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OZET

TRIFLUOPERAZIN ILACININ T98G GLIOBLASTOMA HUCRE HATTI
UZERINDEKI ETKISININ
2 BOYUTLU & 2.5 BOYUTLU ORTAMLARDA INCELENMESI

Gozde GULDAG
Yiiksek Lisans, Biyomiihendislik Anabilim Dali
Damigman: Dr. Ogr. Uyesi Merve CAPKIN YURTSEVER
Haziran 2023, 48 sayfa

Kanser-ilag etkilesimlerini inceleyen c¢aligmalarda, 3D kiiltiir sistemlerinin canli
organizmalardaki kosullar1 2D kiiltiir ortamindan daha iyi taklit ettigi gosterilmistir. 2.5D hiicre
kiiltiirii ortamlari, 3D hiicre kiiltiirlerinden yararlanmak ve dezavantajlarin1 azaltmak icin
gelistirilmis kiiltiirlerdir. Trifluoperazin (TFP), sizofreniyi tedavi etmek i¢in kullanilan FDA
onayli bir antipsikotik ve antiemetik ilactir. Farkli kanser hiicrelerinin ¢ogalmasini ve istilasini
engelledigi ve cesitli kanser hiicre hatlarinda ve hayvan modellerinde hiicre 6liimiine neden
oldugu gosterilmistir. T98G hiicreleri, bir insan glioblastoma hiicre hattidir ve rutin olarak
kanser tedavi yontemlerini gelistirmek i¢in deneysel modeller olarak kullanilir. TFP ilacinin

T98G hiicre hatt1 izerindeki etkisini 2D ortamda inceleyen sinirli sayida ¢aligma mevcuttur.

Bu tez ¢alismasinda, ilag molekiillerinin in vitro olarak ucuz, hizli ve in vivo hiicre yanitlarina
daha benzer olmasini saglayan bir kiiltiir ortam1 iiretmesi amaclanmistir. T98G glioblastoma
hiicre dizisi, 2.5D ve 2D hiicre kiiltiirii sistemlerinde Trifluoperazin (TFP) varliginda ve
yoklugunda hiicre canliligi ve morfolojisi agisindan incelenmistir. 2.5D hiicre kiiltiir sistemi
icin, genipin ve gliserolfosfat ile ¢apraz bagl kitosan jeller iiretilmis ve T98G hiicreleri
dogrudan bu 1slak jeller iizerinde kiiltiire edilmistir. Jellerin yiizey gozenek yapisi taramali
elektron mikroskobu ile incelenmistir. Hiicrelerin 2D ve 2.5D Kkiiltliir sistemlerinde
Trifluoperazin (1 uM, 2 uM, 4 uM, 6 uM ve 8 uM) ila¢ molekiiliine tepkisi, hiicre canliliginin
MTT analizi ve resazurin yontemleri ile arastirilmistir. Hiicre ¢ekirdeginde meydana gelen

degisimler DAPI boyama ile gosterilmistir.



TFPmin T98G hiicre hatt1 iizerindeki IC50 konsantrasyonlari, TCPS iizerinde 2D Kkiiltiir i¢in
MTT analizi ile 24 saat i¢in 3,75 uM ve 48 saat i¢in 2,57 uM olarak hesaplanmistir. TFP'nin
T98G hiicre hatt1 iizerindeki IC50 konsantrasyonlari, TCPS iizerindeki 2D kiiltiir i¢in resazurin
analizi ile 24 saat i¢in 2.86 uM ve 48 saat icin 2.64 uM olarak hesaplanmistir. MTT ve resazurin
analiz sonuglarindan hesaplanan IC50 konsantrasyonlarinin ¢ok yakin oldugu sonucuna
varilmigtir. DAPI boyamasi da TFP'nin 24 saatlik uygulamasindan sonra T98G hiicrelerinde
kontrol grubuna kiyasla yogunlasmis ve kiigiik ¢ekirdek seklini gostermistir. 2.5D kitosan
hidrojel tiretimi igin ¢oziicii olarak %0,5 asidik asit, fiziksel ve kimyasal ¢apraz baglayici olarak
100 pL gliserol fosfat (1 g/mL) ve 1 mM genipin secilmistir. T98G hiicreleri 24 ve 48 saat
boyunca bu hidrojeller iizerinde kiiltiire edilmistir. Hiicrelerin canlilig1 resazurin analizi ile
belirlenmigtir. 2.5D kitosan hidrojeller {izerinde kiiltiire edilen T98G hiicreleri i¢cin TFP'nin
IC50 konsantrasyonu 24 saatlik kiiltiir i¢in 2.37 uM ve 48 saatlik kiiltiir i¢in 1.94 uM olarak

belirlenmistir.

Yapilan ¢alismalar sonunda, 2.5D'de iiretilen hidrojellerin, 3D hiicre kiiltiirii ortamin1 taklit
ettigi goriilmiistiir. 2.5D boyutlu hidrojeller {lizerinde kiiltiire edilen hiicrelerin IC50 dozunun
2D TCPS iizerinde kiiltiire edilen hiicrelerin IC50 degerine gore daha diisiik ve yakin ¢ikmasi
T98G hiicrelerinin 2.5D hidrojeller iizerinde TFP ilacina daha duyarli olabilcegini géstermistir.
Sonuglar tretilen hidrojellerin hiicreler i¢in in vitro ve in vivo benzeri kiiltiir kosullarinin
olusturuldugunu ve hiicre-ilag yanitinin in vivo'ya gore daha yakindan incelenebilecegini

gostermistir.

Anahtar Kelimeler: Glioblastoma, T98G, Trifluoperazin, 2.5D kitosan hidrojel
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In cancer-drug interaction studies, 3D culture systems have been shown to mimic living
organism conditions better than 2D culture environments. 2.5D cell culture environments have
been developed to take advantage of 3D cell culture and mitigate its disadvantages.
Trifluoperazine (TFP) is an FDA-approved antipsychotic and antiemetic drug used to treat
schizophrenia. It has been shown to inhibit the proliferation and invasion of various cancer cells
and to induce cell death in several cancer cell lines and animal models. T98G cells are a human
glioblastoma cell line and are routinely used as an experimental model for the development of

cancer therapies.

There is a limited number of studies investigating the effect of TFP drug on T98G cell line in
2D culture. The aim of this thesis was to create an in vitro culture system for drug molecules
that is cost-effective, efficient, and more similar to in vivo cell responses. The T98G
glioblastoma cell line was evaluated for cell viability and morphology in the presence and
absence of trifluoperazine (TFP) in 2.5D and 2D cell culture systems. For the 2.5D cell culture
system, chitosan hydrogels cross-linked with genipin and glycerol phosphate were prepared and
T98G cells were cultured directly on these wet hydrogels. The surface pore structure of the gels
was examined by scanning electron microscopy. The response of the cells to Trifluoperazine (1
uM, 2 uM, 4 uM, 6 uM and 8 uM) drug molecule in 2D and 2.5D culture systems, cell viability
was investigated by MTT assay and rezazurin methods. Changes in the cell nucleus were
detected by DAPI staining.



The IC50 concentrations of TFP on T98G cell line was calculated as 3.75 uM for 24 h and 2.57
uM for 48 h by MTT analysis for 2D culture on TCPS. IC50 concentrations of TFP on T98G
cell line was calculated as 2.86 uM for 24 h and 2.64 uM for 48 h by resazurin analysis for 2D
culture on TCPS. It was concluded that, IC50 concentrations calculated from MTT and
resazurin analysis results were very close. DAPI staining also showed the condensed and small
nuclei shape in T98G cells after 24 h application of TFP when compared to the control group.
According to these results TFP doses were selected as 1-8 uM for 2.5D cell culture studies.
2.5D chitosan hydrogels were prepared using 0.5% acidic acid as a solvent, 100 uL glycerol
phosphate (1 g/mL) and 1 mM genipin as physical and chemical crosslinkers. T98G cells were
cultured on these hydrogels for 24 and 48 h. Viability of the cells were both determined by
resazurin analysis. IC50 concentration of TFP for T98G cells cultured on 2.5D chitosan
hydrogels were determined as 2.37 uM for 24 h culture and 1.94 uM for 48 h culture.

In conclusion, it was observed that 2.5D chitosan hydrogels mimicked the 3D cell culture
environment. The IC50 dose of cells cultured on 2.5D chitosan hydrogels was lower and closer
to the 1C50 value of cells cultured on 2D TCPS, indicating that T98G cells may be more
sensitive to TFP drug on 2.5D hydrogels. The results showed that the hydrogels produced
created in vitro and in vivo-like culture conditions for the cells and that the cell-drug response

can be examined more closely than in vivo.

