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Abstract 
 

Cancer is a serious health and social issue, causing about 8.2 million deaths 

worldwide. Of the most common cancer treatments, chemotherapy has shown the most 

promise in treating widespread cancers. Angiogenesis – the development of new blood 

vessels from pre-existing microvasculature – is a trademark of cancer that requires 

endothelial cell proliferation, cell migration through extra-cellular matrix, and cell-cell 

interactions. Understanding the angiogenic mechanisms of tumors is therefore essential 

for the development of reliable and effective therapies for cancer treatment.  Although 

several in vivo/in vitro models have been developed to study these mechanisms, they 

have had limited success. Therefore, there remains a significant need for a reliable, cost-

effective, three-dimensional (3D), in vitro angiogenesis model to investigate tumor 

formation. To address this need, we have developed a novel 3D in vitro GelMA-based 

platform that supports the co-culture of Glioblastoma and endothelial cells, and thus 

better mimics the in vivo microenvironment. 

Recently, our lab has investigated the efficacy of a novel 3D PEG hydrogel 

microwell platform by treating GBM spheroids in vitro with two widely-used FDA-

approved drugs, Pitavastatin and Irinotecan, at different concentrations, individually and 

in combination. Our results show that the 3D in vitro platform we developed can be used 

to test drug sensitivity in vitro, while also having the potential for application in 

angiogenesis studies. In this study, we modified this 3D platform to better mimic an in 

vivo like microenvironment by using GelMA instead of PEG hydrogel to support co-

cultured Glioblastoma and endothelial cells. Our studies confirmed in vitro formation of 



 

viii 

microtubules during the angiogenesis process.  

In the second part of this study, we tested the effectiveness of the angiogenesis 

inhibitor, TNP-470, in slowing or inhibiting the anti-angiogenic process in the 3D in vitro 

GelMA platform. Our data confirmed that the angiogenesis drug, TNP-470, was effective 

in significantly reducing the angiogenic progression of the GBM spheroids in the in vitro 

platform.  

We believe that our GelMA hydrogel based platform provides a novel, closed-

loop system, 3D in vitro cancer model of cancer spheroids feeding through blood vessels. 

This platform can also be used for testing the effectiveness of other anti-angiogenesis 

drugs.  
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Chapter 1. Background Introduction and Significance 

1.1. Cancer  

Cancer, the name for a group of more than 100 diseases, is a serious health and 

social issue worldwide which is characterized by the uncontrolled growth and spread of 

abnormal cells. According to the American Cancer Society, cancer is the second leading 

cause of death in the United States which accounted for 23% of total deaths, following 

heart disease [1]. For 2016, an estimated total of 1,685,210 new cancer cases will be 

diagnosed in the United States and about 595,690 Americans are expected to die from 

this disease. These estimated numbers by genders for selected cancer sites are shown in 

Table 1-1. Prostate, lung and bronchus cancer are the 3 most commonly diagnosed 

cancers, accounting for 44% of all cases in men. For women, breast cancer is the most 

common disease, representing more than one-quarter (29%) of all new cancer diagnosed. 

Due to advances in cancer prevention, early detection, and treatment, the lives of patients 

today are already improving. Henley et al. demonstrated that approximately two of three 

Ameicans survive ≥ 5 years after diagnosis with an invasive cancer [2]. The cancer death 

rate dropped 23% after two decades from 215.1 per 100,000 populations in 1991 to 166.4 

in 2012 [3]. However, cancer is still a challenge for physicians by predicting to become 

the leading cause of death by 2030 in the United States [4]. On global level, World 

Health Organization (WHO) estimated that the number of cancer deaths could increase 

by as much as 80% [5]. Therefore, $125 billion was spent on cancer care in the United 

States in 2010 and this figure could reach $156 billion by 2020 [6, 7].  
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Table 1-1-1 Estimated New Cases and Deaths of Cancer by Sex in the United States 
2016. Adapted from Siegel et al., [1]. 

  Estimated New Cases Estimated Deaths 

  Both Sexes Male Female Both Sexes Male Female 

All sites 1,685,210 841,390 843,820 595,690 314,290 281,400 

Oral cavity & pharynx 48,330 34,780 13,550 9,570 6,910 2,660 
Tongue 16,100 11,700 4,400 2,290 1,570 720 
Mouth 12,910 7,600 5,310 2,520 1,630 890 
Pharynx 16,420 13,350 3,070 3,080 2,400 680 
Other oral cavity 2,900 2,130 770 1,680 1,310 370 

Digestive system 304,930 172,530 132,400 153,030 88,700 64,330 
Esophagus 16,910 13,460 3,450 15,690 12,720 2,970 
Stomach 26,370 16,480 9,890 10,730 6,540 4,190 
Small intestine 10,090 5,390 4,700 1,330 710 620 
Colon 95,270 47,710 47,560 49,190 26,020 23,170 
Rectum 39,220 23,110 16,110       
Anus, anal canal, & anorectum 8,080 2,920 5,160 1,080 440 640 
Liver & intrahepatic bile duct 39,230 28,410 10,820 27,170 18,280 8,890 
Gallbladder & other biliary 11,420 5,270 6,150 3,710 1,630 2,080 
Pancreas 53,070 27,670 25,400 41,780 21,450 20,330 
Other digestive organs 5,270 2,110 3,160 2,350 910 1,440 

Respiratory system 243,820 132,620 111,200 162,510 89,320 73,190 
Larynx 13,430 10,550 2,880 3,620 2,890 730 
Lung & bronchus 224,390 117,920 106,470 158,080 85,920 72,160 
Other respiratory organs 6,000 4,150 1,850 810 510 300 

Bones & joints 3,300 1,850 1,450 1,490 860 630 

Soft tissue (including heart) 12,310 6,980 5,330 4,990 2,680 2,310 

Skin (excluding basal & squamous) 83,510 51,650 31,860 13,650 9,330 4,320 
Melanoma of the skin 76,380 46,870 29,510 10,130 6,750 3,380 
Other nonepithelial skin 7,130 4,780 2,350 3,520 2,580 940 

Breast 249,260 2,600 246,660 40,890 440 40,450 

Genital system 297,530 191,640 105,890 57,730 26,840 30,890 
Uterine cervix 12,990   12,990 4,120   4,120 
Uterine corpus 60,050   60,050 10,470   10,470 
Ovary 22,280   22,280 14,240   14,240 
Vulva 5,950   5,950 1,110   1,110 
Vagina & other genital, female 4,620   4,620 950   950 
Prostate 180,890 180,890   26,120 26,120   
Testis 8,720 8,720   380 380   
Penis & other genital, male 2,030 2,030   340 340   
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Table 1-1 Estimated New Cases and Deaths of Cancer by Sex in the United States 2016. 
Adapted from Siegel et al., [1] (continued). 

  Estimated New Cases Estimated Deaths 

  Both Sexes Male Female Both Sexes Male Female 

Urinary system 143,190 100,920 42,270 31,540 21,600 9,940 
Urinary bladder 76,960 58,950 18,010 16,390 11,820 4,570 
Kidney & renal pelvis 62,700 39,650 23,050 14,240 9,240 5,000 
Ureter & other urinary organs 3,530 2,320 1,210 910 540 370 

Eye & orbit 2,810 1,510 1,300 280 150 130 

Brain & other nervous system 23,770 13,350 10,420 16,050 9,440 6,610 

Endocrine system 66,730 16,200 50,530 2,940 1,400 1,540 
Thyroid 64,300 14,950 49,350 1,980 910 1,070 
Other endocrine 2,430 1,250 1,180 960 490 470 

Lymphoma 81,080 44,960 36,120 21,270 12,160 9,110 
Hodgkin lymphoma 8,500 4,790 3,710 1,120 640 480 
Non-Hodgkin lymphoma 72,580 40,170 32,410 20,150 11,520 8,630 

Myeloma 30,330 17,900 12,430 12,650 6,430 6,220 

Leukemia 60,140 34,090 26,050 24,400 14,130 10,270 
Acute lymphocytic leukemia 6,590 3,590 3,000 1,430 800 630 
Chronic lymphocytic leukemia 18,960 10,830 8,130 4,660 2,880 1,780 
Acute myeloid leukemia 19,950 11,130 8,820 10,430 5,950 4,480 
Chronic myeloid leukemia 8,220 4,610 3,610 1,070 570 500 
Other leukemia 6,420 3,930 2,490 6,810 3,930 2,880 

Other & unspecified primary sites 34,170 17,810 16,360 42,700 23,900 18,800 
 

In treatment of cancer, depending on the cancer type and stage, the age and health 

conditions of the patient, and other medical problems, doctors will determine the type of 

treatment, such as surgery, chemotherapy, and radiation alone or in combinations of these 

therapies to each patient [8]. However, each treatment plan has different side effects and 

it is hard to predict what side effects will occur, even when patients having same type of 

cancer get the same treatment.  

Surgery is often the first treatment option to remove the tumor entirely out of the 

body [9]. However, this method can be done only at early stage of cancer. At the 

beginning tumors grow locally, cancer cells then spread to the lymph nodes, and then to 
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the whole body as Halstedian model of cancer progression [10]. Therefore, when the 

cancer has metastasized to other sites in the body, complete surgical excision is usually 

impossible. The other limitation of surgery is depending on the position of the tumor 

[11]. If the tumor locates in high-risk area such as near a blood vessel or other delicate 

tissue, surgery might cause too much damage to the surrounding tissue. In this case, other 

cancer treatment options will be used. 

Radiation therapy is the method using high-energy rays to damage cancer cells’ 

genetic materials and make it impossible for these cells to continue to grow and divide 

[12, 13]. During treatment, radiation kills both cancer cells and normal cells but most 

normal cells can recover and function properly. Hence, radiation therapy for cancer 

patients is given in many fractions. The rest time periods allow healthy tissue to recover. 

The radiation itself is not painful, but the damage of tissue during treatment may cause 

side effects for patients such as skin irritation and fatigue [13]. Furthermore, radiation 

therapy has the same limitations as surgery when treatment depends on the position of the 

tumor and cannot apply if the cancer has metastasized. 

Chemotherapy is to use of drugs to kill cancer cells. One advantage of this 

method is once the drugs are given into a vein or they’re taken by mouth, they then travel 

through the body in the bloodstream, reaching cancer cells that may locate in different 

places in the body [14]. Moreover, new blood vessels around tumor are formed to supply 

oxygen and nutrients to the proliferating cancer cells [15]. Therefore, densely 

vascularized area and a “leaky” defective vascular architecture are advanced factors to 

apply chemotherapy in cancer treatment. However, high toxicity and lack of tumor 

specificity of current used drugs are problems of chemotherapy for cancer treatment [16]. 
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Recently, other kinds of treatment such as hormone therapy, stem cell or bone 

marrow transplant, immunotherapy, and targeted therapy have been introduced for cancer 

treatment. Doctors use hormone therapy to add, block and remove hormones from the 

body, which was applied to treat certain kinds of prostate and breast cancers [17].  

Immunotherapy, also called biologic therapy, is treatment activated and enhanced the 

cancer patient’s own immune system to fight cancer [18]. Targeted therapy is designed 

“drugs” to target the cancer cells only and reduce lower toxicity for healthy cells [19]. 

Although these methods still need further researches, they are bringing the hope for 

cancer patients. 

