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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION OF MAGNESIUM
ALGINATE HYDROGEL FOR 3D CELL CULTURE FORMATION

Three-dimensional (3D) cell culture allows cells to growth in their 3D physical
shape and interact with their surroundings which represent the natural microenvironment.
Hydrogels are crosslinked networks, have become increasingly used biomaterial for 3D cell
culture. In this thesis, a new methodology based on bio-patterning was developed to
fabricate (3D) cellular structures by using Mg-alginate hydrogel and fabricated 3D cellular
structures was utilized for drug screening studies. Mg-alginate hydrogel has a specific
gelation/de-gelation characteristics compared to other types of hydrogels due to its weak
polymer-ion interaction. In this study, slow gelation and de-gelation property of Mg-
alginate hydrogel was used for biopatterning of 3D cellular structures. Plackett-Burman and
Box-Behnken design models were used to optimize parameters of Mg alginate-based
biopatterning method while using HelLa cells as a model cell line. The applicability of
biopatterning was successfully demonstrated by using SaOS-2 and SH-SY5Y cells. Cell
proliferation and viabilty of long-term cultured tumor models were analyzed and
immunostaining was done to investigate cellular and extracellular components of 3D
cellular structures. The dose-response of fabricated 3D structures was evaluated and
compared with standard 2D cell culture by applying doxorubicin (DOX). The [Cso values
were calculated for 3D cellular structure of HelLa, SaOS-2 and SH-SYS5Y cells as 8.2, 7.8,
and 2.1 pM respectively while 1Cso values of 2D controls obtained as 3.2, 4.4, and 0.2 M
respectively. These results were also statistically analyzed and dose responses were found
significantly different according to t-test, which means 3D cellular structures were more
resistant to drug exposure compared to 2D cell culture.



OZET

3B HUCRE KULTURU OLUSUMU ICIN MAGNEZYUM ALJINAT
HIDROJELLERIN GELISTIRILMESI VE KARAKTERIZASYONU

Uc boyutlu (3B) hiicre kiiltiirii, hiicrelerin 3B fiziksel sekillerinde biiyiimesine ve
dogal mikro ortamu temsil eden gevreleriyle etkilesime girmesine olanak tanr. Hidrojeller
capraz bagh aglardr ve ¢ogu yumusak dokunun dogasim taklit etme yetenekleriyl 3B
hiicre kiiltiiri i¢in  kullanmaktadrr. Bu tezde, Mg-aljinat hidrojel kullanlarak 3 boyuthu
(3B) timor modelleri iiretmek i¢in biyo-kalplandrmaya dayah yeni bir metodoloji
gelistirilmis  ve ila¢ tarama cahsmalan i¢cin {retlen 3B tiimor modelleri kullambustr. Mg-
aliinat hidrojel, zayif polimer-iyon etkilesimi nedeniyle diger hidrojel tiirlerine kiyasla
spesifik bir jellesme/ayriima Ozelliklerine sahiptir. Bu ¢alismada, Mg-aljinat hidrojelin
yavas jellesme ve kendi kendine ayriima Ozelligi kullanmilmustr. Plackett-Burman ve Box-
Behnken tasarm modelleri, model hiicre hatti olarak HeLa hiicreleri kullamlirken Mg-
aliinat bazh biyo-modelleme yOnteminin parametrelerini optimize etmek i¢in  kullanilds.
Yeni gelistirilen metodolojinin uygulanabilirligi, 3B tiimér modelleri iiretmek icin SaOS-2
ve SH-SYSY hiicreleri kullanilarak basaryla gosterildi. Ardindan, uzun siireli kiiltlirlenmis
timOr modellerinin hiicre proliferasyonu ve canlig analiz edildi ve 3B tiimdr modellerinin
hiicresel ve hiicre disi bilesenlerini arastrmak igcin immiin boyama yapildi Son olarak,
uretlen 3B timér modellerinin  doz yamti degerlendiridi ve doksorubisin  (DOX)
uygulanarak standart 2B hiicre kiiltirii ile karsilastriddi. HelLa, SaOS-2 ve SH-SY5Y
hiicrelerinin 3B tiimér modeli i¢cin ICso degerleri swrasiyla 8.2, 7.8 ve 2.1 uM olarak
hesaplanrrken, 2B kontrollerin 1Cso degerleri swrasiyla 3.2, 4.4 ve 0.2 uM olarak elde edildi.
Bu sonuglar da istatistiksel olarak analiz edildi ve doz tepkileri t-testine gore 6nemli Glglide
farkli bulundu, bu da 3B tiimér modellerinin 2B hiicre Kkiiltiiriine kiyasla ilaca maruz
kalmaya kars1 daha dirench oldugu anlamma gelmektedir.
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CHAPTER 1

