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Abstract 

Engineering Three-Dimensional In Vitro Models of  
Bone Tumors for Drug Testing and Mechanistic Studies 

by 

Li Shan Eliza Fong 

Development of anti-cancer therapeutics has been traditionally reliant on two-

dimensional (2D) systems and animal models, both of which have major limitations that 

contribute to the poor clinical translation of preclinical findings. The goal of this thesis 

work was to develop three-dimensional (3D) in vitro models of bone malignancies for 

accurate drug testing and mechanistic studies. To this end, I investigated the use of 

different 3D scaffolds to recreate the distinct in vivo bone niches relevant for these bone 

cancers in vitro. First, I evaluated the use of electrospun poly(ε-caprolactone) scaffolds to 

provide 3D architectural cues for the culture of Ewing sarcoma (EWS) cells. 3D-cultured 

EWS cells were remarkably different from the same cells cultured in 2D, and more 

similar to those grown in vivo with respect to morphology, growth kinetics, and protein 

expression. This work underscored the importance of providing a 3D context for tumor 

growth in vitro. 

The second part of this thesis investigated the use of 3D hyaluronan (HA) 

hydrogels to support the culture of bone metastatic prostate cancer (PCa) cells. Due to 

their high fidelity to the tumor of origin, there is an emerging interest in the use of 

patient-derived xenograft (PDX) models to overcome the limitations of cancer cell lines. 

However, existing PDX culture systems are few and limited. Hence, I sought to develop 

an in vitro PCa PDX model by first establishing a method to enrich for PCa PDX tumor 
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cells, then evaluated the ability of 3D hyaluronan (HA) hydrogels to maintain the 

viability, morphology, growth and phenotype of the encapsulated tumor cells. This work 

demonstrated the feasibility of using a 3D scaffold-based approach to culture PDX tumor 

cells in vitro. 

Lastly, I incorporated integrin-binding and matrix metalloproteinase-degradable 

peptides to HA hydrogels to support osteoblast culture with PCa PDX cells in 3D. 

Through this 3D co-culture system, the in vivo structural organization, phenotype, as well 

as biochemical crosstalk between PCa and osteoblasts in bone was recapitulated. In this 

work, I demonstrate for the first time, the feasibility of co-culturing PDX tumor cells with 

stromal cells in vitro using a tunable 3D system for controlled mechanistic investigations.
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Chapter 1. Objective 

Current preclinical models are limited in their ability to accurately reflect the in 

vivo tumor phenotype and hence, drug sensitivity. The overwhelming number of 

clinically unsuccessful anti-cancer drug candidates as compared to those that are 

considered effective is clearly indicative that the selection tools used to determine the 

progression of drug candidates into the clinic requires much improvement.[1] While 

recognizing that aberrations in a cancer cell’s genotype is still fundamentally important, it 

has become increasingly apparent that the 3D tumor microenvironment also plays a 

critical role in dictating the overall tumor phenotype.[2, 3] Important signals in the tumor 

microenvironment are conveyed to the cancer cell through interactions with neighboring 

cells, the 3D extracellular matrix (ECM), and soluble factors, all of which can have a 

profound influence on intracellular signaling and gene expression.  

2D monolayer cultures that employ the use of culture-adapted cells to provide 

statistically reliable data in high-throughput drug testing screens has remained as the 

standard platform for assessing drug sensitivity in vitro though it has long been 

recognized that this reductionist model lacks critical contextual cues that may affect the 

cellular phenotype and drug response. On the other end of the experimental continuum, 

while animal models better mimic the complexity of the native tumor microenvironment 

that supports the in vivo tumor phenotype, these models are costly and time-consuming, 

hence prohibiting the rapid evaluation of drug efficacy which is especially critical for 

patients with progressive disease and limited survival time. Moreover, the complexity of 

the animal model makes it difficult for mechanistic studies of tumor-stroma interactions 

to be conducted in a controlled manner.  
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Primary malignant bone tumors originate from bone and are typically rare 

sarcoma tumors such as Ewing sarcoma (EWS) and osteosarcoma, while secondary 

malignant bone tumors are epithelial cancers that have metastasized to bone from other 

organs such as the breast, prostate or lung. Bone is a complex organ that contains distinct 

types of bone tissue including cortical and trabecular bone, as well as the bone marrow 

which resides in the inner medullary cavity; these tissues provide unique niches that are 

capable of supporting the growth of both bone tumor types. For example, while primary 

bone tumors typically arise from osteoid tissue, secondary metastatic cancers 

preferentially colonize and survive within the bone marrow itself.  

Focusing specifically on EWS and bone metastatic prostate cancer (PCa), I 

developed 3D in vitro models of these two categories of bone tumors using different 

scaffolds to recreate the unique niches in bone. The effect of various tumor 

microenvironmental cues such as dimensionality, cell-cell and cell-ECM interactions on 

the cancer cell phenotype was investigated in this thesis under the following aims:  

Specific Aim 1: In the first part of this work, I sought to develop and validate a 

3D in vitro model of EWS that would reflect in vivo-like drug sensitivity and enable 

mechanistic studies of EWS biology. To achieve this aim, I investigated the effect of 

tumor architecture on the EWS cell morphology, growth kinetics and the insulin-like 

growth factor -1 receptor (IGF-1R) signaling, using 3D electrospun polymeric scaffolds 

fabricated from poly(ε-caprolactone)(PCL). Then, the response of the 3D-cultured EWS 

cells to chemotherapeutic and biologically-targeted therapeutics was evaluated.  

Specific Aim 2: In the second part of this work, I investigated the use of a 3D 

hyaluronan (HA)-based hydrogel to culture ‘never-in-2D’ patient-derived xenografts 
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(PDX) derived from bone metastatic PCa in vitro.  In the work presented in the thesis, I 

developed an in vitro method to isolate tumor-enriched PDX cells. Then, the viability, 

morphology, growth and phenotype of hydrogel-encapsulated PCa PDX tumor cells as 

well as their response to chemotherapeutic drugs were evaluated. 

Specific Aim 3: In the final part of this work, building on Specific Aim 2, I 

developed a 3D HA hydrogel platform specifically designed with integrin-binding and 

matrix metalloproteinase domains to accommodate the co-culture of osteoblasts together 

with PCa PDX tumor cells to mimic the tumor-stromal interactions that occur in PCa 

bone metastases. Then, the morphology, viability, growth and phenotype of the co-

cultured cells were evaluated. Lastly, I investigated the ability of this co-culture model to 

recapitulate the fibroblast growth factor receptor (FGFR)-mediated crosstalk observed in 

vivo as well as determined the amenability of this co-culture model for drug testing and 

mechanistic studies. 
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Chapter 2. Three-Dimensional Tumor Models 

2.1.  Overview 

Despite significant advances made in the treatment of cancer since the 

introduction of chemotherapy, cancer remains as the leading cause of mortality 

worldwide, accounting for 7.6 million deaths (13% of all deaths) in 2008.[4] It is 

projected that this number will continue to rise, with an estimated 13.1 million deaths in 

2030.[4] In recent years, advances have been made to develop treatments that target 

specific molecular pathway aberrations in a given cancer.[5] Leukemia, certain stomach 

tumors and subsets of breast cancer are amongst the few types of cancers that have 

successfully been tackled with the use of targeted therapies.[5] Yet, only 5% of cancer 

drug candidates are actually approved for use in the clinic; the majority of new cancer 

treatments exhibit lack of efficacy in patients, highlighting the limited relevance of 

current preclinical models as predictors of anti-cancer drug efficacy.[5]  

 

2.2.  Preclinical Models for Cancer Research 

2.2.1.  Monolayer Culture  

The modern paradigm of anti-cancer drug discovery consists of a cascade of tests 

of increasing biological complexity, with initial screens involving the use of the human 

tumor in vitro cell line screen (NCI 60; a panel of 60 unique cancer cell lines established 

by the National Cancer Institute to screen potential anti-cancer drug candidates in a high-

throughput manner).[6] While the present screen is technically simple, relatively fast, 

cheap, reproducible and provides valuable indicative data of mechanistic activity and 
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target interaction, it is well-recognized that 2D monolayer culture is generally an 

unreliable predictor of drug response as compounds with good anti-cancer activity in 2D 

culture typically fail to translate into the clinic.[1] Tumor cells in vivo exist within an 

organized 3D matrix, surrounded by other stromal cells such as endothelial cells, 

fibroblasts, immune cells etc.[7] Through interactions with their immediate neighbors and 

the ECM, the behavior of individual tumor cells is modulated; whether a cell undergoes 

differentiation, apoptosis, proliferation or invasion depends on the complex interplay of 

these interactions, most of which are lost in the artificial growth environment in 2D 

culture.[7] Extensive reviews in the literature have expounded on the importance of the 

3D tumor microenvironment in modulating the overall tumor phenotype.[2, 8-12] 

Recognition of the importance of context for tumor growth argues for cancer research 

and anti-cancer drug testing in systems that accurately recapitulate these 

microenvironmental cues. Given the limited ability of 2D cultures to model aspects of the 

native 3D tumor microenvironment in vitro, a recent trend in cancer research has been to 

develop more complex 3D in vitro systems or to rely more heavily on the use of animal 

models (which are not without their own limitations, as described below). 

 

2.2.2.  Animal Models 

Further down the preclinical drug testing cascade is the human tumor xenograft 

model employed for the secondary screening of anti-cancer compounds. Besides 

determination of anti-tumor activity, animal models also serve as a means to evaluate 

toxicity, pharmacokinetics and pharmacodynamics. Xenograft tumors are typically 

established by inoculating tumor cells subcutaneously into immunocompromised animals 
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where the growth of solid tumors is monitored using in situ caliper measurements.[1] 

While xenograft models better recapitulate the biological complexity of the 3D tumor 

microenvironment, whether these models adequately predict drug efficacy in human 

patients remains questionable as 90% of new anti-cancer agents eventually fail in the 

clinical setting.[13] Similar to in vitro testing, many anti-cancer agents which appear 

promising when tested in xenografts have failed to exhibit clinical efficacy in patients.[1] 

This is not to dismiss the value of the subcutaneous xenograft model entirely, as the 

utility of these models in cytotoxic cancer drug development has somewhat been 

validated by a retrospective analysis from the National Cancer Institute, whereby 39 

agents with both xenograft and phase II clinical trial results were compared and it was 

found that for compounds with activity in at least a third of xenografts, there was a 

correlation with activity in at least some clinical trials.[14] This suggests that the 

subcutaneous xenograft model may possess some predictive value; however it has to be 

noted that most of the agents tested were cytotoxic, which is expected to have activity 

across many tumor types.[15]   

With the paradigm shift from cytotoxic to target-driven therapeutic approaches, 

the relevance of subcutaneous xenograft models is again questionable as they are 

typically poorly characterized at the molecular level. Moreover, given that the tumor is 

placed in a foreign subcutaneous microenvironment of murine origin, one might expect 

that tumor-stroma interactions in these models differ substantially from those in 

human.[6] Orthotopic transplantation and autochthnous models are alternative animal 

models that may better reflect clinical disease but the widespread use of these models is 

limited by the technical challenges, time and costs involved. Lastly, with the increasing 
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focus on the role of the tumor microenvironment in tumor progression, the biological 

complexity of the animal model makes it difficult to systematically decipher the effect of 

individual microenvironmental cues in a controlled manner. 

 

2.3.  3D Tumor Models 

To address the spatial limitations associated with 2D cultures in order to more 

accurately reflect the tumor-microenvironment interactions in vivo as well as the need for 

a controlled and reductionist approach to understand in vivo tumor-stroma interactions, 

3D tumor models have gained increasing popularity in cancer research in the recent 

years. One of the first studies to demonstrate the potential of 3D cultures was a report by 

Bissell and co-workers, who showed that while non-malignant and malignant epithelial 

cells appeared phenotypically similar under 2D culture conditions, they behaved very 

differently when grown as 3D cultures.[16] Organized, growth-arrested acini structures – 

analogous to the architecture of normal human breast – formed when non-transformed 

breast epithelial cells were cultured in 3D basement membrane matrix (MatrigelTM). On 

the contrary, the same matrix gave rise to disorganized cellular masses which failed to 

respond to the growth inhibitory cues from the matrix when cells derived from breast 

carcinoma were cultured in it. This work highlights how 3D models can be used to 

provide unique perspectives on the behavior of cancer cells that is simply not achievable 

using 2D culture systems, and there is currently abundant evidence in the literature that 

advocates the development of 3D models for cancer research.[7, 11, 17-20] The main 

advantages of 3D models are: 1) experimental manipulations and testing of hypotheses 

can be carried out more rapidly and with better control than in animal models and 2) 
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aspects of the human tumor microenvironment can be modeled (that cannot be achieved 

using 2D culture techniques) to elicit the in vivo tumor phenotype.[11, 17] 

 

2.3.1.  Tumor Spheroids 

The most commonly studied 3D cancer model is the human tumor spheroid, a 

cellular aggregate that forms when non-adherent conditions are used to culture 

transformed cells.[20] As spheroid growth provides a 3D architecture and extensive cell-

cell contacts, spheroids mimic the in vivo cellular microenvironment more closely than 

2D monolayer cultures and also demonstrate similarity in biological properties to solid 

tumors, including cell morphology [21], growth kinetics [21], signaling pathways [21] 

and drug response [22]. With regard to drug response, one of the major applications of 

spheroid culture is in testing chemotherapeutic agents since the 3D structure of spheroids 

mimics that of avascular tumors − a necrotic core surrounded by a viable rim attributable 

to diffusion limitations.[23] Several techniques exist for the manufacture of 3D spheroids 

which have been comprehensively reviewed by Lin and Chang.[23] In brief, the 

fundamental requirement for spheroid formation is that adhesive forces between cells 

should be stronger than that between cells and the culture vessel surface.[18] Methods 

that have been employed include liquid overlay, the use of spinner flasks, and rotary cell 

culture systems.[18, 23] A common disadvantage to these systems is that the resulting 

spheroids can be highly varied in size and number, which makes it difficult to ensure 

uniformity of samples and hence, consistency in results.[23] Other methods have been 

developed to improve the consistency of spheroids, including the hanging drop technique 

where cells are cultured within hanging drops of liquid, as well as the use of microfluidic 
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chips. However, these methods also present limited utility; while mass production is 

difficult with the hanging drop technique, specialized facilities are required for micro-

molding.[23] While useful as a model of avascular tumors and micro-metastases, tumor 

spheroid models are still inherently simplistic; they do not include other cell types and 

ECM components that comprise the tumor microenvironment.[24] To address these 

challenges, an emerging strategy is to leverage the tools developed in the tissue-

engineering field, such as the use of 3D scaffolds and biological moieties to guide tissue 

formation, for the development of more sophisticated and advanced 3D tumor models. 

 

2.3.2.  Scaffold-Based 3D Tumor Models 

As recently defined by Ghajar and Bissell, tumor engineering is “the construction 

of complex culture models that recapitulate aspects of the in vivo tumor 

microenvironment to study the dynamics of tumor development, progression and therapy 

on multiple scales”.[17] Proposed in this review is the concept that complex 3D tumor 

models can be developed by harnessing the advances in the tissue-engineering field over 

the past few decades, where biomimetic approaches have been employed to mimic 

aspects of the cellular microenvironment in vitro that are critical for the replication of a 

unit of both form and function in the target tissue.[17] With the use of tissue-engineering 

techniques, it is envisioned that 3D tumor models can be engineered with controlled 

complexity with regard to matrix composition, density, stiffness, and spatial positioning 

of different cell types.[25] Such biomimetic models may ultimately serve as better in 

vitro drug testing platforms, and facilitate the elucidation of molecular mechanisms 

underlying tumor progression and acquisition of drug resistance, as well as biomarker 



	  

	  

10	  

discovery. The next few sections will discuss approaches that have been undertaken to 

develop 3D tumor models.  

 

2.3.2.1.  Natural Scaffolds  

Widely used in the cancer-biology field are biologically-derived gels such as 

collagen and MatrigelTM as substrates for cancer cell growth. Typically, tumor cells are 

encapsulated within the gel and eventually aggregate to form clusters similar to 

traditional spheroids but unlike traditional spheroids, cells experience not only cell-cell 

but also cell-ECM interactions which can modulate their behavior.[2, 25] Collagen type I 

gels are frequently used in the establishment of a 3D microenvironment for tumor growth 

because it contains the tripeptide Arg-Gly-Asp (RGD), a short amino acid sequence that 

preferentially binds to receptors on cell surfaces.[26] Collagen gel cultures have been 

employed to study tumor drug sensitivity [27], replicate the pre-vascularized stages of in 

vivo solid tumor progression [26], as well as construct an in vitro organotypic model of 

normal and malignant breast to investigate the role of cell-cell interactions in breast 

cancer progression [28]. Another widely used biologically-derived scaffolding material in 

cancer research is MatrigelTM, a commercially available product which comprises 

basement membrane proteins extracted from the culture of Engelbreth-Holm-Swarm 

tumor cells.[29] This extract forms a 3D gel at 37oC via protein aggregation.  MatrigelTM 

has been used extensively by Bissell and co-workers who were the first to show that non-

malignant and malignant cells can be distinguished reliably when cultured in these gels 

[16], and also demonstrated that signaling pathways become coupled and bidirectional 

only in 3D culture, but not when cells are cultured as monolayers.[30] However, 
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MatrigelTM  has not been widely used for drug screening purposes [20] as it is largely ill-

defined in composition; its inherent complexity makes it difficult to understand cell-

signaling and tease apart the role of individual microenvironmental cues on tumor 

behavior.[31] Additionally, variability between batches may pose a challenge to 

achieving reproducibility in experimental outcomes.[31] 

 

2.3.2.2.  Synthetic Scaffolds 

To overcome some of the limitations associated with biologically-derived 

scaffolds, synthetic scaffolds have also been investigated for use in 3D tumor modeling. 

Synthetic polymers such as polylactide and poly(ethylene glycol) (PEG) are widely used 

in the tissue-engineering field as they possess high design flexibility in biochemical and 

biophysical properties.[32] However, many of these polymers have limited cellular 

recognition and, therefore, cell-matrix interactions critical to the cellular phenotype may 

be limited or absent.[31] To overcome this drawback, synthetic scaffolds can be modified 

with specific biological functionalities to induce the desired cellular response.[33, 34] A 

recent study by Loessner and co-workers demonstrated the utility of PEG-based 

hydrogels functionalized with integrin-binding RGD motifs and matrix metalloprotease 

(MMP)-substrates as a platform to assess cell-matrix interactions implicated in 

tumorigenesis.[32] Human epithelial ovarian cancer cells that were encapsulated within 

these hydrogels formed spheroids which resembled the in vivo mass found in the 

peritoneal cavity of ovarian cancer patients with advanced disease while the same cells 

cultured on 2D tissue culture plastic only formed monolayers. Additionally, the authors 

also demonstrated that changes in the extracellular microenvironment can be simulated in 
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vitro by systemically and independently altering the stiffness, biological and biochemical 

properties of this hydrogel, which influenced the behavior of the cancer cells in 3D. In 

another landmark example, Fischbach and co-workers recreated microenvironmental 

characteristics reflective of tumors in vivo as oral squamous cell carcinoma cells cultured 

within poly(lactide-co-glycolide) scaffolds formed tumor-like tissues in vitro and 

upregulated their secretion of pro-angiogenic factors.[35] Additionally, cells in this 

model exhibited increased resistance to chemotherapy and gave rise to tumors with 

enhanced invasive capacity.[35]  

In this work, two different scaffolds were used to mimic distinct tumor niches 

within bone − the osteoid tissue as well as the bone marrow within the medullary cavity 

of bone. Electrospun PCL fiber mesh, a biologically-inert scaffold that has been 

extensively used in many tissue-engineering applications such as bone and cartilage, will 

be used to mimic the osteoid tissue [36-38] while biologically-active HA-based hydrogel 

scaffolds will be used to represent the bone marrow. 

These two scaffolding systems will be used to culture primary and secondary 

bone tumors. As primary bone tumors are of mesenchymal origin and secondary bone 

tumors are of epithelial origin, these two tumor types may prefer different 

microenvironments or niches within bone, which will be represented by the electrospun 

PCL fiber mesh and the HA-based hydrogels. Specifically, this thesis work focused on 

EWS (primary bone cancer) and bone metastatic PCa (secondary bone cancer), which 

will be discussed in the next chapter. 
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Chapter 3. Bone Tumors 

3.1.  Ewing Sarcoma 

3.1.1.  Overview 

 With an incidence of 1-3 cases per million each year, EWS is the second most 

common pediatric malignant bone cancer after osteosarcoma that typically affects 

children, adolescents and young adults.[39] EWS is considered a part of the Ewing 

sarcoma family tumors, which not only includes EWS but also peripheral primitive 

neuroectodermal tumor and Askin tumor.[40] Histogenesis of this cancer is still unclear, 

but it has been proposed that the precursors of these tumor cells are primitive 

mesenchymal cells with the potential for limited neural differentiation.[41] EWS most 

commonly originates in bony tissues, such as the femur, tibia/fibula and spine, but it can 

also arise in extraosseous tissues such as muscle.[42] This disease is characterized by the 

presence of rearrangements involving the EWS gene on chromosome 22q12 and fusion 

partners from the ETS oncogene family (most commonly FLI1 on chromosome 11q24), 

which give rise to aberrant transcription factors such as the EWS-FLI1 fusion protein. 

The consequence of these chromosomal translocations is genetic events which culminate 

in malignant transformation.[42] 

 Optimization of chemotherapeutic regimens has improved the survival rate for 

patients with localized disease which is typically curable. However, the prognosis for 

patients with metastatic or recurrent disease remains discouraging; the five-year survival 

rate for these patients is only between 25 to 30% as the disease exhibits resistance to 

therapy, making it difficult for sustained therapeutic effects to be achieved with standard 

treatments, including chemotherapy, radiation, and surgery.[40, 42, 43] To overcome this 
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therapeutic plateau, many of the experimental therapeutics under investigation for EWS 

are biologically-targeted, such as the insulin-like growth factor-1 receptor (IGF-1R) 

which has shown great promise in early phase clinical trials, mammalian target of 

rapamycin (mTOR), phosphoinositide-3 kinase/mitogen-activated protein kinase 

(PI3K/MAPK), histone deacetylase, aurora kinase, hedgehog and EWS-FLI1.[43] 

 

3.1.2.  Preclinical Models  

With the rarity in incidence of EWS, clinical trials will most often require large-

scale global collaborations, underscoring the critical need for accuracy and reliability in 

preclinical models to move only the best experimental therapeutics forward for clinical 

investigation.[44] Till today, the majority of work investigating EWS biology and drug 

sensitivity has been performed using conventional 2D tissue culture plastic or animal 

models. A number of cytogenetically characterized EWS cell lines have been established 

to facilitate the study of underlying cellular processes which drive the disease [45-47] and 

cell lines cultured as monolayers continue to guide the development of drugs in EWS. 

However, like many other cancers, there is a gradual paradigm shift away from 

conventional cytotoxic chemotherapeutic agents towards biologically-targeted 

therapeutics which disrupt specific cellular signaling pathways. This shift is concordant 

with the increasing recognition of the importance of the tumor microenvironment and that 

monolayer cultures are limited in their ability to support the development of these 

biologically-targeted agents. For example, evaluation of an antibody against the IGF-1R 

in panels of in vitro and in vivo models indicated that while cell lines in the in vitro panel 

failed to respond to the antibody, the antibody demonstrated anti-tumor activity in more 
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than half of the solid tumor xenograft models, including a complete response observed in 

one EWS model.[48]  

Due in part to the uncertainty about the origin of EWS cells, murine models for 

EWS are the least developed as compared to other common pediatric solid tumors.[49] 

Because of the toxicity of EWS-FLI-1 and other EWS-associated fusions in most primary 

cells, attempts to develop transgenic EWS models in mice has thus far been largely 

unsuccessful.[50] The lack of appropriate transgenic animal models has been a hindrance 

towards achieving a better understanding of EWS biology, particularly the role of EWS-

FLI-1 fusions in EWS tumorigenesis.[50] The most common in vivo approach to test 

drugs in EWS (and in other cancers) involves the use of established cell lines to create 

subcutaneous xenografts.[51-55]. However, a few others have taken the approach of 

creating orthotopic models for drug testing, where cells were injected into the tibia [56, 

57] or gastrocnemius muscle [58-60], as well as metastatic models where cells were 

injected intravenously [61, 62].  

Like in other cancers, the potential use of spheroid culture for the study of EWS 

has been explored. Lawlor and co-workers investigated the signaling pathways that 

govern EWS proliferation in monolayer and spheroid culture, and observed that EWS 

spheroids more closely resembled primary tumors with respect to morphology, cell-cell 

junctions, proliferative index and kinase activation.[21] Specifically, it was found that the 

pattern of extracellular signal-regulated kinases 1/2 (ERK1/2) and protein kinase B (also 

known as Akt) phosphorylation as well as cyclin D1 expression in EWS tumors was more 

similar to primary tumors than monolayers, suggesting that it may be more appropriate to 

use anchorage-independent spheroid cultures to represent the in vivo phenotype.[21] In 
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another study, Sorenson and co-workers investigated the chemosensitivity of EWS cells 

in spheroids versus monolayers and found that EWS spheroids were more resistant than 

their counterparts in monolayer to a panel of drugs including carboplatin, etoposide, 

doxorubicin and topotecan.[63] This increased resistance to chemotherapeutic drugs was 

attributed to the ability of cells grown as spheroids to suppress anoikis through E-

cadherin cell-cell adhesion, which subsequently results in the activation of ErbB3 of the 

PI3-K/Akt survival pathway, in line with reports in the literature which have associated 

chemo-resistance with anchorage-independent conditions.[63] However, despite the 

ability of spheroids to better mimic the in vivo cellular environment than monolayer 

culture, they lack cues from the ECM as well as other cell types of the tumor 

microenvironment.  

 

3.2.  Bone Metastatic Prostate Cancer 

3.2.1.  Overview 

In the United States, PCa remains as the most frequent non-cutaneous malignancy 

among men.[64] It has been estimated that 220,000 men were newly diagnosed with PCa 

and 32,050 men died of the disease in 2010.[65] As a biologically heterogeneous disease, 

a number of clinical outcomes can arise from PCa.[64] While some patients may 

encounter a relatively indolent form of the disease requiring no immediate treatment or 

any treatment at all [64], up to 75% of newly diagnosed patients are faced with 

potentially aggressive PCa that mandate therapeutic measures.[66] For early-stage, 

hormone-responsive disease, surgical and hormonal therapies have proven effective.[67] 

However, with disease progression, cancer cells become highly invasive and exhibit a 
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striking predilection for bone. The term ‘castrate-resistant’ is used to describe advanced-

stage prostate cancer (CRPC) where there is disease progression even in the presence of 

castrate levels of testosterone after androgen-deprivation therapy.[64]  

Present in more than 80% of cases of advanced-stage PCa, skeletal metastases is 

associated with high morbidity, a 5-year survival rate of 25% and median survival of 

approximately 40 months.[68] Currently, there is no effective treatment for CRPC; high 

morbidity is associated with CRPC patients with skeletal metastases due to its effects on 

hematopoiesis and bone structure, which can result in distressing symptoms such as 

anaemia, increased susceptibility to infection, pain, bone fractures and spinal cord 

compression.[67] For patients with metastatic CRPC, therapeutic options are largely 

supportive in nature with the end-goal of reducing pain; these include androgen-ablative, 

cytotoxic and immunologic therapies.[69]  

Based on insights into the mechanisms behind PCa development and progression, 

many in the field hypothesize that progression of PCa in bone is fueled by bidirectional 

interactions between PCa cells and the bone microenvironment.[70] As such, current 

clinical trials and basic science investigations focus on the elucidation of these complex 

interactions for the development of biomarkers and selection of new targets for 

therapy.[70] However, mechanistic studies of these interactions are currently hindered by 

the lack of appropriate preclinical models. While in vivo models may better recapitulate 

the actual tumor microenvironment than 2D monolayer culture, they are inherently too 

complex which makes it difficult to tease apart the role of individual cell types or ECM in 

disease progression. On the other hand, while 2D monolayer cultures may be simpler, it 

is impossible to incorporate microenvironmental cues in a physiologically-relevant 
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manner due to spatial limitations. The lack of appropriate models to carry out these 

mechanistic studies is currently a challenge that has to be overcome to address our urgent 

need to understand PCa progression in bone. 

 

3.2.2.  Bone - The Metastatic Niche 

PCa epithelial cells have a strong propensity to metastasize to bone; this is one of 

the most classic examples of microenvironment-driven cancers.[69] Consisting of several 

steps, the journey that these cells partake is non-random, and involves: 1) vascular spread 

of cancer cells to the bone marrow, 2) adhesion to the skeletal microvasculature and 

matrix components, 3) extravasation into the bone marrow, and 4) survival and 

proliferation within the bone microenvironment.[64, 71] Dissemination of PCa cells may 

occur early in disease progression with tumor cells preferentially engaged in the bone 

marrow, a subset of which survives and evolves into clinically-apparent disease.[72] 

Several excellent reviews have expounded on the biology behind the disease and the 

characteristic features of the bone microenvironment, which will be briefly summarized 

here.[64, 68, 69, 73-77]  

 

3.2.2.1.  Chemo-Attraction to Bone 

Using the same homing mechanism as hematopoietic stem cells (HSC), solid 

tumor metastases are known to hijack the CXC chemokine stromal-derived factor-1 

(SDF-1 or CXCL12) and its receptor CXCR4 as a means to traffic to the bone 

marrow.[74] The SDF-1/CXCR4 axis has also been held responsible, at least partially, as 

a major mechanism by which PCa cells are attracted to bone.[76, 78, 79] An in vivo study 
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by Taichman and co-workers demonstrated the localization of SDF-1 mRNA to the 

metaphysis of long bones nearest the growth plate and that neutralization of CXCR4 

reduced the growth of intra-osseous PCa metastasis.[80] However, studies have shown 

that the CXCR4/SDF-1 axis is not the only chemotactic mechanism involved. Other 

factors which have been implicated as chemotactic factors include the epidermal growth 

factor, insulin-like growth factor, hepatocyte growth factor as well as type 1 collagen 

peptides.[81]  

 

3.2.2.2.  Endothelium Attachment and Extravasation  

In long bone, the metaphyseal region consists of trabecular bone interspersed with 

red marrow and in close proximity with blood supply.[77] The metaphyseal vascular bed 

consists of sinusoids, a trilaminar vessel with endothelial and adventitial cells that do not 

form tight layers.[77] These fenestrated or ‘leaky’ vessels not only facilitate the 

movement of hematopoietic and lymphoid cells but also serve as an entry point for cancer 

cells into the bone marrow.[77] Additionally, endothelial cells of these sinusoids express 

several tethering and adhesive proteins including P-selectin, E-selectin, intercellular 

adhesion molecule (ICAM) and vascular cell adhesion molecule-1 (VCAM-1) that 

promote the attachment and extravasation of the cancer cells into the bone marrow.[77]  

 

3.2.2.3.  Cell-Cell and Cell-ECM Interactions within the Bone Marrow Cavity 

The bone matrix is composed of type I collagen as well as non-collagen matrix 

proteins such as osteopontin, bone sialoprotein and osteonectin, which provide 

attachment sites for PCa cells.[76] The bone marrow itself comprises not only collagens 
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types I and III, but also fibronectin, and proteoglycans such as biglycan, decorin and 

perlecan.[82] Resident cells of the bone marrow including hematopoietic stem cells 

(HSC), fibroblasts, endothelial cells, adipocytes, macrophages, osteoblasts, osteoclasts 

and mesenchymal stem cells.[64] Physical interactions between disseminated PCa cells, 

the ECM and cells within the bone marrow cavity have not been fully elucidated. Much 

of the literature has focused upon understanding the role of paracrine interactions in 

supporting the growth and survival of PCa cells in bone. Therefore, in developing a 3D in 

vitro model of bone metastatic PCa, reliance on an empirical approach in defining critical 

cell-cell and cell-ECM interactions that support the in vivo PCa cell phenotype may be 

necessary. 

