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CHAPTER I 

INTRODUCTION 

 

1.1  Rational and background 

 Glioblastoma is the most aggressive malignant primary human nerve-tissue cancer, 

originating from either glial cells or their precursors (Behin et al., 2003). Patients suffering 

from glioblastoma have a poor prognosis with a median survival rate of only 12-15 months 

for a newly diagnosed glioblastoma and 5-7 months for recurrent glioblastoma (Johnson 

and O’Neill, 2012). Another nerve-tissue cancer is neuroblastoma that is the most 

predominant extracranial solid cancer in infancy and childhood (Brodeur, 2003). Despite 

the remarkable advances in glioblastoma and neuroblastoma therapy, such as neurosurgery, 

radiotherapy, and chemotherapy, the low median survival period is still a burden to society 

(Maris, 2010; Ohgaki and Kleihues, 2005). To date, anticancer agents extracted from 

natural sources have been widely applied to prevent and cure cancers (Mehta et al., 2010). 

Cordycepin, a major bioactive component found in insect fungus, Cordyceps spp., exhibits 

significant anticancer potential (Tuli et al., 2013). Cordycepin is a derivative of the 

nucleoside adenosine and the biological function of it has been elucidate for its anti-tumor, 

anti-inflammatory, anti-proliferation, anti-migration, apoptosis induction, and autophagy 

promotion in several disease models (Choi et al., 2014; Kondrashov et al., 2012; Li et al., 

2015; Liao et al., 2015; Nakamura et al., 2006; Wang et al., 2015). Although the anticancer 

activity of cordycepin has been tested in human glioblastoma and neuroblastoma cell lines 

(Baik et al., 2015; Li et al., 2015), the underlying mechanisms of cordycepin to encounter 

human glioblastomas and neuroblastomas have not yet been clearly explicated. In this 

study, the therapeutic effects of cordycepin on human nerve-tissue cancer cell lines were 
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investigated, where its mechanisms of action were explored under traditional 2D in vitro 

model. 

However, the traditional 2D cell culture cannot accurately simulate the 3D 

environment in which cancer cells reside within the body. Since in vivo cells are 

encompassed by other cells and an extracellular matrix (ECM) in the 3D model, 2D cell 

culture does not sufficiently reflect the natural 3D environment of the cells. Hence, there is 

a growing demand for developing 3D in vitro tumor models, which can simulate the tumor 

microenvironment, mimic in vivo cell behaviors, and provide comparable results to in vivo 

assays. In addition, 3D in vitro models have the potential to bridge the gap between 

traditional 2D cultures and animal models (Pampaloni et al., 2007). Over the past few 

decades, sodium alginate has been used as a biomaterial in tissue engineering (Wang et al., 

2003). Alginate is approved by the Food and Drug Administration (FDA) for broad tissue 

engineering applications because of its biocompatibility, biodegradability, and limited 

immunogenicity (Rinaudo, 2008). Alginate is a family of natural polysaccharides 

composed of different lengths of G (α‐L‐glucuronate), M (β‐D‐mannuronate), and GM 

alternating blocks. Alginate can form noncovalent crosslinks through interaction with 

bivalent metal ions, such as calcium ions (Shull, 2012). Hydrophilic alginate hydrogels 

have been used as an artificial ECM to provide temporary support for many kinds of cell 

types, including chondrocytes (Awad et al., 2004), osteoblasts (Kuo and Ma, 2001), 

fibroblasts (Hunt et al., 2010), and embryonic stem cells (Hwang et al., 2009). 

Alternatively, alginate scaffolds can be generated through a freeze-drying process (Shapiro 

and Cohen, 1997). The porosity and pore interconnectivity of alginate scaffolds benefits the 

exchange of oxygen and nutrients, and waste elimination from the cells. Nowadays, Life 

Technologies Corporation Company commercially provide AlgiMatrix™ alginate 

scaffolds, for 3D culture for various cell type, including human embryonic stem cells 

(Gerecht et al., 2004), human osteoblast (Chen et al., 2015), non-small cell lung cancer 
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(NSCLC) (Godugu et al., 2013)  U87 glioblastoma and C6 glioma cell lines (Sams et al., 

2009). Therefore, in this study, I modified 3D Ca‐alginate scaffolds via a freeze‐drying 

technique and applied this to human glioblastoma cell lines (U-251). The growth 

characteristics, stemness, and differentiation properties of cells in the Ca‐alginate scaffold 

system were verified, in comparison with the 2D monolayer platform for screening new 

anti‐glioblastoma agents, the sensitivity of anticancer agents (temozolomide, doxorubicin 

and cordycepin) on glioblastoma cell line in the 3D Ca‐alginate scaffolds was evaluated 

and compared to the cells in 2D culture. Additionally, to understand this glioblastoma 

biology and reveal the mechanism of resistant to anti-cancer drugs, transcriptomic profiles 

and molecular pathways that related glioblastoma in 3D Ca‐alginate scaffolds higher 

resistance to anti-cancer drugs than 2D condition were analyzed by using Next Generation 

Sequencing Illumina HiSeq technology. Taken together, 3D Ca-alginate scaffolds can be 

cost-effective, low-cost, easy-to-use method, availability, suitability, reproducibility and 

can also practical in anti-glioblastoma drug screening, and novel molecular target 

identification for the treatment of human glioblastoma. 

 

1.2  Research objectives 

  The primary objectives of this study were: 

  1.  To assess the potential of cordycepin on inducing apoptosis and/or autophagy in U-

251 human glioblastoma and SH-SY5Y human neuroblastoma cell lines, and the 

mechanisms of its action under the traditional 2D in vitro model. 

  2. To develop the 3D calcium-alginate scaffold cell culture system for U-251 human 

glioblastoma cell lines and verify the growth characteristics, proliferation, cancer stemness, 

and differentiation potential of the cell in the 3D Ca-alginate scaffold system. 
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  3. To investigate the sensitivity of anti-cancer agents (i.e. temozolomide doxorubicin, 

and cordycepin) of glioblastoma cell line in the 3D Ca-alginate scaffolds and 2D culture 

system. 

  4. To explore the transcriptomic profiles in order to the identification of drug 

resistance-related mechanisms of U-251 human glioblastoma cell lines on the 3D Ca-

alginate scaffolds. 

 

1.3  Research hypotheses 

In this study, I hypothesized that cordycepin contains a chemotherapeutic potential 

against human nerve-tissue cancer, and its action is via the induction of apoptosis cell death 

and autophagy modulation. Moreover, the 3D scaffolds can be fabricated from Ca-alginate 

via freeze-dry techniques, and used to support U-251 human glioblastoma cell growth. U-

251 cells in the 3D Ca-alginate scaffolds can proliferate, retain characteristics of cancer 

stem cells, and improve their differentiation potential. Moreover, the resistance of U-251 

cells against anti-cancer agents in the 3D Ca-alginate scaffolds is postulated to be higher 

than that of the cells in 2D culture system due to the increase of cell-cell and cell-ECM 

interactions. Finally, the underlying mechanisms associated with drug resistance of 3D Ca-

alginate human glioblastoma could be approached by using Next Generation Sequencing.  

 

 1.4  Scope of this study  

 The cell viability and apoptosis cell death of U-251 and SH-SY5Y cells after treated 

with cordycepin will be determined under the traditional 2D in vitro model. The effect of 

cordycepin on the expression of gene related to apoptosis pathways in U-251 and SH-

SY5Y cell lines will be determined by using RT-PCR. Then, the effect of cordycepin on 

the autophagy in U-251 and SH-SY5Y cell lines and the relationship between cordycepin-

induced apoptosis with autophagy will be investigated via the expression of gene and 
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protein related to autophagy pathways by using RT-PCR and immunofluorescent assay, 

respectively. Moreover, the 3D Ca-alginate scaffolds for U-251 cell culture will be 

fabricated by using freeze-drying technique and U-251 cell lines will be cultured in the 3D 

Ca-alginate scaffolds. The growth characteristics, cancer stemness, and differentiation 

potential of the cells in the 3D Ca-alginate scaffolds will be evaluated, compared with the 

2D culture system. Consequently, the sensitivity of cells in the 3D Ca-alginate scaffolds 

against the anti-cancer agents (i.e. temozolomide and cordycepin) will be compared with 

the cells in 2D culture condition. Finally, the drug resistance-related mechanisms of the 

glioblastoma cell line between 3D Ca-alginate scaffolds and 2D culture system will be 

explored by Next Generation Sequencing. 

 

1.5  Expected results 

        Cordycepin could induces apoptotic cell death and/or autophagic activation in U-251 

human glioblastoma and SH-SY5Y human neuroblastoma cell lines, and understand the 

mechanism of cordycepin on glioblastoma and neuroblastoma cell lines. In addition, the 3D 

scaffolds can be fabricated from Ca-alginate and used to support U-251 cell growth. U-251 

cell lines in the 3D Ca-alginate scaffolds can support cell proliferation, retain 

characteristics of cancer stem cells, as well as establish cell differentiation potential. The 

resistance of U-251 cell line in the 3D culture system to anticancer agents (i.e. 

temozolomide and cordycepin) is expected to be higher than that of the 2D culture system 

due to the increase of cell-to-cell and cell-to-ECM interactions. The mechanisms associated 

with anti-glioblastoma drug resistance can be approached by using this 3D cell culture 

system with Next Generation Sequencing. Taken together, the 3D Ca-alginate scaffolds 

contain the high potential to serve as a powerful platform for glioblastoma study, anti-

glioblastoma drug screening, and novel molecular target identification for the treatment of 

human glioblastoma. 
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termination of chain elongation.  This activity has been well described in vitro with purified 

RNA polymerases and poly( A)  polymerases from a number of organisms, including yeast 
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Figure 2.1 Chemical structure of cordycepin. Cordycepin, or 3′-deoxyadenosine, is a  

derivative of the nucleoside adenosine extracted from Cordyceps spp. Source: 

Lee et al. (2014) 

Besides, several studies have shown that cordycepin has many anticancer activities, 

such as inhibition of cell proliferation, inhibition of cell migration, induction of apoptosis 

and autophagy (Choi et al., 2011; Li et al., 2015; Tao et al., 2016).  Previous studies have 

reported that cordycepin inhibits cell growth in NB- 4 and U937 leukemia cells by inducing 

DNA damage initiates cell cycle arrest and apoptosis through increasing the expression of  

p53 which promotes the release of cytochrome c from mitochondria to the cytosol and then 

cytochrome c can activate caspase- 9 and trigger intrinsic apoptosis (Liao et al., 2015).  

Furthermore, Lee et al. (2013) reported that the apoptotic effects of cordycepin in human 

prostate PC- 3 cells.  It was demonstrated that cordycepin induced apoptosis through the 

generation of reactive oxygen species ( ROS)  in mitochondrial death pathway in human 

prostate PC-3 cells. On the other hand, Wang et al. (2015) reported that cordycepin reduced 

intracellular ROS levels- induced inhibition of osteogenesis in human bone marrow 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1  Glioblastomas 

       Glioma is a tumor that arises from supportive tissues of the brain glia and can originate 

in all types of glial cells. Astrocytoma, for example, is one type of glioma that originates in 

star-shaped brain cells called astrocytes.  For the diagnosis and grading of glioma, the 

standard criteria used by pathologists and neuropathologists were defined in the 2007 version 

of the WHO classification based on degrees of malignancy and histologic diagnosis (Louis 

et al., 2007). Astrocytoma is therefore systemically graded according to such criteria, in order 

to describe their degree of abnormality and aggressiveness. WHO graded tumor ranging from 

grade I to grade IV, commonly based on a feature of the increase of malignancy along with 

the presence, the degree of a structural abnormality in a cell, and mitotic activity (Cahill et 

al., 2015). Regarding that grading system, grade I gliomas are considered to be benign and 

can possibly be removed by complete surgical excision. Grade II gliomas are often 

considered “low-grade” since the label “benign” fails to reflect the recurrence tumors (Louis 

et al., 2016; Siegel et al., 2017). Grade II glioma patients need to be continuously monitored 

by MRI or CT scan every 6- 12 months for observation of tumor recurrence (Dolecek et al., 

2012; Holland, 2000). The term “malignant” or “high-grade” is referred to both grade III and 

IV gliomas with high recurrence rates and the management of these tumors is similar (Omuro 

and DeAngelis, 2013) . Anaplastic astrocytomas, classified as grade III gliomas, are diffuse 

infiltrating neoplasms that present the spreading of  abnormal irregular shape of cells and the  

increase of  proliferation and growth compared to grade I and II gliomas (Louis et al., 2016).  

Glioblastomas (GBM), the top grade astrocytoma ranking as grade IV gliomas, are the most  
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malignant form of astrocytoma. The unique histologic characteristics that can be used to 

separate glioblastoma from all others are the appearance of necrosis ( dead cells)  and the 

increase of abnormal and dysfunctional blood vessels around the tumor (Dolecek et al., 2012; 

Louis et al., 2007). 

The updated 2016 version of the World Health Organization classification has 

incorporated molecular information into the diagnostic system ( Louis et al. , 2016) .  The 

diagnosis of central nervous system ( CNS)  tumors is made by characterizing the physical 

feature and growth rates as well as genetic properties.  The use of integrated genotypic and 

phenotypic criteria for CNS tumor category offers a narrower degree of purpose and more 

defined diagnostic entities than the previous classifications, which in turn should lead to 

better diagnostic accuracy as well as improve patient administration. Currently, WHO grade 

III anaplastic astrocytomas are divided into isocitrate dehydrogenase (IDH)-mutant and IDH-

wild type.  IDH- wild type of Grade III gliomas could be considered as pre- glioblastomas, 

with a poorer prognosis than that of IDH mutant gliomas ( Arevalo et al. , 2017) . Generally, 

the brain tumor patient with age between 20 and 40 years tended to own IDH mutations 

instead of the wild type.  Plus, approximately 70%  of IDH- mutated gliomas are related to 

tumors of the frontal lobe and are located there (Louis et al., 2016).  

For glioblastoma, histologically diagnostic criteria such as mitotic activity, 

microvascular proliferation and necrotic areas were similar in both primary and secondary 

glioblastoma causing the difficulty of distinction (Louis et al., 2007). Glioblastomas usually 

occur in adult patients with age around 60 years and disproportionately occur in men (male: 

female ratio 3: 2). A median survival rate was about 1 year, which had an incidence of 3. 19 

per 100,000 people, and represented 16% of all primary brain cancers (Dolecek et al., 2012; 

Holland, 2000). Maximal possible surgery was recommended to reduce the symptoms from 
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mass effect, improve survival rate, and increase the efficacy of adjuvant chemotherapeutic 

therapies (Stummer et al., 2011). 

2.2  Human glioblastoma cell line U-251  

        The U- 251 cell line as established at the Wallenberg laboratory, Uppsala, Sweden, 

almost more than 40 years ago along with several other cell lines derived from human 

gliomas, and was derived from a male patient with malignant astrocytoma ( Ponten and 

Westermark, 1978; Westermark et al., 1973). U-251 glioblastoma cell line has been widely 

used as a glioblastoma model for drug screening and molecular target identification (Feng et 

al. , 2012) .  Bryukhovetskiy et al.  ( 2016)  studied the ability of glioblastoma cells to attract 

various tissue- specific human stem cells, and to compare normal and cancer stem cells.  U-

251 cell line human has been used for the extraction of cancer stem cells from U-251 human 

glioblastoma cell line.  Fang et al. (2016) studies the role of JARID1B ( jumonji AT- rich 

interactive domain 1B)  in the pathogenesis of glioma by used U- 251 cells.  Moreover, 

Verreault et al.  ( 2015)  studies the therapeutic efficacy of irinophore C combined with 

temozolomide in U-251 glioblastoma tumor model.  Cancer stem cells from U- 251 human 

glioblastoma cell line were extract to study the mechanism of Pax6 ( paired box protein) -

associated increase in expression of Dkk3 (Dickkopf 3) (Forsdahl et al., 2014). In addition, 

U-251 cell line has been used to study the novel approach for the treatment of glioblastoma 

by the inhibiting of vasculogenesis and prevention of recurrence of glioblastoma after 

irradiation (Kioi et al., 2010). 

2.3  Neuroblastoma 

        Neuroblastoma is an embryonal tumor of the autonomic nervous system, meaning that 

the cell of origin is thought to be a developing and incompletely committed precursor cell 

derived from neural- crest tissues (Hoehner et al., 1996). As may be expected with a disease 

of developing tissues, neuroblastomas generally occur in very young children; the median 

age at diagnosis is 17 months ( London et al. , 2005) .  The tumors arise in tissues of the 
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sympathetic nervous system, typically in the adrenal medulla or paraspinal ganglia, and thus 

can present as mass lesions in the neck, chest, abdomen, or pelvis. The clinical presentation 

is highly variable, ranging from a mass that causes no symptoms to a primary tumor that 

causes critical illness as a result of local invasion, widely disseminated disease, or both. The 

incidence of neuroblastoma is 10.2 cases per million children under 15 years of age; it is the 

most common cancer diagnosed during the first year of life (Ries et al., 1999). 

2.4  Human neuroblastoma cell line SH-SY5Y  

        SH- SY5Y is a human derived cell line used in scientific research and the original cell 

line, called SK-N-SH, from which it was subcloned was isolated from a bone marrow biopsy 

taken from a four- year- old female with neuroblastoma.  It serves as a model for 

neurodegenerative disorders since the cells can be converted to various types of functional 

neurons by the addition of specific compounds. In addition, the SH-SY5Y cell line has been 

used widely in experimental neurological studies, including analysis of neuronal 

differentiation, metabolism, and function related to neurodegenerative processes, 

neurotoxicity, anticancer and neuroprotection (Ross et al., 1983; Seçme et al., 2016).  

2.5  Cordycepin 

         Cordycepin, also known as 3'- deoxyadenosine (Figure 2. 1) , is a major bioactive 

component found from insect fungus, Cordyceps sinensis and Cordyceps militaris. 

Cordyceps, the name given to the fungi on insects, has been known and used as a medication 

in China for over 300 years. In China, this fungus is usually called ‘Dong Chong Xia Cao’, 

which means ‘ Worm in winter and grass in summer’ .  Cordycepin has an extremely high 

structural similarity to adenosine.  In mammalian cells, an enzyme named adenosine 

deaminase ( ADA)  can catalyze the hydrolysis of adenosine to yield inosine, and this also 

happens to cordycepin. When present within cells, ADA can convert cordycepin into 3′ -

deoxyinosine ( Cristalli et al. , 2001) .  Due to the absence of oxygen in the 3’ - position of its 

ribose moiety, the incorporation of cordycepin during RNA synthesis will result in 
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mesenchymal stem cells (BM-MSCs). Also, Choi et al. (2011) has been demonstrated that 

cordycepin induces estrogen receptor-independent autophagic as well as apoptotic cell death 

in human breast cancer cells.  Which the researcher did not determine whether cordycepin-

induced autophagy acts as a tumor suppressor to promote cancer cell death or as a 

cytoprotective mechanism to shield cancer cells against cordycepin treatment.  Lee et al. 

(2014) has been reported that cordycepin induces apoptosis and autophagy in human prostate 

LNCaP cells.  Additionally, apoptosis induced by cordycepin was improved using an 

autophagic inhibitor.  Their suggested that cordycepin- triggered autophagy contributed to 

survival of LNCaP cells. Furthermore, cordycepin showed significantly increases apoptosis 

and autophagy in neuroblastoma SK‑N‑SH and BE (2)‑M17 cells (Li et al., 2015) 

2.6  Cell cultures as a research model  

        Cell culture is the procedure in which cells are isolated from their native tissue to be 

grown in a favorable artificial environment. The cell isolation process can be carried out by 

direct removal from tissue and disaggregation by enzymatic or mechanical action, finally to 

obtain individual cells.  Cell culture provides simple yet informative model systems for 

studying primarily the physiological and biochemical properties of cells from several drug 

screening and development aspects, such as the effects of bioactive or toxic compounds and 

cell mutagenesis/carcinogenesis. Consistent and reproducible result can be obtained (Antoni 

et al. , 2015).  Therefore, it was introduced into cancer research as one of the major tools for 

the study the biology of tumor cells in a suitable environment with controlled variables. Cell 

culture has become an even more cost/ time- effective platform for high- throughput drug 

screening because of the simple scaling up and maintaining processes, and also the 

development of multi-channel liquid handler (Ledur et al. , 2017).  Besides, studies into the 

mechanisms underlying the formation, function and pathology of tissues and organs and the 

responses of cancer cells to anticancer drugs are largely manageable due to the use of cell 

culture systems alongside animal models ( Gurski et al. , 2010; Yamada and Cukierman, 
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2007) .  Harrison et al., First incorporated the cell culture technique into their research into 

the origin and development of nerve fibers in 1907 (Harrison et al., 1907).  Since then, the 

technique has been continuously improved and cell- based experiments can now be 

effortlessly conducted based on such cell culture technique, using primary cells isolated from 

tissues or using established cell lines from cell banks ( Torsvik et al. , 2014) . Consequently, 

cell culture provides endless possibilities to the modern day cell biology researcher and is 

applied to a broad range of advanced studies, such as the observation of cell growth and 

differentiation, the mechanisms of diseases, drug action, metabolomics of cells, protein 

production, and the development of tissue engineering (Chen et al., 2015; Harrison, 1910; 

Heiland et al., 2017; Jaroonwitchawan et al., 2017; Sanyal, 2014; Zhang et al., 2013).  For 

medical approaches, cell culture is often applied in the preclinical research into therapeutics, 

in cancer/stem cell research, and in studies on gene function related to the cellular responses 

to therapy (Stupp et al., 2009) . 

The decision to select the most appropriate cell culture procedures to be used in cancer 

research is the key to help us better understand tumor biology, resulting in the optimal and/or 

effective conditions for radio/ chemotherapy or the discovery of new cancer treatment 

strategies (Aggarwal et al., 2009). At the very beginning of the cell culture era, cultures were 

mostly carried out under adherent conditions, in which cells were attached to the flat surface 

of glass or plastic containers:  the 2D cell culture model.  In such condition, cells are grown 

and contact only other cells in their peripheral surroundings.  Since gradients of gases 

( oxygen and carbon dioxide) , nutrients or waste are absent, cells are not compelled to pile 

on top of one another, but are committed to grow in a monolayer morphology, which is not 

native behavior for all cell types. The later establishment of co-culture systems could to some 

extent promote intercellular interaction, but the fact that cells were grown in a monolayer not 

a multi- dimensional structure, as they behaved naturally, was still a concern ( Antoni et al. , 

2015) .  In addition, since almost all cells in vivo are surrounded not only by other cells but 
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also by an extracellular matrix (ECM) in a 3D model (Edmondson et al., 2014), monolayer 

cells do not accurately mimic the actual 3D environment of in vivo cells.  There is good 

evidence that experiments using the immortalized tumor lines grown in 2D culture systems 

could actually improve knowledge about the mechanism of cancer, but they also resulted in 

a 95% drug failure rate. This was a sign that 2D cell culture may be a poor drug development 

model, since the in vivo drug efficacy and toxicity were predicted unreliably (Hutchinson 

and Kirk, 2011). Therefore, drug discovery and validation processes integrated both 2D cell 

culture tests and the subsequent animal model tests as the standard procedure prior to clinical 

trials. However, both those models possess several weaknesses. The data collected from 2D 

cell culture model are often misleading for in vivo responses, as previously mentioned, while 

animal models are expensive, time- consuming, present controversial ethical dilemmas and 

also provide inconsistent data due to the species differences (Birgersdotter et al., 2005). The 

development of new models is needed to bridge the gap between 2D cell culture models, 

animal models and clinical trials. Thus, in vitro 3D cell culture models could be the potential 

candidates as will be proposed below (Yamada and Cukierman, 2007). 

2.7  Two - versus three-dimensional cell culture models 

         Cell culture is a basic but essential tool for preclinical drug discovery. Even though the 

flaws of monolayer cell cultures have been pointed out, 2D cell culture models are still the 

first option for scientists, due to their simplicity in obtaining preliminary results. 

