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ABSTRACT 
 
 

The invasion of glioblastoma is a complex process that involves coordinated interactions between 

tumor cells and the extracellular matrix. Biomaterial scaffolds now show promise in forming in 

vitro and in vivo three-dimensional (3D) cancer models and can generate an in vitro micro-

environmental context that mimics the complexity of the tumor tissue in vivo. Higher expression of 

MMP-2 and MMP-9 and plasminogen activator in tumor cells is correlated with an increased grade 

of glioblastoma malignancy. In this study, we fabricated a microtumor and investigated the effect of 

viscosity of collagen hydrogel and the inhibitors of MMPs and plasminogen activators on migration 

of glioblastoma cells in collagen hydrogel. The cell viability and proliferation of microtumors were 

studied by LIVE/DEAD assay and AlamarBlue assay respectively. qRT-PCR was performed to 

study MMP-2, MMP-9 and plasminogen activator gene expression in collagen hydrogels. Time-

lapse imaging was recorded to quantify tumor cell migration speed and distance in collagen 

hydrogel and in collagen hydrogels containing inhibitors of MMP-2, MMP-9 and plasminogen 

activator. Crosslinking of collagen hydrogels increased the viscosity of collagen hydrogel and 

decreased tumor cell migration distance and velocity. Crosslinking reduced the tumor cell-mediated 

degradation rate of the hydrogels. The inhibitors of MMP-2 and MMP-9 reduced tumor cell 

migration speed on cell culture dishes or in hydrogels. Although tranexamic acid and aprotinin did 

not change the tumor cell migration on cell culture dish, they significantly reduced the cell 

migration in collagen hydrogels. The similar inhibition effect of MMP-2 and MMP-9 inhibitors on 

tumor cell migration on cell culture dish and in hydrogels was observed in this study. This study 

demonstrated that the increased ECM viscosity can limit glioma cell migration and demonstrates 

the different functions of pharmacologic inhibitors on glioma cell motility in a 3D matrix against a 

2D environment.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

Neurons and glial cells are two major cell types in the brain. Neurons are specialized cells 

transmitting nerve impulses. Glial cells provide support for the neurons and regulate their signal 

transmission. There are different types of glial cells: ependymal cells, oligodendrocytes, satellite 

cells, astrocytes, microglia, and Schwann cells. In the nervous system, there are more glial cells 

than neurons. The tumors that arise from supportive cells or glial cells are called gliomas. 

Gliomas that arise from the star shaped astrocytes are known as Astrocytoma. The degree of 

tumor abnormality is graded on a scale of I to IV (States, 2013). Grade I gliomas are diagnosed 

as benign as they are curable through complete surgical excision. Grade II gliomas are 

designated as “low grade” and require serial monitoring by magnetic resonance imaging (MRI) 

or computed tomography (CT) scan for tumor recurrence surveillance. Grade III-IV gliomas are 

designated as “high grade” and have a poor prognosis. According to the World Health 

Organization, astrocytic tumors are classified as Grade I and II (astrocytoma), grade III (analastic 

astrocytoma), and grade IV (glioblastoma or GBM), oligodendrogliomas, ependymomas, and 

mixed gliomas (States, 2013).  

1.1.  Glioblastoma 

Glioblastoma is the most common type of brain tumor and is often associated with poor 

prognosis and high mortality rate (Kamiya-Matsuoka & Gilbert, 2015). The term glioblastoma 

multiforme (GBM) was introduced by Bailey and Cushing in 1904 when the first operation on a 

patient suffering from this type of tumor was conducted in Vienna (Żukiel et al., 2004).  GBM 

occurs mainly in cerebral hemispheres with 95% in supratentorial region and less common in 

spinal cord, cerebellum, and brain stem (Mitsutoshi Nakada et al., 2011). GBMs are aggressive 
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tumors that migrate away from the main tumor within the brain but will rarely spread elsewhere 

in the body. GBM is a primary brain neoplasm that consists of a genetically and phenotypically 

heterogeneous group of tumors (Karcher et al., 2006; Moore et al., 1996). Ninety percent of 

GBM cases develop de novo (primary glioblastoma) from normal glial cells by multistep 

tumorigenesis and the remaining 10% of gliomas are cases of secondary neoplasms that develop 

through progression from low-grade tumors (diffuse or anaplastic astrocytomas), over ~ 4 to 5 

years (Kabat et al., 2010; Tso et al., 2006). Secondary glioma is diagnosed in people with a mean 

age of 39 (Urbańska et al., 2014). This tumor grows more slowly and has a better prognosis 

(Urbańska et al., 2014). However, primary glioblastoma grows within three months. Although 

their molecular pathways are different (Karcher et al., 2006), primary and secondary gliomas do 

not show morphological differences (Kleihues & Ohgaki, 1999). This tumor increases with age 

and is most common in adults at 45-65 years.  GBM is more common in men than in women 

(Harrison et al., 1991) and may occur in the course of genetic diseases, as seen in tuberous 

sclerosis (Padmalatha et al., 1980), Turcot syndrome (Grips et al., 2002), multiple endocrine 

neoplasia type IIA (Sanchez-Ortiga et al., 2009), and neurofibromatosis type I, NF1 (Broekman 

et al., 2009). In addition, head injuries as a result of a brain contusion may predispose to the 

onset of glioblastoma  (Moorthy & Rajshekhar, 2004; Zhen et al., 2010). 

1.2.  Signaling Pathways of Glioblastoma 

Glioblastoma cell invasion is regulated by different signaling pathways. The activation of 

membrane bound receptors by ligand-binding molecules transduces signals that lead to 

proliferation or differentiation (Schlessinger, 2000). The binding of ligand with the receptor 

controls the intracellular signal transduction pathways and regulates proliferation. The normal 

cellular function is regulated by PI3K-PTEN-Akt-mTOR pathway. These pathways can also be 
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critical in cancer cells. In fact, there are different intracellular molecules and signaling pathways 

such as Wnt, Notch, Sonic Hedgehog, NF-κB, Ras/Raf/MEK/MAPK, as well as AKT/ERK that 

control each and every step of cancer cell invasions (Dreesen & Brivanlou, 2007; Liao et al.,  

2014; Spano et al., 2012). The phosphorylation of Receptor Tyrosine Kinase (RTK) activates 

phosphatidylinositol 3-kinase (PI3K) that further phosphorylates phosphatidylinositol 4, 5-

bisphosphate (PIP2) producing phosphatidylinositol 3, 4, 5-triphosphate (PIP3) that mediates the 

activation of the serine/threonine kinase Akt.  The phosphorylated and activated Akt transduces 

signals for cell survival, proliferation, and angiogenesis. The PI3K/Akt pathway controls 

apoptosis, migration, and cell invasion (Fayard et al., 2010). The first intracellular molecule, 

PI3K, of the signaling pathway is regulated by different growth factors and their receptors such 

as epidermal growth factor (EGF) and its receptor (EGFR). Growth factor receptors such as 

RTKs, EGFRs, platelet derived growth factor receptors (PDGFRs), regulate RAS activity. The 

activated RAS activates RAF and phosphorylates a series of kinases such as mitogen activated 

protein kinase (MAPK) and further regulates downstream gene transcription and cell activities. 

The abnormal expression and activation of RAS/MAPK pathway causes abnormal growth and 

proliferation and leads to invasion. 

In glioblastoma cells, a highly mutated genome leads to deregulation of many signaling 

pathways that regulate growth, proliferation, survival, and apoptosis (Mao et al., 2012). 

Therefore, it is critical to identify diagnostic and therapeutic strategies to target these pathways 

for the improvement of glioblastoma. The abnormal activation of the molecules involved in 

signaling pathways induce abnormal proliferation of the tumor cells. Two of the deregulated 

signaling pathways in glioma involve PI3K/Akt/mTOR and Ras/MEK/MAPK pathways. The 

PI3K/Akt pathway controls apoptosis, migration, and cell invasion (Fayard et al., 2010). Protein 



 4 

overexpression and genetic amplification of several receptor tyrosine kinases leads to the 

activation of RTK in glioma.  Among the various pathways, transforming growth factor-β (TGF-

β) signaling is an important pathway to regulate the behavior of these tumors (Rich, 2003). TGF-

β is considered tumor suppressive as it inhibits astrocyte proliferation (Platten, Wick, & Weller, 

2001). However, glioblastoma blocks the activity of TGF-β and may induce proliferation, 

angiogenesis, invasion, metastasis, and immune suppression (Seoane, 2006).To analyze U87 

brain tumor interaction with extracellular matrix (ECM), we designed a 3D brain tumor model 

that helps to elucidate the effects of matrix stiffness and inhibitors on glioblastoma invasion 

using different concentrations of Polyethylene glycol (PEG)-based hydrogels and using different 

types of inhibitors in the hydrogel.  

1.3.  Biomaterial Scaffold and Hydrogel 

 Biomaterials scaffolds are naturally existing or synthetic materials that can replace living 

tissues (Thomson et al., 2000). Hydrogels are hydrophilic polymeric networks of three-

dimensional cross-linked structures possessing a degree of flexibility similar to natural tissue, 

both chemically and physically (Lee & Mooney, 2001). As the ECM is important for survival, 

proliferation, differentiation, and migration of cells, different hydrogel matrices mimicking 

natural ECM is the subject of great research interest for therapeutic applications. Hydrogel can 

be formed from synthetic (e.g., poly ethylene glycol, polyhydroxyethyl methacrylate) and 

naturally occurring polymers (e.g., collagen, hyaluronan, heparin) (Lee & Mooney, 2001). 