INTRODUCTION

1.1. Scope of thesis

This study aims to dewvelop a new method based on bio-patterning approach to
fabricate patterned 3-dimensional (3D) cellular structures by using Mg-alginate-based bio-
ink. In the biopatterning method, the bio-ink comprised of Mg-alginate, magnetic
nanoparticles, and cells in the optimized formulation. Prepared bio-ink was patterned onto
the well surface as a shape of a disc magnet while applying an external magnetic force. Mg-
alginate was the main component of bio-ink and it was used as a carrier of cells and
magnetic nanoparticles due to its specific gelation/de-gelation property. Alginate hydrogels
are commonly prepared in the presence of multivalent ions like Ba, Sr, Ca and Co ions
through ionotropic gelation. Different from other commonly used multivalent ions,
magnesium ion has weak polymer-ion interaction and it was recently shown that gelation
occurs via highly concentrated magnesium ions and  alginate (Topuz et al. 2012).
Moreover, Mg-alginate hydrogel has another significant property which is easy self-
dissociation of hydrogel in water. That provides an important advantage while obtaining
patterned 3D cellular structures without applying any extra dissociation step in the newly
developed bio-patterning method. Optimization of the bio-patterning was method
performed with HelLa cells by using Plackett-Burman and Box Behnken experimental
design models to fabricate 3D cellular structure. Also, 3D cellular structure by using SaOS-
2 and SH-SY5Y cells were fabricated to investigate applicability of bio-patterning method.
Finally, drug responses of patterned 3D cellular structures were investigated by applying
doxorubicin (Dox). According to ICso values, dose response of 3D cellular structures were
showed significant differences compared to conventional 2-dimensional (2D) cell culture.



1.2. Cell culture models in tissue engineering

Tissue engineering is an interdisciplinary field that uses engineering and life
sciences in combination to develop biological tissues (Langer and Vacanti 1993). Cells,
scaffolds and growth factor are main tools that used by tissue engineering (lkada 2006).
Cell source has a crucial influence on the success of tissue engineering and also scaffold
should be convenient to both cell type and tissues so that they could regenerate. Cell culture
has become an essential tool to help understand biophysical and biomolecular mechanisms
of tissues and organs (Kirkpatrick et al. 2007). Cell cultures make it easier to recognize
tissue morphology, cell biology, mechanisms of disease and drug effect. Also, they are
widely used in biomedical research (Blomme 2016), preclinical research of many drugs and
tissue engineering studies (Duval et al. 2017; Kapalczynska et al. 2018). The choice of the
appropriate cell culture method depends on the type of research performed and allows for a
better understanding of cell biology and therefore conduct a more effective study (Lovitt,
Shelper, and Avery 2014). For over a century, 2D cell cultures have been used as in vitro
models. Although the 2D cell culture approach is very informative about cell behavior, its
effectiveness was questioned after it was understood that the environment was far different
from in vivo state (Kapalczynska et al. 2018). For example, some characteristic features of
cancer cells cannot be modeled in 2D cultures (Choi et al. 2010). To overcome these
limitations and better mimic in vivo situations, three-dimensional (3D) cell culture
platforms were being developed by researchers (Jong 2005; Lovitt, Shelper, and Avery
2014; Alhaque, Themis, and Rashidi 2018) 3D studies have shown that increased
dimensionality of extracellular matrix around cells has a significant impact on cell viability,
proliferation, differentiation, and cellular responses (Anton et al. 2015). Moreover,
traditional 2D cell culture systems needed a flat surface where the cells adhere and spread.
The surface which is commonly made of polystyrene is important to provide mechanical
support for cells (Duval et al. 2017; Edmondson et al. 2014). 2D monolayer settings allow
cells to receive an even amount of nutrients and growth factors from the medium and this
lead to homogenous growth and proliferation (Edmondson et al. 2014). 2D cell culture
methods have been used in varied areas; cancer research (Katt et al. 2016), stem cell

research (Saji Joseph, Tebogo Malindisa, and Ntwasa 2019), and drug discovery (Stock et