Viewing this problem from another perspective, given that the adhesion 

molecules regulating HSC behavior in the bone marrow niches have been more 

extensively investigated, knowledge that has been gained in this field can potentially be 

applied and guide much-needed investigations into the role of cell-cell and cell-matrix 

adhesions in PCa progression in bone. The bone marrow cavity is known to be replete 

with adhesion molecules which support the homing of HSC, but these same moieties may 

also aid cancer cells in establishing a foothold in the bone marrow.[76] The hypothesis, 

that the metastatic process is functionally similar to the homing behavior of HSC to the 

bone marrow, was demonstrated by Taichman and co-workers, who showed that PCa 

cells and HSC compete for the endosteal niche and use the same mechanisms to access 

and egress the niche.[83] The bone marrow microenvironment contains specific HSC 

niches, namely, the osteoblastic niche, which primarily keeps HSC quiescent for self-

renewal, as well as the vascular niche, which activates HSC for proliferation and/or 
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injury repair.[84] Chemokines, growth factors, and adhesion molecules function in 

concert to maintain HSC either in a state of quiescence or to be mobilized and recruited 

to the vascular niche.[84] Ligands in the niche stroma comprise: N-cadherin, soluble kit 

ligand, angiopoietin, SDF-1, VCAM-1, ICAM-1,2,3, osteopontin, E-selectin, and P-

selectin.[84] Whether these adhesive moieties play a role in influencing the metastatic 

PCa cell phenotype remains largely unknown. For example, the very late antigen-4 

(VLA-4) has been implicated to play a role in the adhesive interactions between 

hematopoietic progenitor cells and BMSC which express VCAM-1.[85] VCAM-1 is a 

member of the immunoglobulin-like cell adhesion molecules (IgCAMs), and has 

previously been shown to be constitutively expressed by certain bone marrow reticular 

cells as well as by bone marrow sinusoids.[86] Its counter-receptor, VLA-4, is found on 

many cancer cells.[77] However, it is unknown if this receptor-ligand pair plays a role in 

the adhesion of PCa cells in the bone marrow, and if so, its effects on the PCa phenotype. 

What has been more extensively investigated is the bidirectional paracrine cross-

talk between PCa cells and bone cells. It is well-known that these cells partake in a 

‘vicious cycle’ that facilitates PCa growth and survival in bone. In normal bone, a 

dynamic balance between osteoblastic and osteoclastic activities results in a continuous 

process of bone turnover which maintains structural homeostasis.[69] However, in the 

presence of PCa, this process of bone remodeling is highly dysregulated, where both 

osteoblasts and osteoclasts are activated, resulting in increased bone formation and bone 

resorption.[76] The receptor activator of nuclear factor kappa B (NF-κB, also known as 

RANK) ligand is normally expressed by osteoblasts and functions to regulate osteoclastic 

activity by binding to RANK receptors and stimulating preosteoclasts to maturation.[69] 
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Osteoprotegerin is a decoy receptor that binds to RANK ligand and inhibits the RANK 

ligand/RANK interaction.[75] By secreting many osteoblastic factors such as endothelin-

1, bone morphogenetic proteins and insulin-like growth factors, PCa cells stimulate 

osteoblast proliferation and alter the expression of osteoprotegerin and RANK ligand to 

promote osteoclastogenesis and hence, bone resorption.[87] PCa cells also express 

several other factors such as parathyroid hormone-related protein (PTH-rP) which 

upregulates RANK ligand production in osteoblasts and decreases the expression of 

osteoprotegerin, leading to activation of osteoclasts; the cancer cells also produce 

urokinase-type plasminogen activator, which cleaves and activates transforming growth 

factor-ß (TGF-ß). TGF-ß promotes the expression of PTH-rP in cancer cells.[76] The 

direct consequence of increased osteoclastic activity is increased bone resorption, which 

releases survival and growth factors that support tumor growth.[75] Notably, osteoblastic 

stimulatory factors produced by PCa cells that promote osteoblast proliferation results in 

increased bone formation; however, the newly formed bone is of abnormal structure, 

termed ‘woven bone’, which may cause pain and/or fracture.[64] Therefore, the 

interactions between the cancer cells and the bone cells define a ‘vicious cycle’, which 

serve to promote tumor growth and survival within bone. 

 

3.2.3.  Biologically-Targeted Therapeutic Approach 

As described, unique interactions occur between PCa bone metastases and the 

bone microenvironment.[70] The current goal in the field is to identify critical 

interactions that have the potential to curb prostate tumor survival within bone. Over the 

recent years, an increased understanding of this crosstalk between the tumor cell and the 
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stromal compartment has led to the development of several biologically-targeted agents 

aimed at disrupting these interactions.[64, 68, 69] These therapeutic agents have been 

categorized by Corn and co-workers as: 1) epithelial targeting therapies, 2) stromal 

targeting therapies, and 3) epithelial-stromal targeting therapies. Excellent reviews of 

current and emerging therapeutic strategies can be found in the following reviews.[64, 

68, 69]  

 

3.2.4.  Preclinical Models 

As highlighted in an insightful review article by Logothetis, Navone and Lin, it is 

currently challenging to study the mechanisms behind bone metastatic PCa as few cell 

lines or xenograft models accurately reflect the disease in bone.[70] PCa cell lines that 

are widely used in research (such as the PC-3 and DU-145 cell lines) may be easy to 

culture using standard 2D culture techniques, however, they are not well-representative 

of end-stage disease; those that do, such as the MDA PCa 118b xenografts currently 

maintained in mice [88], are particularly difficult to grow in 2D in vitro. On the other 

end, while xenograft models such as the MDA PCa 118b exhibit many characteristics of 

PCa in bone, in vivo systems are inherently complex, which poses a major problem as it 

is difficult to study tumor-stroma interactions in a controlled fashion. Lastly, with the 

current paradigm shift in therapeutic approach from traditional cytotoxic to biologically-

targeted therapies, clinically relevant models are sorely needed to rapidly and reliably 

predict drug efficacy in the subset of patients that could benefit from specific therapies 

and optimize therapeutic strategies. 
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To address the need for such models, a number of preclinical in vitro systems 

have been reported in the literature, which will be discussed briefly in this section. These 

models can be broadly categorized as models based on bioreactors, synthetic scaffolds or 

natural scaffolds.  

 

3.2.4.1.  Bioreactor Culture 

One of the pioneers that have focused considerable effort in the development of 

3D co-culture models for studying PCa progression and metastasis is Dr. Leland Chung 

from Cedars-Sinai Medical Center. Using the rotating-wall vessel (RWV) cell culture 

system to grow PCa cells within a 3D growth microenvironment that promotes cell-cell 

contact, Chung and co-workers demonstrated that 3D prostate organoids were formed 

when LNCaP (marginally tumorigenic and androgen-dependent) were grown either alone 

with microcarrier beads, or in close contact with prostate or bone stromal cells.[89] Cells 

in this system were characterized with respect to their anchorage-dependent and -

independent growth in vitro, their responsiveness to sex steroids or growth factors in vitro 

and androgen-independent growth and tumorgenic/metastatic potentials in castrated 

athymic mice. Results indicated that 3D culture in this RWV system induced the LNCaP 

cells (and not cells that were cultured on standard 2D tissue plastic) to acquire androgen-

independent and increased tumorigenic and metastatic potentials when tested in athymic 

mice. This model demonstrated that 3D conditions can provide a unique 

microenvironment that supports prostate epithelial cell growth and facilitate the 

progression of PCa cells through cell-cell, cell-matrix or cell-soluble factor interactions. 

The finding that RWV culture can provide specific microenvironmental cues that result in 
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nonrandom genetic and phenotypic changes in the PCa cells, possibly mimicking PCa 

progression in vivo, highlights the potential of 3D culture systems as a tool which may be 

harnessed to recreate the in vivo tumor microenvironment in vitro. While this model may 

be useful in elucidating the microenvironmental factors which fuel prostate cancer 

progression, the technical challenges involved and low potential for high-throughput drug 

screening limits the applicability of this model for drug testing. 

 

3.2.4.2.  Synthetic Scaffolds 

Within knowledge, there are very few models of bone metastastic PCa based on 

synthetic scaffolds that have been reported in the literature. Recently, an interesting 

model was described by Hutmacher and co-workers; leveraging techniques in tissue 

engineering, the authors cultured bone metastatic PCa cells (PC-3) within tissue-

engineered bone constructs, fabricated using a human osteoblast cell sheet-based 

technique.[90] In brief, a cell sheet-based technique was used to wrap medical grade 

polycaprolactone-tricalcium phosphate scaffolds within the osteoblast sheets, giving rise 

to a tissue-engineered mimic of bone. Following which, cancer cells were seeded onto the 

bone-like constructs and interactions between the two cell-types were probed by 

evaluating the expression of enzymes involved in metastasis and androgen production, 

where it was shown that cell-cell and cell-matrix interactions gave rise to elevated levels 

of MMPs, steroidogenic enzymes and prostate specific antigen (PSA). While this model 

recapitulates relevant cell-cell and cell-matrix interactions which may well-serve to 

facilitate the study of molecular mechanisms of bone metastasis, the technical challenges 
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involved in fabricating the tissue-engineered bone construct is likely a limiting factor that 

may hinder translation into high-throughput drug screening. 

  Recently, Hartman and co-workers investigated the ability of a model based on 

electrospun PCL or PCL/gelatin fibers functionalized with a bioactive peptide from 

domain IV of perlecan proteoglycan heparan sulphate (PlnDIV) to partially mimic the 

bone marrow ECM (collagen type I and perlecan are components of the bone marrow 

ECM) for the culture of human bone metastatic C4-2B PCa cells.[91] Interestingly, the 

inclusion of this bioactive motif significantly augmented adherence and infiltration of the 

cancer cells into the electrospun scaffolds, and also led to the formation of organized 

stress fibers and increased cancer cell proliferation. Additionally, there was also a 

reduction in the expression of tight junction protein and increase in the phosphorylation 

of FAK at tyrosine 397, hence suggesting that the peptide plays a role in supporting the 

proliferation, survival and migration of the cancer cells.  

 

3.2.4.3.  Biologically-Derived Scaffolds 

In a recent publication, Salih and co-workers described the development of an ex 

vivo model of breast and PCa bone metastasis using free-floating live mouse calvarial 

bone organs in the presence of cancer cells in a roller tube system.[92] Under hypoxia 

and a bone resorptive environment, it was shown that the cancer cells preferentially 

attached to the fibro-stroma endosteal surface, and colonized and grew on the endocranial 

side of the calvarial bone. By the addition of ascorbate to simulate bone formation 

conditions, while breast cancer cells continued to induce osteolytic bone resorption, PC3 

PCa cells resulted in osteoblastic bone formation. While this novel model better 
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recapitulates cell-cell and cell-ECM interactions than current 2D models hence 

possessing the ability to aid mechanistic studies of disease biology (and to an extent 

allows for specific and defined conditions to be simulated), these interactions are based 

on murine stroma. Additionally, while it was claimed that this model is cost-effective and 

hence a large number of experiments can potentially be carried out for reliability and 

reproducibility, it appears that a correspondingly large number of animals will have to be 

sacrificed with the use of this model.  

Like many other cancers, the use of type I collagen gels and basement membrane 

extract (MatrigelTM) as natural scaffolds to culture bone metastatic PCa cells in vitro has 

been investigated.[93-95] Collagen/gelatin- and MatrigelTM-based scaffolds have been 

widely used in 3D cultures as they possess inherent bioactivity. For example, the 

basement membrane-like extracellular matrix extract, MatrigelTM, is a widely used 

scaffolding material for 3D cancer research given its favorable biological properties, 

conferred by the array of ECM and growth factors present in the mixture, which include 

ECM moieties such as laminin, perlecan, collagen type IV and entactin, as well as 

fibroblast growth factor, TGF-ß, epidermal growth factor, platelet-derived growth factor 

and insulin-like growth factor.[96] However, its ill-defined composition and batch-to-

batch variation makes it difficult to elucidate the role of different microenvironmental 

cues in a systematic and controlled manner.  

Another ubiquitous component of the ECM is HA (also known as hyaluronic acid 

or hyaluronate). Present in the bone marrow as well as the ECM of many soft connective 

tissues, HA is a large, negatively charged, non-sulphated glycoaminoglycan composed of 

alternating units of D-glucuronic acid and N-acetyl-D-glucosamine.[97] HA chains form 
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highly hydrated, entangled networks which have been ascribed various physiological 

functions such as lubrication, water homeostasis, macromolecular filtering, exclusion 

etc.[98] Besides its structural and mechanical role, HA has the ability to activate 

intracellular cascades through its interaction with cell surface receptors CD44 and HA-

mediated motility receptor (RHAMM), which are selectively coupled to numerous 

signaling pathways such as non-receptor protein tyrosine kinase Src, FAK, and 

MAPK.[99] These pathways affect numerous biological processes, including cell 

adhesion, cytoskeletal rearrangement, migration, proliferation and differentiation. [100]  

Beyond the normal physiological roles of HA, HA is well-known to function as a 

microenvironmental cue that contributes to tumorigenesis.[101] Studies of several cancer 

types have demonstrated that HA accumulates in neoplastic tissues[102]; most epithelial 

cancers possess high levels of HA localized peritumorally, or within the stromal 

compartment.[102] HA that is membrane-bound or freely existing extracellularly can 

affect the cellular physiology of cancer cells by binding to their surface receptors, thereby 

modulating motility, invasive properties, proliferation, growth factor production, 

multidrug resistance and epithelial-mesenchymal transition.[103] HA can also 

accumulate pericellularly to protect cancer cells against immune surveillance [104] and 

facilitate their metastasis to bone by promoting adhesion to bone marrow endothelial cells 

[105]. Additionally, HA oligosaccharides generated from hyalurodinase-mediated 

degradation of tumor HA have been reported to contribute to tumor progression by 

stimulating angiogenesis.[106]  

As discussed, although HA plays an active role in several biological processes, 

native HA is limited by its susceptibility to degradation and poor mechanical 
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properties.[100] Therefore, covalent crosslinking is necessary to improve the stability of 

the resulting hydrogel.[100] Crosslinking HA can occur by different chemistries, 

including the use of hydrazide-functionalized HA, thiolated and (meth)acrylated 

HA.[100] It has previously been shown in our laboratory that bone metastatic PCa cells 

form distinct tumor masses resembling in vivo tumors when encapsulated within in situ 

crosslinkable HA hydrogels composed of HA derivatives carrying complementary 

aldehyde and hydrazide groups. This crosslinked hydrogel was not only capable of 

supporting the growth and viability of encapsulated cancer cells, but also altered their 

drug sensitivity, suggesting the potential of HA-based hydrogels as a platform for the 

culture of bone metastatic PCa cells.[107] In summary, the prevalence of HA in the bone 

marrow ECM as well as its well-established roles in supporting the malignant phenotype 

justify the use of HA-based hydrogels as scaffolds to simulate the bone marrow 

microenvironment in vitro. 

 

3.3.  Concluding Remarks 

Given the recent advances in our understanding of the role that the tumor 

microenvironment plays in tumor progression, the long-standing recognition of the 

limitations of current preclinical models as well as the paradigm shift in anti-cancer 

therapeutic approaches from traditional cytotoxic to mechanistic, biological target-driven 

strategies, there is a pressing need for better in vitro models for cancer research. These 

models should ideally be well-characterized at the molecular level, support the in vivo 

tumor phenotype, and be amenable to modification for the study of microenvironmental 

cues on tumor behavior and drug response.  
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Chapter 4. Modeling Ewing Sarcoma Tumors in 
vitro with 3D Scaffolds* 

 
4.1.  Abstract 

The pronounced biological influence of the tumor microenvironment on cancer 

progression and metastasis has gained increased recognition over the past decade, yet 

most preclinical antineoplastic drug testing is still reliant on conventional 2D cell culture 

systems. Although monolayer cultures recapitulate some of the phenotypic traits 

observed clinically, they are limited in their ability to model the full range of 

microenvironmental cues, such as ones elicited by 3D cell-cell and cell-extracellular 

matrix interactions. To address these shortcomings, an ex vivo 3D EWS model that 

closely mimics the morphology, growth kinetics and protein expression profile of human 

tumors was established. EWS cells cultured in porous 3D electrospun PCL scaffolds not 

only were more resistant to traditional cytotoxic drugs than cells in 2D monolayer culture 

but also exhibited remarkable differences in the expression pattern of the IGF-1R/mTOR 

pathway. This 3D model of the bone microenvironment may have broad applicability for 

mechanistic studies of bone sarcomas and exhibits the potential to augment preclinical 

evaluation of antineoplastic drug candidates for these malignancies.  

 

 

 

* This chapter was published as Fong EL, Lamhamedi-Cherradi SE, Burdett E, 
Ramamoorthy V, Lazar AJ, Kasper FK, et al. Modeling Ewing sarcoma tumors in vitro 
with 3D scaffolds. Proc Natl Acad Sci U S A. 2013;110:6500-5. 
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4.2.  Introduction 

Despite the primacy of the cancer cell’s dysregulated genotype (e.g., a near 

universal translocation of the EWS breakpoint region 1 gene in EWS cells) as the initial 

step in malignant transformation, it has become increasingly apparent that the overall 

tumor phenotype is also dictated by the 3D tumor microenvironment.[2, 108-110] 

Nonetheless, studies of cancer biology and evaluation of antineoplastic drug efficacy 

remain heavily dependent on conventional 2D cell culture systems despite their limited 

ability to reflect the 3D tumor architecture, ECM, and surrounding cell types that 

comprise the in vivo tumor milieu.  

To overcome some of these constraints, 3D in vitro models such as spheroid and 

gel systems have been extensively studied and, compared to 2D monolayer culture, 

appear to better mimic the profound effects that the in vivo 3D environment has upon the 

human tumor phenotype.[111-115] For example, malignant cells cultured in 3D exhibit 

increased chemoresistance [116, 117], decreased cell proliferation [118], and assume 

specific phenotypes inducible only under a 3D context, such as angiogenic 

capability.[119-121] Furthermore, striking differences in signaling pathways targeted by 

proven and experimental therapies have been observed in 3D tumor models.[122-124] 

Accordingly, heightened awareness of the importance of 3D culture for cancer cells has 

resulted in the increasing use of spheroid culture systems for cancer research. However, 

these non-adhesion-mediated systems provide poor control over the tumor architecture 

and cell-cell interactions; as a result of culture conditions that prohibit cellular attachment 

onto surrounding surfaces, cells autonomously aggregate and form their own 3D 

geometry. An emerging strategy to overcome this inherent drawback of spheroid culture 
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is to leverage 3D scaffolding technologies that have been developed for tissue-

engineering applications [125], to guide tumor tissue formation in vitro with controlled 

and tunable architectural complexity.  

In the present study, our interdisciplinary team of cancer biologists, tissue 

engineers and clinicians sought to develop and validate a drug-testing tool that would 

elicit in vivo-like drug sensitivity and potentially advance mechanistic studies of disease 

biology through precise control of the in vitro tumor architecture. Focusing specifically 

on bone sarcomas, a 3D model of EWS (the second most common pediatric bone 

malignancy) was established by culturing TC-71 human EWS cells within electrospun 

polymeric scaffolds fabricated from PCL, a biologically-inert synthetic polymer 

previously investigated for use in bone and other tissue-engineering applications.[36, 

126-128] These scaffolds have several favorable features, including high porosity, a large 

surface area-to-volume ratio for cellular attachment, tunable fiber diameter, low cost, 

ease of fabrication and handling, and high reproducibility.[129, 130] With these 3D PCL 

scaffolds, ex vivo EWS traits were observed to be very similar to those in vivo with 

respect to morphology, growth kinetics and protein expression, and were remarkably 

different from their monolayer counterparts throughout the IGF-1R/mTOR-related 

signaling cascade. IGF-1R and mTOR, in particular, are potential therapeutic targets for 

EWS under active investigation in human clinical trials, as their combined abrogation 

promoted striking antineoplastic responses in a subset of patients with chemotherapy-

resistant EWS. 
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4.3.  Materials and Methods 

4.3.1.  Scaffold Preparation. Nonwoven electrospun PCL scaffolds were electrospun 

using the electrospinning apparatus as previously described.[130] In brief, the setup 

consists of a syringe pump, power supply and a grounded, square copper plate. A 30 ml 

syringe was filled with PCL (inherent viscosity range 1.0-1.3; DURECT Corporation) 

dissolved in a 5:1 (v/v) chloroform/methanol solution to 18 wt%, and fitted with a 16-

gauge blunt needle. A copper ring was placed in between the needle and the copper plate 

to stabilize the electric field. The positive lead from the power supply was split and 

connected to both the needle and the copper ring. Fibers were collected on a glass plate 

placed in front of the copper plate during the electrospinning process. PCL microfiber 

mats (microfiber diameter, 11.6±1.7 µm) were electrospun to a thickness of 1±0.1 mm, 

and individual 8-mm-diameter PCL discs were punched out using a biopsy dermal punch. 

Scanning electron microscopy was used to assess each disc’s fiber morphology and 

diameter. Prior to cell seeding, electrospun scaffolds were sterilized in ethylene oxide 

(AN73; Andersen Products) for 12 h and aerated to remove residual fumes. Scaffolds 

were then prewetted in an ethanol gradient (100-30%), rinsed three times with phosphate-

buffered saline, and soaked in culture medium for 2 days. 

 

4.3.2.  Cell Culture and Seeding. The human EWS cell line, TC-71, generously 

provided by Dr. John Trent (The University of Texas MD Anderson Cancer Center), was 

used in all experiments. Cells were maintained in RPMI 1640 medium (Mediatech) 

containing 10% fetal bovine serum (Gemini Bio-Products) and antibiotics (100 IU/ml 

penicillin and 100 µg/ml streptomycin; Mediatech) in a humidified incubator at 37 °C 
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and in a 5% CO2 atmosphere. The medium was replaced every 2 days. For monolayer 

cell culture, 50,000 TC-71 cells were seeded onto 12-well plates containing 3 ml of 

medium per well. 2 ml of the medium was replaced daily. For 3D cell culture, the 

prewetted scaffolds were press-fitted into individual cylindrical cassettes designed to 

confine the cell suspension and placed in 12-well plates for seeding. 250,000 TC-71 cells 

in 200 µl of medium were then seeded onto each prewetted scaffold. The cells were 

allowed to adhere to the scaffolds for 4-5 h before medium was gently added to immerse 

the cassettes completely. Seeded scaffolds were removed from the cassettes at 24 h and 

placed in 12-well plates containing 3 ml of medium, which was replaced daily. 

 

4.3.3.  Scanning Electron Microscopy. 3D constructs were fixed in 2.5% gluteraldehyde 

for at least 30 min and then dehydrated in an ethanol gradient (70-100%). Constructs 

were then air-dried overnight, sputter-coated with gold, and imaged using an FEI Quanta 

400 emission scanning electron microscope (FEI Company). 

 

4.3.4.  Cell Proliferation Assay.  DNA content was used as an indirect measure of cell 

number in both 2D monolayer and 3D PCL scaffold. The DNA content of cells was 

quantified using a Quant-iT PicoGreen dsDNA assay kit (Life Technologies). DNA was 

extracted from TC-71 cells by subjecting them to three freeze-thaw cycles in double-

distilled water (5 min in liquid nitrogen and 15 min in water at room temperature) 

followed by 15 min of sonication. Cell lysates, assay buffer, and a dye solution were 

combined in an opaque 96-well plate and incubated for 10 min at room temperature. 

Excitation and emission wavelengths of 485 nm and 528 nm, respectively, were used to 
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measure the fluorescence (FLx800 fluorescence microplate reader, BioTek Instruments). 

A lambda DNA standard curve was used to measure DNA concentrations. Sample 

cellularity was obtained by dividing total DNA per sample against DNA content per cell 

(derived from DNA extracts from known number of TC-71 cells). 

 

4.3.5.  Immunohistochemical Analysis. Constructs were fixed in 10% neutral buffered 

formalin and then immersed in 70% ethanol before being embedded in HistoPrep 

freezing medium (Fisher Scientific). 7 µm-thick frozen sections of the constructs were 

cut using a CM1850 UV cryostat (Leica Biosystems) and mounted onto Superfrost Plus 

microslides (VWR). Slides were allowed to thaw at room temperature after 

cryosectioning, baked overnight at 60 °C and analyzed histologically. Staining for CD99, 

pancytokeratin S100 protein and smooth muscle actin (SMA) was performed in a Clinical 

Laboratory Improvement Amendments-approved clinical laboratory using an automated 

stainer (Dako or Leica Microsystems) following the manufacturer’s instructions and 

commercially available antibodies against CD99 (Dako), a cytokeratin cocktail (Dako, 

BD Biosciences, Invitrogen), smooth muscle actin (Sigma-Aldrich), and S100 protein 

(Biogenex). Either 3-amino-9-ethylcarbazole or 3,3′-diaminobenzidine (DAB) was used 

as a chromogen, and sections were counterstained with hematoxylin. Positive and 

negative controls were run in parallel. For IGF-1R, pIGF-1R and c-kit, sections were 

washed and subjected to antigen retrieval for 20 min (c-kit and pIGF-1R) or 45 min (IGF-

1R). After antigen retrieval, the slides were cooled, washed in PBST, and 0.3% H2O2 was 

added for 15 min. Slides were then washed in PBST and blocked for 30 min using serum-

free protein block. Slides were incubated with c-kit (Epitomics) or pIGF-1R (Abcam) or 
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IGF-1R (Invitrogen) primary antibodies overnight. Thereafter, slides were washed and 

secondary LINK was added for 30 min, followed by streptavidin for 30 min. The slides 

were developed using DAB kit. 

 

4.3.6.  Flow Cytometry. Cells in monolayer culture or 3D PCL scaffolds were harvested 

using an enzyme-free cell dissociation buffer (Life Technologies), washed in phosphate-

buffered saline, and processed. Cell surfaces were labeled directly with fluorescein 

isothiocyanate-CD99, phycoerythrin–IGF-1R, phycoerythrin-Cy5-cKit, and APC-HER2 

monoclonal antibodies. Caspase-3, Ki-67, and cleaved PARP were labeled intracellularly 

after cell permeabilization using a kit obtained from eBioscience and corresponding 

conjugated monoclonal antibodies. The stained cells were fixed, acquired using a 

FACSCanto II flow cytometer (BD Biosciences), and analyzed using the FlowJo software 

program (Tree Star). All antibodies used were obtained from BD Biosciences. 

 

4.3.7.  Doxorubicin Studies. The dose response for doxorubicin (Pfizer) was evaluated 

in 2D and 3D culture at concentrations 0, 0.025, 0.05, 0.1, 0.5, and 1 µM. Cells were 

cultured as 2D monolayers for 1 day or in 3D PCL scaffolds for 16 days prior to a 3-day 

exposure to doxorubicin. In assessing the effect of cell density on doxorubicin sensitivity, 

cells were cultured for 3 or 16 days, which represented low and high density, 

respectively, before being exposed to doxorubicin for 3 days. The effect of drug exposure 

duration was also investigated, where cells were cultured for 16 days before being 

exposed to doxorubicin over a short (3 days) or long (16 days) culture duration. 

Doxorubicin-containing medium was replaced every 2 days during the drug exposure 
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period. Percentage cell viability was calculated by normalizing the average number of 

cells at each doxorubicin concentration against the average number of cells in the 

untreated controls. The percentage tumor volume was calculated by normalizing the 

average tumor volume at each doxorubicin concentration against the average tumor 

volume in the untreated controls. 

 

4.3.8.  IGF-1R and mTOR Studies. Cells in monolayer were either exposed to MK-

0646 (humanized antibody against IGF-1R; Merck) at concentrations 0, 15 and 150 

µg/ml for 3 days, or to MK-8669 (small molecule inhibitor of mTOR; Merck) at 

concentrations 0, 0.4 µM and 40 µM for 1 day. 3D constructs were cultured for 10 days, 

before being exposed to the same MK-0646 and MK-8669 concentrations for 7 

subsequent days. Medium change was carried out every 2 days.  

 

4.3.9.  Protein Isolation and Quantification for Western blot and RPPA Analysis. 

Lysis buffer (1% Triton X-100, 50 mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 

1 mM EGTA, 100 mM NaF, 10 mM Na pyrophosphate, 1 mM Na3VO4, 10% glycerol) 

containing a freshly added protease inhibitor cocktail and phosphatase inhibitors (Roche 

Applied Science) was used to lyse frozen EWS tumors via homogenization (excised 

tumors), and TC-71 monolayer and 3D constructs via cold incubation. The protein 

concentration for each scaffold was measured using a Micro BCA protein assay kit 

(Thermo Fisher Scientific). Lysates were then stored at -80 °C until analyzed. 
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4.3.10. Western Blotting. Proteins were resolved in sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and transferred to PVDF membranes. The membranes 

were blocked using 5% milk and hybridized with different primary antibodies: 

phosphorylated IGF-1Rβ, IGF-1Rβ, HER2/ErbB2, anti-phosphorylated erbB-2/HER2, 

phosphorylated IRβ, IRβ, S6 ribosomal protein, phosphorylated S6 ribosomal protein, c-

kit and β-actin. All primary antibodies were from Cell Signaling Technology except for 

phosphorylated erbB-2/HER2 (Millipore) and c-kit (Epitomics).  Signals were captured 

using horseradish peroxidase-conjugated secondary anti-rabbit IgG and anti-mouse IgG 

antibodies (Cell Signaling Technology) and visualized using SuperSignal West Dura 

chemiluminescent substrate (Thermo Fisher Scientific). The level of immunoreactive 

protein was measured using chemiluminescent Hyperfilm ECL (GE Healthcare) and 

quantified using an ImageQuant TL computing densitometer (GE Healthcare). 

 

4.3.11.  RPPA and Bioinformatic Analysis. RPPA experiments were performed as 

described previously.[131] Analysis of 3D constructs, 2D monolayer, and xenograft TC-

71 tumor samples was performed simultaneously using the same array. Lysates were 

normalized to 1 µg/µl and boiled in a solution containing sodium dodecyl sulfate (90%) 

and b-mercaptoethanol (10%). Supernatants were manually diluted in five-fold serial 

dilution with lysis buffer and processed. Using a 2470 arrayer (Aushon BioSystems), 

1056 sample arrays were created on nitrocellulose-coated FAST slides (Schleicher & 

Schuell BioScience). Slides were probed with 152 validated primary antibodies, and 

signals were amplified using a DakoCytomation-catalyzed system (Dako). Secondary 

antibodies were used as a starting point for amplification. Slides were scanned, analyzed, 
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and quantified using the MicroVigene software program (VigeneTech). This program 

provides automated spot identification, background correction, and individual spot-

intensity determination (expressed in logarithmic units). The resulting data were 

normalized for possible unequal protein loading, taking into account signal intensity for 

each sample for all antibodies tested. Log2 values were median-centered by protein to 

account for variability in signal intensity by time and using the formula log2 signal - log2 

median. The data were analyzed using GeneSpring GX software program (version 12.1; 

Agilent Technologies) by performing one-way ANOVA followed by Tukey’s test to 

compare each pair of group in order to borrow strength from more samples to estimate 

the between-group variance with minimum two-fold change. 25 proteins were found to 

be significantly associated with difference between pair groups by hierarchically 

clustering the data with Euclidean correlation, Pearson centroid linkage, and Benjamini-

Hochberg false discovery rate correction at 0.05. 