Hydrogel has several important characteristics including biodegradability, biocompatibility, and 

adaptability in physical, biological, and chemical environments. Scaffold materials must be 

biocompatible and must support growth, adhesion, and migration. Biocompatibility is the most 

important property of scaffolds. Hydrogel is useful for 3 dimensional (3D) models of tissue 
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culture due to its high water content and ability to form in the presence of cells, proteins, and 

DNA. Hydrogels are conductive materials with low interfacial tension and thus provide 

appropriate environments for cell migration and survival across tissue implant boundaries 

(Crompton et al., 2007). Our main goal is to create 3D scaffolds with physical and mechanical 

properties for future experiments including cell-matrix interactions using different inhibitors, and 

drug screening.  

1.4.  Natural Biodegradable Polymer 

Natural biodegradable polymers such as collagen, alginate, and hyaluronic acid offer the 

advantages of flexibility that can adapt to required forms or shapes. Natural polymers exhibit 

biodegradable and biocompatible properties. The specific molecular domain of the natural 

polymers support and guide cells at various stage and thus promotes the interaction of scaffold 

with the surrounding host tissue (Nooeaid et al., 2012). Naturally occurring scaffolds composed 

of ECM proteins offer promising alternatives for tissue repair and regeneration. The ECM and 

structure of hydrogel are morphologically similar and therefore can be used for encapsulation of 

cells. The covalent bonding between polymer chain form crosslinked hydrogels. However, good 

physical property is exhibited with the use of crosslinkers.  

1.5.  Synthetic Polymer Scaffolds 

The largest group of synthetic biodegradable polymer is produced under controlled 

conditions. Synthetic polymers can be degradable and non-degradable. Synthetic polymers 

possess advantages of easy control of microstructure strength and degradation rate. Synthetic 

polymers and natural polymers can be blended together to design a more stable form of 3D 

scaffold. Synthetic or natural polymers can be covalently or non-covalently cross linked to form 

hydrogel. Hydrogel provides a 3D model to study cell’s behavior. The synthetic polymers are 
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poly glycerol sebacate (PGS), the poly lactic-co-glycolic acid family, and polyethylene glycol 

derivatives. 

1.6.  Collagen Scaffold 

Collagen is a major ECM component and is an insoluble fibrous protein in connective 

tissue with a triple helical structure as shown in Figure 1. Because of its unique triple helical 

structure, collagen has excellent biocompatibility, biodegradability (Chakrapani et.al., 2012), and 

poor antigenicity. Collagen is an abundant protein in all vertebrates and provides mechanical 

support for cell attachment. There are at least 16 types of collagen among which type I, II and III 

are the most abundant. Collagens were grouped as fibril-forming (types I, II, III, V, XI), fibril-

associated (types IX, XII, XIV), and network-forming (types IV, VII, VIII, X) on the basis of 

function, structure, and supra molecular organization. Fibril-forming collagens provide the 

scaffold that gives stability and integrity to tissues and organs (Brown, 2009).  

 

  Figure 1: A triple helix structure of collagen.  

(Cooper et al., 2016) 



 7 

Type I collagen fibrils are stronger and are more tensile than other types. Type I collagen 

is easy to isolate because of its abundance in tendon-rich tissue such as rat tails (Lodish et al., 

2000). Type I collagen fibrils are roughly 50 nm diameter and several micrometers long. The 

enormous tensile strength of type I collagen fibrils is because they are packed side by side in 

parallel bundles as shown in Figure 2 and they can be stretched to sufficient length without being 

broken. The amino acid sequences of collagen are characterized by glycine, proline, and 

hydroxyproline with the repetitive motif Gly-Pro-X where X represents any aminoacid (Lodish 

et al., 2000). Collagen is comprised of three alpha chains.  Glycine residue occupies the third 

position in the sequence and allows tight packaging of alpha chains in the tropocollagen 

molecule that aggregates into fibrils. Collagen can be obtained in two ways: top-down and 

bottom-up approaches. Top down approaches result in collagen-rich matrix complexes and 

bottom-up approaches result in collagen scaffolds (Stang et al., 2005). 

 

Figure 2: Type I Collagen 

(http://www.harbormedtech.com/bridge) 

The native state of type I collagen is resistant to most proteases but can be rapidly 

degraded with different proteases once it is denatured (Seyer & Kang, 1992). To increase the 
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tensile strength of collagen and to prevent degradation, the intermolecular cross-links among 

peptide subunits are increased. Collagens are crosslinked with different crosslinking agents such 

as polyethylene glycol (PEG), gelatin, genipin, glutaraldahyde, and others to improve their 

stability. Glutaraldehyde is mostly used to crosslink collagen-based biomaterials. However, 

genipin has replaced glutaraldehyde because of its low toxicity (Sundararaghavan et al., 2008; 

Sung et al., 1999). Alternatively, polyethylene glycol can be applied as a crosslinker to improve 

the stability of collagen-based hydrogels.  

1.7.  3D and 2D Cell Culturing 

2D culture involves the culture of cells in a single layer and is more unnatural since the 

cells are grown on flat polystyrene plastic dishes. In 3D culture, there are cell-cell and cell-

matrix interactions as shown in Figure 3. They are flexible just like natural tissues and cells can 

exert forces on one another and can move and migrate similar to the in vivo state. The cell 

migration mechanism and behavior have been studied using two dimensional culture models. 

However, differences in cell behavior in culture dish vs. in vivo have led researchers to study 

cells behavior in 3D culture, which mimics living tissue microenvironment. 3D cell culture is an 

essential method to understand the cell behavior.  Because the cell behavior differs between 2D 

and 3D cell culture (Cukierman et al.,  2002), a number of in vitro studies used 3D to determine 

glioma migration patterns where cell-cell and cell-matrix interactions are important. 3D culture 

provides the understanding of cell adhesion and cell migration mechanisms. The shape and 

distribution of trans-membrane adhesion proteins are different in cells migrating on 2D substrate 

and in 3D collagen (Cukierman et al., 2001; Meshel et al., 2005). The speed with which cells 

migrate in 2D is related to the strength of the cell-surface adhesion, as determined by integrin-

dependent anchorage. The migration speed of a cell inside 3D matrices is more complex and it 
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depends on the sterical and mechanical properties of the matrix (Zaman et al., 2006). 2D cell 

culture assays have failed to display the understanding of the characteristics of original tumor. 

3D culture models could be effective in high throughput drug screening by bridging the gap 

between 2D and 3D.  

  

 

Figure 3: Tumor cells cultures in 2D (left) and in 3D (right). 

1.8. Glioblastoma Tumor Cells Migration in 3D 

The migration of glioblastoma over a long distance occurs within the central nervous 

system but never metastasize to other tissues. The most defining property of glioblastoma is to 

interact with native micro-environment when compared to other solid tumors. The complete 

prediction of glioblastoma behavior in 2D culture cannot be made since 2D culture cannot 

adequately reproduce the complexity of in vivo tumor microenvironment. To better understand 

the tumor cell migration, in vitro controlled environments mimicking the physical and chemical 

features of in vivo micro environment are required as shown in Figure 4. Previously, the 

migration studies used 2D cultures. The monolayer wound healing assay or scratch assay have 

been done to study migration rate where cells are cultured until they reach confluence and then a 

scratch is made. The time required by the cells to cover the gap is then measured. The migration 

rate is calculated by the distance travelled by the cells over time. However, it is also important to 
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consider width to measure migration distance. It is therefore important to culture cells and study 

their migrational behavior in 3D microenvironment which could recapitulate in vivo 

environment. 

 

Figure 4: Migration of tumor cells in 3D cultures.  

1.9. Polyethylene Glycol  

PEG, a hydrophilic polymer, is used as a cross linker to form a hydrogel. Since the 1970s, 

PEG has been used to modify therapeutic proteins to increase their solubility and to lower their 

toxicity (Davis, 2002). PEG is extensively used for biological applications because it does not 

generally elicit immune responses (Zalipsky & Milton Harris, 1997). PEG has a non-toxic, bio-

inert, biocompatible nature and has the ability to crosslink hydrogel without changing 

biochemical contents.  PEG can be cross-linked with both natural and artificial polymers, such as 

collagen, to form 3D hydrogel scaffolds. PEG is cross-linked with collagen to increase its 

stiffness and to examine how scaffold physical properties with and without cross linker impact 

cell growth and development. PEG increases the scaffold stability and should decrease 

enzymatic degradation. 
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Figure 5: Polyethylene Glycol (8 arm PEG-OH) 

1.10. Microtumor Spheres 

Microspheres are small spherical particles designed from both natural and synthetic 

materials. Microspheres have been used for different purposes in a variety of cancer research. 

The most straightforward explanation of the use of microsphere is to mimic in vivo tumor 

microenvironment. The growth of cells in 3D culture resembles much more closely the cells 

within living tumors. 3D in vitro tumor models have been created using spheroids and aggregates 

using hanging drop techniques. The aggregates are then suspended in a hydrogel matrix to mimic 

3D microenvironment (Adriani et al., 2016). The encapsulation of cancer cells in collagen beads 

has also been done using cells, collagen and oil to form microtumors (Jang et al., 2017). In our 

lab, microtumor spheres are generated using collagen with the help of a vacuum pump and 

syringe to study the tumorigenesis in a manner that effectively mimics the in vivo 

microenvironment. The in vitro 3D microtumor spheres model study represents in vivo micro-

environment characteristics such as the cell-cell and cell-matrix environment (Khademhosseini 

& Langer, 2007; Liu et al., 2010). 