al. 2016). However, 2D cultured cells are usually flattered and more stretched and do not
mimic the normal cell morphology and natural structures of tissues (Duval et al. 2017).
Also, lack of cell-cell and cell-extracellular environment interactions affect many cellular
functions such as cell differentiation, proliferation, gene and protein expression, drug
metabolism (Kapalczynska et al. 2018; Edmondson et al. 2014). Since the 2D cell culture
system has many limitations, 2D-cultured cells do not sufficienty mimic the in vivo
microenvironment (Saji Joseph, Tebogo Malindisa, and Ntwasa 2019). As a result, 2D cell
culture systems can cause misleading and unexpected information for in vivo responses due
to their inability to form natural tissue-like structures (Kapalczynska et al 2018).
Furthermore, 3D environment is important in tissue engineering for development of
physiological in vitro models (Heberer et al. 2021). Cells grow naturally in a 3D
environment and interact with each other, the ECM and their microenvironment which are
essential for cell proliferation, differentiation, morphology and cellular responses (Saji
Joseph, Tebogo Malindisa, and Ntwasa 2019). 3D cell culture systems have been developed
to mimic the actual microenvironment where the cells reside in tissues. The 3D culture
models are closer to the in vivo conditions and increase the physiological relevancy of
experiments performed in vitro (Ravi et al. 2015). Also, the additional dimensionality
allows greater cell-to-cell contact which increases intercellular signaling, catalyzes
developmental processes, and enhances cell differentiation into more complex structures
(Knight and Przyborski 2015; Edmondson et al. 2014). 3D culture systems are being
utilized in varied research areas such as drug discovery and development (Verjans et al.
2018), cancer cell biology (Brancato et al. 2020) stem cell biology (Willerth et al. 2006),
tissue engineering (Matai et al. 2019) and other cell-based analysis and providing excellent
in vitro models as opposed to 2D monolayer cell culture.

1.3. Conventional drug discovery and development process

Drug discovery and development process is a long and costly business.
Development and availability of a new drug takes about 15 years and it require an expense

of between $ 800 million and $ 2 billion (Saji Joseph, Tebogo Malindisa, and Ntwasa
3



2019). Discovery and development process of a new candidate drug molecule consists of
four phases: drug discovery, preclinical development, clinical development, and regulatory
approval as seen in Figure 1 (Breslin and O’Driscoll 2013). Nevertheless, phase Il and
phase Il clinical stages are critical, because most drugs fail at these steps due to inadequate
efficacy and safety issues including an insufficient therapeutic index (Saji Joseph, Tebogo
Malindisa, and Ntwasa 2019; Langhans 2018). The main reasons for long drug
development and high failure rate are strongly related to inappropriate preclinical testing
methods (Stock et al. 2016) because in vitro cell culture and in vivo animal models lack a
true recapitulation in vivo biology and micro-environmental factors (Saji Joseph, Tebogo
Malindisa, and Ntwasa 2019; Langhans 2018). Preclinical testing is required to determine
which of the candidate molecules are target-specific and have high efficiency (Imamura et
al. 2015). Preclinical testing includes in vitro analyses of appropriate cell lines and in vivo
experiments in related animal models, but due to lack of clinical efficacy or unexpected
toxicity, data generated from their use generally can not reflect to what occurs in vivo
(Breslin and O’Driscoll 2013). Cell-based assays are an essential element of  drug
discovery process; therefore, the cell line used must successfully mimic the phenotype of
cells within the target tissue (Saji Joseph, Tebogo Malindisa, and Ntwasa 2019; Breslin and
O’Driscoll 2013). Cell culture systems are simple, fast, and cost-effective when compared
to cost-intensive animal models. Up to now, 2D cell cultures constitute the majority of cell
cultures used in drug discovery (Langhans 2018). It provided information on essential
biological processes; however, the limitations of 2D culture showed that it does not mimic
the complex microenvironment of tissue. The most important limitations are the lack of
cell-cell and cell-extracellular matrix (ECM) signaling which are essential to cellular
functions, cell differentiation, and proliferation (Bresln and O’Driscoll 2013). Another
preclinical analysis tool is animal models that are applied as in vivo studies to test drug
efficacy. However, it also has some drawbacks which are ethical issues, requirement of a
higher budget for experiments, and the need for a long-time period to get results.
Moreover, it is not warranted to result with the same response as the human body response
because chemical compounds are generally metabolized specifically in every species (Park
et al. 2017; Bracken 2008). On the other hand, 3D cell culture mimics the natural

environment of cells as in vivo. In the other words, the cell-cell and celllECM signaling



occur in vitro 3D cell culture environment. (Bissell and Radisky 2001). Also, recent studies
show that 3D cell culture is more similar and predictive to in vivo environment than 2D cell
culture has shown that it is more suitable for use in drug research and development (Lovitt,
Shelper, and Avery 2014; Blomme 2016; Brancato et al. 2020). Moreover, Hou et al.
described an high-throughput screening (HTS)-compatible method that enables the
consistent production of organoids to perform cytotoxicity screen of 3300 approved drugs
and compare in both 2D and 3D assays, also they showed a technique that supported
large-scale drug screening relying on 3D tumor models (Hou et al. 2018). Wen et al.
presented a study which is spheroid-based, 3D culture of pancreatic cancer cells for
pancreatic drug testing by using acid phosphatase assay and drug efficacy testing showed

that spheroids had much higher drug resistance compared to monolayers (Wen et al. 2013).