Keywords: Glioblastoma, T98G, Trifluoperazine, 2.5D chitosan hydrogel
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1. INTRODUCTION

Cell culture techniques play a vital and important role in the release of pharmaceutical goods,
in the analysis of cancer and in the study of stem cells. Most cells are now perfected using two-
dimensional (2D) techniques, but new and sophisticated step-by-step approaches that execute
three-dimensional (3D) cell perfected procedures indicate convincing proof that even more
detailed research can be conducted. The cell-cell or cell-material environment can be monitored
when conducting 3D cell culture experiments to be able to provide more detailed knowledge
about cell-to-cell interactions, such as for tumor morphology, drug testing, metabolic profiling,
stem cell inquiry [1] .

In vitro cell culture techniques divide into 3 main groups according to the dimension; 2D, 2.5
D and 3D. Traditionally used two-dimensional cell cultures have been used in vitro to study
biophysical and biochemically incoming cell signals. Although it has been accepted until today,
with increasing evidence, it has been shown that cell bioactivity in two-dimensional systems
deviates significantly. For example, some important features of cancer cells cannot be properly
observed in these systems. To solve these problems, 3D cell culture systems are being

developed for better observation and analysis of cancer and normal cell lines in vivo [2].

Mammalian cell culture, in vitro, offers a defined stage for studying the basic morphology of
the living being's cell and tissue, and pathophysiology. This was typically achieved by
optimized single-cell communities on two-dimensional (2D) substrates such as polystyrene
tissue culture (TCPS) or tissue analog surfaces [3]. This 2D experiment with cell formation,
molecular biology, stem cell was the foundation for our study of complex biological processes
like differentiation and morphogenesis of the tissue. Furthermore, 2D studies have led to
pioneering results in the complex relationship between cell structure and cellular
microenvironment interactions [4]. In adherent 2D cultures, cells grow as a single layer in a
cultivated flask attached to a plastic surface or in a flat petri dish and since the early 1900s it
has been the basic technique which was used for cultivating cells. The benefits of 2D cultures
are linked to simple and low-cost cell culture management and functional testing efficiency. In
addition, 2D cell culture can be manipulated more easily than 3D cultures, and cell morphology

determination, environmental control and cell analysis can be performed more easily. Also, it

1



IS easier to compare results from experiments in the literature because there is a lot of data [5].
However, the main disadvantage of 2D cultures is the absence of 3D cell and material
interactions as it is in our body [1], [6]. It is important to simulate in vivo like environment for
natural normal or tumor tissue structures for decreasing workload in preclinical and clinical
studies [7].

Glioblastoma multiforme (GB) is the most severe of gliomas, a group of tumors that occur at
intervals from interstitial tissue or their precursors in the central nervous system. It is classified
as Grade IV in compliance with the World Health Organization (WHO) [8], [9]. Glioblastoma
are highly heterogeneous, and immune to medicines. Development of cell lines that maintain
consistency and duplicability in experiments are a critical step to evaluate the key
characteristics of GB such as proliferation and invasion [9], [10]. There is a strong demand for
GBM cell models which are readily accessible and valid. Several GC lines, including U87 (>
1900 quotes in PubMed), U251 (> 1100 quotes), and T98 G (> 900 quotes), have been
commonly used in this sense for 30 years, offering useful information about this form of tumor.
For certain factors, however, certain versions are incomplete [11]. The well-known third GB
cell line is T98G. The cell line T98G was derived from a 61-year-old human male and has a
chromosome count of hyperpentaploid with a modal number ranging from 128 to 132. In mice,
the cells are not tumorigenic but proliferate in cell culture with adequate anchorage. T98G cells
are known to have high expression of the ACTA2 gene engaged in motility and structure of
cells. T98G cells are polyploid forms of the parent T98 cell line and can remain under stationary
conditions in the G1 step of the cell cycle [12]. It is usually used in drug screening and
experimental molecular GB models. It can represent the most common proliferative and
intrusive GB phenotype in ex vivo, in vitro and in vivo experiments. In particular, T98G
intrusive ability of cells from the cell / matrix, a shift from epithelial mesenchymal (EMT)

migration and proliferation, as well as metabolic and microenvironmental factors [9], [13], [14].

Trifluoperazine (TFP) is FDA-approved antipsychotic drug which is used as a neuroleptic for
treating schizophrenic psychosis and thiodiphenylamine by-product. It inhibits cell
proliferation and invasion and is being used to induce death in many kinds of neoplastic cell
lines and animal models [15], [16] such as lung cancer [17], breast cancer [18], pancreatic

cancer [19], colorectal cancer [20], glioblastoma [16]. Moreover, TFP may inhibit the



proliferation, migration and invasion of glioblastoma cells. A mechanistic analysis showed that
TFP's anti-glioblastoma function is regulated by increasing the level of Ca+2 intracellular by
opening inositol 1,4,5-trisphosphate receptor (IP3R) subtype 1 and 2 as a result of calmodulin
(CaM) subtype 2 dissociation from IP3R. However, in vivo TFP-treated brain xenograft mouse

model did not demonstrate any improvement in survival time [21].

With this, as stated above, it cannot fully simulate the in vivo response to potential drug
molecules in 2D cell cultures. In order to create an in vivo-like environment with the 2.5-
dimensional hydrogel to be developed in the thesis proposal and to reveal the effects of the
hydrogel and the potential drug molecule on cells in a realistic way, into 2 different cell culture
dimensions and different trifluoperazine concentrations, cell viability and morphology of

glioblastoma (T98G) cells were investigated.

25D

Figure 1.1. Approach for the culture of human pulmonary fibroblasts in 2D, 2.5D, and 3D
geometries. Human pulmonary fibroblasts were cultured on top of hydrogels (2D culture),
between two hydrogel layers (2.5D culture), or encapsulated within hydrogels (3D culture) [22].



1.1. Aim

In studies examining cancer-drug interactions, it has been shown that 3D culture systems mimic
conditions in living organisms better than 2D culture media, and therefore more realistic results
are obtained. Accordingly, 2.5D cell culture media are cultures developed to take advantage of
3D cell cultures and reduce their disadvantages. The development of 2.5D cell culture systems
increases the accuracy of results by minimizing the artificial polarity that occurs in cells
cultured in 2D systems. Glioblastoma is the most common and aggressive malignant primary
brain tumor, accounting for more than 50% of all brain tumor cases. T98G cells are a human
glioblastoma cell line and are routinely used as experimental models to improve cancer
treatment modalities. Treatments with drugs prolong the life expectancy of patients by only
about 2.5 months, and tumor recurrence is frequently observed. Therefore, it is very important
to develop more effective anticancer treatments for glioblastoma. Trifluoperazine (TFP) is an
FDA-approved antipsychotic and antiemetic drug used to treat schizophrenia. It has been shown
to inhibit the proliferation and invasion of different cancer cells and induce cell death in various

cancer cell lines and animal models.

In the thesis study, the creation and characterization of a 2.5D cell culture system with chitosan-
glycerolphosphate-genipin and the 2.5D cell culture system and 2D polystyrene to be developed
in the presence and absence of Trifluoperazine (TFP) of the glioblastoma multiform (GBM,;
Glioblastoma multiforme) cell line T98G glioblastoma cells. In this study, it was aimed to
investigate the advantages and disadvantages of the 2.5D cell culture system formed with
chitosan-glycerolphosphate-genipin compared to the 2D culture system by aiming to examine
the cell viability and morphology comparatively on tissue culture (TCPS; Tissue Culture

Polystyrene) surfaces.



2. THEORETICAL FOUNDATIONS AND LITERATURE
REVIEW

2.1. Cell Culture

2.1.1. Cell Culture Systems

Literally, dimension is the topological measurement of an object's (or space's) defining
attributes (height, width, depth, space-time) symbolizes the state of zero dimensions (non-
dimensionality). A line having merely a length measurement is one-dimensional (1D). Two-
dimensional (2D) are objects having height and length (square, rectangle, etc). Objects with
dimensions of height, width, and depth demonstrate three-dimensionality (3D). The fourth
dimension (4D) is time as it is disclosed or felt by the motion of objects in space; time is
revealed or felt by the motion of objects in space. Living systems have three-dimensional
morphology and anatomy. Since molecules are in motion or vibration, they facilitate the
discovery and monitoring of time, the fourth dimension. Living systems are the prototypical
example of space-time cohabitation due to the fact that every event in living organisms occurs
in time. In light of this, the 4D axis defines and explains vitality, pathology, sickness, and death
[23].

In vivo, under the impact of their microenvironment, cells generate polarization in their
surrounding environment. Depending on the appropriate amount of polarization [24], the
integrity and homeostasis of the tissue, which is a three-dimensional structure, may be
maintained. In monolayer cell cultures created in vitro, cells elongate and lose their height and
depth to a significant degree. Monolayer cell culture is therefore considered a 2D cell culture
paradigm. In the in vitro 3D cell culture (spheroid) paradigm, however, cells exhibit in vivo-
like polarization, thus their morphology approaches in vivo [25], [26]. In 3D cultivation, cells
restore lost depth and variable height and length measurements (Figure 2.1.)