1.11. Extracellular Matrix Remodeling 

The ECM is an essential component present in all tissues and provides physical support 

for tissue integrity and elasticity. The ECM is generated in early embryonic stages with its 

unique composition in every organ. The three-dimensional non cellular dynamic structure of 
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ECM is constantly remodeled to maintain tissue homeostasis (Hynes, 2009). The ECM 

components serve as ligands for cell receptors and transmit signals to regulate adhesion, 

migration, proliferation, differentiation, survival, and apoptosis. The cells are constantly re-

generating and re-modeling the ECM through synthesis, degradation, re-assembly, and 

modification.  However, the regulation of these processes to maintain homeostasis is quite 

complex in response to cancer. The cleavage of ECM is the main important process of ECM 

remodeling and it can be cleaved by several proteases. Matrix metalloproteases are the main 

enzymes for ECM degradation. The activity of matrix metalloprotease is low in normal condition 

but increases during repair and remodeling processes and in diseased conditions such as cancer. 

1.12. Matrix Metalloproteinases  

Matrix Metalloproteinases (MMPs) are zinc-binding endopeptidases, the largest group of 

ECM-degrading enzymes, and they degrade ECM components. Based on functional and 

structural similarities, MMPs are divided into different subclasses (i.e. MMP1 to MMP28). There 

are 8 structural classes of MMPs: 3 are membrane type MMPs and 5 are secreted type MMPs. 

MMP1 and MMP9 degrade denatured collagen and type IV collagen, the central component of 

the basement membrane (Lakka et al., 2005). MMP2 gene is a zinc dependent matrix 

metalloprotease gene family member capable of cleaving ECM components and is involved in 

signaling transduction. MMP2 gene encodes gelatinase, type IV collagenase, activation of which 

occurs on the cell membrane unlike most of the other MMP family members. Activation of this 

enzyme occurs extracellularly by proteases or intracellularly by S-glutathiolation without 

proteolytic removal of pro-domain. MMP-9 is secreted in an inactive pro-form that is then 

activated when cleaved by extracellular proteinases. The activated form of MMP9 degrades type 

IV and type V collagens. 
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1.13. Plasminogen Activators  

Plasminogen Activators (PAs) are a group of serine proteases that can convert inactive 

plasminogen to active plasmin.  There are two types of plasminogen activator: urokinase 

plasminogen activator (uPA) and tissue plasminogen activator (tPA). The uPA is a 54-kD 

enzyme that occurs either as an inactive single chain proenzyme or as an active two-chain 

enzyme. On the other hand, tPA is a 70-kD polypeptide chain associated mainly with vascular 

fibrinolysis. Both can convert inactive zymogen plasminogen to active proteinase plasmin that 

can degrade ECM proteins. uPA regulates tumor progression and invasion by activating cascades 

of proteaseas that degrade ECM and attenuate cell-cell and cell–ECM interactions (Andreasen et 

al., 1997). uPA, also known as urokinase, releases pro-uPA (a zymogen) in an inactive form and 

binds to its cell surface receptor (uPAR). The cell surface receptors for uPA and tPA are 

different but both can be inhibited by PAI-1 and PAI-2 effectively (Andreasen et al., 1997). 

Activated uPA cleaves zymogen plasminogen and thereby generates the protease plasmin that 

reciprocally cleaves and activates pro-uPA. It is suggested that the expression of uPA is directly 

correlated with astrocytoma invasion (Gladson et al., 1995). In comparison to normal brain cells, 

glioblastoma cells express higher uPA. Plasmin and uPA proteolytically activate growth factors 

and convert other proteases, in particular MMPs, from pro-forms into catalytically active forms. 

The zymogen form of MMP is inactive and also called pro-MMP. There is an interaction 

between a cysteine-sulfhydryl group in the propeptide domain and the zinc ion bound to the 

catalytic domain to keep them inactive. However, activation requires proteolytic cleavage and 

their activity is regulated by different endogenous inhibitors including tissue inhibitors of MMPs 

(TIMPs), α2-macroglobulin, and so on. Most of the MMPs are activated outside the cell by other 

activated MMP or serine proteases and some MMPs are activated by other intracellular serine 
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proteinases before they reach the cell surface (Sternlicht & Werb, 2001). Active MMPs then 

degrade ECM components and promote tumor growth and invasion  as shown in Figure 6 (Zhao 

et al., 2008).  TIMPs are one of the MMP inhibitors that inhibit the MMPs at 1:1 ratio. The N-

terminal domain of TIMP2 inhibits membrane bound MMP (MT-MMP) and the C-terminal 

domain of the bound TIMP2 acts as a receptor for the hemopexin of Pro-MMP2. An intracellular 

serine proteinase activates Pro MT-MMP during their transport to the cell surface and at the cell 

surface by plasmin or by conformational changes without proteolytic activity. TIMP2 inhibits 

MT-MMP and then hemopexin domain of ProMMP2 binds to the C terminal of TIMP2 and 

forms a trimolecular complex. An uninhibited MT-MMP first cleaves proMMP2 and then 

another MMP2 removes the remaining portion of MMP2 propeptide to produce the active form 

of MMP2. This active MMP2 gets released from the cell surface or it binds to another cell 

surface of MMP2 docking protein as shown in Figure 3. Depending upon the MMP: TIMP ratio, 

MMP2 can be inhibited by another TIMP molecule or remain in its active state without 

inhibition. 
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Figure 6: Signaling pathways that regulate brain tumor invasion. 

(Mohanam et al., 1999) 

The increased expression of MMPs is found in almost all types of human cancer with 

increased tumor invasion and metastasis. Some of the MMPs are expressed by the cancer cells 

whereas many other MMPs (MMP2 and MMP9) are predominantly synthesized by tumor 

stromal cells, including fibroblasts, myofibroblasts and endothelial cells. In different 

transplantation studies, benign cancer cells transform into malignant cancer with the up 

regulation of MMP expression. The expression of MMP2 and MMP9 increases significantly with 

glioma progression (Gondi et al., 2009) and are correlated with tumor cell invasion (Wild-Bode, 

Weller, & Wick, 2001). MMPs degrade ECM molecules and promote tumor progression and 

invasive processes. Conversely, high malignant cancer cells reduced their aggressive behavior 

with the reduction of MMP expression (Coussens & Werb, 1996). GBM secretes proteases that 

degrade brain ECM or basal lamina and thereby invade through the brain parenchyma and along 

blood vessels. The basement membrane provides structural support to cells and maintains tissue 

organization. Degradation of basement membranes is necessary for metastatic progression of 
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cancer cells. MMPs (including MMP-2 and MMP-9) are highly concentrated in invadopodia; 

protusions of the plasma-membrane (Jacob & Prekeris, 2015). In addition, the degradation 

products from activated MMP further promote new invadopodia formation (E. S. Clark et al., 

2007). An increased number of invadopodia is highly linked with cancer cell invasion, ECM 

degradation, and metastasis. Among different known human MMPs, MMP2, and MMP9 degrade 

extracellular matrix and basement membranes and thus facilitate tumor cell invasion (I. M. Clark 

et al., 2008). Furthermore, MMP-2 proteolytically activates TGF-β and promotes epithelial 

mesenchymal transition that enhances cancer metastasis (E. S. Clark et al., 2007). 
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Figure 7: Activation and Inhibition of MMP. 

(Sternlicht & Werb, 2001) 

1.14. Aprotinin 

Aprotinin is a polypeptide serine protease inhibitor that regulates the degradation rate of 

fibrin and increases the stability of fibrin scaffolds. Aprotinin interacts with different serine 

proteases, such as plasmin’s active site, and thereby inhibits their proteolytic activity. 
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Figure 8: Aprotinin with a single polypeptide chain and with three disulfide bonds. 

(http://www.sigmaaldrich.com/life-science/metabolomics/enzyme-explorer/aprotinin-

monograph.html). 

 

 

1.15. Tranexamic acid 

Tranexamic acid (trans-4-aminomethyl-cyclohexane-1-carboxylic acid [t-AMCA])) is an 

anti-fibrinolytic agent that competitively binds to the lysine-binding site on plasminogen and 

inhibits the activation of plasminogen to plasmin. However, at much higher concentrations, t-

AMCA acts as a noncompetitive inhibitor of plasmin and prevents fibrinolysis by blocking 

http://www.sigmaaldrich.com/life-science/metabolomics/enzyme-explorer/aprotinin-monograph.html
http://www.sigmaaldrich.com/life-science/metabolomics/enzyme-explorer/aprotinin-monograph.html
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fibrinolysis activators (e.g.; plasminogen, and Plasmin) with fibrinogen and fibrin (Mannucci, 

1998). Aprotinin can be replaced by tranexamic acid as it is safe and less toxic (Cholewinski et 

al., 2009). 
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CHAPTER 2 
 

RESEARCH OVERVIEW 
 
 

Glioblastoma is the most common high-grade primary brain tumor and is almost 

invariably fatal (States, 2004; Surawicz et al., 1998). GBM is classified into different subclasses, 

primary and secondary tumors. Approximately 90% of the tumors are diagnosed as primary or de 

novo tumors. Primary tumors are more common in males and develop rapid symptoms. 

