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Abstract 

 
     Glioblastoma multiforme (GBM) is the most malignant primary brain tumor with a  

high infiltrative capacity and increased vascularity. Despite current therapies overall 

patient survival rate is still poor. Therefore, alternative therapies have been considered for 

GBM treatment such as oncolytic viruses (OVs). 

     The studies with two-dimensional (2D) cell cultures have been used as physiological 

models for understanding the cellular and molecular behavior of the GBM tumors. They 

are also highly desirable for virus studies. However they may not provide three-

dimensional (3D) characteristics of the tumors. Therefore, there is an increasing need in 

3D cell culture models to investigate cell growth and cell-cell interactions.  

     In this thesis, we hypothesized that culturing GBM cells with endothelial cells in the 

hydrogel microwells would mimic the in vivo microenvironment of tumor cells. Thus, we 

could provide beneficial 3D in vitro co-culture models for GBM treatment with oncolytic 

adenovirus, Delta-24-RGD (Δ24RGD). Therefore, in the first part of this study, we used 

our recently designed 3D PEGDA hydrogel microwell platform to co-culture GBM and 

HUVEC. We investigated the gene expression differences to gain further insight into 

molecular mechanism of 3D in vitro co-culture. Our gene expression data suggested the 

relative up-regulation of tumor angiogenesis markers PECAM-1/CD31 and VEGFR2, in 

co-cultures. Finally, we treated GBM tumors using Δ24RGD. Our results showed a 

significant cell lysis in 3D spheroids. The cell viability was decreased approximately 

37%, 54% and 65% with 10, 50 and 100 MOIs, respectively. The infection of the 

Δ24RGD was found more effective on 3D spheroids when compared to 2D monolayer 

cell culture. These results implicate that our hydrogel microwell platform could 
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contribute to mimic in vivo microenvironment of the GBM tumors and provide a 

promising 3D model to investigate the oncolytic potential of the viruses in vitro.  
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Chapter 1. Background information and significance  

 
1.1. Glioblastoma 

     A glioma, a type of tumor that arises from glial cells is mostly found in the brain or 

spine and accounts for approximately 30% of all brain and central nervous system tumors 

and 80% of all malignant brain tumors [1, 2]. It includes astrocytoma, glioblastoma 

multiforme (GBM), oligodendroglioma, ependymoma, mixed glioma such as 

oligoastrocytomas and a few more rare histologies [3] (Figure 1.1).  

 

Figure 1. 1. Schematic classification of gliomas. Glial cells from the central nervous        
                    system constitute several cell types that arise to several tumor types              
                    classified as gliomas [4]. 
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     The World Health Organization (WHO) classifies the different types of gliomas based 

on a malignancy scale ranging from I to IV [5, 6]. Astrocytomas are categorized into four 

grades, which show higher lethality with a higher grade. Grade I is known as pilocytic 

astrocytoma, Grade II as low-grade astrocytoma, Grade III as anaplastic astrocytoma and 

Grade IV as glioblastoma multiforme [7]. A WHO Grade IV GBM tumor is specifically 

characterized by increased cellularity and mitotic activity, distinct nuclear atypia and 

vascular proliferation [5, 8].  

     GBM occurs with an incidence of 5 in 100,000 and constitutes more than 50 % of all 

gliomas [9, 10]. It is the most aggressive and invasive tumor among all brain tumors and 

is characterized by high mortality rates [11].  

     It is estimated there are annually 9000 new cases of GBM cancer diagnosed in the 

United States, with a median survival rate of 12-15 months and a 5-year relative survival 

rate of only 34% [12, 13]. GBM tumors may occur at any age, but advanced age is an 

important factor that affects the survival. A study led by the Radiation Therapy Oncology 

Group (RTOG) presented that median survival of GBM patients with an age 60 or older 

was 7.5 months while it was 16.2 months in patients younger than 40 years old [14]. 

However, it remains unclear whether age is a negative prognostic factor in patients or not 

[15].  

     Patients with a GBM tumor may have different symptoms such as headaches caused 

by an increase in intracranial pressure due to the growth of the tumor, as well as nausea 

and vomiting. Patients may also suffer from seizures, impaired vision, confusion, 

memory loss, and even in some cases personality changes [12].  
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     Current therapies often involve treating GBM tumors via surgical removal followed 

by radiotherapy and/or chemotherapy to kill malignant cells that may have survived the 

surgery and to treat any metastasis that may have occurred [16]. Radiation used in 

clinical practice is low energy transfer ionizing radiation to defeat cancer cells by indirect 

damage of the free radicals at a specific site [17]. However, GBM patients who receive 

radiotherapy may experience neurological side effects that are often impossible to 

determine whether they are caused by radiotherapy [18].  

     For effective targeting, chemotherapy drugs should have low molecular weight (MW 

< 500 Da), lipophilic features, and low protein binding capacity to effectively cross the 

blood brain barrier [19]. Drugs primarily used in the treatment of GBM are 

Temozolomide (TMZ), CPT-11 (ironotecan), bis-chloroethyl-nitrosurea (BCNU) [20]. 

Currently, TMZ is the drug of choice following surgery and in combination with 

radiotherapy [21]. Methylation of DNA by TMZ was shown to induce the cytotoxicity of 

tumor cells, which leads to damage to the DNA of tumor cells [22]. The discovery of the 

role of O-6- methylguanine-DNA methyltransferase (MGMT) in GBM tumor resistance 

has improved patient survival [23]. MGMT is a DNA repair gene and studies showed that 

when MGMT was silenced, GBM patient survival was improved after treatment with 

TMZ compared to patients with active MGMT [24, 25]. Thus, poor treatment efficacy for 

GBM has been related to tumor cellular and genetic heterogeneity and limited delivery of 

therapy to the tumor site [26]. However, chemotherapy also has some disadvantages. 

Between treatments, it has been shown that there is re-growth of vascular endothelial 

cells that support the tumor growth, consequently resulting in more aggressive tumor 

resistance to the drugs [27]. Moreover, most chemotherapeutics are highly toxic and lack 
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specificity in the differentiation between normal and cancer cells, leading to side effects 

throughout the patient’s body [27]. Therefore, current treatments do not significantly 

increase the poor prognosis [24, 25]. 

     Glioblastoma can either be primary or secondary. Secondary GBM that is slowly 

developed from grade II astrocytoma or grade III anaplastic astrocytoma is mostly found 

in younger patients around age 40 and can be diagnosed using neuroimaging techniques 

and/or histological (bioptic) evidence [28].      

     However, the incidence of the GBMs to show de novo growth (primary GBM) 

without any previous symptoms increases with old ages [3]. Both primary and secondary 

GBMs are identical histologically, but they have different genetic and epigenetic profiles 

[29–31] that are considered hallmarks of GBM. Mutations of the tumor suppressor gene 

p53 on chromosome 9 play a role in poor response to therapy and occur with a high 

incidence in secondary GBMs [32]. In about one third of all GBMs, it was shown that the 

amplification of the epidermal growth factor receptor (EGFR) gene leads to increased cell 

proliferation in primary GBMs [33]. Also, the changes in the expression of tumor 

suppressor phosphatase and tensin homolog (PTEN) result in activation of the 

phosphatidylinositol 3-kinase (PI3K) survival pathway [34, 35]. All of these genetic 

alterations have different effects on cell protein expression and thus may result in tumor 

formation.  

     Pathologically, GBM tumors are also characterized by microvascular proliferation and 

necrosis, which cause them to be highly vascular tumors [36]. The mechanism that 

triggers the vascularity in most of the solid tumors is hypoxia, which induces the 

transcription factor hypoxia-inducible factor 1 (HIF-1). In hypoxic conditions, tumor 
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vascular system is unable to supply an adequate amount of oxygen, which consequently 

causes oxygen and nutrient deprivation in the tumor cells. This contributes to rapid and 

abnormal tumor growth [37]. HIF-1 overexpression regulates cell cycle arrest and 

activates expression of vascular endothelial growth factor (VEGF) [38], thus stimulating 

angiogenesis, the formation of the new blood vessels from pre-existing ones [39].  

1.1.1. Angiogenesis in Glioblastoma Tumor  

     Angiogenesis, the development of new vessels from pre-existing blood vessels, 

involves endothelial cell (EC) proliferation, migration, and basement membrane 

degradation [40]. The process called ‘angiogenic switch’ coordinates the initiation of 

angiogenesis by promoting cell tumorigenicity, activating oncogenes and suppressing 

anti-oncogenes [41].     

     Nutrients and oxygen are provided to cells by blood vessels. Angiogenesis in GBM 

tumors is provoked when tumor tissues need more nutrients and oxygen. Several steps are 

involved in the angiogenesis. Dilation of the blood vessels starts the process. By the 

production of proteolytic enzymes, the extracellular matrix is degraded which causes 

hypoxia and promotes the migration of the endothelial cells. This allows for the 

differentiation of new vessels. When tumors start to exponentially grow, they cause the 

angiogenic switch that basically initiates angiogenesis by changing the balance between 

proangiogenic and antiangiogenic factors [41]. Tumor growth and metastasis depends on 

angiogenesis and is triggered by soluble angiogenic factors secreted from tumor cells 

such as VEGF, epidermal growth factor (EGF) and platelet-derived growth factor 

(PDGF) [42]. Finally, in the maturation stage, mesenchymal cells join to the vessel wall 

thus providing structural support [43]. Vessel destabilization, endothelial cell 
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proliferation and migration, tubular formation, and vessel maturation regulate 

angiogenesis. Soluble growth factors are key regulators of the process [44, 45] (Figure 

1.2). Tumor blood vessels are composed of both endothelial cells and tumor cells, as 

shown in Figure 1.2A where green cells represent normal tumor cells; black cells 

represent necrotic tumor cells. Endothelial fenestrae make vessels semipermeable to 

soluble growth factors. Initially, avascular tumors can regulate the expression of 

angiogenic factors such as VEGF, FGF, or interleukin (IL)-8 as shown in Figure 1.2B (i) 

or they can develop on an existing blood vessel where it induces the expression of 

angiogenic factors as shown in Figure 1.2B (ii) [44, 46].  

 

 

Figure 1. 2. Mechanism of tumor angiogenesis. (A) Schematic of tumor blood vessel.  
                    (B) Model of tumor-induced neovascularization [44]. 
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     Vascular endothelial growth factors (VEGF) and its homologues (VEGF-B, VEGF-C, 

VEGF-D and placental growth factor) are the main factors of vascular endothelial cell 

sprouting [47]. VEGFR1, VEGFR2, and VEGFR3 are receptor tyrosine kinases (RTKs) 

that are expressed on the surface of endothelial cells and bind to VEGFs. These RTKs 

play important roles in different physiological processes of VEGF on endothelial cells 

including proliferation, signal transduction and cellular functions [47–49].  

     VEGF signaling promotes GBM growth through its endothelial receptors VEGFR2 

(also known as KDR/VEGFR2) and a number of pathways including PI3-Kinases [50], 

PTEN/pI3-kinase/Akt [51], EGF [52] and PDGF [53]. VEGF is stimulated mostly by 

hypoxia and found to be abnormally elevated. Thus it increases permeability in the tumor 

vasculature and causes the leaky vessels [54].  

     Besides VEGF, there are other pro-angiogenic growth factors that promote 

angiogenesis either in combination with VEGF or alone, such as angiopoietins, fibroblast 

growth factor (FGF) and EGF [55–57]. The mechanism of activation of angiogenesis is 

given in Figure 1.3. Under hypoxic conditions, VEGF and basic fibroblast growth factor 

(bFGF) expressions are upregulated by GBM and thus the transcription of VEGFR1 and 

VEGFR2 in endothelial cells is increased. The activation of VEGF also promotes the 

activation of the PDGF pathway [58].  

1.2. Targeting Tumor Microenvironment  

     Previously, cancer had been believed to be a genetic disease with abnormal genetic 

alterations and malignant cells in tumors; consequently, primary anticancer strategies 

have been focused on targeting these malignant cells [59]. However, it is now indubitable 
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that tumors are also formed of numerous types of normal cells and extracellular matrix 

(ECM). 

Figure 1. 3. Paracrine mechanism between glioblastoma and endothelial cells [58]. 
 

     However, it is now indubitable that tumors are also formed of numerous types of 

normal cells and extracellular matrix (ECM). Interactions between cells and their 

microenvironment is crucial for both normal regulation of cellular behavior and for tumor 

growth through processes such as angiogenesis and immunosuppression [60, 61]. The 

complexity of the tumor microenvironment illustrated in Figure 1.4 shows the 

importance of the microenvironment during tumorigenesis, which was originally 
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proposed by Joyce and Pollard [62]. Much attention has been placed on understanding the 

mechanisms that occur in the tumor microenvironment for tumor proliferation and 

tumorigenesis [63]. In particular, communication between tumor cells and the endothelial 

cells shows a tight relationship that influences tumor initiation and progression [64, 65].  

 

Figure 1. 4. Complex microenvironment of tumors cells including endothelial cells,                    
                    stromal fibroblasts and a variety of bone marrow-derived cells [62].   
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     It has been shown that endothelial cells can actively promote tumor initiation, 

progression, angiogenesis and affect the therapeutic response by providing the oxygen 

and nutrients for tumor survival [66−68]. Therefore, the experimental cancer models 

using tumor-associated endothelial cells to create in vivo like tumor microenvironment 

conditions have become attractive targets. 