1.2. Chemotherapy in Cancer Treatment 

Chemotherapy is one of the most commonly used therapies to help patients fight 

cancer. Despite the fact that many efforts have been made over the last three decades, the 

development of chemotherapy for cancer treatment is limited because of high costs and 

long trial times. One of the major challenges in chemotherapy is the lack of novel drug 

screening techniques for preclinical testing of drug discovery. According to the Food and 

Drug Administration (FDA), it typically takes 13 years and an investment of around $1 

billion to bring a drug from the lab to the market, with a 95 percent risk of failure (Figure 

1-1) [20]. Some of the drugs given to particular patients do not provide long-term 

benefits and suffer serious side effects with minimal efficacy [21]. Therefore, we need to 

develop a state-of-the-art drug testing models to reduce the experimental cost and time as 

well as to enhance the effectiveness of the chemotherapy plan.  
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Figure 1-1 The process of drug development from preclinicial trials to FDA approval and 
market release [20].  

 

In contrast to normal cells, which follow an orderly path of growth, division, and 

death, cancer cells continue to grow and divide without restriction. Once a tumor reaches 

a certain size, the supply of nutrients and oxygen from the blood becomes compromised 

and in order for the cancer to continue proliferating, the cells require more direct contact 

to blood. The tumor releases chemical signals that stimulate and guide the growth of new 

blood vessels that will deliver blood and nutrients [22]. This process is called 

angiogenesis (Figure 1-2) [23]. Based on this concept, there are two targeting pathways 

for cancer chemotherapy: directly targeting tumor cells and indirectly targeting tumor 

cells by inhibiting tumor angiogenesis (Figure 1-2). In the first method, anti-cancer drugs 

are delivered to tumors to stop proliferation and kill cancer cells. The second targets 

tumor angiogenesis to impair the supply of nutrients and oxygen to the tumor and prevent 

tumor growth, and hence “starve” a tumor to death. 
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Figure 1-2 Two targeting pathways for chemotherapy in cancer treatment. Adapted from 
Siemann, D.W. [23]. 

 

1.3. Cancer Tumors for Drug Testing 

1.3.1. Tumor Cell Culture Model 

Traditional two-dimensional (2D) cell culture has been widely used to improve 

the understanding of cancer tumor behavior [24, 25]. The simple of cell culture process, 

and the convenience for imaging systems lead this method remain the most popular 

model for investigating the efficiency of chemotherapy drugs. However, many reports 

have pointed out 2D monolayers may be an inappropriate model for evaluating drugs [26, 

27]. First, intercellular interactions of cells grown in a monolayer do not like cells within 

tissues in the body [28]. Second, cells grown within tissue have the complex nutrient and 

metabolic transport processes, while in a monolayer cells are exposed to uniform culture 

conditions [29, 30]. These cell culture conditions lead to an unnatural mechanical and 

biochemical state that causes the expression of a specific set of genes is very different in 
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tumor samples than in cell lines of the same cancer types. Recent studies have shown that 

tumor-derived primary cell lines have shown high genomic similarity in their first few 

passages [31, 32]. However, the disruption of the tumor microenvironment changes the 

original cellular conditions and thus may illustrate inappropriate results for evaluating 

drugs. This is a major factor, showing the difference of drug efficacy when testing on cell 

cultures versus animal models or human trials [33].  

1.3.2. In Vivo Model  

Based on a presumption that similarities between animals and humans enable data 

from animal models to be extrapolated to humans, animal models have been essential in 

cancer research to evaluate of efficacy, toxicology and pharmacokinetics of new cancer 

drugs [34]. One animal model that has been widely used to study cancer biology and 

screen therapeutics is the xenograft. In this model, tumors grow after implantation of 

primary or immortalized human cancer cells into nude mice to mimic the tumor-growing 

environment [35]. There are two methods to generate xenografts: 1) subcutaneous model 

(tumor cells are injected under the skin of a mouse) [36, 37] and 2) orthotopic model 

(tumor cells are unjected into anatomically-relevant locations of a mouse) (Figure 1-3) 

[38, 39]. During tumor growth, immunocompromised (T-cell knockout) or severely 

immunodeficient (SCID, T- and B- cell knockout) mice are used in order to prevent 

immune-responses of host to the injected human cancer cells.  

Although xenograft models offer a number of advantages, including their ease of 

use, public availability, and relatively modest infrastructural needs, they are limited in 

use as preclinical models for drug testing. Euhus et al., reported the tumor measurements 

of response to therapy in nude mouse including the growth rate of the tumor, tumor 
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shrinkage/regression, and survival [40]. However, these measurements did not provide 

any understanding of the cell-killing mechanisms of the drugs. In recent reports, 

subcutaneous tumor models showed limitations when they did not represent relevant sites 

of human tumors [41]. Therefore, these models are not predictive when used to test 

responses to anti-cancer drugs [42]. In orthotopic xenograft models, stronger predictive 

response values were provided, especially when using a clinically relevant drug dosage 

but the development of additional imaging techniques is required to follow tumor growth 

[43]. In general, animal models should not be viewed as ideal models for drug testing. 

The need for skilled personnel, time-consuming, expensive, and technically challenging 

are obstructing animal models to be used as a clinical drug testing tool.  

 

	

	

Figure 1-3 Schematic generation of mice xenograft model for drug screening. Adapted 
from Kim, W. and Sharpless, N. [39]. 
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1.3.3. Three-dimensional Cell Culture Model  

Due to the limitations of traditional (2D) cell monolayers cultures on flat and rigid 

substrates and animal models, three-dimensional (3D) in vitro cell cultures, which are 

designed to mimic in vivo features, have emerged as an alternative translational approach 

to replace the link between 2D in vitro studies and clinical applications. Compared to 2D 

monolayer cell cultures, 3D cell cultures provide a higher degree of cellular organization 

and thus yield more accurately influence cell morphology, gene/protein expression, 

proliferation, migration, and drug tolerance [44, 45].  

A 3D structure of solid tumors leads to a heterogeneous exposure of oxygen and 

nutrients as well as the differences in physical and chemical stresses. Therefore, many 

existing technologies have been developed for in vitro 3D cell culture, which was applied 

in cancer studies. Yuhas et al. has been first grown 3D U87-MG Glioblastoma (GBM) 

spheroid from conventional monolayer cultures by the aggregation of GBM cells [46]. 

This model was believed to be more in vivo-like intercellular contacts due to a three-

dimensional structure. In 1985, this model was further improved by culturing single cells 

obtained from primary GBM tissue into spheroids [47]. In another study, Bjerkvig et al. 

isolated organotypic spheroids from GBM tissue in order to mimic the in vivo 

characteristic of the GBM tumors [48]. Since then, various techniques have been 

developed or implemented in order to induce the formation of spheroids including 

hanging drop method, the use of non-adherent surfaces, spinner flasks, microfluidic 

devices and spheroids on the chip, microwell arrays, and scaffold technology.  

Tung et al. developed hanging drop array platform for the efficient formation of 

uniformly-sized spheroids and drug testing (Figure 3-1A) [49]. However, cancer 
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spheroids formed by this method were difficult to produce during long–term culture and 

not always stable. Non-adherent surfaces offered a simplified approach to fabricate 

spheroids, but resulted in non–uniform spheroids with an uncontrollable size, which 

limited their application (Figure 3-1B) [50, 51]. Although the spinner flask has been 

utilized to mass produce spheroids for long–term culture, the requirement of special 

equipment was a disadvantage for this method (Figure 3-1C) [52, 53]. Various 

microfluidic platforms (spheroids on a chip) have also been developed to create spheroids 

with controlled sizes and to simplify handling procedures (Figure 3-1D) [53-58]. 

Scaffold platforms for 3D culture, using a high-throughput production method, resulted 

in better replication of the in vivo microenvironment of the tumor. The synthetic or 

naturally-derived polymers in this approach produced a controlled matrix that could 

support cell growth and mimic extracellular matrix conditions. However, the complexity 

of this technique required trained users and there were often difficulties in 

characterization and analysis. Meanwhile, microwell arrays offered a simplified handling 

method for high-throughput production of uniformly-sized spheroids [26]. This method 

provided opportunities for the high-throughput preparation to construct microscale 3D in 

vitro cancer spheroids for drug screening and cellular analysis. 

Recently, our group designed a three – dimensional (3D) in vitro cell culture 

model that can mimic physiological conditions and provide valuable insight of the tumor 

cell response to drug discovery application [59]. Poly(ethylene glycol) (PEG) hydrogel 

microwells was fabricated by using photolithography to control the development of 3D 

GBM cancer spheroids and study their treatment with anticancer drugs, individually and 

in combination. The cell – repellence property makes PEG hydrogel is a perfect candidate 
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for fabricating cancer spheroids. Kwon et al., demonstrated that the increase of the cell-

repellence of PEG surfaces comes with the increate of average molecular weight [60]. 

 

	

	
Figure 1-4 Various techniques induce the formation of spheroids. Adopted by Tung et 

al., Tong et al., and Katt et al., [49, 51, 53] 
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GBM cells were seeded into the microwells and grown in Dulbecco’s modified 

Eagle’s Medium (DMEM) culture medium to form cancer spheroids. After 1-2 days cell 

culture, the seeded U87 cells started to migrate and aggregate to form clusters, composed 

of 15-20 cells on average (Figure 1-5). The cells then proliferated and grew inside the 

PEGDA microwells during the following days, and finally formed U87 cancer spheroids. 

After 2 weeks of culture, cell spheroids with a diameter of 350 µm in average were 

observed. 

 

 

	

 
Figure 1-5 The formation of cancer spheroid in PEG-based hydrogel microwell [59] 

 

To confirm the shape and thickness of the cell spheroids, we used fluorescence 

microscopy to take 3D side view images of the formed GBM spheroids in microwells as 

shown in Figures 1-6. By the characterization of the cancer spheroids in different sizes 

and shape of microwells, we concluded that the PEG-based hydrogel microwells could 

control the formation and size of 3D GBM spheroids [26]. This in vitro platform, based 

Day 
14 7 1 

Cells	seeding 
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on a simple approach, can quickly create cancer spheroids from single cells and shows 

potential application in studying drug sensitivity. 

	

 

Figure 1-6 Bright field and fluorescent images of cancer spheroid in the microwell 

 

In order to test the efficacy of anticancer drugs on this 3D cancer spheroids 

platform, Pitavastatin and Irinotecan were administrated at different concentrations to 

cancer spheroids on day 14. In both individual treatments and combinatorial treatments, 

higher doses were required on 3D spheroids compared to 2D monolayer culture. This 

clearly showed that the integrity of 3D spheroids hinders the drugs’ ability to diffuse and 

penetrate the center cell mass and creates a challenge for treatment. Furthermore, this 

also demonstrated that the 3D spheroid model mimicked the in vivo microenvironment 

better than traditional 2D cell culture creating a bridge between cell culture and live 

tissue researches. 
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When cancer spheroids were treated with Pitavastatin at concentration of 10 µM., 

there was slight decrease of cell viability from 87% to 69% after 1 week. In contrast, at 

drug concentration of 100 µM, the viability declined significantly from 60% in day 1 to 

27% in day 4. There was three fold lowering of the cell viability when using 150 and 200 

µM Pitavastatin compared to control group after first day post – treatment. 

When treatment with Irinotecan, we observed that the spheroids continued to 

grow after treatment with the lower concentrations (10 and 50 µM) while cells were 

detached from the spheroid after 7 days at dose 100 µM in the same period of time. At 

drug concentration 150 and 200 µM, the spheroids lost their shape immediately after the 

first day of administration. The effectiveness of Irinotecan on cancer spheroids was lower 

than Pitavastatin when the cell viability was still higher than 60% after 1 week treatment 

with drug concentration 50 µM. This value was lower than 50% at day 7 with Irinotecan 

at the concentration of 100 µM and higher.  