A. 2D cell culture {collagen coat plastic) Y B. 3D cell culture (collagen gel)

2D cell cul

Absence of soluble cell factors

Cell adhesion restricted to X and ¥ axis {red |
points) Presence of soluble factors

Continuous cell monolayer Low cell stiffness
Cell stiffness Three-dimensional cell movement in X,Y and Z
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Figure 2.1. Two-dimensional (2D) and three-dimensional (3D) cell culture [27]

2.1.2. 2D &3D Environment

To determine the toxic effect of a molecule (drug, chemical, etc.) on a cell, in vitro cell cultures
are the first approach employed. Using culture plates, conventional cell cultures offer
monolayer and 2D development of anchorage-dependent cells. Due to the rapid generation of
large cell populations in this model, the determination of cytotoxicity by cell viability assays is
practicable and cost-effective. The containers in which cells are cultivated do not mirror the in-
vivo milieu, and the cells are unable to build their in vivo microenvironment. This form of cell
reproduction leads cells to lose polarity and produce extracellular matrix (ECM) molecules
from a restricted location, leading them to lose their in vivo characteristics. Although the
resemblance of in vitro research to in vivo and the applicability of their results have been
debated for many years, these investigations continue to be significant since they give early
data and foresight. Recent technological advancements have made it feasible to cultivate cell

lines in vitro in three dimensions [3], [4].



3D cell culture is a model system that partially mimics in vivo events by allowing cell
aggregates to form as tissue spheroids, embedded cells on a scaffold, or liquid-based methods
in which structural proteins and other biological molecules found in living tissues mimic the
extracellular matrix (ECM). 3D cell culture may be used to regulate cell-cell and cell-matrix
interactions, cell proliferation, and differentiation in order to preserve tissue architecture and
homeostasis similar to those in vivo. Providing an in vivo-like milieu in in vitro research in
which cells may completely produce ECM molecules is crucial for translating in vitro results
to in vivo [28], [29].

The 3D culture models have proved to be a lot more practical to interpret the study results for
in vivo applications, while cell lines offer us glorious reliable study content, cultivating them as
3D models induces them to act in a way that is a bit closer to nature. To date the approach to
3D culture has been used to test already 380 cell lines. The extra cellular matrix structure in
natural tissue differs according to the cell types so, 3D culture conditions should be specified
for every cell type. Matrix stiffness, pore structure, pore dimension, interconnectivity is crucial
to provide optimal and suitable microenvironment conditions [30], [31]. Appropriate pore
diameter is necessary for cell nutrition, proliferation, tissue vascularization, formation of new
tissues and migration. Materials with suitable biomechanical conditions such as matrix
stiffness, pore dimension ensure efficient release of bio-signal molecules in the cell-material
construct [30]. Three-dimensional (3D) cell culture systems have seen physiologically more
suitable in vivo data for testing and predictive drug discovery due to the obvious advantages in
data provision and increased interest in tissue engineering. [32]. The studies have found that
cells in 3D culture media dissent morphologically and physiologically from cells in 2D culture
media [33]-[35]. Subsequently, the advent of 3D culture has seen rapid progress in recent
decades, as demonstrated by the growing number of studies in this study area, including
preclinical drug screening, maintenance and differentiation of cancer stem cells, signal
abnormal transduction. A that number of tumor biologists have therefore begun to stress the
importance of the culture of 3D tumor cells. For e.g., cells in 3D culture typically show a
reduced susceptibility to certain chemotherapeutic agents relative to 2D monolayer cultures

[36]. Additionally, the 3D tissue culture method enables imitation cancer tissue to be produced

[6].



For research objectives, scaffolding and liquid-based approaches can be chosen to construct a
three-dimensional cell culture. The two categories of scaffold-based approaches are hydrogel
and matrix [37]-[39]. Suspended drop, ultra-low adhesion microplates, microcarrier systems,

rotation-based systems, and microfluidic chips are the five categories of liquid-based

approaches [39]-[42].

Table 2. 1. Comparison of 2D and 3D cell culture methods. [6]

Type of culture

2D

3D

Time of culture
formation

Culture quality

In vivo imitation

Cells
interactions

Characteristics
of cells

Access to
essential
compounds

Molecular
mechanisms

Cost of
maintaining a
culture

Within minutes to a few hours

High performance, reproducibility, long-term
culture, easy to interpret, simplicity of culture

Do not mimic the natural structure of the
tissue or tumor mass

Deprived of cell-cell and cell-extracellular
environment interactions, no in vivo-like
microenvironment and no “niches”

Changed morphology and way of divisions;
loss of diverse phenotype and polarity

Unlimited access to oxygen, nutrients,
metabolites and signaling molecules (in
contrast to in vivo)

Changes in gene expression, mMRNA splicing,
topology and biochemistry of cells

Cheap, commercially available tests and the
media

From a few hours to a few days

Worse performance and reproducibility,
difficult to interpret, cultures more
difficult to carry out

In vivo tissues and organs are in 3D form

Proper interactions of cell-cell and cell-
extracellular environment, environmental
“niches” are created

Preserved morphology and way of
divisions, diverse phenotype and polarity

Variable access to oxygen, nutrients,
metabolites and signaling molecules
(same as in vivo)

Expression of genes, splicing, topology
and biochemistry of cells as in vivo

More expensive, more time-consuming,
fewer commercially available tests




2.2. 2.5D Cell Culture

2.5D cell culture (pseudo 3D) studies are performed. 2.5D cell culture mimics the 3D structure.
For example, the result of an experiment to understand how cell migration occurs in 2.5D
cultures has shown the powerful role of matrix structure in regulating cell migration [43]. In
another article, it was aimed to enable optical microscopy characterization by applying a new
2.5D scaffold approach. In this article, they presented a 2.5D approach that mimics the
processing conditions of 3D salt-washed scaffolds. For the 2.5D approach, the salt-leached
technique was used and the PCL-PDLLA (poly-dl-lactic acid and polycaprolactone) blend films
were coated with NaCl crystals before annealing, to show that the presence of NaCl strongly
influences the polymer mixture surface morphology and cell adhesion, mimicking the 3D
scaffold with AFM and light microscopy scaffolding. They presented the 2.5D approach that
provides surface properties. During cell culture in 2.5D structures, osteo-blast (MC3T3-E1) and
dermal endothelial cell (MDEC) cells were used and chondrogenic cell (ATDC5) adhesion was
decreased in NaCl-annealed PCL-PDLLA blends while their adhesion was increased [44].

In another study, it was observed that the resulting 2.5D structures provide a restricted 3D
environment for nerve growth. Using a digital micro mirror system (DMD) the technique used
in this study has been adapted to create dynamic photo masks to crosslink geometrically specific
poly- (ethylene glycol) (PEG) hydrogels induced by free radical polymerization initiated by
UV. The resulting "2.5D" structures provide nerve growth with a restrained 3D environment.
They used a dual hydrogel approach in which the PEG acts as a site of cell restriction providing
structure for an amorphous but cell-permitting self-assembly gel made from Puramatrix or
agarose. The process is a quick and simple phase processing, which is highly reproducible and
easily adapted for use with traditional methods and substrates for cell culture [45]. 2.5D cultures
are used in drug screening. The potential use of 99 FDA approved drugs was investigated in
vitro on a 2.5D model to understand the behavioral characteristics and drug responses of
Pancreatic ductal adenocarcinoma (PDAC) cells [46]. Also, 2.5D organoids have been observed
to have a similar sensitivity profile to parental 3D organoids for anti-cancer drug therapy [47].



2D 2.5D 3D

W << Cell W = Cell
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D >> Cell D = Cell
Effectively 2.5D Effectively 3D

Sr 2 Cell S = Cell
Effectively 2.5D Effectively 3D

Figure 2.2. Classification and ambiguity of 2D, so-called 2.5D, and 3D culture systems [48].
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2.3. Glioblastoma

Constant connection between glial cells and neurons allows them to control neuronal
metabolism and interneuron signaling. Astrocytes, oligodendrocytes, microglia, and ependymal
cells are the four major subtypes. Gliomas are the common name for tumors that develop from
these cells. About 80% of all tumors in the brain are gliomas, which develop from glial cells. It

occurs at a rate of 7 cases per 100,000 people over the world [49], [50].

Gliomas are categorized based on the cell type from which they originate: astrocytoma,
oligodendroglioma, ependymoma, and mixed glioma. WHO categorized astrocytomas into four
subtypes: Stage | or pilocytic astrocytoma, Stage Il or low stage astrocytoma (AGII), Stage 11
or anaplastic astrocytoma (AGIII), and Stage IV or glioblastoma (GBM, Glioblastoma
multiforme). GBM is the most lethal kind of glioma, occurring in 65% of cases. It is reported
that men over the age of 40 are primarily affected. The treatment of GBM patients includes
surgery, radiation, and chemotherapy. GBM patients live between 12 and 15 months and have
a 5% 5-year survival rate. Diffuse infiltration of GBM cells into the normal brain parenchyma,
persistent tumor development, and tumor cell resistance to radiation and chemotherapeutics are

factors that delay and complicate therapy [49].