1.2.1. Endothelial Cells 

     The endothelium, viewed as inert cellophane-like membrane that maintains the 

permeability of the vessel-walls, has been shown to actually be a dynamic organ that 

controls vital secretory, metabolic and immunologic functions [69]. Despite the fact that 

ECs have been defined to have common functional and morphological characteristics, 

they also show notable heterogeneity in different organs. They may even present with 

significant heterogeneity in the same organ [70]. Researchers are still trying to solve the 

question of how ECs acquire different phenotypic and functional properties within the 

same organ. One hypothesis is that their interactions with surrounding cells through the 

release of soluble mediators and cell-to-cell adhesion can change their functions upon 

activation [70]. In the brain, ECs have continuous endothelium connected by tight 

junctions that control the flow of nutrient substances and help to maintain the blood-brain 

barrier [71]. They also regulate hemostasis, vascular growth, and the inflammatory 

response by cell-adhesion molecules (CAMs), expressed both on endothelial and blood 

cells [72].  

     Endothelial cells can acquire malignant properties and form tumors. Several studies 

showed that these cells proliferate faster than normal ECs [73, 74]. Currently, three 

hypotheses have been suggested about the development and origin of tumor ECs. The 
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first one states that tumor ECs can develop from normal ECs recruited into the tumor site 

and occurs as a result of angiogenic growth factors derived from the tumor [74]. The 

second hypothesis is that an endothelial progenitor cell, which has migrated to the tumor 

site and differentiated into vessels can cause the development of tumor ECs [74]. Due to 

some tumor-induced properties of the tumor ECs, it was also hypothesized that they 

might be developed from dedifferentiated tumor cells [74].   

1.2.1.1. Endothelial Cell Markers 

     Endothelial cells derived from a variety of tumors express different markers compared 

to normal ECs. Several reports have shown ECs can be identified in vivo and in vitro by 

the specific markers that they express. Although, most of the markers have been found on 

both ECs and mature blood cells, some of them are induced and expressed only after 

activation by inflammatory cytokines or growth factors (Table 1.1). As an example 

tumor EC lines derived from brain tumors express typical markers such as CD31 (also 

known as platelet endothelial cell adhesion molecule 1, PECAM-1) and VE-cadherin, 

which is a tight junction protein that controls the integrity of the blood–brain barrier 

(BBB), similarly to control ECs [75]. Studies showed that GBM-derived ECs have 

altered expressions of CD31 and VE-cadherins. Therefore, it has been suggested that 

decreased expression of these markers may provide a breakdown in tumor blood vessels 

[75, 76]. Charalambous and colleagues presented in their studies that in GBM-derived 

ECs, the distribution of CD31 was different. CD31 was present in the cytoplasm, whereas 

in control cells this receptor was predominantly expressed on the cell surface. This 

funding may show angiogenic mechanism by specific CD31 interactions between glial 

and endothelial cells [77]. 
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Table 1. 1. Endothelial Markers present in human in all types of endothelium and 
Inducible EC Markers. Adapted by Garlanda and Dejana [70] 

 
Endothelial Markers 
 Cell Type1  
PECAM-1/CD31 ECs, platelets, B and T lymphocyte subsets, monocytes, 

neutrophils [78] 
 
Angiotensin-converting 
enzyme 

 
ECs, epithelial cells, T lymphocytes  
[79] 

 
Vascular endothelial 
cadherin 

 
ECs [80] 

 
CD34 

 
ECs [81] 

 
Inducible Endothelial Markers 
 Cell Type Stimulus 
KDR/Flk-11 (VEGFR-2) ECs Neoangiogenesis,  

vascular tumors [82] 
 
Flt-1 (VEGFR-1) 

 
ECs 

 
Neoangiogenesis 
[83] 

 
Tie-1 

 
ECs 

 
Neoangiogenesis 
[84] 

 
Tie-2/Tek 

 
ECs 

 
Neoangiogenesis 
[85] 

1 For some markers, tissue distribution analysis is incomplete; only the most common 

expression pattern has been considered. 

1.2.2 Potential Targets for Anti-Angiogenic Therapy in Glioblastoma 

     Tumor endothelial cells have a specific proliferation characteristic compared to 

normal endothelial cells. Targeting tumor vessels to prevent new blood vessel formation 

and to deprive the tumor of oxygen and nutrients would be a specific approach for 

anticancer therapies since the tumor vasculature lead by angiogenesis is needed for tumor 

growth. Therefore, the common idea is to lead tumors to starvation and causing them to 

shrink to death.  
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     Using the inhibition of tumor angiogenesis for the treatment of solid tumors was 

proposed in 1971 [42]. Due to the proliferative and abnormal vasculature, GBM tumors 

are ideal targets for anti-angiogenesis inhibitors to repress the tumor growth [86]. The 

anti-VEGF therapies aim to inhibit new blood vessel formation, provoke endothelial cell 

apoptosis and restrict the incorporation of hematopoietic and endothelial progenitor cells 

[87]. They can also cause contractions in the blood vessels and affect their functioning 

[87]. One of the FDA approved anti-angiogenesis agents is bevacizumab (Avastin® 

developed by Genentech/Roche), a humanized monoclonal antibody which works against 

VEGF by preventing its interaction with VEGFR [88].  

1.3. In Vivo and In Vitro Models of Glioblastoma 

     Several in vivo and in vitro models of GBM have been proposed for tumor studies. To 

understand the underlying mechanism of tumor generation, growth, angiogenesis, 

invasion, and metastasis and to provide evidence of therapeutic efficacy during drug 

development, in vivo and in vitro models of GBM will be discussed in the following 

sections.  

1.3.1. In Vivo Glioblastoma Models 

     One of animal models that is widely used is the xenograft model in which tumor 

development occurs after implantation of primary or immortalized human glioblastoma 

cells into nude mice [89]. Other GBM models include transgenic or spontaneous animal 

models; however, they are not preferred due to low reproducibility rates, latency of tumor 

development and low cost-efficiency [90, 91]. The U87 xenogeneic mouse model 

originally established by Ponten and colleagues from a female patient with GBM [92] is 

the most well-characterized tumor model. It has received significant attention for 
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assessing tumor angiogenesis and anti-angiogenic therapies [93, 94] as well as for the 

gene expression profile differences between differing in vivo growth conditions (e.g., 

subcutaneous and intracranial) [95]. It shows highly cellular characteristics with irregular 

nucleoli and unrestrained neovascularization [93], which is characterized by leaky vessels 

that could provide higher targeting by systemic drugs, in contrast with GBM [94]. At the 

molecular level, U87 models show some resemblance to human GBM such as a mutant 

PTEN [96] and up-regulation of the PI3K/Akt pathway as a result of high Akt expression 

[11]. 

     Other models commonly used for in vivo GBM models are U251, GL261, and CNS-1. 

Among them, U251 displays an aggressive invasion into normal brain and exhibits 

similarities at the genetic level to human GBM [11, 36]. However, U251 xenogeneic 

mouse models are known for not reproducing the tumor–host immune response [97].  

     The GL261 mouse model was induced originally by intracranial injection of 3-

methylcholantrene into C57BL/6 mice that do not require a deficient immune system 

[98]. It shows invasive features into normal brain and has similar markers and mutations 

with human GBM. However, because of these serial passages, it may lack important glial 

differentiation markers, such as glial fibrillary acidic protein [99]. A hallmark of the 

central nervous system (CNS)-1 model is its infiltrative and invasive characteristics of in 

vivo growth. CNS-1 model has been used to investigate the relationship between tumor 

cells and their microenvironment; however, a comprehensive study in the cellular 

mechanism of CNS-1 model needs to be carried out at molecular level [100]. However, 

animal models are usually expensive, time consuming, and too frequently fail to reflect 

human tumor biology [101–103]. 
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1.3.2. In vitro Glioblastoma Models  

     In vitro GBM models are mostly used to understand tumor biology and inhibit its 

growth as well as investigate tumor response to chemotherapy and radiation through 

mimicking the in vivo tumor microenvironment. Due to a lack of suitable animal models, 

in vitro models are important for preclinical toxicity tests. In vitro cancer models consist 

of either primary cells and/or tissue explants taken from the patient or immortalized cells. 

However because phenotypic and genotypic features of the tumors can be lost during cell 

passaging and culturing, immortalized cells are the most preferred cells for cancer 

research [104]. The most commonly used immortalized GBM cell line is U87 [105, 106]. 

As an immortalized cell line, U87 cells have been cultured for decades in medium 

containing 10% fetal bovine serum (FBS) and it has been shown that it maintains the 

cellular and nuclear characteristic of the original tumor; it can express tumor markers 

such as EGFR and retain its tumorigenic features [104].  

     A convenient in vitro tumor model should provide in vitro sustainability, 

reproducibility, restate in vivo features of the GBM such as angiogenesis, and withstand 

genetic manipulation. Although U87 is a standard preclinical model for screening 

therapeutic agents [105], genomic alterations are known to occur and two-dimensional 

(2D) in vitro models in the tissue culture flasks or Petri dishes may not be an accurate 

representation of GBM tumors. The lack of cell-cell and cell-extracellular matrix 

interactions in 2D conventional monolayer models can alter cell metabolism, reduce 

functionality [107, 108], and affect drug testing results. Monolayer cultures when 

comparing to 3D in vitro cultures has been shown that they cannot mimic the tumor 

microenvironment. They lack the differences in the cellular organization of tumors and 
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characteristics of the tumor cells such as hypoxia [109]. These two culture methods have 

significant differences in terms of cell proliferation, and tumor vascularization [110], and 

tumor treatment responses [111, 112]. Comparative studies between 2D and 3D cell 

culture models also showed that the expression of genes changed depending on the cell 

culture architecture [59, 113]. Therefore, 2D cell culture results cannot be translated 

directly into in vivo settings [114, 115]. There have been close similarities between 3D in 

vitro studies and in vivo studies of cell characteristics in morphology, phenotype and gene 

expression profiles [107, 116]. To effectively study the gene expression profiles as well 

as the functional and microenvironmental features of the GBM tumors, there is an 

increasing need for 3D in vitro tumor models that strongly mimic the tumor in vivo 

microenvironment.   

1.3.3. Three-Dimensional in vitro Glioblastoma Models  

     In the central nervous system, there is a complex 3D environment that shows regional 

organization and specificity and maintains a high degree of inter-regional connectivity 

between different cell types through both physical and biochemical mechanisms [117]. At 

the cellular level, glial, neuronal, vascular and immune cells are interacting to form a well 

regulated environment [118].  

     The complex organization in the CNS and the interactions between brain cells make 

tumor studies and drug therapy studies challenging. Tight junctions between endothelial 

cells, specialized transport mechanisms, and cellular metabolism of endothelial and glial 

cells determine interactions between neural and vascular endothelial cells. They form a 

specialized barrier that prevents therapeutic agents from entering brain tissues and thus 

prevents treatments from being effective [119–121].  
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     3D cell cultures provide a higher degree of cellular organization and greater control of 

the cell growth environment which is influenced by regulatory interactions from other 

cells via signal transduction and the ECM [122]. Therefore, 3D cultures yield more 

realistic cell metabolism, diffusion, transport and kinetic properties and promote 

biological functions that are not observed in 2D monolayer cell cultures. This approach 

has been found to be effective in the study of tumor morphology, differentiation, 

migration and functionality [122–124].  

     3D GBM spheroid model were first grown as multicellular spheroids from 

conventional monolayer cultures by the aggregation of GBM cells to form 3D spheroids 

[125]. Then this model is ameliorated by growing spheroids from single cells obtained 

from primary GBM tissue [126]. In the 1990’s, to mimic the in vivo characteristic of the 

GBM tumors, organotypic spheroids that were isolated from GBM tissue and preserved 

the characteristics of the original tissue were introduced [127]. They have been shown to 

be valid tumor models to simulate in vivo GBM models.  

     To build an in vitro 3D spheroid capable of modeling GBM tissues, it is important to 

design biomaterials that are nontoxic, mechanically stable, do not provoke inflammatory 

responses and permit cell attachment and growth. New approaches have been 

revolutionized by the integration of microfabrication techniques and cell culture 

technologies for the design of new cell culture platforms that mimic the 3D 

characteristics of the in vivo environment [128–133]. The new approaches incorporate 

multiple signaling pathways and genetic expression profiles and aim to facilitate the 

understanding of the cellular complexities [134–137].  
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     Microfabrication technologies have the potential to conduct experiments on the 

micrometer scale (0.1 – 100 µm), thus to expanding the capabilities of biologic and drug 

screening systems [138, 139]. Cells can be designed as standardized spheroids with 

mechanical and biochemical mechanisms similar to those found in the ECM through the 

control of surface architecture, topography and size in which cells are cultivated and 

manipulated in vitro [140].  

     Technologies for fabricating 3D scaffolds are mainly derived from 3D printing [141]. 

Typical 3D printing processes include lithography techniques, which involve the process 

of drawing specific patterns featured on the wafer such as soft lithography and 

photolithography. Radiation sensitive materials are used to obtain the pattern. The 

process can be performed by wet chemical etching, dry plasma etching or the conversion 

to volatile compounds through the exposure to radiation. Radiation may be visible, like 

deep ultraviolet or X-ray photons. Two important lithographic process, soft lithography 

and photolithography, are described in detail below.  

     Soft lithography, first developed and characterized by Whitesides and his group 

[142–144] is based on the use of soft elastomeric membranes to design platforms with 

surface patterns that simulate fiber- and conduit-like microstructures related to tumor 

growth [145]. Soft lithography does not describe one specific technique but a group of 

methods such as replica molding (REM) [142], microfluidic patterning (µFLP) [146] or 

microcontact printing (µCP) [147] with the common feature that a polymeric material is 

used to design the chemical structure (Figure 1.5) [148]. A liquid pre-polymer is cast on 

the structured master surface (I). After curing (II), the elastomeric stamp is ready for use 

(III) (Figure 1.5A). In µCP, the stamp is inked with the solution containing the molecules 
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to be printed (I). The molecules are transferred by printing onto the substrate (II). 

Following the removal of the stamp (III) the surface is backfilled with the second 

molecular solution for passivating (IV) (Figure 1.5B). In µFLP, the stamp is first brought 

into tight contact with the substrate (I). Using capillary forces, the patterning solution is 

afterwards introduced into the channels (II). After adsorption of the molecules of interest, 

the stamp is removed (III) and the remaining area backfilled with a passivating solution 

(IV) (Figure 1.5C). 