 

4.3.12.  In vivo TC-71 Xenograft Tumor Growth. Male non-obese diabetic/SCID-/- and 

CB17/SCID-/- mice (The Jackson Laboratory) were used to generate subcutaneous (106 

cells injected/animal) TC-71 xenografts. All mice were maintained under barrier 

conditions, and experiments were conducted using protocols and conditions approved by 

the University of Texas MD Anderson Cancer Center Institutional Animal Care and Use 

Committee.  Mice bearing subcutaneous tumors were administered MK-0646 or MK-

8669 (Merck) when their tumors reached a diameter of 6 mm or doxorubicin (Pfizer) 

when their tumors reached a diameter of 10 mm. All drugs were administered 

intraperitoneally to mice in groups of four, with IGF-1R inhibitors given twice a week (1 
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mg/animal), mTOR inhibitors given five times a week (5 mg/kg/day), and doxorubicin 

given as a single intraperitoneal injection (12, 10, 6, 3, 1.2, and 0 mg/kg). Tumor volumes 

(in cm3) were measured at the initiation of the study and two or three times a week for up 

to 40 days afterward. Tumor volumes were calculated using the formula (π/6) x D x d2, in 

which D is the largest diameter and d is the smallest diameter. 

 

4.3.13.  Statistical Analysis. Percentage cell viability is expressed as mean ± standard 

error of the mean. Statistical differences between groups in Fig. 4.4 were determined by 

performing a two-factor ANOVA prior to making multiple pairwise comparisons at each 

drug concentration using the Tukey HSD procedure at a significance level of 95%.  
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4.4.  Results and Discussion 

By culturing TC-71 cells in a porous 3D electrospun PCL scaffold, a novel ex 

vivo EWS model was engineered. At 2 days in culture, TC-71 cells adhered in small, 

sparse clusters to individual PCL fibers and were located primarily on the top surface of 

the scaffold. With increased duration of culture (20 days), cells were found throughout 

the scaffold, with the majority located within the upper one-fifth of the scaffold (Fig. 

4.6). Representative scaffolds collected after short- and long-term culture were imaged 

using scanning electron microscopy (Fig. 4.1A). Careful review of the resulting images 

by an experienced sarcoma pathologist identified the small round-cell morphology 

characteristic of human EWS tumors. Additionally, a well-validated panel of 

immunohistochemical markers routinely used for diagnostic purposes in patients (CD99+, 

keratin-, and SMA-) confirmed that the established in vitro 3D tumor model preserves a 

well-differentiated EWS-like phenotype (Fig. 4.1B). 

Paralleling a rapid increase in regulatory approval of biologically targeted drugs 

and ‘omics’-based technologies that have made tumor profiling commonplace, some of 

the most promising experimental agents being tested in the treatment of EWS in early-

phase clinical trials exert their effect by antagonizing IGF-1R, mTOR, or other proteins 

in their shared signaling cascades.[132, 133] Although a thorough discussion of the roles 

of IGF-1R and mTOR in EWS carcinogenesis is beyond the scope of this article, two 

decades of research indicate that their expression is critical, as the pathognomonic 

EWSR1-ETS translocation alone is insufficient to promote and maintain EWS 

oncogenesis, growth, and invasion.[134-137] 
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Despite a wealth of preclinical information and two recent clinical trials 

demonstrating marked tumor regression in a subset of patients with EWS treated with 

combined antagonists of the IGF-1R/mTOR pathway, there was a surprising lackluster 

cellular response to IGF-1R antagonists in conventional 2D monolayer culture.[138, 139] 

In seeking to elucidate biomarkers of response and mechanisms of de novo and acquired 

resistance, it was hypothesized that this difference in preclinical and clinical response 

may result from inherent changes in the IGF-1R/mTOR signaling cascade when tumor 

cells are removed from their native microenvironment, which my colleagues and I sought 

to recapitulate using the 3D PCL scaffold, while maintaining control over experimental 

parameters. 

Striking differences were observed in the expression of proteins associated with 

the IGF-1R/mTOR signaling pathway using immunohistochemistry, Western blotting, 

and flow cytometry. First, expression of both IGF-1R and, in particular, phosphorylated 

IGF-1R, was significantly higher in cells that were cultured within the 3D PCL scaffolds 

and grown as EWS xenografts than cells in 2D monolayer culture, suggesting more in 

vivo-like, vigorous constitutive activation of IGF-1R signaling (Fig. 4.2A, B). 

Additionally, the expression of proteins associated with putative mechanisms of 

resistance to IGF-1R–targeted therapy was examined, including c-kit and HER2/neu, and 

higher expression of both proteins in the TC-71 xenografts as well as cells that were 

cultured within our 3D PCL scaffolds was found, as compared to cells in 2D monolayer 

culture (Fig. 4.2A, B). This observation was confirmed using flow cytometry, as 

indicated by the mean fluorescence levels for c-kit (3.26 versus 6.27) and HER2/neu 

(17.7 versus 24.9) in cells in 2D monolayer culture and the 3D PCL scaffolds, 
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respectively (Fig. 4.2C). Taken together, these observations suggest that cells cultured in 

the 3D PCL scaffold may serve as a reliable ex vivo surrogate for xenografts, and 

potentially human EWS tumors, for evaluating the IGF-1R/mTOR pathway under both 

physiological and perturbed states. 

To demonstrate that the 3D EWS model exhibits tumor growth characteristics 

necessary to serve as a reliable platform for testing promising drug candidates, 

particularly those that exert their antineoplastic effect on actively dividing cells, the rate 

of proliferation of TC-71 cells cultured in 3D PCL scaffolds was compared with that of 

cells in 2D monolayer culture and human EWS xenografts (Fig. 4.3A) using DNA 

content as an index of proliferation. In contrast to 2D monolayer culture, the proliferation 

rate of TC-71 cells within the 3D PCL scaffolds was substantially slower and more 

closely aligned with that of cells grown in vivo as xenografts, which serves as the current 

preclinical gold standard for assessing drug efficacy. As determined by flow cytometry, 

this finding can be attributed to both decreased proliferation and increased apoptosis as 

evidenced by altered intracellular expression of Ki-67, caspase-3, and cleaved poly(ADP-

ribose) polymerase (PARP) protein in TC-71 cells cultured within the 3D PCL scaffolds 

(Fig. 4.3B). 

Further, the sensitivity of the 3D EWS model to doxorubicin, a prototypical 

cytotoxic chemotherapeutic agent with proven clinical value in EWS patients, was 

characterized. Comparable with increased doxorubicin resistance observed in TC-71 

xenografts that grew in CB17/severe combined immunodeficient (SCID) mice (half-

maximal inhibitory concentration [IC50], 0.184 µM), TC-71 cells cultured in 3D PCL 

scaffolds demonstrated greater resistance than cells in 2D monolayer culture (IC50, 2.738 
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µM and 0.012 µM, respectively) (Fig. 4.4A). This result was expected given the slower 

proliferation rate associated with growth in the 3D PCL scaffolds and doxorubicin’s 

known mechanism of cytotoxicity. However, this may also be attributed to restoration of 

structurally complex in vivo-like cell-cell contact in the 3D PCL scaffolds similar to 

previously reported observations of drug and radiation resistance in tumor 

spheroids.[140] 

To elucidate the potential role of cell-cell contact in doxorubicin resistance in the 

3D model, the effect of cell density as a surrogate measure of cell-cell contact in the 

scaffolds was investigated. As shown in Fig. 4.4B, densely seeded cell cultures were 

associated with 8.7-fold greater chemoresistance (IC50, 4.225 µM) than were their more 

sparsely growing counterparts (IC50, 0.485 µM), suggesting a negative correlation 

between cell-cell contact and drug sensitivity. However, the exact signaling mechanisms 

implicated in drug resistance are still unclear, and current studies are looking at whether 

differential sensitivity is a direct consequence of enhanced cell-cell contact alone or 

interplay among other factors (e.g., intracellular changes, paracrine signaling, 

modifications in the supporting matrix). The well-recognized phenomenon of 

chemoresistance previously observed in another spatially complex tumor model (tumor 

spheroids) results from poor drug penetration into the innermost cell layers, but nothing 

was found to suggest that this occurred in the 3D PCL scaffolds.[20, 141] Indeed, as drug 

transport and interaction with the scaffold may have an impact on the efficacy of the 

drug, an additional study was conducted to characterize the potential interaction between 

doxorubicin and the 3D PCL scaffold (Fig. 4.7). Although significantly more doxorubicin 

was found to adsorb onto the PCL scaffolds as compared to tissue culture plastic controls, 
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Fig. 4.4A shows that within the concentration range of doxorubicin after adsorption onto 

the PCL scaffold, cytotoxicity in 2D is still greater than 90%, indicating that the 

increased resistance observed in 3D is not due to decreased availability of the drug after 

adsorption onto the scaffold. 

Given the lower proliferative index of cells in the 3D PCL scaffolds than in 2D 

monolayer culture that better mimics human tumor growth, this model may be 

particularly appropriate for investigating the long-term impact of drug exposure on 

cancer cells, which is a challenging endeavor with 2D culture systems, given that 

confluency limits the duration of culture. Fig. 4.4C shows that prolonged exposure to 

doxorubicin ultimately elicited significant cell death despite negligible short-term 

antineoplastic effects of the drug (IC50, 1.397 µM and 0.051 µM for short and long 

doxorubicin exposure, respectively). Hence, in addition to its greater fidelity to the in 

vivo EWS tumor phenotype, this 3D EWS model may be an exceptionally useful tool for 

conducting long-term studies necessary for determining the often subtle and delayed 

antineoplastic effects exerted by biologically targeted therapy. Notably, as the vast 

majority of cytotoxic and biologically targeted therapies exert their antineoplastic effects 

well within the long doxorubicin exposure period investigated in this study, this time 

frame was not extended beyond 16 days. 

As striking differences in the IGF-1R/mTOR pathway signaling pattern in EWS 

cells in our 3D PCL scaffold and 2D monolayer culture was observed, whether more in 

vivo-like drug sensitivity to inhibitors of IGF-1R and mTOR could be elicited was 

investigated. TC-71 cells grown under the three conditions (2D monolayer, 3D PCL 

scaffold, and as xenografts) were treated with MK-0646, a humanized IgG1 monoclonal 
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antibody against IGF-1R. An upregulation of HER2/neu and c-kit expression in the 3D 

PCL scaffolds was observed, which is in concordance with the expression pattern in 

xenografts (Fig. 4.5A, B, C). Additionally, in agreement with published data implicating 

the insulin receptor (IR) as a major contributor of resistance to IGF-1R-targeted therapy 

(via formation of hybrid IGF-1R/IR-α receptors)[142], it was found that IGF-1R 

inhibition led to constitutive phosphorylated IR-β protein activation in TC-71 cells 

cultured in the 3D PCL scaffold and in xenograft tumors but not in 2D monolayer culture 

(Fig. 4.5B). Furthermore, treatment with the small-molecule mTOR inhibitor MK-8669 

(ridaforolimus) had no effect on IGF-1R, c-kit, or HER2/neu expression despite 

suppressed phosphorylated S6, suggesting that this 3D model is able to mimic the 

expected in vivo pharmacodynamic response of mTOR inhibition. Overall, these results 

offer a unique perspective on IGF-1R/mTOR signaling in a novel biomimetic 3D 

preclinical model of EWS. 
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4.5.  Conclusion 

An in vitro human EWS model that exhibits morphological and biochemical 

features of in vivo tumors in stark contrast with conventional 2D models that poorly 

represent in vivo EWS tumor biology was developed in this work. The remarkable 

similarity between the engineered EWS tumor model and in vivo xenograft EWS tumors 

suggests that tumor cells cultured within the 3D PCL scaffold may represent a better 

model than 2D culture systems for mechanistic studies of standard chemotherapies and/or 

biologically targeted therapies for EWS under preclinical investigation. 

Accelerated development of antineoplastic drugs is critically dependent on 

preclinical models that simulate in vivo tumor growth and intracellular signaling as 

accurately as possible. 2D culture systems that poorly recapitulate the in vivo 3D tumor 

microenvironment and, hence, in vivo signaling cascades may possess limited utility in 

this regard. Dysregulated signaling cascades propagated in 2D culture may lead to 

erroneous scientific conclusions that complicate our understanding of cancer biology and 

mask resistance mechanisms that would otherwise be elucidated under 3D culture 

conditions. 

With superior fidelity to the in vivo phenotype, this 3D model of EWS provides 

the unique opportunity to examine the biology of this cancer in a preclinical in vivo-like 

system that is still amenable to standard experimental techniques. Furthermore, the 

enhanced constitutive activation of IGF-1R in this 3D system may facilitate the 

identification of critical nodes in the IGF-1R signaling network that may be exploited 

therapeutically. Moreover, because this 3D model reproduces several putative 

mechanisms of drug resistance known to be found clinically (e.g., increased reliance on 



	  

	  

48	  

alternative receptor tyrosine kinases such as c-kit and IGF-1R/IR-α hybrid receptors that 

activate the mTOR pathway independent of IGF-1R), it may serve as a reliable platform 

for testing combined antagonists of the IGF-1R/mTOR signaling cascade. Lastly, given 

the in vivo-like sensitivity of EWS cells to doxorubicin in our 3D model, this model may 

also facilitate the pursuit of combinational therapeutic strategies involving both IGF-1R 

blockade and standard cytotoxic chemotherapy. 

Although the understanding of the profound influence of 3D culture conditions on 

EWS growth and survival has advanced with the use of the engineered PCL scaffolds, 

many questions remain to be answered. For example, as the effect of oxygen, nutrient, 

and drug concentration gradients on the tumor phenotype and drug efficacy are important 

considerations in 3D tumor models, further studies are warranted to elucidate the 

potential impact of these parameters. Additionally, given the role of tumor-associated 

cells in influencing tumor behavior, a logical progression of the work reported herein is 

to recapitulate the in vivo cellular cross-talk and address whether the co-culture of EWS 

cells with other tumor-associated cells (such as stromal and endothelial cells) within the 

3D PCL scaffold affects the activation status of the IGF-1R signaling cascade. 

Furthermore, is the in vivo-like signaling cascade observed in 3D induced in part by 

altered adhesion of tumor cells to the scaffold surface via focal adhesion kinases or 

attributable to changes in the expression of cell-cell adhesion molecules? Will the use of 

flow perfusion culture conditions to mimic the mechanical aspect of the bone 

microenvironment affect EWS cell differentiation and signaling? The answers to these 

questions and others must ultimately be derived from the use of a biologically relevant 

3D environment. 
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4.6.  Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Morphological characterization of 3D EWS model.  (A) Scanning electron micrographs of 
TC-71 cells seeded in electrospun 3D PCL scaffolds at low magnification (upper panel; scale bar, 200 
µm) and high magnification (lower panel; scale bar, 50 µm). By the 20th day in culture, cells formed 
sheet-like clusters and exhibited small, round-cell morphology, bearing close morphological 
resemblance to human EWS tumors. (B) Immunohistochemical validation of the EWS phenotype of 
cells cultured within the 3D PCL scaffold for 20 days using the clinical diagnostic markers CD99 
(left), keratin (middle) and smooth muscle actin (right). Staining performed with Dr. Elizabeth G. 
Demicco. Scale bar, 100 µm.  
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Figure 4.2 Comparison of IGF-1R/mTOR signaling in TC-71 cells cultured in 2D monolayer culture to 
80% confluency, in 3D PCL scaffold for 10 days or in vivo as subcutaneous tumors for 12 days. (A) 
Representative IGF-1R, phosphorylated IGF-1R (pIGF-1R), and c-kit immunohistochemical staining of 
TC-71 cells cultured in 2D monolayer culture, in 3D PCL scaffold, and as xenograft tumors (in vivo). 
Weak expression of IGF-1R and pIGF-1R and lack of expression of c-kit in the 2D TC-71 cells was 
observed. In contrast, the expression of IGF-1R, pIGF-1R, and c-kit is much more pronounced when the 
same cells were grown in 3D. Importantly, the levels of expression of these proteins in the 3D culture 
conditions show more consistency with their in vivo levels of expression when TC-71 cells were 
implanted in nude mice (original magnification, 400×). Staining performed with Dr. Hesham M. Amin. 
(B) Comparison of expression of IGF-1R/mTOR pathway-related proteins in TC-71 cells cultured in 2D 
monolayer culture, in 3D PCL scaffold, and as xenograft tumors. Expression of pIGF-1R was strikingly 
higher in the 3D scaffolds than in 2D culture, suggesting constitutive activation of IGF-1R signaling 
(similar to that observed in vivo). Higher c-kit and HER2/neu expression in the 3D scaffolds than in 2D 
culture was also observed. Western blot performed with Vandhanna Ramamoorthy. (C) Flow 
cytometric analysis of IGF-1R, c-kit, and HER2/neu expression in TC-71 cells cultured within 2D 
monolayer culture or in 3D PCL scaffold. Flow cytometry performed with Dr. Salah-Eddine 
Lamhamedi-Cherradi. 
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Figure 4.3 Growth profile of TC-71 EWS cells in 2D, 3D and in vivo.  (A) EWS growth in 2D 
monolayer culture, in 3D PCL scaffold, or in vivo as xenografts. TC-71 cells proliferated at a 
substantially slower rate in the 3D scaffolds than in 2D culture (left axis, fold change in cell number), 
with the former bearing closer similarity to the in vivo tumor growth rate (right axis, fold change in 
tumor volume). Data represent the mean fold change in cell number (2D and 3D) or tumor volume (in 
vivo) ± standard error of the mean (n = 4 for 2D culture and in vivo, n = 6 for 3D scaffolds). (B) Levels 
of Ki-67, caspase-3, and cleaved-PARP expression in TC-71 cells in 3D PCL scaffolds (cultured for 10 
days) and 2D monolayer culture as measured using flow cytometry. The majority of the cells in the 3D 
PCL scaffolds were still proliferative even at 10 days in culture, with a small percentage of apoptotic 
cells present. In vivo study and flow cytometry performed with Dr. Salah-Eddine Lamhamedi-Cherradi. 
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Figure 4.4 Response of TC-71 EWS cells to doxorubicin. (A) Percentage of viable TC-71 cells in 2D 
monolayer culture, in 3D PCL scaffold and in vivo as xenografts after doxorubicin exposure. Cells in 
3D scaffolds (IC50, 2.738 µM) and in vivo (IC50, 0.184 µM) demonstrated greater drug resistance than 
did cells in 2D culture (IC50, 0.0122 µM). P < 0.05 for 3D versus 2D; * indicates P < 0.05 at each 
respective concentration. (B) Percentage of viable TC-71 cells cultured in 3D PCL scaffolds at low and 
high densities (representing little and extensive cell-cell contact, respectively) after doxorubicin 
exposure. High-density culture resulted in greater doxorubicin resistance (IC50, 4.225 µM) than did low-
density culture (IC50, 0.485 µM). P < 0.05 for low versus high density; # indicates P < 0.05 at each 
respective concentration. (C) Percentage of viable TC-71 cells in 3D PCL scaffolds after short (3 days) 
or long (16 days) doxorubicin exposure. Cells exposed to doxorubicin for a longer duration (IC50, 0.051 
µM) exhibited lower drug resistance than did those exposed to it for a shorter duration (IC50, 1.397 
µM). P < 0.05 for short versus long duration; * indicates P < 0.05 at each respective concentration. Data 
represent the mean percentage viability (2D and 3D; left axis) and tumor volume (in vivo; right axis) ± 
standard error of the mean normalized against untreated controls (n = 4 for 2D culture and in vivo, n = 6 
for 3D scaffolds).  
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Figure 4.5 Response of TC-71 EWS cells to IGF-1R and mTOR inhibition. (A) Reverse phase protein 
array (RPPA) analysis of selected proteins in the IGF-1R/mTOR pathway (red, increased signal; blue, 
decreased signal). Protein lysates were harvested from TC-71 cells in 3D PCL scaffolds, in 2D 
monolayer culture, or in vivo. RPPA findings were validated using (B) Western blot and (C) flow 
cytometric analysis. Similar alterations in the expression of IGF-1R, c-kit, and HER2/neu were 
observed in cells in the 3D PCL scaffolds and in vivo xenografts. RPPA performed by MDACC RPPA 
Core Facility. Western blot performed with Vandhanna Ramamoorthy. Flow cytometry performed with 
Dr. Salah-Eddine Lamhamedi-Cherradi. 
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Figure 4.7 Adsorption of doxorubicin onto 3D PCL scaffolds. 0.5 µM of doxorubicin in serum-
containing RMPI medium (Dox/medium) was prepared and 3 ml was pipetted into individual wells of 
12-well plates. PCL scaffolds (n=4) were immersed in Dox/medium and measurements of doxorubicin 
fluorescence were taken at 0, 6, 12, 24, 36 and 48 h. Wells that contained only Dox/medium (no 
scaffold) served as controls (n=4). 48 hours was selected as the last time-point given that Dox/medium 
was changed every 2 days in the doxorubicin studies represented by Fig. 4. At each time-point, 
Dox/medium from each sample was collected; excitation and emission wavelengths of 485 nm and 
590 nm, respectively, were used to measure the fluorescence intensity of doxorubicin (SpectraMax 
M2, Molecular Devices). The concentration of free doxorubicin (not adsorbed) was calculated from a 
standard curve freshly prepared at each time-point. As shown, even though 0.5 µM of Dox/medium 
was prepared, the concentration of free doxorubicin measured at time t=0 is approximately 0.4 µM, 
reflecting possible adsorption of the drug onto the polystyrene vessel that was used to contain the 
Dox/medium before it was pipetted into wells. Statistical analysis by two-way ANOVA indicated that 
significantly more doxorubicin adsorbs onto the PCL scaffold as compared to the tissue culture plastic 
well alone (P < 0.05). However, Fig. 4A shows that within the concentration range of doxorubicin 
after adsorption onto the PCL scaffold, cytotoxicity in 2D is still greater than 90%, indicating that the 
reduced drug sensitivity observed in 3D is not due to the decreased availability of doxorubicin after 
adsorption onto the PCL scaffold.  

 

Figure 4.6 Fast-Green stained cross-section of the 3D EWS construct after 20 days in culture. Cells 
were found throughout the scaffold, with the majority located within the top one-fifth of the scaffold. 
Scale bar, 200 µm 
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Chapter 5. Hydrogel-Based 3D Model of Patient-
Derived Prostate Xenograft Tumors Suitable for 

Drug Testing* 
 

5.1.  Abstract 

The lack of effective therapies for bone metastatic PCa underscores the need for 

accurate models of the disease to enable the discovery of new therapeutic targets and to 

test drug sensitivities of individual tumors. To this end, the PDX PCa model using 

immunocompromised mice was established to model the disease with greater fidelity 

than is possible with currently employed cell lines grown on tissue culture plastic. 

However, poorly adherent PDX tumor cells exhibit low viability in standard culture, 

making it difficult to manipulate these cells for subsequent controlled mechanistic 

studies. To overcome this challenge, PDX tumor cells were encapsulated within a 3D 

HA-based hydrogel and it was demonstrated that the hydrogel maintains PDX cell 

viability with continued native androgen receptor expression. Furthermore, a differential 

sensitivity to docetaxel, a chemotherapeutic drug, was observed as compared to a 

traditional PCa cell line. These findings underscore the potential impact of this novel 3D 

PDX PCa model as a diagnostic platform for rapid drug evaluation and ultimately push 

personalized medicine towards clinical reality. 

 

 

* This chapter was published as Fong EL, Martinez M, Yang J, Mikos AG, Navone NM, 
Harrington DA, et al. Hydrogel-based 3D model of patient-derived prostate xenograft 
tumors suitable for drug screening. Molecular Pharmaceutics. 2014;11:2040-50. 
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5.2.  Introduction 

Following a clinically predictable progression pattern, advanced PCa metastasizes 

to distant organs, with a striking predisposition for bone.[143] Despite a decreasing 

overall mortality rate for PCa patients, survival time remains significantly reduced with 

metastatic disease.[70] The development of effective treatments has been hindered, in 

part, by the lack of cell lines and/or xenograft models that accurately recapitulate the 

complex metastatic microenvironment.[70, 144] Without appropriate models to reflect 

the disease, mechanistic studies to accurately elucidate the players involved in PCa 

progression in bone have been difficult to implement, impeding the development of 

clinically effective therapeutics targeted to bone metastases.[70] 

Some of the more commonly-used PCa cell lines (e.g. PC-3, DU-145) offer 

convenience to investigators because they adhere well to tissue culture plastic, and 

therefore are amenable to high throughput screening of drug libraries. However, these 

same cell lines, when inoculated in bone, generate a largely osteolytic response, in 

contrast to the predominantly osteoblastic nature of the native human disease. To more 

accurately model the disease, the LNCaP cell line progression series (LNCaP, C4, C4-2, 

C4-2B) was developed, with C4-2B cells forming osseous lesions in bone.[145] 

However, there is a continued search for PCa cell models with greater fidelity to the 

disease that will foster the translation of preclinical findings into the clinic, particularly to 

satisfy the need to identify new treatments that will eradicate PCa metastases growing in 

bone.  

To address the need for the highest-possible fidelity in PCa cell sources, PDX 

models have been established for the preclinical investigation of various aspects of PCa 
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biology including angiogenesis, identification of castrate-resistant stem-like cells, and 

effect of anti-androgen therapies.[146-149] PDX models are generated when tumor tissue 

from the patient is surgically resected and engrafted directly into immunocompromised 

mice.[150] Tumors are subsequently maintained solely in vivo via mouse-to-mouse 

passage, requiring both careful monitoring of the tumor burden and labor intensive 

animal transfers.[150] Through serial passaging in mice and the absence of any in vitro 

manipulation, PDX tumors remain biologically stable - preserving much of the 

molecular, genetic and histological features as well as heterogeneity of the original 

tumor.[146] However, given the high costs of animal maintenance, lengthy latency period 

following engraftment, variable engraftment rates, and rare access to patient tissue 

specimens, PDX in vivo models are generally not yet widely employed in cancer 

research.[150] Most notably, given the poor viability exhibited when grown in vitro 

under standard tissue culture conditions, it is extremely challenging to culture PDX bone 

metastatic PCa cells for any brief ex vivo manipulation needed to conduct controlled 

mechanistic studies in vivo.  

Mirroring the in vitro behavior of PDX prostate tumors, PCa cell lines belonging 

to the LNCaP series also adhere poorly to two-dimensional (2D) tissue culture surfaces, 

precluding them from use in standard drug screening platforms.[107] To circumvent this 

problem, our laboratory recently demonstrated the feasibility of using 3D HA-based 

hydrogel systems to support the growth and viability of these PCa cell lines for 

mechanistic studies and drug testing.[107, 151, 152] While the commonly employed 

human tumor spheroid model is an alternative to culturing these poorly adherent cells, 

hydrogel encapsulation provides the means to fully recapitulate the tumor 
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microenvironment with precise, tunable control over architectural and mechanical cues 

and/or critical cell – extracellular matrix interactions, depending on the type of material 

used.[20] Specifically, as a ubiquitous component of the bone marrow where bone 

metastatic PCa cells reside, HA plays an active role in regulating several biological 

processes, including tumorigenesis, strongly justifying its use as an extracellular matrix 

analogue for culturing bone metastatic tumor cells in vitro.[101] 

Based on the suitability of HA-based hydrogel systems for the culture of PCa cell 

lines, it was hypothesized that these systems would similarly support the viability of PDX 

PCa cells in vitro. Hence, in the present study, a novel protocol to encapsulate PDX PCa 

cells within 3D HA-based hydrogels was developed and the tumor cell morphology, 

viability, proliferative capacity and phenotype were examined.  The potential of this 3D 

PDX PCa model as a diagnostic platform for evaluating rapid patient-specific drug 

response was also tested, a significant advance towards achieving a more personalized 

therapeutic regimen. 
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5.3.  Materials and Methods 

5.3.1.  Materials. Phenol red-free Dulbecco's Modified Eagle Medium/Nutrient Mixture 

F-12 (DMEM/F-12), T-medium, penicillin/streptomycin, trypsin-EDTA, L-glutamine, 

LIVE/DEAD® viability/cytotoxicity kit and Quant-iTTM PicoGreen dsDNA Assay kit 

were obtained from Life Technologies (Grand Island, NY). Fetal bovine serum (FBS) 

was obtained from Atlanta Biologicals (Flowery Branch, GA). Phosphate buffered saline 

(PBS) was obtained from Lonza (Walkersville, MD). ACCUMAXTM was obtained from 

eBioscience (San Diego, CA). Thiol-modified HA (HA-SH, Glycosil®, average Mw: 240 

kDa, degree of thiolation: 1 µmol/mg HA-SH) and poly(ethylene glycol)-diacrylate 

(PEG-DA, Extralink®, average Mw: 3350 Da) were obtained from BioTime Inc. 

(Alameda, CA). This HA-SH/PEG-DA hydrogel system previously has been 

characterized extensively.[153-155] Docetaxel was obtained from Selleck Chemicals 

(Houston, TX). DMSO, L-cysteine and papain papaya latex were obtained from Sigma-

Aldrich (St. Louis, MO). Primary antibodies used were human-specific anti-nuclei 

antibody from Millipore (MAB1281, Billerica, MA), anti-androgen receptor from Santa 

Cruz Biotechnology (sc-816, Dallas, TX), anti-cleaved caspase-3 was from Cell 

Signaling Technology (NB110-89717, Danver, MA), and anti-Ki-67 from Novus 

Biologicals (#9664S, Littleton, CO). Sylgard® 184 poly(dimethylsiloxane) (PDMS) 

elastomer kit was from Dow Corning (Midland, MI). 

 

5.3.2.  PDX Cell Preparation. MDA PCa 183 and MDA PCa 118b cells were routinely 

maintained as subcutaneous tumors in CB-17 SCID mice (Charles River). All 

experiments for the propagation of PDX tumors in mice were conducted under IACUC 
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approval from the University of Texas MD Anderson Cancer Center. The MDA PCa 183 

xenograft was derived from androgen-dependent prostate carcinoma, whereas the MDA 

PCa 118b was derived from androgen receptor-negative castrate-resistant prostate 

carcinoma.[156] For this study, MDA PCa 183 and MDA PCa 118b PDXs of passage 12 

and 8 respectively, were used. On the day of harvest, the animal hosts were sacrificed by 

cervical dislocation. Tumor specimens were removed immediately, rinsed six times with 

PBS, minced with a scalpel blade and digested with ACCUMAXTM enzymatic solution 

for 15 min at 37oC. The enzyme solution was inactivated with FBS and the resultant 

tumor slurry was filtered through a 70 µm cell strainer and the filtrate was centrifuged. 

The supernatant was removed, the resulting cell pellet was resuspended, and a cell count 

was performed.  

 

5.3.3.  PDMS Mold Preparation. Custom-made PDMS molds were made by mixing 

Sylgard® 184 elastomer and crosslinker 10:1 (v/v) according to manufacturer’s 

instructions. The liquid silicone solution was centrifuged at 4°C/3000 rpm/5 min to 

remove bubbles and poured into a square aluminum frame with a 1.5 mm-thick spacer. 

Slabs were cured in a Carver press at 100°C for 45 min. An X-660 automated CO2 laser 

cutter (Universal Laser Systems, Scottsdale, AZ) was used at 2.5% speed and 60% power 

to cut the slabs into 24 x 60 mm rectangles with multiple 6 mm diameter cylindrical 

cavities. The resultant molds were steam-autoclaved before each use, and were sealed 

onto sterile glass slides before being employed as molds for hydrogel fabrication. Each 

cylindrical cavity could hold approximately 50 µL of hydrogel.   
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Prior to PDX tumor culture, HA-SH and PEG-DA were solubilized at 10 and 20 

mg/mL, respectively, in degassed water per the manufacturer’s instructions. The 

solutions were mixed at 4:1 (v/v) ratio, 35 µL of the combined solution was placed in 

each cavity of the silicone molds, and the mixture was allowed to cross-link for 1 h at 

37°C. The bottom layer of acellular hydrogel served as a ‘cushion layer’ to prevent cell 

clusters from settling out of the cell-hydrogel construct during culture. 