Approximately 10% of the tumors develop from low grade tumors and are diagnosed as 

secondary tumors. Secondary tumors are most common in younger patients and are evenly 

distributed between genders (Adamson et al., 2009). The complete removal of this tumor through 

surgery is difficult since its prognosis is very poor along with its infiltrative nature. Despite the 

availability of recent advancements in several treatments, median survival rate for GBM is 12-15 

months (Wen & Kesari, 2008).  This is due to the poor understanding of GBM at the molecular 

level and thus there is a strong need for new models and techniques to understand the complex 

behavior of GBM.  

Most of the research based on 2D substrates cannot mimic the complex in vivo 

environment. Cells interact differently with a 3D substrate vs. a 2D substrate. In 3D substrate, 

fibroblasts develop different focal contacts compared with 2D (Cukierman et al., 2002). 3D 

cultures have been used to study the migration of fibroblasts (Loftis et al., 2003; Tamariz et al., 

2002) and metastatic tumor cells (Del Maestro et al., 2001; Goldberg et al., 1992). Such studies 

found significant differences in the migration of cells in 3D vs. 2D substrates. Several in vitro 

studies showed the role of collagen, laminin, fibronectin, and other ECM proteins in GBM 

migration. One study investigated the glioma cell migration after the tumor spheroids were 

seeded in 3D type I collagen matrices with different concentration of collagen. Tumor spheres 
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were also generated by the hanging drop and centrifugation method but they lack the efficient 

interaction of cells with the ECM components. Biomaterials scaffolds have been used in vitro 

and in vivo studies to study cancer cell behavior in 3D models.  In this study, we engineered 

microtumors by encapsulating the cells in collagen microspheres and investigated the migration 

of GBM in collagen hydrogel. Even though the physical behavior of tumor cells can provide 

more relevant information in 3D than in 2D microenvironment, only a few studies have used cell 

culture 3D models. Collagen is a natural biomaterial that is present in the cancer brain 

environment. Specifically, collagen I and III is present in tumor ECM (Giesexs & Westphal, 

1996). Collagen I, III and IV are present in glial limitans externa and vascular basement 

membranes of tumor cells (Giesexs & Westphal, 1996). Previous studies showed the presence of 

thicker collagen ECM around blood vessels in glioma compared to normal cells (di Tomaso et 

al., 2009). The motility of glioma cells also depends on the stiffness of the ECM. Glioblastoma 

generates collagen, laminin, and fibronectin and can alter the ECM microenvironment. MMP 

activation, invasion, and poor prognosis of GBM are strongly correlated and indicate that the 

tumor cells can remodel the surrounding tissues during invasion. Therefore, it is important to 

know the interactions between cells and the surrounding ECM.  

Different cell types possess different mechanisms to migrate in the ECM. In 3D culture, 

studies focused on the importance of various integrins and MMP in attachment and detachment 

events. Cells interact with ECM components through various receptors and also secrete 

proteolytic enzyme such as MMP. MMP drives tumor cell invasion through proteolytic 

degradation of ECM proteins. In addition, the interaction of cells with ECM initiates the cell 

fate-regulating signaling pathways that drive tumor cell invasion and metastasis (Ariza et al., 

1995; Baker & Chen, 2012). In comparison with normal cells, MMP2 and MMP9 are highly 
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expressed in glioblastoma and thus increase their malignant behavior by regulating cell 

proliferation, motility, invasion, and angiogenesis (Musumeci et al., 2015; Rao, 2003; Song et 

al., 2009). The interaction of plasminogen activator with its receptor activates proteolytic 

signaling cascades that involve ECM degradation and enhances tumor cell migration and 

invasion. In one study, the migration of glioma cells was inhibited with the inhibition of 

PI3K/Akt pathway by down regulating the expression of uPA (Chandrasekar et al., 2003). In this 

study, we investigated the role of pharmaceutical molecules in tumor cell migration cultured in 

3D hydrogels. 

2.1 Hypothesis 

1. The glioblastoma cells can efficiently migrate from fabricated microtumors into 3D 

collagen hydrogel and therefore the system can function as an efficient 3D platform for 

the study of glioblastoma cell migration.  

2. The high viscosity of ECM can limit glioblastoma cell migration. 

3. The inhibitors of MMP and plasminogen activator can reduce glioma cell motility in 3D 

collagen hydrogels.  

4. The glioma cell migration can be regulated differently in a 2D or 3D environment by 

pharmaceutical molecules. 

2.2 Specific Aims of the Research 

1. Fabrication and characterization of glioblastoma microtumors. 

2.  Investigation of cell viability (Live/ dead cell viability assay) and proliferation of 

microtumors (Alamarblue assay). 

3. Investigation of tumor cell migration from the microtumors into the collagen hydrogels. 
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4. Investigation of tumor migration in collagen hydrogel crosslinked with different 

concentrations of crosslinker. The mechanical and chemical properties of hydrogel are 

studied by degradation and rheology tests. 

5. Investigation of the effect of pharmaceutical molecules (MMP inhibitor, and plasminogen 

activator inhibitor) on tumor cell migration in collagen hydrogel. 

6. Determination of gene expression level (MMP2, MMP9, uPA, tPA, and PAI-1) of glioma 

cells in collagen gels by quantitative RT-PCR. 
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CHAPTER 3 
 

METHODS AND MATERIALS 
 

 
3.1  Fabrication of Type I Collagen Hydrogels 

Type I collagen (3.5 mg/ml, Corning, Corning, NY) generated in Dr. Li Yao’s lab was 

used to fabricate the collagen hydrogels. The pH of the collagen solution was adjusted by 1 M 

sodium hydroxide (NaOH) and 5x phosphate-buffered saline (PBS) solution. The collagen 

solution was then crosslinked with two different concentrations of 8 arm PEG Succinimidyl 

Glutarate (hexaglycerol) (8S-StarPEG, JenKem Technology USA, Plano, TX) (0 mM, 0.1 mM 

PEG) to make collagen spheres and three different concentrations (0 mM, 0.5 mM and 1 mM 

PEG) to make hydrogels. A collagen hydrogel without crosslinker was used as a control.  

3.2  Glioblastoma Tumor Cell Culture and Growth in Collagen Hydrogels 

The U87 tumor cells were purchased from ATCC. The cell line was established by taking 

the glioma from the brain of a 44-year old Caucasian male patient. The cells were cultured in 

Eagle's minimal essential medium (EMEM) with 10% fetal bovine serum (FBS) and 1% 

antibiotics (100 IU/ml Penicillin/Streptomycin) (Life technology, Grand Island, NY). The cells 

were cultured and then incubated at 37° C and 5% CO2 for five to seven days. The medium was 

changed every three days. The adherent tumor cells were cultured subsequently to make 

microtumor spheres and to study their migration and their behavior in the hydrogel. 

3.3 Fabrication and Characterization of Glioblastoma Microtumor 

Before adding cells, collagen was neutralized by 1 M sodium hydroxide (NaOH) and 5x 

phosphate-buffered saline (PBS) solution.  50,000 glioma cells were counted and then mixed 

with 100ul of neutralized collagen. The collagen was crosslinked using 0.1 mM of 8-arm PEG 

http://r.search.yahoo.com/_ylt=A0LEVxDONQlYs_sA2FFXNyoA;_ylu=X3oDMTEyNWJqZ3RqBGNvbG8DYmYxBHBvcwMxBHZ0aWQDQjI4NDRfMQRzZWMDc3I-/RV=2/RE=1477027407/RO=10/RU=https%3a%2f%2fen.wikipedia.org%2fwiki%2fEagle%2527s_minimal_essential_medium/RK=0/RS=xox9Nwi0eDsRsP6V.dqLyi7C..g-
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and non-crosslinked collagen was used as a control. The crosslinked and non-crosslinked 

collagens were mixed with the cells in separate eppendorf tubes. The mixture was transferred 

into a syringe with a needle (25G1) and directly injected into culture plates containing cell 

culture medium using a syringe pump (flow rate, 0.1ul/min). The medium was changed every 

three days. To seed tumor cells spheres into a collagen hydrogel, medium from the spheres after 

seven days was removed and then spheres were transferred to the 48 well plate containing 

collagen solution crosslinked with different concentrations (0 mM, 0.5 mM, 1 mM) of 8-arm 

PEG. Fresh EMEM medium was then added to each well plate and kept in an incubator for 3 

days at 37° C and 5% CO2 to study their migration from spheres to the hydrogel. The medium 

was changed every three days. 

3.4  Live/Dead® Cell Viability Assay 

The cell viability was analyzed using a LIVE/DEAD® cell viability assay kit 

(Lifetechnology, Grand Island, NY). In this assay, 50,000 tumor cells were seeded in 100ul 

collagen with 0.1mM 8-StarPEG of crosslinker to make spheres. The LIVE/DEAD® cell vitality 

assay was performed on U87 and cultured for seven days. Reagents for the LIVE/DEAD® assay 

were ethidium homodimer-1 (Ethd-1) with a molecular weight of 856.77, and calcein AM with a 

molecular weight of 994.87. Assay reagent solutions were removed from the freezer and allowed 

to warm to room temperature. A 2 µl aliquot of the 2 mM EthD-1 stock solution and a 0.5 µl 

aliquot of the 4 mM calcein AM stock solution were added to 1 ml of sterile PBS solution and 

mixed by vortexing. A 300 µl aliquot of this solution was added directly to each cell culture well 

containing spheres and incubated for 30 minutes at room temperature. The spheres were viewed 

and then counted under a fluorescent microscope (Axiovert 200M; Carl Zeiss, Inc.). At least 

three independent experiments were performed in this study. At least four images of the spheres 
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in each experiment were recorded. The live and dead cells in each sphere were counted, and the 

ratio of live cells to total cells was calculated. 

