells was able to escape 

the cell cycle arrest, survive any resultant chromosomal abnormalities, and regain 

proliferative capabilities at the lowest drug concentrations. This initial suppression 

of cell proliferation followed by an overgrowth of resistant cells is reflective of how 

a tumor develops secondary drug resistance in vivo. 189,190 The development of drug 

resistance is a major obstacle in the treatment of many cancers, and the efficacy of 
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drug treatments in ES is particularly low for recurrent disease,86,87 so our model’s 

ability to replicate the conditions that lead to resistance could offer a major 

advantage when developing new cancer treatments.  

5.4.3. Comparison to 2D Controls 

The drug response of cells in our 3D model was compared to 2D controls in 

order to determine the utility of this model as a screening tool for new drug 

candidates. 2D cell proliferation assays typically overestimate the efficacy of new 

drug candidates, and serum drug concentrations required to kill cancer cells in vivo 

are often much higher than predicted by their 2D ex vivo drug response. Because of 

this, we hypothesized that a more accurate ex vivo tumor model would result in 

greater drug resistance than standard 2D drug testing.  

When drugs were added to our 3D model at a low cell density (L-3 and L-16), 

the 3D cultures actually appeared less resistance to the anticancer agents than 2D 

controls. When drug was only applied to 3D culture for 3 days, the cells showed a 

much greater susceptibility in 3D than in 2D to both drugs. When drug was applied 

to 3D cultures for 16 days, the cells remained highly susceptible to doxorubicin, but 

resistance to vincristine increased to similar levels as those seen in 2D. These 

results did not reflect the higher resistance expected of 3D cultures, but were 

instead likely reflective of the very low cell numbers in the constructs at low cell 

density. Although the cells in our construct were seeded onto a 3D polymer scaffold, 

at low cell density there were few cell-cell contacts, the contacts of individual cells 

with the scaffold fibers were largely 2D in nature, and most of the cells were 
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concentrated as a semi-2D crust on the scaffold surface. This eliminated many of the 

elements of 3D culture that lead to an increased drug resistance and a more tumor-

like phenotype. In addition, the traumatic transition to the scaffold surface caused 

significant cell death (more than 50%) and likely increased cell vulnerability to 

drugs even further. Although 2D drug assays typically expose cells to drugs at a very 

low density, such an approach is not ideal for use in 3D culture if the full 3D tumor 

phenotype is desired. 

When drugs were added to our 3D model at a high cell density (H-3 and H-

16), a much higher level of drug resistance was observed. When 2D and 3D cultures 

were both exposed to drug for 3 days, drug resistance in 3D cultures was 

considerably higher and cells in 3D were able to withstand drug concentrations 10-

100 times the 2D IC50 values without an appreciable loss of cell viability. A 

prolonged period of exposure to doxorubicin was required in order to bring 

resistance levels back down to those experienced in 2D after only 3 days, while the 

same prolonged exposure to vincristine was still not sufficient to drop cell survival 

down to 2D levels. These results indicate that high density 3D cell growth within our 

tumor model does lead to an increased resistance to anticancer drugs. This 

increased resistance is due to a number of factors, including drug diffusion 

limitations, variations in proliferation rate, increased cell-cell contacts, and an 

overall 3D cellular architecture. These factors all contribute to the increased drug 

response of tumors in vivo and their inclusion suggests that our tumor model, when 

it is allowed time to reach a high cellular density prior to drug testing, is a better 

representation of the in vivo tumor drug response than current 2D assays. 
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Chapter 6 

Conclusion 

In the fight against cancer, there is a continual need for new therapies to fight 

drug resistance, but the process for evaluating the efficacy of new drugs is largely 

inefficient due to the lack of reliable preclinical testing tools. 2D drug testing 

platforms often fail to accurately predict clinical drug response in part because they 

do not replicate the complex 3D microenvironment encountered by tumor cells in 

vivo. The overall goal of our research is to create a 3D ex vivo high throughput drug 

testing platform that accurately recreates the in vivo tumor microenvironment and 

can more reliably assess the efficacy of new anticancer drugs before they enter 

clinical trials. As a step towards the creation of this drug testing platform, this 

project involved the development of a 3D bone tumor model using tissue culture 

techniques derived from the bone tissue engineering field. Ewing sarcoma cells 

were placed on top of an electrospun microfiber PCL scaffold which provided a 

platform for 3D cellular attachment, growth and interaction. This model was then 
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evaluated by assessing cell proliferation, architecture, morphology, and response to 

anticancer drugs.   

Specific Aim 1 involved in the initial development of our tumor model. We 

found that ES cells will readily attach and proliferate when placed on PCL scaffolds. 

Cells spread first into the scaffold interior, where dense scaffold infiltration was 

observed throughout the top 200 m of the scaffold. After about 8 days, cell levels 

within with scaffold reached a plateau, but cellular proliferation continued and 

resulted in cells spreading beyond the scaffold surface and into the surrounding cell 

culture media. The mean doubling time of cells in our model was calculated to be 4.5 

days which is slower than the rapid doubling time of 24 h observed in 2D and closer 

to the doubling time of 22 days seen clinically. A shift over time from a flat cell 

morphology to a rounded morphology was observed as cell density and cell-cell 

contacts increased, and 3D cell/scaffold constructs were viably maintained in 

culture for up to 32 days. Our 3D model was also shown to be suitable for transition 

to dynamic flow perfusion culture, where short term exposure to flow resulted in an 

increase in cell rounding and the production of matrix material. 

In Specific Aim 2, we assessed the anticancer drug response of cells within 

our 3D model under a variety of conditions. Responses to 2 standard 

chemotherapies, vincristine and doxorubicin, were observed while varying cell 

density and drug exposure duration. At low cell density, cells in 3D were shown to 

be highly susceptible to the drugs and were largely less resistant than 2D controls. 

Conversely, at high cell density, the loss in cell viability decreased dramatically, and 
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cells became more resistant to drugs than both 3D cells at low density and 2D 

controls. In most cases, a longer drug exposure resulted in a decrease in cell 

viability; however, cells exposed to vincristine at low density actually experienced 

better survival over time, which could be due to the emergence of a drug resistant 

sub population. The drug resistance experienced by our high density 3D tumor 

model is more reflective of tumor drug response in vivo than 2D controls, and 

indicates that achieving a clinically relevant drug response within a 3D tumor model 

is partially dependent on maintaining an adequate level of cell-cell contacts and 

dense 3D cellular interactions.     

The overall objective of this research project was to establish the suitability 

of an electrospun polymer scaffold as a platform for 3D bone tumor cell growth. We 

have shown that our model promotes 3D growth and proliferation of tumor cells; 

that cells in our model display cellular morphology and growth kinetics more 

similar to tumor cells in vivo than 2D controls; and that, after they reach a high 

density, cells in our model have a dramatically increased resistance to anticancer 

drugs. We believe that future modifications to this 3D model, such as obtaining cells 

directly from patient tumor biopsies, the addition of tumor specific signaling factors, 

and the utilization of dynamic culture via fluid flow will further increase its ability to 

recreate the biological characteristics and drug reactions observed clinically. We 

also believe that this tissue culture platform could be later expanded for the growth 

of a wide variety of cancers, especially those that commonly arise in or metastasize 

to bone. 3D models such as ours are vitally important to future progress in the field 
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of cancer medicine, and have the potential to one day simplify and optimize the 

cancer drug discovery process.  
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