 

5.3.4.  PDX Tumor Culture.  Following tumor harvest, unsorted cells from the 

processed tumors were plated on 6-well plates at densities determined to yield hydrogel 

constructs with 150,000 and 300,000 encapsulated MDA PCa 183 and MDA PCa 118b 

cells respectively, per construct. MDA PCa 183 and MDA PCa 118b cells were cultured 

in DMEM/F-12 supplemented with 10% and 30% (v/v) FBS respectively, in the presence 

of 100 U/mL penicillin and 100 µg/mL streptomycin.  Tumor cells then were incubated at 

37°C with 5% CO2 for two days, after which tumor cell aggregates that formed in 

suspension from all wells were collected into sterile 15 mL tubes and gently centrifuged. 

Supernatant was removed from each tube and the remaining cell pellets were resuspended 

in complete DMEM/F-12 medium, combined and split into microcentrifuge tubes and 

centrifuged again. Notably, as these cells form clusters in suspension, we could not 

perform cell counts immediately prior to encapsulation. Instead, cell counting for the 

preparation of hydrogel constructs was performed at the step of 2D culture in 6-well 

plates (immediately after the tumors were dissociated). The resulting cell pellets then 

were resuspended in solutions of HA-SH and PEG-DA (4:1 v/v) as described above, and 

25 µL of the cell-hydrogel suspension was immediately pipetted into each well, over the 
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35 µL cushion layer of cross-linked HA-SH/PEG-DA.  Seeded hydrogels were returned 

to the incubator for 45 min, then immersed in cell culture medium and incubated 

overnight. The following day, each silicone mold was scored with a 26-gauge needle, 

cell-hydrogel constructs were transferred into 24-well plates, and submerged in culture 

medium. Medium was exchanged every other day.  

 

5.3.5.  Culture of Established Cell Lines. The C4-2B bone metastatic PCa cell line was 

maintained in T-medium containing 5% FBS (v/v) and 2 mM L-glutamine in the 

presence of 100 U/mL penicillin and 100 µg/mL streptomycin. For the docetaxel drug 

study, 50,000 cells were encapsulated within HA-SH/PEG-DA as described above for the 

PDX tumors. A lower cell density was used for the cell line because high-density culture 

was associated with poor cell viability (data not shown).  

 

5.3.6.  Drug Treatment. Cell-hydrogel constructs (n=3) were maintained for two days 

before treatment with docetaxel for three days. Docetaxel was diluted in dimethyl 

sulfoxide (DMSO) such that the final concentration of DMSO was 1% (v/v) in complete 

medium across all drug concentrations. Vehicle controls were treated with DMSO only.  

 

5.3.7.  Imaging. Morphology of the cells encapsulated within the hydrogel was 

monitored by differential interference contrast microscopy at days 1, 3, 5 and 7 post-

encapsulation using a Nikon Eclipse TE300 inverted microscope and NIS Elements 

software (Nikon Instruments, Melville, NY). Fluorescently labeled samples were imaged 
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using a Nikon A1-Rsi confocal microscope and images processed using the Nikon NIS-

Elements AR software (Nikon Instruments, Melville, NY).  

 

5.3.8. Cell Viability. Cell viability was assessed using the LIVE/DEAD® 

viability/cytotoxicity kit as per the manufacturer’s instructions. Briefly, cell-hydrogel 

constructs at the designated time-points were incubated in 2 µM calcein-AM and 4 µM 

ethidium homodimer-1 in PBS for 30 min at 37°C before confocal imaging.  

 

5.3.9.  DNA Quantification. Cell-hydrogel constructs (n = 3 or 4) were collected into 

individual microcentrifuge tubes at the designated time-points, flash-frozen using liquid 

nitrogen, and stored at -80°C. Frozen samples then were lyophilized overnight and 

digested in PBE buffer (0.10 M Na2HPO4 and 0.010 M Na2EDTA in demineralized water 

at pH 6.5) containing 125 µg/mL papain in the presence of 14.5 mM L-cysteine at 65°C 

overnight.[157] The digested samples then were sonicated using a probe sonicator, and 

the liquid supernatant was assayed using the Quant-iTTM PicoGreen dsDNA 

quantification assay as per the manufacturer’s instructions. Acellular hydrogel constructs 

served as blank controls. Excitation and emission wavelengths of 485 and 528 nm, 

respectively, were used to measure the fluorescence (FLx800 fluorescence microplate 

reader; BioTek Instruments). Lambda DNA was used to standardize the samples against a 

calibration curve.  

 

5.3.10.  Immunocytochemistry. Cell-hydrogel constructs were washed with PBS and 

fixed with 4% (v/v) paraformaldehyde for 10 min at room temperature. After fixation, 
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constructs were washed with PBS and stored at 4°C until staining. Constructs were 

immersed in 0.2% (v/v) Triton X-100 for 5 min at room temperature to permeabilize 

cells, then blocked with 500 µL of 3% (w/v) BSA and 0.2% Triton X-100 in PBS at 4°C 

overnight. All antibodies were diluted at 1:200 in 3% BSA and 0.2% Triton-X-100 in 

PBS. Antibody staining was performed using 200 µL of the mixed solution to each 

sample, which were placed on a rocker at 4°C overnight. Samples were washed with PBS 

before adding fluorophore-labeled secondary antibodies directed against the appropriate 

host. Secondary antibodies were diluted 1:500 in 3% BSA and 0.2% Triton-X-100 in 

PBS, and 200 µL of that solution was added to each sample. Samples then were placed 

on a rocker at 4°C overnight. Samples were washed with PBS to remove unbound 

secondary antibodies. DAPI (5 µg/mL) was added to each sample at room temperature 

for 5 min. When phalloidin was used, it was diluted 1:20 in PBS, and 100 µL of that 

mixture was added to each sample for 15 min. Samples then were washed with PBS for 5 

min. All immunofluorescence images were captured with a Nikon A1-Rsi confocal 

microscope. 

 

5.3.11.  Statistical Analysis. Data are expressed as mean ± SEM. Statistical analysis was 

performed using the Tukey’s HSD test. Differences were considered significant at p < 

0.05. 
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5.4.  Results 

5.4.1.  Generation of 3D PDX Tumoroids Encapsulated within HA-SH/PEG-DA 

Hydrogels. In initial experiments, following tumor digestion, the entire PDX cell 

population was encapsulated directly into hydrogels. With this method, a large number of 

dead cells was transferred to the hydrogels as observed after one day in 3D culture (data 

not shown). These dead cells likely were generated during the tumor harvest and 

digestion, and also contain mouse-derived cells that die immediately within the 

hydrogels. As the presence of high numbers of dead cells would complicate any 

biochemical assays that were envisioned, an alternative procedure was designed to 

encapsulate cells with high viability (Figure 5.1A). In optimizing the culture conditions 

for the PDX PCa cells, it was observed that most of the MDA PCa 183 and MDA PCa 

118b PCa cells that had undergone mechanical and enzymatic digestion and been plated 

onto 6-well plates formed multi-cellular aggregates in suspension after two days in 

culture, presumably reflecting their characteristic poor adherence onto tissue culture 

plastic (Figure 5.1B). Additionally, during this period, a population of cells in the tumor 

slurry (shown in red in Figure 5.1A) adhered to the tissue culture plastic surface. 

Leveraging this phenomenon, the aggregates in suspension were collected (leaving 

behind the adherent cells) and it was found that the process of gentle centrifugation 

resulted in the removal of dead cells. Given that the MDA PCa 183 and MDA PCa 118b 

tumors were grown as subcutaneous tumors in mice, they carry along with them a sub-

population of mouse-derived cells in addition to the human PCa cells. Indeed, it was 

found that amongst the poorly adherent PCa cells that formed multi-cellular aggregates in 

suspension after two days on tissue culture plastic, the cells that had adhered stained 
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positive for vimentin (Figure 5.1C).  Henceforth, this pre-encapsulation 2D culture 

method was employed, which not only removes dead cells, but also enriches the PDX 

tumor population via the depletion of mesenchymal cells. A summary of the process used 

to form 3D PDX tumoroids within the HA-SH/PEG-DA hydrogel is illustrated in Figure 

5.1A.  

 

5.4.2.  Cellular Composition of 3D Tumoroids. In the first week after encapsulation, 

MDA PCa 183 cells were maintained as large tumoroids with most having diameters 

between 60 – 100 µm. MDA PCa 118b cells were maintained as smaller tumoroids, 

typically smaller than 60 µm in diameter (Figure 5.2A, 5.6). Cells in tumoroids were in 

close contact in multicellular clusters, observed via staining with phalloidin for F-actin 

(Figure 5.2B). To demonstrate that human PCa cells comprise the 3D PDX tumoroids, 

the encapsulated cells were stained for epithelial cell adhesion molecule (EpCAM), an 

established marker for epithelial cells. As expected, both the MDA PCa 183 and MDA 

PCa 118b 3D PDX tumoroids stained positive for EpCAM (Figure 5.2C) – indicating that 

the tumoroids form from self-sorting epithelial cells despite the presence of mesenchymal 

cells in the original xenograft tumors. Additionally, this was also confirmed by probing 

for the human-specific anti-nuclei antibody and it was found that the majority of cells 

within the tumoroids stained positive (data not shown), indicating that the 3D PDX 

tumoroids form from largely human cells. Next, the retention of androgen receptor 

activation status in the PCa cells was examined. Probing specifically for the androgen 

receptor, it was found that while the androgen receptor was mainly localized in the 
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nucleus of cells in the MDA PCa 183 tumoroids, nuclear localization of the receptor was 

not observed in the MDA PCa 118b cells as would be expected in vivo.  

 

5.4.3.  Viability and Growth of 3D PDX tumoroids. Encapsulation of the non-adherent 

tumoroids into HA-SH/PEG-DA hydrogels maintained cell-cell contacts for at least two 

weeks in culture. Given that these PDX PCa tumors exhibit poor viability in vitro on 2D, 

it was investigated whether the encapsulated PDX tumoroids remained viable within the 

hydrogels over time using the LIVE/DEAD® viability/cytotoxicity assay. As shown in 

Figure 5.3, cells in both the MDA PCa 183 and MDA PCa 118b tumoroids were 

predominantly viable at days 1, 5 and 14. Remarkably, PDX cells had the highest 

survival when they had formed large clusters with other cells. Dead or dying cells in each 

hydrogel were observed to be one of two types: either single cells that had not aggregated 

with other cells to form multicellular clusters, or cells on the periphery of each cluster 

(particularly prominent in Figure 5.3B, day 14).  Beyond viability, to establish if the 3D 

PDX tumoroids demonstrate tumor growth characteristics necessary for the model to 

serve as a drug-testing platform, particularly for drug candidates that target actively 

dividing cells, their growth was monitored over one week in culture, using DNA content 

as a surrogate measure of cellularity. Notably, the overall cellularity of the MDA PCa 

118b constructs was lower than that of the MDA PCa 183 because the MDA PCa 118b 

cells formed smaller clusters, therefore the retrieval of cells for hydrogel encapsulation 

was less efficient than from the MDA PCa 183 cultures. This is apparent from the finding 

that even though a higher theoretical seeding density (150,000 and 300,000 cells per 

construct for MDA PCa 183 and 118b respectively) was employed for the MDA PCa 
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118b cells, the average initial DNA content per construct still was lower for the MDA 

PCa 118b cells than MDA PCa 183 cells (day 1, Figure 5.4A). In analyzing the cellularity 

of the 3D PDX constructs over time, while DNA content remained constant with no 

significant difference over time for the MDA PCa 183 tumoroids, there was a significant 

decrease in cellularity for the MDA PCa 118b from day 1 to 5, after which an increase in 

cellularity was observed (Figure 5.4A). Probing the 3D PDX tumoroids for Ki-67 and 

cleaved caspase-3, markers of proliferation and apoptosis respectively, it was found that 

differences in the proportion of proliferative and apoptotic cells at day 5 in culture was 

not apparent for either MDA PCa 183 or 118b (Figure 5.4B and C).  

 

5.4.4.  Response of 3D PDX Tumoroids to Docetaxel. Having demonstrated that the 

encapsulated 3D PDX tumoroids are 1) made up of viable PCa cells, 2) maintain in vivo-

like androgen receptor distribution, and 3) are proliferative in the hydrogels, the 

suitability of this in vitro platform for drug testing of primary PCa cells was next 

determined. Given the inherent differences in origin between the MDA PCa 118b and 

MDA PCa 183 PDX models, it was hypothesized that they would demonstrate a 

differential sensitivity to chemotherapeutic drugs. To test this hypothesis, the 3D MDA 

PCa 183 and MDA PCa 118b tumoroids were exposed to docetaxel, currently part of the 

first line regimen to treat patients with CRPC. Surprisingly, it was found that not only 

was there no overall difference in docetaxel sensitivity between the 3D MDA PCa 183 

and MDA PCa 118b tumoroids, no significant reduction in cell number was detected 

within the range of docetaxel concentrations tested for either 3D tumoroid systems 

(Figure 5.5A). To confirm these findings, the LIVE/DEAD® viability/cytotoxicity assay 
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was performed and it was found that cells were largely viable even at the highest 

docetaxel concentration (Figure 5.5B). Additionally, there were no apparent differences 

in the proportion of apoptotic cells as indicated by cleaved caspase-3 staining at the 

various docetaxel concentrations tested (Figure 5.7). To demonstrate that the lack of cell-

kill was cell source-dependent, hydrogel-encapsulated cells from a bone metastatic 

prostate cancer cell line, C4-2B, were similarly exposed to docetaxel. Interestingly, a 

significant decrease in cellularity was already apparent between 1 and 10 nM (Figure 

5.5A and B). This finding was corroborated by an observed increase in the proportion of 

ethidium homodimer-1-stained cells with increasing concentration of docetaxel (Figure 

5.5B). Notably, given that viable C4-2B cells were present at 10,000 nM as observed by 

calcein-AM staining, it is likely that the decrease in the proportion of calcein-AM-stained 

C4-2B cells due to drug cytotoxicity could not be clearly discerned when compared to 

controls. It was also shown that the PDX cells were readily killed with 1 M sodium azide, 

thus it was likely not an issue of drug accessing the PCa cells (data not shown). 
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5.5.  Discussion 

In this study, a 3D HA-based hydrogel system for the culture of primary PDX 

bone metastatic PCa tumors was assessed; these cells are well known to exhibit poor 

viability when cultured on tissue culture plastic in vitro. Given the ubiquity of HA in the 

bone marrow extracellular matrix and our previous studies that demonstrated the 

feasibility of using 3D HA-based hydrogels to culture poorly adherent bone metastatic 

PCa cell lines, it was hypothesized that these biologically active hydrogels would serve as 

excellent matrices to support the long-term culture of primary PDX PCa tumor tissue in 

vitro.[107, 151, 152]  

The inability of bone metastatic PCa cells - whether derived from cell lines or 

primary PDX tumor tissue – to grow in 2D culture is an established phenomenon that 

indicates the lack of critical components from the bone microenvironment upon which 

these highly adapted cells depend. In optimizing the culture conditions for the 3D PDX 

PCa cells, it was found that the cancer cells failed to adhere to tissue culture plastic, as 

was expected. Instead, these cells aggregated to form multi-cellular aggregates in 

suspension, where the formation of cell-cell contact is a likely mechanism employed by 

the PCa cells to adapt to the loss of native cell-matrix interactions. Indeed, as proposed 

by Shen and Kramer, cancer cells are capable of undergoing ‘synoikis’, a term that was 

used to describe the avoidance of apoptosis by relying on intercellular adhesions in the 

absence of cell-matrix interactions.[158] Focusing specifically on squamous cell 

carcinoma cells, the authors demonstrated that E-cadherin-mediated cell-cell contact 

resulted in the generation of compensatory survival signaling via the epidermal growth 

factor receptor.[158] Interestingly, a similar observation was made by a landmark report 
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by Kondo et al., who showed that sustained E-cadherin-mediated cell-cell interactions 

were necessary for the survival of primary patient-derived colorectal cancer cells in 

suspension culture.[159]  

In optimizing the culture method for the primary PDX PCa cells, the ability of the 

cancer cells to spontaneously aggregate to form multi-cellular clusters in suspension was 

leveraged as a means to reduce the presence of ‘contaminant’ cells such as dead cells, 

including those that were originally from the tumor tissue itself (in regions of necrosis), 

and those that were generated during the process of tumor digestion. It was found that the 

application of gentle centrifugation to retrieve the PCa aggregates in suspension after two 

days on tissue culture plastic was an effective method to separate the PCa cells from dead 

cells in suspension prior to encapsulation within the hydrogel. Given that the PDX PCa 

cells were maintained in mice prior to harvest, the cancer cells were also likely 

‘contaminated’ with mouse-derived cells (such as blood cells, endothelial cells, or 

fibroblasts), which consequently introduces a source of heterogeneity and complicates 

downstream biochemical studies. Furthermore, considering the importance of the tumor 

microenvironment in influencing tumor behavior, the presence of mouse-derived stroma 

may confound studies evaluating species-specific stroma-targeting drug candidates, 

hence making it a major hindrance in current PDX tumor models.[146] Indeed, while the 

PCa cells formed aggregates in suspension, a population of cells was consistently 

observed to adhere to the tissue culture plastic surface. For example, in MDA PCa 183 

cultures, it was found that the adherent cells expressed vimentin and originated from 

mouse tissue (Figure 5.1C). While further characterization is necessary to determine the 

actual yield of the cancer cells, these results - in conjunction with the observation that 
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EpCAM, an epithelial cell marker, was near-ubiquitously expressed in all of the 

hydrogel-encapsulated PDX clusters (Figure 5.2C) - highly suggest that the pre-

encapsulation 2D culture serves as a desirable selective method to generate viable and 

enriched PDX PCa cells in 3D. 

In this study, the culture of PDX PCa cells in vitro was optimized, which to the 

knowledge of my colleagues and I, is unprecedented. While robust growth was limited by 

a balance between proliferation and apoptosis, viability of the hydrogel-encapsulated PCa 

cells was notably well maintained even up to 14 days in culture (Figure 5.3). 10 - 20% of 

cells within the 3D PDX tumoroids stained positive for Ki-67 at day 5 in culture (Figure 

5.4B and C), indicating that a subset of cells were still progressing through the cell cycle.  

Comparing the proportion of proliferative cells within the 3D MDA PCa 118b PDX 

tumoroids to their in vivo counterparts, it was found that our estimate of Ki-67-positive 

cells is well within the range of that in vivo.[160] The current HA-based hydrogel is 

being modified to study the effects of ECM moieties and other cell types on the growth 

behavior of the PDX PCa tumoroids in 3D culture. 

With the shift in focus from traditional chemotherapy to biologically targeted 

approaches based on a mechanistic understanding of PCa biology, preservation of salient 

features of the original tumor is a critical criterion in evaluating the success of this culture 

system as a drug-testing platform. To this end, the expression of the androgen receptor 

was probed specifically. The androgen receptor is an important modulator for prostate 

growth and currently the primary therapeutic target in PCa.[161] Additionally, this 

nuclear receptor regulates PSA expression, which is used clinically as a biochemical 

marker to track the progression of PCa and response to therapy.[162] Predominantly 
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cytoplasmic in the absence of ligands, ligand binding to the androgen receptor results in 

conformational changes, nuclear translocation of the ligand-bound receptor and 

transcriptional activity.[163] Mirroring the in vivo tumor, detection of nuclear androgen 

receptor in the 3D MDA PCa 183 tumoroids indicates that the HA-SH/PEG-DA hydrogel 

system is capable of maintaining critical androgen receptor signaling in these androgen-

dependent cells. Similarly, nuclear androgen receptor was not observed in the 3D MDA 

PCa 118b tumoroids as would be expected in in vivo, indicating that these 3D PDX 

models may have utility as drug-testing platforms evaluating androgen receptor-targeting 

agents currently under intense clinical investigation.[156, 164] 

Drug discovery and screening has historically relied on cancer cell lines, which 

have generated a wealth of knowledge in cancer biology. However, the dichotomy in 

drug efficacy between preclinical and clinical testing is increasingly apparent, primarily 

attributed to the genetic and epigenetic changes that accrue when cells acclimatize to the 

in vitro culture environment in extended periods of cell culture.[146] Indeed, Gillet et al. 

evaluated the multidrug resistance transcriptome of six cancer types and found no 

correlation between clinical samples and established cell lines, underscoring the need for 

new in vitro cancer models and primary tumor models.[165] Hypothesizing that inherent 

differences exist between traditional PCa cell lines and PDX PCa tumors, the response of 

the 3D PDX PCa tumoroids (MDA PCa 183 and 118b) to docetaxel was evaluated and 

compared against that of the C4-2B bone metastatic prostate cancer cell line. Docetaxel is 

a microtubule stabilizer and is currently part of first-line standard treatment for metastatic 

castrate-resistant PCa.[166] It was found that despite the differences between the MDA 

PCa 183 and 118b cells in patient origin, their overall drug sensitivity to docetaxel was 
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similar. Given that both PDX-derived cultures showed a low number of proliferating cells 

and that docetaxel targets actively dividing cells, it thus was unsurprising that both 

demonstrated similar resistance to the drug in 3D culture.  However, interestingly, the 3D 

PDX PCa cells exhibited a significantly higher resistance to the drug as compared to the 

C4-2B cells. It is unlikely that the increased resistance is due to impaired diffusion of the 

drug into the hydrogel since it demonstrated clear efficacy against the hydrogel-

encapsulated C4-2B cells. While results from this drug study are promising, studies are 

ongoing to establish clinical relevance and understand the mechanisms underlying this 

difference. 

With the increasing awareness that irreversible biological changes occur when 

conventional cell lines are established in vitro, beyond prostate cancer, there is general 

shift towards the use of PDX tumor models for cancer research.[146, 159, 165, 167-169] 

However, their utility depends on the ability to manipulate the tumor cells ex vivo prior to 

implantation.[150] Given the alterations in biological properties associated with 2D 

culture, a few groups have taken steps to optimize methods to reliably grow primary 

tumor cells in 3D. One such example is in colorectal cancer, where it has been shown that 

primary colorectal cancer cells can be cultured as 3D spheroids or colospheres in vitro, 

enabling the manipulation of the cancer cells before engraftment in vivo for controlled 

studies.[159, 170] In this current study, it was demonstrated for the first time, that 

primary bone metastatic PCa cells can similarly be cultured in vitro with the use of a 3D 

HA-based hydrogel system. Lastly, this 3D PDX model may ultimately be adapted to a 

rapid and high throughput platform for assessing drug efficacy, rational drug 

combinations, and development of predictive biomarkers for novel targeted therapies, 
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while reducing the need for low throughput animal hosts. As an example, it was shown 

here that 3D PDX PCa cells exhibited an increased resistance to docetaxel as compared to 

a standard cell line commonly used in PCa research. Studies are ongoing to assess the 

clinical relevance of this finding. Ultimately, it is envisioned that the use of 3D PDX 

models may greatly accelerate the advancement of novel drug candidates together with 

predictive biomarkers that enable patient selection when translated into early phase 

clinical trials.[146] 
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5.6.  Conclusions 

Based on previous success culturing bone metastatic PCa cell lines using 3D HA-

based hydrogels, my colleagues and I demonstrate for the first time that ‘never in 2D’ 

PDX PCa tumors can be cultured in vitro and maintained for at least two weeks. The 

resulting hydrogel-encapsulated 3D PDX tumoroids retained viability, proliferative 

capacity and the androgen receptor expression, indicating that this novel 3D PDX model 

may serve as a valuable platform for drug development. While it has yet to be tested, this 

system promises the possibility of culturing tumor tissue directly from the patient for 

rapid drug screening, thereby eliminating the ‘middle mouse’ and its associated problems 

– a major leap towards personalized medicine. 
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5.7.  Figures 

 

Figure 5.1 3D Hydrogel Platform for PDX Culture. (A) MDA PCa 183 and MDA PCa 118b PDX 
tumors (indicated by red arrows) that were grown subcutaneously in SCID mice were harvested, then 
mechanically and enzymatically digested. The tumor slurry was subsequently plated onto 6-well plates 
and cultured for two days during which the majority of mouse-derived cells (red) attached. The 
resulting tumor aggregates that formed (blue) then were encapsulated within HA-SH/PEG-DA 
hydrogels and cultured for up to 14 days.  Cancer cells = blue, mouse fibroblasts = red. (B) Dissociated 
tumor cells plated on tissue culture plastic for two days formed multicellular clusters in suspension with 
other cell types adhering to the plastic surface. (C) shows a mixture of DAPI-stained (blue) cells within 
tumoroids and adherent cells after two days in culture. Adherent cells stained positive for vimentin 
(red). Scale bars = 100 µm. 
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Figure 5.2 Generation of PDX tumoroids encapsulated within 3D HA-SH/PEG-DA hydrogels. (A) 
MDA PCa 183 and MDA PCa 118b cells remained as multicellular tumoroids post-encapsulation over 
one week in culture. Scale bar = 100 µm. (B) Phalloidin-staining reveals degree of multicellularity of 
tumoroids. Cells were stained with DAPI (blue) or phalloidin (green); a merged image is shown on the 
right panel. Scale bar = 50 µm. (C) Hydrogel-encapsulated MDA PCa 183 and MDA PCa 118b cells 
were stained with DAPI (blue), and with antibodies against EpCAM (green) and the androgen receptor 
(red). While the MDA PCa 183 cells exhibited nuclear localization of the androgen receptor (indicated 
by yellow arrows), the MDA PCa 118b cells stained negative for nuclear localization of the androgen 
receptor. Both 3D PDXs expressed EpCAM. Scale bar = 50 µm. Staining performed with Mariane 
Martinez. 
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Figure 5.3 3D PDX tumoroids remain viable over time in culture. Panels in (A) and (B) show MDA 
PCa 183 and 118b after 1, 5 and 14 days in culture, respectively. Cells were stained with calcein-AM 
(green, left panel) or ethidium homodimer-1 (red, middle panel). The right panel shows a merge of both 
images. Scale bar = 100 µm. 
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Figure 5.4 Cellularity is maintained in the 3D PDX constructs over time. (A) shows the average 
cellularity of the 3D MDA PCa 183 and 118b constructs over one week in culture. Upper panel of (B) 
and (C) shows the MDA PCa 183 and MDA 118b tumoroids respectively, stained with DAPI (left 
panel, blue) and antibodies against Ki-67 (middle panel, red). The right panel shows a merged image 
where green indicates F-actin. Lower panel of (B) and (C) shows the MDA PCa 183 and MDA PCa 
118b tumoroids respectively, stained with DAPI (left panel, blue) and antibodies against cleaved 
caspase-3 (middle panel, red) The right panel shows a merged image where green indicates F-actin. 
Yellow arrows indicate positive staining. Scale bars = 50 µm. Staining performed with Mariane 
Martinez. 
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Figure 5.5 Response of 3D PDX tumoroids to docetaxel. (A) shows the average cellularity of 3D MDA 
PCa 183 and 118b constructs after exposure to increasing docetaxel concentrations, compared to the 
C4-2B cell line, also hydrogel-encapsulated. C4-2B cells exhibited significantly lower resistance to 
docetaxel as compared to both PDXs (p<0.05). (B) shows the viability of cells after exposure to 0, 10 or 
10,000 nM of docetaxel, assessed by calcein-AM staining (green, left panels) and ethidium homodimer-
1 (red, middle panels). Right panels show merged images. Scale bars = 100 µm. 
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Figure 5.7 Cleaved caspase-3 expression of Doxetaxel-treated cells. Cells were probed for cleaved 
caspase-3 expression at increasing Docetaxel concentrations where cells were stained with DAPI (blue, 
left panels) and with antibodies against cleaved caspase-3 (red, middle panels). Right panels show 
merged images where green indicates F-actin. Scale bars = 50 µm. Staining performed with Mariane 
Martinez. 

Figure 5.6 Average tumoroid size of hydrogel-encapsulated MDA PCa 183 and 118b cells over time. 
The longest axis through each tumoroid was measured. 
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Chapter 6. 3D co-culture of prostate cancer 
patient-derived xenografts with osteoblasts 

reflects tumor-stromal interactions in  
bone metastasis* 

 
6.1. Abstract 

Patient-derived xenografts (PDX) provide a clinically relevant tumor model that 

better represents human cancer than do traditional cell lines. However, existing PDX 

culture systems are limited in their ability to enable mechanistic studies of tumor-stromal 

interactions, such as those that mediate prostate cancer (PCa) metastasis and progression 

in bone. To address this problem, I engineered an in vitro 3D hyaluronan-based hydrogel 

modified with integrin-binding and matrix metalloproteinase sites to support the growth 

of PCa PDX cells with osteoblastic cells. Here I report that our 3D co-culture not only 

maintained the viability of both cell types, but also preserved the typical osteogenic 

phenotype that PCa PDX cells exhibit in vivo. Additionally, cellularity of the co-cultures 

was maintained over that of either cell type cultured alone, suggesting that, as 

hypothesized in patients with prostatic bone metastasis, the PCa-osteoblast cross-talk 

supports PCa progression in bone. Strikingly, osteoblastic cells co-cultured in hydrogels 

with PCa PDX tumoroids organize over time around the tumoroids, with osteoblastic 

processes frequently enveloping the tumoroid bodies.  Such cellular organization closely 

mimics the architecture of PCa metastases in bone. Finally, tumor-stromal signaling 

mediated by the fibroblast growth factor axis in this model was observed to tightly 

parallel the in vivo PCa PDX counterpart as previously analyzed. Together, these studies 

indicate that this 3D PCa PDX co-culture model recapitulates important aspects of the 
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biology of PCa bone metastases and validates its use as an auxiliary platform for rapid 

and controlled mechanistic studies aimed at the systematic elucidation of clinical 

findings. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

* This chapter will be submitted as Eliza L.S. Fong, Xinhai Wan, Jun Yang, Micaela 
Morgado, Antonios G. Mikos, Daniel A. Harrington, Nora M. Navone and Mary C. Farach-
Carson, 3D co-culture of prostate cancer patient-derived xenografts with osteoblasts 
reflects tumor-stromal interactions in bone metastasis 
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6.2. Introduction  

Given the heavy investment in understanding cancer over the past decades, the 

high drug attrition rates in oncological drug development is disappointing [171]. The 

poor translation of seemingly promising preclinical findings to clinical success is partly 

due to the limited clinical relevance of current preclinical tools using cancer cell lines and 

mouse models [144]. Recently, PDX models have emerged as better surrogates of human 

cancer. Through serial propagation of patient tumor tissue in murine hosts, PDX models 

closely represent the parental tumor in their histology, gene expression profiles, 

preserved heterogeneity, and drug response [172-176]. However, their implementation in 

ex vivo mechanistic studies is hampered by their poor adaptation to traditional 2D tissue 

culture, and the potential of 2D selection to induce undesired culture-induced adaptations 

[150, 175]. Improved methods for in vitro PDX culture rely on 3D cell culture strategies, 

such as spheroid culture, or encapsulation within naturally-derived gels such as 

Matrigel™ or collagen [159, 170, 177, 178]. While such 3D systems make primary tumor 

tissue amenable for ex vivo studies, their variable composition limits their use in 

consistently recreating the in vitro tumor microenvironment (TME). 

In current paradigms, cancer is viewed as a complex manifestation of aberrant 

interactions between tumor cells and the surrounding stromal compartment. Accordingly, 

an increasing emphasis is placed on understanding the role of host cells in the TME in 

cancer progression and metastasis, and in therapeutic design [64]. In PCa, stromal-

epithelial signaling dictates tumor cell behavior and metastasis [179-181]. Metastasizing 

PCa cells predominantly target bone, and the characteristic osteoblastic lesions that form 

reflect the functional dependency of PCa on the bone microenvironment for disease 
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progression. Therefore, targeting the bone stroma and disrupting the PCa-stromal 

crosstalk can be an effective therapeutic strategy for treating or preventing bone 

metastases [182]. In Dr. Nora Navone’s recent study using the MDA PCa 118b PDX 

model and accompanying clinical data, it was demonstrated that blockade of fibroblast 

growth factor receptor (FGFR)-dependent PCa-stromal interactions in the bone 

microenvironment could be an efficacious stroma-targeting strategy for a subset of PCa 

patients [182]. These findings prompted further investigation into the specific stromal 

targets and affected pathways to guide biomarker development and patient selection. 