3.5  AlamarBlue® Cell Viability Assay  

The viability and proliferation activity of tumor cells in collagen was monitored by using 

Alamar Blue assay (Pierce Biotechnology, Rockford, lL). 50,000 cells were mixed in 100ul 

collagen crosslinked with two different concentration of PEG (0mM and 0.1 mM) to make 

microtumor spheres. Following this incubation, microtumor spheres are transferred to 10% (v/v) 

AlamarBlue reagent and incubated for four hours. Microspheres without cells were transferred to 

10% (v/v) AlamarBlue reagent as a control. This assay was conducted on three and seven days 

incubation of microtumor spheres. The resazurin reagent of alamarblue® blue reduces to 

resorufin in the presence of metabolic active cells. Absorbance was measured at wavelengths of 

570 nm and 600 nm in a Synergy Mx (BioTek, Winooski, VT) microplate reader. 

3.6  Tumor Cell-Mediated Collagen Hydrogel Degradation 

To analyze the degradation of collagen by tumor cell, 100,000 cells were seeded in 500 μl 

of collagen in the eppendorf tube. The weight of all eppendorf tubes was taken before seeding 

cells into the collagen. The collagen was cross linked with different concentration (0mM, 0.5mM 

and 1 mM) of 8-arm PEG. Collagen without cells was considered as a control. EMEM medium 

was added to the collagen containing cells and was incubated for seven days. The medium was 

removed and then collagen was washed three times with distilled water. The collagen was 

collected by centrifugation and then freeze dried for 12 hours. The weight of dried collagen was 

then taken after 6h, 5 days and 7 days.  
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3.7  Rheological Test  

To check the viscosity of collagen with crosslinker (8S-StarPEG, 1mM) and without 

crosslinker, the rheological testing was conducted using rheometer. Collagen was cross linked 

with 0 and 1mM concentration of 8S-Star PEG and then neutralized with NaOH and 5X PBS to 

maintain same condition as working gel. Rheological and viscometric measurements were 

conducted on a TA instruments ARES rheometer using ASTM D4473 test method with 1200% 

strain at the frequency of 2 rad/s for 180 minutes. Parallel-plate geometry (50mm diameter) at 

0.9mm gap height was used on a 3000 μl crosslinked and non-crosslinked collagen gel 

concentration after 24 hours of gelation. The temperature was set at 37° C. The real time plot 

results were obtained using TA Orchestrator software. G’ indicates the storage modulus that 

describes the elastic properties, and G’’ indicates the loss modulus that describes the viscous 

properties. 

3.8  Migration of Tumor Cells in Crosslinked Hydrogels 

To study the migration of tumor cells in the hydrogel, 20,000tumor cells were seeded in 

200 μl collagen hydrogels or collagen hydrogel crosslinked with 8S-StarPEG (1mM). The cells 

in the non-crosslinked collagen gel were used as a control. 5000 tumor cells were seeded in a 24 

well plate to see their migration on the culture dish. After the cells were cultured for 24 hours, 

the migration of tumor cells was recorded with a time-lapse microscope (Zeiss Axio Observer 

microscope) placed in a plastic incubator with 5% CO2 at 37ºC. Sterile conditions were 

maintained throughout this procedure. The time-lapse image recording was performed to 

document cell migration using ZEN 2011 imaging microscope software. Images were captured 

using a digital camera (AxioCam MRm Rev.3 with FireWire). The migration of cells was 

recorded by capturing images every 5 min for 3 hours. The time-lapse images were analyzed 
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using NIH Image J software (National Institutes of Health, Bethesda, MD). The cell migration 

distance and speed were quantified. The distance of a cell migrating in a given period of time is 

used to calculate the cell migration speed.  

3.9  Regulation of Tumor Cell Migration in Hydrogel Using Different Inhibitors 

To analyze the migratory behavior of U87 tumor cells, 20,000 cells were seeded in 200 μl 

collagen hydrogel containing different concentrations of regulatory molecules such as (100µM) 

MMP2 inhibitor (ARP 100, R & D system, Minneapolis, MN), (25uM) MMP9 inhibitor (CAS 

1177749-58-4, Sigma), (3mM) tranexamic acid (TXA) (Santa Cruz Biotechnology, Inc, Dallas, 

Texas) and (40μg/ml) aprotinin (Sigma-Aldrich, St. Louis, MO), ). The cells were then incubated 

for 5 minutes to make a gel stable and then added 600 μl of medium to the 48 culture well plate. 

5,000 cells were seeded in 24 well plate and then added 600 μl medium on the cell culture dish. 

The cells were then incubated for 48 hrs at 37° C and 5% CO2 and cell migration was recorded 

using real time lapse microscopy. 

3.10 Quantitative Real-Time Polymerase Chain Reaction  

The qRT-PCR was performed to study the gene expression of MMP-2, MMP-9, uPA, 

tPA and PAI in tumor cells grown in collagen hydrogels. For qRT-PCR, 100,000 glioma cells 

were seeded in 500 μl collagen hydrogels crosslinked with 0 mM and 1mM 8S-StarPEG. Cells 

were cultured in collagen hydrogels and the total RNA was extracted after incubating for three 

days using a Direct-zolTM RNA MiniPrep Plus (Zymo Research, Irvine, CA) according to the 

supplier’s protocol. The amount of RNA was determined using a NanoDrop 2000c 

spectrophotometer (Thermo Scientific, Waltham, MA). The cDNA was reverse-transcribed from 

the total RNA using a High-Capacity cDNA Reverse Transcription Kit (Life technology, Grand 

Island, NY) according to the manufacturer’s protocol. The qRT-PCR reactions were performed 
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using the Power SYBR® Green Master Mix by the Applied Biosystems QuantStudio™ 3 Real-

time PCR System (Thermo Scientific, Waltham, MA). The conditions employed were:  95°C for 

10 minutes and then 40 cycles at 95°C for 15 seconds followed by 60°C for 60 seconds. Gene 

transcription was normalized in relation to transcription of the housekeeping human 

glyceraldehydes 3-phosphate dehydrogenase (GAPDH). The relative gene expression for each 

target gene was calculated using 2-ΔΔCt method. Primers used in the qRT-PCR were as follows:  

TABLE 1 

PRIMERS FOR qRT-PCR 

Gene Oligonucleotide (5’-3’) 

Human MMP2 F CCACTGCCTTCGATACAC  

Human MMP2 R GAGCCACTCTCTGGAATCTTAAA  

Human MMP9 F TGGGCTACGTGACCTATGACAT  

Human MMP9 R GCCCAGCCCACCTCCACTCCTC  

Human PAI-1 F TGCTGGTGAATGCCCTCTACT  

Human PAI-1 R CGGTCATTCCCAGGTTCTCTA  

Human TPA F GGCTGTGGACAGAAGGATGT 

Human TPA R GCTTTTGAGGAGTCGGGTGT 

Human UPA F CACGCAAGGGGAGATGAA  

Human UPA R ACAGCATTTTGGTGGTGACTT  

GAPDH F  CGAGATCCCTCCAAAATCAA 

GAPDH R  TTCACACCCATGACGAACAT 
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3.11 Statistical Analysis 

Two-tailed Student’s t-test was performed to analyze the data statistically. Data was 

expressed as mean ± Standard deviation and P-value less than 0.05 was considered to be 

statically significant. 
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CHAPTER 4 
 

RESULTS AND DISCUSSION 
 
 

4.1 Results 
The purpose of this project is to develop an in vitro 3D cancer models using biomaterials 

scaffolds and investigate the function of pharmaceutical molecules on glioblastoma cell 

migration and invasion in a 3D culture model.  

4.1.1 Size Reduction of Collagen Encapsulated Microtumor Spheres  

Microtumor spheres were generated by mixing 50,000 glioblastoma cells with PEG-

crosslinked neutralized collagen and cultured for 7 days at 37° C and 5% CO2.  On the first day 

after sphere formation, cells insides the spheres were observed using an inverted microscope and 

assessed for their size reduction over several days. The sizes of the non-crosslinked and 

crosslinked glioma microtumors were found 773.9 ±27.0 µm and 726 ± 27 µm, respectively, 

after they are cultured for six hours. We observed microtumor formation and the size of the 

microtumor decreased with time in cell culture medium when cultured for three days and further 

decreased when cultured for 4 more days.  The sizes of non-crosslinked and crosslinked gliomas 

microtumors decreased significantly to 330.5 ± 10.5 µm (p < 0.01) and 315.7 ± 39.9 µm (p < 

0.01), respectively, after culturing for total seven days (Figure 9).  
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Figure 9:  Fabrication of microtumors of glioma cells. The non-crosslinked microtumors (A-C) 

and microtumors crosslinked with 8S-StarPEG (D-F) were cultured for 7 days in cell culture 

medium. The size of microtumors decreased gradually. Scale bar: 400µm. (G) The dense tumor 

cells were seen in microtumors after 7 days. (H) Quantification of microtumor size showed that 

the microtumor size decreased when microtumors were cultured in cell culture medium. 
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4.1.2 LIVE/DEAD® Cell Vitality Assay  

After 7 days of incubation, 2 mM EthD-1 stock solution and a 0.5 µl aliquot of the 4 mM 

calcein AM were added to the microtumor spheres and were observed under fluorescent 

microscope after 30 minutes at room temperature. We found that most of the cells were live cells 

in both crosslinked (0.1 mM 8S-Star PEG) and non-crosslinked microtumor (Figure 10). The live 

cells to total cells in the crosslinked and non-crosslinked were quantified. The ratio of live cells 

to total cells in the 0.1 mM 8S-StarPEG-crosslinked microtumor were 89.5 ± 2.0% and that in 

the non-crosslinked were 90.8 ± 2.4% (Figure 10). 