The effectiveness of combinatorial drugs on the U87 spheroids was also 

investigated. The combinatorial drugs had an additive trend when displayed a synergistic 

effect, lowering drug concentrations compared to single drugs alone. We observed the 

lysis of 3D spheroids treated by the mixture of Pitavastatin and Irinotecan with the low 

concentration of Pitavastatin (Pita 1 µM + Iri 50 µM and Pita 1 µM + Iri 100 µM) on day 

7 while treated spheroid shape changed starting from day 1 at higher concentrations 

(Figure 1-7). The viabilities of U87 cells were 69% and 61% at day 7 for spheroids 

treated by Pitavastatin 10 µM and Irinotecan 50 µM, respectively (Figure 1-8). However, 

the viability reduced significantly to only around 11% when the spheroids were treated 

by the mixture of these two drugs at the same concentration (Pita 10 µM + Iri 50 µM) or 
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even lower (Pita 5 µM + Iri 50 µM) (Figure 1-8). This number continued to decrease to 

7% when we increased the concentration of Irinotecan to 100 µM (Figure 1-9). With the 

increase of drug dosage autophagic vacuoles and disruption of the cellular structures were 

increased compared to lower doses of respective drugs as seen in Figure 1-7. These 

results demonstrated that the 3D spheroid model mimicked the in vivo microenvironment 

better than traditional 2D cell culture that bridging the gap between cell culture and live 

tissue researches. 

	

Scale bars represent 200 µm. 

 

Figure 1-7 Time-lapse image of U87 spheroids treated with Pitavastatin and Irinotecan at 
different ratios and concentrations [59]. 
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Error bars represent standard deviation (n=3) 

Figure 1-8 Comparison of cell viability between single drugs (Irinotecan 50 µM and 
Pitavastatin 10 µM) and combination drug treatment (Pita 5 µM + Iri 50 µM 
and Pita 10 µM + Iri 50 µM) on 3D cancer spheroids 

	

	

Error bars represent standard deviation (n=3) 

Figure 1-9 Comparison of cell viability between single drugs (Irinotecan 100 µM and 
Pitavastatin 10 µM) and combination drug treatments (Pita 5 µM + Iri 100 
µM and Pita 10 µM + Iri 100 µM) on 3D cancer spheroids. 
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1.4. Angiogenesis 

One important factor in cancer research is angiogenesis, the formation of new 

blood vessels. Angiogenesis is provoked when a tumor reaches a certain size; it needs 

nutrients and oxygen from the blood in order to continue proliferating. Using this 

concept, Judah Folkman proposed a hypothesis that the inhibition of tumor angiogenesis 

could impair the supply of nutrients and oxygen to the tumor [22]. This idea is to lead 

tumors to starve and die. Targeting angiogenesis pathway to prevent new blood vessel 

formation would be a specific approach for anticancer therapy.  

Several steps are involved in the angiogenesis [61]. First, the tumor releases 

chemical signals that stimulate the growth of new blood vessels [62]. Endothelial cells 

response to angiogenic factors, including Vascular Endothelial Growth Factor (VEGF) 

and basic Fibroblast Growth Factor (bFGF) and the dilation of the blood vessels starts. 

Next, the extracellular matrix of the capillary wall is degraded by the production of 

proteolytic enzymes. This allows for the formation of a branch point in the vessel wall. In 

the second and third steps, the endothelial cells proliferate and reorganize to form tubules 

with a central lumen through which blood can flow. In the final step, known as the 

maturation stage, mesenchymal cells proliferate and immigrate along the new vessel [63]. 

The angiogenic process is presented in Figure 1-10 [64, 65]. 

Studies of the angiogenesis in vivo present challenges with respect to observation 

and allow only limited control of physical, chemical, and biological parameters 

influencing the angiogenic process [66]. They also require special training, and are 

relatively expensive and time consuming. Therefore, in vitro culture models to mimic the 

in vivo process of angiogenesis are necessary to improve our understanding and 
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applications in the treatment of angiogenesis-dependent disease states [67-70]. Important 

factors for an ideal in vitro angiogenesis model are robust, reproducible with reliable 

readouts, and relate directly to results seen in the clinic. Moreover, they should be 

automated computational analysis with multi-parameter assessment, including positive 

and negative controls [71]. Here, we review and highlight some of current, popular in 

vitro models for angiogenesis reseach. 

 

	

	

Figure 1-10 The angiogenesis process 
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1.4.1. Two-dimensional (2D) in vitro Angiogenesis Model 

Two-dimensional (2D) in vitro angiogenesis models, refer to those in which the 

planar organization of the cells lies parallel to the surface of the culture plate, were used 

for the simulation of in vivo processes with lower cost and experimental complexity 

[72]. Folkman and Haudenschild first reported a two-dimensional (2D) in vitro tumor 

angiogenesis model in 1980, after long-term culture of capillary endothelial cells in 

gelatin [73]. Other models used endothelial cells, seeded onto plastic culture dishes, 

which were coated with adhesive proteins [74] or loaded on top of a gel such as 

collagen, fibrin, or Matrigel (Figure 1-11) [72, 75]. Capillary-like structures could be 

observed spontaneously by these models [73].  

2D angiogenesis models are in general simple, designed from isolated cells, and 

particularly convenient for screening in vitro activity, increased our understanding of 

cell biology in molecular level. However, they obviously do not reflect all steps of 

physiological angiogenesis because of lacking the third dimension to reflect appropriate 

cell-cell and cell-matrix interactions [72]. Recent studies have shown that a specific set 

of genes, associated with drug resistance, expressed differently in cell lines and in tumor 

samples of the same cancer types [76]. Some tumor-derived primary cell lines have only 

shown the genomic similarity in their first few passages but the disruption of the tumor 

microenvironment leaded to the difference in drug efficacy on cell cultures when 

comparing with animal models or human trials [31, 77]. 
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Figure 1-11 Schematic representation of two-dimensional angiogenesis models. Adapted 
from Vailhe et al., [75] 

	
	
	



 

22 

1.4.2. Three-dimensional (3D) in vitro Angiogenesis Model 

The limitations of 2D cell culture models motivated the development of many 

three-dimensional (3D) in vitro angiogenesis models to reflect better the native tissues 

and organs in vivo [66]. Due to the different fabrication methods and model features, 3D 

models can be classified into two groups: 3D spherical-shaped models and 3D plate-

shaped models [78].  

To fabricate 3D spherical-shaped models, microcarrier or microtissue have been 

used to capture endothelial cells before embedding them in a fibrin matrix. Nicosia 

embedded and cultured vascular explants such as aortic rings in gelified matrices and 

then to observe endothelial cells sprouting from the intima and forming CLS (Figure 1-

12A) [79-82]. Other models used cells seeding in gels before polymerization [72]. These 

models allowed the preservation of the vessel architecture during the in vitro assay and 

thus closely fulfilled the optimal conditions for an in vivo model. However, it is often 

difficult to observe and analyze cell functions in these models because of their shape and 

thickness.  

 3D plate-shaped models used a monolayer of endothelial cells covering with a 

collagen layer or multilayered cell sheet to develop the third dimension of cell culture 

(Figure 1-12B) [82, 83]. These models can be easily observed and analyzed cell 

behaviors by using confocal laser scanning microscopy and other imaging techniques. 

Furthermore, the size and thickness of cell sheet or collagen layer are controllable and 

easy to apply for high-throughput assay. However, the thickness of the 3D matrix or the 

cell sheet need to be consider to allow diffusion of oxygen and nutrients to all cells in 
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the model [72, 84]. Advantages and disadvantages of different current angiogenesis in 

vitro models are described in Table 1-2. 

 

Figure 1-12 A schematic representation of 3D in vitro angiogenesis models [82]. 
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Table 1-2 Advantages and disadvantages of current angiogenesis in vitro models [85]. 

Model Advantages Disadvantages References 

Migration 

models 

- rapid and inexpensive 

- appropriate for cells from all 

species including human 

- only one phase of angiogenesis 

is considered 

- restricted reproducibility 

- possible false results due to 

unspeci c migration (scratch 

wound assay) 

- time consuming preparation 

(RIMAC) 

[86-88] 

Proliferation 

models 

- rapid and inexpensive 

- appropriate for cells from all 

species including human 

- only one phase of angiogenesis 

is considered 

- possible false results due to 

initial and spontaneous 

proliferation 

[86] 

[88] 

Tube 

formation 

models 

- appropriate for cells from all 

species including human 

- lumenisation of capillary-like 

structures can be recorded 

- only one phase of angiogenesis 

is considered 

- possible false results due to 

angiogenic potential of matrices 

used for coating 

[86] 

[75] 

[88, 89] 

All-in-one 

model 

- all phases of angiogenesis are 

considered 

- appropriate for cells from all 

species including human 

- inexpensive 

- high reproducibility 

- simple procedure 

- only standard equipment 

needed 

- lumenisation of capillary-like 

structures can be recorded 

- time-consuming 

- large amount of pictures to 

analyse 

- subjective evaluation of images 

requiring profound training of 

investigators 

[90-92] 



 

25 

1.5. Hypothesis and Objectives  

Cancer is a class of diseases characterized by unrestrained cell growth. Currently, 

surgery, radiation, chemotherapy, or combinations of these therapies are the most 

common types of cancer treatment.  However, surgery is only used to treat a local tumor 

and may result in leaving cancerous cells behind allowing a new tumor to form or to 

metastasize. Radiation therapy is limited by the location of the tumor and the effect of the 

beam on surrounding organs. Conversely, chemotherapy is one of the most commonly 

used therapies to help patients fight cancer by their ability in travelling throughout the 

body and treating widespread cancers. A major potential problem, which has been 

identified with chemotherapy, is the lack of novel drug screening techniques for 

preclinical testing. 

In contrast to normal cells, which follow an orderly path of growth, division, and 

death, cancer cells continue to grow and divide without restriction. Once a tumor reaches 

a certain size, the supply of nutrients and oxygen from the blood becomes compromised 

and in order for the cancer to continue proliferating, the cells require more direct contact 

to blood. The tumor releases chemical signals that stimulate and guide the growth of new 

blood vessels that will deliver blood and nutrients [22]. This process is called 

angiogenesis. Based on this concept, we proposed a hypothesis that there are two 

targeting pathways for chemotherapy in cancer treatment: directly targeting tumor cells 

and indirectly targeting tumor cells by inhibiting tumor angiogenesis. The first method 

could stop proliferation and kill cancer cells. The second could impair the supply of 

nutrients and oxygen to the tumor and prevent tumor growth, causing the tumor to “starve 

and die”. 
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In all type of cancer, glioblastoma multiforme (GBM) is one of the most common 

and malignant primary brain tumors with a median survival rate of 12-15 months [93]. In 

2014, an estimated 9,000 new patients were diagnosed with GBM in the United States 

[94]. Currently, there are significant challenges in treating patients with GBM and an in 

vitro GBM model for drug screening and therapeutics is urgently needed. Our previous 

studies have shown that a novel 3D in vitro tumor model is more realistic and is 

necessary to study the GBM treatments. 

To test our hypothesis, we co-cultured endothelial and GBM cells in order to 

closely recapitulate the in vivo angiogenic process and we investigated anti-angiogenesis 

drug treatment on the in vitro model. These novel platforms could fill the need for novel, 

cost-effective cell culture technologies that enable the formation of 3D tissues that mimic 

the in vivo microenvironment while modeling angiogenesis. They have the potential to 

replace current tumor models used for cancer drug screening and treatment assessment as 

well as having applications in personalized medicine in the future. 

We propose a method to fabricate an inexpensive and less time consuming 3D in 

vitro cancer models for drug screening. Our approach has the potential to help to shorten 

development time of drug discovery. In the future, this model can be applied to improve 

upon current personalized drug testing systems to more accurately inform doctors about 

the best drug candidate for a given patient. Furthermore, this approach allows for the 

analysis of meaningful tumor samples taken directly from patients in a short period of 

time and with less labor. The use of our approach could accelerate the progression of 

potential new chemotherapeutic agents to clinical trials.  