Nevertheless, 2D cultures may not mimic sufficiently well the physiological conditions in a 

3D network where in vivo cells reside. Therefore, deceptive data from 2D cell culture models 

often lead to incorrect predictions of drug efficacy and toxicity and finally cause failure in 

drug validation and approval processes (Friedrich et al., 2007). One obvious advantage of 

3D cell culturing over 2D is that it contributes the influence of ECM components, as well as 

cell‐ to- cell contact, and cell- matrix interactions.  Because in the body, nearly all cells in 

tissues reside in an ECM consisting of a complex three-dimensional architecture and interact 
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with neighboring cells through biochemical and mechanical cues (Lodish et al., 2000). The 

ECM is primarily composed of various laminins, collagens, and glycoproteins serving as 

substrates for a myriad of adhesion molecules including cadherins, integrins, and discoidin 

domain receptors ( Griffith and Swartz, 2006) .  Cell- to- cell and cell- ECM interactions 

establish a 3D communication network that maintains the specificity and homeostasis of the 

tissue (Kleinman et al., 2003). The characteristics of 3D cell cultures and the traditional 2D 

cell culture model are shown in Figure 2.2. Traditional 2D cell cultures result in a monolayer 

of cells expanding on a flat surface of glass or commercial polystyrene tissue- culture flasks 

(Figure 2.2a).  In contrast, 3D cell cultures promote cells to form 3D spheroids by utilising 

an ECM material ( Figure 2. 2b) .   The cell spheroid is the important characteristic that 

resembles in vivo cells for further replicating cell differentiation, proliferation and function 

in vitro. Thus, a 3D spheroid culture is considered an improved model for predictive in vitro 

cell- based assays and may deliver high physiological relevance for preclinical drug 

discovery, especially in cancer/stem cell research. 

   Generally, cells of multicellular organisms capable of forming tissues are in 3D 

arrangements with complex cell-to-cell and cell-to-matrix interactions and dynamics for 

transport of nutrients and chemicals between cells.  In in vivo conditions, cells are 

haemostatically maintained with a relatively constant supply of nutrients with a minimized 

level of waste products due to the activity of the circulatory system. Therefore, the 3D 

arrangements of cells are the major feature of 3D cell cultures, with the optimal spatial 

organisation of cells in 3D cell culture or tissue culture environment to be considered   

(Abbott, 2003; Langer and Tirrell, 2004; Lee et al., 2008). When cells are grown in a 3D 

culture system, they are also induced to form aggregates or spheroids within a matrix, on a 

matrix or in a suspension medium. In such spheroid culture models, cell-to-cell interactions 

and cell-to-matrix interactions are not modelled perfectly, but closely mimic the natural in 

vivo environment, such that the cell morphology is not relatively flat but closely resembles 



18 
 

its natural shape in the body (Figure 2.2c). Furthermore, a spheroid structure is comprised of 

cells in various stages, including proliferating, quiescent, apoptotic, hypoxic, and necrotic 

cells (Florczyk et al., 2016; Kim, 2005). The proliferating cells are found mainly in the outer 

spheroid layer, since they are then exposed to a sufficient amount of nutrients from the 

culture medium (Khaitan et al., 2006; Senkowski et al., 2016). Cells at the core of the 

spheroid tend to be in quiescent or hypoxic state, since they face a lack of oxygen, growth 

factors, and nutrients (Mehta et al., 2012). The cellular heterogeneity within a cell population 

is quite relevant to in vivo tissues, organs and even tumor. At this point, since cell 

morphology, interactions and heterogeneity of cells grown in a 3D culture could imitate that 

occurring in vivo, it is reasonable to hypothesize that the cellular processes of these cells are 

also applicable (Gurski et al., 2010).  

Comparisons of 3D spheroid culture models and 2D monolayer cell culture models are 

shown in Table 2. 1. Numerous studies have proved the differences in cell viability, 

morphology, proliferation, differentiation, response to stimuli, cell- cell communication, 

stiffness, migration and invasion of tumor cells into surrounding tissues, angiogenesis 

stimulation and immune system evasion, drug responses, gene expression and protein 

synthesis, general cell function and in vivo relevance between cells cultured in 2D and 3D 

models. For example, cell polarization could be more accurately depicted in 3D cell cultures 

models than in 2D models, where the cells can be only partially polarized. Moreover, greater 

stability and longer lifespans were found in 3D culture models; 3D spheroids can be for 

cultured up to three weeks, whereas 2D monolayer cultures can last for less than a week due 

to the limitation of cell confluence ( Dai et al. , 2016) .  Therefore, the 3D cell culture model 

may be more appropriate for handling long-term experiments and for determining long-term 

effects of a drug on cellular responses. 
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2.8  Three - dimensional cell culture technologies  

         Due to the advantages of 3D culture systems, there have been many studies focused 

intensively on the development and optimization of 3D cell culture technologies.  With the 

integration of recent advances in cell biology, microfabrication techniques and tissue 

engineering, a wide range of 3D cell culture platforms have been constructed, including 

multicellular spheroid formation (liquid overlay culture and hanging drop method) , 

hydrogel-based cultures, bioreactor-based culture, bioprinting and scaffold-based culture. A 

summary of the advantages, disadvantages and research stage of each model is shown in 

Table 2.2.  Although several 3D culture techniques/platforms are different in both principle 

and protocol, the all shared the same objectives which is to provide features similar to in vivo 

cells in terms of morphology, function and microenvironment. This section aims to describe 

briefly the key features of each technique. 

 

Figure 2.2 Schematic diagrams of (a) the traditional 2D monolayer cell culture and (b) 3D 

cell culture systems. (c) The structure of a 3D spheroid with different cell zones, 

with the models of oxygenation, nutrition and CO2 removal.  From inside to 

outside of the 3D spheroid, the regions are; necrotic zone (innermost), quiescent 

viable cell zone ( middle) , and proliferating zone ( outermost) .  Graphic by: 

Phongsakorn Kunhorm 
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           2.8.1  Multicellular spheroid formation 

 2.8.1.1  Liquid overlay culture 

   Liquid overlay culture could be the simplest of all 3D cell culture 

techniques ( Figure 2. 3a) .  To create 3D culture models, the surfaces for cell culture are 

covered with a thin film of inert substrates, such as agar ( Vinci et al. , 2012) , agarose 

( Friedrich et al. , 2009)  or matrigel (Shin et al., 2014). By preventing cell adhesion to the 

surface and providing an artificial matrix, liquid overlay culture easily promotes the 

aggregation of cells to become spheroids (Carlsson and Yuhas, 1984). This technique is cost-

effective and highly reproducible with no requirement for any specific equipment ( Costa et 

al., 2014). Different cell types can be co-cultured with this technique (Metzger et al., 2011). 

However, it is difficult to monitor the number and size of spheroids formed (Lin and Chang, 

2008) . Recently, ultra- low attachment plates have been developed and commercialized for 

the liquid overlay technique. Such plates contain individual wells with a layer of hydrophilic 

polymer on the surface to overcome the requirement for manual coating to prevent cell 

attachment.  This technique, with its specifically designed plates, exhibits the capability to 

produce one spheroid per well, and is suitable for medium-throughput applications (Thoma 

et al., 2014). 

2.8.1.2  Hanging drop technique 

                     The hanging drop technique for 3D spheroid production was firstly 

introduced by Johannes Holtfreter in 1944 for cultivating embryonic stem cells.  The 

technique later became the foundation of scaffold- free 3D culture models capable of 

multicellular spheroid generation. The resulting spheroids could be generated with consistent 

size and shape controlled by adjusting the density of cell seeding. From 50 up to 15,000 cell 

densities could be varied to obtain the desired spheroids size (Kelm et al., 2003). In the very 

beginning, the hanging drop technique was performed in the lid of a petri dish by dropping 
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a small volume of cell suspension with a certain cell density onto the lid.  The lid was 

subsequently inverted and aliquots of cell suspension turned into hanging drops without 

dripping due to surface tension. Consequently, cells were forced to accumulate at the bottom 

of the drop, at the liquid–air interface, and to further aggregate and proliferate until spheroids 

were formed (Figure 2.3b) .  Lately, bioassay dishes have been used in place of petri dishes 

for more well-controlled experiments and to facilitate the maintenance of the moisture levels 

of the culture system, so that cells can be incubated as per standard cell culture procedures. 

T he hanging drop technique is relatively simple and is applicable to numerous cell lines; in 

addition, its reproducibility could be almost 100%  generating one 3D spheroid per drop 

(Kelm et al., 2003). The 3D spheroids obtained from this technique tend to be tightly packed 

rather than loosely aggregated, and low variability in size are observed. Kelm et al. (2003) 

reported that the 3D spheroids exhibited patho/physiological relevance, since their structures 

were highly organized with their own ECM, and were thus described as “tissue- like” 

structures.  As this technique is based on the tendency of cells to aggregate spontaneously 

with each other rather than relying on matrixes or scaffolds, concerns regarding their effects 

on 3D structure formation are relieved.  However, the undeniable drawback of the hanging 

drop technique is the limitation of the volume of the cell suspension.  Only up to 50 µl of 

suspension, including the testing medium, can be accommodated on the upside-down surface 

before dripping occurs, as the surface tension is not sufficient to keep liquids attached to the 

surface against gravity ( Kurosawa, 2007) .  Another limitation is the difficulty in changing 

culture medium during cultivation without disturbing the spheroids (Mehta et al., 2012). 

2.8.2  Hydrogels 

         Hydrogels are three- dimensional crosslinked networks composed of 

hydrophilic polymers with high water content ( Figure 2. 3c) ( Drury and Mooney, 2003) . 

There are swollen structures or microspheres integrated within the network for cell 

encapsulation and the circulation of nutrients and cellular waste in and out of the hydrogels 
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(Nicodemus and Bryant, 2008). Additionally, gels exhibit a soft- tissue- like stiffness that 

potentially resemble natural ECM, since they are made from mixtures of natural polymers 

such as collagen, and alginate, two of the most widely used substrates in 3D cell culture 

history (Frampton et al., 2011). The most common use of hydrogels is incorporation with 

reconstituted basement membrane preparation extracted from mouse sarcoma, which has 

been commercialized under the Matrigel trademark (Corning Life Sciences, Tewksbury, 

MA, USA). Even though such commercialized hydrogels are rich in ECM proteins, they also 

possess some drawbacks, including poor control of gelation kinetics, uncontrolled material 

composition and lack of mechanical integrity.  Lot- to- lot variability due to manufacturing 

errors and poorly defined composition also cause difficulties in the exact determination of 

the responses of cells to some particular stimuli (Fang and Eglen, 2017).  Generally, 

hydrogels are fabricated based on both synthetic and natural polymers, which are water-

absorbing, hydrophilic and highly flexible materials.  With well- controlled fabrication 

processes and well- defined material composition, hydrogels provide many advantages that 

make them popular for 3D scaffold development for cell- based assay tissue engineering 

applications, since their structural similarity to native ECM are favorable for drug or growth 

factor delivery in a non-invasive manner (Drury and Mooney, 2003). A number of different 

synthetic and natural materials can be used in the formation of hydrogels, such as hyaluronic 

acid (HA), polyethylene glycol (PEG) (Leach and Schmidt, 2005), collagen, gelatin, fibrin, 

alginate, and agarose (Shelke et al., 2016). However, natural hydrogels, such as Matrigel and 

alginate gel, are considered to be much appropriate cell- encapsulated materials due to their 

great biocompatibility and mild gelling conditions.  The hydrogel technique for cell culture 

in calcium alginate hydrogel was first developed by Lim and Sun (1980) by mixing the cells 

with alginate solution, then cross- linking and forming the gel microspheres in an isotonic 

CaCl2 solution (Figure 2. 3c). Alginate hydrogels show very limited cell adhesion, which is 

an advantage for cell encapsulation applications (Andersen et al., 2015), and provide rapid, 
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non-toxic, and versatile immobilization of cells within polymeric networks. In addition, the 

creation of artificial organs was also consolidated with encapsulating cells or tissue for the 

treatment of disease. The most well-known example is an artificial pancreas for the treatment 

of diabetes (Nicodemus and Bryant, 2008). 

Hydrogel 3D cell cultures can also be combined with other models, such as 

spheroid cultures, scaffolds, and microchips (Justice et al. , 2009).  The use of hydrogels is 

one potential technique for use in 3D in vitro technology due to their biocompatibility, 

sufficient water content and ECM- like mechanical properties ( Hosseinkhani et al. , 2010) . 

Although hydrogels are not commonly applied to the field of drug screening, they have been 

widely used in the development of tissue engineering, mimicking cartilaginous, vascular, 

bone and other tissues by mixing particular cells with hydrogel precursors before the gelling 

process, so the cells are distributed evenly and homogeneously throughout the gels.  One 

reported case is the creation of differentiated cardiac tissues that were engineered by 

combining neonatal rat cardiac myocytes into collagen hydrogels and used for cyclic 

mechanical stretch experiment ( Zimmermann et al. , 2000) .  Hydrogels also facilitate the 

delivery of soluble or signaling molecules to cells, providing supporting structures for cell 

growth and function.  For example, transforming growth factor β ( TGF- β)  as infused to 

polyethylene glycol (PEG) hydrogels to regulate smooth-muscle cell function. In a similar 

manner, bone morphogenetic protein (BMP-2) was covalently attached to alginate hydrogels 

to govern osteoblast migration and calcification (Zustiak et al. , 2012) .  Despite a variety of 

hydrogel type applications, Ca- alginate hydrogels are surely potent candidate systems for 

delivery of cells to the infarcted heart, since they are non- toxic, non- immunogenic, do not 

facilitate pathogen transfer and allow good exchange of waste products and nutrients (Leor 

et al., 2009; Li and Guan, 2011).  Ca- alginate hydrogels were primarily implanted into the 

heart and shown not to induce harmful responses such as thrombosis ( Leor et al. , 2009)  or 

fibrosis (Hao et al., 2007). The gradual degradation, resulting from the dispersal of calcium 
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crosslinks ( Hunt et al. , 2010) , generated non- toxic alginate polysaccharide degradation 

products, which can be excreted via urinary systems (Al-Shamkhani and Duncan, 1995). 

However, besides the number of advantages of hydrogels, disadvantages are still present and 

should not be disregarded. The uncertainty and complexity in composition influenced by the 

gelling mechanism may cause undesirable and non-specific cellular responses. Additionally, 

pH-based gelling mechanisms can negatively affect sensitive cells (Justice et al., 2009). 

2.8.3  Scaffolds 

        3D scaffolds are described as synthetic 3D structures constructed from a wide 

range of materials and possessing different porosities, permeabilities, surface chemistries 

and mechanical characteristics. From a 3D culture point of view, they are mainly designed 

to mimic the in vivo ECM of the specific tissues for each particular cell type.  3D scaffold-

based cell culture models have been applied to drug screening ( Lv et al. , 2016) , drug 

discovery (Fang and Eglen, 2017), and investigation of cell behaviors (Fang and Eglen, 

2017). 3D scaffolds are intended to be porous, biocompatible and biodegradable and so 

provide appropriate microenvironments in which cells naturally reside, supporting the 

mechanical, physical and biochemical requirements for cell growth and function ( Florczyk 

et al., 2016). Several biopolymers are used to generate porous scaffolds, including collagen 

(Lv et al., 2016), gelatin (Sisson et al., 2010), silk (Jin et al., 2004), chitosan (Florczyk et al., 

2016)  and alginate (Chen et al., 2015; Florczyk et al., 2016).  As such, various techniques 

have been used for the fabrication of such scaffolds, such as gas foaming, freeze- drying, 

phase separation, solvent casting and particulate leaching. Each technique results in different 

porosities, pore sizes and shapes, scaffold materials and features. Among them, freeze-drying 

is considered as the easiest technique to fabricate porous scaffolds (Wu et al., 2010). 
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 Sequentially, natural or synthetic materials are polymerized, frozen and then 

freeze- dried, where the frozen water embedded in the material is sublimated directly from 

the solid to the gas phase, resulting in the formation of a porous structure (Sachlos and 

Czernuszka, 2003). The freeze- drying technique for fabricating porous biodegradable 

polylactic and polyglycolic acid ( PLGA)  co- polymeric scaffolds was first developed by 

Whang et al. (1995). With such a technique, the porosity and pore sizes of the scaffolds vary 

depending on various parameters, such as the ratio of water to polymer in solution and the 

viscosity of the emulsion (Mikos and Temenoff, 2000). Porous alginate-based scaffolds can 

also easily be manufactured by a simple freeze-drying process (Figure 2.3d). However, it is 

difficult to generate pores of uniform diameter, but this can partially be controlled by varying 

the freezing temperature (O’Brien et al., 2004). Another advantage of this technique is that 

no rinsing step is required, since the dispersed water and polymer solution are removed 

directly via sublimation ( Whang et al. , 1995) .   Additionally, the biodegradation rates of 

scaffolds are strongly dependent on polymer components and molecular weight ( Sun and 

Tan, 2013). 

To date, Ca– alginate copolymer is one on the most prominent materials for 

freeze-dried scaffolds. Several studies have used a 3D Ca–alginate scaffold as a cell culture 

platform for screening and efficacy testing of anticancer drugs and tissue engineering.  3D 

Ca– alginate scaffolds are proposed to allow more realistic cell phenomena, similar to those 

occurring in vivo during cancer formation and progression.  Chen et al. (2015)  have 

developed a 3D porous Ca- alginate scaffold cell culture system combined with a 

functionally- closed process bioreactor to mimic the in vivo environment in order to form 

bone- like tissue.  The Ca– alginate scaffolds were reported to support the growth and 

differentiation of human bone cell clusters, along with the upregulation of bone-related gene 

expression. Florczyk et al. (2016) developed chitosan–alginate scaffolds using freeze-drying 

to study th e  transient behavior of cancer stem cells in vitro. They found that 3D scaffold-
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based cultures of prostate, liver, and breast cancers exhibit reduced proliferation and tumor 

spheroid formation, and increased expression of cancer stem- like cell associated marker 

genes (CD133 and NANOG) unlike those obtainable in 2D cell cultures.  Chitosan–alginate 

scaffolds were also reported to allow the efficient seeding of human umbilical cord 

mesenchymal stem cells ( hUMSCs) , promoting the inhabitability of cells throughout the 

whole volume of the scaffold, which reflected good adhesion and proliferation ( Kumbhar 

and Pawar, 2016). 

Nowadays, the commercial porous alginate scaffold has been available on the 

market such as AlgiMatrix™ .  The AlgiMatrix™  3D alginate scaffold is product of Life 

Technologies Corporation Company, which is ready-to-use for the development cell culture 

models that are more predictive of disease states and drug responses.  Its sponge was made 

from lyophilized alginate gel which nontoxic, biodegradable and is stable at room 

temperature.  According to Godugu et al.  ( 2013) , AlgiMatrix™  3D alginate scaffold was 

used for in vitro tumor model for anticancer drug screening. They found that cancer cells can 

grow and form multicellular spheroids in 6 and 96 well AlgiMatrixTM scaffolds.  Different 

marketed anticancer drugs were screened cytotoxicity of cells on AlgiMatrixTM system 

compared to the 2D monolayer cultures.  IC50 values for anticancer drugs were significantly 

higher in AlgiMatrixTM systems compared to 2D culture models.  The results from their 

studies are strongly support that the 3D alginate scaffold may be used as an in vitro tumor 

model.  It is possible to predict the anticancer effect of various drugs and formulations in a 

better than 2D monolayer cultures. As a result, the ability to predict outcomes in preclinical 

animal models and clinical trials can be better understood because the positive anticancer 

effects observed in 2D cultures often fail during in vivo testing.  However, the price of 

AlgiMatrix™  quite expensive ( 17,000 baht/ 24 well plate)  and require other solution 

(AlgiMatrix™ Firming Buffer and AlgiMatrix™ Dissolving Buffer) to support sponges. 
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2.8.4  Three-dimensional bioprinting 

  3D printing is the recently developed technology that, in general, is referred to 

as the customised construction of 3D structures on demand under computational control, in 

which materials are printed out, solidified and connected together ( Andersen et al. , 2015) . 

3D printing is used in a wide range of applications, including prototypic and industrial 

manufacturing, architecture, 3D art and design and importantly, tissue engineering and 

regenerative medicine ( Murphy and Atala, 2014) .  The 3D tissue printing of biological 

constructs composed of cells and biomaterials is carried on a small scale, ranging from 

several millimetres to a centimetre.  Such a process is called 3D bioprinting, since 

biocompatible materials, cells and supporting components, rather than any synthetic 

materials, are used to form a variety of 3D formats. Therefore, cell function and viability can 

be sustained within the printed constructs (Figure 2.3e) (Murphy and Atala, 2014). Various 

3D bioprinting platforms can already generate vascular- like tubes (Yu et al. , 2013) , kidney 

tissues (Murphy and Atala, 2014), cartilage (Cui et al., 2012) artificial skin (Lee et al., 2013), 

and a wide range of stem cells including tissue constructs (Tasoglu and Demirci, 2013). 3D 

bioprinting is needed to precisely deposit cells, biomaterials and biomolecules layer-by-layer 

by computer- aided equipment and software, which has been made possible by recent 

advances in engineering, material science, computer science and cell biology ( Jessop et al. , 

2017). By using alginate as the main biomaterial in a bio-ink, Zhao et al. (2014) formed an 

in vitro cervical tumor model in order to study disease pathogenesis. In their report, alginate, 

together with gelatin and fibrinogen, was mixed with HeLa cells to initiate gelation prior to 

printing and to resemble the ECM components. The printed constructs were later 

strengthened by the addition of a CaCl2 solution.  Printed HeLa cells subsequently formed 

spheroids that exhibited more resistance to paclitaxel than did 2D monolayer HeLa cells. 

Correspondingly, Dai et al. (2016) generated 3D bioprinted constructs of glioma stem cells 

by using modified gelatin/alginate/fibrinogen biomaterials, glioma stem cells printed within 
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constructs could survive, proliferate, and maintain the inherent characteristics of cancer stem 

cells, and exhibit differentiation and vascularization potential.  In addition, their resistance 

against temozolomide was higher than those in the 2D cell culture models. 

 Besides the ability to generate geometric constructs containing viable cells, 3D 

bioprinting techniques also facilitate high- throughput applications with precise 

reproducibility ( Knowlton et al. , 2015) .  However, the main concerns are the requirements 

for expensive 3D bioprinting machines and negative effects on sensitive cells during the 

printing process.  Cells could possibly be damaged due to osmotic, thermal and mechanical 

stresses. 

 

 

Figure 2.3 Different techniques used for 3D cell culture. These techniques include, (a) liquid      

                overlay; ( b)  hanging drop; ( c)  hydrogel embedding; ( d)  scaffold; ( e)  3D    

bioprinting. Graphic by: Phongsakorn Kunhorm 
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2.9  Application of 3D cell culture  

         Recently, 3D culture models have tended to be developed in a specific way to suit each 

particular cell type rather than to be versatile, because of the different physiological 

requirements. Despite the great number of reported 3D culture-based studies, some of them 

have not been optimized or validated for realistic applications.  Advances have been made 

for cancer and stem cell modelling, and prominent studies applying 3D cell culture systems 

are summarized in Table 2.3. 
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 2.9.1  Cancer modelling 

        Cancer epithelial cells cultured in the 3D culture systems have been reported to 

change shape and lose polarity.  Such a feature typically shows up in cancer progression in 

in vivo environments ( Yamada and Cukierman, 2007) .  As with other key parameters, cell 

proliferation, gene/protein expression, and drug sensitivity of 3D cancer cell models are also 

more illustrative of in vivo cancer cells compared to those cultured as monolayers (Gurski et 

al. , 2010) .  Therefore, to obtain the more relevant data, several studies have used 3D cell 

culture systems as a platform for cancer models.  For example, Peela et al.  (2016) revealed 

the 3D MCF10 human mammary gland cells to uncover novel genetic dependencies linked 

to breast cancer progression.  The study showed that the genetic dependencies could be 

revealed when cells were grown in 3D conditions similar to in vivo. This MCF10 progression 

series therefore represented a suitable system to dissect the potential biomarkers as well as 

to evaluate therapeutic targets involved in human breast cancer progression.  Zhu et al. 