 

Figure 10: Cell viability assay. LIVE/DEAD cell viability assay for glioma cells grown in 

microtumors. Most glioma cells grown in non-crosslinked microspheres and microspheres 

crosslinked with 0.1 mM 8S-StarPEG exhibiting high cell viability. Scale bar: 250 μm. 
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4.1.3 Alamar Blue® Assay 

The AlamarBlue® assay showed the proliferation and metabolic activity of U87 cells in 

the collagen microspheres. After cells were cultured for three days, the reduction of the   

AlamarBlue® reagent was observed for tumor cells in both crosslinked (0.1 mM 8S-StarPEG) 

and in non-crosslinked microspheres. The AlamarBlue® reagent reduction value was 33.1 ± 2.6% 

and 25.8 ± 8.3% in non-crosslinked and crosslinked microtumors. After culturing the cells for 

seven days, the reduction value further increased to 43.5 ± 0.9% and 42.8 ± 0.4% (p < 0.01), 

respectively in non-crosslinked and crosslinked microtumors.  
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Figure 11: Cell viability and proliferation assay. (A) Percentage of live cells in collagen 

microtumors as determined by LIVE/DEAD cell assay. (B) AlamarBlue assay for glioma cells 

grown in microtumors. 

4.1.4 Tumor Cell Migration from Microtumor into Collagen Hydrogel. 

After 7 days, microtumors were transferred into the crosslinked (1mM 8S-StarPEG) and 

non-crosslinked collagen hydrogel. Tumor cells from the microtumors migrated into the formed 

hydrogel (Figure 12). The extended multiple processes of the cells were observed in the 
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microtumors. The crosslinking of collagen hydrogel with 1mM 8S star-PEG limited tumor cell 

migration.  

 

Figure 12: Migration of glioma cells from microtumors grown in collagen hydrogels. (A-F) 

Images of tumor cell migration in non-crosslinked collagen hydrogel (A-C) and crosslinked 

collagen hydrogel (D-F). Microtumors were formed by mixing tumor cells with non-crosslinked 

collagen solution. Scale bar: 400 μm. 

4.1.5 Quantification of Migration Distance of Microtumors into the Collagen Hydrogel 

The migration of tumor cells from the microtumors into the collagen hydrogel was 

observed and their migration distance was calculated. The calculated migration distance of 

tumors cells was found significantly higher in non-crosslinked collagen hydrogel than in the 8S-

StarPEG crosslinked collagen hydrogel after cultured for three days (Figure 13). The average 

migration distance of tumor cells from non-crosslinked microtumors into the non-crosslinked 

collagen hydrogel, 0.5 mM 8S-StarPEG crosslinked and 1mM 8S-StarPEG crosslinked was 
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found 485.375nm, 324.155nm and 342.18nm after 24 hrs and 693.485nm, 507nm and 

416.055nm after 3 days. And the average migration distance of tumor cells from 0.1mM 

crosslinked microtumors into the non-crosslinked collagen hydrogel, 0.5 mM 8S-StarPEG-

crosslinked and 1mM 8S-StarPEG crosslinked was found 576.19nm, 391.985nm and 371.145nm 

after 24 hrs and 653.536nm, 484.895nm and 429.175nm after 3 days. In both cases, migration 

distance of tumor cells from (0.1mM 8S-StarPEG) crosslinked and non-crosslinked microtumors 

into the non-crosslinked collagen hydrogel, 0.5 mM 8S-StarPEG crosslinked and 1mM 8S-

StarPEG crosslinked collagen hydrogel was found similar. 
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Figure 13: Migration distance of tumor cells in collagen hydrogel.  (A, B) Quantification of 

glioma cell migration from microtumors formed by non-crosslinked collagen or crosslinked 

collagen. 
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4.1.6 Tumor Cell-Mediated Collagen Hydrogel Degradation 

Crosslinking of collagen with 8S-StarPEG decreased the tumor cell-mediated collagen 

degradation. The U87 tumor cells were cultured in crosslinked and non-crosslinked hydrogel and 

the weight of the collagen was measured after culturing for seven days. The weight of the 

collagen in the non-crosslinked collagen hydrogel, 0.5 mM 8S-StarPEG-crosslinked collagen 

hydrogel and 1 mM 8S-StarPEG-crosslinked collagen hydrogel was 1.28 ± 0.0 mg (p < 0.05), 

1.15 ± 0.0mg (p < 0.05) and 1.74 ± 0.1 mg (p < 0.05). The U87 tumor cell-mediated collagen 

hydrogel degradation was found significantly higher in non-crosslinked collagen than in 1 mM 

8S-StarPEG-crosslinked collagen. 
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Figure 14: Collagen crosslinked with 8S-StarPEG decreased the rate of glioma cell-mediated 

collagen hydrogel degradation. Glioma cells were grown in collagen hydrogels cross-linked with 

different amounts of 8S-StarPEG. *p < 0.05, compared with collagen hydrogels with tumor cell 

growth at same time point; #, p < 0.05, compared with non-crosslinked collagen hydrogels and 

hydrogels crosslinked with 0.5mM 8S-StarPEG at same time point  ,  p < 0.05, compared with 

non-crosslinked collagen hydrogels at same time point. 

4.1.7 Rheology study 

The viscosity measurement of crosslinked and non-crosslinked hydrogel was conducted 

using TA instruments ARES rheometer. G’ indicates the storage modulus which describes the 

elastic properties and G” indicates the loss modulus which describes the viscous properties. G” is 

found increased in crosslinked collagen than in non-crosslinked.  Therefore, 1mM PEG 
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crosslinked collagen has more “physical strength” than the non-crosslinked collagen.  The 

viscosity of crosslinked collagen is found higher than non-crosslinked collagen. In the presence 

of crosslinker, collagen hydrogel sustained more than without crosslinker. 
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Figure 15: Rheological testing. Rheological test showed that the viscosity of crosslinked (8S-

StarPEG, 1mM) collagen hydrogel is higher than non-crosslinked hydrogel. (A) Non-crosslinked 

Collagen. (B) Collagen crosslinked with 8S-StarPEG (1mM). 

A 

B 
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4.1.8  Tumor Cells Migration in Collagen Hydrogel 

We investigated the migration of tumor cells on culture dish and in both crosslinked and 

non-crosslinked collagen hydrogel (Figure 16A). Migration pathways were tracked and labeled 

with lines of different colors (Figure 16A). The migration distance of tumor cells in 8S-StarPEG-

crosslinked collagen was found lower than in non-crosslinked collagen and on culture dish. 
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Figure 16: Migration of glioma cells in hydrogels. (A) U87 cells migrated on cell culture dish or 

in hydrogels (each line indicates one migration track of a U87 cell). Scale bar: 100 µm; (B) cell 

migration paths determined by video monitor tracings (position of all cells at t = 0 min 

represented by origin position (center of frame), with migratory track of each cell at 3 hours 

plotted as a single line on the graph; each arm of axes represents 200 µm of translocation 

distance).  

In Figure 16B, each frame shows the superimposed migration tracks obtained from tumor 

cells. The position of all cells at t = 0 minute is represented by the origin (0, 0). Each line 
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represents the migration track of one single cell over a three-hour period. The migration speed 

and distance of tumor cells on culture dish and in collagen hydrogels were quantified. The 

migration speeds of tumor cells in non-crosslinked collagen hydrogel, 1mM 8S-StarPEG-

crosslinked collagen hydrogel and on culture dish were 1.01 ± 0.03 µm/min, 0.66 ± 0.08 

µm/min, p < 0.01 and 0.66 ± 0.13 µm/min, p < 0.01, respectively. The migration speed of tumor 

cells was found significantly higher in non-crosslinked than in crosslinked collagen hydrogel and 

on culture dish (Figure 17A). Similarly, the migration distance of tumor cells in the three-hour 

migration on the cell culture dish, in non-crosslinked collagen hydrogel and in 1mM 8S-

StarPEG-crosslinked collagen hydrogel was 115.8 ± 24.0 µm, 178.2 ± 6.9 µm, and 109.6 ± 10.9 

µm, respectively. The migration distance of tumor cells was found significantly higher in non-

crosslinked than in crosslinked collagen hydrogel and on culture dish (Figure 17B). 
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Figure 17: Quantification of migration speed and distance in hydrogels. (A) Quantification of the 

tumor cell migration speed in hydrogels; (B) Quantification of the cell migration distance in 

hydrogels;*p < 0.05, compared with tumor cell migration on cell culture dish or in crosslinked 

collagen hydrogel. 
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4.1.9  Gene Expression of Tumor Cells in Collagen Hydrogels 

The expression of uPA, tPA, PAI, MMP-2 and MMP-9 of glioma cells was quantified by 

qRT-PCR after the cells had been cultured for three days (Figure 18A-C, 19A-B). The 

expression of uPA and tPA of glioma cells was significantly higher in non-crosslinked collagen 

hydrogels than that on a culture dish (p < 0.01) or in crosslinked collagen hydrogels (p < 0.05). 