The purpose of the work presented in this dissertation is to fabricate a 3D tissue 
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model of tumor development and angiogenesis in order to advance current cancer drug 

testing methods. Chapter one provides background information related to current cancer 

treatment, drug testing models, hydrogels and GBMs. Chapter two demonstrates the 

chemicals and methods for fabrication of tumor angiogenesis using a GelMA hydrogel-

based microwells with potential applications in cancer drug screening. Chapter three 

focuses on the formation of GelMA microwells and blood vessels by co-culturing 

HUVECs and GBM cancer spheroids. Chapter four focuses on the treatment of the 3D 

GBM model with anti-angiogenesis drugs. Lastly, chapter five discusses the limitations 

and future directions of this work with respect to device technology and medicine.  
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Chapter 2. Materials and Methods  

2.1. Chemicals 

Gelatin	 (Type	 A,	 300	 bloom	 from	 porcine	 skin),	 poly(ethylene	 glycol)	

dimethyl	 acrylate	 (PEGDA)	 (MW	 750	 Da),	 methacrylic	 anhydride	 (MA)	 and	 3-

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

propiophenone	 photoinitiator	 (PI)	were	 purchased	 from	 Sigma-Aldrich	 (St.	 Louis,	

MO).	 Dulbecco’s	 modified	 Eagle’s	 medium	 (DMEM),	 phosphate buffer saline (PBS), 

fetal bovine serum (FBS) Invitrogen), live/dead	cell	viability	assay	kit	(Calcein	AM	and	

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).	 Endothelial cell medium (EGM-2) was obtained from Lonza (Basel, 

Swirzerland). 

2.2. Methods 

2.2.1. Synthesis of GelMA 

GelMA is synthesized by the direct reaction of gelatin (Type A, 300 bloom from 

porcine skin, Sigma-Aldrich) with methacrylic anhydride (MA, Sigma-Aldrich) in 

phosphate buffer saline (PBS, Invitrogen) at 500C (Figure 2-1).  Briefly, gelatin (type A, 

porcine skin, 10 g) was dissolved at 10 % (w/v) in PBS solution at 50 0C and stirred until 

fully dissolved. MA (8 mL) was then added drop by drop to the gelatin solution at 50 0C 

and allowed to react while vigorously stirring. After 2.5h, the mixture was then dialyzed 
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against distilled water using 12 – 14 kDa cutoff dialysis membrane tubing (Fisher 

Scientific) for 1 week at 40 0C to remove salts and methacrylic acid. The solution was 

finally lyophilized for a week to generate a white solid and stored at room temperature 

for further use. 

 

	

	

Figure 2-1 Synthetic reaction of GelMA 
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2.2.2. Synthesis of GelMA Hydrogel Microwells 

GelMA hydrogel was prepared by using UV irradiation to crosslink the 

methacrylated gelatin (GelMA) in the presence of a photoinitiator (Figure 2-2). To 

prepare GelMA – based hydrogel microwells, synthesized GelMA was dissolved at 

concentrations of 5% (w/w) in PBS and prepared fresh for each experiment. The 2-

hydroxy-2-methyl propiophenone photoinitiator (PI, Sigma-Aldrich) was dissolved in 

GelMA solution to have a final concentration of 0.5% (w/v). Solution was thoroughly 

mixed before the polymerization.  

 

Figure 2-2 GelMA-based hydrogel preparation 

Prepared GelMA solution (1mL) was added on the top of petri dish and under 

treated cover glass with 300 µm spacer for polymerization. Photo-polymerization was 

carried out with an Omnicure S2000 (320-500 nm, EXFO, Ontario, Canada) lamp at 100 

mW/cm2 (measured for 365 nm) in 20 seconds at a working distance of 16 centimeters to 

yield solid hydrogels (Figure 2-3). Photomasks were prepared on AutoCAD software 
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program (Autodesk, Inc.) and printed by CADart (Washington, USA). A photomask with 

a round shape, 400 µm diameter and 100 µm line thickness was used to fabricate 

microwells in this study. The GelMA microwells was then washed in PBS to remove 

uncrosslinked liquid monomers and PI before transferring to six-well plate. Microwells 

were stained with 4', 6-diamidino-2- phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO) 

for fluorescence images. 

 

	

	

Figure 2-3 Schematic representation of GelMA hydrogel microwells 

2.2.3. Stability Testing of GelMA Hydrogel Microwells  

To enhance the adherence and stability of hydrogel on the cover glass, 3-

(Trimethoxysilyl)propyl methacrylate 98% (TMSPMA) was used to treat the cover glass 

(18 × 18 mm cover glasses, Corning Incorporated) (Figure 2-4). First, a glass beaker was 

kept in a bucket of ice before adding 50 g of sodium hydroxide (NaOH) pellets and 

following by 450 ml of distilled water. The solution was mixed to dissolve all pellets. 
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Then, cover glasses slides were placed in a staggered manner to make contact with 

sodium solution. The beaker was covered and kept overnight in the fume hood. On the 

next day, each cover glass slice was rinsed 3 times with distilled water, ethanol 70% and 

ethanol 100% continuously. After drying at ambient temperature, glass slides were 

stacked on a beaker for 1 hour at 80° C. 2 ml of TMSPMA was added to wet the cover 

glass surfaces before keeping at 80 °C overnight. Finally, TMSPMA-coated glass slides 

were rinsed with ethanol 3 times, dried and stored at room temperature for further use. 

 

	

	

Figure 2-4 Schematic illustration of treating glass slide's surface by TMSPMA 

GelMA hydrogel microwells on both TMSPMA treated cover slides and non-

treated cover slides were prepared and immersed in cell culture medium. The presence of 

TMSPMA molecules can improve the attachment of GelMA hydrogel to glass coverslips 

through the covalent bonds of the acrylate groups in GelMA and TMSPMA via free-

radical polymerization (Figure 2-5). All samples were kept in the incubator for 14 days 
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and observed daily under microscopy (Olympus, IX51). A cover glass was determined 

unstable when GelMA hydrogel was detached from the cover glass' surface.  

	

Figure 2-5 Attachment of GelMA to TMSPMA layer 

2.2.4. Cell Lines and Culture Conditions 

RFP-expressing human umbilical vein endothelial cells (RFP-HUVEC) were 

obtained from Angio-Proteomine (Boston, MA). RFP-HUVECs were grown and 

maintained in endothelial cell medium EGM-2 (Lonza) that contained EBM-2 medium 
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(serum free, growth-factor free) supplemented with 2% fetal bovine serum (FBS), human 

fibroblast growth factor-B (hFGF-B), human epidermal 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. HUVECs used in these experiments 

were at passage 5 or less. 

Human glioma cells (U87) was purchased from American Type Culture 

Collection (ATCC). To help in the discrimination of the cells, U87 cells were transfected 

with GFP using Lipofectamine® LTX Reagent GFP-expressing plasmid DNA (Altogen 

Biosystems, Las Vegas, NV) according to manufacturer’s instructions (Life 

Technologies, Grand Island, NY). U87 and GFP-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 (Corning Cellgro, Mediatech, 

Inc., Manassas, VA). 

2.2.5. Formation of GBM Cancer Spheroid 

Poly(ethylene glycol) dimethyl acrylate (PEGDA, MW 750 Da, Sigma-Aldrich, 

St. Louis, MO) hydrogel microwells were fabricated by photolithography as described in 

our previous study [26, 57]. Briefly, PEG was dissolved in PBS at concentrations of 40 % 

(w/w) and prepared fresh for each experiment. The PI was then dissolved in PEG solution 

to have a final concentration 2% (w/v). Solutions were thoroughly mixed before the 

polymerization. Glass slides were pre-coated with TMSPMA to enhance the attachment 

of PEG hydrogel to the cover glass for long-term culture. Photomasks were designed by 

using AutoCAD (Autodesk, Inc.) and printed by CADart (Washington, USA). Photo-

polymerization was carried out with an Omnicure S2000 (320-500 nm, EXFO, Ontario, 
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Canada) lamp at 100 mW/cm2 (measured for 365 nm) to yield individual microwells 

made of solid hydrogels. The cover slides containing PEG hydrogel microwells were then 

washed and kept in the six-well plate for further use. 

GFP-U87 cells were suspended and prepared in culture medium to a 

concentration of 0.2 x 106 cells/ml. Cells were seeded and trapped within the PEG 

hydrogel microwells. To remove cells remaining outside the microwells, the culture plate 

was washed with culture media. Cells were cultured in DMEM medium to form cancer 

spheroids, which simulated the in vivo conditions of tumor development, and monitored 

for 14 days. 

	

 

Figure 2-6 Schematic of the formation of the controlled-size GBM cancer spheroids 
using PEGDA hydrogel microwells 
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2.2.6. Formation of Angiogenesis 

RFP-HUVECs cells were first seeded at a concentration of 0.2 x 106 cells/ml on 

the cover glass outside GelMA hydrogel microwells. The process was done carefully to 

avoid HUVEC cell seeding in the microwells. After RFP-HUVECs were plated on the 

cover glass, GFP-U87 spheroids were collected from PEG hydrogel microwells and 

seeded into GelMA hydrogel microwells. All HUVE and U87 cells were grown and 

maintained in EGM-2 medium in a 95% air-5% CO2 humidified incubator at 37°C. The 

fluorescent intensities of cells were quantified using ImageJ (National Institutes of 

Health) to investigate the formation of angiogenic process. 

 

	

Figure 2-7 Schematic representation of in vitro angiogenesis model using 3D GelMA 
microwell 

	

2.2.7. Cell Viability Assay 

The viability changes of the cells in the culture were observed by using Live/Dead 

Cell Viability Assay kit (Calcein AM and ethidium homodimer; Life Technologies, 

Grand Island, NY), according to manufacturer’s instructions. HUVEC cells were 

incubated with Calcein AM (2 µg/ml, in PBS) and ethidium homodimer (4 µg/ml in PBS) 
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reagents for 30 min at 37°C, protected from light. The green and the red fluorescence 

images from viable and non-viable cells, respectively, were captured using an Olympus 

fluorescence microscope.  

2.2.8. In Vitro Cell Growth Inhibition 

To investigate the in vitro dose dependent of anti-angiogenesis drug, TNP-470, 

HUVEC cells were incubated for 48 h in serum-free medium before drug administration. 

HUVECs at a concentration of 0.2 x 106 cells/ml were prepared and transferred 3 ml into 

each well of six-well plates. Cells were incubated in 95% air-5% CO2 at 37°C to grow as 

a 2D monolayer cell culture. TNP-470 (10 mg) from Santa Cruz Biotechnology (Dallas, 

TX) was initially prepared by dissolving in dimethylsulfoxide (DMSO, ml, Sigma-

Aldrich). Next, the dissolved TNP-470 was mixed with culture medium (EBM-2) to form 

different concentration solutions. On day 2 of cell culture, cell culture medium was 

removed and replaced by 3 ml solutions containing increasing concentrations of TNP-470 

(0, 0.01, 0.1, 1, 10 and 100 µM). After incubation for 48 h, the Live/Dead Cell Viability 

Assay kit (Life Technologies; Grand Island, NY) was used to observe the viability 

changes of the cells in the culture. Briefly, HUVEC cells were incubated with Calcein 

AM (2 µg/ml, in PBS) and ethidium homodimer (4 µg/ml, in PBS) reagents for 30 min at 

37°C, protected from light. The green and the red fluorescence images from viable and 

non-viable cells, respectively, were captured using an Olympus fluorescence microscope. 