     Polymeric materials such as polymethylmethacrylate (PMMA), polydimethylsiloxane 

(PDMS), and poly-para-xylylene (Parylene) offer many advantages in microfabrication 

applications. PDMS, the most commonly used material in microfabrication platforms, 

can provide an interface between the mesoscale and microscale devices, resists cell 

adhesion, enables spheroid formation and outlines the cell migration within microsized 

channels that mimic in vivo conditions [145, 149, 150].  

     In recent reports, a tissue culture polystyrene platform, fabricated using soft 

lithography was used to study the migratory behavior of primary GBM cells. The results 

showed that GBM cells performed a more directionally determined motion pattern 

compared to metastatic lung and colon tumor cells [145].  

     Fujioka et al., used a microfluidic device made of PDMS, which was fabricated using 

soft lithography to analyze the interaction between the glioma-initiating cells (GIC) and 

human umbilical vein endothelial cells (HUVEC). Their results showed that glioma 

invasiveness was higher in co-culture with HUVEC than in mono-culture regardless of 

culture medium, the differentiation and stem cell media. They concluded that the secreted 

factors from HUVEC enhanced the invasion of GIC [151]. The study concluded that the 
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simulation of GBM tumor microenvironments and cell manipulation along with the study 

of the molecular mechanisms behind such behaviors might be facilitated by using PDMS 

models [145]. 

     Models fabricated by using soft lithography technique are biocompatible and simple. 

They do not require a clean room resulting in cheaper fabrication compared to other 

microfabrication techniques. They are thermally stable and permeable to solvent and 

gases [152]. Despite these advantages, there are several disadvantages to be solved for 

soft lithographic techniques. The high hydrophobicity of PDMS makes it difficult to 

introduce water-based materials into devices. PDMS’s high permeability to solvent and 

gases allows water vapor and organic solvents to infuse easily into PDMS, and thus cause 

unwanted evaporation and changes in solution osmolality [153]. Also the long-term 

stability of PDMS micropatterns under the pressure needs improvement [142]. 

     Photolithography is a mainstream technology due to its high wafer throughput. The 

platform generally consists of an illuminator, a photomask, and a wafer also called 

substrate that can be silicon or glass due to their semiconductor properties. Transparent 

substrates such as glass, quartz or Pyrex are mostly used for cell culture applications. 

Polymerization can occur by different mechanisms, including UV photopolymerization, 

redox initiation, ionic crosslinking, temperature change, or pH change.  

     In the photolithography patterning process, geometrical designs drawn on a 

photomask are transferred onto a substrate by a light source with wavelengths between 

436 nm and 365 nm in the ultraviolet (UV) range, between 248 nm and 193 nm in the 

deep UV (DUV) range, and 13 nm and below settled in the extreme UV (EUV) [128, 
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154]. The photomask that contains the pattern to be printed is made using computer-aided 

design (CAD) tools to pattern geometrical features [128].  

 

 
 
Figure 1. 5. Schematic images of microcontact printing (µCP) and microfluidic      

patterning (µFLP) methods. Adapted from Falconnet, D. et al., [148]. 
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     Before starting the photolithography process, the substrate’s surface is coated with 

thin, uniform, and UV-sensitive films of photo-sensitive polymers, by either spinning the 

substrate at low speed or not spinning at all. After coating, the substrate is placed under 

UV source and covered with the photomask. UV light is applied to the substrate to 

pattern the UV sensitive polymer by passing through the transparent regions of the 

polymer as shown in Figures 1.6-1 and 1.6-2. Depending on the experimental purposes, 

positive-tone polymers are obtained when UV exposed regions of the polymer turn into 

soluble form. A negative-tone polymer is exposed to UV to become insoluble and thus 

negative images with reference to photomask can be produced. The polymerization steps 

are summarized in Figures 1.6-3 and 1.6-4.  

 

Figure 1. 6. The schematic representation of photolithographic process. Adapted from     
Falconnet, D. et al., [148]. 
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     The photoinitiators (PI) that impact the polymerization reaction are one of most 

important factors for the UV sensitive polymers. They establish the polymerization rate, 

the resistance to the UV light and storage stability of the hydrogel [155]. Wang and Heath 

studied how cellular interactions in GBM cancer cells affect cellular architectures. They 

used a standard photolithographic method to fabricate hard PDMS molds with 3D 

microchannels. They showed that cells that adhered to the collagen-coated PDMS surface 

secreted VEGF and EGFR proteins. This model could help to establish cellular signaling 

pathways that play a role in cellular structures in GBM models [156]. 

     Revzin and his colleagues developed a microfabrication method using 

photolithography to develop PEG microstructures with diameters ranging from 7 µm to 

600 µm. Using a photomask, they generated microwells on both silicon surfaces and 

glass surfaces so that they could predict the degree of hydrogel swelling. Thus the 

stability of the microwells could be based on the MW of the PEG hydrogel [128]. Using 

the same generation method, mammalian cells were encapsulated in the PEG-based 

hydrogel microwells produced via photolithography which led the cell-cell interaction 

studies in tissue engineering [129].  

     Due to the lack of soft lithographic techniques to pattern PEG hydrogels directly on 

the surface, Suh et al., introduced a patterning method that incorporated two techniques; 

photopatterned PEGDMA microstructures to provide a physical barrier and the PDMS 

substrate exposed to capillary force lithography to promote protein or cell adsorption. To 

investigate the effectiveness of the method, they prepared bovine serum albumin 

dissolved in PBS, cultured murine embryonic fibroblasts, and treated the PEGDMA 

patterns with the cells. Because of the cell-repellent characteristic of the PEG hydrogel 
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that prevent cell and protein adsorption, the substrate showed protein resistance and the 

cells deposited only on the exposed substrate, not on a PEG surface [157].  

     Similar technique was used by Karp and his colleagues to investigate the formation of 

embryonic stem (ES) cell aggregates, called embryoid bodies (EBs), and homogenously 

controlled their differentiation [131]. They utilized the cell repellant feature of the PEG 

hydrogel to generate ES cells within the microwells, with controlled sizes and shapes. 

They fabricated a PDMS mold placed directly onto an evenly distributed PEG polymer 

layer. After the hydrogel was photocrosslinked with UV, they removed the PDMS mold 

to get the microwell arrays. They evaluated the time course and the viability of ES cells 

within PEG microstructures of different sizes and demonstrated constant time course 

diameter of the EBs for over 10 days within all sizes of microwells as well as viable cells 

with the dimensions of the microwells regardless of microwell diameter (40–150 mm). 

Thus, they concluded that this microwell fabrication technique could potentially be used 

to control the size and shape of the EBs and direct ES cell differentiation. 

     Contact Liquid Photolithography was also used as a microfabrication method that 

promotes surface modification of device components. This method has three features: (i) 

the liquid photoresists, which are polymer solutions consisting of the polymer, the 

photoinitiator, and the solvent to adjust the viscosity in contact with the photomask; (ii) 

the photomask; (iii) and the living radical processes that facilitate multiple polymeric 

chemistries and mechanical properties of 3D patterns. The advantage of having polymer 

solution in contact with the photomask enables the control of the layer thickness as well 

as surface geometries [158].  
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     PEG-based microwells were designed with the ability of controlling the well 

dimensions and the layer thickness to promote mouse insulinoma 6 (MIN6) cell-cell 

interactions, aggregations and encapsulations (Figure 1.7). Photocrosslinkable polymer 

solution (red) composed of PEGDA, photoinitiator, and Rhodamine B in Hank's balanced 

salt solution was placed between a glass slide and a photomask separated by spacers with 

defined thickness (Figure 1.7A). Microwells formed after ultraviolet light exposure 

(350–450  nm) for 60  s were covalently attached to the functionalized glass slide (Figure 

1.7B). Representative confocal image of a microwell device (width and height=100  µm) 

in both the x-y plane (top) and x-z plane (bottom) was given in Figure 1.7C. PEG 

microwells yielded uniform β-cell aggregates from a single-cell suspension of MIN6, 

which preserved functional expression during seeding, culture, and encapsulation and the 

aggregates with controllable sizes could be removed from the microwells for 

macroencapsulation, implantation, or other biological assays [159].  

 

Figure 1. 7. Formation of hydrogel microwell devices. Scale bars represent 100  µm 
[159]. 
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     The ability of PEG to be conjugated with different substances makes it advantageous 

over other polymers. Recently, PEGDMA was used incorporated with gelatin 

methacrylate (GelMA) monomer. The incorporation of GelMA with PEG yielded a 

biodegradable PEG-based copolymer and allowed the cell attachment by using UV-

assisted capillary force lithography approach [160]. The mixture of GelMA and 

PEGDMA was photocrosslinked under UV light (365 nm) for 5 minutes in the presence 

of a photoinitiator and yielded PEG-GelMA copolymer. The mixture dropped onto 

treated cover glass, which was covered with master mold and polymerized with UV-

assisted capillary force lithography to obtain patterns (Figure 1.8). HUVECs cultured on 

patterned PEG–GelMA substrates showed increased cell attachment compared with those 

cultured on unpatterned PEG–GelMA substrates. Moreover, the PEG–GelMA platform 

helped to increase the cellular migration speed such that this model could be used in the 

vascular modeling for drug screening [160].  

 

Figure 1. 8. Schematic illustration of the fabrication of process of nanostructures [160].  
 
 

UV	  light 
 
Polyurethane acrylate 
nanopattern 	  

PEGDMA-‐GelMA 

Mold	  placement	   UV	  Curing	   Mold	  removal	  
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     The PEG-based hydrogels can also be incorporated with biomolecules such as 

protease-degradable sites, adhesive ligands, and growth factors [161] and the 

incorporation of these sequences can induce cell behaviors. Moon and colleagues 

immobilized Arg-Gly-Asp-Ser (RGDS) molecules on the surface of PEGDA hydrogels 

with photolithography and investigated the effect of patterned RGDS concentration on 

endothelial tube formation. They showed that endothelial cell adhesion, migration and 

angiogenic responses can be manipulated by PEGDA hydrogels micropatterned with 

bioactive ligands [162]. Lutolf et al., demonstrated that the intricate interactions between 

cells and ECM can be mimicked in synthetic systems by using a PEG hydrogel cross-

linked with oligo peptides, which simulated the development and regeneration of natural 

ECM protein, collagen; and they validated the high cell survival rate in their network 

[163]. However, most of these approaches could not be effectively translated into clinical 

use [164].  

     Recently, our group designed 3D PEGDA hydrogel microwells using photolithography 

to control the development of GBM cells, generate 3D GBM models and provide a novel 

in vitro platform for cancer studies [133]. GBM cells for 21 days in the PEGDA 

microwells using their cell-repellant properties to generate cell spheroids. We evaluated 

the viability of the cell spheroids using live/dead assay, which showed an improvement 

over 21 days as shown in Figure 1.9 [133]. The shape and thickness of the cell spheroids 

were observed by fluorescence microscopy. By the characterization of the cell spheroids, 

we concluded that 3D GBM spheroids were successfully constructed in the PEGDA 

microwells, which can control the spheroid’s size and shape. This in vitro platform could 

be used as an ideal building unit for 3D GBM spheroid formation and could serve as a 
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reliable in vitro model for in vivo studies in terms of time for the preclinical brain tumor 

growth studies [133]. All these patterning method where PEG limits the attachment of the 

cells to the surface contribute to formation of aggregates in a given barrier that could lead 

to the fabrication of high-throughput cell screening devices. 

Figure 1. 9. Time course of GBM cells within PEGDA-750 microwells of different          
                     sizes over a period of 21 days [133].  
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1.4. Hypothesis and Objectives 

     Accumulating evidence indicates that GBM tumors are the most malignant brain 

tumors with a poor prognosis. The failure to provide effective treatments causes very low 

survival rates with a median patient survival approximately 1 year. Cell models have an 

important role in cell and molecular biology studies, drug development and tumor 

targeting studies. In vitro models based on 2D cell culture have been used to study tumor 

growth, metastasis, and resistance to antitumor agents. Studies showed that 3D models 

resemble the in vivo characteristics at both cellular and molecular levels. For an effective 

tumor treatment, accurate 3D in vitro tumor models that can mimic in vivo features of the 

GBM tumor are required. Despite the advances in cell culture models and cancer 

research, there is still an urgent need for the development of more accurate in vitro 

models. Previous studies encouraged us to develop a 3D in vitro tumor model to study 

GBM spheroid formation kinetics and a possible treatment method using a more realistic 

model. Therefore, we recently built a novel 3D cell culture platform based on hydrogel 

microwells that could mimic in vivo tumor microenvironment. We applied the 3D 

photopatterning technique to GBM (U87) cells using the photolithography method to 

generate 3D tumor spheroids with controlled shape and size. Our preliminary results 

suggested that uniform GBM spheroids can be formed in 3D, and the size of these GBM 

spheroids depends on the size of microwells [133]. However, the use of the GBM tumor 

by itself may not exactly represent the in vivo microenvironment of the tumor since tumor 

cell growth and development are supported by interactions of endothelial cells and 

growth factors, that led to receive other critical signals from their environment. 
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     Therefore, we undertook this study to design a 3D hydrogel microwell platform for 

the co-culture of 3D in vitro GBM tumors with endothelial cells in order to closely mimic 

the in vivo behaviors of GBM tumors and to treat them, which could present new avenues 

in the precise studies of the GBM tumor spheroid structures, tumor targeting and its 

treatment. Our hypothesis is that GBM tumor cells co-cultured with endothelial cells in 