There is a strong demand for GBM cell models which are readily accessible and valid. Several
GC lines, including U87 (> 1900 quotes in PubMed), U251 (> 1100 quotes), and T98 G (> 900
guotes), have been commonly used in this sense for 30 years, offering useful information about
this form of tumor. For certain factors, however, certain versions are incomplete [51]. The well-
known third GB cell line is T98 G. The cell line T98 G was derived from a 61-year-old human
male and has a chromosome count of hyperpentaploid with a modal number ranging from 128
to 132. In mice, the cells are not tumorigenic but proliferate in cell culture with adequate
anchorage. T98 G cells are known to have high expression of the ACTA2 gene engaged in
motility and structure of cells. T98 G cells are polyploid forms of the parent T98 cell line and
can remain under stationary conditions in the G1 step of the cell cycle [12]. It is usually used
in drug screening and experimental molecular GB models. It can represent the most common
proliferative and intrusive GB phenotype in ex vivo, in vitro and in vivo experiments. In
particular, T98G intrusive ability of cells from the cell / matrix, a shift from epithelial
mesenchymal (EMT) migration and proliferation, as well as metabolic and microenvironmental
factors [9], [13], [14].
11



2.3.1. Glioblastoma Microenvironment

It has been revealed that ECM molecules in the brain, specifically hyaluronan, play a significant
role in glioma cell invasion and malignancy. The lack of an in vitro model in which matrix
systems including the compositional and structural aspects of the glioma community
surrounding the brain tissue may be produced in vivo [52] is the greatest barrier to
understanding the extracellular impacts of GBM invasion. Three-dimensional (3D) cell culture
may be the best option for simulating GBM, as it resembles in vivo in this regard. 15 to 25
percent of typical brain tissue contains extracellular space. The remaining components of the
brain include neurons, glia, astrocytic processes, and blood vessels. Neurons and glia produce
many ions, neurohormones, peptides, metabolites, and ECM components into the extracellular
environment. Non-protein-bound hyaluronic acid and sulfated glycosaminoglycans, such as
protein-bound heparan sulfate and chondroitin sulfate, are found in the brain extracellular
matrix (ECM). It also includes collagen, laminin, and fibronectin, which contribute to the

formation of blood vessels [53].

The microenvironment has a crucial influence on GBM development. All glioma cells,
including GBMs, produce ECM components (hyaluronic acid, fibronectin, laminin, collagen,
vitronectin, tenascin, etc.), enzymes, and matrix metalloproteinases in their surroundings to
assist invasion and alter the ECM in regions of active invasion. In brain tissue, hyaluronic acid
is the most significant (main) ECM molecule. Glioma development is defined by variations in
the amount of hyaluronic acid molecules in the environment. GBMs express significantly
greater amounts of hyaluronic acid than normal brain tissue. GBM cells are able to develop the
ideal milieu for migration, proliferation, and invasion when there is an excessive concentration
of hyaluronic acid within the cell. Accumulation of extracellular hyaluronic acid is related with
intracellular signaling pathways that govern GBM growth and motility [52]. In this aspect, in
vitro GBM studies do not create an in vivo-like microenvironment by secreting ECM molecules
from limited surfaces as a result of cells sticking to culture dishes with particular surfaces in
standard 2D cell culture. This results in the differentiation of intracellular signaling pathway
activation according to in vivo settings. In 3D cell culture, on the other hand, activation of signal
pathways is comparable to in vivo, as cells may form a spheroid structure without adhering to
a hard surface such as a culture plate, and ECM molecules can concentrate around them and

proliferate in an in vivo-like microenvironment [49], [52], [53].
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2.4. Drug Repurposing

2.4.1. Drug Repurposing for Cancer Therapy

Drug repositioning is an approach to identify new uses of drugs outside the scope of their
original medical indications. In this approach, drugs/compounds that are approved, withdrawn,
archived, or undergoing clinical phase studies are identified for uses other than their previously
defined targets and their potential to be used for the treatment of other diseases is investigated.
Toxicity, efficacy, pharmacokinetics, and pharmacodynamics need to be thoroughly tested, in
addition to being designed and manufactured. Most drugs that pass Phase | trials are not
approved by FDA. Perhaps the greatest advantage of repurposing a drug is that it is already
FDA approved. [54].

The ability to move directly into clinical trials has made this technique widely used in the
development of cancer treatments. Thalidomide is one of the most common examples of drug
reuse in cancer treatment. Thalidomide has been used as a sedative to this day. It is then used
to reduce morning sickness in pregnant women. The drug caused serious birth defects. For this
reason, it was withdrawn from the market in 1961. It is one of the main chemotherapy drugs
used in GBM treatment today. [54] .

This study investigated the anti-cancer effects of trifluoperazine, an agent approved by the FDA
for the treatment of schizophrenia, on the GBM cell line T98G in two- and two-and-a-half
dimensional cell culture systems in genipin and crosslinked chitosan hydrogel. Cost,
availability in pure form, and novelty are the three main factors involved in drug repurposing.
Trifluoperazine is a low-cost drug that is available as a pure molecule from a number of

different suppliers.
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Table 2.2. Original and new anticancer indications of repurposed drugs [54] .

DRUG Original indication New anticancer indication
Thalidomide . . Multiple myeloma
Antiemetic in pregnancy
Aspirin Analgesic, antipyretic Colorectal cancer

Valproic acid
Celecoxib
Statins
Metformin
Rapamycin
Methotrexate
Zoledronic acid
Leflunomide
Minocycline
Vesnarinone
Thiocolchicoside
Nitroxoline

Noscapine

Antiepileptic
Osteoarthritis, rheumatoid arthritis
Myocardial infarction
Diabetes mellitus
Immunosuppressant
Acute leukemia
Anti-bone resorption
Rheumatoid arthritis
Acne
Cardioprotective
Muscle relaxant
Antibiotic

Antitussive, antimalarial, analgesic

Leukemia, solid tumors
Colorectal cancer, lung cancer
Prostate cancer, leukemia
Breast, adenocarcinoma, prostate, colorectal
Colorectal cancer, lymphoma, leukemia
Osteosarcoma, breast cancer, Hodgkin lymphoma
Multiple myeloma, prostate cancer, breast cancer
Prostate cancer
Ovarian cancer, glioma
Oral cancer, leukemia, lymphoma
Leukemia, multiple myeloma
Bladder, breast cancer

Multiple cancer types
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2.4.2. Typical Antipsychotic

Typical antipsychotics emerged in the 1950s and are widely used in the treatment of various
mental illnesses such as schizophrenia, schizoaffective disorder, some types of bipolar disorder
and delusional disorders [55] . Based on their chemical structure, FGAs are classified as
phenothiazines (e.g., trifluoperazine), butyrophenones, and thioxanthenes. Inhibition of
dopamine receptors of the D2 family is their common mechanism of action. Based on their
chemical structure, FGAs are classified as phenothiazines, butyrophenones and thioxanthenes.
Blocking D2 family dopamine receptors is their common mechanism of action. This blockade

of the mesolimbic pathway is probably related to the therapeutic effects of FGAs. [56].

Additionally, mesocortical, nigrostriatal, and tuberoinfundibular pathways are affected by the
blockage of dopamine D2 receptors by FGAs. As a result, overdose consumption causes
secondary side effects and cognitive impairments, extrapyramidal symptoms, and
hyperprolactinemia [57]. In addition, due to their other pharmacological activities, they exhibit

additional adverse effects, including sedation, constipation, and cardiovascular issues [56].

In addition to their antipsychotic effects, phenothiazines demonstrate a variety of biological
actions that are associated for their possible anticancer activity, including reversal of MDR by
downregulation of PGP and inhibition of calmodulin, protein kinase C and cell proliferation.
[58]. In a related finding, research on the anti-cancer potential of the phenothiazines has shown
that schizophrenia patients have a lower risk of cancer than the general population. These drugs
may also help cancer patients with emotional and social problems, like anxiety and sleep
problems [59].

2.4.3. Trifluoperazine

Trifluoperazine (TFP) is an antipsychotic drug approved by the FDA for the treatment of
schizophrenia. It works by blocking dopamine D2 in the brain, which makes it an antipsychotic
agent. It is a derivative of a phenothiazine that contains a piperazine side chain. Its primary
activity, however, seems related to the presence of a trifluoromethyl substituent at the 2-position
of the phenothiazine. TFP has been shown to inhibit cell proliferation and invasion and to cause
death in a variety of neoplastic cell lines and animal models [15],[16], including lung[17],
breast[18], pancreatic[19], colon[20], and glioma[16]. In addition, TFP can inhibit the

proliferation, migration and invasion of glioblastoma cells.
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TFP reduces calmodulin (CaM) activity substantially, besides its effect of blocking the
dopamine D2 receptor, the drug. All eukaryotic cells contain CaM, a calcium-binding protein
with multiple functions. CaM is involved in signal transduction cascades, cell proliferation,
control of cell motility and cell division. Therefore, the antiproliferative and cytotoxic effects

of TFP on several cancer cell lines may be explained by its CaM-blocking activity. [60].