(2016) employed novel stereolithography-based 3D printing with a unique 3D printed nano-

ink. This system consisted of hydroxyapatite nanoparticles suspended in hydrogel to develop 

a biomimetic bone- specific environment for assessing breast cancer/ bone invasion. The 

study showed that breast cancer cells cultured in the 3D bioprinted structures exhibited 

spheroid morphology and high migratory characteristics.  In addition, co- culture of tumor 

cells with bone marrow mesenchymal stem cells increased the formation of spheroid clusters. 

The 3D matrix also allowed for a higher degree of anticancer drug resistance in breast cancer 

cells than that shown by 2D culture cells.  The evidence suggested that the 3D bone matrix 

mimicked tumor/bone microenvironments, serving as a tool for exploring cancer metastasis 

and assessing anticancer drug sensitivity.  In another report, Senkowski et al.  ( 2016) 

demonstrated gene expression profiling of 3D multicellular tumor spheroids compared to 2D 

monolayer cells.  The gene expression profile of 3D spheroids was positively enriched for 

genes involved in the response to hypoxia, and negatively enriched with genes involved in 
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cell- cycle progression ( Figure 2. 4) .  Father, the mevalonate pathway was upregulated in 

quiescent cells of the 3D spheroids during oxidative phosphorylation (OXPHOS) inhibition, 

and OXPHOS inhibitors and mevalonate pathway inhibitors were synergistically toxic to 

quiescent spheroids. This suggested the context-dependence of anticancer drug responses of 

the 3D tumour spheroids.  Recently, the whole genome of 3D glioblastoma multiforme 

(GBM) cells in porous polylactic acid (PLA) scaffolds were compared against those grown 

in 2D cell culture conditions.  The study showed that the 14-day 3D GBM cells upregulated 

8117 genes and downregulated 3060 genes, compared to the 2D cell culture conditions (Ma 

et al., 2018). KEGG pathway analysis showed that the upregulated genes were mainly 

enriched in PPAR and PI3K- Akt signaling pathways, while the downregulated genes were 

mainly enriched in metabolisms, ECM, and TGF-β pathways. The results acquired from the 

3D tumors in vitro provide meaningful information for understanding the intrinsic features 

of GBM and have the potential to serve as a platform for anti-GBM drug screening. 
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Figure 2. 4 ( a)  Gene expression profiles of monolayer, P- MCTS ( proliferative spheroids) 

and Q- MCTS (quiescent spheroids) models. (b) Gene Set Enrichment Analysis 

( GSEA)  plots of hypoxia and cell- cycle progression gene sets.  Source: 

Senkowski et al. (2016). 

The discovery of an anticancer drug often begins with the lack of suitable 

medical products for a particular clinical condition (Hughes et al., 2011).  To date, 3D cancer 

models have gained popularity in elucidating tumor biology, since the standard 2D cell 

models are inadequate to address certain questions, including indolent disease, metastatic 

colonisation, dormancy, relapse, and the rapid evolution of anticancer drug resistance 

( Tanner and Gottesman, 2015) , and some of these issues were exhibited.  For example, 

Imamura et al. (2015) compared the anticancer drug sensitivity of 2D and 3D cells, and found 
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that 3D cancer spheroids showed greater resistance to paclitaxel and doxorubicin than did 

the 2D cultured cells (Figure 2.5) .  3D ovarian cancer spheroids forming by hanging drops 

also showed a greater resistance (70-80% viability) to cisplatin, compared to the 2D cultures 

(30-50 %viability) (Raghavan et al., 2015). The ovarian cancer spheroids were of uniform 

geometry and showed over 85%  cell viability.  Besides, the combination of the 3D context 

and ECM in the development of glioma stemness in a 3D model was also examined (Ma et 

al., 2016).  They found that U- 251 human glioblastoma cells increased expression of 

stemness markers ( Integrin)  when cultured on electrospun polystyrene (ESPS)  scaffolds 

coated with laminin.  In another study, 3D tumor cells stimulated autophagic flux and 

chemotherapy resistance. The cells were grown in 3D static and 3D bioreactor systems that 

could modulate the key hallmarks of cancer properties, including proliferation, cell death 

and macroautophagy. The autophagy- controlling transcription factors, in particular TFEB 

and FOXO3, were upregulated in the 3D tumor spheroids.  The combination of cytotoxic 

treatment with compounds affecting autophagic flux, such as chloroquine, rendered the 3D-

grown cells more susceptible to chemotherapy.  Altogether, the 3D cancer cultures were a 

valuable system to study anticancer drug response, as these models closely mimic 

patho/physiology of tumour-involving pathways (Bingel et al., 2017). 
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Figure 2.5 Effect of Paclitaxel (PTX), doxorubicin (ADR), and 5-fluorouracil (5FU) on the 

cell growth of 2D-  and 3D- cultured breast cancer cell lines.  Six breast cancer 

cell lines were cultured in 2D-  or 3D- conditions through day 6.  Each cell line 

was treated with or without PTX, ADR or 5FU from day 3 through day 6.  The 

concentration of each drug was adjusted to achieve 0.1, 1 and 10x the areas under 

the curve (AUC). The number of viable cells present on day 6 is shown relative 

to that of the control cells without drug.  Dashed lines represent 2D- culture and 

solid lines represent 3D-culture. Scale bars indicate 100 µm. Source: Imamura 

et al. (2015). 
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Figure 2.5 (Continued). 

2.9.2  Stem cell modelling 

        Stem cells, particularly pluripotent stem cells (PSCs), have tremendous potential 

for generating pure populations of any cell type in the human body, and shed light on 

regenerative medicine. Pure populations of tissue-specific progenitors or terminally 

differentiated cells could be invaluable for enabling drug discovery, cell therapy and tissue 

regeneration.  Major breakthroughs have been accomplished in the stem cell arena using 3D 

culture systems that replicate the in vivo development and temporal control of cellular 

signaling pathways ( Sanyal, 2014) .  The development of induced pluripotent stem cells 

( iPSC) - derived human cardiomyocytes ( CMs)  by 3D cardiomyocyte spheroids was 

successfully demonstrated ( Beauchamp et al. , 2015) .  After four days of culture, the iPSC-

derived CMs formed spheroidal cardiac microtissues (MTs), showing a homogeneous tissue 

structure with well-developed myofibrils with no necrotic core (Figure 2.6). Retinal ganglion 

cells (RGCs) differentiated into incisor dental pulp stem cells (DPSCs) when cultured in the 
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3D scaffolds.  The 3D network of biocompatible fibrin hydrogel could resemble the natural 

tissue properties for effective generation of RGCs, which could be used to tackle 

neurodegenerative diseases such as glaucoma (Roozafzoon et al., 2015).  

The advance in tissue engineering, cell biology and materials science has led to 

3D bioprinting, which could create functional tissues or organ grafts by simulating their 

natural microenvironments.  Although printing an intact organ still remains challenges, the 

3D bioprinting of bladders, tracheal, bone, and cartilage has proved to be possible in animals 

and humans (Zhang et al., 2017).  These printed organs can be used as assist organs or as 

viable replacements.  For instance, Atala et al.  ( 2006)  engineered a human bladder by 

isolating autologous bladder urothelial and muscle cells from the bladder biopsy, prior to 

expanding and seeding the cells in vitro onto a biodegradable bladder-shaped scaffold. Seven 

weeks after the biopsy, the engineered bladders were used for reconstruction and implanted, 

either with or without an omental wrap. The 3D bioprinting technique has also been adopted 

to fabricate liver- like microstructures, exploiting 3D bioprinting of hepatoma cells and 

gelatin methacryloyl ( GelMA)  hydrogel ( Bhise et al., 2016). The engineered hepatic 

constructs were still functional after 30 days, as assessed by the secretion of albumin, alpha-

1 antitrypsin, transferrin and ceruloplasmin, as well as immunostaining of the hepatocyte 

markers, including cytokeratin 18, MRP2 and ZO- 1.  Besides, treatment with 15 mM 

acetaminophen induced a toxic response in the engineered hepatic construct, providing a 

proof-of-concept of using this artificial liver for toxicity assessment. A bioprinting strategy 

was used to print human umbilical vein endothelial cell ( HUVEC) - laden bio- ink 

(predominantly alginate and gelatin) to form a multi-layered microfibrous structure (Zhang 

et al., 2016).  The bioprinted HUVECs migrated to the periphery and formed a confluent 

layer of endothelium.  This 3D endothelial construct was then seeded with human iPSC-

derived cardiomyocytes, fabricating an aligned myocardium that could spontaneously and 

synchronously contract.  These organoids were then embedded into microfluidic perfusion 
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bioreactors to create an endothelialised- myocardium- on- chip platform that was used for 

cardiovascular toxicity evaluation. This highlighted the progress in human stem cell 

technology for cardiovascular disease modelling and testing of relevant drug.  Another 

example of 3D culture and stem cell differentiation was presented by a 3D hydrogel that 

could promote the differentiation of human iPSCs into functional hepatocytes.  The 3D 

conditions for hepatic differentiation of human iPSCs induced the expression of hepatocyte 

markers, functional maturation and metabolic activity. The generation of hepatocyte-like 

cells from human iPSCs provided the foundation for an artificial human liver, toxicity 

screening, and hepatocyte transplantation (Luo et al., 2018). Hydrogel encapsulation could 

also generate 3D neural tissues by co- culturing neuronal and astrocytic cells (Tekin et al., 

2018). The transcriptomic profiles proposed that hydrogels could tune the expression 

patterns of the 3D brain organoids, correlating with those of specific brain regions and 

developmental stages. 

The 3D cell culture systems present an increasingly importance in tumor and 

stem cell biology research.  Due to the inherent differences in complexity and functionality, 

the choice of 3D cellular modeling is usually dependent on the application 3D culture, 

ranging from the simple cell spheroid model to the complex 3D bioprinting tissues.  A wide 

range of 3D cell culture technologies has been developed in order to address the need of 

pharmaceutical industry.  The 3D cell systems hold a great potential as a tool for drug 

discovery, disease modeling, cancer target identification as well as a novel source of tissue 

replacement materials.  Future of 3D cell systems should validate with the pre- clinical 

outcomes, in order to reduce animal testing and clinical trials.  The functional, safe, and 

transplantable index of the 3D cell cultures will be needed an intensive investigation for 

bringing toward clinical uses (Figure 2.7). 
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Figure 2. 6 Demonstration of morphology and localization of typical proteins in cardiac 

microtissues using different techniques.  Microtissues after 3 weeks in culture 

were fixed and processed for histology and immunohistochemistry.  B- C: 

Paraffin- sections stained using hematoxylin- fuchsin ( b)  or Mayers Hemalaun 

( c) .  Green asterisk in c indicates cellular debris.  d1- d3:  Cryosections were 

stained for myomesin ( d1) , connexin- 43 ( d2)  and for DNA ( d3) .  e1- e3:  A 

microtissue was permeabilized and immunostained as a whole-mount. Confocal 

images of single optical sections are shown for embryonic heart-myomesin (e1), 

cytoplasmic fibronectin (e2) and DNA (e3).Source: Beauchamp et al. (2015). 
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Figure 2.7 Potential applications of 3 D cell culture systems. Graphic by: Phongsakorn 

Kunhorm 
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CHAPTER III 

CORDYCEPIN INDUCES APOPTOTIC CELL DEATH OF 

HUMAN NERVE-TISSUE CANCER THROUGH THE 

MODULATION OF AUTOPHAGY 

 

3.1  Abstract 

        Nerve-tissue cancer, in particular glioblastoma and neuroblastoma, is a global challenge 

to human health. Cordycepin, extracted from Cordyceps ssp., has been revealed as a strong 

anticancer agent through several ways; however, the mechanism, by which cordycepin 

counteracts human nerve-tissue cancer, is still poorly understood. In this study, the 

underlying mechanisms of cordycepin against human nerve-tissue cancer cells were 

explored. U-251 and SH-SY5Y cell lines were being a model to represent human 

glioblastoma and neuroblastoma, respectively. Here, it was found that cordycepin inhibited 

cell growth, and induced apoptosis in a dose-dependent manner in both U-251 and SH-SY5Y 

cell lines. The expression of pro-apoptotic genes, including P53, BAX, Caspase-3, and 

Caspase-9, were upregulated, whereas the expression of anti-apoptotic gene, BCL-2, was 

suppressed. Besides, cordycepin induced the generation of reactive oxygen species (ROS) 

along with the suppression of antioxidant genes, including GPX, SOD, and Catalase. 

Importantly, cordycepin was shown to involve in the activation of autophagy, which was 

evidenced by the increment of LC3I/II. The combination of cordycepin with chloroquine, an 

autophagy inhibitor, further inhibited the growth, and enhanced the death of human nerve-

tissue cancer cells. Altogether, this finding suggested that cordycepin induced apoptosis of 

human nerve-tissue cancer cells through mitochondrial-mediated intrinsic pathway and the 
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modulation of autophagy. Therefore, cordycepin could be a promising candidate for the 

development of anticancer drugs targeting human nerve-tissue cancer. 

Keyword: Cordycepin, Apoptosis, Autophagy, Nerve-tissue cancer 

 

3.2  Introduction 

        Glioblastoma is the most aggressive malignant primary human nerve-tissue cancer, 

originating from either glial cells or their precursors (Behin et al., 2003). Patients suffering 

from glioblastoma have a poor prognosis with a median survival rate of only 12-15 months 

for a newly diagnosed glioblastoma and 5-7 months for recurrent glioblastoma and 

occurrence of 3.19 per 100,000 people (Dolecek et al., 2012; Holland, 2000; Johnson and 

O’Neill, 2012; Louis et al., 2007). Glioblastoma is exacerbated by its rapid growth and highly 

diffused infiltration (Holland, 2000). Another nerve-tissue cancer is neuroblastoma that is 

the most predominant extracranial solid cancer in infancy and childhood (Brodeur, 2003). 

Despite the remarkable advances in glioblastoma and neuroblastoma therapy, such as 

neurosurgery, radiotherapy, and chemotherapy, the low median survival period is still a 

burden to society (Maris, 2010; Ohgaki and Kleihues, 2005). To date, anticancer agents 

extracted from natural sources have been widely applied to prevent and cure cancers (Mehta 

et al., 2010). Anticancer agents exerted their activity against cancer cells by inducing several 

mechanisms of cell death, including apoptosis (type I cell death) and autophagy (type II cell 

death) (Elmore, 2007). Cordycepin, a major bioactive component found in insect fungus, 

Cordyceps spp., exhibits significant anticancer potential (Tuli et al., 2013). Cordycepin is a 

derivative of the nucleoside adenosine, and its chemical formula is C10H13N5O3 with a 

molecular weight of 251.24 Da. The structure of cordycepin comprises an adenine nucleoside 

molecule, attached to a ribose sugar moiety via a β-N9-glycosidic bond (Tuli et al., 2013). 

The biological function of cordycepin has been explored for its anti-tumor and anti-

inflammatory in several disease models (Kondrashov et al., 2012; Nakamura et al., 2006; 
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Wang et al., 2015). Besides, cordycepin possesses anticancer activities, such as anti-

proliferation, anti-migration, apoptosis induction, and autophagy promotion (Choi et al., 

2011; Li et al., 2015; Tao et al., 2016). 

Although the anticancer activity of cordycepin has been tested in human glioblastoma 

and neuroblastoma cell lines (Baik et al., 2015; Li et al., 2015), the underlying mechanisms 

of cordycepin to encounter human glioblastomas and neuroblastomas have not yet been 

clearly explicated. In this report, the therapeutic effects of cordycepin on human nerve-tissue 

cancer cells were investigated, where its mechanisms of action were explored. 

 

3.3  Materials and methods 

        3.3.1  Chemicals and reagents 

       Cordycepin (MW, 251.2; product no. C3394), 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT), 4,6-diamidino-2-phenylindole (DAPI), N-acetyl-

L-cysteine (NAC), dimethyl sulfoxide (DMSO), 2′7′-dichlorodihydrofluorescein diacetate 

(DCFH-DA), and chloroquine were purchased from Sigma-Aldrich Chemical Co. (St. Louis, 

MO). Dulbecco's Modified Eagle Medium (DMEM), and fetal bovine serum (FBS) were 

purchased from HyClone (HyClone, Logan, UT), while 0.05% Trypsin-EDTA, L-glutamax, 

and non-essential amino acids were obtained from Gibco (Gibco, CA, USA). Antibody 

against LC3-I/II was purchased from Merck (Merck KGaA, Darmstadt, Germany).  

        3.3.2  Cell culture 

       Human glioblastoma (U-251), human neuroblastoma (SH-SY5Y), human 

embryonic kidney 293 (HEK-293), human foreskin fibroblasts (HFF), and human 

hepatocellular carcinoma (HepG2) cell lines were obtained from the American Type Culture 

Collection (ATCC) (Manassas, VA, USA). Cells were cultured in DMEM medium, 

containing 10% (v/v) heat-inactivated FBS, 1% (v/v) nonessential amino acids, 1% (v/v)     
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L-glutamine, 1% (v/v) penicillin-streptomycin in a humidified incubator with 5% CO2 

atmosphere and 37 °C. The fresh complete medium was changed every other day.  

3.3.3  MTT assay 

         The effect of cordycepin on cell viability was determined by the MTT 

colorimetric method. Briefly, cells were cultured in a 96-well plate with varying 

concentrations of cordycepin (0, 25, 50, 100, 200, 300, 400 and 500 μM) for 24 h. The MTT 

solution was added to cell culture media at 0.5 mg/ml final concentration, and incubated for 

3 h at 37 °C in the dark. The media was removed, and the formazan crystal was solubilized 

in DMSO. The absorbance was measured at 570 nm, using a microplate reader (BMG 

Labtech, Ortenberg, Germany). The O.D. 570 nm in control cells was taken as 100% 

viability. The 50% inhibitory concentration (IC50) was obtained from the dose-response 

curve of percent viability (Y) versus tested concentrations (X). IC50 was calculated using 

linear regression analysis using Microsoft Excel.  

3.3.4  Annexin V and 7-AAD staining 

        Cells were harvested and washed once with PBS. Cells were stained with Muse 

Annexin V/7-AAD & Dead Cell kit (MCH100105; Merck Millipore) for 20 min at room 

temperature in the dark. Live, apoptotic, and necrotic cells were analyzed by flow cytometry 

(Muse Cell Analyser; Merck Millipore, Billerica, MA, USA). 

3.3.5  DAPI staining 

         The levels of nuclear condensation and fragmentation were observed by nucleic 

acid staining with DAPI. Cells were grown on a glass coverslip coated with Geltrex® 

(Gibco), and treated either with or without cordycepin for 48 h. Cells were washed twice 

with cold phosphate buffered saline (PBS), and fixed in 4% paraformaldehyde for 10 min at 

room temperature. The fixed cells were washed twice with PBS. DAPI stain solution (1.5 

μg/ml) was dropped on a glass slide, and coverslip were placed on a glass slide prior to the 

observation by a laser scanning confocal microscope Nikon A1+ (Nikon, Tokyo, Japan).  
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 3.3.6  RNA isolation and reverse transcription (RT)-PCR  

           Total RNA was isolated using NucleoSpin RNA kit (Macherey-Nagel, Dueren 

Germany), according to the manufacturer's protocol, and 1 μg of RNA was used for 

complementary DNA (cDNA) synthesis using 2-step RT-PCR Kit (Vivantis Technologies 

Sdn. Bhd, Malaysia). PCR was carried out in a Biorad/C1000Touch Thermocycle (Biorad, 

CA, USA) with specific primers. The amplified cDNA products were electrophoretically 

separated on 1% agarose gel and visualized by EtBr staining. The relative expression level 

of a target gene was quantified by normalization with the internal control β-actin gene. The 

expression level of Caspase-3, Caspase-9, BAX, BCL-2, P53, SOD, GPX, Catalase and 

LC3I/ІІ were examined. The primers for the reference gene β-actin and the primers designed 

for the genes of interest are shown in Table 3.1 

Table 3.1 The primer sequences used for RT-PCR. 

 Forward (5’-3’) Reverse (5’-3’) 

 β-actin TCACCACCACGGCCGAGCG  TCTCCTTCTGCATCCTGTCG  

Caspase-3 TTTGTTTGTGTGCTTCTGAGCC ATTCTGTTGCCACCTTTCGG 

Caspase-9 AACAGGCAAGCAGCAAAGTT TCCATCTGTGCCGTAGACAG 

BAX AGCTGAGCGAGTGTCTCAAGCG TCCCGCCACAAAGATGGTCACG 

BCL-2 CGCATCAGGAAGGCTAGAGT AGCTTCCAGACATTCGGAGA 

P53 CCCCTCCTGGCCCCTGTCATCTTC GCAGCGCCTCACAACCTCCGTCAT 

SOD CTAGCGAGTTATGGCGAC CATTGCCCAAGTCTCCAAC 

GPX CGCCAAGAACGAAGAGATTC CAACATCGTTGCGACACAC 

Catalase TCCGGGATCTTTTTAACGCCATTG TCGAGCACGGTAGGGACAGTTCAC 

LC3I/ІІ CTTCGCCGACCGCTGTAA GGTGCCTACGTTCTGATCTGTG 

 

 3.3.7  Measurement of intracellular ROS generation 

           The generation of ROS was evaluated by fluorescence microscopy and 

fluorescence-microplate reader. ROS level was measured using fluorescence associated 

oxidation of 2′7′-dichlorodihydrofluorescein diacetate (DCF-DA) to dichlorofluorescein 
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(DCF), as previously described (Huang et al., 2014; Kim et al., 2012). Cells were treated 

with or without cordycepin. Cells cultured on glass coverslips were rinsed with cold PBS, 

and incubated in 5 μM DCFH-DA for 15 min at 37 °C in the dark. Fluorescence was 

measured using a laser scanning confocal microscope Nikon A1+ (Nikon, Tokyo, Japan) at 

excitation and emission wavelengths of 485 and 530 nm for DCF fluorescence. In average, 

three microscope fields were quantified in three separate cultures per treatment condition. 

ImageJ was used to quantify fluorescence intensity. For fluorescence-microplate reader, cells 

were treated with cordycepin (0, 100, 200 and 400 μM) for 2 h. In another experiment, cells 

were pretreated either with or without 10 mM NAC for 1 h before being challenged with 200 

μM cordycepin for another 2 h. Then the cells were incubated with 5 μM DCF-DA at 37 °C 

for 1 h in the dark, and washed twice with PBS. The fluorescence intensity of DCFH-DA 

was measured by a fluorescence-microplate reader (Thermo Scientific Varioskan, USA) at 

an excitation wavelength of 485 nm and an emission wavelength of 530 nm. Results were 

expressed as percentage of controls. 

3.3.8  Immunofluorescence staining 

        Cells were cultured on coverslips and pretreated with 50 μM chloroquine for 2 h 

prior to treating with 200 μM cordycepin for another 24 h. Cells were then washed twice in 

PBS, fixed with 4% paraformaldehyde in PBS at room temperature for 30 min, washed 3 

times for 5 min each, and permeabilized with 0.2% Triton X-100 in PBS for 20 min. After 

blocking with 10% FBS in PBS for 1 h, cells were incubated with LC3-I/II antibody 

overnight at 4 °C, washed three times in PBS, and incubated in FITC-conjugated anti-rabbit 

IgG for 1 h. Nuclei were counterstained using DAPI (Vector Laboratories), and the stained 

cells were observed under a laser scanning confocal microscope Nikon A1+. Images were 

analyzed using the ImageJ program (NIH).  
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 3.3.9  Statistical analysis 

        All experiments were performed in triplicate and data were expressed as mean ± 

standard deviation (SD). Statistical analysis was performed using SPSS (version 16.0, SPSS 

Inc., USA). Significant differences between treatment effects were determined by one-way 

ANOVA analysis, followed by Tukey's tests, and p < 0.05 was considered as statistically 

significant. 