Growth inhibition was determined by the ratio of the number of viable cells in each group 

treated with TNP- 470 to the number in a control group treated with PBS.  
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2.2.9. Drug Screening  

The sensitivity of anti-angiogenesis drug was tested on 3D in vitro angiogenesis 

platform. The formation of angiogenesis was performed by co-culturing RFP-HUVECs 

and GBM cancer spheroids in EBM-2 culture medium for 7 days. On day 7, 1 ml of 3 ml 

media in the plates was removed and replaced by 1 ml of TNP-470 solutions (30 µM) to 

have final drug concentrations 10 µM in the media. The drug administrations were 

repeated with the same procedure every three days. Cells were cultured with drug for 7 

days and monitored at day 1, day 4 and day 7 after treatment (day 8, day 11, and day 14 

of the whole process) by fluorescent microscope. The relative fluorescent intensities were 

quantified using ImageJ (National Institutes of Health). 

 

	

Figure 2-8 Schematic of the drug screening on 3D angiogenesis model 

	

2.2.10. Statistical Analysis 

Differences in fluorescent intensity expression of the angiogenic process between 

day 1 and day 4, day 7 and ratio fluorescent intensity of RFP-HUVEC cells in the 

microwell walls with and without drug treatments were statistically analyzed and 
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expressed as mean - standard error of the mean (s.e.m.). Statistical comparisons were 

determined using the Student's t-test. All statistical tests were two-sided. Values of 

p<0.05 were considered to be statistically significant. 
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Chapter 3. Investigating Glioblastoma Angiogenesis Using a 3D In Vitro GelMA 

Microwell Platform  

3.1. Summary  

In this chapter, we focused on the method for producing a stable and cost-

effective three-dimensional (3D) in vitro angiogenesis model to investigate the tumor 

angiogenic formation and drug screening. For this assay, we described a fabrication 

process of gelatin methacrylate (GelMA) hydrogel microwells in detail. Then we 

demonstrated the co-culture of GBM spheroids and human umbilical vein endothelial 

cells (HUVEC) to allow the interaction of HUVECs and cancer spheroids. We further 

confirmed the in vitro formation of microtubules during the angiogenic process. We 

believe that our novel platform can enable the development of new high-throughput 

screening technologies for cell-based studies, contribute to look further into fundamental 

points in cancer research that might detect new targets for GBM treatment. 

3.2. Introduction 

Glioblastoma multiforme (GBM) is a type of brain tumor that grows from glial 

cells, which support nerve cells with energy and nutrients and help maintain the blood-

brain barrier (BBB). Clinically, GBM is highly vascular and the growth and survival of 

these tumors are dependent on an adequate blood supply. Thus, angiogenesis plays an 

important role in the development of GBM tumors. Despite concerted effort and 

advances in currently available therapies, the expected survival of GBM patients remains 

dismal. GBM is characterized by a high mortality rate, with 12-15 months of median 

survival and a 5-year relative survival rate is only 5% [95, 96]. Therefore, there is an 
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increasing need in development of GBM models; particularly angiogenesis model to 

investigate GBM pathology and test potential compounds for treatment of GBM tumors. 

3.2.1. Glioblastoma 

In the brain, glial cells from the central nervous system include several cell types 

that arise to distinct tumor types, which are classified as gliomas [97] (Figure 3-1). Based 

on histological features of cellularity, nuclear morphology, mitotic activity, and presence 

of necrosis and vascular proliferation, the World Health Organization (WHO) classifies 

gliomas into four distinct grades [98, 99]. Grade I is known as pilocytic astrocytoma, 

comprising for 2% of all brain tumors. This tumor occurs most often in children and 

teens. Grade II astrocytoma is also called low-grade astrocytoma, occurring most often in 

adults between the ages of 20 and 40. Grade III, known as anaplastic astrocytoma, 

accounts for 4% of all brain tumors. Clinically, grade IV astrocytoma or glioblastoma 

multiforme (GBM), is also the most common in humans. Glioblastoma (GBM) is the 

most common primary malignant glioma, constituting more than 50 % of all gliomas in 

humans [99, 100].  

It is estimated there are approximately 3 in 100,000 individuals newly diagnosed 

with GBM each year in the United States [93]. GBM tumors may occur at any age, but 

the study of the Radiation Therapy Oncology Group (RTOG) revealed that advanced age 

of GBM patients was an important factor that affected the survival. For patients older 

than 60 years, the median survival was 7.5 months while it increased to 16.2 months in 

group of patients younger than 40 years old [101]. Headaches, nausea and vomiting are 

normal symptoms of patients with a GBM tumor due to the increase in intracranial 

pressure because of the growth of the tumor. Encounter seizures, impaired vision, 
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confusion, memory loss, and even in some cases personality changes may also occur in 

patients with GBM tumors [93]. 

 

 

Figure 3-1  Schematic classification of gliomas. Glial cells from the central nervous 
system (CNS) constitute several cell types that arise to distinct tumor types, 
all of which are classified as gliomas [97] 

	
Current therapies for GBM patients often involve surgery, radiotherapy and 

chemotherapy to kill malignant cells [102, 103]. However, the treatment difficulties of 

GBM are associated with the location of the tumors and its proclivity to integrate into 

normal brain tissue [104]. Surgery is frequently given to GBM patient, even though this 

method shows inability to remove tumors entirety without causing harm to the healthy 

brain [96]. Radiation therapy uses low energy transfer ionizing radiation to defeat cancer 

cells by indirect damage of the free radicals at a specific site [105, 106]. However, the 

major side effect of radiation for brain tumors is damage to normal brain tissues and 
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GBM patients who receive radiotherapy may experience neurological side effects 

immediately after treatment, a few weeks to a few months after the completion of 

treatment and persist as long – term effect [107]. Many researches demonstrated that 

overexpression, activation, and dysregulation of various membrane receptors, signaling 

pathways, and other factors occur frequently in GBM [108-110]. Therefore, 

chemotherapy is the most promising therapy for GBM tumors. For effective targeting, 

chemotherapy drugs need to cross the blood brain barrier (BBB), thus low molecular 

weight (MW < 500 Da), lipophilic features, and low protein binding capacity are 

properties of GBM tumors treatment compounds [111]. Currently, Temozolomide, CPT-

11 (Irinotecan), and Pitavastatin are examples of chemotherapies used in the treatment of 

GBM [112, 113]. 

-Temozolomide 

Temozolomide (TMZ) is presently the drug of choice for treatment GBM patients 

with a capacity of crossing the BBB and accumulation in high concentration in the brain 

as well as in highly angiogenic tumors [114-116]. Temozolomide damage DNA of the 

tumor cells by methylating DNA and inducing mismatch repair mechanisms during DNA 

replication [117]. Therefore, it induces cytotoxic effect on tumor cells [118, 119]. Patient 

treatment with TMZ has modest effects and increases their survival by a few months 

[120]. Importantly, in 2005 Stupp and colleagues definitively showed the superiority of 

adjunctive TMZ therapy when they found that radiotherapy plus TMZ resulted in a 2-year 

survival rate of 26.5% vs. 10.4% with radiotherapy alone [119]. 

- Irrinotecan 

Activities of Topoisomerase I, an essential nuclear enzyme required for relaxation 

of supercoiled DNA, are significantly enhanced in malignant gliomas following DNA 



 

44 

damage [121]. It has been reported that Irinotecan, a camptothecin derivative, inhibits 

topoisomerase I, leading to topologic changes of RNA transcription and DNA replication 

[122]. In glioma cells, Irinotecan can be converted to 7-ethyl-10-hydroxycamptothecin 

(SN-38) directly [123].	The active metabolite of SN-38 as an inhibitor of topoisomerase 

is approximately 100–1,000 times more potent than Irinotecan. Increased SN-38 

concentrations in cancer cells changes morphologically, decrease proliferation, and 

increase cytotoxicity through apoptosis [124]. 	

- Pitavastatin 

Pitavastatin has been used to reduce the risk for cardio-vascular disease [125]. 

However, it is demonstrated that pitavastatin is a NF-KB inhibitor [126]. Yanae et al. 

stated that the presence of Pitavastatin increased type II autophagic cell death in all the 

cell lines [127]. The finding that serum TNF-a levels were decreased by Pitavastatin is 

significant because TNF-a is an important	 tumor promoter in inflammation-related 

carcinogenesis [128]. Therefore, Pitavastatin is also considered to be effective in	

preventing cancer development. 

- Combinatorial drugs 

Because some drugs work better together than alone, two or more drugs are often 

given at the same time; called "combination chemotherapy" [129]. For example, 

Bevacizumab (trade name Avastin) in combination with conventional chemotherapy 

resulted in longer survival of cancer patient. Ferrara et al. revealed that Bevacizumab is a 

humanized murine monoclonal antibody that selectively blocks VEGF, preventing the 

activation of VEGF receptor tyrosine kinases VEGFR1 and VEGFR2. Therefore, the 

presence of Bevacizumab inhibited the angiogenic process and stopped the development 
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of cancer tumor [130]. Jiang et al. demonstrated that statins inhibited GBM cell 

proliferation and induced cellular autophagy rather than apoptosis [131]. In treatment 

GBM cells, the presence of statins such as Pitavastatin enhanced the pro-apoptotic 

activity of Irinotecan by 40-70 fold. The Pitavastatin-Irinotecan combination inhibited 

tumor growth. 

3.2.2. Angiogenesis in Glioblastoma Tumor 

The inhibition of tumor angiogenesis could be an efficient therapeutic strategy for 

the prevention and treatment of this disease. It has been shown that angiogenesis in GBM 

is mainly driven by the signaling factors that directly act on endothelial cells [63]. When 

glioblastoma cell changes from normoxia to hypoxic conditions in the tumor core, VEGF 

and bFGF expressions are up-regulated by GBM and thus VEGFR1 and VEGFR2 

transcriptions in endothelial cells are increased (Figure 3-2). The activation of VEGF 

also promotes the activation of the PDGF pathway [132]. 

The vasculature has two important functions in the development of GBM tumors. 

First, glioma cells need nutrients and oxygen for proliferation from the vasculature. 

Second, it has been reported that the migration of glioma cells to different parts of the 

brain may also be done through the vasculature [133, 134]. Brain tumor infiltration into 

the normal brain, occurring by a diffuse infiltrative migration of single cells into the brain 

parenchyma and a clear perivascular migration along the microvasculature, has been 

shown to be one of the main reasons for tumor recurrence [133, 134]. Importantly, many 

reports noticed that these infiltrated cells cannot be resected by surgery and are known to 

be resistant to current chemo- and radiotherapies [135, 136]. Therefore, the tumor 

vasculature for glioma growth and migration is the main focus on developing novel anti-
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angiogenic drugs[137, 138].  

  

	

Figure 3-2 Paracrine mechanism between glioblastoma and endothelial cells.  

	

3.2.3. Hydrogels for Angiogenesis Models 

3D cell cultures provide a higher degree of cellular organization and better mimic 

the tumor microenvironment than 2D monolayer cell cultures. To build an in vitro 3D 

angiogenesis model of GBM, there is a need of biomaterials that are nontoxic, 

mechanically stable, do not provoke inflammatory responds and permit cell attachment 

and growth. Due to their significant water content, hydrogels have biophysical 

characteristics very similar to natural tissue [139-141]. Therefore, hydrogels are widely 

used in biomedical and pharmaceutical applications such as drug delivery, tissue 
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engineering and effective matrices for 3D cell culture [140, 142-144]. Hydrogels can be 

divided in natural or synthetic polymers. 