Since PGP phosphorylation is controlled by CaM-activated enzymes, inhibiting CaM activity
also results in the downregulation of PGP. It might be a chemosensitizer because it reduces
resistance to multiple drugs and makes cells more sensitive to chemotherapy. A mechanistic
analysis showed that TFP's anti-glioblastoma function is regulated by increasing the level of
Ca*2 intracellular by opening inositol 1,4,5-trisphosphate receptor (IP3R) subtype 1 and 2 as a
result of calmodulin (CaM) subtype 2 dissociation from IP3R. However, in vivo TFP-treated

brain xenograft mouse model did not demonstrate any improvement in survival time [21].

2.4.4. Previous Studies on Anti-Cancer Activities of Trifluoperazine

A large number of in vitro and in vivo studies have demonstrated the anticancer effects of TFP
in various cancers, including leukemia, lymphoma, breast cancer, lung cancer, melanoma,

prostate cancer, and pancreatic cancer [61]-[63].

In 1983, Wei and colleagues demonstrated that TFP could inhibit the growth of a breast cancer
cell line. The IC50 of TFP was determined to be 18 M for continuous exposure and 50 M for 1

h exposure [64].

In 1986, Smith and colleagues investigated the effect of hyperthermia and TFP on chromatin
structure and DNA damage induced by belomycin (BLM) in the EMT-6 breast cancer cell line.
They had previously shown that treatment of EMT-6 cells with both HT and TFP increased the
cytotoxicity of BLM. These studies showed that the interaction of DNA with its protein matrix
is significantly altered. Therefore, it was hypothesized that the increased cytotoxicity of BLM-
treated cells is related to the lethal DNA damage caused by the absence of DNA repair
mechanisms in cells treated with HT and TFPs. By demonstrating the potential of
chromatin/DNA repair modifying strategies to overcome drug resistance in cancer cells, this

work provided a rationale for the use of TFPs in thermochemotherapy [65].
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In 1988, Ganapathi and colleagues used male C57BL/6NCr mice that had received DOX and
5M TFP to show that the in vivo effect of doxorubicin (DOX) was enhanced in mice that had
received DOX and 5M TFP. Although DOX-TFP was much more effective than DOX alone,
there was no correlation between cellular DOX levels and level of resistance after combination
therapy. Therefore, they concluded that the effect of TFP on modulating DOX resistance was
probably related to molecular changes in the cell rather than to effects on accumulating or
retaining the drug[66].

Hait et al. completed a phase I study of bleomycin and TFP combination therapy in 1989. There
were no hematologic side effects. The main toxicities were respiratory and neurological. Two
of the nineteen patients had partial responses to treatment, while two had complete responses.
Hait and coworkers found that TFP can be safely administered with bleomycin at a dose of 9
mg BID [67].

Budd et al. completed a phase |1 trial of DOX plus TFP in metastatic breast cancer in 1993. The
effect of the combination of DOX and TFP was not significantly different from the effect of
DOX alone [68].

The effect of serum concentration on the efficacy of several chemosensitizers, including TFP,
to reverse PGP-associated MDR was investigated by Lehnert et al. in 1996. Cells were treated
with DOX alone and in combination with these chemosensitizers. According to the results,
physiological serum protein concentrations reduced the MDR-reversing effect of TFP and some

other chemosensitizers [69].

In 1999, Pan et al. showed that human bile duct carcinoma cells treated independently with
tamoxifen (TMX) and TFP undergo an induction of apoptosis. Fas antigen is heterogeneously
expressed on the surface of human cholangiocarcinoma cells. They used this information to
identify and grow Fas-positive and -negative cells. When cells were treated with TMX, TFP,

and Fas antibody, only Fas-positive cells were induced to undergo apoptosis [70].
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In 2004, Shin et al. investigated the effects of TFP-induced growth inhibition on human U87MG
glioma cells. They found that TFP had antiproliferative effects by upregulating the tumor
suppressor gene Egr-1, which is involved in cell proliferation, differentiation, and death [71].

In 2009, Chen et al. investigated TFP's anti-cancer effect on the human lung A549 cell line. By
inducing apoptosis, they demonstrated that TFP suppressed cell proliferation in a dose- and

time-dependent manner [15].

In 2012, Yeh and colleagues demonstrated that TFP inhibited cancer stem cell production and
decreased cancer stem cell marker expression in multiple NSCLCs. TFP blocked the Wnt/b-
catenin pathway in lung cancer spheroids that were resistant to gefitinib. Moreover, when
combined with gefitinib or cisplatin, it had a synergistic effect. In lung cancer mouse models,

its inhibitory effect on tumor development was also shown [72].

In 2014, Gross and colleagues showed that TFP has anti-metastatic effects on human prostate
cancer cell lines PC3 and C4-2b. They showed that TFP decreased the angiogenic and invasive
capacity of aggressive cancer cells, suggesting that TFP may have potential as an anti-metastatic

drug for the treatment of prostate cancer [73].

In 2015, Yuan et al. demonstrated an increase in TRA-8-induced apoptosis in TRA-8-resistant
pancreatic cancer cells treated with the CaM antagonist TFP. This study proposes the use of
these CaM antagonists in combination with TRAIL-activating drugs for the treatment of

pancreatic cancer [74].
In vitro and in vivo activation of TFP-treated triple negative breast cancer (TNBC) cells was

demonstrated by Park et al. in 2016. They reduced the expression of oncogenes that underlie

the emergence of cancer stem cell-like populations in multiple cancers [75].
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3. METHODOLOGY

3.1. Materials

In the thesis study, GBM cell line (T98G, (ECACC 92090213)), media of cell cultures
(DMEM/F12 w/o hepes, DMEM/F12), Fetal Bovine Serum (FBS), antibiotics
(penicillin/streptomycin) used in the preparation of the medium were used. Sterile flasks (25
cm? and 75 cm?) for culturing and multiplying cells, Trypsin/EDTA solution, sterile pipettes
with volumes of 5 ml and 10 ml, pipette tips in volumes of 10- 200- 1000 pL, for centrifugation
of cells 1.5, 2, 15 and 50-ml volume tubes, cell count slides for cell counting, sterile cryo tubes
were used for cell freezing. MTT analysis, Resazurin analysis, and DAPI staining were
performed for cytotoxicity and viability tests. In the production of hydrogels, Chitosan which
is the main material, acetic acid to dissolve chitosan, Genipin as a cross-linker, and
glycerolphosphate to provide acid-base balance were used. Production of hydrogels and seeding
of cells was done in a sterile 24-well plate. For viability analysis results, readings were taken

on a microplate reader using sterile 96 well plates.

Cell culture processes were carried out in a sterile cabinet, and the working surface was wiped
with 70% alcohol after sterilizing the environment with an ultraviolet lamp for at least 15
minutes before each study.

3.2. 2D Culture of T98G Cell line on Tissue Culture Polystyrene

In the first part of the thesis, it was aimed to determine the effect of TFP on T98G cells on
TCPS as 2D culture system. Viability of T98G cells in the presence of different concentrations
of TFP was determined by MTT analysis, resazurin application and DAPI staining. 1C50 value
of TFP on T98G cells was calculated from the MTT analysis results. Flow chart of 2D cell
culture studies is given in Figure 3. 1 below.
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Figure 3. 1. Graphical representation of the studies on TCPS as 2D culture system.

3.2.1. Culture of T98G Cells

Cell culture experiments were performed with the Human Glioblastoma Multiforme Cell Line
(T98G, (ECACC 92090213)). After the cells in the liquid nitrogen tank at -196 °C were
removed from the tank and thawed at room temperature, Dulbecco's Modified Eagle's Medium-
F12 (DMEM-F12) containing 10% Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin
solution was placed in a sterile 15 mL centrifuge tube. F12) was transferred into the medium
and centrifuged at 1000 rpm (rpm) for 5 minutes at 4 °C. After the supernatant was removed at
the end of centrifugation, the cells remaining at the bottom were planted in 75 cm? culture dishes
containing 12 mL of medium and multiplied in an incubator at 37 °C, 5% CO2 and 95%
humidity. The medium was changed every two days and this process was continued until the

cells covered 70% of the culture dishes.