 

3.4  Results 

        3.4.1  Cordycepin inhibited the growth of human glioblastoma and neuroblastoma  

                  cell lines 

                  To investigate the effect of cordycepin on the growth of human glioblastoma and 

neuroblastoma cell lines, SH-SY5Y and U-251 cell lines were cultured in the presence of 

various concentrations of cordycepin (0-500 μM) for 24 h, and cell viability was then 

assessed by using an MTT assay. The treatment of cordycepin for 24 h inhibited the growth 

of U-251 and SH-SY5Y cell lines in a dose-dependent manner, and their IC50 values were 

250 and 175 μM, respectively (Figure 3.1a). Alternatively, cordycepin had less cytotoxicity 

to kidney cells (HEK-293), fibroblast cells (HFF), and liver cells (HepG2) as their IC50 values 

were 424, 419, and 484 μM, respectively (Figure 3.1b). This outcome suggested that 

cordycepin was more effective against nerve-tissue cancer cells than kidney cells (HEK-

293), fibroblast cells (HFF), and liver cells (HepG2). Following the treatment of cordycepin, 

morphological changes of the U-251 and SH-SY5Y cell lines were observed by phase 

contrast microscopy, which appeared as cell shrinkage, increased cell floating, and reduced 

cell attachment, compared to the non-treated control cells, indicating that cordycepin reduced 

cell viability of both human nerve-tissue cancer cell lines (Figure 3.1c). 
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Figure 3.1 Cordycepin inhibited cell viability of human nerve-tissue cancer cell lines. (a) U-

251 glioblastoma and SH-SY5Y neuroblastoma cell lines were treated with 

different concentrations of cordycepin (0, 25, 50, 100, 200, 300, 400 and 500 

μM) for 24 h and assessed cell availability by MTT assays. (b) HEK-293, HFF, 

and HepG2 cells were treated under the same conditions as (A) and assessed cell 

availability by MTT assays. (c) Cellular morphology of SH-SY5Y and U-251 

cells, treated with cordycepin at various concentrations for 24 h, was observed 

under phase contrast microscopy. 
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                                                      3.4.2  Cordycepin induced apoptotic cell death in human nerve-tissue cancer cells   

                   via caspase-dependent pathways 

        To determine whether the anti-proliferative effect of cordycepin was due to 

apoptosis, the apoptotic induction of cordycepin was examined by Annexin V/7-AAD 

staining and flow cytometry analysis. After the treatment of cordycepin at various 

concentrations (0, 100, 200, 300 μM) for 24 h, the percentage of U-251 and SH-SY5Y viable 

cells was shown to decrease, whereas the percentage of both early and late apoptotic cells 

significantly increased in a dose-dependent manner (Figure 3.2a). The treatment of 100, 200, 

and 300 μM cordycepin induced the early and late apoptotic cell death of U-251cells at 26%, 

29%, and 62%, respectively. Likewise, the treatment of 100, 200, and 300 μM cordycepin 

induced the early and late apoptotic cell death of SH-SY5Y cells at 50%, 57%, and 62%, 

respectively. The analysis of nuclear structure of cordycepin-treated U-251 and SH-SY5Y 

cells was performed by DAPI staining, and presented that the cells experienced apoptosis. 

This was evidently notified by chromatin condensation, nuclear shrinkage and 

fragmentation, as well as the aberrant of nuclear structure (Figure 3.2b). The expression of 

apoptosis-related genes (P53, Caspase-9, Caspase-3, BAX, and BCL-2) was measured by 

RT-PCR after the treatment with various concentrations of cordycepin for 24 h. The results 

revealed that cordycepin upregulated tumor suppressor gene P53, and pro-apoptotic genes, 

including Caspase-9, Caspase-3, and BAX, in a dose-dependent manner. Nevertheless, 

cordycepin significantly diminished the expression of anti-apoptotic gene, BCL-2, in both U-

251 and SHSY5Y cells (Figure 3.2c and d). Taken together, these results indicated that 

cordycepin strongly induced apoptosis in both human nerve-tissue cancer cell lines by 

triggering the intrinsic apoptosis pathways, through P53, initiator caspase (Caspase-9), and 

executioner caspase (Caspase-3). 
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Figure 3.2 Cordycepin induced apoptotic cell death of human nerve-tissue cancer cells. (a) 

Cell apoptosis was determined by Annexin V/7-AAD flow cytometry analysis. 

U-251 and SH-SY5Y cells were treated with different concentrations of 

cordycepin (Cor) (0, 100, 200, 300 μM) for 24 h. (b) The nuclear structures of 

U-251 and SH-SY5Y cells were analyzed via fluorescence microscope. The cells 

were fixed and stained with DAPI solution for 10 min at room temperature. (c) 

The mRNA expression levels of apoptotic genes, P53, Caspase-9, Caspase-3, 

BAX, and BCL-2, were evaluated by semiquantitative RT-PCR. (d) The relative 

expression of P53, Caspase-9, Caspase-3, BAX and BCL-2 were determined by 

using β-Actin as a reference gene. Values are expressed as mean ± SD (n =3). *p 

< 0.05 and **p < 0.01 versus control cells. (d) The relative expression of P53, 

Caspase-9, Caspase-3, BAX and BCL-2 were determined by using β-Actin as a 

reference gene. Values are expressed as mean ± SD (n =3). *p < 0.05 and **p < 

0.01 versus control cells. 
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 3.4.3  Cordycepin-induced apoptosis was involved the generation of ROS in    

                    human nerve-tissue cancer cells 

        Since the intracellular reactive oxygen species (ROS) produced by the mitochondria 

is closely related to the induction of apoptosis in various cell types, ROS generation was 

investigated whether it involved in cordycepin-induced apoptosis (Fleury et al., 2002). 

Cordycepin-induced ROS was measured in U-251 and SH-SY5Y cell lines by using fluorescent 

dye DCF-DA. U-251 and SH-SY5Y cell lines were exposed to 200 μM cordycepin for the 

various time periods (0, 0.5, 1, 2, 4 and 6 h), and found that the generation of ROS was initially 

observed at 0.5 h and the fluorescence levels were greatest at 2 h incubation prior to declining. 

In order to obtain the optimal value, various concentrations of cordycepin were subjected to 

both cell lines for 2 h, and data were collected. The treatment of cordycepin to both human 

nerve-tissue cancer cells resulted in a significant enhancement of intracellular ROS levels, 

compared to the non-treated control (Figure 3.3a and b). This cordycepin-induced ROS 

generation was confirmed by pre-treating the cells with the ROS scavenger NAC, and measured 

the relative fluorescence. As expected, the ROS scavenger NAC blocked the levels of 

intracellular ROS induced by cordycepin in both U-251 and SH-SY5Y cell lines. The 

pretreatment of NAC prior to cordycepin supplementation significantly reduced ROS 

generation, whereas the treatment of NAC alone did not alter ROS levels (Figure 3.3c). Besides, 

the cells were pretreated either with or without 10 mM NAC for 1 h before being challenged 

with cordycepin for another 24 h, and assessed cell viability by MTT assays. The result showed 

that NAC by itself had no effect on nerve-tissue cancer cell viability (Figure 3.3d). The 

pretreatment of NAC showed a significant reversal of cordycepin-induced cell death, suggesting 

that ROS plays an important role in cordycepin-induced apoptosis in human nerve-tissue cancer 

cells (Figure 3.3d). Furthermore, cordycepin treatment significantly decreased the expression 

of antioxidant genes, including GPX, SOD, and Catalase, in a dose-dependent manner for both 

cell lines (Figure 3.3e and f). Altogether, these data supported that cordycepin induced apoptosis 

in human nerve-tissue cancer cells through ROS-dependent mechanisms. 
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Figure 3.3 Cordycepin-induced apoptosis associated with ROS generation in human nerve-

tissue cancer cells. (a) Intracellular ROS levels of U-251 and SH-SY5Y cell lines 

under 0, 100, 200, 300 μM cordycepin (Cor) exposures for 2 h were determined 

by DCF fluorescence. (b) Relative DCF fluorescence was quantitatively 

analyzed by fluorescence-microplate reader, and expressed as fold of DCF 

fluorescence over the control. (c) Cells were pretreated with or without NAC (10 

mM) for 1 h before being challenged with 200 μM of cordycepin for another 2 

h. The relative fluorescence intensity was analyzed by fluorescence-microplate 

reader. (d) NAC rescued nerve-tissue cancer cell death by cordycepin as 

determined by the MTT assay. Data were shown as mean ± SD. *p < 0.05 and 

*p < 0.01 versus control cells. (e) The mRNA expression levels of antioxidant 

genes, Superoxide dismutase (SOD), Glutathione peroxidase (GPX), and 

Catalase, were evaluated using semiquantitative RT-PCR. (f) The relative 

expression of Catalase, SOD, and GPX were determined by using β-Actin as a 

reference gene. Data were presented as mean ± SD. *p < 0.05, **p < 0.01 versus 

control cells and ## p < 0.01 versus cordycepin-treated cells. 
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 3.4.4  Cordycepin induced autophagy in human nerve-tissue cancer cells 

           As the sophistication of autophagy-apoptosis axis, the crosstalk between 

autophagy and apoptotic cell death was previously examined in various cancer cell types 

(Geng et al., 2010; Liu et al., 2016). To investigate whether cordycepin could modulate 

autophagy in U-251 and SH-SY5Y cell lines, the formation of LC3I/II, a key protein of 

aggresome complex, was determined after the treatment of cordycepin. Following the 

treatment of 200 and 300 μM cordycepin for 24 h, both U-251 and SH-SY5Y cell lines 

exhibited a significant increase of LC3I/II protein, compared to the non-treated control cells 

(Figure 3.4a). In addition, cordycepin treatment significantly enhanced the expression of 

LC3I/II gene, as determined by RT-PCR (Figure 3.4b and c). It was proved that cordycepin 

activated autophagy of human nerve-tissue cancer cells, and, thereafter, triggered apoptotic 

cell death.  

3.4.5  Autophagy involved in cordycepin-induced apoptosis of human nerve-tissue  

         cancer cells 

                  Autophagy has been proposed as survival mechanisms of cancer cells upon 

cancer drug treatment, and the inhibition of autophagy lead to cancer cell death (Lee et al., 

2014). To investigate whether the interference of autophagy influenced cordycepin-induced 

apoptosis of human nerve-tissue cancer cells, chloroquine, an autophagy inhibitor, was used 

for preventing the degradation of LC3I/II and inhibiting lysosome fusion (Zaidi et al., 2001). 

The upsurge of LC3I/II accumulation was marked by fluorescence dot after chloroquine 

treatment (Figure 3.5a). Compared to chloroquine alone, the post-treatment of cordycepin 

after chloroquine refined the accumulation of LC3I/II in both cell lines (Figure. 5a). The 

apoptotic cell death and cell survival of U-251 and SH-SY5Y cell lines were then examined 

by flow cytometry analysis and MTT assays, respectively, in conditions with or without 

chloroquine pretreatment. The results presented that, upon chloroquine pretreatment, the 

apoptosis of both cell lines was enhanced, and the survival rate was declined                      
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(Figure 3.5b and c). This result indicated that autophagy served as a survival mechanism of 

human nerve-tissue cancer and the suppression of autophagy by chloroquine improved 

chemosensitivity of nerve-tissue cancer cells to cordycepin. Taken together, these results 

demonstrated that the inhibition of autophagy promoted cordycepin-induced apoptosis in 

human glioblastoma and neuroblastoma cells. The activation of autophagy by cordycepin 

was the underlying mechanisms to trigger the death of nerve-tissue cancer cells. 
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Figure 3.4 Cordycepin (Cor) induced autophagy in human nerve-tissue cancer cells by the 

upregulation of LC3I/II. (a) Confocal microscopic images showed the increase 

of LC3I/II protein when high concentration of cordycepin was applied to the 

cells as stained by a specific antibody. (b) The mRNA expression levels of 

LC3I/II were positively correlated to the concentration of cordycepin as 

evaluated by using semiquantitative RT-PCR. (c) The relative expression of 

LC3I/II was relatively quantified by using β-Actin as a reference gene. Data were 

presented as mean ± SD. *p < 0.05 and **p < 0.01 versus control cells. 



80 
 

 

Figure 3.5 Inhibition of autophagy promoted cordycepin-induced apoptosis in nerve-tissue 

cancer cells. (a) Cells were pretreated with 50 μM chloroquine (Cq) for 2 h prior 

to the treatment of 200 μM cordycepin (Cor) for 24 h. After 24-h incubation, the 

level of LC3I/II was visualized by fluorescence microscopy after immunostaining 

with LC3I/II antibody. (b) Apoptotic cell death was evaluated by Annexin V/7-

AAD flow cytometry analysis. (c) Cell viability was determined by the MTT 

assay after 24-h incubation. Data were presented as mean ± SD. *p < 0.05, **p 

< 0.01 versus control cells, and ## p < 0.01 versus cordycepin-treated cells.  
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3.5  Discussion 

        Glioblastoma is the most aggressive malignant primary human nerve-tissue cancer, 

originating from either glial cells or their precursors (Behin et al., 2003), has a low survival 

rate despite extensive efforts to develop new treatments (Shergalis et al., 2018).  Another 

nerve-tissue cancer is neuroblastoma that is the most predominant extracranial solid cancer 

in infancy and childhood, representing 8%-10% of all childhood cancer (Brodeur, 2003; Park 

et al., 2008). Despite the remarkable advances in glioblastoma and neuroblastoma therapy, 

such as neurosurgery, radiotherapy, and chemotherapy, the low median survival period is 

still a burden to society (Maris, 2010; Ohgaki and Kleihues, 2005). Cordycepin is a major 

bioactive component found in insect fungus, Cordyceps spp., and exhibits a significant 

therapeutic potential (Tuli et al., 2013). It was presented in this study that cordycepin, also 

termed 3′-deoxyadenosine, could inhibit cancer cell growth, induce apoptosis, generate ROS, 

and activate autophagy in U-251 and SH-SY5Y human nerve-tissue cancer cell lines. The 

growth inhibition of cordycepin against nerve-tissue cancer cells in this study was a dose-

dependent manner (Figure 3.1a and b). Other studies reported that cordycepin inhibited the 

growth of various cancer cell types. For example, cordycepin inhibited the growth of NB-4 

and U937 leukemic cells at IC50 73.2 μM and 90.4 μM, respectively (Liao et al., 2015). 

Cordycepin also significantly induced apoptosis in oral squamous cancer cells at IC50 ranging 

from 100 μM to 1 mM, while IC50 of HepG2 cells was 1990 μM (Lu et al., 2014; Yu X. et 

al., 2017). Notably, IC50 of HepG2 in this study was 484 μM, differing from the previous 

report, which should due to the 4-fold less cell seeding number (Lu et al., 2014). The diverse 

specificity of cordycepin against cancer cells might rely not only on the tissues of origin, but 

also cell density, source of cordycepin (natural or  synthesis)  and purity of cordycepin 

(Osieka et al., 1984). While the anticancer activity of cordycepin against nerve-tissue cancer 

cells was shown higher than HEK-293, HFF, and HepG2 cells, it is important to evaluate the 

cytotoxicity of cordycepin against non-tumor derived neuronal cells in my next study to 
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verify cancer specificity. Several healthy neuronal cell types are currently used as models to 

evaluate neurotoxic chemotherapy, such as stem cell-derived neuronal cells and primary 

neurons, which will be further implemented (Daub et al., 2009; Wing et al., 2017). Since the 

structure of corducepin is very similar to nucleoside, adenosine and acts like a nucleoside 

analogue (Li G. et al., 2015), which is able to be involved in the actions of DNA and/or RNA 

polymerases (Kuchta, 2010). During the process of RNA synthesis (transcription), some 

enzymes are not able to distinguish between an adenosine and cordycepin which leads to 

incorporation of cordycepin to induce premature termination of transcription (Chen et al., 

2008). Cancer cells can divide without receiving the all-clear signal. While normal cells will 

stop division in the presence of genetic (DNA) damage, cancer cells will continue to divide 

(Urry et al., 2017). Therefore, cancer cells have a proliferation rate more than normal cells 

as results cordycepin was more effective against nerve-tissue cancer cells than normal cells. 

The pharmacokinetic study demonstrated that cordycepin has a short half-life and is 

rapidly metabolized in blood plasma. The half-life of cordycepin in rat blood was 1.6 ± 0.0 

min after the administration, and the measurable concentration of cordycepin was vanished 

within 30 min (Tsai et al., 2010). It was noted that the unidentified metabolites of cordycepin 

detected in the blood and liver of rat for over 2 h, which might have certain biological 

activities within the body (Tsai et al., 2010). However, the structure and function of 

cordycepin-derived metabolites is needed further investigation. Recent report explicated the 

anti-migratory effects of cordycepin in human glioblastoma using mouse xenografts. 

Glioblastoma-bearing mice treated with 5 mg/kg of cordycepin significantly reduced the 

brain tumor size at day 14 postimplantation (Hueng et al., 2017). Cordycepin has also been 

studied in numerous cancer cell lines, including oral cancer, cervical, breast, and leukemias 

(Thomadaki et al., 2005; Wu et al., 2007). Despite these promising results, the limitation of 

cordycepin in clinical application is that it requires the co-administration of ADA inhibitors, 

such as deoxycoformycin (dCF). The continuous co-administration of dCF with cordycepin 
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caused the adverse effects, such as severe gastrointestinal toxicity (Rodman et al., 1997). The 

used dosages of cordycepin might vary due to diseased etiology, for instance 1 mg/kg for 

depression and 5 mg/kg for parasitic infections. No human toxicity report was found and 

even animal models were failed to determine median lethal dose. Cordyceps dosage up to 80 

g/kg body weight/day for 7 days was injected intraperitonealy in mice and even then it did 

not cause any fatality (Li et al., 2006). Although there is no direct translation of in vitro 

exposure to in vivo treatment of cordycepin against brain cancers, the outcomes of cellular 

assays could inform the potential pharmacological benefits of cordycepin (Tuli et al., 2014). 

The administered cordycepin was able to transport from peripheral blood to the brain via an 

adenosine transporter across the blood-brain barrier, and exhibited neuroprotective functions 

in the brain (Li et al., 2016; Rottenberg et al., 2005). Additional information of human blood-

brain barrier reacting to cordycepin is needed to establish a greater accuracy of brain cancer 

therapy.  

Accumulating evidence has demonstrated the role of cordycepin in the induction of 

nerve-tissue cancer cell apoptosis. For example, cordycepin induced apoptosis by increasing 

the protein expression level of total P53 and phosphorylated P53, cleaved caspase-7, and 

poly (ADP-ribose) polymerase (PARP) pathway (Chen et al., 2014). Cordycepin-mediated 

apoptosis was observed in neuroblastoma SK-N-SH and BE(2)-M17 cells by increasing the 

levels of cleavaged caspase-3 and PARP (Li et al., 2015). Human glioblastoma U87MG cells 

could be induced to cell death by cordycepin through the extrinsic pathway, including the 

upregulation of Fas/FasL, downregulation of anti-apoptotic Bcl-2, and activation of initiator 

caspase-8 as well as executor caspase-3 (Baik et al., 2016). Here, we demonstrated that 

apoptotic cell death of SH-SY5Y and U-251 cells associated with the upregulation of tumor 

suppressor gene P53 and pro-apoptotic genes, BAX, Caspase-9, and Caspase-3, in a dose-

dependent manner of cordycepin. The anti-apoptotic gene, BCL-2, was decreased upon 

cordycepin treatment, implying that cordycepin strongly induces apoptosis in human      
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nerve-tissue cancer cells by triggering the intrinsic pathways (Figure 3.2 c, d). In addition to 

apoptosis, ROS are known as a key mediator of intracellular signaling cascades, including 

mitochondrial-mediated apoptosis pathway (Chakraborti et al., 1999). ROS has the potential 

to induce the collapse of mitochondrial membrane potential, and, consequently, trigger the 

release of mitochondrial factors to activate caspase cascade, and, eventually, apoptosis (Fiers 

et al., 1999; Fleury et al., 2002; Jeong et al., 2011; Zhou et al., 2009). To our finding, 

cordycepin-treated U-251 and SH-SY5Y cells overproduced intracellular ROS levels 

superior to the control cells (Figure 3.3a and b). The pretreatment of cells with the ROS 

scavenger, NAC, effectively blocked ROS generation and rescued cell death, implicating 

that cordycepin-induced apoptosis is through a mitochondrial- mediated intrinsic pathway of 

human nerve-tissue cancer cells (Figure 3.3c and d). Under normal circumstance, ROS, 

which is produced by the mitochondrial respiratory chain, is scavenged by the endogenous 

antioxidant enzymes, including superoxide dismutase (SOD), catalase, and glutathione 

peroxidase (GPX) (Liou and Storz, 2010). Superoxide dismutases (SOD) are 

metalloenzymes, which catalyzes the dismutation of superoxide radical anion (O2
-∙) to oxygen 

and hydrogen peroxide H2O2 and dioxygen (Copin et al., 2000). Catalase (CAT) facilitates 

the decomposition of hydrogen peroxide (H2O2) to water (H2O) and oxygen (O2), while 

hydrogen peroxide (H2O) can be reduced to water (H2O) by glutathione peroxidases (GPX) 

(Figure 3.6) (Hashimoto and Hayashi, 1990). Remarkably, cordycepin significantly 

decreased the expression of antioxidant genes, including GPX, SOD, and Catalase, in SH-

SY5Y and U-251 cells (Figure 3.3e and f). These results suggested that cordycepin enhanced 

ROS production by interference the cellular antioxidant machinery, and directed nerve-tissue 

cancer cells to mitochondria-mediated program cell death.  
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Figure 3.6 Diagram of catalytic reactions of the cooperative action of Superoxide dismutases 

(SOD), Catalase (CAT), glutathione peroxidases (GPX). RSSR; Oxidated thiols, 

RSH; and reduced thiols. Source: Yu et al. (2010). 

Autophagy delivers cytoplasmic components to lysosomes for degradation and 

recycles of the degraded products, such as proteins, organelles, and other macromolecules 

(Gozuacik and Kimchi, 2007). Both autophagy and apoptosis are well-controlled biological 

processes that play essential roles in development, tissue homeostasis, and diseases. 

Interactions among components of the two pathways are responsible to cellular metabolic 

stress (Liang et al., 2007). However, the crosstalk between autophagy and apoptosis during 

chemotherapy is ambiguous (Lockshin and Zakeri, 2004). Under some circumstances, 

autophagy is an adaptive mechanism that sustains cancer cell survival, while the constitutive 

activation of autophagy could also induce the non-apoptotic programmed cell death (Choi et 

al., 2012; Nikoletopoulou et al., 2013). Nevertheless, autophagy is triggered in some types 

of cancers in response to various anticancer agents (Kanzawa et al., 2004; Kanzawa et al., 

2003). Microtubule-associated protein 1 light chain 3 (LC3) is transformed from the soluble 

form (LC3-I) into the autophagosomeassociated form (LC3-II), and included in 

autophagosome complex (Jiang et al., 2015). The exposure of SH-SY5Y and U-251 cells to 

cordycepin resulted in the increase of LC3I/II mRNA and protein, revealing that the 

induction of autophagy was the direct outcome of cordycepin administration (Figure 3.4a 

and b). To date, the molecular mechanisms of autophagy induction are not yet fully 

understood, although Akt-mTOR signaling has emerged as a key negative regulator of 
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autophagy in yeast and mammalian cells (Yu et al., 2017). Several studies revealed that 

numbers of anticancer agents directly activate autophagy and promote apoptotic cell death 

in cancer cells, such as breast, prostate, and melanoma cancer, and the addition of autophagy 

inhibitors prevents the death of cancer cells (Ahmed et al., 2017; Bursch et al., 2008; Wang 

et al., 2017). On the other hand, under the aggressive stress environments, the autophagy 

levels of cancer cells are higher than normal and, therefore, the disruption of this increased 

autophagy interferes the adaptation of cancer cells to extreme environments and, therefore, 

contributes to cancer cell death (Carew et al., 2007). Likewise, the blockage of autophagic 

flux by chloroquine resulted in the enhanced anticancer activity of cordycepin against U-251 

and SH-SY5Y cell lines, verifying that the inhibition of autophagy enhances the sensitivity 

of nerve-tissue cancer to anticancer agents and improves apoptosis (Figure 3.6b and c) (Liu 

et al., 2016). The dual roles of autophagy, either survival or death signaling pathways, depend 

on the extent of cell degradation products as well as the nature and intensity of the stimulus 

(Dalby et al., 2010; Motyl et al., 2006). This study reflects the importance of autophagy in 

chemosensitizing of human nerve-tissue cancer cells to anticancer agents, and, in the near 

future, cordycepin could be implemented in a combination with conventional anticancer 

drugs to augment the treatment efficacy against nerve-tissue cancers (Du et al., 2016). 