3D PEG-based hydrogel models simulate more in vivo behaviors that can be identified 

and characterized. One prediction of this hypothesis is that cell-repellent characteristics 

of the PEG-based hydrogels allow cells to grow in space without attaching to the 

hydrogel, which facilitates 3D spheroid formation. Our other prediction is that the co-

culture of U87 cells with HUVECs allows for the recreation of the in vivo 

microenvironment and the signaling pathways of the GBM tumor cells. To test our 

hypothesis, we fabricated a 3D in vitro microwells by using FDA approved, cost-

effective PEG-based hydrogel and used HUVEC cells to co-culture with GBM cells. We 

examined the progression of GBM spheroids in our 3D platform at a molecular level by 

investigating important markers such as CD31 and VEGFR2, which are expressed in 

tumor cells. Lastly, we targeted 3D tumor spheroids with an oncolytic adenovirus, which 

is selective for GBM tumors and is currently being used in clinical trials. This novel 

platform could meet the need for cost-effective cell culture technologies that enable 

formation of controllable and uniformly sized spheroids and has the potential to improve 

current tumor models for the screening of 3D other solid tumors and assessment of 

treatment responses. 
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Chapter 2. Materials And Methods  

2.1. Chemicals  

     Poly(ethylene glycol) dimethyl acrylate (PEGDA) (MW 750 Da and MW 1000 Da), 

3-(Trimethoxysilyl)propyl methacrylate 98% (TMSPMA), 2-hydroxy-2-methyl 

propiophenone photoinitiator (PI) were purchased from Sigma-Aldrich Chemical 

Company (St. Louis, MO). Dulbecco’s modified Eagle’s medium (DMEM), phosphate 

buffered saline (PBS), fetal bovine serum (FBS), Calcein AM, ethidium homodimer, 4’, 

6-diamidino-2-phenylindole (DAPI) and Trypan Blue (0.4%) were obtained from Life 

Technologies (Grand Island, NY). Penicilin and streptomycin antibiotics were purchased 

from Corning Cellgro (Mediatech, Inc., Manassas, VA). Mouse monoclonal adenovirus 5 

E1A (M58) and β-actin mouse monoclonal antibodies (8H10D10) were obtained from 

Santa Cruz Biotechnology (CA, USA) and Cell Signaling Technology (Danvers, MA, 

USA), respectively. 

2.2. Methods  

2.2.1. PEG Hydrogel-Based Microwell Preparation 

     As we described in our previous studies, we dissolved PEGDA 750 and PEGDA 1000 

at 10 – 80% w/w concentration in PBS and prepared fresh for each experiment [133]. The 

PI was dissolved in PEGDA solution to have a final working concentration of 0.05% w/v. 

Solutions were thoroughly mixed before the polymerization.  

     The surface of cover glasses (18 x 18 mm cover glasses purchased from Corning 

Incorporated) was covered by the first layer of PEGDA hydrogel in order to prevent 

cellular interaction with the underlying glass substrate. For this first layer of the hydrogel, 

10 µl of the solution was dropped on the cover glass and exposed UV for 30 seconds at a 
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working distance of 6 inches. The UV exposed cover glass with a first layer was turned 

upside down and put on top of the 50 to 100 µl of PEGDA hydrogel that was dropped on 

a new petri dish with spacers, which are used to adjust the depth of the microwells, then 

finally, the photomask with square or round patterns was placed on top. The second layer 

was exposed to UV. After the exposure, the cover glass with the microwells was washed 

with PBS to remove any uncrosslinked polymer solution.  

     The desired patterns were prepared using AutoCAD (Autodesk Inc) and the printed 

photomasks (purchased from CADart Washington, USA) were placed on the cover glass 

for UV exposure. Related data was given in Table 2.1. We used photomasks with 

different sizes i.e., 200 µm, 400 µm, and 600 µm and geometries i.e., round and square as 

shown Figure 2.1. Photopolymerization was carried out with an Omnicure S2000 (320-

500 nm, EXFO, Ontario, Canada) lamp at 100 mW/cm2 (measured for 365 nm) to yield 

solid hydrogels.  

2.2.2. Stability Testing of PEGDA Hydrogel on Treated and Untreated Cover 

Glasses 

     We also used TMSPMA to generate an adhesive surface to PEGDA hydrogels on the 

cover glass. A glass beaker was put in a bucket of ice; 50 g of sodium hydroxide (NaOH) 

pellets was weighed, 450 ml of distilled water was slowly added and all pellets were 

dissolved by mixing. In the same beaker, all cover glasses slides were placed in a 

staggered manner to make contact with NaOH solution. The beaker was covered with a 

pyrex and kept overnight in the fume hood. 10% NaOH solution was discarded then with 

gloves; each cover glass slide was thoroughly rinsed and rubbed under distilled water. 
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Figure 2. 1. Schematic of the formation of the controlled-size GBM cancer spheroids 

using PEGDA hydrogel microwells.  

 

 



34	  
	  

Table 2. 1. The optimization of UV exposure time for PEGDA-750. (A) PEGDA-750 
with a concentration of 10% (B) 20% of PEGDA-750, (C) 40% of PEGDA-
750 [133] 

(A) 10% PEGDA-750  
 

80 85 90 100 105 110 120 130 135 140 

200 x ✔ x        
400     x ✔ x    
600        x ✔ x 

 
(B) 20% PEGDA-750  
 

45 55 65 75 85 95 

200 x ✔ x    
400    x ✔  
600     x ✔ 

 
(C) 40% PEGDA-750 
 

10 12 15 18 20 22 30 32 35 

200 x ✔ x       
400    x ✔ x    
600       x ✔ x 

 
     They were dipped in 3 distinct 100% reagent alcohol baths and let air-dry. The glass 

slides were wrapped with aluminum foil and baked for 1 hour at 80 °C. Cover slides were 

stacked vertically and 3ml of TMSPMA was poured on top of the stack using a syringe. 

After 30 minutes, the stack was flipped upside down to get even coating. The whole 

Time	  
	  	  	  (s)	  
	  
	  
Size	  
(µm) 

Time	  
	  	  	  (s)	  
	  
	  
Size	  
(µm) 

Time	  
	  	  	  (s)	  
	  
	  
Size	  
(µm) 
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assembly was baked in the beaker overnight at 80 °C. The cover slides were cleaned in 

100% reagent alcohol with 3 baths and air-dried. They were wrapped with aluminum foil 

and baked for 1-2 hours at 80 °C. They were stored wrapped in aluminum foil at room 

temperature. All the cover glass slides were used within 7 days after TMSPMS surface 

treatment [133].  

     A series of concentrations of PEGDA hydrogels, i.e., 10%, 20%, 40%, 60% and 80%, 

were prepared on TMSPMA treated glasses that were prepared as previously described in 

Hydrogel-Based Microwell Preparation step as shown in Figure 2.1. The same samples 

of PEGDA hydrogels were fabricated on the untreated cover glasses as a control group. 

These PEGDA hydrogels were immersed in PBS and kept in the incubator for 21 days. 

These samples were observed daily under microscopy (Olympus, IX51). A cover glass 

was marked “unstable” when any part of the PEGDA hydrogel was detached from the 

cover glass's surface as shown in Figure 2.2. Stability testing and optimization studies 

showed that treated cover glasses with PEGDA-750 hydrogels required less preparation 

and fabrication time compared to PEGDA-1000. Therefore, studies were carried out with 

PEGDA-750 hydrogel with a concentration of 40% that yielded accurate polymerization 

time (Table 2.1).  

2.2.3. Cell Lines And Culture Conditions 

     Human glioma cells U87 and HUVECs were both obtained from American Type 

Culture Collection (ATCC). U87 cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/ml 

penicillin and 100 µg/ml streptomycin.  
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Figure 2. 2. Stability of PEGDA hydrogel. (A and B) Percentage of stable microwells on 
TMSPMA treated and untreated cover glasses. (C and D) Stability of 
different concentration of PEGDA-750 and 1000 [133]. 

     HUVECs were grown and maintained in endothelial cell medium, EGM-2 (Lonza), 

which contains EBM-2 medium (serum free, growth-factor free), supplemented with 2% 

fetal bovine serum (FBS), human fibroblast growth factor-B (hFGF-B), human epidermal 
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growth factor (hEGF), human vascular endothelial cell growth factor (hVEGF), long R 

insulin-like growth factor-1 (R3-IGF-1), ascorbic acid, hydrocortisone, and heparin.  

     Frozen cells in the vial were thawed by gentle agitation in a 37 °C water bath for 

approximately 2 minutes. The vial content was transferred to a centrifuge tube containing 

9 ml appropriate medium and centrifuge for 3 minutes at 1200 revolutions per minute 

(rpm). The pellet was resuspended with appropriate medium and dispensed in a new 

culture dish for monolayer cell culture. The cells were plated at a concentration of 1.0 x 

106 cells/ml (10 ml total volume) in 100 mm diameter tissue culture dishes and were 

passaged every 3 days at a subculture ratio of 1:4. All cells were manipulated under 

sterile tissue culture hoods and maintained in a 95% air – 5% CO2 humidified incubator at 

37 °C. Monolayer cells were cultured between 70% and 90% confluence.  

2.2.4. Optimization of U87 Cell Seeding Concentrations 

     As described in Fan et al., for the optimization of U87 cells' seeding concentration in 

the microwells, the DMEM medium was removed from dish by aspiration and the 

monolayers were washed by PBS to remove all traces of medium. Trypsin-EDTA 

solution was used to completely cover the monolayer of cells and place in 37 °C 

incubator for approximately 2 minutes to dissociate cells. DMEM medium was added to 

the cell suspensions to inhibit the trypsin that was present in the dish. The cells were 

collected by gently pipetting in the tube and centrifuged for 3 minutes at 1200 rpm. The 

supernatant was removed and the pellet was suspended in PEGDA precursor solution. 

They were seeded in the microwells at five different concentrations, i.e., 0.05 x 106 

cells/ml, 0.20 x 106 cells/ml, 0.70 x 106 cells/ml, 1.0 x 106 cells/ml and 2.0 x 106 cells/ml 

as shown in Figure 2.3. Cells in the microwells were cultured in 37 °C incubator for 21 
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days to observe cell growth. The optimization studies showed that 0.2 x 106 cell/ml 

allowed the formation of proper sized U87 spheroids in all size of microwells over 3 

weeks of culture. 

 

Figure 2. 3. Optimization of seeding concentration of U87 cells into the microwells 
[133].  
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2.2.5. Three-Dimensional Co-culture of Glioblastoma Cells and HUVEC cells 

     Cells were cultured at 37 °C between 70% and 90% confluence in monolayer T75 

flasks prior to use. Cells were prepared by washing in PBS buffer followed by the 

treatment with trypsin for the dissociation from the flask surface. They were collected 

and centrifuged at 1200 rpm for 3 minutes. They were resuspended in appropriate 

medium and initial cell concentration was calculated using a hemocytometer (Hausser 

Scientific, 1483). To distinguish between U87 cells and HUVECs in co-culture 

experiments, U87 cells were stained with 15 µM of CellTracker™ Blue CMAC (7-

amino-4-chloromethylcoumarin) fluorescence dye while HUVECs were stained with 15 

µM of CellTracker™ Red CMTPX fluorescence dye as shown in Figure 2.4. Cell 

suspensions were diluted with the cell medium to prepare the exact concentrations. They 

were seeded in the microwells with U87:HUVEC 1:1 and 3:1 ratios at a concentration of 

0.2 x 106. As control groups, stained U87 cells and HUVECs were mono-cultured and 

incubated in the same culture conditions. HUVECs used for these experiments were 

between passage 3 and 5.   

 
 
Figure 2. 4. Schematic of the formation of U87 and U87-HUVEC mono-culture and  
                    co-culture spheroids, respectively, within the microwells. U87 cells were  
                    tracked with blue and HUVECs with red cell trackers. 
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2.2.6. Cell Viability Assay 

     Cell viability was determined using Live/Dead Cell Viability Assay Kit. The 

Live/Dead Assay kit contains calcein AM (2 µg/ml, in PBS) and ethidium homodimer (4 

µg/ml in PBS) reagents. U87 cells were cultured in the DMEM medium in the microwells 

for 1, 4, 7, 14 and 21 days. 5 µL calcein AM (Component A) and 20 µL ethidium 

homodimer (Component B) were added to 10 ml PBS to create a staining solution. 

DMEM medium was removed form the cells and cells were washed with PBS to remove 

the cells that were not in the microwells. 100 - 150 µL of the staining solution was added 

directly to the microwells. The plates were incubated for 30 minutes at 37° C and the 

images were captured. Green fluorescence was measured because of the calcein AM 

reaction from viable cells and damaged cell membranes stained red because of their 

reaction with ethidium homodimer. The cell aggregates were monitored for 21 days using 

an Olympus fluorescence microscope. The fluorescence intensity was quantified using 

ImageJ (National Institutes of Health). The green and the red fluorescence images from 

viable and non-viable cells, respectively, were merged to one image and the intensity was 

evaluated. Eight images from each different microwell were taken to count the 

fluorescence intensity. For each microwell, the boundaries were chosen as a region of 

interest and the fluorescence intensity was calculated. 

2.2.7. Total RNA extraction 

     Total RNA of GBM, HUVECs and GBM-HUVEC co-culture cells were extracted 

using RNeasy Mini Kit (Qiagen). Maximum of 1 x 107 cells were disrupted and 

homogenized in 600 µl of Buffer RLT. The lysate was centrifuged for 3 minutes at 

14,000 rpm and the supernatant was carefully removed. 1 ml of 70% ethanol was added 
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to the supernatant by pipetting. 700 µl of the sample was transferred to a 2 ml collection 

tube with an RNeasy Mini spin column and centrifuged for 15 seconds at 10,000 rpm. 