However, in vitro platforms to support such mechanistic studies of PCa PDX-stromal 

interactions had to be created. 

In this interdisciplinary study, my colleagues and I addressed this need by 

developing and validating an ex vivo PCa PDX model that accurately reflects PCa-

stromal interactions in bone for controlled mechanistic studies. I demonstrated for the 

first time, an engineered TME consisting of clinically-relevant PDX tumor cells and 

osteoblastic cells, co-encapsulated within a well-defined 3D HA hydrogel. Ubiquitous in 

the ECM of connective tissues, HA is a building block for the fabrication of hydrogel 

matrices designed to mimic HA-rich tissues such as the bone marrow, where bone 

metastatic PCa cells reside [107, 183]. Indeed, I previously reported the first 

demonstration of using a 3D scaffold-based approach to culture PDXs in vitro in 

unmodified HA hydrogels [184]. Prior to this, given their poor viability on tissue culture 

plastic, it was difficult to culture PCa PDXs in vitro for experimentation. In this work, 

HA was specifically modified with integrin-binding motifs and cross-linked with MMP-

degradable domains to enable the 3D culture of mesenchymal osteoblasts with PCa PDX 
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cells. Incorporation of these peptides is an approach that was previously developed to 

enable cell-mediated remodeling of synthetic 3D hydrogels for tissue regeneration 

applications [185-187]. This PDX co-culture model maintains key phenotypic tumor 

markers, recapitulates the in vivo structural arrangement of osteoblasts with respect to the 

tumor cells, mimics many of the previously observed FGFR-mediated tumor-stromal 

crosstalk for PDX tumor cells grown in bone, including those involving FGFR1 and 

fibroblast growth factor (FGF)-9 [156, 182], and offers a robust platform for ex vivo drug 

evaluation. Culture of PCa PDX tumor cells within this bone-mimetic platform addresses 

a critical unmet need in PCa research and drug discovery. 
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6.3. Materials and Methods  

6.3.1. Synthesis and Characterization of Thiolated HA (HA-SH). Sulfhydryl groups 

were incorporated in HA (620 kDa, Genzyme, Cambridge, MA) by reacting HA with a 

disulfide-containing dihydrazide compound, followed by reduction with dithiothreitol, 

using previously reported methods [183, 188]. The degree of modification (35-43%) in 

HA-SH was measured [183, 188] by 1H NMR and the lyophilized product was stored at -

20 oC under argon prior to use.  

 

6.3.2. Synthesis of Acrylated Peptides. Cell-adhesive peptide, GRGDS (GenScript USA 

Inc., Piscataway, NJ) with C-terminal amidation, was reacted with acrylate-PEG-SVA 

(3400 g/mol, Laysan Bio Inc., Arab, AL) at a molar ratio of 1.2:1 in HEPBS buffer (20 

mM HEPBS (Santa Cruz Biotechnology, Inc., Dallas, TX), 100 mM NaCl, 2 mM CaCl2 

and 2 mM MgCl2) adjusted to pH 8.0 using 0.1N NaOH [189]. The reaction was allowed 

to run overnight at 4 oC on a shaker protected from light then dialyzed for 2 days against 

ultra-pure water using a 3500 Da MWCO dialysis membrane (Spectrum Laboratories 

Inc., Rancho Dominguez, CA) before lyophilization for an additional 2 days. MMP-

degradable peptide, KGGGPQG!IWGQGK (GenScript USA Inc., Piscataway, NJ) with 

N-terminal acetylation, herein referred to as PQ (! marks the MMP-cleavable site), was 

reacted with acrylate-PEG-SVA at a molar ratio of 1:2.5 using the same protocol. 

Conjugation of acrylate-PEG to the peptides was verified by high performance liquid 

chromatography (Vydak C18 218TP54 column, Varian Prostar solvent delivery module 

and UV-vis detector) and MALDI-TOF (Bruker AutoFlex II). The lyophilized solids 

were stored at -20 oC prior to use. 
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6.3.3. MDA PCa 118b PCa PDX in vivo Propagation and Processing. The MDA PCa 

118b model [156] was routinely maintained as subcutaneous tumors in CB-17 SCID mice 

(Charles River). Propagation of tumors in mice were conducted under IACUC approval 

from the University of Texas MD Anderson Cancer Center. Following harvest, the tumor 

was processed for hydrogel encapsulation as previously reported [184]. To obtain 

sections of MDA PCa 118b in bone for histologic characterization, tumor-bearing femurs 

were prepared and processed as previously described [156].  

 

6.3.4. Cell Culture. MC 3T3-E1 cells were maintained in alpha-MEM (Life 

Technologies, Grand Island, NY) containing 10% (v/v) FBS and in the presence of 100 

U/mL of penicillin and 100 ug/mL of streptomycin at 37 oC and 5% CO2.  

 

6.3.5. Preparation of Cell-Laden Hydrogel Constructs. To prepare the MDA PCa 

118b-only constructs, following my previously established protocol [184], tumor cell 

aggregates that formed in suspension were mixed with HA-SH dissolved in PBS to 10 

mg/mL. Each MDA PCa 118b-only construct was prepared with a theoretical 

encapsulation density of 300,000 cells [184]. Following which, acrylate-PEG-GRGDS 

(73.7 mg/mL) and acrylate-PEG-PQ-PEG-acrylate (37.0 mg/mL) dissolved in PBS were 

added to the mixture at a volume ratio of 4:1:1 (HA-SH: acrylate-PEG-GRGDS: acrylate-

PEG-PQ-PEG-acrylate). Final concentrations of GRGDS and PQ in each resulting 42 µL 

hydrogel construct were 3 mM and 0.73 mM respectively. The tumor cell-hydrogel 

mixture was then pipetted into custom-made PDMS molds as previously described [184] 
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then allowed to cross-link for 1h before immersion in cell culture medium and incubated 

overnight. Cell-laden hydrogel constructs were transferred into 12-well plates the next 

day. Medium was exchanged every 2 days. MC 3T3-E1 mono-culture constructs were 

prepared in a similar manner with encapsulation density of 100,000 cells per construct. 

To prepare the co-culture constructs, a theoretical encapsulation density of 300,000 tumor 

cells and actual density of 100,000 MC 3T3-E1 cells per hydrogel construct was used. A 

1:1 (v/v) mixture of DMEM/F-12 and alpha-MEM medium supplemented with 2% (v/v) 

FBS was used for all studies. To investigate the effect of excluding GRGDS or PQ from 

the hydrogel matrix on cell morphology, acrylate-PEG-GRGDS was replaced with 

acrylate-mPEG (MW 5 kDa, Laysan Bio Inc., Arab, AL) and acrylate-PEG-PQ-PEG-

acrylate was replaced with poly(ethylene glycol)-diacrylate (PEGDA, MW 10 kDa, 

Laysan Bio Inc., Arab, AL). 

 

6.3.6. Immunocytochemistry.  As before [184], cell-hydrogel constructs in 12-well 

plates were washed with PBS, fixed with 4% (v/v) paraformaldehyde for 10 min at room 

temperature and processed for immunostaining. Following fixation, constructs then were 

washed with PBS and stored at 4oC until staining. Constructs were immersed in 0.2% 

(v/v) Triton X-100 for 5 min at room temperature to permeabilize cells, then blocked in 1 

mL of 3% (v/v) BSA and 0.2% Triton X-100 in PBS at 4 oC overnight on a rocking 

platform shaker. Primary and secondary antibodies were diluted in 3% BSA and 0.2% 

Triton X-100. Anti-EpCAM antibody (2929S, Cell Signaling Technology Inc., Danvers, 

MA), anti-FGFR-1 antibody (9740P, Cell Signaling Technology Inc., Danvers, MA) and 

anti-Ki-67 antibody (NB110-89717, Novus Biologicals Inc., Littleton, CO) were used at 
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1:200. Anti-vimentin antibody (ab92547, Abcam Inc., Cambridge, MA) was used at 

1:500 and anti-FGF9 (ABN41, EMD Millipore Corp., Billerica, MA) was used at 1:100. 

Hydrogel constructs were incubated in 1 mL of the diluted antibody constructs at 4oC 

overnight on a rocking platform shaker. Samples were washed three times with 3% (v/v) 

BSA in 0.2% (v/v) Triton X-100 before the addition of fluorophore-labeled secondary 

antibodies (AlexaFluor series, Life Technologies) directed against the appropriate host. 1 

mL of secondary antibodies diluted 1:500 was added to each construct and samples were 

incubated at 4oC overnight on a rocking shaker platform. Samples were then washed with 

3% (v/v) BSA in 0.2% (v/v) Triton X-100 at least three times before the addition of 

DAPI (5 µg/mL) in PBS. All immunofluorescence images were captured using a Nikon 

A1-Rsi confocal microscope. Tissue sections of MDA PCa 118b in bone were processed 

and immunostained for FGFR1 and FGF9 as published [156, 182]. Images were obtained 

with the Zeiss Axio Imager Z2 microscope. 

 
6.3.7. Cell Viability and Growth. Cell viability was evaluated using the LIVE/DEAD 

viability/cytotoxicity kit (Life Technologies, Grand Island, NY) per the manufacturer’s 

instructions. At the designated time-points, cell-hydrogel constructs were incubated in 

400 µL of 2 µM calcein-AM and 4 µM ethidium homodimer in PBS for 40 min at 37 oC 

on a shaker before confocal imaging. To assess growth, the Quant-iT PicoGreen dsDNA 

quantification assay (Life Technologies, Grand Island, NY) was used per the 

manufacturer’s instructions. Cell-hydrogel constructs (n = 4) were collected at the 

designated time-points and stored at -80 oC until all samples were collected. Frozen 

samples were thawed at room temperature, immersed in 1 mL of Milli-Q water, and 
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mechanically dissociated using a 18G needle and 1 mL syringe. Samples were subjected 

to three cycles of freeze-thaw and ultrasonicated. The liquid supernatant was then 

assayed using the Quant-iT PicoGreen dsDNA quantification assay (Life Technologies, 

Grand Island, NY) as per the manufacturer’s instructions. Acellular hydrogel constructs 

served as blank controls. Fluorescence at excitation and emission wavelengths of 485 and 

528 nm respectively, was measured using the FLx800 fluorescence microplate reader 

(BioTek Instruments, Winooski, VT). DNA content of each sample was obtained by 

comparison with a calibration standard curve of lambda DNA.  

 

6.3.8. Quantitative PCR. At the designated time-points, cell-hydrogel constructs were 

collected into microcentrifuge tubes. 500 µL of Trizol (Life Technologies, Grand Island, 

NY) was then added, and an 18-gauge needle and 1-mL syringe was used to 

mechanically dissociate the hydrogel construct. Samples were then stored at -80 oC and 

processed for RNA isolation, cDNA synthesis and real-time PCR per the manufacturers’ 

instructions. Complementary DNA (cDNA) was prepared using the qScriptTM cDNA 

SuperMix (Quanta BioSciences, Gaithersburg, MD). Real-time RT-PCR with SYBR 

Green dye (Life Technologies, Grand Island, NY) and species-specific primers [182] 

were used for cDNA amplification. Primer sequences for components of the FGF axis 

can be found in our previously reported study [182]. For mouse-specific osteoblast 

markers, the primers used were: OC (For: GCT CTG TCT CTC TGA CCT CA; Rev: 

TGG ACA TGA AGG CTT TGT CA), ALP (For: AGC TCA ACA CCA ATG TAG CC; 

Rev: GTA GCT GGC CCT TAA GGA TT) and BSP (For: CCT ACT TTT ATC CTC 

CTC TG; Rev: CTC CTC TTC GGA ACT ATC GC). Relative transcript levels were 
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determined using the 2-∆CT method, using GAPDH as internal gene control. The thermal 

cycling program was as follows: 95 oC for 10 min, 40 cycles of 95 oC for 15s followed by 

60 oC for 1 min, then 1 cycle of 95 oC for 15 s followed by 60 oC for 15 s. 

 

6.3.9. Dovitinib Studies. MDA PCa 118b only, MC 3T3-E1 only or co-culture constructs 

(n = 3 or 4) were prepared and cultured for 4 days. Dovitinib (Novartis, Pharma AG) was 

dissolved in fresh medium (0, 500 or 1000 nM) and added to the constructs. Cells were 

incubated in dovitinib media for an additional 4 days with one medium change. At the 

designated time-point, constructs were collected and stored at -80oC before the dsDNA 

quantification assay was run or processed for RNA isolation. Quantification of DNA 

content was performed in a repeat experiment under identical conditions. Within each 

study, measured DNA contents from each group were normalized against the average 

DNA content of the MC 3T3-E1-only untreated group and values from the two studies 

were combined and averaged.    

 

6.3.10. Fgfr1-Silenced MC 3T3-E1 Studies. Fgfr1-silenced MC 3T3-E1 and the 

corresponding controls were prepared using the ON-TARGETplus Mouse Fgfr1 (14182) 

siRNA – SMARTpool and ON-TARGETplus Non-targeting Pool (GE Dharmacon, 

Lafayette, CO) in the presence of HiPerFect transfection reagent (Qiagen, Valencia, CA) 

according to the manufacturers’ protocols. MC 3T3-E1 cells were incubated with 30 nM 

of siRNA and the HiPerFect transfection reagent for 3d before encapsulation in the 

hydrogels. At each designated time-point, constructs were collected and stored at -80oC 

before the dsDNA quantification assay was run or processed for RNA isolation. 



	   	  
	  

	  

94	  

6.3.11. Statistical Methods. Data is expressed as mean ± standard deviation (SD). 

Differences between paired data were performed using the Student’s t-test. For the study 

evaluating effect of dovitinib on cellularity, one-way ANOVA then Student’s t-test was 

used. For the study evaluating effect of silencing FGFR1 in MC 3T3-E1 on cellularity, 

ANOVA was performed at each time-point to investigate whether cellularity differs 

between OB-CONT and OB-KD, and between CO-CONT and CO-KD. Differences were 

considered significant at p < 0.05.  
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6.4. Results  

6.4.1. Hydrogel-Encapsulated PCa Cells Derived from PDX in Co-culture with 

Osteoblastic Cells Mimic In Vivo Tumor Organization. With the goal of modeling the 

PCa cell-osteoblast interaction in vitro, the MDA PCa 118b PDX-derived PCa tumoroids 

were co-encapsulated with MC 3T3-E1 osteoblastic cells (OB) within an engineered 3D 

HA hydrogel containing integrin-binding and MMP-degradable peptide sequences (Fig. 

6.1A, B). MDA PCa 118b is a PCa xenograft model that was previously established from 

bone metastases in a patient with castrate-resistant PCa [156]. In the absence of either 

peptide, MC 3T3-E1 cells did not spread when encapsulated in hydrogels (Fig. 6.2). 

Given the poor adherence of PDX-derived PCa cells to tissue culture plastic and their 

resulting tendency to form aggregates in suspension, tumoroids highly enriched for 

human PCa cells and depleted of mouse fibroblasts were pre-generated [184] prior to 

hydrogel encapsulation. Within this hydrogel matrix, MC 3T3-E1 cells began to spread 1 

day post-encapsulation and remained spread through 9 days in culture, while the PCa 

tumoroids remained largely as compact multicellular aggregates (Fig. 6.3A). While the 

MC 3T3-E1 cells in co-culture with the MDA PCa 118b tumoroids also began to spread 1 

day following encapsulation, these cells extended their osteoblastic processes towards 

and around the tumoroids over time, most evidently by 6 days in culture (Fig. 6.3A). To 

better visualize this interaction, representative hydrogel constructs were immunostained 

for EpCAM and vimentin to distinguish the epithelial tumor cells from the mesenchymal 

osteoblastic cells, respectively. As shown in Fig. 6.3B, while the two cell populations 

were largely separate entities at day 1 in co-culture, physical association of the MC 3T3-

E1 cells with the MDA PCa 118b tumoroids was observed over time, culminating in 
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envelopment of the tumoroids at day 6 (Fig. 6.3B, C). Mono-cultures are shown in Fig. 

6.4. Comparison of the resulting cellular organization in co-culture with the MDA PCa 

118b PDX grown intrafemorally indicated that this 3D co-culture model closely 

recapitulates the architectural arrangement of the two cell types in vivo i.e. tumor mass 

surrounded by osteoblasts on the periphery within a mineralized matrix (Fig. 6.3D). 

Interestingly, both integrin-binding and MMP-degradable domains are required for this 

structural organization. Removal of either component obviates the spreading of MC 3T3-

E1 cells in hydrogels and renders them unable to physically associate with the MDA PCa 

118b tumoroids (Fig. 6.5).  

 

6.4.2. PCa PDX Cells Cultured in 3D Hydrogel Retain Proliferative Capacity. Given 

that the MDA PCa 118b PDX cells exhibit poor viability in culture [156], whether our 3D 

HA hydrogel system was capable of supporting the viability of encapsulated cells over 

time was next determined. Whether in mono- or co-culture, the MDA PCa 118b and MC 

3T3-E1 cells remained viable for at least 6 days in culture (Fig. 6.6A). To demonstrate 

that this 3D PCa co-culture model maintains tumor proliferative potential and exhibits 

growth characteristics necessary for drug testing, especially those that target actively 

dividing cells, the growth profile of the cultures was evaluated, using DNA content as an 

indirect measure of cellularity. Notably, only in the co-cultured constructs was the 

highest cellularity maintained. DNA content of either MDA PCa 118b-only or MC 3T3-

E1-only mono-cultures, and their theoretical sum, were consistently lower than the 

combined co-cultures, indicating a greater-than-additive effect of the PDX cell-

osteoblastic cell interaction (Fig. 6.6B). Further, to determine if the tumor cells remained 
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proliferative in my hydrogel system, I immunostained for Ki-67, the expression of which 

was detected in the MDA PCa 118b tumor cells across all time-points (Fig. 6.7). 

 

6.4.3. Characteristics of PDX Tumor of Origin are Preserved In Vitro. A unique 

feature of the MDA PCa 118b PDX cells is their ability to trigger robust osteoblastic 

reactions when implanted either orthotopically in bone or ectopically as subcutaneous 

tumors [156]. I next investigated if the PDX cells retained their osteogenic ability when 

grown in our 3D hydrogels. Co-culture of the MC 3T3-E1 osteoblastic cells with the 

MDA PCa 118b cells increased transcript levels of osteoblast-enriched markers – 

osteocalcin (OC), bone sialoprotein (BSP) and alkaline phosphatase (ALP) in the MC 

3T3-E1 cells, indicating that the MDA PCa 118b cells retained their native bone-forming 

phenotype (Fig. 6.6C). Further, I asked if the hydrogel-encapsulated MDA PCa 118b 

cells express FGFR1 and FGF9, both of which are highly expressed in vivo (Fig. 6.8A, 

B). Immunostaining the hydrogel constructs for FGFR1 and FGF9 revealed that the 

MDA PCa 118b tumor cells expressed both phenotypic markers in our 3D hydrogel 

system (Fig. 6.8A, B).  

 

6.4.4. Hydrogel-Encapsulated PCa PDX Tumor Cells In Vitro Induce Stromal Fgfr1 

Expression as Observed In Vivo. To discriminate gene expression in our human tumor-

mouse osteoblast co-culture model, human- and mouse-specific PCR primers were used 

to probe for several signaling components in the FGF axis (FGFR1-4, FGF2, FGF9 and 

fibroblast growth factor receptor substrate 2a (FRS2a)). Comparing gene expression in 

mono- versus co-culture, it was found that while there were no significant changes 
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observed in the MDA PCa 118b tumor cells in co-culture (Fig. 6.10), the MC 3T3-E1 

cells had significantly increased transcript levels of Fgfr1 (p = 0.001) and Fgfr1-IIIc 

isoform (p = 0.006) when co-cultured with the MDA PCa 118b tumor cells (Fig. 5), in a 

strikingly similar manner to the changes seen in vivo. Additionally, a slight increase in 

osteoblast Fgf2 (p = 0.057) and decrease in Fgfr4 (p = 0.098) was observed in co-cultures 

(Fig. 6.9). Expression levels of other FGF signaling components in the MC 3T3-E1 cells 

are shown in Fig. 6.11. Together, these results indicate that this 3D in vitro PCa PDX co-

culture model closely recapitulates the FGFR-mediated crosstalk between PCa tumor 

cells and osteoblasts in vivo. 

 

6.4.5. Dovitinib Decreases Cellularity of Co-Cultures.  Given that it was previously 

suggested that the activity of dovitinib (an FGFR inhibitor) observed in the in vivo MDA 

PCa 118b PDX model is achieved in part by blocking the PCa cell-bone cell interaction 

[182], I next sought to evaluate the effect of dovitinib in our 3D PCa PDX co-culture 

model. I found that while the drug did not reduce the cellularity of MDA PCa 118b-only 

constructs, there was a significant decrease in MC 3T3-E1 cellularity at 1000 nM (Fig. 

6.12A). Similarly, a statistically significant reduction in cellularity of 26% (p = 0.014) 

also was observed in the co-cultures at 1000 nM (Fig. 6.12A). Further, I investigated the 

biochemical changes, if any, of dovitinib in the treated cells by probing for FGFR1 and 

Fgfr1 transcript levels using species-specific primers. No reduction in either mouse or 

human transcripts was observed with increasing dovitinib concentrations (Fig. 6.12B). 

This contrasts with previous in vivo findings where it was demonstrated that FGFR1 and 
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Fgfr1 transcript levels were reduced in both the tumor and bone stroma of tumor-bearing 

bones in dovitinib-treated animals. 

 

6.4.6. Crosstalk Between PDX-Derived PCa and Osteoblastic Cells is at Least 

Partially Mediated by FGFR1. To resolve the complex network of tumor-stromal 

interactions in vivo, I investigated the role of osteoblast FGFR1 in promoting tumor 

growth by silencing the receptor in the MC 3T3-E1 cells. Comparing co-cultures in the 

presence of Fgfr1-silenced MC 3T3-E1 cells (CO-KD) or with the corresponding 

controls (CO-CONT), I observed that cellularity of the CO-KD constructs was 

significantly lower (p = 0.034) than that of CO-CONT at day 6, but still greater than what 

could be expected were the mono-culture DNA contents summed (Fig. 6.13A). This 

greater-than-additive effect was observed despite suppressed transcript levels of Fgfr1 at 

day 6 (Fig. 6.13B). 
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6.5. Discussion 
 
Increasing recognition of the dependence of cancer cells on their stromal 

environment has shifted the focus of researchers toward co-targeting tumor and stroma 

[179]. Particularly for PCa, a highly microenvironment-driven cancer, few preclinical 

models reflect the predominantly bone-forming or osteogenic phenotype of the disease 

[190]. Using the MDA PCa 118b PDX model [156], it was reported that interference with 

the FGFR-mediated stromal-epithelial interaction in bone with dovitinib is a promising 

co-targeting strategy [182]. In this follow-up study, my colleagues and I asked if we 

could develop an ex vivo PCa PDX model that recapitulates the molecular mechanisms 

governing the PCa-stromal cell interaction using an efficient, controlled and manipulable 

approach. Leveraging our ability to generate tumor cell-enriched PCa PDX-derived 

tumoroids in vitro, I co-encapsulated PCa tumoroids derived from MDA PCa 118b PDX 

with MC 3T3-E1 osteoblastic cells within a 3D hydrogel. This approach yielded a 

striking in vivo-like recreation of the spatial organization of tumor cells with osteoblasts 

in bone, maintained cell viability and proliferative capacity, and remarkably recapitulated 

the FGFR-mediated PCa-stromal crosstalk observed in vivo.  

Alternative culture systems such as spheroid-culture or basement membrane 

extracts have been reported as feasible systems for primary tumor cell culture ex vivo 

[159, 177, 191], but inherently provide little control to the investigator over the in vitro 

cancer cell microenvironment. With design considerations such as biological activity and 

tunable properties (structural, mechanical and composition), I showed that HA matrices 

are highly supportive of PDX culture in vitro, able to maintain long-term cell viability 

with retention of phenotype [184]. However, HA-only hydrogels poorly support 
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mesenchymal cell culture. To co-culture osteoblasts with PCa PDX cells, I specifically 

tailored HA hydrogels to include covalently-bound integrin-binding and MMP-

degradable peptidic modules, the combination of which enabled precise manipulation of 

cell-cell and cell-matrix interactions, and permitted our novel PDX-osteoblast co-culture. 

Compared to bone metastases from other cancers where osteoblasts are few or 

absent, histopathological analysis of PCa bone metastases reveals a significant presence 

of osteoblasts adjacent to PCa cells [67]. Indeed, when MDA PCa 118b PDXs are 

implanted intrafemorally, robust osteoblastic reactions mimicking characteristics of the 

human tumor of origin are observed, with osteoblasts present in the bone matrix near the 

injected tumor cells [156]. Similarly, ectopic bone formation is observed around 

subcutaneously grown MDA PCa 118b PDX tumors [156]. These observations indicate 

that close proximity of PCa cells with osteoblasts is a unique characteristic of the disease, 

and that the strong osteoinductive capacity of the MDA PCa 118b PDXs underscores the 

well-established dependency of PCa on osteoblasts in metastatic PCa progression [67]. In 

this model, MC 3T3-E1 cells extended cellular processes towards co-encapsulated PDX 

tumoroids, and often enveloped the tumoroids completely, mimicking the spatial 

organization of MDA PCa 118b PDXs with osteoblasts in vivo. This 3D model enables 

future detailed examination of PCa-osteoblast cell-cell contact mechanisms and their 

impact on tumor progression.  

Osteogenesis driven by the MDA PCa 118b PDX in vivo has been attributed to 

secreted paracrine factors, such as FGF-9 and bone morphogenetic protein (BMP)-4, that 

induce osteoblast proliferation and differentiation [156, 190, 192]. The observed increase 

in transcript levels of osteoblast markers (OC, BSP and ALP) in the co-cultured MC 3T3-
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E1 cells suggests that this model also recreates the inherent ability of MDA PCa 118b 

tumor cells to recruit osteoprogenitor cells and induce bone formation. Additionally, the 

greater-than-additive effect of co-culture on cellularity and maintenance of proliferative 

capacity in the MDA PCa 118b cells is likely reflective of the co-stimulatory PCa-

osteoblast relationship, which involves several growth factors including FGFs, BMP-2 

and insulin-like growth factor [67, 87, 156, 182, 192, 193], further supporting the notion 

that the PCa-osteoblast crosstalk is recapitulated in this in vitro model. This is an 

important implication if the model were to be used for tumor cell expansion ex vivo as 

these PDXs typically cannot be propagated outside the murine host.  

Among the targeted therapies in preclinical and clinical development for 

recalcitrant advanced PCa, FGF signaling blockade has emerged as a rational therapeutic 

strategy [194-196]. Regulating many mechanisms including mitogenesis, differentiation, 

angiogenesis, survival and invasiveness, aberrant FGF signaling activates downstream 

pathways that contribute to PCa progression and metastasis [156, 194, 195]. Examples 

include demonstrated osteoblast proliferation in response to FGF9 produced by MDA 

PCa 118b tumor cells, and overexpression of FGFR1 in PCa, especially in the MDA PCa 

118b tumor cells [156, 182]. In this study, it was established that hydrogel-encapsulated 

MDA PCa 118b cells maintained their expression of FGFR1 and FGF9 when cultured in 

vitro, indicating that this hydrogel system preserves salient features of the FGF axis in 

these tumor cells necessary for accurate in vitro modeling of FGF signaling. This co-

culture model strikingly recreated the intercellular crosstalk and stromal changes that 

occur when MDA PCa 118b cells are grown in bone. Using an orthotopic mouse model 

of MDA PCa 118b, it was previously found that levels of stromal Fgfr1 and Fgf2 were 
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increased and that of Fgfr4 was decreased in tumor-bearing femurs as compared to the 

contralateral sham-injected femurs [182]. While the exact molecular mechanisms 

governing the induction of Fgfr1 in osteoblasts and its associated implications are 

unknown, these changes observed in vivo and in our co-culture model fit into the current 

paradigm describing the PCa-osteoblast relationship, where FGFR1 and FGF2 are key 

mediators of this interaction and fuel both PCa and osteoblast growth in a co-stimulatory 

relationship [194].  

Dovitinib, a receptor tyrosine kinase inhibitor against FGFR and vascular 

endothelial growth factor receptor (VEGFR), exhibited remarkable clinical efficacy in a 

subset of patients with castration-resistant PCa and bone metastases [182]. The antitumor 

effect is achieved indirectly by co-targeting the stromal compartment in bone, 

highlighting the therapeutic potential of disrupting the neoplastic epithelial-stromal 

interaction in PCa bone metastases. Given that dovitinib-induced changes in Fgfr1 

transcript levels were absent in this 3D co-culture, my colleagues and I propose that other 

cells in the TME contributed to the suppressive effect of dovitinib on Fgfr1 transcript 

levels previously seen in vivo. Notably, the reduction in stromal Fgfr1 in vivo is a 

collective measure of Fgfr1 levels in all stromal cells in bone given that entire mouse 

femurs were analyzed [182]. Several cell types within bone express FGFR1 [197]; 

indeed, it was previously demonstrated that the anti-tumor effect of dovitinib could be 

ascribed partially to the anti-angiogenic activity of the drug, given that endothelial cells 

also express FGFR1 [182]. Additionally, analysis of circulating biomarkers in patients 

showed that both osteoblasts and osteoclasts are affected in response to dovitinib [182]. 

In sum, the response of this 3D model to dovitinib supports in vivo and clinical findings 
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that the anti-tumor activity of dovitinib is potentiated through targeting the tumor stroma, 

rather than the tumor itself. Current work in our laboratories seeks to increase the cellular 

complexity of this 3D hydrogel co-culture models to include elements of the vasculature 

and innate immune system. Although the current model is limited by the use of mouse-

derived osteoblasts to model the PCa-osteoblast interaction, studies are underway to 

develop a human-only system. This modular system will facilitate mechanistic studies 

that systematically dissect the complex effect of dovitinib in vivo by investigating the role 

of different stromal cell types on overall drug efficacy.  

This 3D PDX in vitro model also uniquely enables the use of molecular biology 

tools (such as gene silencing) to manipulate cell-cell interactions with relative ease as 

compared to the in vivo counterpart. As proof-of-concept, Fgfr1 in the MC 3T3-E1 cells 

was silenced to enable the investigation of its contribution to tumor growth. The 

suppressed cellularity in co-cultures with Fgfr1-silenced MC 3T3-E1 cells indicates that 

Fgfr1 plays a vital role in the PCa-osteoblast interaction. Fgfr1 manipulation did not 

entirely abrogate increased cellularity in co-culture, likely due to a sub-total knock-down 

in the MC 3T3-E1 cells, and the certain presence of multiple other redundant cooperative 

pathways that moderate the PCa-stromal interaction [67]. 

Using a bottom-up approach with the capacity for engineered complexity, I 

established an in vitro auxiliary to an established murine-host PCa PDX model. This 3D 

modular hydrogel model enables rapid, controlled mechanistic studies aimed at 

deconvoluting complex in vivo tumor-stroma interactions. This study demonstrates 

remarkable consistency in tumor architecture, phenotype and tumor-stromal signaling 
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between patient, PDX model and in vitro model. Future studies may benefit from this 

approach of “using the right cells in the right context”. 
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6.6. Figures 

 

 

 
 
 
 
 
 

Fig. 6.1 Schematic of 3D hydrogel system and co-culture construct fabrication. (A) The hydrogel 
system comprises thiolated hyaluronan (HA), and acrylate-functionalized peptides – GRGDS (integrin-
binding) and PQ (matrix metalloproteinase-sensitive), formed via the Michael addition reaction. (B) 
PDX tissue harvested from the animal are digested, then plated in 6-wells to form tumor aggregates. 
Resulting tumoroids are collected and co-encapsulated with osteoblastic cells. Animals maintained by 
Jun Yang. 
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Fig. 6.2 MC 3T3-E1 cells encapsulated in various matrix compositions. While the MC 3T3-E1 cells spread 
in the presence of the integrin-binding GRGDS and MMP-sensitive GPQGIWGQ peptide sequences 
(GRGDS + PQ), these osteoblastic cells remain mostly round in the absence of GRGDS (mPEG + PQ) or 
PQ (GRGDS + PEG-DA).  Scale bars = 100 µm. 