- Natural Hydrogels  

Natural hydrogels for cell culture, derived from natural sources, are typically 

formed of proteins and extracellular matrices (ECM) components such as hyaluronic acid 

(HA), collagen, fibronectin, laminin and Matrigel. Due to their biocompatible and 

bioactive properties, natural hydrogels support viability, function, proliferation, 

migration, and development of many cell types. The polysaccharide hyaluronic acid (HA) 

is essentially produced within GBM tumors. Some reports have been pointed that HA 

increased expression in GBM tumor growth and invasion [145-147]. Other natural 

molecules such as collagen, fibronectin, laminin and Matrigel also promote cell survival, 

proliferation, and migration [134, 148-150]. These compounds prepared as solutions or 

colloidal suspensions can be polymerized by using different mechanisms, including UV 

crosslinking [151], redox initiation [152], temperature or pH change [153]. The natural 

hydrogels were also used in combination with inert biopolymer, agarose, that forms a 

meshwork entrapped with the natural hydrogel to form synthetic scaffolds and increase 

the scaffold stiffness [146, 154].  

However, natural hydrogels have some disadvantages including difficulty in 

sterilization and potential transition of pathogens [155, 156], control of the degradability 

rate [157] and these animal-source products are also expensive [156]. Consequently, to 

overcome these drawbacks of native biopolymers, synthetic ECM models by using cross-

linked natural or synthetic polymers were developed [158, 159].   
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- Synthetic Hydrogels  

Biodegradable synthetic scaffolds made from polymers such as polylactide 

(PLA), poly(ethylene glycol) (PEG) and acrylamide based polymers such as 

poly(ethylene glycol) diacrylate (PEGDA), polyglycolide (PGA) or co-polymers such as 

poly(l-lactide-co-glycolide) (PLG) are specifically used to mimic in vivo biomolecular 

features of the tissues. Synthetic scaffolds are also mechanically stronger comparing to 

the natural biopolymer hydrogels [160]. Biocompatible PLG scaffolds were used to 

investigate the malignant potential of cancer cells that exhibits microenvironmental 

conditions representative of tumors in vivo by Fischbach and colleagues [161]. They 

reported that in the PLG scaffold, 3D growth might be simulated more in vivo aspect of 

the tumor progression when comparing angiogenic factor secretion and cell-cell 

interactions to Matrigel cultures, since PLG scaffolds facilitate the seeding of multiple 

cell populations [161]. However, one disadvantage includes the release of acidic 

degradation products, which may be toxic to cells [162].  

Cell encapsulation in synthetic hydrogels is provided by polymerization and it has 

been showed that cell immobilization have no significant effects on cell viability [163, 

164]. However, selection of an appropriate hydrogel is important to obtain similar 

mechanical properties of the cells and support the 3-D growth of the cells.  

- PEG hydrogel  

PEG hydrogels, due to its bioinertness, hydrophilicity, flexible mechanical 

properties, easy control of scaffold architecture and chemical compositions and ability for 

photopolymerization, which is most common method to prepare PEG hydrogels, have 

particular advantages for microwell fabrication in biomedical applications. 
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PEG with acrylate and methacrylates functionalities including PEG diacrylate 

(PEGDA), PEG dimethacrylate (PEGDMA) is capable of undergoing 

photopolymerization in the presence of appropriate initiating agents. To pattern PEG 

hydrogels, the homogenous hydrogel sample is exposed to UV through a photomask to 

selectively irradiate unmasked regions of the hydrogel. Thus, the unmasked regions of the 

hydrogel form a convenient microsytems with a defined size and shape for cell culture, 

growth and imaging. The cells that are confined within the microsystem can be used to 

generate controlled-size cell aggregates [26], to investigate the interactions between of 

multiple cell types, to better mimic the in vivo aspect of the cellular 

microenvironment[165] and for high-throughput screening [166].  

- GelMA hydrogel  

Gelatin is the hydrolysis product of collagen, the major component of ECM in 

most tissues [167]. Gelatin methacryloyl or gelatin methacrylate (GelMA), a gelatin 

derivative containing a majority of methacrylamide groups and a minority of 

methacrylate groups, is synthesized by the direct reaction of gelatin with methacrylic 

anhydride (MA) in phosphate buffer (pH = 7.4) at 50 0C (Figure 3-3) [168]. The 

presence of methacryloyl substituent groups confers to gelatin the property of 

photocrosslinking to form hydrogel with the assistance of a photoinitiator and exposure to 

light [167, 169, 170]. Moreover, many arginine-glycine-aspartic acid (RGD) sequences of 

gelatin promote cell attachment as well as the target sequences of matrix 

metalloproteinase (MMP) that are suitable for cell remodeling [171]. Therefore, these 

characteristics enable GelMA hydrogels to create unique patterns, morphologies, and 3D 

structures, providing ideal platforms to control cellular behaviors, to study cell 
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biomaterial interactions, and to engineer tissues [169, 170, 172]. 

  

	
	
	

Figure 3-3  Scheme for preparation of GelMA hydrogel. Adapted from Yue, K. et al., 
[168]. 
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In this study, we introduced a 3D in vitro angiogenesis model with an increased 

complexity by co-culturing human umbilical vein endothelial cells (HUVEC) and GBM 

cells in a 3D GelMA hydrogel microwell platform to mimic the in vivo angiogenic 

process. We believe that our platform mimicked and allowed to investigate the cell-cell 

interactions and the progression of the angiogenic process.  

3.3. Results 

3.3.1. Characterization of GelMA Hydrogel Microwells 

To mimic in vivo angiogenic process, we here fabricated a 3D in vitro GelMA 

hydrogel microwells and co-cultured HUVECs and GBM tumor spheroids in this 

platform. Liquid GelMA hydrogel (5%) was photo-polymerized using photomasks to 

obtain hydrogel microwells. The diameter of microwell was 400 µm with 100 µm  

thickness of the microwell wall (Figure 3-4A). From the side view, the depth of 

microwells was measured as 275 µm, (Figure 3-4B). The microwell had a concave shape 

with a thin layer of hydrogel at the bottom were apparent after an exposure to UV for 20 

sec (Figure 3-4C). To further confirm the structure of GelMA hydrogel microwell, 

microwells were stained with DAPI; bright field and corresponding fluorescence images 

were shown in Figure 3-4D and Figure 3-4E.  

To test the stability of our platform for long time culture, GelMA hydrogel 

microwells on treated and untreated cover glass were incubated in cell culture medium at 

370C for 14 days. These samples were kept in the incubator at 370C and observed daily 

under microscopy (Olympus, IX51). The TMSPMA-treated cover glasses increased the 

attachment of hydrogel on cover slides and therefore enhanced the stability of the 

microwell platform. A cover glass was marked ‘‘unstable’’ when any GelMA hydrogel 
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microwell was detached from the cover glass’s surface. We observed that GelMA 

hydrogel-based microwells on TMSPMA-treated cover glasses were more stable 

compared to those on the non-treated ones.  Our results indicated that 100% of samples 

on treated cover slides remained stable for 14 days, while this number decreased to only 

40% after 14 days in the untreated cover glass samples (Figure 3-5). 

 

	

Scale bars correspond to 100 µm. 

Figure 3-4 Characterization of GelMA hydrogel microwells. 

 

One of the requirements for a successful application of microwell platform is that 

the GelMA hydrogels remain stably fixed to a cover slide. Acrylation has been widely 

used the treat the glass surfaces before grafting the hydrogel [173]. Here, we used 

TMSPMA to introduce terminal acryl functional groups onto the glass surface. The 
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appearance of these acryl groups established bonds with acrylate groups of the polymer 

during free radical polymerization, thus integrating the glass-polymer interface and 

increasing the stability of GelMA hydrogel microwells. 

The detachment of GelMA hydrogel might also be caused by swelling upon 

exposure to an aqueous environment. The uptake of water leads to swelling and creates 

forces that stress the glass-polymer interaction. As the result, the hydrogel microwells 

might detach off the cover sildes. 

 

	

 

Figure 3-5 Stability of GelMA hydrogel microwells on treated and untreated cover 
glasses. 

	

0	

20	

40	

60	

80	

100	

0	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	

St
ab

le
 m

ic
ro

w
el

ls
 (%

) 

Time (Days) 

TMSPMA	treated	cover	glass	

Untreated	cover	glass	



 

54 

3.3.2. Formation of GBM Tumor Spheroids  

To fabricate GBM tumor spheroids, we seeded single cell suspension of GBM 

cell line U87 carefully into the PEG hydrogel microwells,. The cells that remained 

outside the microwells were washed with fresh medium to avoid uncontrollable growth. 

Due to the properties of PEG hydrogel, GBM spheroids were not attached and free-

floating in or at the bottom of the microwells. On day 4 of incubation, the GBM cells 

started to aggregate with an approximate diameter of 35 µm in the microwells (Figure 3-

6B). The diameter of GBM spheroids increased to approximately 95 µm on day 7 (Figure 

3-6C) and reached 200 µm after 2 weeks incubation (Figure 3-6D). We also observed 

that a GBM spheroid almost filled the microwell. There was no interaction between 

cancer spheroids and the outside microwell environment. To confirm cell viability of 

spheroid, we stained cells with Live/Dead assay and took corresponding fluorescent 

images as shown in Figure 3-6E-H.  

3.3.3. Endothelial Cell-induced Angiogenesis in GBM  

We observed no migration of HUVEC cells through the microwell in the absence 

of GBM cells (Figure 3-7). However, after seeding 3D GBM cancer spheroids in the 

microwells, the HUVEC cells cultured in 2D began to proliferate and occupied the space 

outside the microwells. The migration of HUVEC cells through the microwell wall was 

shown in bright field image and corresponding fluorescent images (Figure 3-8). HUVEC 

cells mainly sprouted into the microwell by migrating through the wall of the microwell 

to reach the GBM cancer spheroids.   
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Scale bars represent 100 µm. 

 
 
Figure 3-6 Formation of cancer spheroids. Bright field imaging at day 1, 4, 7, and 14 (A-

D) and corresponding fluorescent imaging showing live GBM cells (E-H).  
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Figure 3-7 Bright field image and corresponding fluorescent image showed no migration 
of HUVEC cells through the microwell in the absence of GBM cells. 

	
	
	

	
	
	

Figure 3-8 Bright field image and corresponding fluorescent image showed migration of 
HUVEC cells through the microwell in the presence of GBM cells. 
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3.4. Discussion 

We have previously showed that the use of PEGDA hydrogel microwells 

contructed the 3D GBM cancer spheroids and utilized this platform to investigate the 

efficiency of anti-cancer drugs, individually or in combination [174]. Although the cell – 

repellence property makes PEG hydrogel is a perfect candidate for fabricating cancer 

spheroids, it prevents the interaction of cells inside and outside microwells. We have 

tested the angiogenesis platform by using PEG hydrogel microwells and co-culturing 

HUVECs outside microwells and U87s inside microwells. U87 cells aggregated and 

formed cancer spheroids in the day 4 (Figure 3-9) but the HUVEC cells seeding outside 

microwells only grew around the microwells. There was no interaction between 2 types 

of cell even some microchannels was designed on the microwell’s wall (Figure 3-9). 

Therefore, in this study, we presented the stable and cost-effective 3D in vitro 

angiogenesis model based on GelMA hydrogel microwells to mimic the native 

microenvironment of tumor angiogenesis. Unlike PEG, GelMA is a natural polymer, 

derived from hydrolyzed collagen, thus it maintains similar bioactivity as collagen [171]. 

In gelatin polymer structure, the Arg-Gly-Asp (RGD) binding sequences allow cells to 

bind directly to, proliferate, and migrate in the GelMA hydrogels [175-177]. Similar to 

the PEGDA, acrylate groups lead GelMA is a photocrosslinkable hydrogel with the 

presence of PI and under the UV light.  
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Figure 3-9 PEG hydrogel microwell prevents the interaction of HUVEC cells and U87 
spheroids 

	
GelMA based hydrogel microwells were fabricated quickly by crosslinking 

polymers under the UV light for 20 seconds. In our platform, the co-culture of GBM 

spheroids and HUVECs allowed cells to communicate with each other and effectively 

mimicked the progression of the angiogenic process. Our platform was also stable for up 

to 14 days which allows for long-term culture and drug screening.  