The flow-through was discarded. 350 µl Buffer RW1 was added to RNeasy column, and 

centrifuged for 15 seconds at 10,000 rpm. The flow-through was discarded. 10 µl DNase 

I solution was added to 70 µl Buffer RDD, mixed gently and centrifuged briefly. 80 µl 

DNase I incubation mix was directly added to RNeasy column membrane and placed in 

benchtop (20-30 °C) for 15 minutes. 350 µl Buffer RW1 was added to Rneasy column, 

the tube was centrifuged for 15 seconds at 10,000 rpm and the flow-through was 

discarded. 500 µl Buffer RPE was added to the spin column and centrifuged for 15 

seconds at 10,000 rpm. The flow-through was discarded. 500 µl of Buffer RPE was 

added to the spin column and the tube was centrifuged for 2 minutes at 10,000 rpm. The 

RNeasy spin column was placed in a new 2 ml collection tube and centrifuged at 14,000 

rpm to dry the membrane. The RNeasy spin column was placed in a new 1.5 ml 

collection tube, 50 µl RNase-free water was directly added to spin column membrane, the 

tube was centrifuged for 1 minute at 10,000 rpm to elute the RNA. The quality and 

quantity of the RNA was established by reading the optical density (OD) of each sample 

at 260 nm and 280 nm using a Nanodrop (2000 series). 

2.2.8. Primer Design 

     Primer3 was used to design primers (Sigma-Aldrich) for quantitative real-time 

polymerase chain reaction (qPCR) assay [165]. To reduce the possibility of amplifying 

genomic DNA, each pair of primers was designed to target a short (90–120 bp) segment 

of the mRNA sequence expanding adjacent exons. Therefore, the genomic sequence of 

each gene was obtained from the ENSEMBL genome database, and the mRNA sequence 
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of the corresponding gene was obtained from GenBank. The sequences of two 

consecutive exons were used in Primer3 for primer selection. Primer sequences of tested 

genes are listed in Table 2.2. 

Table 2. 2. Primer Sequences Used in qPCR  
Gene  Forward primer  Reverse primer 
PIK3R1 AAGTGCCAGAGTGAAGTGG

C 
TGGATTTCCTGGGATGTGC
G 

 
PECAM-
1/CD31 

 
TCCGGATCTATGACTCAGGG 

 
ACAGTTGACCCTCACGATC
C 

 
VEGFR2 

 
GCAGGGGACAGAGGGACTT
G 

 
GAGGCCATCGCTGCACTCA 

 
GAPDH 

 
CTCTGCTCCTCCTGTTCGAC 

 
AAATGAGCCCCAGCCTTCT
C 

 
2.2.9. Gene Expression Analysis by Quantitative PCR 

     cDNA was generated from isolated total RNA using Superscript II reverse 

transcriptase (Invitrogen Life Technologies, Carlsbad, CA). 1 µl Oligo-dT(20) primers 

(500 µg/ml) (Invitrogen), 10 ng/µl total RNA, 1 µl dNTP Mix (10 mM each) were added 

into a eppendorf tube and adjusted to 12 µl with sterile, distilled water. The mixture was 

heated to 65 °C for 5 minutes and quick chilled on ice. The content from the tube was 

collected by brief centrifugation. 4 µl first-strand buffer (5X), and 2 µl 0.1 M DTT were 

added. 1 µl RnaseOUT (40 Units/µl) was required if the starting RNA concentration was 

lower than 50 ng. Contents of the tube was mixed gently and incubated at 42 °C for 2 

minutes. 1 µl (200units) of SuperScript II RT was added to the mixture and pipetted 

gently up and down. The tube was incubated at 42 °C for 50 minutes followed by heating 

at 70 °C for 15 minutes for the inactivation of the reaction. Quantitative PCR was 

performed on a Stratagene Mx3005P qPCR System (Agilent Technologies, CA) using 
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PerfeCTa® SYBR® Green SuperMix (Quanta BioSciences, Inc., MD) in a 25 µl reaction 

mixture containing 12.5 µl SYBR Green PCR Mix, 0.5 µl 10 mM primers, 4 µl of the 1:6 

diluted cDNA synthesis reaction product. PCR was performed for 40 cycles at 95 °C for 

15 seconds and 53 °C for 45 seconds after initial incubations at 95 °C for 10 minutes.      

     PCR product specificity and purity were confirmed by generating a dissociation curve. 

Sample cycle threshold (Ct) values were normalized to values for Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), all of which were calculated from duplicate or 

triplicate reactions. Relative changes in gene expression were expressed as fold changes 

calculated by the following formula: fold change = 2^DDCt, where DDCt = (Ct of gene 

of interest, co-culture – Ct of housekeeping gene, co-culture) – (Ct of gene of interest, 

mono-culture – Ct of housekeeping gene, mono-culture), and Ct is the threshold cycle 

number. The qPCR products were also run on a 3% of agarose gel and the intensities 

were quantified to the intensities of housekeeping genes GAPDH.   

2.2.10. Protein Isolation and Quantitation 

     Cell culture plates with the microwells were placed on ice and cells were washed with 

ice-cold Tris-buffered saline (TBS). TBS was aspirated and 1 ml per 100 mm well ice-

cold RIPA buffer supplemented with fresh protease inhibitor cocktail at 1:100 dilution 

was added to the plates and cells were incubated with RIPA buffer for 15 minutes. Using 

a cold plastic cell scraper, cells in the microwells were gently transferred into a pre-

cooled microcentrifuge tube. The microcentrifuge tubes were maintained for 30 minute at 

4 °C with a constant agitation. Cells were spinned at 14,000 rpm for 20 minutes in a 4 °C 

pre-cooled centrifuge. The microcentrifuge tubes were gently removed and placed on ice. 

Supernatant was transferred to a new ice-cold tube and pellet was discarded. 10 to 20 
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µl of lysates were removed to determine the protein concentration for each cell lysates. 

To prepare the protein standards in triplicate using a 0.5 mg/ml BSA stock solution was 

used (Table 2.3).  

Table 2. 3. Preparation of BSA protein standard 
Standard 
Solution 

Volume 0.5 mg/ml 
BSA (µl) 

Volume 0.15 M NaCl 
(ml) (µl) 

Final BSA 
Concentration (µg/ml) 

Blank 0 100 0 
 
S1 

 
5 

 
95 

 
250 

 
S2 

 
10 

 
90 

 
500 

 
S3 

 
15 

 
85 

 
750 

 
S4 

 
20 

 
80 

 
1000 

 

     Bradford reagent was gently mixed and then the required volume was transferred to a 

plastic tube to equilibrate to room temperature before use. 10 µl of each standard was 

pipetted into the wells of a 96-well plate. 200 µl of Bradford reagent was added to each 

standard dilution, mixed by pipetting and allowed to stand at room temperature for 2 

minutes. The absorbance was read at 595 nm using a NanoDrop reader (Thermo 

Scientific, USA) A standard curve was generated by plotting absorbance at 595 nm 

versus protein concentration. For the unknown GBM, HUVEC and co-culture samples 10 

µl, the steps were repeated using the unknown samples in place of the BSA. The standard 

curve was used as a reference to determine the concentration of the unknown samples.   

2.2.11. Western Blotting 

     After the protein concentration was determined, 100 µg of protein lysates were mixed 

with an equal volume of 2X Laemmli sample buffer and boiled at 95° C for 5 minutes. 

Equal amounts of protein were loaded into the 4 – 20% SDS polyacrylamide gel 
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electrophoresis (SDS-PAGE) along with molecular marker. The gel was run for 10 

minutes at 80 V and the voltage was increased to 120 V to finish the run in about 1 hour. 

The gel was placed in 1X transfer buffer for 10 – 15 minutes. The transfer sandwich was 

assembled and the cassette was placed in the transfer tank with an ice block. The transfer 

was done at 100 V for 1 hour. The blot was rinsed in water and membrane was blocked in 

3% BSA in TBST at room temperature for 1 hour. The membranes were incubated with 

the primary antibody solutions CD31 (1:1000), VEGFR2 (1:1000) and β-actin (1:1000) 

diluted in 3% skim milk. The blots were rinsed 3 times for 5 minutes with TBST. 

Membranes were then incubated with the HRP-conjugated secondary antibodies (1:2000) 

diluted in 3% skim milk for 1 hour at room temperature. The blots were rinsed 3 times for 

5 minutes with TBST. The chemiluminescent substrate reagents (ECL) at a ratio of 1:1 

were applied to the blots. The protein bands were detected by using a CCD camera-based 

imager. The loading control protein β-actin was used to normalize the target protein 

levels.   

2.2.12. Adenovirus Infection 

     Δ24RGD-GFP virus was kindly provided by our collaborator Dr. Juan Fueyo (The 

University of Texas MD Anderson Cancer Center, Department of Neuro-Oncology). For 

3D spheroid culture, cells were allowed to grow for 14 days after seeding. Then, without 

removing the spheroids from the microwells, they were infected with the replication-

competent Δ24RGD-GFP, which expresses green fluorescence protein (GFP), at a 

multiplicity of infections (MOI) of 10, 50 and 100 plaque-forming units per cell as shown 

Figure 2.5 or uninfected. Subsequently, fresh medium was added. Green fluorescence 
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was assessed by fluorescence microscopy on days 3 and 10 post infection. Uninfected 

cells with EGM-2 medium were used as a control.  

 
Figure 2. 5. Schematic representation of 3D tumor infection. Co-cultured U87-        
                    HUVEC spheroids were treated with Δ24RGD-GFP. 
 
2.2.13. Quantification of cell lysis 

     Lysed cells were accessed by trypan blue exclusion assay. Briefly, trypan blue 

solution (0.4%) was prepared in PBS. Both type of cultures were suspended in PBS and 

0.1 ml of trypan blue stock solution was added to 1 mL of cells. The unstained (viable) 

and stained (dead) cells were counted with a hemocytometer within 3 to 5 minutes. 

Viability is expressed as a percentage of control uninfected cells. The number of viable 

cells per mL of culture was calculated as shown 

 %  𝑣𝑖𝑎𝑏𝑙𝑒  𝑐𝑒𝑙𝑙 =    1.00  –    !"#$%&  !"  !"#$  !"##$
!"#$%&  !"  !"!#$  !"##$

       ×  𝐷𝐹  ×  10.                                       (1)      

2.2.14. Validation of GFP expression by Δ24RGD-GFP 

     To analyze the GFP-expressing characteristics of Δ24RGD-GFP, we compared the 

GFP expression with uninfected cells. Monolayer and 3D spheroid co-cultures of GBM-

HUVEC cells were cultured. Three days after monolayers were seeded and 10 days after 
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spheroids were seeded, GFP intensity was quantified using ImageJ (National Institutes of 

Health). Eight images from each different microwell were taken to count the fluorescence 

intensity. For each microwell, the boundaries were chosen as a region of interest and the 

fluorescence intensity was calculated. 

2.2.15. E1A expression analysis  

     Cells seeded in monolayer 2D cultures were cultured for 3 days and infected at MOIs 

of 10, 50, and 100 or uninfected. Control and infected cells were lysed after 72 hours post 

infection by incubating cells in RIPA lysis buffer supplemented with a protease inhibitor 

cocktail (1:100). Cells cultured in the 3D microwells for 14 days were infected with 

Δ24RGD expressing GFP at MOIs of 10, 50, 100, or uninfected, then were collected 10 

days after infection. The 3D cells spheroids were collected from the microwells and 

spheroids were lysed with RIPA buffer for 15 minutes as explained in Materials and 

Methods of Chapter III. After centrifugation at 14,000 rpm, all supernatant proteins 

determined by Bradford assay were electrophoretically separated by 4 – 20% SDS-PAGE 

and transferred to nitro-cellulose membrane. They were probed with antibodies against 

adenovirus 5 E1A (13 S-5) (1:1000), or β-actin (1:1000) (Santa Cruz Biotechnology, 

Santa Cruz, CA) overnight. The secondary antibodies were HRP-conjugated secondary 

anti-mouse and anti-rabbit IgGs (1:2000) (Santa Cruz Biotechnology, Santa Cruz, CA). 

Uninfected groups were used as controls. Membranes were developed according to 

Amersham’s Enhanced chemioluminiscent protocol with an ECL system (Amersham, 

Arlington Heights, IL). 
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2.2.16. Image Acquisition 

     Microwells and nuclei of the cells were stained with DAPI. The DAPI stock solution 

was diluted to 300 nM on PBS. 300 µl of this dilute DAPI staining solution was added on 

top of the cover glass with microwells. The samples were incubated for 5 minutes 

protected from light. The stain solution was removed and the microwells were rinsed 3 

times in PBS. The morphology of the microwells and cells were observed using 

fluorescence microscope (Olympus, IX51, Melville, NY) and confocal microscopy 

(Nikon Instruments Inc.). 

2.2.17. Statistical Analysis  

     Data were compared using one-way and the effects of time, days and cell type were 

evaluated using two-way analysis of variance (ANOVA) followed by Tukey's post-hoc 

comparisons for repeated measures. A statistical significance threshold was set at 0.05 for 

all tests (with p<0.05). Error bars in the figures represent mean ± standard deviation. 

     For virus study, infection differences in tumor cell monolayer and 3D spheroids were 

compared at three doses by Student’s t-test. Two-way ANOVA analysis was fit to the 

data to examine the effect of serial viral replication with different doses and culture 

groups (monolayer vs. spheroid) as a treatment effect followed by Student’s t-test.  
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Chapter 3. The Influence of Human Umbilical Vein Endothelial Cells in The 

Formation of Glioblastoma Spheroids in Three-Dimensional Microwells  

 
3.1. Introduction 

     The aggressiveness of the GBM solid tumor is characterized by its rapid 

vascularization and invasive growth with a high capability for inducing angiogenesis 

through the secretion of a large quantity of tumor angiogenic factors [3]. As GBM tumor 

cells experience irregular proliferation beyond the support capacity of the tumor 

vasculature, growth factors involved in angiogenesis regulation are secreted, which is an 

essential mechanism for tumor proliferation and metastatic spread [166]. The levels of 

both vasculature density and expression of angiogenic factors tend to reflect an 

aggressive tumor phenotype [59]. Therefore, these angiogenic factors released from 

tumor cells are important for understanding cell abnormalities [66]. Among the several 

regulators, VEGF has been shown to play an important role in the activation of tumor 

angiogenesis and the secretion of VEGF by tumor cells increases the expression of 

certain endothelial cell genes as well as other molecules such as PECAM-1 [167, 77]. 