3.2.2. Passaging of Cells

After removing the medium in a 75 cm? culture dish with a pipette, the cells were washed twice
with 5 mL of Dulbecco's Phosphate Buffered Saline (DPBS). Then, in order to remove the cells
adhered to the base, 4 mL of 0.25% Trypsin-EDTA solution was placed in culture vessels and
removed to the incubator. At the end of a waiting period of about 5 minutes, the cells were
checked under the microscope and then transferred to a centrifuge tube containing 9 mL of
medium and centrifuged at 1000 rpm for 5 minutes at 4 °C. After the entire supernatant was

poured, 1 mL of medium was added, and the cells at the bottom were homogenized with the
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help of a pipette, placed in a 75 cm? culture dish containing 12 mL of medium and removed to
the incubator for proliferation. Cells in culture dishes were monitored daily for viability,
proliferation and contamination using an inverted light microscope. The medium of the cells

was changed every two days.

3.2.3.  Cell Seeding

After the viable cell count was done, 4.8x10° cells in 200 pL volume were inoculated in each
well of the 96-well culture dish, and 3x10* cells in 1 mL volume in each well of the 24-well
culture dish. After a 24-hour incubation period in incubator, the cells were spread on the TCPS

surface and used for the experiments.

3.2.4. Preparation of Drug Dose

Trifluoperazine (TFP) (ChemCruz, sc-201498) was obtained in powder form. It was dissolved
in ultrapure water (UPW) and a 2 mM master stock was prepared. Trifluoperazine doses of 1,
2,4, 6, 8, 10, 20 uM diluted in DMEM-F12 from the stock solution were used in the
experiments. The prepared doses were applied to the wells in a volume of 200 uL for 24 and
48 hours. On the other hand, only 200 pL of medium was added to the wells that did not contain
the drug and used as a control group. The experiment was designed to have at least 6 wells for

each dose.

3.2.5. Determination of Cell Proliferation Based on Mitochondrial Activity (MTT)

The effect of trifluoperazine on cell proliferation was investigated by the 3-[4,5-
dimethyltriazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. 5 mg/mL MTT master
stock solution was prepared by dissolving in phosphate buffer saline (PBS) and passing through
a 0.22 um filter. After application of TFP to the cells, 200 uL of 10% MTT in DMEM: F12
was added to each well and incubated for 4 hours at 37 °C, 5% COz. At the end of the incubation
period, the contents of the culture dish were poured and 200 pL of isopropyl alcohol containing
0.4 M HCI was added to each well to dissolve the formazan salts formed in the living cells.
Absorbance values were recorded by a spectrophotometer (BMG Labtech, SPECTROstar
Nano, Germany) at a wavelength of 570-690 nm. 690 nm is reference wavelength. Since
formazan, the product of MTT, correlated with the number of viable cells, the optical density
read in the drug-treated wells was converted to the percentage of viable cells relative to the
control. The following formula was used for this process.
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Cell viability (%): Absorbance of TFP treated cells in each well x100

Average absorbance of control cells

The dose that caused 50% cell death compared to the control was calculated and accepted as

the ICso value.

3.2.6. Determination of Cell Proliferation with Resazurin

As a common indication of cell viability in numerous studies to gauge the biocompatibility of
medical materials, resazurin dye has been utilized extensively. The transfer of electrons from
NADPH+ H+ to resorufin decreased resazurin is carried out by mitochondrial enzymes acting
as carriers of diaphorase activity [61]. The level of reduction was quantified by
spectrophotometers since resazurin exhibits an absorption peak at 600 um and resorufin at 570

um wavelengths.

0.2 mg/ml resazurin is dissolved in PBS with Ca & Mg. Then the resazurin solution filter-
sterilize through a 0.2 um filter into a sterile, light protected container. Stored at +4 °C for up
to 2 weeks. The prepared resazurin was diluted at a ratio of 1/10 in the serum cell culture
medium and 600 pL was added to each 24-well plate well. It was incubated at 37 °C for 2 hours

in the dark. Resazurin analysis was compared on both hydrogels and TCPS group.

3.2.7.  Immunofluorescent Staining ((4', 6-diamidino-2-phenylindole) DAPI Staining)

Immunofluorescence staining was performed to see the effect of TFP on the nuclear
morphology of T98G cells. After the treatment of the cells, the cells were washed 2 times with
PBS, then 30 pL of 4% formaldehyde (w/v in PBS) was applied to each well and fixed for 20
minutes. At the end of the period, they were washed 3 times with PBS (PBS/A) containing 1%
w/v bovine serum albumin. 30 uL of 0.1% Triton X-100 (in PBS/A) was applied to each well
and incubated for 10 minutes. After permeability of the cell membrane, it was washed 2 times
with PBS/A. DAPI was diluted with 1/1000 dilution in PBS/A and 40 pl was applied to each
well and kept in the dark at room temperature (RT) for 60-90 minutes. After the incubation
period, the cells were washed 3 times with PBS/A. The morphologies of the cell nuclei were

examined under inverted phase contrast microscope with fluorescence attachment.
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3.3. Studies on 2.5D Chitosan Hydrogels

In the second part of the thesis, chitosan, glycerol phosphate, genipin hydrogels were produced
and used directly for 2.5D cell culture studies. Surface properties of the hydrogels were
determined by SEM analysis. The produced hydrogels were 2.5D and T98G cells were seeded
on them. TFP concentrations determined in TCPS group were tested on hydrogels. Cell viability
on hydrogels was measured with resazurin. DAPI staining was performed to image the cell

nuclei on the hydrogels.

HYDROGELS GROUP

Production of
Chitosan
Hydrogels

Application of
Seeding TFP

Determination of
DAPI Staining Cell Proliferation
with Resazurin

Figure 3. 2. Graphical representation of the studies on Hydrogels as 2.5 D culture system.

3.3.1.  Production of Chitosan Hydrogels

For the synthesis of chitosan-based hydrogels, 2 g of chitosan was dissolved in 100 ml of UPW
containing 1% (v/v) acetic acid for about one day with magnetic stirrer at RT. The chitosan
solution was centrifuged at 5000 rpm for 10 minutes to separate the impurities. It was then
passed through a 0.45 um filter to be taken into the cell culture. The hydrogels were pH-
equilibrated with glycerol phosphate (in 1 g/ 1 mL UPW) before cross-linking. During the
production of the hydrogels, genipin was applied at different concentrations (1-1.5 mM) for the
cross-linking of chitosan and their gelation was examined. Chitosan solution was poured onto

the wells of 24 well plate as 200 uL per well. The plates were closed and parafilm coated to
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prevent of the drying of the hydrogels. They were then placed in 5% CO; incubator for 3 h for
gelation. After the gelation completed, excess (unreacted) crosslinker in the hydrogels were
washed with culture medium and 500 pL of culture medium was added onto the hydrogels and
conditioned in the 5% CO: incubator for one day. DMEM-F12 and DMEM-High glucose

culture media both were used in the studies to condition the hydrogels.

3.3.2. SEM (Scanning Electron Microscope) Analysis

Scanning electron microscopy (FEI, Quanta 650 Field Emission SEM) was used to determine
the morphology of the scaffolds. To prepare hydrogels for SEM analyses hydrogels were made
in two groups. First group, 0.5% acetic acid, 1 mM genipin and 5 mL glycerolphosphate (per 5
mL 2% (w/v) chitosan) in 24 wells were frozen at -80 °C after gelation. This group is the group
used in the experiments. The second group was frozen at -80 °C after pouring the hydrogels
with the same content into a 5 mL syringe. Hydrogels dried by freeze-dryer. They were cut into
1 mm thick. To provide electrical conductivity, the surface of the tissue scaffolds was coated
with gold-palladium, and SEM images were obtained. SEM images were obtained at 250, 500,

and 1000x magnifications.

3.3.3. Culture of T98G Cells on The Hydrogels

Hydrogels conditioned in cell media for 1 day in the incubator are aspirated with a cut pipette
tip prior to cell seeding. After washing once with PBS medium, 500 pL of medium is placed
on it and incubated for 1 more hour. If there is no change in the color of the medium at the end
of the period, the cell seeding process is started on the hydrogels. 500 pL of 3x10* T98G in
each well of the 24-well cell culture plate is gently dropped onto the hydrogel with a cut-tip
pipette. The hydrogels incubated for 1 day at 37 °C, 5% COz and 95% humidity. At the end of
1 day, the cell medium is aspirated over the hydrogels with cell adhesion under the microscope

and the TFP treated cell medium is placed and used for the next analysis.