There is no significant difference of PAI gene expression for the groups of crosslinked and non-

crosslinked collagen hydrogels or the groups of non-crosslinked collagen hydrogel and culture 

dish. The expression of MMP-2 of glioma was significantly higher in non-crosslinked collagen 

hydrogels was than in crosslinked collagen hydrogels (p < 0.01). Similarly, the expression of 

MMP-9 of glioma cells cultured in non-crosslinked collagen hydrogels was significantly higher 

than on a culture dish (p < 0.01) or in crosslinked collagen hydrogels (p < 0.01).  
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Figure 18: Expression of uPA, tPA and PAI by glioma cells grown on cell culture dish or in 

hydrogels. Expressed as a fold change compared with gene expression by U87 cells on cell 

culture dish. Each target gene is normalized to GAPDH. 
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Figure 19: Expression of MMP-2 and MMP-9 by glioma cells grown on cell culture dish or in 

hydrogels. Expressed as a fold change compared with gene expression by U87 cells on cell 

culture dish. Each target gene is normalized to GAPDH. 

4.1.10 Regulation of tumor cells migration in collagen hydrogel 

 The effects of different regulatory molecules such as MMP-2, MMP-9, and plasminogen 

activator were investigated. The glioma cells were cultured in collagen hydrogel or on the culture 

dish in the presence of different regulatory molecules, MMP-2 or MMP-9 inhibitors (ARP 100, 

100µM; CAS 1177749-58-4, 25 µM) and found decreased migration speed of glioma cells when 

compared with that of glioma of control groups (p < 0.01). Control group was maintained as 
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tumor cells without any inhibitors. The tumor cell migration speeds of glioma cultured on culture 

dish with tranexamic acid (3 mM) and aprotinin (40 µg/ml),were 0.66 ± 0.20 µm/min and 0.65 ± 

0.19 µm/min, respectively, which were not significantly different than that of the control study 

on a culture dish. Control on the culture dish contained tumor cells without collagen hydrogel 

and inhibitors. The tumor cell migration speeds grown in collagen hydrogel were treated with 

tranexamic acid and aprotinin, were 0.55 ± 0.08 µm/min and 0.69 ± 0.05 µm/min, respectively, 

which were significantly lower than that of the control study in collagen hydrogels.  

 

Figure 20: The effect of inhibiting MMP-2, MMP-9, uTA, and tPA on glioma cell migration. 

Track graphs show the effects of MMP-2, MMP-9, uTA, and tPA inhibitors on U87 migration. 

The axes in each graph represent 200µm. The inhibitors of MMP-2 (ARP 100, 100µM) and 

MMP-9 (CAS 1177749-58-4, 25µM) significantly decreased the U87 cell migration on cell 

culture dish or in collagen hydrogels. The aprotinin (40µg/ml) and tranexamic acid (3mM) 

inhibited U87 migration in collagen hydrogel but not on cell culture dish.  
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Figure 21:  Quantification of migration of U87 cells treated with inhibitors. (A) Quantification of 

tumor cell migration after the U87 cells were treated with inhibitors. *p < 0.05, compared with 

tumor cell migration of corresponding group without inhibitor treatment. (B) Quantification of 

tumor cell migration distance after the U87 cells were treated with inhibitors. *p < 0.05, 

compared with tumor cell migration of corresponding group without inhibitor treatment. 
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4.2 DISCUSSION 

The most common and aggressive brain tumor, glioblastoma, has a poor clinical outcome 

because of early detection failure, therapy resistance, and unidentified mechanisms of their 

invasion. In addition, clinical therapies such as surgery (Brandes, 2003), chemotherapy, and 

radiotherapy (Brandes, 2003; DeAngelis, 2005; Walker et al., 1980) are not suitable because of 

the infiltrative nature of the tumor behavior. Therefore, there is a strong need to better 

understand the mechanisms underlying tumor cell progression. In brain tumor 

microenvironments, there are different biochemical and mechanical cues that play an important 

role in GBM growth and invasion.  Biochemical cues and ECM proteins influence intracellular 

signaling as well as provide structural support. In addition to biochemical cues, there are also 

mechanical cues such as matrix stiffness that is higher during brain tumor growth than in normal 

brain tissue since GBM cells actively produce fibrous ECM proteins including laminin, collagen, 

and fibronectin (Wiranowska & Rojiani, 2011). The methods of 2D monolayer culture to study 

cancer biology offer ease of use but do not mimic the tumor microenvironment 3D architecture 

and the presence of ECM components. Recent advances in glioblastoma research focus on 3D 

cultures as more accurate models to understand the structural complexity and physical property 

of the tumor cells in vivo (Fan et al., 2015).  

Biomaterials have been used to provide permissive environment to the cells in 3D culture. The 

high water content of hydrogels and its permeability nature mimic the tissue microenvironment 

that is particularly attractive for studying brain cells. Hydrogels have been used as in vitro 

models to study cells’ behavior in response to ECM components and showed stiffness-dependent 

GBM cell motility and proliferation (Ananthanarayanan et al., 2011; Ulrich et al., 2009). 

Collagen is a biodegradable, biocompatible, and natural product that has been employed to study 
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cancer cell behavior in 3D in vitro hydrogels.  To study cancer cell behavior based on matrix 

stiffness, different concentrations of synthetic polymers such as PEG are used to also overcome 

the different limitations of natural polymers like collagen, gelatin, and hyaluronic acid and also 

provide more control and reliability (Gill et al., 2012). 

Numerous techniques were applied to grow 3D spheroids as cells aggregate (Haycock, 

2011). A variety of approaches were applied to generate microtumors by tumor cell aggregation 

methods such as spheroid preparation from hanging drops (Del Duca et al., 2004), spontaneous 

aggregation of tumor spheroids (Friedrich et al., 2009), and aggregation in rotary cell culture 

systems (Mazzoleni et al., 2009) or in spinner flask cultures (Wenzel et al., 2014). Suspension 

culture of a single spheroid in each well was generated on Ultra-Low attachment (ULA) 96-well 

round-bottomed plates that supported the growth and formation of tight, compact, or loose 

aggregates in a variety of tumor cell lines (Vinci et al., 2012). The generated microtumors with 

ECM are physiologically relevant in vitro 3D models to study the role of cell-cell and cell-matrix 

interactions. 

In this study, microtumors were generated using a mixture of collagen and glioma cells 

by the syringe-pump method. After they are cultured in cell culture medium, microspheres 

encapsulate the tumor cells and forms microtumors. The biocompatible and nutrient-permissive 

nature of collagen favors the growth of tumor cells. In a previous study, the encapsulation of 

astrocytes in collagen microspheres provided a favorable condition for cell growth and high cell 

viability (Berndt et al., 2016). Tumor cells in this study also showed high viability and 

proliferation rate in collagen microspheres. However, size reduction was observed in the 

microspheres of astrocytes (Berndt et al., 2016) or glioma cells after culture for seven days or 

more. Collagen was crosslinked with 8S-Star PEG and generated the microspheres encapsulating 
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tumor cells. The non-crosslinked and crosslinked collagen showed the similar size reduction of 

microspheres after cultured for seven days. However, the crosslinking of collagen with the 8S-

Star PEG reduced the degradation rate of collagen by tumor cells when compared with the non-

crosslinked collagen. We observed that the tumor cells can degrade the collagen hydrogels in 

non-crosslinked collagen and the crosslinking of collagen with 8S-Star PEG can reduce the 

tumor cell mediated collagen degradation. 

Previously, studies focused more on biochemical and genetic factors for the growth and 

invasion of glioma cells. But more studies with other cell types revealed the important role of 

biomechanical cues for the regulation of cell behavior. The rigidity and stiffness of the ECM can 

also result in differences in glioma cell structure, migration, and proliferation (Ulrich et al., 

2009). We developed and characterized PEG-based hydrogels for culturing GBM in 3D. The 

culturing of glioma on soft substrate showed decreased stress fiber formation, focal adhesion, 

and cell motility when compared with the stiff substrate (Ulrich et al., 2009). Glioma cells 

actively express gene for ECM synthesis and remodeling and thus enhanced cell motility 

(Deryugina & Bourdon, 1996). The strong correlation between MMP activation, GBM invasion, 

and poor prognosis indicates the remodeling the ECM by glioma during invasion (M Nakada et 

al., 2007). All collagens possess triple-helical regions which bind to the collagen receptors and 

regulate a wide range of behaviors including cell adhesion and migration (Leitinger, 2011). 

Collagen also acts as scaffolds and provides adhesion sites for tumor cell invasion. Collagen, as a 

ligand of tumor cell receptors, can mediate tumor cell’s growth and differentiation (Leitinger, 

2011). Glioma cells secrete ECM molecules such as collagen and modify the normal brain tissue 

and thereby increases the rigidity of the tumor microenvironment. It is also reported that stiffness 

of the collagen increases with the concentration of the collagen and thus enhances the invasion of 



 55 

the glioma cells (Kaufman et al., 2005). The high stiffness enhanced the expression of Rho 

proteins and mediates cell motility (Paszek et al., 2005). The addition of agarose in the 3D 

collagen increases elasticity of the collagen, however, decreased and eventually stopped invasion 

of glioma in a 3D spheroid model after increasing the agarose content (Ulrich et al., 2010). 