VEGF receptors (VEGFRs) such as VEGFR2 were also shown to regulate functions 

including proliferation, migration, and differentiation that are inherent to endothelial cells 

[49, 168]. Therefore, it is critical to develop new and robust in vitro cell models so that 

we can better understand the complex behavior of GBM tumors and overcome the 

limitations of GBM research. Different 2D and 3D models have been used to study GBM 

angiogenesis and the microenvironmental contributions to cell behaviors. Brown et al., 

investigated the influence of tumor cells on the expression of endothelial cells by co-

culturing U87 glioblastoma cells with HUVEC. They demonstrated that HUVECs co-
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cultured with GBM cells in 2D showed resistance to radiation-mediated cell death. The 

expression of HUVEC genes were affected by the VEGF secreted from U87 GBM cells 

[167]. A 3D in vitro angiogenesis model by co-culturing human glioma cells U87, T98 

and human teratocarcinoma cells NT2 with HUVECs in a fibrin gel system were 

characterized [169]. This model used to study the role of VEGF in vascular sprout 

formation and restate the relationship between VEGF and angiogenesis in GBM cultures. 

They suggested that VEGF is the only factor that regulates HUVEC growth under the co-

culture conditions. Khodarev et al., found that when U87 GBM was co-cultured with 

HUVECs, tumor cells stimulated the formation of the paracrine loops via soluble growth 

factors as well as the formation of autocrine loops in endothelial cells [170]. These results 

support the idea that multiple factors play roles in the stimulation of growth and 

differentiation of endothelial cells when co-cultured with glioma cells.  

    In this study, we introduced a 3D in vitro tumor model with an increased complexity 

by co-culturing GBM cells with HUVEC in a 3D PEGDA hydrogel microwell platform 

to mimic the in vivo GBM tumors microenvironment. We investigated whether 

endothelial cells influence GBM tumor growth and progression. To gain further insight 

into the signaling pathways, we studied the gene expression profiles of the 3D in vitro co-

culture, by using qPCR and quantified PECAM-1/CD31, KDR/VEGFR2 and 

Phosphatidylinositol 3-kinase regulatory subunit alpha (PIK3R1). Our fluorescence 

intensity and gene expression data suggested that 3D co-culture spheroids generated in 

the hydrogel microwell platform could mimic the tumor microenvironment. We believe 

that our 3D co-culture spheroids could be effective for 3D in vitro angiogenesis, gene 

expression profiles and high throughput drug screening studies. 
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3.2. Results 

3.2.1. Cell Culture Studies  

     In this study, mono and co-culture spheroid growths were monitored over 21 days 

using the fluorescence microscope; the effect of the cell-seeding ratios on the cell 

spheroids’ formation was observed. To assess the uniformity and formation of spheroids, 

we tracked the GBM and HUVEC cells using blue and red cell trackers, respectively. At 

a ratio of GBM:HUVEC 1:1, mono-culture GBM cells formed tight 3D spheroids in 

PEGDA hydrogel microwells within 21 days of culture. We observed that the GBM 

spheroid’s size was controlled by the size of the microwell regardless the culturing time 

as shown in Figure 3.1A, GBM column. HUVEC mono-culture showed that the cell-cell 

contact was not as confluent as GBM tumor cells (Figure 3.1A, HUVEC column).  

GBM-HUVEC co-culture was also relatively uniform in spheroid shape (Figure 3.1A, 

co-culture column). When we increased the seeding ratio to 3:1, the ratio-dependent 

behavior of the GBM cells was observed as expected (Figure 3.1B, GBM column). Cells 

growth and formation of the spheroids were higher than 1:1 ratio as observed in Figures 

3.1A and B, GBM columns. At 3:1 ratio, GBM mono-culture and GBM-HUVEC co-

culture showed relatively uniform spheroid shapes compared to HUVEC mono-culture as 

we can see in Figure 3.1B. The side view images of the GBM-HUVEC co-culture also 

showed that cells were able to grow as 3D cell spheroids as shown in Figure 3.1C. 
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Figure 3. 1. Fluorescence microscopy images of cells within microwells (A-B) Mono and 
co-cultured cells at a ratio of 1:1 and 3:1. (C) Fluorescence side view image 
at a ratio of 3:1. Scale bars represent 200 µm.    
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     When GBM was co-cultured with HUVECs with the ratio of 1:1, there is statistically 

significant difference in the observed fluorescence intensity both for time (days) p<10-12 

and cell types (GBM vs. HUVEC vs. GBM+HUVEC) p<10-8 with two-way ANOVA. A 

significant increase in HUVEC mono-culture growth was observed starting from day 7 

and a decrease was observed at day 21. When comparing day 21 data, t-test showed that 

GBM and HUVEC are different with p<10-3, GBM and GBM + HUVEC are different 

with p<10-3 and no significant differences were observed between HUVEC and GBM + 

HUVEC. 

     When GBM was co-cultured with HUVECs with the ratio of 3:1, we observed that 

there is statistically significant difference both for time (days), as well as for cell types 

(GBM vs. HUVEC vs. GBM+HUVEC) p<10-30. For day 21, we have statistically 

significant difference for all 3 cases (GBM vs. HUVEC p<10-3, GBM vs. GBM + 

HUVEC p<0.01 and HUVEC vs. GBM+HUVEC p<10-8, t-test) (Figure 3.2). We 

observed a significant increase (p<10-30) (two-way ANOVA) in cell growth when the 

ratio was increased however when the GBM cells and HUVECs were co-cultured in the 

ratio of 3:1 in the microwells, there was a decrease in the cellular growth at day 21.  

     The 3D spheroid formation of the co-cultured cells was observed with confocal 

imaging. We stained the cells with calcein AM to asses cell viability and the high green 

fluorescence determined the living cells with high viability in the microwells. The 

merged blue and red fluorescence from the cell trackers of GBM and HUVEC 

respectively, also showed that the cells were able to grow together to form 3D spheroids 

(Figure 3.3).  
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Figure 3. 2. Cellular growth of GBM and HUVEC spheroids over a period of 21 days in 
the microwells (* denotes p < 0.05, ** denotes p < 0.01, sample size n=16).  
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Figure 3. 3. Confocal images of 3D GBM-HUVEC co-culture spheroids tracked with 
blue and red Cell Trackers, respectively, within the microwell. Scale bar 
corresponds to 100 µm. 

 
3.2.2. Gene Expression Studies 

     To further test the viability of our PEGDA hydrogel platform we investigated the 

molecular characteristics of the tumor spheroids resulting from GBM and HUVEC co-

culture. Our results indicate that co-culture significantly upregulated CD31 expression by 

14.9-fold when compared to HUVEC mono-culture (p<0.05) as shown in Figure 3.4. At 

the same time, the relative change in the expression of CD31 in co-culture when 

compared to GBM mono-culture was only 1.36-fold. 

     To extent gene expression analysis, we investigated the expression of VEGFR2 in 

GBM-HUVEC co-culture. In Figure 3.4, although the results did not reach statistical 

significance, gene expression analysis showed a relative 2.8-fold up-regulation in 

VEGFR2 expression in co-culture, when compared to HUVEC mono-culture. 
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Additionally, lower levels of expression of the gene (only 1.28 fold change up-regulation) 

were detected in co-culture when compared to GBM cells. We noticed that PIK3R1 

showed an up-regulation trend in co-culture spheroids, with a relative fold change of 3.07 

when compared to GBM mono-culture. A lower level of up-regulation with a relative 

1.87 fold change was identified when comparing the GBM-HUVEC co-culture with 

HUVEC mono-culture as shown in Figure 3.4.  

     We performed western blotting to analyze the expression of VEGFR2 and CD31 

endothelial cell markers. Both cell lines U87 and HUVEC expressed VEGFR2. VEGFR2 

expression in co-culture was upregulated than the mono-cultures. Contrary to HUVEC 

that express a CD31, interestingly, GBM cells did not express endothelial cell marker 

CD31 although the gene expression results showed CD31 to be expressed to a certain 

degree in U87 cells. Co-culture of GBM and HUVEC cells displayed high expression of 

CD31 (Figure 3.5).  

3.3. Discussion 

     In this study, we co-cultured GBM and endothelial cells in order to investigate the 

progression of GBM cells co-cultured with endothelial cells in 3D microwells and better 

simulate the in vivo GBM tumor microenvironment. GBM cells and HUVECs were mono 

and co-cultured with 1:1 and 3:1 ratios, respectively and the spheroid growth was 

monitored over 21 days using the fluorescence microscope. We have previously 

concluded that the cell seeding concentration was important to get cell spheroids because 

the cancer spheroid’s growth was mostly controlled by the size of the microwells [133], 

which is also confirmed in the results of GBM:HUVEC 1:1 culturing ratio in Figure 

3.1A. 
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Figure 3. 4. Quantitative analysis of CD31, VEGFR2 and PIK3R1 genes using       
2^ΔΔCt method. Results correspond to 3:1 co-culture ratios (* denotes p< 
0.05). 

 

 

Figure 3. 5. Western blot analysis against VEGFR2 and CD31. β-actin expression was 
used as a loading control. Western blots are representative of three 
independent experiments.   
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     Consistent with our previous results [133], in this study, we observed the GBM 

spheroid formation in the microwells, the GBM and HUVEC co-culture studies also 

showed that, the co-cultured cells were able to form cell spheroids in the hydrogel 

microwells as shown in Figures 3.1A and B. When we compare the GBM:HUVEC co-

culturing ratios 1:1 and 3:1, mono-cultured tumor cells continued to grow for 21 days at 

both ratios, however a decrease in the HUVEC mono-cultures were observed at day 21, 

which could support the idea of stimulation of endothelial cells by tumor cells as the 

initial stages of the angiogenesis [170]. When comparing GBM:HUVEC 1:1 and 3:1 

culturing ratios, a significant increase in the cell growth was observed when the ratio was 

increased however when the GBM cells and HUVECs were co-cultured in the ratio of 3:1 

in the microwells, there was a decrease in the cellular growth at day 21. Fluorescence 

intensity measured by Live/Dead cell assay showed a decrease at day 21. This decrease 

could be due to the size of the microwells that constrains the growth of the cell spheroids 

or the lack of enough oxygen and nutrients in the core of the spheroids could result 

hypoxia in the tumor [171] (Figure 3.2). These finding suggest that tumor spheroid 

formation was ratio dependent as we expected. When two types of cells were co-cultured, 

our results showed that the 3:1 ratio was mimicking the in vivo environment of the cells 

better than 1:1 ratio. Our results are consistent with the literature since GBM tumor cells 

show continual unregulated proliferation [172], and invade HUVEC cells, as we can 

observe in the GBM-HUVEC stained image from Day 21 at a ratio of 3:1, in Figure 3.1. 

Also with this ratio, we were able to easily distinguish living cells by the enzymatic 

conversion of calcein AM to fluorescent calcein. As shown in Figures 3.1 and 3.2, we 

observed continuous tumor growth in our PEGDA hydrogel platform. For 14 days, which 



	   59	  

is extended culture time, the co-cultured cells were able to keep their high viability and 

their structures; they also showed an increased growth and development starting from day 

4 for both ratios.  

     To assess the reliability of our 3D in vitro co-culture platform, we investigated the in 

vitro gene expression differences between mono and co-cultures that mimic direct and 

indirect interactions of tumor and endothelial cells. We selected 3 genes (PECAM-

1/CD31, KDR/VEGFR2, PIK3R1) that have been shown to play important role in the 

tumor angiogenesis. Because of the role of CD31 (a cellular adhesion receptor) to initiate 

the cell-cell contacts in vitro experiments [173], CD31 is evaluated as one of the 

important gene for angiogenic process [177]. Our gene expression data showed a 

significant increase in the relative expression of CD31, when comparing co-culture 

samples with GBM and HUVEC mono-cultures. We hypothesized that the relative down-

regulation of CD31 in HUVEC cells might be related to the reduced cell-cell contact we 

observed in our HUVEC mono-cultures, as a result of decreased cell viability at this 

stage. Similar observations have been reported in sub-confluent HUVEC cell cultures 

with reduced cell-cell contact [174–176]. At the same time, the expression of CD31 in 

co-culture was slightly upregulated when compared to GBM mono-culture. This result 

might be explained with previous observations, which showed CD31 to be expressed to a 

certain degree in GBM cells [77].  

     3D in vitro co-culture models can restate fundamentals of the angiogenic process, 

including endothelial cell proliferation. Angiogenesis is regulated by growth factors and 

their receptors. As a growth factor receptor, VEGFR2 have shown to be directly 

correlated with angiogenesis and malignancy of GBM which is highly angiogenic tumor 
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and overexpress VEGFR2 [178]. Therefore, we also demonstrated VEGFR2 expression 

differences in mono and co-cultures. We observed a relative fold increase in VEGFR2 

expression in co-culture when comparing co-cultures with mono-cultures that confirmed 

the role of VEGFR2 as marker for tumor angiogenesis in our 3D in vitro co-culture 

model. Moreover, when compared to GBM mono-culture, we observed relatively similar 

levels of expression of the VEGFR2 which suggests that it is expressed in cancer cells, as 

previously reported [168, 179–181].  

     Phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases and they are involved in 

several important regulatory pathways such as regulation of cell cycle, apoptosis, DNA 

repair, angiogenesis, and cellular metabolism and in endothelial cell migration during 

angiogenesis through VEGF signaling [182]. It has been reported that the 

phosphatidylinositol-3-OH kinase complex and the regulatory subunit gene (PIK3R1) can 

be mutated either by deletion of PTEN (phosphatase and tensin homologue, located on 

chromosome TEN) and/or amplification of VEGFR and their alteration is involved in 

tumorigenesis in several cancer types including glioblastoma [58, 183, 184]. Previous 

studies highlighted PIK3R1 to be among the genes significantly mutated in GBM [185–

187]. VEGFR2 has binding sites for p85 regulatory subunit of PI3K and its binding result 

in increased PI3K activity in vitro, which is responsible for endothelial cell proliferation 

[188]. However in terms of gene expression, the regulatory subunit gene PIK3R1 was 

neither amplified nor overexpressed in GBM [189]. To ascertain whether our 3D in vitro 

microwell co-culture model influences the expression of PIK3R1 gene and check the 

contribution of PIK3R1 gene in GBM and HUVEC culture, we also investigated 

regulatory subunit gene PIK3R1. We observed PIK3R1 to be upregulated in co-culture 
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spheroids when compared to GBM mono-culture and a lower level of up-regulation was 

noticed when comparing co-culture with HUVEC mono-culture.  

     To test the hypothesis that HUVEC cells act on GBM cells, we investigated the mono 

and co-cultured cells. We performed western blotting to analyze the expression of 

VEGFR2 and CD31 endothelial cell markers. Although VEGFR2 is known as an 

endothelial cell protein, evidence suggests that it may be expressed by cancer cells [190]. 

Our results showed that both cell lines GBM and HUVEC expressed VEGFR2, whereas 

GBM cells expressed VEGFR2 less than HUVECs. Co-culture of GBM-HUVEC 

expressed stronger VEGFR2 than the mono-cultures (Figure 3.4). Western blots results 

for CD31 endothelial cells marker showed that HUVEC expresses CD31. However, 

GBM cells did not express endothelial cell marker CD31 showing that GBM cells were 

distinct from endothelial cells, consistent with previous reports [191].  

     Although, the qPCR results of co-culture vs. GBM displayed higher expression of 

CD31 than mono-cultures, studies showed that gene expression is controlled at many 

different stages between transcription and translation and changes in gene expression 

level may not be frequently reflected at the protein level [192–195]. The higher 

expressions of VEGFR2 and CD31 in both co-cultures suggest that the interaction of 

endothelial cells with tumor cells could effect the expression of cell markers. 
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Chapter 4. Delta-24-RGD Induced Cytotoxicity Of Glioblastoma Spheroids In 

Three Dimensional PEG Microwells  

4.1. Introduction 

     For several decades, oncolytic viruses (OV) have been used as a promising approach 

for cancer therapy in both preclinical models and clinical trials with human patients 

because OVs are able to replicate selectively in cancer cells after genetic mutations. OVs 

show multiple cancer killing mechanism including (i) direct oncolysis of cancer cells by 

the virus (e.g., apoptosis, necrosis and autophagic cell death) [196], (ii) necrotic death of 

the uninfected cells induced by anti-angiogenesis and anti-vasculature of OVs [197] and 

(iii) activation of innate and tumor-specific immune cells resulting in a cytotoxic effect 

on cancer and stromal cells [198]. They can infect both normal and cancer cells, but 

replication can only occur in cancer cells. When the cancer cell is lysed, infective viral 

progeny is released into remaining tumor tissue and infects other neighboring cancer cells 

[199]. As the most commonly used vectors, adenoviruses (Ad) (24%) and retroviruses 

(20%) have been reported to be the most effectives (Figure 4.1)  

4.1.1. Adenoviruses  

     The adenovirus belongs to the family Adenoviridae, which is divided into four 

established genera: Mastadenovirus originating from mammals, Aviadenovirus from 

birds and the two smaller genera, Atadenoviruses and Siadenovirus, originating from a 

broad range of hosts including reptiles and ruminants [200]. The various types of human 

Mastadenovirus are divided into six species (A–F) based on DNA homology and 

hemagglutination patterns [201]. Adenovirus class C serotype 5 (Ad5) is the most well-

described serotype, with a genome of approximately 36 Kbp [202]. 
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Figure 4. 1. Graphical representation of transfer vectors used in clinical settings    

provided by Wirth and Ylä-Herttuala [203].  
    
     Ads were first characterized by Rowe and colleagues in the 1950s from tonsils and 

adenoid tissues of children with acute respiratory infections; epithelial cells are the 

primary targets for adenovirus pathology [204]. They are considered to have low-

pathogenicity due to the self-limiting infections [205].   

     Ads are non-enveloped, DNA viruses. The mature adenovirus particle is ~70–100 nm 

in diameter and consists of an icosahedral-shaped capsid with a double stranded DNA 

genome. The protein capsid of the adenovirus promotes virus attachment and 

internalization. Initially, the fiber knob domain containing a Coxsackie and Adenovirus 

receptor (CAR) cell receptor serves as the principal attachment receptor and the Arg-Gly-
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Asp (RGD) motif in the penton-based capsid promotes the internalization through αv 

integrins [206] (Figure 4.2). Then, the virion is released from the endosomes.  

Figure 4. 2. Schematic representation of the adenovirus structure [207]. 
 
     Adenovirus transcription can be divided into two phases: Early and Late Phases. The 

Ad5 genome is made up of four early genes (E1–E4) and five late genes (L1–L5) as 

shown in Figure 4.3. The proteins of the early phase are expressed from six different 

transcription units: E1A, E1B, E2A, E2B, E3 and E4. Among the E-genes, E1 and E4 are 

involved in virus replication and cell cycle control; E2 gene products, E2A and E2B, are 
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involved in DNA replication; while E3 is involved in virus specific immune responses 

[208–211]. The E1 gene products, E1A and E1B, are regulatory factors that are necessary 

for transcriptional activation of the E-genes. E1A regulates the tumor suppressor protein, 

p53, and mediates cell cycle arrest or apoptosis upon DNA damage [212]. The late genes 

(L-genes) transcribed later than E-genes are from the same major late promoter (MLP) 

[213]. From a single transcript, at least 18 different late mRNAs are produced by splicing 

and grouped from L1 to L5. They encode structural proteins used for viral assembly. The 

signals responsible for the packaging of the adenovirus DNA into the capsid are the 

inverted terminal repeats (ITRs), which are present on the 5' and 3' ends. Upon assembly, 

adenoviruses express the adenovirus death protein (E3, which is 11.6K long) to lyse the 

cells allowing for their release and dissemination [214] (Figure 4.4). 

4.1.2. Adenoviruses As Cancer-Therapeutics 

     Clinical trials with adenoviruses have been conducted due to their potential as anti-

cancer therapeutics since their discovery in the 1950s [216]. Several approaches, which 

include the combination of viruses with cytotoxic drugs and radiation therapy, have been 

proposed to improve the oncolytic therapy. Most of the trials involve mutations or 

deletions of certain viral genes that can be complemented in tumor cells, but not in 

normal cells (Table 4.1).  
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Figure 4. 3. The adenovirus genome showing the early and late genes. Arrows indicate 
the direction of transcription [214].  
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Figure 4. 4. Adenovirus Basic Replication Cycle. Adapted from Wagner et al., [215]. 
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Table 4. 1. Representative gene therapy and virotherapy methods 
Delivery vehicle Virus 

type 
Mode of 
action 

Advantages Disadvantages 

Non replicating 
virus 

Adenovir
us 

Cell cycle 
arrest 

Focused action 
depending on the 
transferred gene 

Minimal 
transduction 
efficiency 

Replicating 
viruses 
(virotherapy) 

Modified 
adenoviru
s 

Direct cell 
lysis by the 
virus 

Multiply and spread to 
adjacent cells 

Intracranial 
administration 

 

     E1A gene recognizes Retinablastoma (Rb) protein and binds to it. The binding results 

in the cell cycle to move from G0 and G1 into S phase by the release of E2F. Then, E2F 

activates both the E2 promoter of the adenovirus and cell cycle-regulatory genes. Cell 

cycle arrests do to the binding of E1B 55K protein to E2F and the inhibition of p53. A 

mutation of p53 is one of the most frequent genetic alterations in cancer, occurring in 

more than 50% of cancers [217]. E1 gene-coding region mutated adenoviruses can 

replicate in Rb- or p53- deficient tumor cells, while the replication of the mutated viruses 

is reduced in normal cells with intact pathways [218]. In most brain tumors, it has been 

shown that either mutation of the p53 gene or posttranslational regulations cause the 

inactivation of the p53 [217]. Thus, targeting the p53 or Rb pathways becomes important 

since these are commonly disrupted pathways in most tumors. These conditional-

replicating adenoviruses could be selective for tumors.  

     Ad-p53, a type 5 replication-deficient human adenovirus with a region of the E1-

coding gene replaced with the cDNA of the wild-type p53 gene driven by the 

cytomegalovirus promoter, was first used by Zhang et al., [219]. It has been shown that 

Ad-p53 was effective against different types of tumor including lung, head, neck and 

brain tumors with a minimal toxicity in Phase I clinical trials [220].  

     In 1966, the first generation adenovirus vectors displaying replication-deficient 
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adenoviruses with mutant E1 gene-coding region was constructed for the clinical trials. 

ONYX-015, an oncolytic Ad2/Ad5 hybrid has a deletion in the E1B 55K gene-coding 

region. Therefore it does not express the E1B protein that regulates the inactivation of 

p53, transport of the viral mRNA, inhibition of the protein synthesis of the host cell, and 

reduction of the replication in normal cells with intact p53 [221].   

     Second generation adenovirus vectors were developed to overcome the limited 

transgene expression capacity. These vectors have deleted the E3 region for the insertion 

of the transgene expression cassette of up to 7.5 kb [222].  

     In order to reduce the immunogenicity of adenovirus vectors, the third generation of 

adenovirus vector was developed. They lack viral genes, but contain the inverted terminal 

repeats (ITRs) and the packaging signal in order to provide more capacity for transgene 

expression [223]. They were tested for gene replacement therapies [224].  

     Moreover, adenoviruses have been also modified to increase their infectivity in cancer 

cells with low levels of CAR by inserting the RGD-4C peptide into the HI loop of 

adenoviral fiber. This regulates the binding of the virus to the cell integrins with higher 

affinity [225].  

4.1.2.1. Adenovirus Delta-24 

     Oncolytic adenovirus Delta-24 (Ad-Δ24) was developed in the late 1990s by Fueyo 

and his colleagues [226]. Ad-Δ24 has a 24 bp deletion in the E1A gene-coding region. It 

is expressing a mutant E1A protein that does not bind to Rb and selectively replicates in 

tumor cell such as GBM with disrupted Rb pathway [226]. It has been showed that Ad-

Δ24 targets the Rb pathway with more efficiency than other mutant adenoviruses such as 

E1B [227].   
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     To enhance the tumor targeting efficiency, Ad-Δ24 has been improved with the RGD-

4C peptide motif inserted into the adenoviral fiber, which allows the adenovirus to attach 

directly to integrins [225]. The use of Delta-24-RGD (Δ24RGD) used on four GBM stem 

cell lines and xenografts, which were derived from glioma stem cells, increased 

autophagic cell death in tumor cells both in vitro and in vivo studies [228, 229].  

4.1.2.2. Oncolytic Viruses and 3D In Vitro Cell Culture Studies  

     Before the clinical applications, cell culture step is highly desirable for virus studies 

and for investigating the molecular biology of viral replication. Most commonly, virus 

studies are carried out in a two-dimensional (2D) environment as monolayer cultures 

[230–235]. However, several important limitations of 2D cell cultures have been 

recognized, such as the lack of reproducibility of the morphological and biochemical 

features, as well as microenvironmental conditions of the original tissues.  

     Studies using spheroid models, which could mimic in vivo characteristics of the 

tumors, have been reported [44, 236–239]. Adenovirus replication and virus insertion 

have been studied in 3D organotypic multicellular spheroid model, with both replication-

deficient and replication-competent adenoviruses [240]. It has been shown that 

replication-deficient adenoviruses had limited success in penetrating into the spheroids, 

while replication-competent adenoviruses were spread into the 3D spheroids [240].  

     Another possible approach for developing 3D spheroids is to use 3D hydrogels. 

Recent studies have investigated the use of hydrogels with diverse cell types including 

endothelial cells, cortical neurons, astrocytes and neuronal progenitor cells [241]. Baby 

hamster kidney cells cultured in 3D collagens were infected with Sindbis virus and the 

effect of the collagen gel on the virus interaction with cells was investigated [242]. It was 
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demonstrated that the Sindbis virus was capable of penetrating the 3D collagen gel and 

infecting the cells. 3D alginate-encapsulated cells were shown to be potentially useful in 

viral studies [243]. 2D and 3D adenoviral transduction of human mesenchymal stem cells 

(hMSCs) encapsulated in alginate, agarose and fibrin hydrogels were compared [244]. 

They showed that within these hydrogels, 3D adenoviral transduction generated more 

products per cell and was more efficient than 2D transduction.  

     Despite all the studies, to our best knowledge, there have not been explorations in the 

use of the 3D PEGDA microwells for the virus therapy in vitro. Therefore, in this study, 

we fabricated PEGDA hydrogel microwells and co-cultured 3D in vitro U87 GBM cells 

with HUVEC in the microwells as we reported in our previous study. Then, we infected 

the 3D co-culture spheroids with Δ24RGD in order to examine the cytotoxic effect of the 

adenovirus at various MOIs over a period of 10 days and assess the reliability of our 3D 

hydrogel microwell platform in virus treatment. We subsequently compared the results 

obtained with our platform with those from 2D monolayer cell culture.  