This study was demonstrated the unregulated growth of HUVEC cells remained 

outside the microwel without the presence of 3D spheroids. When two cell lines were co-

cultured together, the tumor-induced HUVEC migration was demonstrated as shown in 

Figure 3-8.  We stained cells with Live/Dead cell assay and monitored that tumor 

spheroids as well as endothelial cells showed high viability (Figure 3-8). Furthermore, in 
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co-culture, tumor cells secrete some soluble growth factors to promote the growth of 

endothelial cells and formation of tubular-like structures. This result was confirmed by 

comparing the growth of HUVECs with and without the presence of GBM spheroids in 

the microwells. 
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Chapter 4. The Effect of Anti-angiogenic Drug, TNP-470, on the Progression of 

Angiogenesis  

4.1. Summary  

In this chapter, we demonstrated the application of a three-dimensional (3D) in 

vitro angiogenesis model in drug screening. For this assay, the angiogenesis inhibitor, 

TNP-470, was applied to test the effective of an anti-angiogenic drug on the model. We 

believe that our novel platform can be widely used for the high-throughput screening of 

other anti-angiogenic drugs and contribute to the development of personalized medicine 

in the future. 

4.2. Introduction 

4.2.1. Anti-angiogenic Therapy for Cancer 

Since angiogenesis plays an important role in the development of tumor, 

angiogenic inhibition is a promising anticancer therapy with many advantages [178-180]. 

Firstly, the occlusion of tumor-associated blood vessels by antiangiogenic agents would 

lead to the starvation of the tumor, thus they shrink to death [181]. Secondly, the 

antiangiogenic drugs can be administered after chemotherapy in cancer treatment to 

prevent the repopulation of tumor cells by eliminating the supply of oxygen and nutrients 

[182, 183].  Finally, the difference between tumor-associated and normal blood vessels 

can be utilized to design specifically targets in antiangiogenic therapy and improve the 

delivery of chemotherapies to the tumor [184].  

Currently, more than forty antiangiogenic compounds have been explored and 

tested in clinical trials for the treatment of cancer all over the world [182]. For example, 

bevacizumab (trade name Avastin®, developed by Genentech/Roche), a humanized 
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monoclonal antibody against VEGF-A, was approved by the FDA for the treatment of 

non-small cell lung carcinoma in 2006, metastatic breast carcinoma in 2008, and GBM in 

2009. Sorafenib (Nexavar) was approved for treatment of hepatocellular carcinoma and 

kidney cancer. Sunitinib (Sutent) has been shown to induce the development of kidney 

cancer and neuroendocrine tumors. Pazopanib (Votrient) is presently investigating in 

treatment of kidney cancer and neuroendocrine tumors. However, the application of these 

anti-angiogenesis drugs still limited by causing toxicity and side effects [184]. More 

effective and tolerable antiangiogenic drugs have been studied and a novel in vitro 

platform to screen these compounds is needed to reduce time and cost of research. 

4.2.2. Targeting Angiogenesis in Glioblastoma Tumor  

Tumor endothelial cells have a specific proliferation characteristic compared to 

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

formation and to lead to tumor deprivation of oxygen and nutrients would be a specific 

approach for anticancer therapy since the tumor vasculature leaded by angiogenesis is 

needed for tumor growth. Therefore, the common idea is to lead tumors to starve, thus 

they shrink to death.  

Using the inhibition of tumor angiogenesis was proposed in 1971 for the 

treatment of solid tumors [22]. Due to the proliferative and abnormal vasculature, GBM 

tumors are ideal targets for anti-angiogenesis inhibitors to repress the tumor growth 

[185].  

Many angiogenic promoters and inhibitors of GBM have been identified. With the 

discovery of VEGF, several anti-angiogenic agents, and particularly drugs that were 

approved by the United States Food and Drug Administration (FDA) that target the 
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VEGF pathway and its receptors have been developed.  

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 [186]. They can also cause contractions in the blood vessels and effect 

their functioning [186]. One of the FDA approved anti-angiogenesis agents is 

bevacizumab (Avastin® developed by Genentech/Roche) that is a humanized monoclonal 

antibody against VEGF by preventing its interaction with VEGFR [130]. It has been 

shown that angiogenic vessels express elevated levels of VEGFR1 and VEGFR2 in the 

endothelial cells of developing tumor blood vessels for binding to VEGFs [187]. 

Bevacizumab is used for the treatment of metastatic colorectal cancer, advanced non-

small cell lung cancer, breast cancer, renal cell carcinoma and recently approved for the 

treatment of GBM in May 2009 [188]. It has been shown that it helped to reduce cerebral 

edema and intracranial pressure when combined with chemotherapy and improved the 

quality of life of the patients [189]. However, unfortunately, recent phase III clinical trials 

of bevacizumab for GBM showed that it could not promote the increase of overall 

survival even when combined with conventional therapies [190, 191] and some adverse 

effects including poor wound healing and serious bleeding have been reported [192, 193].  

There are several more anti-angiogenic agents such as Aflibercept (VEGF-Trap) 

[194], Cediranib [195] and several broad spectrum small molecule tyrosine kinase 

inhibitors (TKIs) targeting receptor kinases are currently under study in the GBM patients 

[196] but the preliminary results of the trials are generally disappointing. Additionally, 

some genetic alterations in the VEGF molecule or its receptor, was thought to be a cause 

for acquired bevacizumab resistance, which is an important concern in clinical research. 
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Several studies showed the resistance of anti-VEGF therapy in GBM models. Rubenstein 

et al., have shown that anti-VEGF antibody therapy can prolongate the survival of 

orthotopic mice models, however it increases the infiltration of normal brain tissue by 

tumor cells. They concluded that anti-angiogenic therapies may not be enough successful 

when applied alone [197]. De Groot et al treated GBM patients and mice with orthotopic 

xenograft GBM with bevacizumab and detected an increase in the progression-free 

survival but not in the overall survival. Both patients and mice presented increased 

infiltrative characteristics when tumor cells infiltrate the surrounding normal brain tissue. 

They concluded that the bevacizumab treatment can augment hypoxia and decrease the 

nutrient supply thus cause an increase in the invasiveness [194]. To understand the 

challenges and the limitation of anti-VEGF therapy is important for developing new 

strategies. However, because the exact mechanism of anti-VEGF therapy remains 

obscure, the resistance to anti-angiogenic agents has not been clearly demonstrated [189]. 

4.2.3. An Angiogenesis Inhibitor, TNP-470  

TNP-470 (AGM-1470, O-chloroacetylcarbamoyl- fumagillol, Figure 4-1), an 

analogue of fumagillin derived from the fungus Aspergillus fumigatus fresenius, has been 

shown as a promising anti-angiogenic drug [198]. Many reports have been shown that 

TNP-470 exhibits a strong inhibitory effect on endothelial cells growth and metastasis of 

human cancers, and is less toxic than fumagillin . TNP-470 has showed the reduction of 

cancer growth and metastatic spread of many cancers including pancreatic, melanoma, 

breast, ovarian, colon, renal, hepatocellular, and prostate cancers. Therefore, it was one of 

the first anti-angiogenic compounds to enter clinical trials for cancer, making it a 

valuable prototype for future trials of angiogenesis inhibitors in oncology. 
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The initial discovery of TNP-470 was done in the mid-1980s by Donald Ingber at 

Harvard Medical School and Children’s Hospital, Boston by an accidental fungal 

contamination of an endothelial cell culture [199]. With the support of Takeda Chemical 

Industries Ltd., Ingber identified the fungus in his sample was Aspergillus fumigatus 

fresenius and the active compound was isolated and determined as fumagillin. Although 

fumagillin had shown an ability to inhibit endothelial cell proliferation in vitro and in 

vivo, its side effects leaded to the search of synthetic fumagillin analogues which could 

be use in animal models as well as in clinical trials. From over 100 synthesized 

compounds, TNP-470 was identified by replacement of the dacatetraenoyl group in 

fumagillin with the chloroacetylcarbamoyl moiety. 

Mechanistic studies have identified that TNP-470 targets cell cycle mediators and 

the protein methionine aminopeptidase-2 (MetAP-2). An activation of p21WAF1/CIP1 

and p53 pathway are required for the cell-cycle inhibition by TNP-470. Other studies 

have shown that FGFR1/PI3K/AKT signaling pathway is also a novel target for the 

antiangiogenic effects of TNP-470. The administration of TNP-470 with other anti-

cancer drugs increased drug delivery to the tumor, and thus increased tumor response to 

cytotoxic therapy. This result implicated a potential role for these agents in combination 

treatment of solid tumors.  

Due to side effects such as neurotoxicity, TNP-470 is currently not approved for 

systemic use. However, this compound has one of the highest efficacies for the treatment 

of the broadest spectrum of tumor types and the progression in development of 

synthesized novel analogs of this molecule shows a promising “resurrection” of this drug 

as a potent anti-angiogenic agent. 
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Figure 4-1 Chemical structure of TNP-470 

	

4.3. Results 

4.3.1. Formation of Angiogenesis   

  RFP-HUVEC cells were seeded carefully outside the GelMA hydrogel 

microwells to attach on the glass surface. They proliferated and occupied the space 

outside the microwells. After seeding 3D GBM cancer spheroids into the microwells,, we 

could observe the migration of HUVECs through hydrogel wall. The cellular growth of 

RFP-HUVEC cells in the microwell walls during the angiogenic process were 

demonstrated in Figure 4-2A. On day 1, day 4 and day 7 of cancer spheroid seeding, at 

least 9 samples were taken images and quantified the fluorescence intensities by using 

ImageJ (National Institutes of Health). An average of these values were expressed on the 

graph. Compared to the fluorescent intensity of HUVEC cells in hydrogel wall on day 1, 

these values increased approximately 26% and 43% on day 4 and day 7, respectively. 

Two-way ANOVA statistical analysis indicated there were significant differences 

between fluorescent intensity of RFP-HUVECs on day 1, day 4, and day 7 (p < 0.05) 

(Figure 4-2A).  
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Scale bars represent 100 µm. 
	

Figure 4-2 The angiogenic process. (A) Fluorescent intensity of RFP-HUVECs on 
GelMA hydrogel microwell wall. (B) 3D in vitro model of the angiogenic 
process of GBM spheroid (green) and HUVEC cells (red).  
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Figure 4-2B showed the migration of HUVEC cells through the microwell wall in 

fluorescent images. It can be seen that RFP-HUVEC cells mainly sprouted into the 

microwell by migrating through the wall of the microwell to reach the GFP-U87 cancer 

spheroids. The vascular formation between GBM and HUVEC cells was captured using 

bright field and corresponding fluorescent images of with objective magnifications 4X, 

10X and 20X were showed in Figure 4-3.  

 

	

Scale bars represent 100 µm. 

	
Figure 4-3 Established 3D in vitro model of the angiogenic process of GBM (green) and 

HUVEC (red). 
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4.3.2. In Vitro Cell Growth Inhibition by TNP-470 

TNP-470, an anti-angiogenesis drug, inhibited the proliferation and growth of 

HUVEC cells. To test its ability, HUVEC cells were seeded into six-well plate to final 

concentration 0.6 x 106 cells/well. The administration of TNP-470 inhibited the 2D 

monolayer cell growth in vitro to evaluate the effect of drug in a dose-dependent manner. 