3.3.4. Determination of Cell Proliferation with Resazurin

0.2 mg/ml resazurin is dissolved in PBS with Ca & Mg. Then the resazurin solution filter-
sterilize through a 0.2 um filter into a sterile, light protected container. Stored at +4 °C for up
to 2 weeks. The prepared resazurin was diluted at a ratio of 1/10 in the serum cell culture
medium and 600 pL was added to each 24-well plate well. It was incubated at 37 °C for 2 hours
in the dark. Resazurin analysis was compared on both hydrogels and TCPS group.
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3.3.5. Immunofluorescent Staining (DAPI Staining) in 2.5D Culture

Immunofluorescence staining was performed to see the effect of TFP on the nuclear
morphology of T98G cells onto hydrogels. For DAPI staining applied on hydrogels, DAPI
staining was applied at different dilutions. DAPI staining process applied at different times and
at different dilutions Figure 3.3. shown. After the treatment of the hydrogels, the hydrogels
were washed 2 times with PBS, then 100 uL of 4% formaldehyde (w/v in PBS) was applied to
each well and fixed for 1 hour at 37 °C. At the end of the period, they were washed 3 times with
PBS (PBS/A) containing 1% w/v bovine serum albumin. 30 uL of Triton X-100 (in PBS/A)
was applied to each well and incubated for different time and dark room. After permeability of
the cell membrane, it was washed 2 times with PBS/A. DAPI was diluted with different dilution
in PBS/A and 50 ul was applied to each well and kept in the dark at room temperature (RT).
After the incubation period, the cells were washed 3 times with PBS/A. The morphologies of
the cell nuclei were examined under inverted phase contrast microscope with fluorescence
attachment. DAPI tested in the Hydrogel control group was observed in only 1 well at a dilution
of only 1/500. Therefore, any dyeing process could not be performed on the medicated

hydrogels.

DAPI

Triton X100 Dilution

1/500

qu 30 and 60 1/1000
minutes .

0.2% —

1/2000

1/500

minutes .

1/2000

Figure 3. 3. DAPI dilutions applied on hydrogels
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4. RESULT AND DISCUSSIONS

4.1. Culture of T98G Cells on TCPS: 2D

The morphological effects of 1, 2, 4, 6, 8, 10 and 20 uM TFP doses on the T98G cell line,
depending on the 24- and 48-hour dose and time, were examined with the help of inverted light
microscopy and it is given in Figure 4.1.

It was determined that 1 uM dose of TFP tested for 24 and 48 hours did not cause any
morphological changes in T98G cells and no difference was observed in terms of cell density
compared to control cells. However, it was observed that the normal shuttle-shaped cell
morphology disappeared, cells became smaller, intercellular connections and cell number
decreased with the decrease in the number of viable cells compared to the control group at 4

uM dose (Figure 4.1 and Figure 4.2).

Figure 4.1. Inverted phase contrast images of T98 cells after TFP application for 24 h on TCPS
a) Control, b) 1 uM, ¢) 2 uM, d) 4 uM, e) 6 uM, 1) 8 uM, g) 10 uM, h) 20 uM




Figure 4.2. Inverted phase contrast images of T98 cells after TFP application for 48 h on
TCPS a) Control, b) 1 uM, ¢) 2 uM, d) 4 uM, e) 6 uM, f) 8 uM, g) 10 uM, h) 20 uM

The impact of TFP on the cellular morphology of T98G cells was examined using cell imaging
and analysis. T98G cells were exposed to TFP, and dose-dependent alterations in cellular
morphology were seen (1, 2, 4, 6, 8, 10, 20 uM). In reaction to TFP, cell shape changed after
24 hours, the majority of cells fled the plate and died. Furthermore, TFP-treated cells had a
considerably lower percentage of growing glioblastoma cells than untreated ones. These
findings supported the findings of the MTT experiment, indicating that TFP substantially
induces T98G glioblastoma cell death.

4.1.1. Determination of Cell Proliferation Based on Mitochondrial Activity (MTT)

Mitochondrial activity-based MTT method was used to determine the effect of TFP doses on
cell proliferation. In the study; TFP doses of 1, 2, 4, 6, 8, 10 and 20 uM were administered on
the T98G cell line for 24 and 48 hours. It was determined that 1 pM TFP dose applied for 24
hours did not show a suppressive effect on proliferation in T98G cells. At other doses, cell
survival rates of TFP decreased by 98%, 86%, 51%, 3%, 2% and 1% compared to the control.
It was determined that 20 uM and 10 uM TFP doses applied for 48 hours completely killed the

cells.
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Figure 4.3. Effect of TFP on T98G cell proliferation in a dose- and time-dependent manner on
TCPS
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Figure 4.4. The cell viability assay results of (a) 24 hours and (b) 48 hours on TCPS

ICso value, drug dose that causes 50% cell death, expressed as 3.75 uM in 24 hours; ICso of 48
hours was determined as 2.57 uM (Figure 4.4). TFP drug doses were selected as 1 um, 2 pum,

4 um, 6 pm and 8 um were selected to be used in resazurin analysis based on MTT results.

4.1.2. Determination of Cell Proliferation by Resazurin

Resazurin analysis was performed on TCPS at 24 and 48 h. IC50 values were calculated as 2,86
uM at 24 and 2.64 uM at 48 h, respectively (Figure 4.6). Calculated IC50 values were similar
to the 1C50 values obtained from MTT analysis so, resazurin analysis were selected to be used

in hydrogel studies.
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TFP was considered a potential reagent for glioblastoma treatment due to its safety and high
permeability of the blood-brain barrier [62]. Cell death was observed after 4 uM depending on
the TFP concentration within 24 hours. After 48 hours, cells are completely dead after 2 uM

TFP concentration in Figure 4.5.

T98G Cell Viability by Resazurin on TCPS
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Figure 4.5. Effect of TFP on T98G cell proliferation in a dose- and time-dependent manner
on TCPS.
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Figure 4. 6. The cell viability assay results of 24 hours and 48 hours on TCPS

On the glioblastoma cell lines U251 and U87, the IC50 values depending on the TFP
concentration were 16 and 15 puM, respectively [63]. In another study, the effect of TFP on
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U87MG glioblastoma cells was examined at 24 hours and 48 hours, the cytotoxic effect of TFP
was observed [62]. The cell viability assay results supported that TFP is also toxic on T98G

Figure 4. 7. T98G cells on TCPS after 24h culture (10X) a) Control b) 1 uM ¢) 2 uM d) 4 uM

e) 6 uM f) 8 uM.
..

Figure 4. 8. T98G cells on TCPS after 48h culture (10X) a) Control b) 1 uM ¢) 2 uM d) 4 uM
e) 6 uM f) 8 uM.

cells.
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4.2. Production of Chitosan Hydrogels

Hydrogels were produced in a 24-well cell culture dish with 200 puL of hydrogel per well. In
order to ensure the pH and salt balance in which the cells can live before the hydrogels are taken
into cell culture, 500 pL of different cell media (DMEM-F12 and DMEM-High glucose) is
placed for each well after gelation. It was decided that the most suitable cell culture medium
was DMEM-F12 without Hepes. In the experiments, it was determined that the hydrogels
conditioned in the incubator by adding cell medium after gelation reacted with the cell medium
and the color of the cell medium changed from pink to green. Figure 4.7 below shows the
conditioning of genipin and glycerol phosphate at different concentrations before and after

gelation, as well as conditioning of these tested concentrations in different culture media.

Table 4.1.Parameters for hydrogel optimization

Concentration of Genipin (mM) Glycerol phosphate (uL) Acidic acid (%)

1 mM 100 0.5
1 mM 200 1
1 mM 250 1
1 mM 300 1

1.25 mM 200 1

1.5 mM 200 1

1.5 mM 300 1
2 mM 200 1

Selected Hydrogel Condition

1 mM 100 0.5
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Color difference was observed in hydrogels produced under different conditions. It was
observed that in the lighter color condition, in direct proportion to the color difference,
fragmentation was more common in the cell medium (Figure 4.10). As a result of the
optimization of hydrogel production, the condition without any dispersion in the cell medium
or which does not change the acidity of the cell medium was chosen. Consequently, 0.5% acidic
acid, 100 pL Glycerol phosphate and 1 mM Genipin were preferred for each 5 mL hydrogel
production among the produced hydrogels at different concentrations, and analyzes were made
on this hydrogel.

‘,;_1_ /‘s ’,?;S‘ lL

Figure 4.9. Production and color changes of the hydrogels 1) After 2 hours of gelation 2) After
the culture medium added after gelation 3) The color of the culture medium after 1 day of

conditioning 4) After the removal of the culture medium after 1 day
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Figure 4.10.Gel Production A) After 2.30 hours of gelling B) After conditioning in cell culture
medium for 1 day C) Color of the cell culture medium collected on the gel after conditioning
D) Close-up view of the fragmented gels (1 mM genipin, 0.5% containing 200 puL glycerol

phosphate 2% w/v chitosan dissolved in acetic acid).

4.2.1. Morphology Analysis

Networks of interconnected porous scaffolds are necessary for cell proliferation and migration,
waste clearance, and nutrition transfer. The ultimate mechanical properties of the scaffold are

determined by the porosity and pore size, which also affect cell activity [64].