 

3.6  Conclusion 

         In conclusion, cordycepin could effectively inhibit the proliferation and induce 

apoptotic cell death of human nerve-tissue cancer cells through the generation of reactive 

oxygen species and modulation of autophagy. The control of autophagy activity within cells 

by small molecules might be an alternative approach for a better treatment of human nerve-

tissue cancer. Importantly, this finding revealed the mechanisms of action of cordycepin, 

which is a foundation to study other relevant mechanistic insights into the mysterious 
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potential of cordycepin. Future studies should focus on the enhancement of cordycepin 

absorption and bioavailability, and targeted-tissue delivery strategies using nanoparticles. 
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CHAPTER IV 

 FABRICATION OF 3D CALCIUM‐ALGINATE SCAFFOLDS 

FOR HUMAN GLIOBLASTOMA MODELING AND 

ANTICANCER DRUG RESPONSE 

EVALUATION 

 

4.1  Abstract 

       The three‐dimensional (3D) cell culture model has been increasingly used to study 

cancer biology and screen for anticancer agents due to its close mimicry to in vivo tumor 

biopsies. In this study, 3D calcium (Ca)-alginate scaffolds were developed for human 

glioblastoma cell culture and an investigation of the responses to two anticancer agents, 

temozolomide, doxorubicin and cordycepin. Compared to the 2D monolayer culture, 

glioblastoma cells cultured on these 3D Ca‐alginate scaffolds showed reduced cell 

proliferation, increased tumor spheroid formation, enhanced expression of cancer stem cell 

genes (CD133, SOX2, Nestin, and Musashi‐1), and improved expression of differentiation 

potential‐associated genes (GFAP and β‐tubulin III). Additionally, the vascularization 

potential of the 3D glioblastoma cells was increased, as indicated by a higher expression of 

tumor angiogenesis biomarker (VEGF) than in the cells in 2D culture. To highlight the 

application of Ca‐alginate scaffolds, the 3D glioblastomas were treated with anticancer 

agents, including temozolomide, doxorubicin and cordycepin. The results demonstrated that 

the 3D glioblastomas presented a greater resistance to the tested anticancer agents than that 

of the cells in 2D culture. In summary, the 3D Ca‐alginate scaffolds for glioblastoma 

aaaaaaaa 
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cell line that were developed in this study offer a promising platform for anticancer agent 

screening and the discovery of drug‐resistant mechanisms of cancer.  

Keyword: 3D nerve-tissue cancer, 3D calcium‐alginate scaffolds, anticancer drug screening, 

nerve-tissue cancer model, glioblastoma 

 

4.2  Introduction 

        Glioblastoma is the most aggressive malignant primary human nerve-tissue cancer, 

originating from either glial cells or their precursors (Behin et al., 2003). Patients suffering 

from glioblastoma have a poor prognosis with a median survival rate of only 12–15 months 

for a newly diagnosed glioblastoma and 5-7 months for recurrent glioblastoma (Johnson and 

O’Neill, 2012). Currently, chemotherapy is one of the most effective treatments for 

glioblastoma nerve-tissue cancer, which require high‐efficiency drug screening methods to 

provide highly predictable results for the in vivo tests. Currently, cell‐based assays are widely 

used as an in vitro model for improving our understanding of cell biology and the 

mechanisms of diseases, and for the drug discovery processes. Additionally, in vitro cell 

platforms can provide convenient and cost‐effective means to avoid ethical concerns and 

large budget requirement of animal and clinical testing (Kapałczyńska et al., 2016). 

Traditional two‐dimensional (2D) cell culture models have been used for cell culture studies 

because of their simplicity, convenience, and high cell viability. However, an emerging view 

is that, due to its simplicity, the 2D cell culture model cannot accurately simulate the three‐

dimensional (3D) environment in which cancer cells reside within the body. Since in vivo 

cells are encompassed by other cells and an extracellular matrix (ECM) in the 3D model, the 

2D cell culture does not sufficiently reflect the natural 3D environment of the cells. This 

leads to high differences in anticancer drug sensitivities between in vitro tests and in vivo 

clinical assessments (Shoemaker, 2006). Hence, there is a growing demand for developing 

3D in vitro tumor models, which can simulate the tumor microenvironment, mimic in vivo 
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cell behaviors, and provide comparable results to in vivo assays. In addition, 3D in vitro 

models have the potential to bridge the gap between traditional 2D cultures and animal 

models (Pampaloni et al., 2007). The 3D culture models have increased the understanding of 

cancer stem cell properties and differentiation potential, and anticancer drug screening (Chen 

et al., 2012; Dhiman et al., 2005; Lv et al., 2016). Over the past few decades, sodium alginate 

has been used as a biomaterial in tissue engineering (Wang et al., 2003). Alginate is approved 

by the Food and Drug Administration (FDA) for broad tissue engineering applications 

because of its biocompatibility, biodegradability, and limited immunogenicity (Rinaudo, 

2008). Alginate is a family of natural polysaccharides composed of different lengths of G (α‐

L‐glucuronate), M (β‐D‐mannuronate), and GM alternating blocks. Alginate can form 

noncovalent crosslinks through interaction with bivalent metal ions, such as calcium ions 

(Shull, 2012). Hydrophilic alginate hydrogels have been used as an artificial ECM to provide 

temporary supports for many kinds of cell types, including chondrocytes (Awad et al., 2004), 

osteoblasts (Kuo and Ma, 2001), fibroblasts (Hunt et al., 2010) and embryonic stem cells 

(Hwang et al., 2009). Alternatively, alginate scaffolds can be generated through a freeze 

drying process (Shapiro and Cohen, 1997). The porosity and pore interconnectivity of 

alginate scaffolds benefits the exchange of oxygen and nutrients, and waste elimination from 

the cells. Nowadays, the commercial porous alginate scaffold has been available on the 

market such as AlgiMatrix™. The AlgiMatrix™ 3D alginate scaffold is product of Life 

Technologies Corporation Company, which is ready-to-use for the development cell culture 

models that are more predictive of disease states and drug responses. Its sponge was made 

from lyophilized alginate gel which nontoxic, biodegradable and is stable at room 

temperature. AlgiMatrix™ alginate scaffolds has been used for 3D culture for various cell 

type, including human embryonic stem cells (Gerecht et al., 2004), human osteoblast (Chen 

et al., 2015), non-small cell lung cancer (NSCLC) (Godugu et al., 2013), U87 glioblastoma 

and C6 glioma cell lines (Sams et al., 2009). Moreover, Godugu et al. (2013), AlgiMatrix™ 
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3D alginate scaffold was used for in vitro tumor model for anticancer drug screening. They 

found that cancer cells can grow and form multicellular spheroids in 6 and 96 well 

AlgiMatrixTM scaffolds. Different marketed anticancer drugs were screened cytotoxicity of 

cells on AlgiMatrixTM system compared to the 2D monolayer cultures. IC50 values for 

anticancer drugs were significantly higher in AlgiMatrixTM systems compared to 2D culture 

models. The results from their studies are strongly support that the 3D alginate scaffold may 

be used as an in vitro tumor model. It is possible to predict the anticancer effect of various 

drugs and formulations in a better model than 2D monolayer cultures. As a result, the ability 

to predict outcomes in preclinical animal models and clinical trials can be better understood 

because the positive anticancer effects observed in 2D cultures often fail during in vivo 

testing. However, the price of AlgiMatrix™ quite expensive (17,000 baht/24 well plate) and 

require other solution (AlgiMatrix™ Firming Buffer and AlgiMatrix™ Dissolving Buffer) 

to support sponges. 

 In this study, I modified the 3D Ca‐alginate scaffolds via a freeze‐drying technique and 

applied this to human glioblastoma U‐251 cell line. Then, the growth characteristics, 

stemness, and differentiation properties of cells in the Ca‐alginate scaffold system were 

verified, in comparison with the 2D monolayer culture. Finally, to verify whether the 3D Ca‐

alginate scaffolds can act as a potential platform for screening new anti‐glioblastoma agents, 

the sensitivity of anticancer agents (temozolomide, doxorubicin and cordycepin) on 

glioblastoma cells in the 3D Ca‐alginate scaffolds was evaluated and compared to the cells 

in the 2D culture. Consequently, the 3D Ca-alginate scaffolds can be cost-effective, low -

cost, easy-to-use method, availability, suitability, reproducibility and can also practical in 

anti-glioblastoma drug screening. 
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4.3  Materials and methods 

        4.3.1  Chemicals and reagents 

       Sodium alginate (A0682), resazurin sodium salt (R7017), arginine-glycine-

aspartate (RGD; A8052), calcium chloride (449709), temozolomide (T2577), doxorubicin 

(D1515) and cordycepin (C3394) were purchased from Sigma‐Aldrich Chemical Co. (St. 

Louis, MO). 4, 6‐Diamidino‐2‐phenylindole (DAPI), calcein‐AM and propidium iodide (PI) 

were purchased from Life Technologies Inc. (Carlsbad, CA). Ethanol and isopropanol were 

purchased from Fisher Scientific (Pittsburgh, PA). Glutaraldehyde was purchased from 

Loba‐Chemie (Mumbai, India) and Osmium tetroxide (OsO4) was purchased from Acros 

Organics (Morris Plains, NJ). Antibodies against Nestin, CD133, β‐tubulin III, GFAP, and 

vascular endothelial growth factor (VEGF) were purchased from Merck (Merck KGaA, 

Darmstadt, Germany). The human glioblastoma (U‐251) cell line was obtained from the 

European Collection of Authenticated Cell Cultures (ECACC; Salisbury, UK). Human 

cerebral microvascular endothelial cell line (hCMEC/D3) was obtained from Dr. Oratai 

Weeranantanapan (Institute of Science, Suranaree University of Technology). EGM-2 

(Lonza), EBM-2 medium (serum free, growth-factor free), 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 (complete media) were obtained from Merck (Merck KGaA, 

Darmstadt, Germany). Dulbeccoʼs modified Eagleʼs medium (DMEM) and fetal bovine 

serum (FBS) were purchased from HyClone (HyClone, Logan, UT), while 0.5% trypsin-

ethylenediaminetetraacetic acid (EDTA), L‐glutamax, and nonessential amino acids 

(NEAA) were obtained from Gibco (GIBCO, Carlsbad, CA). 

 U-251 cell line were cultured in complete medium with DMEM medium, 10% 

(v/v) FBS, 1% NEAA, 1% (v/v) L‐glutamine, and 1% (v/v) penicillin–streptomycin. Cells 
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were incubated at 37°C in a humidified incubator atmosphere with 5% CO2: 95% air. The 

fresh complete medium was changed every 2 days. 

 hCMEC/D3 cell line were maintained in a specific endothelial cell growth 

medium EGM-2 (Lonza) that contained EBM-2 medium (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 (complete media). The cells were incubated at 37°C in a humidified atmosphere of 

5% CO2. The fresh complete medium was changed every 2 days. 

 4.3.2  Calcium‐alginate scaffold fabrication and preparation  

         The Ca‐alginate scaffolds were prepared as previously reported (Shapiro & 

Cohen, 1997), with slight modifications. A 2% sodium alginate was dissolved in sterile 

deionized (DI) water, shaken in the incubator shaker for 6 h at 37°C and refrigerated at 4°C 

for 24 h to remove bubbles. Sodium alginate solution (400 μl) was injected into each 48‐well 

culture plate, frozen at -20°C for 24 h and lyophilized for 8 h. The scaffolds were cross‐

linked with 2% calcium chloride solution for 1 h, washed three times with sterile DI water, 

then sterilized with 75% alcohol overnight, and stored at room temperature until use. Before 

the scaffolds were used, the scaffolds were washed three times with sterile DI water, 

immersed in arginine-glycine-aspartate (RGD) peptide solution (100 mg/L of DMEM 

complete medium; Sigma‐Aldrich), and incubated for 24 h at 37°C under an atmosphere of 

5% CO2. 

 4.3.3  Ca‐alginate scaffold characterization 

  A modified liquid displacement method was used for the measurement of 

porosity in the Ca‐alginate scaffold. Isopropanol was utilized as the displacement liquid 

(Kirdponpattara et al., 2015). Briefly, weight (Wi) and volume (Vi) of the dry scaffold were 

measured. Isopropanol, with a known density, (ρi), was used to immerse scaffolds for 15 
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min; the scaffolds were weighed (Wf) after removal from the isopropanol. The porosity was 

calculated by the following equation:  [((Wf-Wi)×ρ
i
) /Vi]×100% (n = 10). 

Mechanical properties of the scaffolds, after being cultured for 0, 7, 14, and 21 

days were measured using a texture analyzer (TA.XT Plus Texture Analyzer; Stable Micro 

Systems, Surrey, UK). Scaffolds were compressed at a rate of 0.4 mm/min until at least 70% 

strain was attained (n = 10). Young’s modulus was obtained by calculating the linear regions 

of the stress-strain graph. Scaffolds were coated with gold sputtering and then placed under 

a scanning electron microscope (FIB‐SEM; Carl Zeiss, Dresden, Germany) to observe the 

pore structure of the Ca‐alginate scaffolds. 

 4.3.4  Cell seeding on Ca‐alginate scaffolds 

         Human glioblastoma cells (U‐251) were seeded onto the scaffolds in 24‐well 

plates at 1 × 106 cells/ml in 50 μl complete medium per scaffold. Cells were permitted to 

penetrate the scaffold for 1 h, then 1 ml complete medium was added to each well. For 2D 

cell cultures, a cell concentration of 50,000 cells in complete medium was added into each 

24‐well plate. The cells were grown in a humidified incubator at 37°C under an atmosphere 

of 5% CO2. The complete medium was changed every 2 days. 

 4.3.5  Live/dead staining  

         Live/dead cell fluorescent double staining was used to assess the viability of 

cells inside the Ca‐alginate scaffolds. U‐251 spheroids inside the Ca‐alginate scaffolds were 

stained with 4 μM calcein AM and 4 μM of propidium iodide (PI) for 30 min at room 

temperature and protected from light. Calcein AM and PI were used to stain live cells (green 

fluorescence) and dead cells (red fluorescence), respectively. Live/dead cells were imaged 

with a fluorescence microscope (ZOE™ Fluorescent Cell Imager, Bio‐Rad Laboratories, 

Hercules, CA). Five fields were counted randomly from each image at a magnification of 

100x using the ImageJ program (NIH). 

 4.3.6  Scanning electron microscopy 
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        The morphology of U‐251 spheroids inside the Ca‐alginate scaffolds and 

glioblastomas in the 2D culture (on coverslips) were observed using a scanning electron 

microscope (FIB‐SEM, Carl Zeiss). The cells inside the Ca‐alginate scaffolds and the 2D 

culture were fixed with 4% glutaraldehyde overnight at 4°C and 2% osmium tetroxide 

(OsO4) solution for 2 h at room temperature. All the samples were dehydrated in a graded 

series of ethanol (0%, 30%, 50%, 70%, 85%, 95%, and 100%), each step lasting 15 min, and 

dried by critical‐point drying (CPD; Leica EM CPD300; Leica Microsystems (SEA) Pte Ltd, 

Singapore). The sample was sputter‐coated (Sputter Coater Leica EM ACE600, Leica 

Microsystems (SEA) Pte Ltd) with gold to produce a thick film before observation under a 

scanning electron microscope (FIB‐SEM, Carl Zeiss).  

 4.3.7  Cell proliferation analysis 

 Cell proliferation analysis The proliferation of cells cultured on the 3D Ca‐

alginate scaffolds and the 2D culture was determined using a resazurin assay, as reported 

previously (Perrot et al., 2003). Briefly, 1 ml of resazurin solution (25 μg resazurin per 1 ml 

fully complete medium) was added to each well after washing with phosphate buffered saline 

(PBS) and incubated at 37°C for 30 min. The resazurin solution was transferred to a black 

96‐well plate to read the fluorescence values on a microplate reader (Varioskan, Thermo 

Fisher Scientific, Waltham, MA) at an excitation wavelength of 530 nm and an emission 

wavelength of 590 nm. Cells were washed three times with PBS to remove resazurin solution, 

then the fresh complete medium was added. This procedure was repeated every 2 days for 

21 days. Results were expressed as relative fluorescent units (RFU). 

 4.3.8  Cell size distribution 

        After U‐251 cells were cultured for 1, 2, and 3 weeks in the 3D Ca‐alginate 

scaffolds, 50 mM EDTA solution was added and incubated for 5 min at 37°C to release the 

U‐251 spheroids from the scaffolds. The U‐251 spheroids were washed with PBS, 

centrifuged briefly, and then fixed for 15 min at room temperature in 4% paraformaldehyde 
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(PFA). The average diameters of the spheroids were measured with a light microscope 

(ECLIPSE Ts2; Nikon Instruments Inc.), and the data were calculated with iworks software 

(Pixera Corporation, Santa Clara, CA). 

 4.3.9  Quantitative real-time polymerase chain reaction quantification 

        The U‐251 cells inside the Ca‐alginate scaffolds were extracted with a 50 mM 

EDTA solution. The cells inside the Ca‐alginate scaffolds were washed with PBS and 

dissolved in 50 mM EDTA solution at 37°C for 5 min, then the cells were collected by 

centrifugation at 200 rpm for 3 min. Total RNA from the cells after 7, 14, and 21 days in the 

3D and 2D cultures were isolated using a NucleoSpin RNA Kit (Macherey‐Nagel, Dueren, 

Germany), according to the manufacturerʼs instructions. The total RNA was converted into 

complementary DNA (cDNA) using a 2‐step RT‐PCR Kit (Vivantis Technologies Sdn. Bhd, 

Selangor Darul Ehsan, Malaysia). Quantitative polymerase chain reaction (qPCR) 

experiments were performed using the QuantStudio 5 Real‐ Time PCR System (Thermo 

Fisher Scientific), which were conducted in 96‐well plates. To monitor cDNA amplification, 

qPCR BioSyGreen Mix Low‐Rox (PCR BIOSYSTEMS, London, UK) was used in a 20 μl 

reaction volume. Cycling conditions according to the specific SYBRGreen protocol were: 

95°C for 30 s, 60°C for 30 s, and 72°C for 45 s (40 cycles). A melting curve analysis of the 

PCR products was performed by heating at 60°C for 60 s, 95°C for 15 s, and continuous 

measurement of the fluorescence to verify the PCR product.  

 Glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) was used as the 

endogenous housekeeping gene. The expression level of Nestin, CD133, Musashi‐1, Sox2, 

βIII‐Tubulin, glial fibrillary acidic protein (GFAP), and VEGF were examined. The primers 

for the reference gene GAPDH and the primers designed for the genes of interest are       

 

shown in Table 4.1 Relative expression was determined by the 2−ΔΔCt method, and each target 

gene was normalized against GAPDH and the 2D culture condition.  
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Table 4.1 The primer sequences used for real-time RT-PCR. 

 Forward Reverse 

GAPDH 5’- CTCTGCTCCTCCTGTTCGAC-3’ 5’- TTAAAAGCAGCCCTGGTGAC-3’ 

CD133 5’- ACTCCCATAAAGCTGGACCC-3’ 5’- TCAATTTTGGATTCATATGCCTT-3’ 

Musashi-1 5’- ACAGCCCAAGATGGTGACTC -3’ 5’- TGGTTTTGTCAAACATCAGCA-3’ 

Sox2 5’- GCGAACCATCTCTGTGGTCT-3’ 5’- GGAAATTTGGGATCGAACAA-3’ 

Nestin 5’-GGAGAAACAGGGCCTACAGA -3’ 5’- GGGAGTTCTCAGCCTCCAG-3’ 

GFAP 5’-ATCGAGATCGCCACCTACAG-3’ 5’- CACCACGATGTTCCTCTTGA-3’ 

βIII-tubulin 5’- CGCCCAGTATGAGGGAGAT-3’ 5’- AGTCGCCCACGTAGTTGC -3’ 

VEGF 5’- AGGGCAGAATCATCACGAAG-3’ 5’- CACACAGGATGGCTTGAAGA-3’ 

GAPDH : Glyceraldehyde 3-phosphate dehydrogenase; GFAP: Glial fibrillary acidic protein; VEGF: 

vascular endothelial growth factor; 

 

 4.3.10  Immunofluorescence staining 

 Human glioblastoma cell line (U‐251) were cultured either with 2D culture or 

3D Ca‐alginate scaffolds for 14 days. The cells were washed with PBS two times, fixed for 

1 h in 4% PFA, washed three times with PBS, permeated for 20 min in 0.2% Triton X‐100 

in PBS and blocked with 4% BSA in PBS for 1 hour. Anti‐nestin, anti‐CD133, anti‐βIII‐

tubulin, anti‐GFAP, and anti‐VEGF antibodies were added into the blocking buffer and then 

incubated at 4°C overnight. The cells were washed with PBS three times, then incubated 

with secondary antibody for 1 h in the dark. After washing with PBS, the nuclei of the cells 

were stained with DAPI and observed using a fluorescence microscope (ZOE™ Fluorescent 

Cell Imager, Bio‐Rad Laboratories). 

 4.3.11  Combination of 3D U-251 and 2D hCMEC/D3 cell lines 

           U‐251 cells were seeded onto the Ca-alginate scaffolds in 24‐well plates at         

1×106 cells/ml in 50 μl complete medium per scaffold. After 14 days in 3D Ca-alginate 

scaffold, U-251 spheroid were extracted with a 50 mM EDTA solution and cultivated on the 

hCMEC/D3 layer on 2D glass coverslips in the medium constituted of 50% U-251 medium 

and 50% hCMEC/D3 medium. After 7 and 14 days, the morphology of 3D U-251 and 2D 
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hCMEC/D3 were observed using a scanning electron microscope (FIB‐SEM, Carl Zeiss) and 

angiogenesis markers (VEGF and collagen IV) were stained using immunofluorescence 

assay. 

  For U-251 and hCMEC/D3 monolayer cells were cultured on 2D glass 

coverslips in complete medium. At days 14 the morphology of hCMEC/D3 monolayer cells 

were observed using a scanning electron microscope (FIB‐SEM, Carl Zeiss) and 

angiogenesis markers (VEGF and collagen IV) of both cells were stained using 

immunofluorescence assay. 

 4.3.12  Cytotoxicity of anticancer agents 

           The cytotoxicity of temozolomide, doxorubicin and cordycepin was compared 

between the 2D culture and the 3D Ca‐alginate glioblastomas. To examine anticancer agent 

sensitivity, U‐251 cells (5 × 105 cells/well) were seeded into 24‐well plates (2D) and 3D Ca‐

alginate scaffolds for 14 days. The most common cancer chemotherapy drug, temozolomide 

(Khasraw et al., 2009) , doxorubicin (Rivankar, 2014) and potential candidate, cordycepin 

were selected for this test. The cells were treated with varying concentrations of 

temozolomide (15-500 μg/ml) or doxorubicin (2.5-40 μg/ml) or cordycepin (12.5-400 

μg/ml). Cell viability was examined 48 hours after treatment via a resazurin assay, as 

described above, and reported as the fluorescence intensity value of viable cells relative to 

the untreated control. Live and dead cells were assessed by a fluorescent live/dead viability 

assay, as described above, and cell survival was observed by a fluorescence microscope 

(ZOE™ Fluorescent Cell Imager Bio‐Rad Laboratories) after the cells were treated with 100 

μg/ml temozolomide or 200 μg/ml cordycepin. The cells were treated with 10 μg/ml 

doxorubicin, and live/dead cells were stained with 4 μM calcein AM and 4 μM of DAPI; 

since the spectral ranges of PI and doxorubicin overlapped, PI was substituted with DAPI. 