 

Fig. 6.3 PCa cell-osteoblastic cell organization in co-culture. (A) Bright-field images of MDA PCa 118b 
only- (PCa), MC 3T3-E1 only- (OB) and co-cultures (CO) over 6 days. (B) EpCAM and vimentin 
expression were used to distinguish the EpCAM-positive (green) tumor cells from the vimentin-positive 
(red) osteoblastic cells in co-culture. Physical association of the osteoblastic cells with the tumor cells was 
observed most evidently at day 6. Scale bar = 100 µm. (C) 3D volume rendering of an osteoblast-wrapped 
PCa tumoroid in co-culture shows similarity in structural organization between MDA PCa 118b cells co-
cultured with MC 3T3-E1 cells in 3D, and the same MDA PCa 118b cells grown in bone (D). Scale bar = 
100 µm. (D) H&E-stained sections of intrafemorally-grown MDA PCa 118b. T = tumor, M = bone matrix; 
black arrow indicates osteoblasts. Scale bar, left image = 100 µm and right image = 50 µm. Figure 6.3D 
courtesy of Dr. Xinhai Wan. 
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Fig. 6.4 Mono-cultures of MDA PCa 118b only (PCa) and MC 3T3-E1 only (OB) immunostained for 
EpCAM (green) and vimentin (red). Scale bars = 100 µm. 

 

Fig. 6.5 3D volume rendering of MDA PCa 118b (EpCAM-stained, green) and MC 3T3-E1 
(vimentin-stained, white) cells co-cultured in various matrix compositions. Envelopment of the 
MDA PCa 118b tumoroids by the MC 3T3-E1 cells was only observed in the presence of GRGDS 
and PQ. Scale bar = 100 µm. 
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Fig. 6.6 Growth profile and osteogenic capacity of MDA PCa 118b cells in co-culture. (A) Constructs 
processed under the LIVE/DEAD viability assay, where green and red stained-cells indicate viable and 
non-viable cells respectively. Cells in mono- or co-cultures were viable at day 6. Scale bar = 100 µm. 
(B) DNA content of actual co-cultures (CO) was consistently higher than summed mono-culture values 
(PCa + OB). N = 4. (C) Transcripts encoding osteocalcin, bone sialoprotein (BSP) and alkaline 
phosphatase (ALP) relative to GAPDH in the MC 3T3-E1 cells (day 6) were higher in co-culture (CO) 
as compared to mono-culture (OB). N = 4. *p < 0.05. 
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Fig. 6.7 MDA PCa 118b express Ki-67 in mono- or co-culture at day 1 and day 6. Scale bars = 100 µm. 
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Fig. 6.8  Immunohistochemical analysis of in vivo phenotypic markers. MDA PCa 118b cells retain 
expression of (A) FGFR1 and (B) FGF9 in the 3D co-culture system. Constructs were co-stained with 
EpCAM (green) to identify the tumor cells in co-culture. Scale bar = 100 µm. MDA PCa 118b when 
grown in bone (right-most panel) express (A) FGFR1 (scale bar = 50 µm) and (B) FGF9 (scale bar = 
100 µm). In vivo data courtesy of Dr. Xinhai Wan. 
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Fig. 6.9 Transcripts encoding FGF signaling components in the MC 3T3-E1 cells, relative to GAPDH. 
N = 4. Changes in Fgfr1, Fgfr1-IIIc, Fgfr4 and Fgf2 transcripts were observed (day 6) when the MC 
3T3-E1 cells were mono-cultured (OB) or co-cultured (CO) with the MDA PCa 118b tumor cells. *p < 
0.05. Performed with Micaela Morgado and Dr. Xinhai Wan. 

 

Fig. 6.10 Transcripts encoding FGF signaling components in the MC 3T3-E1 cells in mono- or co-
culture, relative to GAPDH. Performed with Micaela Morgado and Dr. Xinhai Wan. 
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Fig. 6.11 Transcripts encoding FGF signaling components in the MDA PCa 118b tumor cells in mono- 
or co-culture, relative to GAPDH. Performed with Micaela Morgado and Dr. Xinhai Wan. 
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Fig. 6.12 Effect of dovitinib in culture. (A) Normalized DNA content of dovitinib-treated mono-
cultures (PCa and OB) and co-cultures (CO). *p < 0.05. Results shown are a combination of two 
identically performed studies, normalized to DNA content of the untreated OB group within each study. 
N = 8. (B) Transcripts encoding human and mouse FGFR1 (relative to GAPDH) in co-cultures in the 
presence of increasing dovitinib concentration. No changes were detected. N = 3. qRT-PCR performed 
with  Micaela Morgado. 

 

Fig. 6.13 Effect of silencing FGFR1 in MC 3T3-E1 cells on cellularity in co-cultures. (A) FGFR1-
silenced MC 3T3-E1 cells (OB-KD) and scrambled controls (OB-CONT) were co-cultured with the 
MDA PCa 118b cells (CO-KD and CO-CONT respectively) and DNA content of the constructs were 
measured. N = 4. Increased cellularity over summed mono-culture values (PCa + OB-KD), similar to 
the control co-culture group (PCa + OB-CONT), were observed despite suppressed levels of Fgfr1, as 
shown in (B). N = 3. *p < 0.05. qRT-PCR performed with Micaela Morgado and Dr. Xinhai Wan. 
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Chapter 7. Conclusions 
 

The ideal preclinical model comprises the ‘right’ cells placed in the ‘right’ context 

so that the most accurate information can be derived from the system. In this thesis, I 

developed 3D in vitro models of EWS and bone metastatic PCa to address the critical 

need for improved preclinical platforms that can support more reliable drug evaluation 

and mechanistic studies of these currently incurable cancers. 

Focusing on the tumor context or microenvironment in Specific Aim 1, I 

demonstrated the importance of providing three-dimensionality for tumor growth in vitro. 

Through the use of 3D electrospun PCL scaffolds, I showed that 3D-cultured EWS cells 

more closely mimicked the in vivo morphology, growth rate, IGF-1R signaling as well as 

sensitivity to both cytotoxic and biologically-targeted therapies as compared to the same 

cells grown as monolayers on 2D.  

Besides tumor context, another important parameter to consider in preclinical 

modeling is the tumor cell source. Cell lines are limited in their ability to reflect the 

native tumor phenotype. To address this problem, I investigated the use of bone 

metastatic PCa PDX cells as an alternative, improved tumor cell source in Specific Aims 

2 and 3. In Specific Aim 2, I demonstrated the feasibility of culturing PCa PDX cells in 

vitro with the use of a 3D HA hydrogel matrix. PCa PDX cells remained viable, 

proliferative and retained their native androgen receptor expression when cultured within 

the HA matrix. Furthermore, the PDX cells were found to have an increased resistance to 

a cytotoxic drug as compared to a traditional cell line, underscoring the need to re-

evaluate the utility of cell lines as a tumor cell source in drug development.  
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Given that PCa is highly stromal-dependent, I next sought to incorporate bone 

cells in Specific Aim 3 to better mimic the bone metastatic microenvironment in vivo. To 

this end, I incorporated integrin-binding and MMP-sensitive domains to HA so that the 

resulting HA hydrogel network is one that enables cell attachment, spreading and 

migration in 3D. By co-culturing osteoblastic cells together with PCa PDX cells within 

the modified HA matrix, not only was the in vivo spatial organization and FGFR-

mediated crosstalk between these two cell populations recapitulated, tumor viability, 

proliferative capacity, and key phenotypic characteristics were also retained in this 

system. This model may serve as an invaluable in vivo adjunct for controlled mechanistic 

studies of tumor-stromal interactions. 

Given that these models are yet fully recapitulative of the in vivo tumor 

microenvironment, these models may serve as foundation models for further 

modifications, such as the incorporation of other stromal elements as well as biophysical 

cues. By adhering to the underlying principle of having the ‘right’ cells in the ‘right’ 

context in developing preclinical tumor models, it is envisioned that these 3D tumor 

models may ultimately resolve the dichotomy between bench and bedside in cancer drug 

development. 
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Appendix A 

Building Bridges: Leveraging Interdisciplinary 
Collaborations in the Development of Biomaterials to Meet 

Clinical Needs* 
 

A.1.  Abstract 

Our laboratory at Rice University has forged numerous collaborations with 

clinicians and basic scientists over the years to advance the development of novel 

biomaterials and modification of existing materials to meet clinical needs. This review 

highlights collaborative advances in biomaterials research from our laboratory in the 

areas of scaffold development, drug delivery and gene therapy, especially as related to 

applications in bone and cartilage tissue engineering. 

 

 

 

 

 

 

 

 

 

* This chapter was published as Fong EL, Watson BM, Kasper FK, Mikos AG. Building 
bridges: leveraging interdisciplinary collaborations in the development of biomaterials to 
meet clinical needs. Advanced materials. 2012;24:4995-5013. 
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A.2.  Introduction 

Although most tissues in the body can undergo self-repair to varying extents, 

injuries beyond the reparative threshold may benefit from therapeutic intervention to 

facilitate healing. The gold standard for many of these treatment strategies involves the 

use of autografts, such as bone grafts harvested from the iliac crest to fill bone 

defects.[1]–[4] However, harvesting healthy tissue from other sites within the body is 

typically constrained by limited supply and donor site morbidity.  To address this demand 

for donor tissue, tissue engineering has been recognized as a potential therapeutic 

solution. 

Tissue engineering generally involves the use of biomaterials, cells and bioactive 

factors in various combinations to facilitate the regeneration of lost or injured tissue.[5] 

For example, primary progenitor cells can be harvested from a patient, expanded ex vivo 

to sufficient numbers, and implanted together with a biomaterial scaffold at the site of 

injury to effect tissue repair. Alternatively, scaffolds can be leveraged for the controlled 

release of bioactive factors at the defect site to recruit host cells and promote tissue 

regeneration.[6] Regardless of the specific tissue engineering strategy employed, 

biomaterial scaffolds generally serve as the foundation to guide and support tissue 

formation, while delivering cells and bioactive factors to promote regeneration. 

Developing clinically relevant biomaterials for use in tissue engineering scaffolds 

presents distinct challenges, as it requires a strong understanding of materials science in 

combination with extensive knowledge of the clinical challenge, cell biology, native 

tissue properties, and controlled therapeutic delivery, among other considerations. 

Consequently, interdisciplinary collaboration between material scientists, engineers, 
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clinicians, cell biologists, and others may be leveraged to harness collectively the 

respective expertise of each field toward the development of biomaterials for tissue 

engineering applications. Situated within the Texas Medical Center, our laboratory at 

Rice University is in a prime location to facilitate this critical crosstalk between clinicians 

and materials scientists and engineers. Indeed, over the past two decades, we have forged 

numerous collaborations with clinicians and basic scientists to drive the development of 

novel biomaterials and modification of existing materials for tissue engineering, drug 

delivery and gene therapy.  

Developing successful biomaterials is a non-trivial task and requires years of 

extensive in vitro characterization and comprehensive investigation in pre-clinical in vivo 

models along the pathway toward regulatory approval or clearance for clinical 

application. In this review, we will highlight ongoing biomaterials research in our 

laboratory, with a special focus on bone and cartilage tissue engineering. 

 

A.3.  Bone Tissue Engineering 

A.3.1.  Clinical Need 

One of the primary functions of the skeletal system is to provide mechanical 

support to the body. The association of bone's inorganic components, composed primarily 

of hydroxyapatite, with its organic components, mostly type I collagen, with smaller 

quantities of various proteoglycans and glycoproteins, is responsible for the strength of 

bone tissue.[7]   Mechanical support is largely provided by cortical bone, which is a 

dense solid tissue composed mainly of hydroxyapatite arranged in a compact pattern that 

forms the outer wall of bones (Figure A1). Cortical bone is supported by blood vessels 
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located within the Haversian canals. Cancellous bone is a lighter, less dense form of bone 

consisting of trabecular plates and bars that are found in the highly vascular inner parts of 

bone where hematopoesis and ion exchange occur.  These two types of bone have 

differing mechanical properties reflecting their different functions, with cortical bone 

having tensile strength (3.1-180 GPa) and modulus (3.9-71 GPa) two to three orders of 

magnitude greater than that of cancellous bone.[8],[9]  Though the compressive 

properties of cancellous bone vary greatly depending on location in the body, the 

compressive strength (130-180 MPa) and modulus (4.9-34 GPa) of cortical bone are also 

greater than those of cancellous bone (0.2-310 MPa and 1.4-9800 MPa, respectively).[8]–

[10] It is important, therefore, that materials used for bone repair have the ability to 

provide adequate mechanical support in bone defects.   

According to Wolff’s law, bone tissue has the ability to continuously remodel 

itself to meet changing mechanical needs such as those associated with growth, 

development, and exercise.[11] For example, in space flight, astronaut exposure to zero 

gravity initiates pathological bone resorption.[12] This maintenance is performed by 

osteoblasts, cells that deposit bone where it is needed, and osteoclasts, cells that resorb 

bone. Additionally, bone has the ability to regenerate following most injuries.[13] 

However, in cases of non-union fractures or severe traumatic bone injuries, the intrinsic 

capacity of bone to self-repair is not sufficient for complete healing to occur.  In these 

cases, the current gold standard of care is the use of a bone autograft, which can typically 

bridge the defect and facilitate healing.[3],[4] In the United States alone, over 500,000 

bone-grafting procedures are carried out annually.[4] However, besides being limited in 

supply, autografts must be harvested from a secondary site on the patient, which results in 
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donor site morbidity.[1]  An alternative solution is the use of allografts harvested from 

cadavers, which partially resolves the issue of limited supply, but carries the risk of 

disease transmission as well as other complications that may result in graft failure.  

Taking into consideration the limitations of these current strategies and the high demand 

for bone grafts, other materials and methods are being investigated for use in bone 

regeneration.[14]  

 

A.3.2.  Scaffold Criteria for Bone Tissue Engineering 

For the past 20 years, our laboratory has focused on the development of new 

biomaterials for use as scaffolds in bone tissue engineering strategies to address the 

clinical need for bone repair.  An ideal material for this purpose needs to fulfill several 

design criteria. The first of these is osteoconductivity, the ability of a material to facilitate 

cell attachment, proliferation, and migration through the scaffold, as well as nutrient-

waste exchange and new vessel penetration.[14]  Additionally, osteoinductivity, the 

ability to induce the differentiation of osteoprogenitor cells such as mesenchymal stem 

cells (MSCs) into osteoblasts,[14] is necessary for scaffolds to enable bone formation to 

occur where it would otherwise not occur, a requirement for the healing of critical-size 

defects.[13]  A bone tissue engineering scaffold should also promote vascularization for 

the delivery of blood to the newly formed bone tissue, occurring mainly via capillary in-

growth into the scaffold pores from the surrounding tissue.  Vessel in-growth can be 

induced by the incorporation of angiogenic factors within the scaffold.[13] 
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There are a variety of techniques that have been developed for the fabrication of 

scaffolds aimed at facilitating bone regeneration. Regardless of the method, it would be 

advantageous if the scaffolds are manipulable and easily shaped to conform to 

irregularly-shaped bone defects.[13]  It is also critically important for scaffolds used in 

load-bearing applications to possess mechanical properties that are similar to bone tissue 

surrounding the defect.  Since bone is constantly remodeling to adapt to new stresses, 

scaffolds with mechanical strength greater than that of bone can result in bone resorption, 

while those with mechanical strength less than that of bone may not provide adequate 

support to the tissue in the region of the defect.[14],[15] Ideally, the scaffold should be 

designed with a degradation rate such that the strength of the scaffold is maintained until 

the regenerating tissue can provide the mechanical support necessary to withstand in vivo 

stresses. Furthermore, degradation products of the scaffold should be biocompatible and 

removed from the body via physiological pathways to avoid long-term biocompatibility 

problems.[13] 

An important determinant of a scaffold’s ability to support tissue regeneration is 

the pore size and porosity of the structure.   It has been reported that the pore size of 

scaffolds needs to be greater than 30 microns to allow for bone in-growth.[9]  The 

porosity of a scaffold must be high enough to allow for cellular migration as well as 

nutrient and waste exchange.  Pore interconnectivity is also a necessary feature to enable 

cells to migrate within the scaffold and allow for the formation of a contiguous tissue that 

can more uniformly distribute load within the scaffold.[14]  Undifferentiated cells such as 

MSCs and other osteogenic precursor cells are popular cell sources in many bone tissue 

engineering strategies as they possess a higher proliferative capacity and are often more 
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readily available than mature osteoblastic cells. As such, it is important for bone 

regeneration constructs to provide osteogenic cues to facilitate the differentiation of cells 

seeded in them so that they can generate bone-like extracellular matrix (ECM) to fill the 

defect or support the growth of bone when exogenous growth factors are delivered.[16] 

Finally, perhaps the most critical scaffold requirement is biocompatibility.  Scaffolds 

should not only be non-toxic to the cells around them, but also not trigger a sustained 

response from the host’s immune system.[13]  

To fulfill different scaffold design criteria, a variety of scaffolding materials have 

been developed and investigated for use in bone tissue engineering, ranging from natural 

polymers, such as collagen and hyaluronan, to synthetic polymers, such as poly(lactic 

acid), to bioactive inorganic materials, such as calcium phosphate.[14]  In the next 

section, we will highlight materials that have been developed or investigated in our 

laboratory.   

 

A.3.3.  Bone Tissue Engineering Materials 

A.3.3.1.  Poly(Propylene Fumarate) Cross-Linked Networks 

Poly(propylene fumarate) (PPF) is a biodegradable, cross-linkable macromer that 

was developed in our laboratory for use in bone tissue engineering applications in 

collaboration with Dr. Michael Yaszemski of the Mayo Clinic.  It is most commonly 

prepared via a two-step synthesis from diethyl fumarate and propylene glycol (Figure 

A2).[17]  PPF is a viscous liquid, which contains unsaturated carbon-carbon double 

bonds that allow for cross-linking.[18]  
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In collaboration with Dr. Paul Engel of Rice University, Peter et al. demonstrated 

that synthesis techniques can be modified to produce different molecular weights of PPF, 

with higher molecular weights resulting in a more viscous liquid.[19]  Increased 

molecular weight of the PPF macromer has been shown to result in improved mechanical 

properties following the formation of a polymer network.[20] Furthermore, the liquid 

nature of PPF prior to the formation of cross-linked networks allows it to be molded into 

a variety of shapes during the cross-linking process and endows it with the potential to be 

injected and cross-linked in situ.[21]  Timmer et al. have shown that once cross-linked, 

PPF composites containing beta-tricalcium phosphate (ß-TCP) exhibit good mechanical 

properties with modulus and yield strength (approximately 1200 MPa and 300 MPa, 

respectively) near that of trabecular bone.[22]   

PPF undergoes bulk degradation through hydrolysis of the ester linkages yielding 

the non-toxic, non-immunogenic degradation products fumaric acid and propylene 

glycol.[23]   Degradation time can be modified by modulating the molecular weight of 

the PPF macromer and the cross-linking density of the polymer network, as well as 

through the use of different cross-linking agents and the incorporation of other 

components to form PPF-based composites.[20],[22]  This allows for degradation time to 

be tuned to match cell infiltration and bone deposition within the scaffold.   

A variety of cross-linking agents have been used to cross-link PPF macromers.  

Propylene fumarate-diacrylate (PF-DA) and poly(ethylene glycol)-dimethacrylate (PEG-

DMA)  cross-links have been shown to improve the mechanical properties of the material 

with increased incorporation resulting in scaffolds that can be tuned to more closely 

match the mechanical properties of bone.[23],[24]  Peter et al. demonstrated that unlike 
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the previously mentioned cross-linking molecules, the compressive strength and 

compressive modulus of N-vinyl pyrrolidone (NVP)-cross-linked PPF decrease as the 

NVP/PPF ratio increases.[25]  Additionally, Fisher et al. showed that diethyl fumarate 

(DEF)-cross-linked PPF presents an increase in sol fraction and swelling degree as the 

DEF/PPF ratio increases, while maintaining a compressive strength suitable for 

trabecular bone replacement.[26]  

To characterize the biological properties of both PPF-based and non-PPF-based 

scaffolds, our laboratory has collaborated extensively with Dr. John Jansen of Radboud 

University Nijmegen Medical Center in the Netherlands.  Although PPF alone has not 

been shown to be osteoinductive, it can be modified to contain osteoinductive factors. 

The transforming growth factor beta (TGF-ß) superfamily is a large group of 

polypeptides that mediate multiple biological functions, including bone induction.  Many 

of these growth factors are found in the ECM of bone, and some have been found to 

induce bone formation when delivered via scaffolds in vivo.[27] Vehof et al. have used 

TGF-ß1-coated PPF to enhance bone formation in a rabbit cranial defect compared to 

PPF alone.[28]  

The development and early investigations of PPF have been well chronicled by 

Kretlow and Mikos.[29]  In particular, it should be noted that early work by Peter et al. 

and Fisher et al. demonstrated biocompatibility in rat and rabbit models, 

respectively.[30],[31]  Additionally, an investigation of in vitro osteoconductivity of rat 

mesenchymal stem cells cultured on PPF/ß-TCP composites showed increased 

osteoblastic differentiation over 4 weeks, as measured by alkaline phosphatase activity 

and osteocalcin production.[32] The osteoconductivity of PPF has also been established 



	   	  
	  

	  

139	  

in vivo by Fisher et al. with a rabbit incisor extraction socket model, resulting in faster 

bone ingrowth for the PPF-filled socket than an empty socket at one week.[33]   

In an effort to improve vascularization of PPF-based bone tissue grafts, both 

Young et al. and Patel et al. incorporated gelatin microparticles loaded with bone 

morphogenetic protein-2 (BMP-2) and vascular endothelial growth factor (VEGF) into 

PPF scaffolds. BMP-2 is a cytokine that plays an important role in bone formation and 

healing, and its use in tissue engineering applications has been well described.[34]  

VEGF has also been shown to play a role in osteogenesis and angiogenesis and has 

potential for use in bone regeneration.[35] These dual growth factor-loaded composite 

scaffolds induced more bone formation at 4 weeks in rat critical-size cranial defects than 

composite scaffolds with only BMP-2 loaded microspheres, but no significant difference 

in bone growth was observed at 12 weeks (Figure A3).[36],[37] Possible explanations for 

this finding include the burst release of VEGF resulting in little effect at later time points, 

or that vascularity may not be a limiting factor for the rat cranial defect model due to the 

surrounding vasculature and thin cranium of the animal.[36],[37] 

The incorporation of alumoxane nanoparticles into PPF scaffolds has been shown 

to confer improved mechanical properties to the material.[38] These scaffolds were 

evaluated by Mistry et al. in a goat femoral condyle implantation model and 

demonstrated no difference in biocompatibility or degradation over 12 weeks compared 

to scaffolds comprised of PPF alone.  A histological image illustrating PPF degradation is 

shown in Figure A4.[39]   However, this degradation time may not have been sufficient 

for detectable differences between the pure polymer scaffolds and the composites.  

PPF/alumoxane nanoparticle (NP) composites have been shown to undergo more rapid 
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degradation in an accelerated in vitro degradation study compared to the polymer alone, 

but predegraded composites did not show any signs of change in biocompatibility.[40]  

PPF/single-walled carbon nanotube (SWNT) nanocomposites have also been 

shown to possess improved mechanical properties compared to the polymer alone.[41]  

Furthermore, Shi et al. have demonstrated that SWNT functionalized with surfactant have 

improved dispersion within the nanocomposites,[42] resulting in enhanced mechanical 

properties.[43]  The use of ultra-short single-walled carbon nanotubes (US-tubes) rather 

than SWNTs allowed for the development of injectable in situ cross-linkable 

nanocomposites,[41] as well as the fabrication of porous nanocomposite scaffolds for 

bone tissue engineering. [44] These PPF/US-tube nanocomposite scaffolds not only 

proved to be cytocompatible in vitro,[45] but also osteoinductive in vivo in a rabbit 

femoral condyle defect model. [46] 

Kim et al. have shown that PPF/hydroxyapatite nanoparticle (HANP) composites 

result in improved surface properties due to increased roughness, hydrophilicity, protein 

adsorption, and initial cell attachment, as well as up-regulation of osteogenic growth 

factor expression, with corresponding osteoblastic differentiation of rat MSCs.[47]  

Recently, Henslee et al. used a composite scaffold consisting of a solid PPF 

intramedullary rod surrounded by a porous PPF sleeve containing poly(DL-lactic-co-

glycolic acid) (PLGA) microspheres with adsorbed recombinant human BMP-2, as 

shown in Figure A5, in a rat segmental femoral defect model.  Though these combination 

scaffolds provided significant mechanical strength to help stabilize the defect, the porous 

outer scaffold may have impeded the migration of regenerative cells into the defect 

region, resulting in decreased bone formation.[48]  
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In summary, PPF is a biodegradable, cross-linkable synthetic macromer that has 

been developed in our laboratory for bone tissue engineering applications.  It has been 

shown to degrade by hydrolysis of its ester bonds into non-toxic, non-immunogenic 

products that can be easily metabolized or removed from the body.  PPF can be molded 

into a variety of shapes in order to fill bone defects before it is cross-linked. PPF has been 

combined with a variety of other materials to form composites that can not only modulate 

the overall mechanical and degradation properties, but also give rise to scaffolds with 

increased osteoconductivity and osteoinductivity, making PPF a favorable material for 

bone tissue regeneration.   

 

A.3.3.2.  Oligo(Poly(Ethylene Glycol) Fumarate) Hydrogels 

Although oligo(poly(ethylene glycol) fumarate) (OPF) hydrogels have been more 

extensively used in cartilage tissue engineering (which will be discussed in detail in a 

later section), they were initially developed in our laboratory for use in bone tissue 

engineering.  Early work by Temenoff et al. demonstrated the ability of OPF hydrogels to 

support the osteogenic differentiation of encapsulated rat MSCs for bone regeneration by 

modulating the swelling properties of the hydrogels.[49]  Two OPF formulations with 

different swelling properties were used to encapsulate these cells in the presence and 

absence of osteogenic supplements, and the extent to which these cells underwent 

osteogenic differentiation was determined over a period of 28 days via histology and 

biochemical assays for osteogenic markers. It was found that the osteogenic 

differentiation of the encapsulated progenitor cells is dependent on the swelling 
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properties of the OPF hydrogel, given that hydrogels with greater swelling promoted the 

osteogenic differentiation of MSCs over those that swelled less.[49]  

In another approach, Shin et al. examined the potential of OPF hydrogels tethered 

with signaling peptides as instructive biomimetic substrates for the osteogenic 

differentiation and mineralization of cultured MSCs.[50],[51]  It was hypothesized that 

by functionalizing the synthetic hydrogel with the tri-amino acid sequence, RGD 

(arginine-glycine-aspartic acid), which has been identified as the key integrin-binding 

domain in adhesive proteins in the ECM, cell adhesion can be improved and, therefore, 

better control over cell behavior can be achieved.[52]  Specifically, it was found that 

hydrogels modified with the cell-binding peptide Gly-Arg-Gly-Asp-Ser (GRGDS) and an 

osteopontin (OPN)-derived peptide induced the differentiation and mineralization of 

MSCs, as indicated by phenotypic markers, including alkaline phosphatase activity, 

osteopontin secretion and calcium deposition.[51]  In addition to RGD peptides, calcium 

phosphate nanocrystals and hydroxyapatite nanoparticles (HANP) have also been 

incorporated into OPF hydrogels to mimic the inorganic component of natural bone. 

[52],[53] 

 

A.3.3.3.  Poly(N-Isopropyl Acrylamide)-Based Hydrogels 

One of the current focuses of our laboratory is the development of in situ forming, 

thermo-responsive, chemically cross-linkable hydrogels to be used for bone tissue 

regeneration. It should also be noted that although hydrogels do not possess the 

mechanical strength necessary to provide support for load-bearing functions in bone 

applications, they can be used to fill critical-size defects, in conjunction with mechanical 
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supports where necessary, to promote bone regeneration that would not otherwise occur.  

Hydrogels are appealing for use in these defects because they can be formed in situ in a 

minimally-invasive manner and are highly hydrated.  This hydrated environment allows 

them to not only deliver cells but also to support cell proliferation and differentiation 

throughout the scaffold by mimicking the in vivo tissue environment to allow for normal 

cellular function as well as vessel ingrowth.[54],[55]  

Hacker et al. have developed novel poly(N-isopropyl acrylamide) (p(NiPAAm))-

based macromers that are formed via free-radical co-polymerization of NiPAAm, 

pentaerythritol diacrylate monostearate (PEDAS), acrylamide (AAm), and hydroxyethyl 

acrylate (HEA).  These co-polymers undergo a tandem gelation consisting first of a rapid 

thermally-induced physical gelation in the range of physiological temperatures, with the 

transition temperature dependent on the relative concentrations of the monomers.  

Subsequently, the side groups resulting from HEA incorporation can be chemically 

modified with methacrylate or acrylate groups to allow for in situ chemical cross-links to 

form between macromers, increasing the stability of the hydrogels, while the PEDAS 

group provides a hydrophobic domain that has the potential to improve protein and 

cellular binding.[56]  Kretlow et al. have incorporated vinylphosphonic acid (VPA) into 

similar tandem gelling p(NiPAAm)-based polymers to allow for binding of calcium ions, 

which can be beneficial for mineralization and osteoblastic differentiation.  Additionally, 

increasing VPA allowed for increased calcium ion binding to the macromers, resulting in 

decreases in transition temperature.[57]  
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Klouda et al. have evaluated the cytocompatability of p(NiPAAm)-based gels 

with rat fibroblasts placed in direct contact with the macromers in vitro.  Before 

modification with the chemical cross-linkable methacrylate and acrylate groups, the 

macromers demonstrated over 60% cell viability at 24 hours.  However, following 

modification, macromers showed a time- and methacrylate or acrylate dose-dependent 

effect on cell viability, with decreased cell viability seen as early as two hours in some 

heavily modified macromers.  These studies suggested that the cell exposure time to 

unreacted crosslinking groups should be minimized when attempting cell 

encapsulation.[58]  Additionally, some formulations of these thermoresponsive 

macromers with either methacrylate or acrylate cross-linking groups have been used to 

encapsulate rat MSCs.  Qualitative detection of live cells within these hydrogels for up to 

three weeks indicated the suitability of these systems for cell encapsulation.  