Various concentrations (0, 0.01, 0.1, 1, 10, and 100 µM) of TNP-470 solution were added 

to wells. After 48h of treatment, HUVEC cells were observed to lose their integrity and 

monolayer structure. At a concentration 0.01 µM, TNP-470 significantly inhibited the 

growth of HUVECs confirmed by the decline in cell viability to 60%. When the drug 

concentration increased to 10 µM, cell viabilities decreased to lower than 20%. Figure 4-

4B revealed that the IC50 value of TNP-470 on HUVECs was figured to be 0.1 µM. 

Figure 4-4C-H show the loss of the HUVEC monolayer cell morphology with 2D 

monolayer cell culture, compared to control sample in detail. 

4.3.3. Anti-angiogenesis Drug Screening 

In order to test the effectiveness of an anti-angiogenesis drug, TNP-470 on our 3D 

in vitro angiogenesis platform, we administrated drug at concentration of 10 µM after 

angiogenic process 7 days. All samples were captured on fluorescence microscope to 

evaluate the relative fluorescent intensity of HUVECs in GelMA hydrogel microwell 

walls. As the result, the fluorescent intensity of HUVEC cells in treated groups was 

significantly lower than those of control samples indicating that the addition of TNP-470 

could suppress the angiogenic activity (Figure 4-5A). On day 8, the fluorescent intensity 

was reduced by 38% when comparing treated and non-treated samples. While the relative 

fluorescent intensity of control group continued increasing on day 11 and day 14, those 
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treated with TNP-470 decreased significantly from 0.63 to 0.54 and 0.44, respectively. 

The effect of TNP-470 on 3D in vitro angiogenesis model can be seen in fluorescent 

images with the reduction of RFP-HUVEC cells (red) on the wall of microwell due to the 

inhibitory effect of TNP-470 and the clear green GBM spheroid on day 14 (Figure 4-5B).  

 

 

Figure 4-4 (A) The chemical structure of TNP-470. (B) In vitro inhibition of cell growth 
by treatment with the angiogenesis inhibitor TNP-470.. (C – H) Treatment 
of TNP-470 on 2D monolayer cells. 
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Figure 4-4 Anti-angiogenesis drug screening in 3D in vitro angiogenesis platform 
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4.4. Discussion 

We have previously showed the formation of microtubules during the 

angiogenesis process by co-culturing HUVEC cells and GBM cancer spheroids in 

GelMA hydrogel – based platform. In this study, we quantified the immigration of 

endothelial cells into a cancer spheroid during the angiogenic process (Figure 4-2). The 

presence of a GBM cancer spheroid induced HUVEC immigration, promoted HUVEC 

growth as well as the formation of a tubular-like structure, while the absence of cancer 

spheroids resulted in HUVECs only growing around the microwells. This result supports 

Folkman’s hypothesis that tumor cells release chemicals signals that cause endothelial 

cells to go from a resting state to a rapid growth phase. These chemical cues include 

vascular endothelial growth factor (VEGF), angiopoietins (Angs), interleukin-8 (IL-8), 

fibroblast growth factor-2 (FGF-2), transforming growth factor-beta (TGFbeta), placental 

growth factor (PlGF), platelet derived growth factor (PDGF), and others.  

Next, we used the angiogenesis inhibitor, TNP-470, to examine the anti-

angiogenic process on this platform. TNP-470 is one of the first angiogenic inhibitors 

shown to significantly lower the concentration of VEGF in endothelial cells that makes 

TNP-470 a promising agent in cancer therapy when used alone or in combination with 

other chemotherapeutic drugs. We also confirmed that TNP-470 has the low IC50 value 

on 2D HUVEC cell culture (0.1 µM) (Figure 4-4). The effect of TNP-470 in our 3D in 

vitro angiogenesis model was also confirmed in Figure 4-5. The fluorescent intensity of 

HUVECs in the wall of microwells was reduced more than 50% after administration of 

TNP-470 (10 µM) three times in one week. We believe that this platform provides a 

promising method for drug screening as well as investigating angiogenic mechanisms. 
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This promising model can also be a tool for personalized medicine by testing which anti-

angiogenic drugs should be used to best inhibit tumor growth and metastasis. 
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Chapter 5. Conclusions, Limitations, and Future Directions 
 

5.1. Conclusions 

Cancer is a serious health and social issue. Among the most common types of 

cancer treatment, chemotherapy has shown advantage to treat widespread cancers. 

However, one of the major challenges in chemotherapy is the lack of novel drug 

screening techniques for preclinical testing of drug discovery. Current methods for drug 

screening are expensive and often inaccurate.	 According two targeting pathways of 

chemotherapy in cancer treatment: directly targeting tumor cells to stop proliferation and 

kill cancer cells and inhibiting tumor angiogenesis to impair the supply of nutrients and 

oxygen to the tumor and prevent tumor growth, this research has focused on the design 

and fabrication of 3D in vitro cancer platforms for drug screening. In previous studies, we 

demonstrated a simple PEG hydrogel microwell platform to fabricate 3D GBM spheroid 

and test the effectiveness of two FDA approved drugs Pitavastatin and Irinotecan, 

individual or in combination at different ratios. Our results allowed achieving synergistic 

killing cancer cells with lower drug concentrations while avoiding additive toxicity on 

normal cells in the clinic. 

Anti-angiogenic therapy is becoming more widely developed and used in clinic 

trials. In this thesis, we described techniques of co-culturing GBM and HUVEC cells in 

GelMA hydrogel microwells for obtaining and culturing tumor angiogenesis, mimicking 

in vivo microenvironment of cancer tumors. Formation of microtubules was confirmed 

and quantified by the fluorescence microscope.  
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3D in vitro angiogenesis models have been developed to provide a better 

representation of the in vivo microenvironment during tumor angiogenesis and offer 

important information regarding tumors, such as their molecular and cellular 

mechanisms, their progression, and their gene expression. The use of this angiogenesis 

model allowed us to test the effective of an anti-angiogenic inhibitor, TNP-470 and 

understand the underlined mechanism of anti-angiogenesis.  

In conclusion, we have overcome the key challenge of drug discovery by 

designing novel platforms for drug screening. Our platforms are simple, cheap, 

reproducible and robust for forming in vitro tumor spheroids and angiogenesis. Drug 

testing results demonstrated the feasibility of each model. We believe that our novel 

platforms can be widely used for the high-throughput screening of anti-cancer and anti-

angiogenic drugs. These models help reduce the time and cost to perform preclinical studies 

and contribute to the development of biotechnology as well as drug discovery and 

personalized medicine in the future. 

5.2. Limitations  

For mimicking GBM tumor, we have successfully produced cancer spheroids and 

angiogenesis from cell lines. However, human tumor samples have a complicate structure 

with various cell lines. In this study, our in vitro models have been tested with only U87 

and HUVEC cells that may be not present completed features of human samples. In this 

case, other cell lines should be tested.  

Our microwell platform showed the effectiveness in forming cancer spheroids and 

testing combinatorial drugs with different ratios. However, it is well known that the 

preparation of these experiments requires label time and cost. When we increase the 
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number of drug in the testing mixture, this platform will show more clearly its own 

limitation. The development of high-throughput screening based on these techniques will 

improve this platform. 

Our angiogenesis platform mimicked tumor microenvironment of the angiogenic 

process and applied in drug testing. However, the direct contact of cancer spheroids with 

cell culture medium in this platform leaded to the growth of tumors even after stopping 

the angiogenic process. Unlike in-vivo culture models, the blood vessels support the 

nutrient and oxygen for the tumor cell growth. By cutting off this supply, the tumors will 

shrink and die. To address this issue, additional efforts in design and fabrication of 

platforms should better mimic and replace in vivo models.  

5.3. Future directions  

By far, we have successfully designed and fabricated the cancer spheroids and 

angiogenesis models. We also tested the efficiency of anti-caner and anti-angiogenesis 

drugs on these models. In the following, we suggest future directions based on our 

preliminary work to improve our devices. 

5.3.1. High-throughput Screening Using Microfluidic Devices  

In our device design, hydrogel microwell arrays were stored in six-well plate. It 

required large amount of cells for each experiments. Moreover, mixtures of drugs at 

different ratios and concentration were prepared individually for each well. Therefore, it 

limited the investigation of combining three or more drugs when screening on patient 

samples.  

Based on our prior experience, we suggest the design of the microwells and 

microchannels to fabricate cancer spheroids on chip for drug screening. In this design, 
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cells are injected and flow in the microchannels to the microwells. Untrapped cells will 

be returned to the input for the next cycles. By doing this, we can only use the small 

amount of cells at the beginning. Furthermore, the drugs can administer simultaneously 

for drug screening, reducing both preparation time and the technical variability. The 

ratios of drug mixture can be achieved by mixing the flows inside the chip. The number 

of drug administration can be determined by the amount of input in the design. 

5.3.2. Three-dimensional Angiogenesis Closed Platforms  

The idea of angiogenic therapy is by cutting off the blood supply, cancer cells in 

the tumor would be deprived of oxygen and nutrient. In our angiogenesis platform, we 

mimicked the progression of endothelial cells to penetrate and contact with cancer 

spheroids. We also confirmed the effect of anti-angiogenesis drugs in cutting these 

connections. However, the tumors still grew due to the direct contact of cancer cells and 

culture medium.  

For future direction, our ultimate goal is to provide a novel, 3D in vitro 

angiogenesis closed platforms using cancer spheroids feeding only through blood 

vessels (Figure 5-1). These platforms will use both GelMA and PEGDA hydrogel to 

mimic better in vivo tumor angiogenesis and give accurate effective results of anti-

angiogenesis inhibitors. Cancer tumors will be supplied nutrients from cell culture 

medium through blood vessels. Furthermore, other endothelial cell types including 

Human Aortic Endothelial Cells (HAEC) and Human Cardiac Microvascular Endothelial 

Cells (HMVEC-C) will be utilized in this platform to build a more reliable in vitro 

vascular structure. 
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Figure 5-1 3D in vitro angiogenesis closed platforms 

	



 

78 

5.3.3. Using Human Samples  

In this study, we have successfully mimicked in vivo tumor microenvironment of 

GBM. However, human tumor samples can be different from these cell lines. In this case, 

tumor samples from patients should be tested to confirm the ability of these platforms. 

One of the major advantages in using our approach is the ability to directly use patient’s 

tumor samples for reconstruct the in vivo microenvironment of the cancer tumor. We 

believe that more tests with human samples can enable the development of new high-

throughput screening technologies for cell-based studies, contribute to look further into 

fundamental points in cancer research that might detect new targets for cancer treatment.  

Using human sample also open an era for personalized medicine in treatment of 

various diseases with the best response and highest safety margin to ensure better patient 

care. The concept of personalized medicine has been introduced as a medical treatment in 

which doctors will design therapies to each patient based on the individual unique 

molecular and genetic profile. This medical treatment will accurately predict drug 

responses in each patient.  

In personalized chemotherapy of cancer research, models using cell lines from 

patient tumors or patient-derivaed mouse xenografts have been utilized for drug testing. 

Kamiyama injected human pancreatic and ovarian tumor cells into mice genetically 

engineered to favor tumor growth until reaching one centimeter in diameter. The tumors 

were transferred to culture flasks for studies and tests with anticancer drugs [200]. 

However, these modes were still limited due to the lack of tumor microenvironment from 

the cell lines and the difference in hosts between mice and humans. Kenny developed 3D 

organotypic culture from human tissue samples as a tool for high throughput screening of 
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ovarian cancer drugs [29]. Presage Biosciences used a microneedle array device with the 

ability to infuse multiple drugs into living tumors to identify drug candidates for cancer 

treatments. However, this method required large solid tumors and in vivo implantation, 

but had low-throughput drug selection. Overall, the use of 3D in vitro tumor models has 

the advantages of preserving the tumor microenvironment and allowing high-throughput 

drug screening. This platform can also work with standard microscopes, and quickly 

obtain sensitivity of drug responses. 
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