Images were obtained using a fluorescence microscope (ZOE™ Fluorescent Cell Imager, 

Bio‐Rad Laboratories). 
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 4.3.13  Statistical analysis 

          All the results were expressed as means ± standard deviations. Statistical 

analysis was performed using a Studentʼs t test (SPSS version 16.0, SPSS Inc., Hong Kong, 

China) to compare means from two independent sample groups. p < 0.05 were considered 

statistically significant. 

 

4.4  Results 

        The 3D Ca‐alginate scaffold cell culture systems are a suitable growth environment for 

cells or tissues. In this study, the 3D Ca‐alginate scaffold cell culture system was used as a 

model to create micro tumor spheroids (Figure 4.1). First, the 3D Ca‐alginate scaffolds were 

fabricated using a freeze‐drying technique (Step 1a). U‐251 human glioblastoma cells were 

then seeded into the 3D Ca‐alginate scaffolds (Step 2a) or onto the 2D cell culture plates 

(Step 2b). Glioblastoma cells could be cultured in a 2D monolayer environment, but the 2D 

cell culture did not sufficiently accurately mimic the natural 3D environment of the cells in 

which cancer cells reside, limiting the potential of the cells to proliferate and differentiate, 

and to the loss of their phenotype (Step 3b). Meanwhile, the 3D Ca‐alginate scaffolds 

exhibited a highly porous structure and created an environment permissive for glioblastoma 

cell ingrowth and spheroid formation (Step 3a). After 14 days of incubation, chemotherapy 

drug resistance assays of the 3D U‐251 glioblastoma cells were performed and compared to 

the 2D culture (Step 4a). In the future, the 3D Ca‐alginate scaffolds could potentially be a 

platform for studies of glioblastomagenesis, cancer biology, as well as mechanisms of cancer 

drug resistance. 
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Figure 4.1 Schematic illustration of the platform for drug screening of nerve-tissue cancer 

in the 3D human glioblastoma cell culture system. Briefly, step 1 was to prepare 

the 3D calcium- alginate scaffold by using freeze- drying technique.  Next step 

was to seed human glioblastoma U-251 cells into the Ca-alginate scaffolds (Step 

2a or onto the cell culture plates (Step 2b). Step 3b was to culture cells as the 2D 

monolayer, which did not accurately mimic the 3D in vivo environment. Cancer 

cells were limited their potential to proliferate, differentiate, and loose 

phenotype, while micro- tumor spheroids were formed and grown in the 3D 

alginate scaffold (Step 3a). At the end of this study, to verify whether the 3D Ca-

alginate scaffolds were capable as an in vitro research platform for screening a 

potent anti- glioblastoma agent, chemotherapy drug resistance assay of the 3D 

Ca-alginate were determined (Step 4a).  
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 4.4.1  Ca‐alginate scaffold properties 

        The Ca‐alginate scaffolds were fabricated and their structural and mechanical 

properties were evaluated, determining the relation to cancer biopsies of the human body 

(Figure 4.2). The morphology of the Ca‐alginate scaffold is shown in Figure 4.2a. After 

freeze‐drying, the Ca‐alginate scaffold was 10 mm in diameter and 4 mm in height. The 

internal structure of the scaffolds was shown in the SEM images, which exhibited an even 

spread of pores with an approximate diameter of 100-400 μm (Figure 4.2b). The 

interconnected pores were found inside the scaffolds, despite the presence of some closed‐

wall pores. The Ca-alginate scaffolds presented a porosity of 89.5% (Figure 4.2c). The 

mechanical properties of the Ca‐alginate scaffolds after 7, 14, and 21 days of U‐251 cell 

culture were assessed with compression testing (Figure 4.2d-g). The Youngʼs modulus was 

131.0 ± 16.2, 100.6 ± 9.6, 73.2 ± 2.1, and 27.8 ± 7.4 kPa for Ca‐alginate scaffolds after 0, 7, 

14, and 21 days of culture, respectively. The Youngʼs modulus of the scaffolds was found to 

decrease with time, which was closer to that of nerve-tissue cancer cancer tissue (~7 kPa) 

(Yu et al., 2011) than cell cultures on polystyrene plates (2-4 GPa) (Florczyk et al., 2016). 
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Figure 4.2 Ca-alginate scaffold morphology and properties. (a) Ca-alginate scaffolds were 

shown with 4 mm in height and 10 mm in diameter in a cylinder- shaped after 

lyophilization.  (b)  SEM images of the Ca- alginate scaffold exhibiting pore 

morphology (c) Physical properties of Ca-alginate scaffolds (d-g) Stress- strain 

plot of Ca- alginate scaffolds before and after 7, 14, and 21 days of U-251 cell 

culture. 
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 4.4.2  Live/dead glioblastoma cells inside the Ca‐alginate scaffolds  

        To investigate the effect of the Ca‐alginate scaffolds on human glioblastoma cell 

viability, U‐251 cells were seeded onto the scaffolds in 24‐well plates at 50,000 cells per 

scaffold and cultured for 7, 14, and 21 days. During the culture period, glioblastoma cells 

tended to grow as cellular aggregates/spheroids (Figure 4.3a1-c1). The viability of U‐251 

cells within the Ca‐alginate scaffolds was assessed by staining with fluorescent dyes (calcein 

AM/PI). Most cells survived (green), and only some dead cells (red) were observed (Figure 

4.3). The percentage of live/dead cells was quantified and presented as 90.37 ± 1.76%, 83.45 

± 3.79%, and 78.25 ± 5.11% inside the scaffolds at days 7, 14, and 21, respectively (Figure 

4.3a5-c5); therefore, only 9.63 ± 1.76%, 16.55 ± 3.79%, and 21.75 ± 5.11% of the cells were 

dead inside the scaffold at days 7, 14, and 21 days, respectively. 
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Figure 4.3 The influence of Ca-alginate scaffolds on glioblastoma stem cells U-251  viability 

at 7, 14, and 21 days culture was determined by fluorescence live/dead staining. 

(a1, b1, and c1) showed the U-251 spheroid within Ca-alginate scaffold in 

bright field; (a2, b2, and c2) in green represented the live cells of U-251 

spheroid with calcein AM dye; (a2, b3, and c3) in red (PI) indicated dead cells; 

(a4, b4, and c4) were the merge images; (a5, b5, and c5) displayed the 

percentage of live and dead cells.  
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Figure 4.4 Cell proliferation, spheroids size distribution, and morphology of glioblastoma 

spheroids. (a) Cell proliferation of U-251 cells cultured on the 2D culture and in 

the Ca-alginate scaffolds was determined by resazurin assay. (b) The spheroids 

diameter histograms presented the size distribution of U-251 spheroids in the 3D 

Ca-alginate scaffolds after 7, 14, and 21 days of the culture. (c) SEM images of 

glioblastoma U- 251 cells growing on the 2D culture and inside the 3D Ca-

alginate scaffolds for 7 and 14 days, respectively. 

 

 4.4.3  Characterization of U‐251 glioblastoma cells inside the Ca‐alginate scaffolds 

         The proliferation capacity of cells in the 2D culture and 3D Ca‐alginate scaffold 

culture were measured using a resazurin assay every 2 days for 21 days. (Figure 4.4a). For 

the first 14 days, cells in the 2D condition grew rapidly, and then the cell population 

decreased at the 15‐day time point. On the other hand, the 3D glioblastoma grew slowly at 
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the beginning of the culture, but the growth rate increased gradually, which lasted for 21 

days of the culture. After 7 days of 3D cell culture, over half of the spheroids were under 50 

μm in diameter; then, up to 85% and 100% of spheroids became larger than 50 μm in 

diameter on Days 14 and 21, respectively (Figure 4.4b). These results suggest that the Ca‐

alginate scaffolds supported the continuous culture, proliferation, and spheroid formation of 

U‐251 human glioblastoma cells. The morphology of the U‐251 cells in the 2D and 3D Ca‐

alginate scaffold culture was shown under a SEM images (Figure 4.4c). The SEM images 

indicated that the cell culture environment affected cell morphology. Cells in the 2D 

condition grew as flat sheets with microstructures that were similar to those in the 3D 

condition, but they were unable to form spheroids (Figure 4.4c). 

 4.4.4  Stemness, differentiation, and angiogenesis properties of glioblastoma cells  

           in both culture conditions  

        To compare the expression of stemness, differentiation, proliferation, and 

angiogenesis genes in the 2D and 3D glioblastoma cells, the expression of marker genes in 

cells from both conditions was measured using real-time polymerase chain reaction. Here, 

Nestin, CD133, SOX2, and Musashi‐1 were used as markers of cancer stem cells. Results 

showed that CD133, Nestin, SOX2, and Musashi‐1 mRNAs were significantly increased in 

the culture of the Ca‐alginate scaffolds (Figure 4.5a-d). The stemness markers, including 

CD133, Nestin, SOX2, and Musashi‐1, were upregulated by 2.3-, 2.2‐, 2.6‐, and 2.4‐ fold, 

respectively, in the 3D glioblastoma cells cultured on Day 21, compared to the 2D culture. 

In addition, the expression of CD133 and Nestin protein in glioblastoma cells was confirmed 

by immunofluorescent staining. After 2 weeks of culture, the expression of CD133 and 

Nestin significantly increased in the 3D glioblastoma cells, compared to the 2D culture 

(Figure 4.5h). These data indicate that the 3D Ca‐alginate scaffolds maintained and enriched 

the cancer stemness of human glioblastoma cells. 
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Figure 4.5 Gene expression levels and protein expression of glioblastoma U-251 cells growing 

on the 2D and inside the 3D Ca-alginate scaffolds.  (a, b, c, and d)  Expression of 

stemness genes (CD133, SOX2, Nestin, and Musashi-1), (e,f) differentiation-related 

genes (β-Tubulin III and GFAP), (g) angiogenesis factor (VEGF) were quantified 

by qRT-PCR. The relative mRNA expression was calculated following 2^ (-delta 

delta C(T)) method, and each target gene was normalized against GAPDH and the 

2D culture condition.  Cells were grown on the 2D well plate and in the 3D Ca-

Alginate scaffolds for 7, 14, and 21 days prior to collection and analysis.  Asterisks 

indicated statistical significance as determined by the Student’s t-test: *p < 0.05 and 

** p < 0.01. Data represent the means ± SD (n =3). (h) Immunofluorescence images 

of glioblastoma U-251 cells growing on the 2D and inside the 3D Ca-Alginate 

scaffolds for 14 days stained with CD133, Nestin, β-Tubulin III, GFAP, VEGF, and 

DAPI. 
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 The expression of GFAP and βIII‐tubulin, the differentiation potential markers, 

was investigated at both the mRNA and protein levels. It was apparent that, after 3 weeks of 

culture, the expression of GFAP and β‐Tubulin III genes was significantly increased in the 

3D glioblastoma cells. Likewise, at Week 2, the expression of GFAP and β‐Tubulin III 

protein was increased in the U‐251 cells cultured in the 3D condition (Figure 4.5h). These 

results suggest that the 3D Ca‐alginate scaffolds promoted the differentiation potential of 

human glioblastoma cells. Angiogenesis potential was also observed by determining the 

expression of VEGF. At weeks, U‐251 human glioblastoma in the 3D Ca‐alginate scaffolds 

expressed a 2.5‐fold upregulation of VEGF, compared with the 2D culture (Figure 4.5g). 

Similarly, the fluorescence intensity of the VEGF protein was higher in the 3D Ca‐alginate 

scaffolds than in the 2D culture (Figure 4.5h). These results imply that the 3D Ca‐alginate 

scaffolds can mimic the in vivo tumor microenvironment to support angiogenesis in human 

glioblastoma, which is important for tumor progression. 

 4.4.5  Characterization of combination 3D U-251 and 2D hCMEC/D3 

  To confirm whether U-251 cell in 3D Ca-alginate scaffolds induce 

vascularization and can be applied as an in vitro 3D vascularized tumor model, we cultured 

hCMEC/D3 on coverslips and co-cultured with U-251 spheroid cultured for 14 days in 3D 

Ca-alginate scaffolds. As shown in microscopic images (Figure 4.6a-c), U-251 spheroid, 

accumulated on top of the endothelial cells grew in 2D monolayer, proliferated, spread 

rapidly, and covered almost the entire surface of hCMEC/D3 (Figure 4.6 b and c). At day 7 

and 14 of co-culture, U-251 spheroids (3D) and hCMEC/D3 (2D) monolayer culture could 

proliferated as usual. Moreover, hCMEC/D3 endothelial cells entered self-organization and 

began to form vascular-like structures which connected and infiltrated to U-251 spheroids as 

shown by scanning electron microscopy (SEM) in Figure 4.6e, f, h and i. To explore the 

mechanism related to the formation of vascular-like structures, we studied expression of 

VEGF (vascular endothelial growth factor), well-known angiogenesis stimulator,                      
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of 3D U-251 and 2D hCMEC/D3 after 14 days of co-culture using immunofluorescence 

staining. VEGF protein expression was increased in the co-culture but obviously decreased 

in each individual culture at 14 days (Figure 4.7a-e). To ensure that the vascular-like 

structures possessed endothelial property, we observed the expression of collagen IV, a 

specific marker of the vessel basal membrane using immunostaining comparing the co-

culture with each type of individual culture. At day 14 of culture, collagen IV expression was 

dramatically upregulated in the combined 3D U-251 and 2D hCMEC/D3 (Figure 4.7f-j). 

These results indicate that the combination of 3D U-251 glioblastoma and 2D hCMEC/D3 

endothelial cells could induce the formation of vascular-like structures corresponding to 

tumor angiogenesis. 

 

Figure 4.6 (a-c) Optical microscopy and (d-i) scanning electron microscopy of combined 

cultures of U-251 cultivated for 14 days in Ca-alginate scaffold and U-251 

spheroid deposited on hCMEC/D3 endothelial cells on glass coverslips for 7 

and 14 days.  
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Figure 4.7 Immunofluorescence for VEGF and Collagen IV of combined 3D U-251 and 2D 

hCMEC/D3 culture at day 14 compared to each type of cells cultured in 2D 

monolayer. Scale bars is 100 μm 

 

 4.4.6  Effect of anticancer agents on glioblastoma cells in both culture conditions 

 To verify whether the 3D Ca‐alginate scaffolds contain the potential to be an in 

vitro research platform for drug screening, the 3D Ca-alginate glioblastoma cells were treated 

with anticancer agents, and cell viability was compared to that in the 2D culture. The cells 

in the 3D Ca-alginate were more resistant to both agents than those in the 2D culture 

condition (Figure 4.8a-b). The half‐maximal inhibitory concentrations (IC50) of 

temozolomide in the 2D and 3D Ca‐alginate cultures were 30.07 ± 1.40 and 169.40 ± 8.85 

μg/ml, respectively, while, the IC50 values of doxorubicin in the 2D and 3D Ca‐alginate 

cultures were 1.98 ± 0.01 and 10.00 ± 1.0 μg/ml, respectively. Additionally, the IC50 values 

of cordycepin were 103.66 ± 10.26 and 207.33 ± 16.62 μg/ml for the 2D and 3D             Ca‐
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alginate cultures, respectively. The high IC50 values of 3D glioblastomas highlighted that the 

biochemical nature of the 3D Ca-alginate scaffold closely mimicked the natural tumor 

environment, which possibly enhanced drug resistance in the cancer cells in the 3D culture. 

After 48 h of treatment with either 100 μg/ml temozolomide or 10 μg/ml doxorubicin or 200 

μg/ml cordycepin, a higher number of dead cells were observed in the 2D culture (Figure 

4.8d, f and h) than in the 3D scaffolds (Figure 4.8e, g and i). These data suggest that 

glioblastoma cells in the 3D scaffolds were more resistant to anticancer agents than the cells 

in the 2D culture. 
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Figure 4.8 Glioblastoma cells responded to anticancer agents. U-251 cell viability in the 2D 

and 3D culture conditions after the exposure to temozolomide (a) doxorubicin 

(b)  and cordycepin ( c)  for 48 hours.  Data represented the mean percentage 

viability ± SD normalized against the untreated control cells.  (d)  and ( e) : 

temozolomide treated U-251 in the 2D and 3D at 100 μg/ml for 48 h; (f) and (g): 

doxorubicin treated U- 251 in the 2D and 3D at 10 μg/ ml for 48 h; ( h)  and ( i) : 

cordycepin treated U-251 in the 2D and 3D at 200 μg/ml for 48 h. 
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4.5  Discussion   

        Direct clinical trials for tumorigenesis and the development of anticancer agents without 

the approval of the responsible organizations are prohibited due to controversial ethical 

issues and safety restrictions (Ulrich et al., 2016). This gives rise to alternative cell based 

studies, which are potentially used as preclinical procedures to provide reliable information 

about both tumorigenesis and anticancer agents. Traditionally, cell‐based in vitro assays for 

the screening of anticancer drugs have relied on 2D cell cultures, which have recently been 

considered to not be reflective of the natural microenvironment of the tumor, making the 2D 

culture unable to precisely select clinically active drugs (Shoemaker, 2006). Therefore, 3D 

culture models were developed and expected to be a better alternative for the simulation of 

human tumor tissues in vitro (Pampaloni et al., 2007). The previously reported 3D 

glioblastoma culture systems were hydrogel-based, which exhibited good biocompatibility 

and biodegradability and were suitable for studies of cell invasion, migration, motility or 

specific signaling pathways (Huang et al., 2018; Koh et al., 2018). However, cell viability 

tests, such as 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide, resazurin, or 

the Alamar blue assay, were difficult to test in the hydrogel. Therefore, the 3D scaffold 

systems are considered a suitable platform for studying glioblastomagenesis and for 

screening potent anticancer agents.  

 In this study, Ca‐alginate scaffolds were fabricated by the freeze‐drying of formulated 

alginate solution. Spontaneous sublimation directly from the solid to the gas phase caused 

natural freezing and the formation of pores within synthetically polymeric materials (Sachlos 

and Czernuszka, 2003); this particular process consequently resulted in porous alginate 

scaffolds that were crosslinked with calcium ions, which exhibited excellent 

physicochemical and biological properties, similar to the detailed scaffold characterization 

reported previously (Chen et al., 2015). The Ca‐alginate scaffold was cylinder‐shaped. 

Internally, porous structures were shown on the SEM images, demonstrating evenly 
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distributed pores throughout the scaffold. The porous structures were beneficial for nutrient 

storage and provided a 3D platform for cell proliferation and differentiation (Zhou et al., 

2016). Plus, the porosity of the Ca‐alginate scaffolds also provided a larger surface area for 

cell/tissue expansion than that of the 2D culture system. Stiffness (or rigidity) was another 

parameter of the Ca-alginate scaffolds that indicated the ability of the scaffolds to resist 

mechanical force; this parameter could be quantitatively identified by plotting the stress-

strain curves of the scaffolds under mechanical pressure and calculating the slope of the 

curve, known as Youngʼs modulus E (Jhala and Vasita, 2015). In this study, the mechanical 

properties, mainly Youngʼs modulus, of the Ca-alginate scaffolds during the culture of U‐

251 cells for 7, 14, and 21 days were assessed with compression testing. The Youngʼs 

modulus is usually used to estimate the mechanical (stiffness) properties of biomaterials 

(Jhala and Vasita, 2015). The Youngʼs modulus of the scaffolds was found to decrease with 

time, which was closer to that of brain cancer tissue (~7 kPa) (Yu et al., 2011) than cell 

cultures on polystyrene plates (2-4 GPa) (Florczyk et al., 2016). The Youngʼs modulus is an 

important parameter of biomaterials, which can affect cell proliferation and the direction of 

cell differentiation (Banerjee et al., 2009).  

 To closely mimic the in vivo tumor microenvironment in the 3D scaffold cell culture 

models, a synthetic ECM is crucial for supporting stem cells during the differentiation 

process and for integration into the surrounding tissues. Alginate is a family of natural 

polysaccharides, composed of β-D-mannuronate and α-L-glucuronate, which has been 

widely used as a material for extracellular matrix construction in tissue engineering (Shull, 

2012). To investigate the effect of the Ca-alginate scaffolds on glioblastoma cell viability, 

U-251 cells were cultured in both the 2D and 3D Ca-alginate scaffold systems, and cell 

viability was then assessed using a resazurin assay. During the culture period, glioblastoma 

cells tended to grow as cellular aggregates or spheroids. Cell viability of the U-251 cells was 

detected after culture for 3 weeks, and a high survival rate (78.25%) was observed. The death 
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of 21.75% of the total cells inside the scaffold may have been a result of the development of 

necrotic regions inside the spheroid due to insufficient oxygen diffusion rather than a 

negative effect of the alginate. This results showed that Ca-alginate scaffolds could also 

mimic the microenvironment suitable for the growth and spheroid formation of glioblastoma 

cells. 

 Before clinical trials, in vitro trials are widely used to elucidate the behavior of cancer 

cells and the cellular mechanism that controls their behavior, providing clues for potential 

clinical treatments. Many of these trials are conducted with cells cultured on 2D surfaces 

(polystyrene tissue culture plates or wells). With 2D cell cultures, inconsistencies in the 

cellular response can be found when applied to an in vivo system because of the difference 

between the 2D and 3D environments (Hutmacher et al., 2010). The integration of 3D 

structures into in vitro trials as an artificial 3D environment allows for a more reliable and 

applicable model of the in vivo system and increases the chances of success in the later, 

costlier stages of clinical trials. Here, an equal number of U-251 human glioblastoma cells 

were seeded directly into 24-well plates (2D condition) or Ca-alginate scaffolds (3D 

condition) to verify the ability of Ca-alginate scaffolds to support cell proliferation. The 

relative proliferation of the cells in each culture environment was then comparatively 

evaluated. Results showed that the cells in the 2D condition rapidly grew, faster than those 

in the 3D condition at the beginning of the culture period, followed by a drastic decrease in 

the cell population at the 15-day time point. The rapid growth of cells in the 2D condition 

caused cells to become overgrown to reach the maximum capacity of the 2D surface and 

require subculturing. On the other hand, cells in the 3D condition grew slower over the first 

few days, but then the growth rate increased gradually. Therefore, this 3D Ca‐alginate culture 

system could last longer, up to 21 days in vitro.  

 Previous studies showed that the 3D microenvironment provided by porous scaffolds 

promotes a greater malignancy of tumor cells (Kievit et al., 2010). The morphology of      U-
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251 cells in two different culture environments was investigated by SEM. Glioblastoma cells 

were found to spherically aggregate within the scaffold pores, but not on the 2D flat surface, 

indicating that the 3D environment promoted tumor spheroid formation. Spheroids more 

closely imitated the model of the in vivo tumor structure (Benton et al., 2011; Hutmacher et 

al., 2010). This finding suggests that the 3D Ca-alginate scaffolds more effectively mimic 

the in vivo microenvironment than the 2D cultures. To distinguish the cellular properties of 

glioblastoma cells in both culture conditions, cell proliferation, stemness, differentiation 

potential, and angiogenesis of the U-251 cells in the 3D Ca-alginate scaffolds were 

sequentially verified and compared with the 2D cell culture. The difference in the relative 

proliferation from the resazurin assay was influenced by the confinement of the 2D culture 

environment. Moreover, the expression of glioblastoma stem cells markers (CD133 and 

Nestin) and differentiation markers (GFAP and βIII‐tubulin) was significantly increased in 

the Ca‐alginate scaffold culture. The difference in the expression level of these biomarkers 

demonstrated the inconsistency of cellular phenomena between the 2D and 3D culture 

systems, which may produce misleading data in cancer cell studies. Angiogenesis is known 

to be one of the essential processes of tumor growth and metastasis in vivo (Lopes-Bastos et 

al., 2016). Glioblastoma cells have been previously reported to transdifferentiate into tumor 

endothelial cells for vasculogenic mimicry in the in vivo condition, highlighting 

characteristics of cancer stem cell biology (Dai et al., 2016; Scully et al., 2012). We observed 

a higher expression of VEGF, the potent angiogenic factor, in the culture of our 3D Ca‐

alginate scaffolds, suggesting that 3D Ca‐alginate scaffolds could mimic the in vivo tumor 

microenvironment to a degree that is suitable for vessel formation. However, there are a few 

in vitro studies that model brain tumor angiogenesis or vascularization, either using 3D 

aggregates of brain derived vascular cells (but without co-culture features) (Juillerat-

Jeanneret et al., 2003), or with co-cultures in a 2D configuration (McLaughlin et al., 2006). 