Furthermore, significant mineralization of both cell laden and cell free hydrogels was 

seen after three weeks in osteogenic media, as shown in Figure A6.  This was likely due 

to the ability of the hydrogels to bind proteins via their hydrophobic domains, which then 

facilitated mineralization.[59]  

 

A.3.3.4.  Extracellular Matrix-Based Scaffolds 

The current gold standard for treating skeletal defects employs autologous tissue, 

as it contains viable cells, components of the ECM and bioactive factors.[60],[61]  These 

characteristics are pertinent components of an ideal bone graft material, one that is 

osteoconductive and osteoinductive.[61]  While osteoconductivity may be imparted to 

scaffolding materials by modulating their composition, surface properties, and 
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architecture, bioactive factors such as osteoinductive growth factors and multipotent 

MSCs may be necessary to instill scaffolds with osteoinductive properties. In situations 

where the inherent osteoinductivity of natural bone may be insufficient for spontaneous 

bone regeneration to occur, an osteoinductive scaffold would ideally serve to augment the 

osteogenic potential of the defect site and induce the differentiation of transplanted or 

host progenitor cells towards bone-forming cells.[62]  One method to improve the 

osteoinductivity of scaffolds to enhance bone healing is the delivery of osteoinductive 

growth factors such as transforming growth factor (TGF), insulin-like growth factor 

(IGF), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF) and various 

types of BMPs.[63],[64]   However, this method may be plagued by the drawbacks of 

possible growth factor-related side effects, high costs and desired release kinetics that 

may be difficult to achieve.[65]–[67]  

For the past decade, our laboratory has established a cell-based approach to confer 

scaffolds with osteoinductive properties (Figure A7). Extensive studies have shown that a 

variety of synthetic scaffolds, such as titanium fiber meshes and electrospun poly(ε-

caprolactone) (PCL) fiber meshes, can be coated with bone-like ECM using MSCs under 

flow perfusion conditions as well as static culture (Figure A8).[62],[68]–[72]  In bone, 

interstitial fluid flow (and therefore, fluid shear stress) exists as a result of transcortical 

pressure gradients produced by vascular and hydrostatic pressure, and mechanical 

loading.[73]  The rationale behind the use of flow perfusion culture conditions is not only 

to mitigate nutrient transport limitations associated with static culture but also to simulate 

the bone microenvironment and provide mechanical stimulation to cells to facilitate 

osteogenic differentiation.[62]  Studies modulating flow perfusion culture parameters, 
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such as medium flow rate, medium viscosity, and scaffold architecture (e.g., mesh size), 

have demonstrated that the extent of osteogenic differentiation of MSCs and 

corresponding bone-like ECM production is correlated to the magnitude of fluid shear 

stress.[68],[74]–[76] In vivo fluid shear forces during physiological loading have been 

estimated to be between 8 and 30 dynes cm-2.[68],[69] Although fluid shear forces on 

cells cultured within flow perfusion bioreactors are estimated to be lower and lie in the 

order of 0.1 dyne cm-2, shear forces within this order of magnitude have been found to be 

sufficient to augment the level of calcified matrix deposited in culture.[76] Furthermore, 

decellularization of these MSC-seeded constructs results in the generation of ECM-

coated scaffolds with acquired osteogenic potential, as evidenced by in vitro studies 

which demonstrated that they support the osteogenic differentiation of fresh MSCs that 

were reseeded for a second culture duration.[69],[71],[72]  The acquired ostegenicity of 

these ECM-coated scaffolds can in part be attributed to the presence of bioactive factors 

within the deposited ECM, which has been found to contain major bone components, 

including collagen, glycosaminosglycans and mineral.[71]  Additionally, the ECM serves 

not only as a physical framework for adherent cells, but also as a local reservoir and 

modulator of growth factors.[79]  Indeed, using immunohistochemistry, it has been 

shown that the bone-like ECM coating synthesized by MSCs cultured in a scaffold under 

flow perfusion conditions contains several bone-related growth factors such as BMP-

2.[70]  

Given the inherent complexity of the ECM milieu and difficulties associated with 

the delivery of growth factors from a scaffold, our laboratory has developed a novel 

tissue engineering strategy to address these challenges. As the examples above illustrate, 
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under well-controlled engineering conditions, it is possible to harness cells to coat 

biologically inactive materials with an ECM containing bioactive factors capable of 

promoting osteogenesis. Looking forward, our laboratory is currently investigating the 

applicability of these established principles in bone tissue engineering to the regeneration 

of cartilage. Ultimately, we envision that these ECM-scaffold constructs will be 

translated in vivo, where they will provide a platform conducive for the recruitment of 

host progenitor cells, induce their differentiation, and facilitate bone and cartilage 

regeneration.  

 

A.3.3.5.  Poly(Methyl Methacrylate)-Based Implants 

In addition to the development of novel biomaterials, another focus of our 

laboratory is the leverage of materials that are currently being used in the clinic in order 

to facilitate a timely clinical translation of new applications toward bone regeneration. 

For example, our laboratory is currently working with Dr. Mark Wong of the University 

of Texas School of Dentistry at Houston to develop poly(methyl methacrylate) (PMMA)-

based space maintainers for use in a two-stage regenerative medicine approach to address 

composite tissue defects in the craniofacial region.  The approach involves the 

application of a PMMA-based space maintainer in a bony defect to preserve the defect 

space and facilitate soft tissue healing prior to definitive repair. PMMA is a non-

degradable polymer currently regulated by the Food and Drug Administration in the 

United States for human clinical use in the form of bone cement products. It is commonly 

used to fill bone defects, but does not facilitate fracture healing or integrate with host 

bone.[13]  Additionally, two of the major complications that can arise when using the 
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current PMMA-based bone cement products in space maintenance applications are 

wound opening, or dehiscence, and infection.[80]–[82]  

In a study that was aimed at delivering antibiotics with space maintainers, Shi et 

al. combined PMMA bone cement with biodegradable carboxymethylcellulose (CMC) 

hydrogels to impart porosity and antibiotic-loaded microspheres of PLGA to facilitate 

controlled drug release.  These composite materials demonstrated sustained antibiotic 

release over 5 weeks in vitro.[83]  More recently, we have collaborated with Dr. 

Yasuhiko Tabata of Kyoto University in Japan who has extensive experience using 

gelatin microparticles for the delivery of bioactive factors. PMMA bone cement was 

combined with antibiotic-loaded gelatin microparticles, which served the dual function of 

imparting porosity into the construct and facilitating controlled drug release.  These 

constructs demonstrated sustained antibiotic release over 10-14 days in vitro.[84]  Soft 

tissue regeneration following the implantation of a space maintainer has been 

investigated in vivo using a non-healing rabbit mandibular defect model in conjunction 

with an oral mucosal defect, which allows for communication between the oral cavity and 

the mandibular defect.  Kretlow et al. have demonstrated that preformed porous PMMA 

space maintainers show a trend of increased soft tissue healing compared to the solid 

PMMA implants, with those of higher porosity exhibiting increased inflammation.  Cross 

sections of PMMA implants of varying porosity are shown in Figure A9.[85] When these 

implants were formed in situ by Spicer et al. in a rabbit mandibular defect model, the 

porous implants showed a trend of enhanced soft tissue healing relative to the solid 

implants, although no statistical difference in soft tissue healing was observed between 

the in situ formed groups.[86]  
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A.4.  Cartilage Tissue Engineering 

A.4.1.  Clinical Need 

Articular cartilage is a highly specialized and complex connective tissue that lines 

the end surfaces of articulating bones. A unique tissue composition and structure (Figure 

A10) confers the tissue with the ability to fulfill its primary function of providing a low-

friction surface and facilitating load transfer between bones in joints.[87]  

Compositionally, articular cartilage has an extremely high matrix to cell ratio, as it is 

composed predominantly of ECM, with only 2-3% of its mass consisting of embedded 

chondrocytes.[88]  These resident cells synthesize and maintain this ECM, which consists 

of a reinforcing network of collagen fibrils within a hydrated proteoglycan gel that resists 

compressive forces.[89]  Structurally, articular cartilage can be described as a non-

homogeneous, multi-layered tissue with zonal organization, identified as the superficial, 

middle, deep, and calcified zones.[90]  Each of these zones varies with regard to matrix 

composition and morphology, and cellular, mechanical, and metabolic properties.[91]  

As a result of sports injuries, trauma, osteoarthritis or osteochondritis, damage to 

the articular cartilage can occur.[92]  However, unlike bone, articular cartilage lacks the 

intrinsic ability to naturally regenerate because of its avascularity, and lack of mobility of 

the chondrocytes that reside within the dense cartilaginous matrix.[93]  As such, 

physicians have long faced the challenge of treating articular cartilage defects. This was 

recognized as early as 1743, when the famous anatomist William Hunter stated, “an 

ulcerated cartilage is a troublesome problem and once destroyed, it never repairs.”[94] 

Despite centuries of progress in medicine and science, this clinical observation has 
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remained unchanged, and there is currently no successful and universally accepted 

approach for the treatment of damaged articular cartilage.[95]  

Treatment strategies for articular cartilage defects are currently limited to surgical 

procedures that seek to either encourage the intrinsic capacity of cartilage and the 

subchondral bone to self-heal by creating access to the marrow or fill the lesion with 

replacement tissue grafts or cells capable of chondrogenesis.[93],[96]  The former 

strategy includes techniques such as abrasion arthroplasty, Pridie drilling, and 

microfracture.[97]  These techniques were developed based on the observation that, while 

partial-thickness defects do not heal spontaneously, defects that do penetrate into the 

subchondral bone evoke an intrinsic repair response that generates a fibrocartilaginous 

repair tissue.[97]  The aim of drilling and microfracturing is to create perforations into 

the bone marrow space underlying regions of damaged cartilage in order to release 

bioactive factors and progenitor cells, which may stimulate cartilage repair.  

However, there is large variability in the clinical outcome of these procedures as 

the quality of repair tissue formed is unpredictable, ranging from no cartilage to 

fibrocartilage to hyaline cartilage, depending on the patient.[98]  Another approach, 

tissue grafting, requires inflicting damage to healthy tissue so that the desired cell type or 

tissue can be harvested for transplantation into the defect site. For example, 

osteochondral transfer, or mosaicplasty, is a common technique used to treat small, full-

thickness defects, whereby a cylindrical plug of healthy autologous osteochondral tissue 

from a low-load-bearing region of the articular cartilage is removed and press-fit into the 

defect site.[97] Like-wise, traditional autologous chondrocyte transplantation requires the 

excision of cartilage from an uninjured region of the joint to harvest healthy 
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chondrocytes, which are cultured and expanded ex vivo, and subsequently re-injected 

back into the defect site.[99] At present, it appears that current treatment approaches for 

articular cartilage injuries require the infliction of tissue damage before any desired 

therapeutic effect (which is not guaranteed) can be achieved.  

Although current approaches are reasonably effective in achieving the clinical 

endpoints of symptomatic relief and improved joint function, they have not been 

successful at averting the future degeneration of repair tissue and surrounding host tissue 

and therefore, ensuring long-term efficacy. This is largely because the repair tissue that 

arises typically does not possess the same mechanical properties as native articular 

cartilage, nor does it successfully integrate with surrounding host tissue.[97] As such, 

these concerns necessitate the development of improved strategies. As previously 

discussed, within the tissue engineering paradigm, scaffolds are typically an 

indispensable component; besides serving as a delivery vehicle for cells and bioactive 

factors to the defect site, they can potentially be engineered with appropriate cellular cues 

and regulators to provide an instructive environment that can direct the behavior of 

transplanted cells or evoke desired host responses in vivo.[100]  

 

A.4.2.  Scaffold Criteria for Cartilage Tissue Engineering 

In designing a scaffold for cartilage tissue engineering, there are several 

fundamental criteria that have to be addressed.  Ideally, the scaffold should not only 

support the growth and expansion of transplanted cells or induce the in-growth of host 

cell populations, but also possess an adequate degree of porosity to allow for cell 

migration and diffusion of nutrients and waste products.[101],[102]  Another important 
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criterion for an optimal scaffold is the ability of the scaffold to integrate well with 

surrounding cartilage tissue and degrade at a rate that matches the rate of neocartilage 

tissue formation.[103]  Additionally, the biomaterial must be biocompatible; neither the 

intact material or its degradation products should elicit any prolonged inflammatory 

response nor exhibit severe immunogenicity or cytotoxicity.[104]  To date, a wide variety 

of scaffolding materials have been investigated for use in cartilage tissue engineering, 

including both natural materials[105]–[107] and synthetic materials.[108],[109]  As an 

extensive discussion of scaffolding materials for cartilage tissue engineering is not within 

the scope of this review, the reader is encouraged to refer to review articles by Temenoff 

and Mikos[98] and Seifalian et al.[103]  

 

A.4.3.  Cartilage Tissue Engineering Materials 

Over the past decade, our laboratory has developed novel, injectable scaffolding 

materials for the delivery of bioactive factors and cells to cartilage defects to promote 

tissue regeneration. These biomaterials are based on poly(propylene fumarate-co-

ethylene glycol) (P(PF-co-EG)) and oligo(poly(ethylene glycol) fumarate) (OPF), both of 

which can be used to engineer biodegradable and biocompatible hydrogels.[33],[110]–

[112] Since cartilage is a tissue that has an exceptionally high water content of about 65 

to 80% of its wet weight, hydrophilic materials, such as these poly(ethylene glycol) 

(PEG)-based materials, that can be manipulated to form hydrogels may be ideal as 

scaffolding materials for cartilage repair, as they have the capacity to mimic aspects of 

the hydrated cartilaginous matrix.[113]  
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A.4.3.1.  Poly(Propylene Fumarate-co-Ethylene Glycol) Hydrogels 

P(PF-co-EG)-based hydrogels developed in our laboratory were initially 

investigated for use in cartilage tissue engineering applications. This hydrophilic, 

biodegradable, biocompatible, and in situ cross-linkable block copolymer is synthesized 

by copolymerizing PPF with PEG via a transesterification reaction.[111],[112],[114] 

PEG-based copolymers such as P(PF-co-EG) are typically thermoreversible due 

to the hydrogen bonding interactions between PEG and water molecules.[115] Behravesh 

et al. synthesized ABA-type block copolymers of PPF and methoxy PEG (mPEG) and 

investigated the thermoreversible properties of these block copolymers with varying 

mPEG molecular weight.[116] Notably, critical solution temperatures and sol-gel 

transition temperatures can be controlled by modulating the block length of mPEG; these 

copolymers have been formulated to exist as a liquid below 25oC and a gel above 35oC, 

enabling cells within the polymer liquid at room temperature to be hydrogel-encapsulated 

at physiological temperature.[116]–[118] Leveraging this thermo-responsive property of 

the P(PF-co-EG) polymer system, Fisher et al. explored the use of this material for 

chondrocyte delivery to articular cartilage defects.[118] Using bovine articular 

chondrocytes as an experimental model, it was demonstrated that the P(PF-co-EG) 

polymer system supported the viability of encapsulated chondrocytes and the production 

of proteoglycans and type II collagen.[118]  

 

A.4.3.2.  Oligo(Poly(Ethylene Glycol) Fumarate Hydrogels 

While P(PF-co-EG) copolymer systems have the potential to serve as hydrogels 

for tissue engineering applications, the multiple fumarate groups within PPF blocks in the 
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copolymer result in hydrogel networks with varying molecular weight between cross-

links and therefore varying mesh sizes.[114],[119]  To confer a greater degree of control 

over hydrogel parameters, Jo et al. pioneered the synthesis and characterization of the 

OPF macromer (Figure A11), which consists of alternating units of fumaric acid and PEG 

linked together by ester bonds.[120] If PEG of higher molecular weight is used to 

synthesize the OPF macromer, the increased distance between cross-links will result in a 

hydrogel with a larger mesh size and hence, a higher swelling ratio.[121] This unique 

feature confers the user with the flexibility to tailor hydrogels of different material 

properties simply by altering the molecular weight of PEG used in the formulation of the 

macromer.[110],[111] Additionally, the OPF macromer possesses unsaturated double 

bonds along its chain that allow for the synthesis of hydrogels with tunable structure and 

properties.[120] 

Cross-linking of the OPF macromer occurs via radical polymerization[120], either 

by photoinitiation[112],[120] or thermal initiation in the presence of a suitable radical 

initiator system, such as ammonium persulfate and ascorbic acid (APS/AA).[120] These 

cross-linking mechanisms were employed to allow the macromer to be injected into a 

defect site in a minimally invasive manner and cross-linked under physiological 

conditions. Of the two cross-linking methods, a thermal initiation system would be more 

advantageous under circumstances where there is limited light penetration.[121] To 

decrease cross-linking time and increase the strength of the cross-linked hydrogels, 

subsequent studies in our laboratory have employed the use of PEG-diacrylate (Figure 

A12) as a cross-linker in the presence of radical initiator systems APS/AA[111] or 

APS/N,N,N’,N’-tetramethylethylenediamine.[122]  
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Like most well-designed biomaterials, the OPF macromer was designed based on 

the fundamental requirements for biocompatibility and biodegradability. OPF is 

composed of biocompatible PEG and fumaric acid, which is a non-toxic carboxylic acid 

that is part of the Krebs cycle.[112] The cytocompatibility of each constituent of the 

hydrogel and its leachable by-products has been demonstrated by an in vitro study using 

rat MSCs as the model cell type,[114] while an in vivo study in a rabbit model has shown 

that OPF hydrogels only elicit a mild soft tissue and bone tissue response.[123] In 

addition to being biocompatible, the numerous ester bonds in the fumarate groups along 

the macromolecular OPF chain can be hydrolytically cleaved, which allows for 

degradation in an aqueous environment.[120] Additionally, the OPF macromer was also 

designed to be end-capped with PEG blocks to allow for covalent coupling of bioactive 

molecules to the hydrogel. The ability to conjugate proteins, peptides and specific growth 

factors of interest to the macromer allows for the incorporation of biological cues to 

guide tissue regeneration. Jo et al. have shown that the OPF macromer can be 

functionalized with Gly-Arg-Gly-Asp (GRGD), a model cell-modulating peptide, after 

being activated with 4-nitrophenyl chloroformate.[124]  

As discussed, despite progress made in surgical procedures and techniques, the 

treatment of injured articular cartilage still poses a major challenge to clinicians today. To 

augment healing of chondral injuries, the use of bioactive factors is currently being 

investigated as a potential therapeutic strategy.[125] Shortly after the development of the 

OPF macromer, Holland et al.[110] initiated studies that investigated the potential of the 

OPF hydrogel system as an injectable drug delivery vehicle to encourage cartilage repair 

via the controlled release of TGF-ß1, a 25-kDa protein which has the ability to encourage 
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the chondrogenic differentiation of progenitor cells[119],[126],[127] and to increase the 

synthesis of cartilage ECM.[128]–[130]  Early work demonstrated that by varying 

hydrogel mesh size, a material parameter that is dependent on the parent PEG molecular 

weight used to synthesize the OPF macromer, in vitro release of TGF-ß1 from OPF 

hydrogels can be diffusionally controlled.[110] However, the main drawback that was 

observed was burst release of the growth factor, a typical phenomenon with hydrogel 

delivery systems. This paved the way for encapsulation of TGF-ß1-loaded gelatin 

microparticles within an OPF hydrogel network, which was demonstrated to be effective 

in minimizing burst release and providing better control over the release kinetics of the 

growth factor.[110]  Since gelatin can be enzymatically degraded by a number of matrix 

metalloproteinases, which are upregulated in injured cartilage, subsequent studies have 

leveraged this property to use gelatin microparticles as digestible porogens, not only to 

modulate the degradability of the OPF network and release kinetics of TGF-ß1, but also 

to create space for tissue in-growth.[131]   

However, given the necessity for a multitude of growth factors and their 

interactions for proper cartilage development and homeostasis, it is improbable that 

complete articular cartilage repair can solely be achieved by a single growth factor.[125] 

Besides TGF-ß1, insulin-like growth factor-1 (IGF-1) is known to play a role in 

stimulating the synthesis of ECM. Specifically, it has been shown to exert an anabolic 

effect to increase proteoglycan and type II collagen synthesis.[132],[133]  Therefore, 

sustained delivery of IGF-1 could potentially augment the biomechanical and 

biochemical properties of repaired cartilage tissue by stimulating ECM 

synthesis.[132],[133] Holland et al. demonstrated that highly cross-linked gelatin 
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microparticles serve as an effective carrier to sustain the release of IGF-1 over a period of 

4 weeks in vitro.[134]  In addition, it was found that release of the growth factor could be 

further controlled by encapsulating these IGF-1-loaded microparticles within an OPF 

hydrogel network.[134]  Drawing from the potential of the OPF-gelatin system in 

delivering single growth factors, the dual delivery of TGF-ß1 and IGF-1 has also been 

investigated, where it was shown that the release profiles of each growth factor can be 

modulated by varying the extent of microparticle cross-linking and phase of growth 

factor loading (into either the OPF hydrogel phase or gelatin microparticle phase).[134]  

As these studies illustrate, the design flexibility of OPF-based systems allows for the 

precise tailoring of growth factor release rates to explore how healing is affected by the 

release kinetics of single or multiple growth factors in vivo.[135]  

One of the most important criteria for success in an implanted tissue engineered 

substitute is the presence of an adequate number of viable cells in the defect area for 

tissue synthesis.[136] Therefore, in addition to growth factors, transplanting cells to 

stimulate repair is a widely employed strategy in tissue engineering. This is especially 

critical for cartilage repair, as the tissue itself has very low cellularity. In some clinical 

cases, there may be sufficient numbers of cartilage-forming cells in the healthy tissue 

around the defect site to promote tissue regeneration. However, in many other clinical 

settings, such as situations where the surrounding tissue is a site of previous surgery or 

infection, there may be a scarcity of these viable tissue-forming cells.[136]  Based on the 

need to transplant cells to facilitate cartilage regeneration, the potential of OPF–based 

hydrogels as a cell delivery vehicle for cartilage regeneration was explored by Park et 

al.[137]  In this study, bovine chondrocytes were embedded in hydrogels co-
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encapsulating gelatin microparticles loaded with TGF-ß1 and cultured up to 28 days in 

vitro.[137]  Histological images and biochemical analyses indicated that chondrocytes 

encapsulated within OPF hydrogels remained viable throughout the 28-day period, 

demonstrating the potential of OPF-based hydrogels as carriers to deliver therapeutic 

cells to cartilage defects.[137]  

While the use of chondrocytes is a potential therapeutic approach, one major 

drawback is the need to harvest autologous chondrocytes for ex vivo expansion. In such 

an approach, not only is there a risk for donor site morbidity, it is also a challenging task 

to obtain sufficient cells for expansion, as only a small number of cells can typically be 

harvested.[138] Furthermore, the expansion of chondrocytes ex vivo is hindered by the 

relatively low expansion rates of these cells, which is also compounded by the propensity 

for these cells to de-differentiate in culture.[138] An alternative candidate are MSCs, 

whose potential to undergo osteochondral differentiation when implanted in vivo has 

long been established.[139]–[141]  These cells can easily be isolated from the bone 

marrow, and still retain their ability to differentiate into connective tissue cell types such 

as chondrocytes and osteoblasts.[142]  Recognizing the limitations associated with the 

use of chondrocytes, Park et al. investigated the use of rabbit MSCs as an alternative cell 

source, where the effects of the presence of gelatin microparticles alone or TGF-ß1-

loaded gelatin microparticles on the chondrogenic differentiation of these cells 

(encapsulated within OPF hydrogels) were elucidated.[143] By analyzing the expression 

levels of cartilage-associated genes, it was found that when MSCs were encapsulated 

together with TGF-ß1-loaded gelatin microparticles, the expression of collagen type II 

and aggrecan was upregulated, suggesting the potential of OPF hydrogel composites as 
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supportive materials for the delivery of chondrogenic progenitor cells in conjunction with 

growth factors.[143]  

Years of extensive characterization have clearly established the potential of OPF-

based hydrogels as carriers for cells and growth factors. In recent years, research in our 

laboratory has focused on developing strategies to promote the chondrogenic 

differentiation of encapsulated progenitor cells. One such approach, explored by Park et 

al., is to modulate the swelling properties of OPF-based hydrogels.[121]  Previous studies 

in our laboratory have demonstrated the influence of swelling properties of OPF 

hydrogels on the osteogenic differentiation of rat MSCs in vitro.[49],[122]  Based on this 

study, Park et al., in collaboration with Dr. Arnold Caplan of Case Western Reserve 

University, investigated the effect of hydrogel swelling on the chondrogenic 

differentiation of rabbit MSCs.[121]  Rabbit MSCs were encapsulated together with 

TGF-ß1-loaded gelatin microparticles within OPF hydrogel composites with different 

swelling ratios and cultured for four weeks. Consistent with the aforementioned study 

that demonstrated the effect of hydrogel swelling ratio on the osteogenic differentiation 

of rat MSCs, hydrogel composites of higher swelling ratio fostered chondrogenic 

differentiation of the encapsulated cells, as measured by collagen type II (Figure A13A) 

and aggrecan gene expression (Figure A13B).[121]  Based on the consistency of results 

from these two studies, it can be inferred that proliferation and differentiation of 

encapsulated progenitor cells may be influenced by the availability of nutrients and 

effectiveness of growth factor delivery, both of which can be addressed by adjusting the 

mesh size and hence swelling properties of the OPF-based hydrogel employed.  
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In partial-thickness defects where the lesion is limited to the chondral layer, the 

use of scaffolds that are designed to regenerate cartilage tissue only may not be the most 

effective strategy, as it is typically difficult to achieve good integration of the implant 

with the surrounding tissue.[138]  Given the observation that a bone-to-bone interface 

integrates more quickly and effectively than a cartilage-to-cartilage interface, a potential 

strategy to improve fixation is to surgically create a full-thickness defect that penetrates 

from the cartilage layer into the underlying subchondral bone tissue for the subsequent 

implantation of an osteochondral tissue substitute − a dual-layer scaffold consisting of a 

cartilaginous layer and a calcified tissue layer that is designed to regenerate 

simultaneously both cartilage and subchondral bone, respectively.[138],[144]  

Additionally, by creating an osteochondral defect that penetrates into the bone marrow, 

the intrinsic healing potential of cartilage can be enhanced via the recruitment of 

pluripotent stem cells and bioactive factors from the bone marrow into the implanted 

scaffold, which is the rationale behind current surgical techniques such as drilling and 

microfracturing.[96]  

For true osteochondral defects, which extend beyond the superficial articular 

cartilage layer and affect the underlying subchondral bone, engineered osteochondral 

tissue composites also represent a promising alternative to current treatment approaches. 

In the natural joint, the articular cartilage and underlying subchondral bone constitute a 

functional unit, where each play a unique role in load-bearing, allowing for a wide range 

of joint motion with good lubrication and stability.[145] While the subchondral bone 

provides mechanical support for the articular cartilage, the latter protects the former from 

high stresses and also facilitates low-friction movements within the joint.[145]  
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Frequently as a result of osteoarthritis and related joint disorders, degenerative changes 

that affect both tissues can occur, resulting in severe pain, joint deformity and limited 

joint motion.[145]  At present, there are two main approaches proposed for the treatment 

of osteochondral defects, which include osteochondral autografts and allografts.[146]  

While the use of autologous osteochondral grafts in the technique commonly referred to 

as mosaicplasty has produced encouraging results, there are several drawbacks associated 

with this strategy, including limited availability, donor site morbidity and the challenge of 

ensuring that the geometry of the graft is complementary with the defect site.[147]  The 

use of osteochondral allografts is also restricted by a limited supply relative to an 

increasing demand for osteochondral tissue.[146]  By taking a tissue engineering 

approach to fabricate osteochondral composite constructs to fill osteochondral defects, 

these limitations could potentially be addressed.[147]  

Compared to bone tissue engineering or cartilage tissue engineering, where the 

goal is to regenerate only a single tissue type, the scaffold design criteria for 

osteochondral tissue engineering is much more demanding, given that the ultimate goal in 

employing osteochondral scaffolds is to guide the simultaneous growth of two uniquely 

different tissues, each with vastly different biological properties.[148] Such an end-goal 

can potentially be achieved via the use of bilayered scaffolds, where the mechanical, 

structural and chemical properties in each layer are optimized to generate relevant 

biological environments that are specific to the two tissue types.[148]  For the past 

decade, our laboratory has been working on designing a bilayered scaffolding system 

based on OPF for the repair of osteochondral defects. Shortly after the development of 

the OPF macromer, Temenoff et al. demonstrated the feasibility of creating biphasic 
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OPF-based hydrogels with independently controlled material properties in each layer via 

a multi-step cross-linking procedure.[111]  It was found that the presence of an interfacial 

area in these laminated gels did not significantly affect their mechanical properties, 

suggesting good integration of the two scaffold layers − a critical osteochondral scaffold 

design requirement. In a subsequent in vivo study by Holland et al., the potential of these 

bilayered OPF-based hydrogel scaffolds to support cartilage and bone growth was 

examined in a rabbit osteochondral defect model.[149] Hydrogel composites of 3-mm 

diameter and 3-mm thickness, comprising an OPF matrix and TGF-ß1-incorporating 

gelatin microparticles localized to the chondral layer, were implanted in full-thickness 

defects created in a rabbit knee joint. Histological evaluation of tissue in both the 

chondral and subchondral regions of the defect was performed, and it was found that 

tissue quality improved over time, with hyaline cartilage filling the chondral region 

predominantly and a mixture of trabecular and compact bone occupying the subchondral 

region at 14 weeks.[149] Typically, incomplete integration with surrounding tissue is 

observed in the long term when grafts or degradable scaffolds are employed in cartilage 

repair, which may result in displacement of the implant and further joint pain.[149]  

Therefore, the complete integration of regenerated subchondral bone in the bottom layer 

of the OPF bilayered scaffold with surrounding bone that was observed in this study 

provided a strong impetus for the continued development of this system for osteochondral 

repair.  

Building upon encouraging results from previous studies in our laboratory, Guo et 

al. explored the fabrication of a bilayered OPF-gelatin microparticle composite 

comprising a chondrogenic layer and an osteogenic layer, each with encapsulated rabbit 
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MSCs.[150]  The aim of this in vitro study was to establish the feasibility of promoting 

chondrogenic differentiation of MSCs in one layer while maintaining the osteoblastic 

phenotype of pre-differentiated MSCs in the other layer of a bilayered scaffold under the 

same culture conditions, consisting of chondrogenic medium supplemented with ß-

glycerophosphate. By evaluating the gene and biochemical expression of chondrogenic 

and osteogenic markers, it was found that, while the osteogenically predifferentiated 

MSCs in the bottom osteogenic layer maintained their differentiated phenotype, 

undifferentiated MSCs in the top chondrogenic layer underwent chondrogenic 

differentiation in the osteochondral bilayered construct.[150]  Additionally, an 

encouraging finding was that in this co-culture system, the presence of osteogenic cells in 

the bottom layer of the composite augmented the chondrogenic differentiation of MSCs 

in the top layer, likely via the production of chondro-inductive signals.[150]  Also, 

together with TGF-ß1-loaded gelatin microparticles in the chondrogenic layer, these 

osteogenic cells further promoted chondrogenesis. In an extension of this study, Guo et 

al. further demonstrated that osteogenic cells at varying stages of differentiation in the 

osteogenic layer, together with TGF-ß3, augmented the gene expression of chondrogenic 

markers of MSCs in the chondrogenic layer to different degrees.[151] These studies 

suggest that, beyond functioning as a vehicle for the co-delivery of growth factors and 

MSCs for osteochondral regeneration, OPF-based hydrogels may also serve as a model to 

study the biology behind the crosstalk that exists between articular cartilage and 

subchondral bone.[152],[153]  

 

A.5.  Other Tissue Engineering Applications 
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A.5.1.  Lens Tissue Engineering 

Although PPF and OPF were initially developed for applications in orthopedic 

tissue regeneration, the use of these materials in other tissue-engineering applications has 

also been investigated. The ability of the OPF macromer to cross-link under 

physiological conditions in the presence of radical initiators to form hydrogels suggests 

the feasibility of fabricating implants of various shapes appropriate for different tissue 

engineering applications.[154]  Such a concept was explored via a collaboration between 

our laboratory and Dr. Panagiotis Tsonis of the University of Dayton. Through this 

collaboration, the use of OPF hydrogel beads for the encapsulation and transplantation of 

iris pigment epithelial cells (PECs) for lens regeneration was investigated.[154] Previous 

studies involving OPF hydrogels for bone and cartilage tissue engineering have used the 

hydrogel in the form of disks or cylinders. In this study, in order to approximate the 

dimensions of newt lens for use in a newt model, OPF hydrogel spheres of diameter 1 

mm were fabricated from OPF macromers cross-linked with PEG-DA, using silicone 

molds.[154] Unimpeded by the presence of these OPF hydrogel beads, host lens 

regeneration was observed when beads of optimized degradation rate were implanted into 

newt lentectomized eyes with or without encapsulated PECs, therefore underscoring the 

potential of these OPF hydrogel beads for extrapolated use in mammalian lens tissue 

engineering.[154]  

 

A.5.2.  Ocular Drug Delivery 

One potential use of PPF matrices is as injectable, in situ forming, controlled-

release drug delivery vehicles to treat chronic ophthalmic disorders, while avoiding the 
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complications that are associated with repeated injections into the eye.  Specifically, 

Ueda et al. and Hacker et al. have demonstrated that anti-inflammatory and model 

ophthalmic drugs, respectively, underwent sustained release over 200 days in vitro, as 

shown in Figure A14, while in vivo work using drug-free PPF demonstrated no 

significant inflammation and minimal fibrous capsule formation two weeks after intra-

scleral and intra-vitreal injections.[155],[156]  Additionally, since the drug release 

kinetics can be varied by changing the PPF macromer molecular weight, PPF has also 

been investigated for use in other drug delivery applications, such as sustained anti-

cancer therapeutic drug release by Choi et al.[157]  

 

A.5.3.  Cardiac Tissue Engineering 

Perhaps the most advantageous feature of OPF-based formulations is their 

injectability and ability to gel in situ within a short time frame to entrap cells and growth 

factors within the defect site. In collaboration with Dr. Changyong Wang of the Academy 

of Military Medical Sciences, Beijing, China, our laboratories harnessed these properties 

for cardiac regeneration and investigated the ability of OPF hydrogels to support the 

retention and survival of encapsulated mouse embryonic stem cells (mESCs) when 

injected into a site of myocardial infarction.[158]  Evaluation of 24-hour cell retention 

and 4-week graft size indicated that these parameters were significantly greater in the 

OPF + mESCs group relative to the control group where mESCs were delivered in 

phosphate buffered saline solution.[158]  Additionally, it was observed that the OPF + 

mESCs group had the best improvement in left ventricular function as well as the 

smallest infarct size and fibrotic area as compared to the other groups.[158]  This study 
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suggests the feasibility of using injectable OPF hydrogels not only as a delivery vehicle 

for therapeutic stem cells to the ischemic myocardium, but also as a temporary matrix to 

promote the retention and viability of these cells.   