Several different invasion studies have been done in other types of tumors using collagen. In one 

study, the motility and invasion of both MV3 and HT1080 cells were reduced after increasing the 

collagen density (Haeger et al., 2014). In this study, the crosslinking of collagen with 8S-arm 

PEG increased viscosity and decreased cell migration of tumor cells in collagen hydrogels. This 

result suggests that the migration of the tumor cells can be minimized by increasing the viscosity 

of collagen hydrogel. 

The localized degradation of ECM involves many serine proteases including those in the 

plasminogen activator/plasmin system and MMP. The interaction of cell with ECM through 

integrin-type receptors, adhesion, and the modification of the ECM regulate cell motility.  The 

invasive nature of glioblastoma depends mainly on the degradation of ECM by proteases. There 

are various proteases and their inhibitors that play an important role in tumor invasion. The two 

types of plasminogen activators, tPA and uPA, activate the proenzyme plasminogen to plasmin 

and degrades ECM. uPA induces the activation of PI3K. PI3K interacts with a member of the 

Rho family of G proteins and influences the cell morphology by regulating the actin 

cytoskeleton. PI3K pathway activates downstream signaling cascades and regulates proliferation, 

adhesion and migration. Several malignant tumors produce uPA (Gladson et al., 1995; Hsu et al., 

1995) and their interaction with specific receptors regulates the cell-matrix interaction and 

migration.  The high level of uPA in human gliomas is associated with decreased survival. The 

invasiveness and metastasis of tumor cells can be reduced by blocking the activity of uPA 
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(Sandström et al., 1999). Blocking of uPA decreased the phosphorylation of PI3K and decrease 

in PI3K activation further decreased cell migration (Chandrasekar et al., 2003). 

Aprotinin is a competitive serine protease inhibitor that can form stable complexes with 

plasmin and can also block uPA activity. The treatment of myeloma cells with aprotinin blocked 

the activity of uPA and also reduced the osteoblast-mediated myeloma cell invasion through 

collagen I (Hecht et al., 2007). A previous study found reduced invasive migratory potential of 

melanoma and fibrosarcoma HT1080 cell lines after inhibiting the elevated levels of uPA and 

plasminogen activator inhibitor-1 (PAI-1) by antibodies against uPA and PAI (Brooks et al., 

2000). Similarly, spreading of astrocytic tumor cells in a collagen hydrogel was inhibited in the 

presence of aprotinin by blocking the elevated level of uPA and was correlated with malignancy 

of the tumors (Mitsutoshi Nakada et al., 1999).  In another study, the addition of aprotinin 

slowed down the astrocyte-mediated fibrinolysis and the migration of astrocytes was completely 

inhibited (Seyedhassantehrani et al., 2016). However, the migration speed of glioma cells in our 

study was reduced only by 30% with addition of the same amount of aprotinin. Other anti-

fibrinolytic agents such as TXA, an antifibrinolytic agent, binds to the lysine-binding sites of 

plasminogen and inhibits the specific binding of plasminogen to the cell surface and thus 

prevents its conversion to active plasmin enzyme. An in vivo study reported the reduction of 

arterial smooth muscle cell migration in injured vessels of rats after the administration of TXA. 

Similarly, in our study, the migration of glioma cells in collagen hydrogel was slightly inhibited 

in the presence of TXA (Jackson et al., 1993). The presence of uPA and tPA inhibitors showed a 

different effect on tumor cell migration on culture dish and in collagen hydrogels. The presence 

of aprotinin and TXA inhibited the U87 cells migration in the collagen hydrogels but not in the 

culture dish. 
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Plasmin can also activate MMPs and releases growth factors, thereby enhancing tissue 

remodeling and metastasis (Kirstein et al., 2009).  The activation of MMPs alters both 

composition of the ECM and expression of adhesion receptors and thus enhances tumor cell 

migration. The activity of MMPs can be regulated by inhibitors (TIMPs) that bind to their latent 

and activated forms. The presence of TIMP-2 in human melanoma cells inhibited the activity of 

MMP-2 and reduced tumor growth in mice (Montgomery et al., 1994). Matrix stiffness also 

correlates with the expression of MMPs. In one study, cells cultured in stiff hydrogels showed 

upregulated MMP-1 and downregulated MMP-9. This suggests that the differential deposition 

and the remodeling of ECM depends on ECM stiffness and results in differential GBM 

proliferation and migration in 3D. The increased stiffness of the matrix led to delayed U87 

proliferation and migration in hydrogels (Wang et al., 2014). In our study, we observed 

decreased expression of uPA, tPA, MMP-2 and MMP-9 in cells grown on cell culture dish and in 

8S-arm crosslinked collagen hydrogels compared with non-crosslinked collagen hydrogels. The 

decreased expression of regulatory molecules slowed the migration speed of U87 cells on culture 

dishes or in 8S-arm crosslinked collagen hydrogels. This suggests that the higher expression of 

these regulatory molecules corresponds to the higher migration of U87 cells. In further 

experiments, we added MMP-2 and MMP-9 inhibitors to the cell cultured in hydrogels and 

found significant reductions of U87 cell migration on culture dish and in collagen hydrogels. Our 

study suggests that the U87 cells response differently in 2D and 3D environments.  
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4.3 CONCLUSION 

In this study, we fabricated encapsulated U87 glioma cells microspheres. Cells grown in 

collagen non-crosslinked or 8S-arm PEG crosslinked microspheres showed good cell viability.  

We investigated the migration of U87 cells in crosslinked and non-crosslinked collagen 

hydrogels and also studied their response to the presence of different regulatory molecules. The 

migration of glioma cells was then recorded by means of real time-lapse microscopy. We found 

the migration speed of cells in 3D collagen hydrogels to be higher than that on a 2D cell culture 

dish. Crosslinking of collagen hydrogels with 8S-arm PEG increased viscosity and thus 

decreased migration of the glioma cells. Crosslinking of collagen hydrogel with 8S-arm PEG 

also reduced the cell-mediated collagen degradation. The expression of different regulatory 

molecules such as MMP-2, MMP-9, uTA, and tPA was higher in non-crosslinked collagen. 

However, the expression level of these molecules was reduced after crosslinking the collagen 

hydrogel with 8S-arm PEG. The decreased expression of these regulatory molecules also 

decreased the migration rate of glioma cells in crosslinked collagen hydrogels. Furthermore, the 

presence of inhibitors of these regulatory molecules in collagen hydrogels reduced glioma cell 

migration on a cell culture dish or in collagen hydrogels. The increased gene expression of these 

regulatory molecules corresponds to the increased migration speed of glioma cells in non-

crosslinked collagen.  The presence of MMP-2 and MMP-9 inhibitors in collagen hydrogel 

hindered glioma cell migration in collagen hydrogels and on a cell culture dish. The presence of 

plasminogen activator inhibitors (aprotinin and TXA) hindered glioma cell migration in collagen 

hydrogel or on a cell culture dish. This study suggests that the crosslinking of collagen with 8S-

arm PEG can increase viscosity and limit cell migration of glioma cells. The presence of 
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different pharmacologic inhibitors functions differently in glioma cells cultured in 3D and 2D 

microenvironments. 
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CHAPTER 5 
 

CLINICAL RELEVANCE AND FUTURE DIRECTIONS 
 
 

  Glioblastoma has become the most aggressive and worst prognosis of any CNS disease. 

Most patients with glioblastoma can survive only for 12-14 months and it is almost always fatal. 

GBM is found most commonly in males for unknown reasons. There is no known genetic 

predisposition for developing GBM. There are two different types of treatments available, 

symptomatic and palliative treatment. Symptomatic treatment includes drugs that alleviate 

deleterious symptoms of GBM. Palliative treatment includes surgery, radiotherapy, protein 

therapeutics, brachiotherapy, and electric field irradiation to increase life expectancy of GBM 

patients.  Despite the availability of many treatments, GBM remains fatal because of its 

infiltrative nature and poor prognosis.  To overcome these challenges, researchers have focused 

more on 3D cultures to develop new therapeutics targeted treatment for GBM based on new 

findings regarding the molecular basis of GBM.  

Natural biomaterials such as collagen, an ECM component can influence cells cultured in 

a 3D environment. Biomaterials offer a permissive environment for the cells to grow. Hydrogels 

are network of polymers that are biodegradable, biocompatible and exhibit mechanical properties 

similar to those in human tissues.  These features suggest that the biomaterials can be used as 

scaffolds to study brain cells in a 3D model. The tumor cell migration in a 2D environment does 

not recapitulate the in vivo environment. Recently, research interest has focused on 3D 

environments using hydrogel as tissue-engineered scaffolds. Several targeted molecules involve 

different inhibitors to inhibit specific molecules that are dysregulated in GBM. The stiffness of 

the hydrogels can also play an important role in the expressional level of different regulatory 

molecules. Therefore, the stability of a hydrogel is increased by crosslinking with different 
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concentration of PEG. The increased PEG concentration increases viscosity of the collagen and 

hence can reduce the cell migration rate in hydrogels. The tumor cell invasion is regulated by 

different signaling pathways and the molecules involved in it. Therefore, the inhibition of some 

regulatory molecules using different types of inhibitors such as aprotinin, tranexamic acid, and 

MMPs inhibitors could be a glioblastoma therapeutic target.  
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