Chaddad et al. (2017) demonstrated that 3D culture of osteosarcoma cells (MG-63) deposited 
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on 2D endothelial cells (HUVEC) grown in monolayer were able to form a well-organized 

network, and that tubule-like structures corresponding to new vessels infiltrate tumor 

spheroids. Thus, in this study, we combined cultures of U-251 cultivated for 14 days in 3D 

Ca-alginate scaffold and U-251 spheroid deposited on 2D hCMEC/D3 endothelial cells as a 

model to confirm vascular-like structures. After 7 and 14 days of combined 3D U-251 and 

2D hCMEC/D3 cell culture, both cells formed vascular-like structures as observed by SEM. 

We have also observed that tubule-like structures of endothelial cells seemed to grow over 

the time and varied from 3 to 10 μm. Moreover, the combination of 3D U-251 glioblastoma 

and 2D hCMEC/D3 promoted the expression of VEGF angiogenic factor. Furthermore, after 

14 days of combined combined 3D U-251 and 2D hCMEC/D3 endothelial cells organized in 

tubules-like, secreted collagen IV, a specific marker of the basal membrane. A possible 

explanation for this might be that U-251 spheroids can secrete both exosomes and 

extracellular vesicles in their surrounding microenvironment (Chistiakov and Chekhonin, 

2014; Godlewski et al., 2014; Van et al., 2011) supporting tumor progression by several 

mechanisms, including angiogenesis stimulation (Skog et al., 2008). Exosomes contain a 

plethora of angiogenic molecules such as angiogenin, IL-6 and IL-8, and vascular endothelial 

growth factor (VEGF) (Skog et al., 2008). Both exosomes and extracellular vesicles from U-

251 cells convey messages to other tumor cells, create a microenvironment that supports 

cancer growth and progression and are implicated in drug resistance. They are also involved 

in angiogenesis stimulation, inducing endothelial cells proliferation, and other pro-

angiogenic activities (Giusti et al., 2016). By using this combined 3D U-251 and 2D 

hCMEC/D3 model, we have confirmed that 3D Ca-alginate scaffolds were able to form 

vascular-like structures and might be used as an in vitro 3D vascularized tumor model for 

assessment of therapeutic. 

 For drug discovery and development, or the evaluation of drug efficacy, sequential 

processes are conducted, from 2D cell culture‐based tests, followed by animal model tests, 
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to clinical trials (Dai et al., 2016). However, 2D cell culture‐based tests often fail to provide 

accurate and reliable data that can be applied to further in vivo tests because of large 

deviations in drug sensitivities (Birgersdotter et al., 2005; Shoemaker, 2006), leading to 

failures in the predictions of chemotherapy tolerance. Even with the same anticancer drugs, 

tumor cells in 2D and 3D models tend to exhibit different responses (Godugu et al., 2013). 

Data from animal model tests may also not accurately reflect observations in clinical trials 

because of species differences. As a result, only about 10% of drugs are effectively applicable 

in both animals and humans, and the rest end up as failures during clinical trials (Levinger 

et al., 2014). The 3D Ca-alginate scaffolds may be practical in anti-cancer drug screening. 

 In this study, a 3D Ca‐alginate scaffold cell culture system was fabricated, mainly for 

use in drug studies, I try to test the sensitivity of anticancer agents on glioblastoma cell line 

in the 3D Ca‐alginate scaffolds compared to the cells in 2D culture. Temozolomide was 

primarily selected for the tests; it is the major chemotherapy utilized for glioblastoma, an 

alkylating agent prodrug which delivering a methyl group to purine bases of DNA (O6-

guanine; N7-guanine and N3-adenine) (Lee, 2016). I found that glioblastoma cells in the 3D 

system were more resistant to temozolomide at high concentrations (between 15-500 μg/ml) 

compared with the cells in the 2D culture. Another chemotherapeutic drug is doxorubicin, it 

is a potent chemotherapeutic drug that shows strong activity against many different types of 

cancers, via intercalation within DNA molecules (MacDiarmid et al., 2016; Rivankar, 2014). 

As expected, we found that glioblastoma cells in the 3D system were more resistant to 

doxorubicin at high concentrations (between 2.5-40 μg/ml) compared with the cells in the 

2D culture. The 3D Ca‐alginate scaffolds were then applied to an evaluation of a natural 

bioactive compound. Cordycepin, a major bioactive component found in the 

entomophatogenic fungus Cordyceps spp., was selected as a potential candidate. This 

derivative of adenosine was previously reported to exhibit various biological and 

pharmacological functions, such as anti‐inflammatory (Choi et al., 2014), neuroprotection 
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(Olatunji et al., 2016), analgesic (Ashraf et al., 2017), antioxidant (Wang et al., 2015) and 

importantly anticancer properties, including antiglioblastoma (Chaicharoenaudomrung et al., 

2018). However, all of these studies were based on traditional in vitro 2D culture models or 

in vivo animal tests. To the best of my knowledge, there is no previously reported study of 

cordycepin in a 3D culture model, and this particular study is the first to compare and contrast 

the cellular toxicity of cordycepin to glioblastoma in both 2D and 3D conditions. In the same 

manner as temozolomide and doxorubicin, a higher cordycepin resistance was also found in 

glioblastoma cells in the 3D system, at concentrations between 12.5-400 μg/ml. The low 

sensitivity of 3D‐cultured cells to anticancer agents is consistent with reports in the literature 

(Dai et al., 2016; Godugu et al., 2013; Gong et al., 2011), and maybe possibly due to 

differences in the stemness property, which were previously verified. The overexpression of 

CD133 is reported to cause significant resistance to doxorubicin in glioma cells via the 

suppression of apoptosis (Angelastro and Lame, 2010). The upregulation of Nestin in 3D 

Ca‐alginate scaffolds may also involve drug resistance. Nestin was found to be upregulated 

in a chemoresistant hepatocellular carcinoma cell line and induced epithelial-mesenchymal 

transition (Zhang et al., 2016). 

 Taken together, I expected to be the 3D Ca‐alginate scaffold can be cost-effective, low 

-cost, easy-to-use method, availability, suitability, reproducibility and can also practical in 

anti-cancer drug screening, in order to reduce animal testing and clinical trials and novel 

molecular target identification for the treatment of human glioblastoma. 

 

 

4.6  Conclusion 

        In conclusion, this study presented the development of an in vitro 3D glioblastoma cell 

culture system using Ca‐alginate scaffolds. This system mimicked the nerve-tissue cancer 

tumor microenvironment, with high cell viability and proliferation. In the 3D Ca‐alginate 
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scaffolds, human glioblastoma U‐251 cells can proliferate, retain characteristics of cancer 

stem cells, as well as exhibit differentiation potential. Moreover, combination of 3D U-251 

glioblastoma and 2D hCMEC/D3 endothelial cells were able to form vascular-like structures 

corresponding to new vessels infiltrate tumor spheroids. These confirmed that 3D Ca-

alginate scaffolds might be used as an in vitro 3D vascularized tumor model. In addition, the 

3D glioblastoma cell culture system showed more resistance to the anticancer agents, 

temozolomide, doxorubicin and cordycepin, compared with the 2D culture system. I findings 

suggest that 3D Ca‐alginate scaffolds are promising in vitro research platforms for the 

screening of antiglioblastoma therapeutic agents. 
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CHAPTER V 

 THE TRANSCRIPTOMIC PROFILES FOR 

IDENTIFICATION OF DRUG RESISTANCE-RELATED 

MECHANISMS OF HUMAN GLIOBLASTOMA CELL ON 

THE 3D CULTURE CONDITION 

 

5.1  Abstract 

         Among various types of brain tumors, glioblastoma is the most malignant and highly 

aggressive brain tumor that possesses a high resistance against anti- cancer drugs. To 

understand the underlined mechanisms of tumor drug resistance, the new and effective 

research approach is required.  The 3D in vitro cell culture models can be a potent approach 

to study cancer features and biology, as well as screen for anti-cancer agents due to the close 

mimicry of 3D tumor environments.  With my developed 3D alginate scaffolds, I used 

Ilumina RNA- sequencing to transcriptomically compare and analyze the gene expression 

profiles of glioblastoma cells cultured in traditional 2D monolayer and 3D Ca- alginate 

scaffolds for 14 days.  The results showed that 7,411 and 3,915 genes of 3D glioblastoma 

were upregulated and downregulated, respectively, compared with the 2D monolayer 

glioblastoma.  Furthermore, the KEGG pathway analysis revealed the enrichment of cell 

cycle and DNA replication- related genes in downregulated gene group and genes involved 

with MAPK signaling, autophagy, drug metabolism-cytochrome P450, and ABC transporter 

pathway in upregulated gene group.  Such alteration of gene expression, it gave us a hint to 

better understand the mechanisms- related to anti- cancer drug resistance of glioblastoma. 

Thus, the 3D glioblastoma model could potentially serve as a powerful                               
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platform for exploring glioblastoma biology, the anti- glioblastoma drug screening, and the 

identification of novel molecular targets in a clinical treatment of human glioblastoma. 

Keyword: Transcriptomics, 3D calcium-alginate scaffolds, Anticancer drug screening, Drug 

resistance, Glioblastoma 

 

5.2  Introduction 

        Glioblastoma is one of the most common yet  hostile malignant primary human brain 

tumor, originating from astrocytes or their precursors (Behin et al., 2003). Numerous efforts 

have been invested to develop the clinical treatment of glioblastoma including radiation 

therapy, neurosurgery, and chemotherapy.  However, even with the good, consistent 

treatment, patients tended to survive for only 14 months with  the recurrence of glioblastoma 

after 5- 7 months post- treatment ( Johnson and  O’ Neill, 2012) .  A unique characteristic of 

glioblastoma is their infiltrative ability to diffusively invade normal brain tissue (Beier et al., 

2012; Clark et al., 2016) which possibly is  the cause of  its high recurrence and  anti-cancer 

drug resistance (Kang and  Kang, 2007). To primarily understand this glioblastoma biology 

and reveal the underlying mechanism of anti- cancer drug resistance, an effective in vitro 

tumor model is needed.  However, the in vitro studies based on the traditional 2D culture 

cannot correctly imitate the architecture and microenvironments in vivo that cancer cells 

reside.  Therefore,  cells under 2D culture are different from cell growing in vivo in terms of 

proliferation, morphology, cell‑cell and cell‑matrix inter‑connections, signal transduction, 

and transcriptomic profile (Abbott, 2003; Stavrinou et al. , 2015).  In order to develop these 

imitations of cell microenvironments in vivo, Three- dimensional ( 3D)  culture has been 

alternatively used as in vitro tumor models, which can simulate in vivo cell behaviors, and 

provide more comparable and reliable results (Friedrich et al., 2009).  Several 3D in vitro 

glioblastoma models have been established using extracellular matrix- based scaffolds 

elucidated the dramatically difference in terms of cell proliferation, morphology, and drug 
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resistance between 2D and 3D glioblastoma (Chaicharoenaudomrung et al., 2019; Kievit et 

al., 2010; Lv et al., 2016). My previous study reported the upregulation of stemness genes, 

differentiation-related genes, and VEGF angiogenesis factor in 3D glioblastoma which could 

play important roles in the enhancement of drug resistance (Chaicharoenaudomrung et al., 

2019). Despite a numbers of 3D glioblastoma studies, the transcriptomic profile and 

molecular pathway need to be further explored to understand the global picture of the 

underlying drug resistance mechanism. In this study, the transcriptomic profiles of the 

glioblastoma cells under 2D and 3D conditions were elucidated and analyzed using next 

generation sequencing technology (Illumina HiSeq systems) to emphatically reveal anti-

cancer drugs resistance related-pathway in 3D in vitro glioblastoma. 

 

5.3  Materials and methods 

        5.3.1  Chemicals and reagents 

       Sodium alginate (A0682) , arginine- glycine- aspartate ( RGD; A8052) , and 

calcium chloride ( 449709)  were purchased from Sigma-Aldrich Chemical Co.  ( St.  Louis, 

MO).Calcein-AM, propidium iodide (PI) and 4, 6-Diamidino-2-phenylindole (DAPI) were 

purchased from Life Technologies Inc.  ( Carlsbad, CA) .  The human glioblastoma (U‑251) 

cell line was obtained from the European Collection of Authenticated Cell Cultures 

(ECACC; Salisbury, UK). Dulbeccoʼs modified Eagleʼs medium (DMEM) and fetal bovine 

serum (FBS) were obtained from HyClone (HyClone, Logan, UT), while nonessential amino 

acids (NEAA), 0.5% trypsin-ethylenediaminetetraacetic acid (EDTA) and L‑glutamax were 

purchased from Gibco (GIBCO, Carlsbad, CA).  
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 5.3.2  Fabrication of porous scaffolds 

        3D Ca-alginate scaffolds for 3D cell culture were fabricated using freeze-drying 

technique as described in my previous study (Chaicharoenaudomrung et al., 2019). Briefly, 

2%  sodium alginate was dissolved in sterile deionized ( DI)  water.  The sodium alginate 

solution was injected into 48‑well culture plate with the volume of 400 µL/well.  Sodium 

alginate solution was then frozen at - 20°C for 24 h prior to the lyophilization to generate 

porous scaffolds. The scaffolds were cross‑linked with 2% calcium chloride solution, washed 

several times with sterile DI water. The scaffolds were sterilized with alcohol (75%) for 24 

h, and stored at room temperature until use.  Before use, the scaffolds were washed several 

times with sterile DI water, immersed in 100 mg/L arginine-glycine-aspartate (RGD) peptide 

solution, and incubated overnight at 37°C in a humidified incubator supplied with 5%  CO2 

and 95%  air. Morphology of Ca‑alginate scaffold was evaluated and shown in Figure 5. 1. 

The porous structures Ca- alginate scaffolds were pictured using scanning electron 

microscope (SEM) demonstrating 100-400 μm pore size with the average 89% porosity. 

 

 

Figure 5. 1 (a)  Morphology of Ca- alginate scaffolds.  (b-c)  A disk- shaped of Ca- alginate 

scaffolds, which 5 mm in height and 10 mm in diameter. (d) SEM images of the 

Ca-alginate scaffold. Scale bar: 500 μm. 
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 5.3.3  Cell cultures 

                    U-251 glioblastoma cell line was used as a model in this study. For 2D cell 

culture, 50,000 cells of U-251 in 200 mL of complete DMEM medium (supplement with 

10% (v/v) FBS, 1% (v/v) penicillin-streptomycin, 1% (v/v) L-glutamine, and 1% (v/v) 

NEAA) was added into each well of 24-well cell culture plate.  Cells were then incubated at 

37°C and 5% CO2. The fresh complete medium was replaced every 2 days. Morphology of 

cells were observed under an inverted microscope (Nikon Eclipse TS2; Nikon Corporation).  

 For 3D cell culture, Ca- alginate scaffolds were placed in 24-well cell culture 

plate with complete DMEM medium for overnight prior to cell seeding.  50,000 cells in 50 

μL of complete DMEM medium were seeded directly onto each scaffold prior to 1 h 

incubation at 37°C and 5% CO2 in a humidified incubator. Then, 1 mL of complete medium 

was additionally added to each well before further cultivation in the same condition. The 

complete DMEM medium was renewed once in every 2 days. Live/dead cell calcein AM and 

propidium iodide (PI)  fluorescent double staining was performed to assess cell viability 

inside the Ca-alginate scaffolds. 

 5.3.4  RNA extraction 

        Total RNA from U- 251 cells after 14 days in both 2D and 3D cell cultures was 

extracted with NucleoSpin RNA Kit (Macherey-Nagel, Dueren, Germany, according to the 

manufacturer’s instructions. Each condition contained three replications. Additionally, for 

cells from 3D condition, 50 mM of EDTA solution was added onto Ca-alginate scaffolds for 

cell isolation. Then, cells were washed with PBS and collected by centrifugation at 600 rpm 

for 3 min. Total RNA of each sample was quantified and qualified by NanoDrop® (Thermo 

Fisher Scientific Inc.)  at OD260 nm/ OD280 nm and Agilent 2100 Bioanalyzer ( Agilent 

Technologies, Palo Alto, CA, USA), respectively. The integrity of these RNA samples were 

checked by 1%  agarose gel electrophoresis.  One microgram of total RNA with RIN value 

above 7 was used for the following library preparation. 
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 5.3.5 RNA sequencing library construction 

 RNA- seq library preparation, sequencing and analysis were carried out by Vishuo 

Biomedical (Thailand) Ltd. Vishuo Biomedical (Thailand) Ltd. Next generation sequencing 

library preparations were constructed according to the manufacturer’ s protocol ( NEB-

Next®Ultra™  RNA Library Prep Kit for Illumina®) .  The poly (A)  mRNA isolation was 

performed using NEBNext Poly(A) mRNA Magnetic Isolation Module ( NEB)  or Ribo-

Zero™ rRNA removal Kit (illumina). The mRNA fragmentation and priming was performed 

using NEBNext First Strand Synthesis Reaction Buffer and NEBNext Random Primers. First 

strand cDNA was synthesized using ProtoScript II Reverse Transcriptase and the second-

strand cDNA was synthesized using Second Strand Synthesis Enzyme Mix.  The purified 

double-stranded cDNA by AxyPrep Mag PCR Clean-up (Axygen) was then treated with End 

Prep Enzyme Mix to repair both ends and add a dA-tailing in one reaction, followed by a T-

A ligation to add adaptors to both ends.  Size selection of Adaptor- ligated DNA was then 

performed using AxyPrep Mag PCR Clean- up (Axygen), and fragments of ~360 bp ( with 

the approximate insert size of 300 bp)  were recovered.  Each sample was then amplified by 

PCR for 11 cycles using P5 and P7 primers, with both primers carrying sequences which can 

anneal with flow cell to perform bridge PCR and P7 primer carrying a six- base index 

allowing for multiplexing. The PCR products were cleaned up using AxyPrep Mag PCR 

Clean- up ( Axygen) , validated using an Agilent 2100 Bioanalyzer ( Agilent Technologies, 

Palo Alto, CA, USA) , and quantified by Qubit 2. 0 Fluorometer ( Invitrogen, Carlsbad, CA, 

USA) .  Then, libraries with different indices were multiplexed and loaded on an Illumina 

HiSeq instrument according to manufacturer’s instructions (Illumina, San Diego, CA, USA). 

Sequencing was carried out using a 2x150bp paired-end (PE) configuration; image analysis 

and base calling were conducted by the HiSeq Control Software (HCS)+OLB+GAPipeline-

1. 6 ( Illumina) on the HiSeq instrument. The sequences were processed and analyzed by 

Genewiz specializes in R&D genomics services, Singapore. 
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 5.3.6  Quantification of gene expression level and differential expression analysis 

         In order to remove technical sequences, including adapters, polymerase chain 

reaction (PCR) primers, or fragments thereof, and quality of bases lower than 20, pass filter 

data of fastq format were processed by Trimmomatic (v0. 30)  to be high quality clean data. 

Reference genome sequences and gene model annotation files of relative species were 

downloaded from genome website (UCSC, NCBI, ENSEMBL). Then, Hisat2 (v2.0.1) was 

used to index reference genome sequence. The clean data were aligned to reference genome 

via software Hisat2 (v2.0.1). Then, HTSeq (v0.6.1) estimated gene and isoform expression 

levels from the pair- end clean data (Anders and Huber, 2010). Differential expression 

analysis used the DESeq Bioconductor package, a model based on the negative binomial 

distribution. After adjusted by Benjamini and Hochberg’s approach for controlling the false 

discovery rate, P- value of genes were setted <0. 05 to detect differential expressed ones 

(Anders and Huber, 2010, 2012). 

 5.3.7  Bioinformatics evaluation  

           The genes differentially expressed of U- 251 cells between 2D and 3D cultures 

condition were analyzed by evaluating the Gene Ontologies (GO)  and using the software 

KEGG (Kyoto Encyclopedia of Genes and Genomes), for pathway evaluation. GO-

TermFinder was used to identify Gene Ontology (GO) terms that annotated a list of enriched 

genes with a significant p- value less than 0. 05.  KEGG is a collection of databases dealing 

with genomes, biological pathways, diseases, drugs, and chemical substances 

(http://en.wikipedia.org/wiki/KEGG). I used scripts in house to enrich significant differential 

expression gene in KEGG pathways. 
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 5.3.8  Quantitative real time PCR (qRT-PCR) validation  

        To further validate the accuracy of DESeq2 results, quantitative real- time PCR 

analysis were performed.  RNA samples from 2D and 3D cell cultures at day14 were 

collected, followed by reverse transcription using ReverTra Ace® qPCR RT Master Mix 

with gDNA Remover (Toyobo, Osaka, Japan). The cDNA transcription was used as template 

for quantitative real time PCR mixed with qPCR BioSyGreen Mix Low-Rox (PCR 

BIOSYSTEMS, London, UK) by thermocycling using  QuantStudio 5 Real-Time PCR 

System (Thermo Fisher Scientific), using the following program:  95°C for 3 min followed 

by 40 cycles of 95°C for 30 s and 60°C for 30 s and 72°C for 45 s. A melting curve analysis 

of the PCR products was performed by heating at 60°C for 60 s, 95°C for 15 s. 

Glyceraldehyde-3-phosphate dehydrogenase ( GAPDH)  was selected as the reference gene. 

The expression level of ABCA1, ABCA2, ABCA3, ABCA5, ABCA6, ABCA8, ABCA9, 

ABCA10, and ABCA12 were examined.  The primers designed for the genes of interest are 

shown in Table 5.1. The relative expression of such genes for 3D cell culture comparing with 

2D cell culture was determined by the 2−ΔΔCt method, and each target gene was normalized 

against GAPDH reference gene. 

 5.3.9  Statistical analysis 

        The results were expressed as mean value ± standard deviations.  Comparison 

between different groups was performed using a Studentʼs t test ( SPSS version 16. 0, SPSS 

Inc., Hong Kong, China). Differences were considered significant for *p-values ≤ 0.05, **p 

≤ 0.01 and ***p ≤0.001. 
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Table 5.1 The primer sequences used for real-time qRT-PCR. 

 
Forward Reverse 

GAPDH 5’- CTCTGCTCCTCCTGTTCGAC-3’ 5’- TTAAAAGCAGCCCTGGTGAC-3’ 

ABCA1 5’- GCACTGAGGAAGATGCTGAAA-3’ 5’-AGTTCCTGGAAGGTCTTGTTCAC-3’ 

ABCA2 5’- CATCCCCCTGGTGCTGTTCTT-3’ 5’- GCTTGGGCCGTGCTATTGG-3’ 

ABCA3 5’-GCCCTCTTTACACTCAGTTTTCA-3’ 5’-GACGAGCAGTTGTCGTACCTAAT-3’ 

ABCA5 5’-TTATGGCAGTCATTGCGACAG-3’ 5’-AAAGAGGTGTCAGCATTAAAGCA-3’ 

ABCA6 5’- CCGTCAAGGGGCTCAGGAA -3’ 5’- GATGGCCACACGGTCACAC -3’ 

ABCA8 5’- AGTGCGCGGGCTCTTCTTTGT-3’ 5’-GTTTTCCTTCGCTTTTGGCTGATA-3’ 

ABCA9 5’-CCCCATGATGAAAGAGCACAGAG-3’ 5’-AGGATCCCCCAAAAGACAATAAGG-3’ 

ABCA10 5’-GGAGACGACAAATCTATGCAGTG-3’ 5’-CCCAACAATGAGTTTCACGAGT-3’ 

ABCA12 5’-TCTCGCCGAAGTATATGGGATGTT-3’ 5’-GGCTTCGGGGAGATGTGATTG-3’ 

GAPDH : Glyceraldehyde 3-phosphate dehydrogenase; ABCA: ATP binding cassette subfamily 

 

5.4  Results 

        5.4.1  U-251 glioblastoma cell cultures 

       The morphology of the U-251 cells in the 2D and 3D culture condition at day 14 

was shown as the microscopic and a fluorescence microscopic images. Obviously, cells 

cultured in conventional 2D condition tended to grow in the way of monolayer flat sheets; 

while cells cultured in 3D condition managed to expand the intercellular interactions in 

dimensions to form cell spheroids similarly to in vivo tumor. After 14 days of 3D cell culture, 

spheroids with the diameter of up to 50 μm could be found in the culture system (Figure 5.2). 
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Figure 5.2 Glioblastoma cells in 2D and 3D conditions for 14 days. 