 

A.5.4.  Gene Delivery  

In addition to scaffold development, our laboratory also has a vested interest in 

developing methods for non-viral delivery of nucleotides that encode for cell-modulating 

substances, such as growth factors, to improve tissue regeneration.  Saraf et al. developed 

a novel gene delivery vector that was fabricated by conjugating a branched form of the 

well-characterized gene delivery vector polyethylenimine (bPEI) with hyaluronic acid 

(HA).  This gene delivery vector has been shown to improve viability and transfection 

efficiency of human MSCs when the combined bPEI-HA is used compared to bPEI 

alone.[159] Although this study used these vectors to upregulate enhanced green 

fluorescent protein (eGFP) as proof-of-concept, the technology can potentially also be 

applied to upregulate therapeutic proteins of interest.  These vectors have been 

incorporated into coaxial electrospun scaffolds with PEI-HA in the sheath and plasmid 

DNA (pDNA) within the core of the fiber.   By varying the PCL sheath polymer 

concentration, the PEG core polymer molecular weight and concentration, and pDNA 

concentration within the core, the release time of the pDNA was shown to be tunable, 

with transfection sustained for up to 60 days in scaffolds that had PEI-HA incorporated 

into the sheath. These scaffolds demonstrate the potential for sustained gene delivery for 

tissue engineering applications.[160] 
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Recently, Needham et al. have shown that both the cytotoxicity and the 

transfection efficiency of these gene delivery vectors in human MSCs is heavily 

dependent on HA length, with the use of 10-saccharide HA demonstrating the best 

result.[161] Other gene delivery vectors that have resulted in efficient in vitro 

transfection are positively charged C60 transfecting agents generated by Sitharaman et 

al.[162]  These were successfully used to deliver DNA carrying the GFP reporter gene to 

mouse fibroblasts.  However, a dose-dependent increase in cytotoxicity was observed, as 

is typical with non-viral transfection agents, and further modification is likely necessary 

before it can be used for therapeutic and diagnostic purposes.[162]  

Another technique to improve gene delivery involves the use of hydrophilic 

amine spacers in branched polycationic polymers to reduce cytotoxicity and increase 

degradation rates while maintaining effective delivery of gene vectors.[163]  Amine 

monomers that were able to dissociate at physiologic pH were shown to more effectively 

complex pDNA, leading to improved transfection efficiency.[164] Some of these vectors 

have been complexed with gelatin microparticles and used in a PPF scaffold in an attempt 

to deliver pDNA encoding for BMP-2 to a critical-size rat cranial defect.  However, the 

results suggest that the transfection efficiency of the pDNA depends not only on the 

vector’s degradation rate, but also on that of the gelatin microparticles.[165]  

Although OPF-based hydrogels were originally developed to function as a carrier 

for cells and growth factors, our laboratory has also evaluated the potential of this 

hydrogel system in controlled gene delivery applications. Delivering bioactive molecules 

with a scaffold to guide tissue development towards a desired pathway is a commonly 

employed strategy in tissue engineering. However, protein instability poses a major 
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challenge if long-term controlled release of the therapeutic protein is warranted.[166]  An 

alternative approach to overcome this issue is the delivery of pDNA that encodes the 

desired protein. In the first of a series of studies, Kasper et al. demonstrated that pDNA 

physically entrapped within OPF hydrogels can be released in a sustained, linear manner 

over a duration of 45-62 days in vitro, the release kinetics of which can be controlled by 

varying the molecular weight of the PEG used to synthesize the OPF macromer.[167]  

Subsequent studies incorporated cationized gelatin microspheres into OPF hydrogels to 

generate porosity necessary for tissue infiltration.[168] Additionally, besides serving as a 

porogen, cationized gelatin microspheres enable the controlled release of DNA via 

electrostatic complexation since DNA is negatively charged.[169],[170] Indeed, a smaller 

burst release and slower DNA release rate was observed when pDNA was loaded into 

cationized gelatin microspheres embedded within OPF hydrogels, relative to samples 

where DNA was directly loaded into OPF hydrogels in the absence of these gelatin 

microspheres.[169]  

 

A.6.  Outlook and Conclusions 

The studies presented herein collectively exemplify the far-reaching potential of 

biomaterials, such as fumarate-based systems, to meet numerous clinical needs, including 

bone and cartilage repair. By appropriate modulation of material properties, it is possible 

to harness the great versatility of these materials to advance current tissue engineering 

strategies.  In an effort to more closely recreate the cellular microenvironment in these 

versatile scaffolds, engineered culture conditions can be leveraged to coat the scaffolds 

with ECM to present growth factors in a more biomimetic fashion. As more sophisticated 
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tissue engineering strategies such as these are developed for clinical use, an increased 

emphasis should be placed on regenerating tissue within the context of the injury to help 

address clinical challenges associated with the cause of the defect. For instance, staged 

strategies to first improve healing of surrounding tissues can facilitate repair. In traumatic 

injuries, priming of wounds to direct soft tissue growth and prevent infection prior to 

implementation of bone regenerating materials can lead to improved multiple tissue 

reconstruction. Regeneration of tissue within the context of the injury will require 

continued interactions between clinicians and those developing tissue engineering 

strategies. 

As highlighted through the various examples presented, the development of 

biomaterials is a laborious process that requires years of in vitro characterization and in 

vivo validation. Though this review focused specifically on the collaborative materials 

research in the Mikos laboratory, it should be noted that interdisciplinary interactions are 

being fostered by many others in the field. Through leverage of these interactions 

between materials scientists and engineers and clinicians toward the cooperative 

development of accurately formulated design criteria, well-informed collaborative studies 

can be carried out to efficiently develop biomaterials to meet clinical needs. 
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A.7.  Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. The hierarchical structure of bone. Cortical bone is composed of densely packed osteons 
made up of lamellae of collagen fibers surrounding a central Haversian canal.  Collagen fibers are 
composed of bundles of collagen molecules called collagen fibrils.  Plate-like hydroxyapatite crystals 
are deposited in the gaps of the collagen molecule structures within collagen fibrils.   
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Figure A2. Two-step synthesis of poly(propylene fumarate) from diethyl fumarate and propylene glycol 
catalyzed by ZnCl2. Reproduced with permission [17]. 
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Figure A3. MicroCT generated maximum intensity projections of rat cranial defects 12 weeks after 
implantation of various poly(propylene fumarate)/gelatin microparticle (GMP) composite scaffolds.  
(A) Scaffold loaded with 1.25 mg BMP-2-loaded 40 mM basic GMP demonstrated 28.5% bone fill.  (B) 
Scaffold loaded with 1.25 mg BMP-2-loaded 40 mM basic GMPs and 1.25 mg VEGF-loaded 10 mM 
acidic GMPs demonstrated 40% bone fill.  (C) Scaffold loaded with 1.25 mg BMP-2-loaded 40 mM 
basic GMP and 2.5 mg VEGF-loaded 10 mM acidic GMP demonstrated 10.9% bone fill. (D) Scaffold 
loaded with 0.63 mg BMP-2-loaded 40 mM basic GMP demonstrated 3.1% bone fill. (E) Scaffold 
loaded with 0.63 mg BMP-2-loaded 40 mM basic GMP and 1.25 mg VEGF-loaded 10 mM acidic GMP 
demonstrated 15.1% bone fill. (F) Scaffold loaded with 0.63 mg BMP-2-loaded 40 mM basic GMP and 
2.5 mg VEGF-loaded 10 mM acidic GMP demonstrated 35% bone fill.   Bars represent 2 mm.  
Reproduced with permission from [36]. 
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Figure A4. Histological section of a poly(propylene fumarate) scaffold stained using methylene blue 
and basic fuchsin (which stains nuclei purple, collagen and connective tissue blue, and cytoplasm and 
smooth muscle cells pink) 12 weeks after implantation into a goat femoral condyle.  The top left area 
demonstates the in vivo breakdown of PPF into smaller fragments as well as soft tissue infiltration with 
minimal inflammation.  Reproduced with permission from [39]. 
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Figure A5. Combination scaffolds composed of a solid intramedullary poly(propylene fumarate) rod 
surrounded by a porous poly(propylene fumarate) sleeve to be used in a rat segmental femoral defect 
shown grossly (A) and microscopically through scanning electron microscopy (B).  Scale bar in (B) 
represents 500 µm.  Reproduced with permission from [48]. 

 

	  

Figure A6. Calcium content of wet mesenchymal stem cell-laden and cell-free poly(N-isopropyl 
acrylamide)-based hydrogels containing pentaerythritol diacrylate monstearate hydrophobic domains 
after culture in osteogenic medium (n = 3–5). Calcium content was undetectable at the 1h and 1d time 
points. Reproduced with permission from [59]. 
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Figure A7. Generation of an extracellular matrix-scaffold construct for bone regeneration. A naked 
scaffold is first seeded with osteogenic progenitor cells. The cell/scaffold construct is then cultured in 
a bioreactor under flow perfusion conditions, where cells lay down extracellular matrix that coats the 
scaffold. By decellularizing the construct, an extracellular matrix-coated scaffold capable of 
supporting osteogenic differentiation of progenitor cells is obtained. Reproduced with permission from 
[171].	  

Figure A8. MSCs were cultured on poly(ε-caprolactone) microfiber scaffolds under flow perfusion 
conditions in a bioreactor to examine the effect of culture duration on mineralized extracellular matrix 
deposition. PE 4, PE 8, PE 12 and PE 16 represent the PCL/extracellular matrix (PE) constructs that 
were generated in flow perfusion culture of increasing durations (4, 8, 12 and 16 days, respectively). 
Flow perfusion conditions augmented the distribution of cells and extracellular matrix proteins over 
time, as observed via histological sections stained with hematoxylin and eosin, as shown in (A). Scale 
bar represents 100 µm. X-ray imaging indicated that radio-opaque regions of mineralized matrix 
increased over time, as shown in (B). Scale bar represents 1 mm. Scanning electron microscopy was 
used to visualize the surface morphology of constructs, as shown in (C). Arrows indicate mineral 
nodules and scale bar represents 100 µm.  Reproduced with permission from [71]. 
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Figure A9. MicroCT images of cross-sections of cylindrical poly(methyl methacrylate)  implants (10 
mm diameter x 6 mm height) of varying porosity. Either 7 or 9 wt% carboxymethylcellulose hydrogels 
were incorporated at 30, 40, or 50 wt% with poly(methyl methacrylate)  cement to form the above 
porous implants. Digital cross sections of the implants were made by slicing through the center of the 
axially oriented implant. Reproduced with permission from [85]. 
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Figure A10. Structure of articular cartilage.  The articular cartilage is divided into four distinct zones – 
superficial tangential zone, middle zone, deep zone and calcified zone. Within each zone, chondrocytes 
and collagen fibers are uniquely organized. The underlying subchondral bone and cancellous bone 
provide support to the articular cartilage layer. 
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Figure A11. The oligo(poly(ethylene glycol) fumarate) macromer is synthesized by reacting 
poly(ethylene glycol) with fumaryl chloride in the presence of triethylene amine. 

	  

	  

Figure A12. Poly(ethylene glycol)-diacrylate can be used to cross-link oligo(poly(ethylene glycol) 
fumarate) in the presence of ammonium persulfate/ascorbic acid (APS/AA) or ammonium 
persulfate/tetramethylethylenediamine (APS/TEMED) to form a hydrogel. 
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Figure A13. Collagen type II and aggregan gene expression over time. Poly(ethylene glycol) of four 
different molecular weights (35000 g mol-1, 10000 g mol-1, 3300 g mol-1 and 1000 g mol-1) were used to 
prepare oligo(poly(ethylene glycol) fumarate) macromers of four repeating units (OPF 35K, OPF 10K, 
OPF 3K and OPF 1K, respectively). (A) depicts collagen type II gene expression and (B) depicts 
aggrecan gene expression for OPF 35K, 10K, 3K and 1K hydrogel composites encapsulating rabbit 
MSCs and TGF-ß1-loaded microparticles (+) or rabbit MSCs and blank microparticles (-). Results are 
presented as a fold ratio after being normalized to GAPDH values. The OPF 35K- group shows the 
average expression level of controls (Day 0), represented as one. (*) indicates that within a given 
hydrogel formulation, a significantly higher (p < 0.05) gene expression than the Day 0 value (control) 
was observed. (#) indicates samples which had significantly higher (p < 0.05) gene expression than 
other OPF formulations at the same time point. Error bars represent means ± standard deviation for n=4. 
Reproduced with permission from [121]. 
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Figure A14. Cumulative amount of model ophthalmic drug release over time from photo-cross-linked 
poly(propylene fumarate)/poly(N-vinyl pyrrolidone) (PPF/PVP) (3:2 ratio) matrices in phosphate 
buffered saline at 37oC measured (a) absolutely (µg) and (b) relatively (%).  The drugs acetazolamide 
(AZ) (2.5 and 5 wt%), dichlorphenamide (DP) (5 and 10 wt%), and timolol maleate (TM) (5 wt%) were 
incorporated into the PPF/PVP matricies.  Data represent means ± standard deviation for n = 3.  
Reproduced with permission from [156]. 
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Appendix B 
 

Tissue Engineering Perfusable Cancer Models* 
 

 

B.1.  Abstract 

The effect of fluid flow on cancer progression is currently not well understood, 

highlighting the need for perfused tumor models to close this gap in knowledge. Enabling 

biological processes at the cellular level to be modeled with high spatiotemporal control, 

microfluidic tumor models have demonstrated applicability as platforms to study cell-cell 

interactions, effect of interstitial flow on tumor migration and the role of vascular barrier 

function. To account for the multi-scale nature of cancer growth and invasion, macroscale 

models are also necessary. The consideration of fluid dynamics within tumor models at 

both the micro- and macroscopic levels may greatly improve our ability to more fully 

mimic the tumor microenvironment. 

 

 

 

 

 

 

 

* This chapter was published as Fong EL, Santoro M, Farach-Carson MC, Kasper FK, 
Mikos AG. Tissue Engineering Perfusable Cancer Models. Current opinion in chemical 
engineering. 2014;3:112-7. 
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B.2.  Introduction 

In light of the inherent limitations of traditional two-dimensional (2D) tissue 

culture systems and animal models for preclinical drug testing and mechanistic studies, 

considerable progress has been made in the development of ex vivo three-dimensional 

(3D) tumor models that more fully recapitulate aspects of the in vivo tumor niche.[1,2] 

While the human tumor spheroid is currently the most commonly used 3D model, 

increasingly, enabling technologies developed in the tissue-engineering field are being 

leveraged to construct models that mimic the tumor microenvironment with greater 

fidelity. While these 3D models have appreciably advanced our understanding of the 

effects that the tissue architecture, extracellular matrix (ECM), and tumor-stroma 

interaction have on tumorigenesis, the impact of a generally neglected but significant 

component of the tumor microenvironment – fluid flow – remains largely 

undocumented.[3] Due to rapid and abnormal tumor-associated angiogenesis and the 

formation of a leaky and aberrant vasculature [4], the permeability of water and solutes 

within a tumor increases, resulting in a rise in interstitial fluid pressure and corresponding 

net convective flow out from the tumor mass into the surrounding tissue.[5,6] This 

interstitial fluid flow not only results in shear forces which may influence tumor cell 

proliferation [7], but also creates extracellular gradients of proteases and cytokines that 

may promote cancer invasion.[5,8-10] 

Despite the increasing realization that fluid flow is an integral part of the tumor 

microenvironment, the contribution of this component to cancer progression remains to 

be fully elucidated. Notably, besides the need to better understand the repercussions of 

fluid flow in the tumor microenvironment, the inclusion of perfusion is also a potential 
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strategy to overcome the diffusional limitations associated with most 3D tumor 

models.[1] To achieve this goal of recapitulating tumor-associated fluid dynamics, tight 

integration of the two most relevant engineering disciplines, microfluidics and tissue 

engineering, is necessary. This review will cover the current status in the development of 

microfluidic as well as macroscale tissue-engineered tumor models, and discuss the 

challenges involved in taking an interdisciplinary approach towards the development of 

perfused tissue-engineered tumor models. 

 

B.3.  Microfluidic Tumor Models 

Since their advent, microfluidic systems have garnered the attention of the 

oncological community due to the possibility of modeling varying aspects of 

tumorigenesis characterized by a highly controlled spatiotemporal development, such as 

intercellular communication, metastasis and drug resistance. The laminar flow condition 

arising at the micro-scale presents the opportunity to mimic concentration gradients 

typical of the tumor niche [11,12], with better recapitulation of drug transport and 

transient biological processes occurring down to the single cell level.[13] This unique 

property, together with the potential for high-throughput and automation, has been 

leveraged in the last decade mainly for proteomic analyses [14], cell sorting [15], and 

pharmacodynamics studies [16], ultimately projecting microfluidic systems as highly 

advanced analytical tools for tumor biology research. One of the most prominent 

manifestations of this research direction is represented by the work of Jang et al., who 

developed a platform able to evaluate up to 100 different drug combinations, in line with 

the emerging importance of combinatorial drug therapy for chemoresistant patients.[17] 
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The development of microfabrication techniques such as microcontact printing and soft 

lithography further enhanced microfluidic capabilities, that is, better control over 

topology and surface chemistry,[18] hence paving the way for more sophisticated 

mechanistic investigations of tumor biology.[13,19,20] Several groups have leveraged the 

preferential adhesion of endothelial cells and tumor cells on fibronectin and hyaluronic 

acid, respectively, to investigate tumor-vasculature interactions on microcontact-printed 

scaffolds with a particular focus on cancer cell motility associated with extravasation and 

metastasis.[21,22] 

The ultimate advancement in the applicability of microfluidics to oncology stems 

from the use of 3D scaffolds to more fully recapitulate the native tumor niche and 

incorporate the effects of matrix composition, structure and mechanical properties on 

tumor progression.[19,23,24] Mirroring the current trend in macroscale tumor models, 

biocompatible hydrogels such as collagen [25], alginate [24], and MatrigelTM [26], are 

popular scaffolds used to investigate the role of cell-cell, cell-ECM and hydrodynamic 

cues on tumor progression and drug efficacy within a microfluidic context. In one 

example illustrating the precise spatial control that can be achieved with microfluidic 

systems, Huang et al. demonstrated the ability to pattern separate, adjacent channels with 

distinct hydrogel types.[27] With this microfluidic configuration, tumor-derived 

macrophage cells encapsulated within MatrigelTM were observed to invade into 

contiguous metastatic breast cancer cell – laden collagen hydrogels and not blank gels, 

highlighting the potential utility of this system for systematic studies of cell-cell and cell-

ECM interactions. In a similar compartmentalized platform, Sung et al. demonstrated the 

distance-dependent effects of breast cancer progression towards the invasive phenotype 
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using a ‘Y’-shaped channel in a co-culture model of mammary epithelial cells and 

fibroblasts.[26]  

Beyond being able to mimic the multicellular cross-talk within the tumor 

microenvironment, microfluidic culture systems have recently been shown to have utility 

in investigating the effect of interstitial flow on tumor cell migration. Using a 

microfluidic device consisting of two channels separated by a 3D collagen I matrix 

seeded with breast carcinoma cells, Polacheck et al. demonstrated the feasibility of 

generating tumor-relevant interstitial flow via the application of a hydrostatic pressure 

gradient across the construct.[28] This study demonstrated how the directional bias of 

migration along the streamline is determined not only by cell density, but also the 

interstitial flow rate.  Interestingly, as the tendency for upstream migration of cells was 

found to correlate with high cell density and flow rates, the authors suggest the presence 

of an ‘escape radius’, where interstitial flow either guides tumor cells upstream to remain 

clustered with the tumor, or downstream towards the draining lymphatics or veins - the 

outcome being dependent on whether the cell is within or outside this ‘escape radius’.[28] 

In another similar study, Haessler et al. not only demonstrated the heterogeneity of tumor 

cell migration in response to interstitial flow, but also the feasibility of studying the 

differential effects of flow on different subpopulations of cells within a heterogeneous 

tumor population.[29] Collectively, these mechanistic studies highlight the potential of 

using microfluidic culture models as tools to understand the role of interstitial flow in 

promoting cell migration, which may introduce novel approaches to treating metastatic 

disease. 
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A typical ‘perfused’ 3D cell culture system in the literature most often refers to 

the provision of a continuous flow of media for the supply of nutrients to and removal of 

wastes from the construct. However, a more precise distinction can be made to 

distinguish between systems where medium flows over the surface of the scaffold, as 

opposed to perfusion through the bulk of the scaffold.[30] Thus far, approaches to 

incorporate scaffold-based 3D cultures into microfluidic devices typically employ the use 

of hydrogels to immobilize cells for the formation of 3D structures where mass transport 

of solutes, primarily driven by diffusion, may not be efficient.[31] To maximize mass 

transfer, Toh et al. developed a microfluidic channel-based system consisting of an array 

of microfabricated pillars for cell immobilization and laminar flow complex coacervation 

reaction of polyelectrolytes for the formation of a thin layer of 3D matrix to support the 

cells.[32] Using carcinoma cell lines Hep G2 and MCF-7, the authors demonstrated that 

cells formed viable multicellular aggregates after 3 days of perfusion culture. In a similar 

gel-free approach to facilitate perfusion and mass transfer, the surfaces of C3A and A549 

carcinoma cells were modified to contain free aldehyde groups, which reacted with an 

intercellular linker to form hydrazone covalent linkages between cells, facilitating cell 

aggregation within micropillar arrays.[33] While interesting, further investigation into the 

effect of fluid flow on the growth and survival of these cancer cells is warranted. 

Although diffusional limitations exist with the use of hydrogels as scaffolds, few in the 

literature have explored the possibility of using porous polymeric scaffolds to culture 

cancer cells within microfluidic systems. In order to evaluate the cytotoxicity of anti-

cancer drugs together with liver metabolism, Ma et al. developed a micro-scale perfusion-

based two-chamber system, where liver cells and glioblastoma multiforme brain cancer 
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cells were separately cultured within two adjacent chambers housing porous poly(lactic 

acid) scaffolds.[34] The study demonstrated that while hepatic metabolism has a 

detrimental effect on the efficacy of the drug temozolomide, it is actually required for the 

prodrug ifosfamide to exert cytotoxicity on the cancer cells, suggesting the potential of 

this system for testing metabolism-dependent toxicity of anti-cancer drugs, an important 

aspect often overlooked in current in vitro systems.  

In addition to the use of microfluidic platforms to study tumor migration and drug 

response, another research focus has been the development of microfluidic tumor models 

for the study of tumor vascularization and anti-angiogenic therapy.[35] The use of 

endothelialized microfluidics has led to a deeper understanding of pathological vascular 

networks [36], elucidating the role of vascular barrier function [37], with successful 

description of tumor microvasculature and its effect on tumor progression.[25,38] Recent 

studies demonstrated the in vitro engineering of perfusable blood vessel analogues made 

by microfluidic channels to model and investigate tumor cell intravasation [37] and 

extravasation.[25] In one example, Zervantonakis et al. developed a microfluidic 

platform consisting of microchannels interconnected by a 3D ECM hydrogel, which 

enabled the real-time analysis of cancer cell invasion and intravasation into an endothelial 

monolayer.[37] Endothelial barrier function was found to be modulated by soluble 

biochemical factors and macrophages, which directly impacted the rate of tumor 

intravasation.[37] These attempts are however, limited in their ability to recreate the 

inherent characteristic properties of in vivo endothelia, due to the artificially-induced 

blood vessel morphogenesis. To overcome this problem, other microfluidic approaches 

have made important advances toward the formation of 3D capillary tubes in a more 
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physiological manner, by inducing the in vitro formation of capillary networks as 

opposed to generating endothelial cell-lined channels, through the synergistic use of an 

alginate-based framework and medium perfusion.[39] A recent investigation by Kim et 

al. tried to recapitulate all these aspects within a perfusable microfluidic system, by 

combining heterotypic cell-cell interactions in 3D constructs together with the formation 

of interconnected networks of microvessels.[38] The high fidelity of this system resulted 

in vascular-specific response to shear stress of the endothelium, satisfactory recreation of 

angiogenesis and vasculogenesis, and perfusion of medium through the engineered 

microvessels. 

In summary, this section demonstrates the broad applicability of microfluidic 

systems to model the manifold aspects of tumor progression. Notably, given the 

versatility offered by microfluidic systems, it is crucial to identify the fundamental 

parameters in each application so that the resulting microfluidic models are uniquely 

tailored to accurately reflect specific oncological mechanisms. For instance, while the co-

culture of liver cells with cancer cells is necessary to simulate the dependency of anti-

cancer drug efficacy on hepatic metabolism, the inclusion of liver cells may not be as 

critical in evaluating the migratory behavior of cancer cells in response to interstitial 

flow.[28,34] 

 

B.4.  Macroscale Perfused Tumor Models 

Despite the exponential progress in the last decade, the so-called ‘world-to-chip’ 

problem continues to persist in the field of microfluidics.[40] Due to the inherent 

differences in scale, even the simplest microfluidic configuration may lead to differences 
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in cellular response when compared to classical macroscale systems used for biological 

assays.[37,41] This discrepancy may be more apparent in modeling tumorigenesis, a 

highly complex process which engages both the micro- and macro-environment.[42] 

Accordingly, macroscale perfused tissue-engineered systems, such as flow perfusion 

bioreactors, may be a necessary affiliate to microfluidic culture systems in modeling 

tumor progression. However, given that the tumor engineering community is only 

beginning to appreciate the need for perfused macroscale models to mimic the 

biophysical properties of the tumor microenvironment and to overcome diffusional 

limitations,[1] literature in this area is still sparse. Amongst the few examples in the 

literature, Mishra et al. extrapolated the concept of organ reengineering to develop an ex 

vivo lung cancer model, by using a decellularized rat lung matrix as a scaffold to culture 

human lung cancer cells.[43] The authors demonstrated that the seeded lung cancer cells 

grown within the native matrix formed perfusable tumor nodules with similar features to 

the original human lung cancer, suggesting the applicability of this ex vivo model for 

mechanistic studies of lung cancer progression.  

Other potentially translatable techniques developed for perfusing normal tissue 

constructs to tumor engineering are currently only at the conception stage. Perfused 

macroscale systems have seen success in modeling normal tissues such as 

musculoskeletal [44-46] and cardiovascular tissues [47], where they have been used to 

engineer uniform constructs at the millimeter-scale in the presence of physiological 

stimuli such as electrical stimulation, shear stress and native tissue contraction.[47] 

Notably, even though these systems do not offer the same degree of spatiotemporal 

control as their microfluidic counterparts, precise mathematical modeling can be 
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employed to predict flow conditions and correlate the cellular response to system 

specifications.[47,48] Leveraging similar porous polymeric scaffolds used for 

engineering perfusable normal tissues [46,49,50], the development of 3D biomimetic 

tumor models which recapitulate aspects of the tumor microenvironment has been 

reported.[51-53] In a landmark study, by culturing human oral squamous carcinoma cells 

within porous poly(lactic-co-glycolic acid) scaffolds, Fischbach et al. established a 3D 

engineered model that exhibits in vivo-like angiogenic characteristics and drug 

response.[51] More recently, our laboratory demonstrated the feasibility of employing 

scaffolds that are compatible with flow perfusion bioreactor systems and previously used 

for creating perfusable bone tissue constructs, to the development of in vitro bone 

tumors.[53] By culturing Ewing sarcoma cells within porous 3D electrospun poly(ε-

caprolactone) scaffolds, we observed that the tumor cells were not only more resistant to 

traditional cytotoxic drugs but also exhibited remarkable differences in the expression 

pattern of the insulin-like growth factor-1 receptor/mammalian target of rapamycin 

pathway as compared to cells cultured in 2D monolayer.[53] 

Given that promising advances have been achieved by the tumor engineering 

community towards the development of in vivo-like tumor constructs, one can imagine 

that the incorporation of actual perfusion into these technically perfusable tissue-

engineered tumor constructs would greatly enhance our understanding of the interplay 

between architectural, biochemical and biophysical cues and their impact on tumor 

progression. Notably, while bioreactors in tissue engineering often serve only to support 

an intermediate tissue construct that would eventually be implanted in vivo for further 

tissue maturation to occur, the ultimate goal in tumor engineering is to fully recreate the 
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tumor tissue in vitro to derive a fundamental and accurate understanding of cancer 

biology. Hence, efforts to develop macroscale perfused cancer models should not only 

focus on translating current bioreactor strategies in tissue engineering to tumor 

engineering, but also in the adaptation of these strategies to account for the need to fully 

model the tumor microenvironment in vitro with high fidelity. 

 

B.5.  Conclusions 

A microfluidic approach to the development of tissue-engineered, perfused tumor 

models is evidently dominant in the literature. The strong relevance of microfluidic 

cultures in oncology is not surprising, given the recognized molecular basis of cancer and 

the inherent capacity of these systems to precisely model biological processes occurring 

at the cellular level. As microfluidic approaches become progressively versatile in 

accommodating more advanced tissue-engineered scaffolds, one can expect that these 

miniature systems are likely to meet the mammoth challenge of synergistically 

integrating both biochemical and biophysical cues together, with the capability to model 

tumor vasculature and interstitial flow. 

On the other end, the hierarchical nature of tumorigenesis - evolving on multiple 

scales, from the subcellular to the organ level - has long been recognized, underscoring 

the importance of macroscale models as a necessary partner to those at the microscale. 

Furthermore, given the significant advances in tumor engineering in terms of 

recapitulating architectural cues and tumor-stroma interactions at the macroscale, a 

logical progression in this field is the introduction of perfusion strategies to more fully 

mimic the tumor microenvironment.  
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With both micro- and macro-approaches currently advancing in parallel and 

exchanging technology, one can envisage an ultimate convergence toward the 

development of perfused, in vivo-like tissues in vitro, potentially resulting in paradigm-

changing breakthroughs in the evaluation of drug efficacy and mechanistic studies of 

tumor biology. 
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B.6.  Figures  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B1. Hierarchical nature of cancer progression. The integrated use of microfluidic and 
macroscale perfused models may synergistically enhance our understanding of fluid dynamics in 
tumorigenesis on multiscales. 
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