The morphology of hydrogel was analyzed by scanning electron microscopy (SEM). The
hydrogels were frozen at -80°C after gelation, and in two different materials, 24 well plate and
syringe. Figure 4.9 and 4.10 show the porous structure of the hydrogel containing 0.5% acidic
acid, 100 uL glycerol phosphate and 1 mM genipin used in the experiments. Both hydrogels
showed porous structure. The material that they were prepared in affected the pore structure of
the hydrogels. The pore diameter distributions were calculated by Image J program and given
in Figure 4.11. Average pore diameter was calculated as 422 + 140 nm for the hydrogels
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produced in 24 well plate and 341 + 91nm for the hydrogels produced in syringe. The hydrogels
prepared in the syringe showed more smaller pore diameters when compared to the hydrogels
produced in 24 well plate.

Figure 4.11. SEM images of freeze-dried 2.5D chitosan hydrogels in 24 well plate (250X,
500X, 1000X).

Figure 4.12. SEM images of freeze-dried 2.5D chitosan hydrogels in syringe (250X, 500X,
1000X).
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Figure 4. 13. Pore diameter distribution of 2.5D chitosan hydrogels.

4.3. Culture of T98G Cells on 2.5D Chitosan Hydrogels

T98G Cell Viahility on 2.5D Chitosan Hydrogels
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Figure 4. 14. Effect of TFP on T98G cell proliferation in a dose- and time-dependent manner

on hydrogels.
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Figure 4. 15. Resazurin analysis results on 2.5D chitosan hydrogels at 24 h and 48 h.

2D studies have led to pioneering results in the complex relationship between cell structure and
cellular microenvironment interactions [4]. It is important to simulate in vivo like environment
for natural normal or tumor tissue structures for decreasing workload in preclinical and clinical
studies [7]. The 24-hour and 48-hour cell viability of TFP concentration on 2.5D chitosan
hydrogels is given in Figure 4.12. T98G cells on the hydrogel were found to be more sensitive
to TFP concentration than cells in the TCPS group. There was no cell viability at 4 uM TFP
dose both for 24 and 48 h. The viability of the 2 uM concentration in the TCPS group, which
was about 80%, decreased to 60% on the hydrogel. Dose that causes 50% cell death compared
to control I1C50 value expressed as 2.37 uM in 24 hours; IC50 of 48 hours was determined as
1.94 uM (Figure 4.13).

Figure 4. 16. Morphology of T98G cells on TCPS, 10x (A) and on 2.5D chitosan hydrogels
10x (B).

36



Figure 4. 17. T98G cells on 2.5D chitosan hydrogels after 24 h culture (10X) a) Hydrogel
controlb) 1 uM ¢) 2 uM d) 4 uM e) 6 uM f) 8 uM.

Figure 4. 18. T98G cells on 2.5D chitosan hydrogels after 48-hour culture (10X) a) Hydrogel
controlb) 1 uM ¢) 2 uM d) 4 uM e) 6 uM f) 8 pM.
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Table 4. 2. IC50 values of TFP on T98G cell line

2.5D on Chitosan TFP Drug
2bon TCPS Hydrogels Concentration
MTT Resazurin Resazurin
0-20 uM
T 2. 2.37
24h 375 86 3 (0,1,2,4,6,8,10,20)
48h 2.57 2.64 1.94

Manome et al., studied the characterization of glioblastoma cells in 3D culture including T98G
cells. They showed that in the 3D culture environment of the T98G cell line, its fibers fill the
extracellular spaces. They also proved that cells tend to migrate and proliferate into empty
spaces. In 3D environments, cells migrated to neighboring areas where they produced more

extracellular matrix and simultaneously the cells had fully attached to the scaffold [65].

Abugomaa et al. established a 2.5D culture model using cancer cells from dogs and cats in the
presence of Matrigel. Cells cultured in 2.5D medium showed better adhesion, growth, and faster
proliferation rate compared to cells cultured in normal TCPS medium. Compared to normal 2D

cell line media, 2.5D media showed stable transitions and a higher proliferation rate. [47].

Kojima et al. also used Matrigel to create a 2.5D culture medium in their study. The culture
medium created was 2.5D culture, which is similar to human organoids in vivo and more
sensitive to changes induced by various stimuli than that of 2D culture. Thus, it may be a useful
in vitro model for studying the mechanisms of human disease [66].

The Table 4.3. shows the 1C50 values of TFP on different cell lines after 24 h and 48 h culture
on TCPS. In this study, 1C50 values of TFP on T98G cell line were lower both on 2D and 2.5D
cell cultures at 24 h and 48 h when compared to the literature values given in Table 4.3.

In this thesis, T98G cells on 2.5D chitosan hydrogels were shown to be slightly sensitive
compared to the 2D cell culture on TCPS. MTT analysis and resazurin results showed that
chitosan hydrogels formed a 2.5D environment more proliferative than TCPS due to its highly
porous surface. In future studies, different cell lines and related drugs can be studied in this

2.5D chitosan hydrogel culture system.
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Table 4. 3. IC50 values of TFP on different cell lines

Cell Line TFP Concentration Hours of IC50 Values References

(uM) Treatment (h) (uM)

U251 16

us7 0-30 uM (= 2.5) 24h 15 [67]

P3 15.5

MiaPaCa-2 13.24

1008 10.46

HNO1 0-30 uM (£5) 24h 14.78 [19]

JIPC 11.45

LIPC 15.07

CT26 16.8

HCT116 (o’g_'sz,gﬁlgf,{zo) 48h 16.2 [68]

SW620 13.9

A549 0-20 puM (1,2,5,10,20) 48h 14.36 [69]

T98G 0-20 uM (1,2,5,10,20) 48h 10-20 [70]

4.4. Immunofluorescent Staining ((4', 6-diamidino-2-phenylindole) DAPI Staining)

The nuclei of the cells were counterstained with DAPI on TCPS (Figure 4.19). The cell

concentration in 2 uM TFP applied group was higher when compared to 4 uM TFP applied

group, however, there were some changes in the shape of the nuclei. Nuclei of T98G cells in

control group without TFP showed elliptical like shape. After TFP application, there were some

condensations and crescent like nuclei.
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.

Figure 4. 19. DAPI staining images of T98G cells cultured on TCPS for 24 h: 1- Control, 2- 1
uM TFP, 3- 2 uM TFP, 4- 4 uM TFP; (a)10X, (b) 20X.

As seen in Figure 4.20, In the image taken from the hydrogel control group, the nuclei of the
cells cannot be clearly distinguished. 1t was more visible towards the interior of the hydrogel in
visual analysis under fluorescence microscopy. Thin sections should be taken from the
produced hydrogel and it should be checked whether the cell migrates or not. In the study, it is
thought that the cells migrate towards the inner parts and, accordingly, are more sensitive to the

drug response.

Figure 4. 20. DAPI staining images of T98G cells cultured on Hydrogel
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5. CONCLUSION

In this thesis, we aimed to compare the effect of 2D and 2.5D microenvironment on
Trifluoperazine (TFP) drug dose response of T98G cell line. T98G cells are a human
glioblastoma cell line used as experimental models to improve cancer treatment modalities.
TFP is an FDA-approved antipsychotic and antiemetic drug used to treat schizophrenia. There
is limited study showing the effects of TFP on T98G cell line. Here, a 2.5D cell culture system
was developed using chitosan-glycerol phosphate-genipin hydrogels to investigate the effects

of TFP on the T98G cell line compared to the 2D cell culture system on TCPS.

The IC50 concentrations of TFP on T98G cell line was calculated as 3.75 uM for 24 h and 2.57
uM for 48 h by MTT analysis for 2D culture on TCPS. IC50 concentrations of TFP on T98G
cell line was calculated as 2.86 uM for 24 h and 2.64 uM for 48 h by resazurin analysis for 2D
culture on TCPS. It was concluded that, IC50 concentrations calculated from MTT and
resazurin analysis results were very close. DAPI staining also showed the condensed and small
nuclei shape in T98G cells after 24 h application of TFP when compared to the control group.

According to these results TFP doses were selected as 1-8 uM for 2.5D cell culture studies.

2.5D chitosan hydrogels were prepared at selected conditions to obtain stable wet hydrogels in
the cell culture studies. 0.5% acidic acid as a solvent, 100 uL glycerol phosphate (1 g/mL) and
1 mM genipin as physical and chemical crosslinkers were preferred for hydrogel production.
T98G cells were cultured on these hydrogels for 24 and 48 h. Viability of the cells were both
determined by resazurin analysis. IC50 concentration of TFP for T98G cells cultured on 2.5D

chitosan hydrogels were determined as 2.37 uM for 24 h culture and 1.94 uM for 48 h culture.

In conclusion, developed 2.5D chitosan hydrogels exhibit 3D like properties. IC50 calculations
indicated that T98G cells were slightly sensitive to TFP on 2.5D chitosan hydrogels when
compared to 2D culture on TCPS. In future studies, different cell lines can be studied on these
2.5D chitosan hydrogels with different drug molecules to show the potential of these hydrogels

to be used in drug response studies as 3D like microenvironment.
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