 

 5.4.2  Transcriptome sequencing and mapping to the reference genome 

        During sequencing, quality concerns may arise.  A small number of target 

sequences might be read into adapter sequences, and bases toward the 3’ - end might have 

low quality due to the lengthy sequencing cycles.  To eliminate the negative effect of these 

technical issues, low-quality reads and contaminations were filtered out before data analysis. 

In addition, adapter sequences were removed.  283,439,522 raw reads were primarily 

generated in total; after removing low- quality reads and those containing adapter and poly-

N, 281,713,096 clean reads remained ( Table 5. 2) .  The remaining clean data were used to 

map to the reference genome. In the 2D condition, 2D-1, 2D-2, and 2D-3 sample had 

95.094%, 95.0841%, and 95.2281% of reads mapped to the reference genome respectively. 

In 3D condition, the percent of reads mapped to the reference genome of 3D-1, 3D-2, and 

3D-3 samples were 94.1352%, 93.6812%, and 92.94%, respectively. 
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 5.4.3  Differential gene expression between 2D and 3D culture conditions 

        The level of gene expression was measured by read density; the higher the read 

density, the higher the level of gene expression.  The expected number of fragments per 

kilobase of target transcript length per million reads mapped ( FPKM)  is the most common 

method used to evaluate the level of gene expression (Mortazavi et al., 2008). 

Collaboratively, PCA (Principal Component Analysis) were used to reduce data complexity 

and analyze the sample relationship and the scale of the difference between the 

transcriptomes of 2D and 3D condition. The results of PCA revealed the significant 

difference between those two conditions ( Figure 5.3) .  Plus, the differential expression 

DESeq2 analysis was further analyzed to specifically determine genes with significant 

differential gene expression profile between such groups. The significant differential gene 

expression was defined based on a fold change greater than 2 or less than -2 and false 

discovery rate (FDR) less than 0.05 to achieve both statistical and biological significance. 

Based on such standards, the differential gene expression of U-251 glioblastoma comparing 

between cells in 2D and 3D condition was recorded. As shown in Figure 5. 4, 7,411 genes 

were upregulated and 3,915 genes were downregulated during 14 days of culture period. The 

heatmap and hierarchical clustering of all 6 samples, highlighting relative gene expression 

of the three replication of 2D and 3D cell cultures is shown in Figure 5. 5, in which red 

represents higher expression and blue represents lower expression.  According to the gene 

clustering heat map, 3D culture condition exhibited the highest level of variation in gene 

expression compared to 2D culture condition. 
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Figure 5.3 Principal Component Analysis (PCA) chart, position the sample representative 

of the value of each dot on each of the main components. Control; 2D condition 

and Treat; 3D condition. 

 

  5.4.4  Differential gene GO enrichment analysis 

        To explore the functions of the differentially expressed genes. Gene ontology 

( GO)  analysis were furtherly performed as the classification system for gene function, 

including molecular function, cellular components, and biological processes. The 

differentially expressed genes, mainly enriched in the category of molecular function were 

the genes related to “binding”, “catalytic activity”, “transporter activity”. In the cellular 

components category, “ cells part” , “ organelle” , “ organelle part” , “ membrane part” , 

“ membrane” , “ macromolecular complex” , “ extracellular region” , “ extracellular region 

part”, and “cell junction” showed significant proportions of differential gene expression. 

Among genes categorized in the biological process category, genes related of “ cellular 

process” , “ biological regulation” , “ single- organism process” , “ metabolic process” , 

“ developmental process” , “ response to stimulus” , “ localization” , “ cellular component 
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organization”, “multicellular organismal process”, “immune system process” and “multi-

organism process” showed the most significant differential expression (Figure 5.6).  

 

Figure 5.4 (a) Differential expression volcano plot, red dots represent genes that are 

significantly up-regulated and blue dots represent those that are significantly 

down-regulated. Abscissa represents multiple genes expressed in different 

samples. Ordinate represents the magnitude of gene expression changes. (b) 

Bar graph of genes significantly up- or down-regulation between 2D (Control) 

and 3D conditions (Treat). 
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Figure 5.5 Heatmap of gene expression in 2D and 3D culture condition for 14 days. 2D-

1: 2D culture condition replication 1, 2D-2: 2D culture condition replication 

2, 2D- 3:  2D culture condition replication 3, 3D- 1:  3D culture condition 

replication 1, 3D- 2:  3D culture condition replication 2, 3D- 3:  3D culture 

condition replication 3. 
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5.4.5  KEGG pathway analysis of U-251 cells cultured under 2D and 3D 

fdghfconditions  

        Physiological activities are the cooperation between genes with various 

functions.  Pathway functional enrichment facilitates the determination of differentially 

expressed genes involved in the most important biochemical metabolic pathways and 

signal transduction pathways.  KEGG is the primary public pathway database ( Kanehisa 

et al., 2007) used in this analysis. Pathway enrichment analysis performed in this section 

is based on KEGG pathway units cooperated with a hypergeometric test to point out the 

pathways of the differentially express genes that are significantly enriched against the 

transcriptome background.  The differential gene expression was mainly enriched in 

mitophagy, autophagy, ECM-receptor interaction, cell cycle, fatty acid metabolism, RNA 

degradation, pyrimidine metabolism, DNA replication, pathways in cancer, viral 

carcinogenesis, steroid biosynthesis, and MAPK signaling pathway.  

 Here, some important pathways were focused to reveal the major differences 

of glioblastoma cultured in 3D and 2D conditions, as well as the pathway that caused the 

anti- cancer drug resistance of glioblastoma in 3D condition. As the results based on 

KEGG pathway analysis, the downregulated genes were mainly enriched in cell cycle and 

DNA replication pathway while the upregulated genes were mainly enriched in MAPK 

signaling, autophagy, drug metabolism-cytochrome P450, and ABC transporter pathway. 

Heatmaps were generated based on the differentially expressed genes of each particular 

pathway defined by FPKM value (Figure 5.7). 
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Figure 5.6 GO enrichment histogram. X axis: number of differentially expressed gene in 

this GO category.  Color code is to distinguish the categories- biological 

processes, cellular components and molecular functions between 2D 

(Control) and 3D conditions (Treat). 
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Figure 5.7 Different expressed genes within pathways under 2D and 3D cell culture    

condition for 14 days. (a) Cell cycle, (b) DNA replication, (c) MAPK 

signaling, (d) Autophagy pathway, (e) Drug metabolism-cytochrome P450, 

(f) ABC transporters. 
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 5.4.6  Real-time quantitative PCR (RT-qPCR) verification 

      To further validate the results of Illumina RNA- Sequencing data, qRT- PCR 

was performed to investigate the mRNA expression of important genes that related ABC 

transporters including ABCA1, ABCA2, ABCA3, ABCA5, ABCA6, ABCA8, ABCA9, 

ABCA10 and ABCA12. The validation qRT-PCR results were showed in Figure 5.8. The 

mRNA expression of these genes in 3D cell culture increased to 23.08±3.63, 13.43±1.84, 

3.22±1.21, 6.16±1.52, 35.00±2.43, 28.17±4.98, 17.06±1.94, 6.11±1.28, and 3.63±1.07 

folds higher than that of 2D cell culture.  These results indicate that all gene showed 

consistent expression patterns with the Illumina RNA- Sequencing data, confirming that 

my experimental results were valid.  
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Figure 5.8 Gene expression of glioblastoma cells under 2D and 3D cell culture condition 

for 14 days.  Asterisks indicate statistical significance, as determined by a 

Student's t test: *p < 0.05, **p < 0.01, ***p < 0.001. 

 

 

5.5  Discussion   

        2D cell culture has been used as in vitro models to drug screening for primary 

identification and verification of bioactive compounds that were subsequently translated 

into clinical cancer treatment (Shaw et al., 2011).  However, there was a poor correlation 

in term of effectiveness of emerging anti-cancer agents tested in 2D cell culture to the 

actual treatment in patient which emphasized the necessary for the novel, effective and 

translatable in vitro models to be developed (Ledford, 2011). Culture conditions is known 

to crucially affect the regulation of cell fate and responsiveness of cells to external stimuli. 

2D cultures condition are widely favored due to the easy and fast testing capability, but 

cells grown in such condition may lose their natural phenotypic and functional 

characteristics (Yamada and Cukierman, 2007). Lately, the limitations of 2D cell culture 

were believed to be overcome by culturing cells under more physiological 3D conditions. 

Thus, 3D In vitro tumor models would be a powerful and effective tool in cancer research 

and low cost anti- cancer drug screenings (Chaicharoenaudomrung et al., 2019; Lv et al., 

2016). With closely imitating the in vivo complex tumor microenvironment, it helps 

researchers to reveal and understand the underline molecular mechanism for 

tumorigenesis, development, proliferation, migration, invasion, angiogenesis, and anti-

cancer drug resistance. In the present study, I utilized a 3D Ca-alginate scaffold as a model 

to create glioblastoma micro tumor spheroids and analyze the global gene expression 
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profiles of glioblastoma cells cultured under 2D and 3D culture condition by Illumina 

RNA- sequencing.  Furthermore, I identified the putative pathways enriched with the 

differentially expressed genes which potentially played crucial role in the enhancement of 

anti-cancer drug resistance in 3D glioblastoma.  

 Several RNA- sequencing studies demonstrated significant, tumor- relevant 

molecular changes induced by 3D cell culture condition (Ma et al., 2018; Senkowski et 

al., 2016; Tekin et al., 2018). Glioblastoma spheroids grown in  3D cell culture condition 

mimicked  in vivo tissues, organs and even patient tumors, providing resembled cellular 

properties including hypoxic gradients , cellular heterogeneity with both slow- dividing 

cells and proliferative tumor bulk ( Florczyk et al. , 2016; Kim, 2005)  and higher drug 

resistance (Lv et al., 2016). My transcriptomic study provided other evidence of the global 

molecular alteration influenced by the different microenvironment under 2D and 3D cell 

culture conditions, especially for the expression of genes related to the cell cycle, DNA 

replication, MAPK signaling, autophagy, drug metabolism- cytochrome P450, and ABC 

transporter pathway.   

 Among all crucial cellular properties found to be differed in my 3D glioblastoma, 

cell proliferation governed by the cell cycle pathway seems to exhibit dramatic alteration 

of gene expression profile. In my experiments, there were 56 differentially expressed 

genes being downregulated in this pathway compared between 2D and 3D condition 

( Figure 5. 7a) .  The cell cycle pathway is the series of events that inspect cell division. 

Regulation of the cell cycle involves to the survival of a cell, including the detection and 

repairing of genetic damage as well as the prevention of uncontrolled cell division. Since 

3D glioblastoma spheroids are known to feature the hypoxic gradients and cellular 

heterogeneity which exist in in vivo tumors, such hypoxia could affect cell cycle. 
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Richards, Jenkinson, Haylock, and See (2016) demonstrated that hypoxia has the potential 

to induce cell cycle arrest in glioblastoma cells. 3D glioblastoma cells residing within 

nutrient- and oxygen-deprived regions are mostly quiescent. Transcriptional profiling data 

once revealed that quiescent stem cells were characterized by the downregulation of genes 

associated with cell-cycle progression (i.e. CCNA2, CCNB1, and CCNE2) (Cheung and  

Rando, 2013) .   Consistently with my study, the expression of genes related to the cell 

cycle, such as, CCNA1, CCND3, CCNB1, CCNB2, CDC14, CDC20 and PLK1 were 

downregulated in 3D culture conditions.  Harmoniously, DNA replication pathway, the 

series of biological process to synthesize the identical replica of DNA occurring during S 

of cell cycle, also owned the major differential gene expression. 28 genes in the pathway 

of DNA replication were found to be downregulated in 3D condition compared to 2D 

condition (Figure 5.7b) which were possibly the consequences of cell cycle arrest.  

 Despite the suppression of proliferation, reflected by the downregulation of cell 

cycle and DNA replication pathways, the mitogen- activated protein kinase ( MAPK) 

signaling pathway which regulates cellular response to the extracellular signals 

showcased the opposite manner in which 49 genes in MAPK signaling pathway were 

found being upregulated in 3D conditions compared to 2D conditions ( Figure 5.7c). 

Mitogen-activated Protein Kinase (MAPK) signaling pathway, often known as the RAS-

RAF- MEK- ERK signal cascade, functions to transmit upstream extracellular signals to 

its downstream effectors. Such pathway regulates broad-range of physiological processes 

such as cell growth, proliferation, differentiation, migration development, inflammatory 

responses and apoptosis (Dunn et al., 2005)  for cell in general, and the progression, 

invasion, survival, and drug resistance in context of cancer. Xu et al. (2018) demonstrated 

that MAPK8 promoted the resistance to anti-cancer drug, accelerated cell proliferation 
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and inhibited the apoptosis of glioblastoma cells via activating MAPK signaling pathway. 

Other previous studies have reported that in tumor tissue samples derived from patient, 

ERK was phosphorylated, indicating that this survival pathway was active in glioma cells 

( Motta et al. , 2015) . In addition, the MAPK/ c- Jun N- terminal kinase ( JNK)  signaling 

transduction pathway was also reported to induce defensive mechanisms protecting 

organisms against various stress situations and had been repeatedly linked to the 

molecular events involved in autophagy regulation (Zhou et al., 2015).  Lin et al.  (2012) 

reported that TMZ-induced autophagy was mediated by JNK activation in U87 cell lines, 

and the JNK inhibitor, SP600125, inhibited cell autophagy, furtherly increasing the 

percentage of cells undergoing apoptosis.  

 The involvement of MAPK signaling pathway to autophagy regulation conceivably 

caused the correlative upregulation manner of 19 autophagy-related genes in my study 

(Figure 5. 7d) . Autophagy is a lysosomal-based degradative pathway that processes self-

cannibalization, allowing the degradation of intracellular components, including soluble 

proteins, aggregated proteins, organelles, macromolecular complexes, and foreign bodies 

to their relative biological building blocks during periods of starvation. Such self-eating 

and recycling provides cells with survival advantages under various stress situations 

( Zhou et al. , 2 0 1 5 ) .   Autophagy pathway can support growth of tumor at later stages, 

allowing tumor cells to survive with limited oxygen and nutrients, as well as under 

cytotoxic caused by drug treatment. Bingel et al. (2017) found that autophagy-controlling 

transcription factors, such as TFEB and FOXO3, were upregulated in tumors and 3D 

neuroblastoma cells which could be parts of underline mechanism of chemotherapy 

resistance. In addition, 3D glioblastoma cells could undergo metabolic reprogramming to 

sustain their rapid growth and proliferation. Hence, glioblastoma cells often have distinct 
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nutrient requirements such as higher level of glucose, a phenomena associated with 

Warburg effect which is characterized by high glycolytic rate (Altman et al., 2016; La et 

al., 2008; Liberti and Locasale, 2016). The elevated rates of glucose uptake and 

metabolism to sustain their rapid growth combined with nutrient deprivation in 

glioblastoma spheroids may cause the autophagy enhancement and the transition of cells 

to quiescence state (Katheder et al., 2017). Autophagy can somehow subdued cancer cell 

metabolism, leading to quiescence and survival, and as such constitutes a vital mechanism 

of drug resistance (Levy et al., 2017). Wang et al. (2018) demonstrated that upon glucose 

starvation, the majority of cancer cells were perished due to chemotherapeutic 

cytotoxicity, subsets of cancer cells can upregulate their autophagic activity, enter 

quiescence, and acquire survival advantage and ultimately chemoresistance.  

 Several mechanisms have been proposed for drug resistance of glioblastomas 

(Backos et al., 2012; Esteller et al., 2000).  Intracellular drug inactivation may occur as a 

result of the increased concentrations of enzymes such as to glutathione S- transferase 

(GST), cytochrome p450 (CYP) and Aldehyde dehydrogenases (ALDH). These enzymes 

may have a role in reduced efficacy of chemotherapy against glioblastomas (Agúndez, 

2004; Lo and Ali-Osman, 2007). The drug metabolism-cytochrome P450  plays a key role 

as a phase I drug metabolizing enzymes to catalyze the oxidative biotransformation of 

most drugs and other lipophilic xenobiotics (Zanger et al., 2008)  by adding an oxygen 

atom to their substrate via  monooxygenase reactions ( Stavrinou et al. , 2015) .  In this 

study, 23 genes in drug metabolism- cytochrome P450 were found upregulated in 3D 

glioblastoma ( Figure 5. 7e)  which emphasized the increase of malignancy of 3D 

glioblatoma comparing to those in 2D condition.  In the context of cancer, such family of 

enzymes are of particular interest since they exhibited important extrahepatic function and 
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have been linked to various malignancies (Murray et al., 1997). Moreover, genotyping 

and epidemiological studies of CYP1A1 were correlated with increased risk for brain 

tumor (Milne et al., 2013). CYP1B1 is a tumor-associated protein, which has been shown 

to be overexpressed in various malignant tumors (McFadyen and  Murray, 2005). Barnett 

et al. (2007) demonstrated that CYP1B1 is expressed in gliomas and the level of 

expression depends on tumor type and grade. Aldehyde oxidases (AOXs), glutathione S-

transferases (GSTs) along with their isoenzyme glutathione S-transferase pi 1 (GSTP1) 

were also upregulated in this study. Aldehyde oxidases (ALDHs) take part in the 

metabolism of alkylating agents mediating the resistance to anti-cancer drugs (Schäfer et 

al. , 2012) , while the phase II drug- metabolizing- enzymes, GSTs are responsible for 

catalyzing the formation of glutathione- S- conjugates with electrophiles inactivating and 

facilitating excretion of these molecules (Hayes et al., 2005).  Previous studies stated that 

GST genes were upregulated in response to oxidative stress and inexplicably 

overexpressed in many tumors, causing problems during cancer chemotherapy by direct 

drug metabolism or by potentially reducing the ability of the drugs to interact with DNA 

and other cellular molecules ( Ioannides, 2002) .  GSTP1 is the primary isoenzyme 

contributing to total GST activity in both normal brain and brain tumors ( Lo and  Ali-

Osman, 2007; Strange et al., 1992). Hara et al. (1990) also examined expression of GSTP1 

in 31 gliomas and 6 normal brain tissues and showed that, gliomas showed a strongly 

positive reaction for GSTP1 immunostaining in both in vitro models and glioma patients. 

 The other mechanism of glioblastoma can process to mediate multiple drug 

resistances is the active efflux anti-cancer drugs out of cells through multi-drug resistance 

proteins embedded in the cellular membrane (Dréan et al., 2018). Drugs can be transported 

across the membrane against electrochemical potentials in ATP- dependent manner via 
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protein transporters including the ATP- binding cassette ( ABC)  transporters which were 

found to be upregulated in this study (Figure 5.7f). The family of ABC transporters is 

involved in diverse physiological processes and responsible for the uptake and efflux of  

broad type of substances from cancer cells ( Alexiou et al. , 2012) .  Rama et al. (2014) 

demonstrated that ABC transporters:  ABCA1, MRP4, and MRP5 showed overexpression 

in the glioblastoma cells and drug resistance has been correlated with the presence of the 

ABC efflux transporters trying to exclude drugs for the cellular cytoplasm.  Taken 

together, this can be a reasonable explanation for my findings, 3D glioblastoma spheroids 

are feature hypoxic induced cell cycle arrest and decrease DNA replication, while gene in 

MAPK signaling, autophagy, drug metabolism- cytochrome P450, and ABC transporter 

pathway were upregulated.  

 My work has provided transcriptomic perspective and quantitative measurements 

of genes differently expressed in 2D and 3D in vitro culture condition.  Based on my 

findings, future research should be investigated proteomically and metabolomically in 

which data from proteomics and metabolomics might be adopted to understand the 

phenotype and identify novel therapeutic targets in glioblastoma.  In addition, as 

previously declaring, the in vitro 3D glioblastoma culture models has the potential to serve 

as a powerful platform for tumor study and anticancer drug screening and could 

potentially applied to further proteomic and metabolomics studies.  

 

 

5.6  Conclusion 

 In this study, I used Illumina RNA- Sequencing to analyze global relative gene 

expression of glioblastoma cells cultured in 2D monolayers and 3D Ca-alginate scaffolds 
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at day14 of culture period. The results showed that 7,411 and 3,915 genes were 

upregulated and downregulated, respectively. Moreover, KEGG pathway analysis 

demonstrated that the downregulated genes were mainly enriched in cell cycle and DNA 

replication pathway while upregulated genes were mainly enriched in MAPK signaling, 

autophagy, drug metabolism- cytochrome P450, and ABC transporter pathway.  All of 

these pathways hinted the involved mechanisms related to anti- cancer drug resistance of 

glioblastoma and likely to prove useful for target identification of anti-cancer drug 

development. Thus, 3D glioblastoma model has the potential to serve as a powerful 

platform for glioblastoma study, anti- glioblastoma drug screening, and identification of 

novel molecular targets in treatment of glioblastoma. 
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CHAPTER V 

SUMMARY 

 

 Cordycepin could effectively inhibit the proliferation and induce apoptotic cell 

death of human nerve cancer cells through the generation of reactive oxygen species 

and modulation of autophagy under the 2D in vitro cell culture model. The control of 

autophagy activity within cells by small molecules might be an alternative approach 

for a better treatment of human nerve cancers. Importantly, this finding revealed the 

mechanism of action of cordycepin, which is a foundation to study other relevant 

mechanistic insights of cordycepin. In addition, the development of the in vitro 3D 

glioblastoma cell culture system by using Ca‐alginate scaffolds could mimic human 

nerve tissue cancer microenvironment, with high cell viability and proliferation. In the 

3D Ca‐alginate scaffolds, human glioblastoma U‐251 cells line can proliferate, retain 

characteristics of cancer stem cells, as well as exhibit differentiation potential. 

Moreover, the 3D glioblastoma cell culture system showed a high resistance to the 

anticancer agents, temozolomide, doxorubicin and cordycepin, compared with the 2D 

culture system. My findings suggested that the 3D Ca‐alginate scaffolds are promising 

in vitro research platforms for the screening of anti-glioblastoma therapeutic agents. 

Then, Next Generation Sequencing Illumina RNA-Sequencing was used to analyze 

the gene expression profiles of glioblastoma cells in 2D monolayers and 3D Ca-

alginate scaffolds with the culture period of 14 days. The results showed that 7,411 

and 3,915 genes were upregulated and downregulated, respectively. Moreover, the 
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KEGG pathway analysis presented that the downregulated genes were mainly 

enriched in clustering of cell cycle and DNA replication, while the upregulated genes 

were mainly enriched in MAPK signaling, autophagy, drug metabolism-cytochrome 

P450, and ABC transporter pathways. All of these pathways showed related-

mechanisms to anti-cancer drug resistance of human glioblastoma. Moreover, I 

believe that the provided NGS dataset is useful for a better understand of anti-cancer 

drug resistance of human glioblastoma. Thus, the 3D glioblastoma model contain the 

potential to serve as a powerful platform for human glioblastoma study, anti-

glioblastoma drug screening, and novel molecular target identification. 
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