4.2. Results 

4.2.1. Oncolytic Δ24RGD-GFP activity in 2D cell culture and 3D tumor spheroids   

     To examine the differences of adenoviral infectivity in 2D monolayer cultures and 3D 

spheroids fabricated in the PEGDA hydrogel microwell platform, we were first co-

cultured GBM cells with HUVECs at a ratio of 3:1, respectively. We then infected both 

2D monolayer cells and 3D tumor spheroids with three different doses of Δ24RGD. 

Monolayer cultures and 3D spheroids were observed for 10 days post-infection and 

results are shown in Figures 4.5 and 4.6, respectively. In 2D monolayer culture, at day 3 

post-infection, cells showed continual growth when we infected them with MOIs of 10 
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and 50. However, they started to lose their monolayer morphology and detached from the 

bottom of the culture flask after infection at a MOI of 100. When the dose was increased 

from MOIs of 10 to 50 and 100, there was a progressive accumulation of vacuoles in the 

cell population. At day 10 post-infection, we observed various vacuolization in infected 

cells but not in uninfected control groups, which maintained monolayer cell morphology 

(Figure 4.5). With the increase of multiplicity of viral infection, the formation of 

vacuolization and disruption of the cellular structures were increased compared to MOIs 

of 10 or 50 as shown in Figure 4.5.  

     In 3D co-culture spheroids, it was observed that the edge of the uninfected control 

spheroids remained clear and cells continued to grow over 10 days. The Δ24RGD-

infected spheroids lost their spheroid shape starting from day 3 post-infection. A distinct 

cytopathic effect was observed at the periphery of the spheroids after 3 days of infection. 

Cells were clearly observed detaching from the spheroid at day 10 post-infection (Figure 

4.6A). The cell death was also observed in 3D co-culture spheroids. Bright field images 

taken with 20X magnification of fluorescence microscopy at day 10 post-infection 

demonstrated the increased in the vacuole formation when the multiplicity of infection 

was increased as shown in Figure 4.6B. When we used MOI of 10 of Δ24RGD, the 

formation of vacuoles was relatively smaller than MOIs of 50 or 100 (Figure 4.6B) as we 

expected.  

     After the infection with a MOI of 50, we stained cells with ethidium homodimer to 

detect cell death at days 1, 3 and 10. We observed GFP expression, which showed 

adenoviral infection of the both 2D monolayer cells and 3D co-culture spheroids, starting 

from Day 1 post-infection, using confocal microscopy as shown in Figure 4.7A. 
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Expression of GFP showed that Δ24RGD was successfully replicated in the co-culture 

spheroids and infected cells. At day 3 post-infection, cells started to die. Red dots 

represent death cells caused by the Δ24RGD as shown in Figure 4.7B. However, 

confocal images showed that cells were still keeping their spheroids shapes at day 3 post-

infection. At day 10 post-infection, we observed an increase in the red cells that 

represented increased cell death induced by Δ24RGD in 3D tumor spheroids. The 

integrity of the spheroid was almost lost as shown in Figure 4.7C. 

     For the in vitro characterization of Δ24RGD on 2D monolayer cells and 3D spheroids, 

trypan blue staining showed a viral dose-dependent decrease in cell viabilities. Figure 

4.8A shows Δ24RGD infection in cell cultures; Δ24RGD induced 30% to 41% and 37% 

to 65% cell death at the viral doses ranging from MOIs of 10 to 100 in 2D monolayer 

cells and 3D co-culture spheroids, respectively. When we compare multiplicity of 

infections of 10, 50 and 100, overall cell lysis was 1.1, 1.4 and 1.7-fold more 

respectively, in 3D co-culture spheroids than 2D monolayer. Our statistical analysis 

indicated that cell viability after 10 days of infection was significantly reduced when cells 

were treated with Δ24RGD for both culture types and each different dose (p<0.01, two-

way ANOVA, n=3) as shown in Figure 4.8A. When we compared the differences 

between the two culture types, the results suggested that there is statistical significance in 

the cell viability between 2D monolayer and 3D spheroid culture for each of the three 

doses (p<0.01, using t-test). 
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Figure 4. 5. 2D U87 and HUVEC monolayer cells infected with Δ24RGD. The  
                    images are representative views of three independent experiments. Scale  
                    bars represent 100 µm. 
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Figure 4. 6. Oncolytic activity of Δ24RGD on 3D co-culture spheroids. (A) Lysis of  
                    the 3D spheroids. Scale bars represent 200 µm. (B) At day 10 post-infection,  
                    formation of the vacuoles in the cells. Scale bars represent 40 µm. 
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Figure 4. 7. Confocal microscopy image of Δ24RGD expressing GFP infected cells  
                     with a MOI of 50. Scale bars represent 200 µm. 
 
     Western blot analysis assessed the expression of E1A protein. Tumor spheroids were 

infected with a multiplicity of infection 10, 50 and 100. On day 10 post-infection, they 

are subjected to immunoblot analysis. Uninfected control cells were used as controls. β-

actin was used as a loading control and the basal level of expression was assessed in 

uninfected control groups. Day 10 post-infection results confirmed that E1A was 

expressed in both 2D monolayer and 3D spheroid cultures. We observed that the 

expression of E1A was upregulated for both cell cultures when the MOI was increased 

comparing to uninfected control as shown in Figure 4.8B.  

4.3. Discussion 

     We have previously showed that the use of PEGDA hydrogel microwells facilitated 

the 3D spheroid formation [133]. In this study, we used the same methods to generate 3D 

GBM-HUVEC co-culture spheroids. Then we investigated therapeutic effect of the 

replication competent Δ24RGD on 3D tumor models fabricated in the PEGDA hydrogel 

microwells. We also compared our results to 2D conventional models. Δ24RGD has been 

shown as a potential GBM therapy in preclinical studies [225, 245, 246]. Therefore, our 

initial reason for applying the replication-competent virus was based on the ability of the 

virus to penetrate into the tumor spheroids [247–250]. 

(A) (B) (C) 
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Figure 4. 8. In vitro characterization of Δ24RGD in 2D monolayer and 3D tumor  
                    spheroids. (A) Cell viability assay. (* denotes p < 0.05, ** denotes p < 0.01).   
                    (B) Western blot analysis of the late adenoviral protein E1A.  
 
 
     We demonstrated the strong replication and oncolytic potential of Δ24RGD in 3D 

spheroid co-culture, which was generated in hydrogel microwells. During 10 days of 

infection, the loss of the cell spheroid integrity was clearly observed in the microwells at 

(B)	  
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all doses (Figures 4.6 and 4.7). However, due to the 3D spheroid shape, it was important 

to determine the dose of the virus. Possibly, the dose of 10 MOI in 3D spheroids was too 

low to induce enough cell lysis compared to MOIs of 50 and 100 (Figure 4.6A). The 

adenovirus-induced autophagic vacuoles and their role in the cell lysis was previously 

documented in 2D monolayer cultures [228, 251, 252]. We showed that 3D spheroids in 

PEGDA hydrogel microwells were also successfully infected with Δ24RGD at all viral 

doses and underwent cell death (Figure 4.6B). We assessed expression of the green 

fluorescent protein and detected GFP expression in 3D co-culture spheroids as shown in 

Figure 4.7. Our results indicated successful adenoviral infection based on the intense 

green fluorescence from the GFP. The adenovirus-induced vacuolization, which leads to 

autophagic cell death was shown to be associated with the cell lysis [252]. When we used 

ethidium homodimer to stain the co-cultured cells infected with a MOI of 50, we 

observed that cells were stained. The staining of the cells’ DNA was caused by the 

disruption in the cell membrane, which could be related to autophagic cells death (Figure 

4.7).  

     To test the adenoviral therapeutic differences between 2D monolayer and 3D 

spheroids, we infected both types of cell cultures with Δ24RGD. In our study, Δ24RGD 

induces the formation of vacuoles and cell lysis in both 2D monolayer and 3D spheroids 

cultures, providing similar conditions in 2D and in vivo studies [228, 249, 253, 254]. 

After 10 days of infection, the viability of the spheroids significantly decreased compared 

to uninfected controls, when the multiplicity of infection increased, as expected for both 

culture types. However, under these conditions, all three dosages tested for 3D spheroids 

showed a significant decrease in cell viability compared to 2D monolayer culture. The 
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cell viability results suggested that Delta-24-RGD caused 37%, 54% and 65% cell lysis in 

3D spheroids with MOIs of 10, 50 and 100 approximately respectively, significantly 

higher than the 31%, 36% and 41% in 2D monolayer cells as shown in Figure 4.8A. 

Expression of E1A is required for tumor-specific viral replication and production of the 

virus [255]. Our results suggested that the virus replication at all doses were also in 

complete agreement with the findings on the expression of early 1A adenoviral protein 

(Figure 4.8B).  

     Since solid tumors like GBM have 3D shapes in vivo, it is important to design 3D 

models that mimic the in vivo characteristics of the tumors and provide a suitable 

microenvironment for the interaction of oncolytic adenoviruses with the tumor models, 

which is essential for studies investigating the use of oncolytic viruses as alternative 

cancer treatment. Therefore, in this study we proposed a novel approach to analyze the 

interactions of Δ24RGD with 3D tumor spheroids generated in PEGDA hydrogel 

microwells. The results suggested that our hydrogel microwell platform could provide a 

useful 3D spheroid model to investigate the oncolytic potential of the viruses in vitro. We 

believe that this platform could provide a trustable preclinical platform for virus studies 

and may reduce to a certain extent the need for in vivo studies.  
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Chapter 5. Conclusion and Future Considerations 

     In this study, a novel 3D in vitro co-culture system was described for the investigation 

and modeling of in vivo environment of 3D GBM tumor cells. Their interactions with 

endothelial cells and adenoviruses for the tumor treatment were investigated.  

     We used our recently generated 3D microwell platform [133] in order to investigate 

the progression of 3D GBM spheroids co-cultured with endothelial cells. In our previous 

study we showed that in vitro 3D spheroids were successfully constructed in the PEGDA 

microwells in which we can control the spheroid’s size and shape due to the cell-repellent 

properties of the PEG-based hydrogels [133]. 3D in vitro GBM spheroids generated in 

PEGDA hydrogel microwells showed rapid and reproducible method for the fabrication 

of 3D tumor spheroid models. Based on our previous results, we co-cultured 3D GBM 

cells with endothelial cell spheroids. We used two different ratios of GBM cells and 

HUVECs (1:1 and 3:1). This approach supported the idea of stimulation of endothelial 

cells by tumor cells at initial stages of angiogenesis [170]. Fluorescence intensity study 

confirmed the cellular growth of the 3D co-culture spheroids over a period of 14 days. 

Additionally, gene expression studies suggested that the down-regulation of the cellular 

adhesion molecule CD31 in HUVECs, could be related to the decreased cell-cell 

interaction observed in HUVEC mono-culture, which has previously reported for sub-

confluent cell cultures with reduced cell-cell interaction [174–176]. The co-culture 

spheroids were found useful over 14 days for the high-throughput drug screening with 

anti-angiogenic potential in cancer research. Therefore, we then investigated therapeutic 

effect of the replication competent Δ24RGD on 3D tumor models fabricated in the 

PEGDA hydrogel microwells.  
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     Since solid tumors like GBM have 3D shapes in vivo, it is important to design 3D 

models that mimic the in vivo characteristics of the tumors and provide the interaction of 

the oncolytic adenovirus with the tumor models for the alternative treatment. In the 

second part of this study, we studied the interaction of Δ24RGD on 3D tumor spheroids. 

We applied three different doses of Δ24RGD on 3D tumor spheroids and 2D monolayer 

to compare the adenoviral therapeutic differences between two cell cultures. Δ24RGD 

induced autophagy and cell lysis in both 2D monolayer and 3D spheroids cultures, 

providing similar conditions in 2D and in vivo studies [228, 249]. However, all three 

dosage showed a significant decrease in cell viability compared with 2D monolayer 

culture. Therefore, we believed that our hydrogel microwell platform could provide a 

useful 3D spheroid models to investigate the oncolytic potential of the viruses in vitro. 

We believe that this platform could provide a trustable preclinical data for virus studies 

that could also reduce the need for in vivo studies in terms of time.  

     Although PEGDA hydrogel microwells have been shown in this dissertation to be 

useful for the generation of 3D GBM tumor spheroids, several features could be 

improved to provide better results. In our previous study, we investigated the cellular 

growth over 21 days and concluded that PEGDA hydrogel microwells with different sizes 

(200 µm to 600 µm) and shapes (squares and rounds) were able to control the size, shape 

and the cellular growth of the GBM mono-cultures for long term culture [133]. In this 

study, we co-cultured GBM cells with endothelial cells in the 3D microwells for 21 days 

in order to increase the complexity of the cell culture. However in contrast to our 

previous study, when we used higher GBM ratio in the co-culture (GBM:HUVEC, 3:1), 

we observed a decrease in the cellular growth at day 21 for both mono and co-cultures.     
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     We hypothesized that this decrease could be due to the size of the microwells that 

limits the growth of the 3D cell spheroids [133] or due to the high ratio of the cells, the 

lack of enough oxygen and nutrients in the core of the 3D spheroids could induce 

hypoxia in the tumor spheroids [171]. The long-term culture of high ratio cell culturing 

has not been successfully demonstrated in this system. Therefore, the system could be 

improved to maintain long-term cell viability.  

     We observed a decrease in the expression of CD31 in HUVEC mono-culture, although 

CD31 gene is known as endothelial cell adhesion molecule. The reason that causes this 

decrease has to be investigated more in order to provide more efficient co-culture model. 

Additionally, when we observed a decrease in the cellular growth at day 21, we 

hypothesized that the lack of enough oxygen and nutrients in the core of the 3D spheroids 

might induce hypoxia in the tumor spheroids [171]. Therefore, the hypoxic conditions 

and the difference in the HIF-1 gene expression could be investigated using quantitative 

real-time PCR analysis.   
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