Drug Discovery = Pre-clinical Phase = Clinical Phase
CHy 7 v [ ] (] (]
Y e B Tt

Phase | Phase Il Phase lll

Figure 1.1. Drug discovery and development phases (Source: Onbas, Bilginer, and Arslan
Yildiz 2021)

1.4. Three-dimensional cell culture models

3D cultured cells have features that are closer to the complex in vivo conditions
(Ravi et al. 2015). Cells grow in 3D physical shape and this allows better cell-to-cell
contact and intercellular signaling (Saji Joseph, Tebogo Malindisa, and Ntwasa 2019).
Three-dimensional cell culture models are broadly categorized into non-scaffold and

scaffold-based techniques, as well as hybrid 3D culture models as seen in Figure 1.2



(Jensen and Teng 2020). Scaffold-free 3D cell culture techniques are used to generate
spheroids, and cell aggregates that do not rely on solid supports. Hanging drop, low
attachment plate, magnetic levitation are commonly used methods. In scaffold-based
cultures, scaffolds are used as convenient supports for 3D cell culture, biological and
synthetic hydrogels are used as scaffolds for 3D cell culture. An ideal 3D culture model
should be chosen for specific application and the model should mimic a tissue-specific
physiological microenvironment which is important for proliferation, aggregation, and
differentiation of cells (Anton et al. 2015). Also, cell-cell and celFECM interactions,
tissue-specific stiffness, oxygen, nutrient and metabolic waste gradients, scaffold, and cells
combination should be provided by the model (Griffith and Swartz 2006). At this point,
selecting the appropriate 3D cell culture model has great importance for the study .

2D Culture —> 3D Culture —> 2.5D Culture

Cosoenetae] R

| Anchorage Independent ——— Hanging Drop Low Attachment Plate Magnetic Levitation
(Non-Scaffold Based) pr=———————u
i p >
teveveove [WHWWWWa] |l o o]
l i |
Anchorage Dependent ———» Biological Hydrogels Synthetic Hydrogels
(Scaffold Based)
Animal Derived Non-natural
* Collagen ' » * Polyethylene Glycol (PEG)
*  Matrigel ' +  Polylactic Acid (PA)
+  Gelatin 40 +  Polyglycolic Acid (PGA)
Plant Derived Natural
+ Alginate *  Hyaluronic Acid (HA)
T * Peptides
| 1
Specialized 3D Culture #  Microfluidic Devi Micropatterned Plates

— | Platforms

Figure 1.2. Types of 3D culture methods (Source: Langhans 2018)



1.4.1. Non-scaffold based 3D cell culture models

Scaffold-free 3D cell culture systems primarily rely on the self-aggregation of cells
and development of multi-cellular aggregates commonly referred as spheroids. Spheroids
can be developed from a wide variety of cell types and cells form their extracellular matrix
components which are important for cell-cell contact and cell-matrix interactions
(Sutherland 1988). The size of the spheroid depends on the primary number of cells seeded
and it can grow until oxygen and nutrient gradients resemble the target tissue (Ekert et al.
2014). Spheroids have many characteristic properties such as (i) naturally mimicking solid
tissues and ideal physiological cell-to-cell interactions (i) formation of ECM components
and cellECM interactions (iii) convenient gradient for diffusion growth factors and
removal of metabolic waste (Breslin and O’Driscoll 2013; Saji Joseph, Tebogo Malindisa,
and Ntwasa 2019). Also, spheroid analysis can be performed by imaging using light
fluorescence, and confocal microscopy and that is another advantage of spheroids (Wen et
al. 2013). There are different procedures to develop spheroid cultures such as hanging drop

microplates, low adhesion plates with ultra-low attachment coating that encourages
spheroid formation, magnetic levitation and magnetic bioprinting.

1.4.1.1. Hanging drop

Hanging drop technique is a well-recognized 3D culture method based on the self-
aggregation of cells into spheroids (Saji Joseph, Tebogo Malindisa, and Ntwasa 2019;
Langhans 2018). In hanging drops, cells are cultured in a small volume of media in a drop
and suspended on the lid of a cell culture dish (Shri et al. 2017). After seeding the cells, the
lid is carefully inverted and placed on top of the dish containing media to keep a humid
environment. Surface tension provides the cells concentrate at the tip of the drop and
remain in place. After several hours or days of culture, cells in hanging drop come together
and form spheroids (Rimann and Graf-Hausner 2012). The hanging drop method is cost-

effective and allows formation of multi-cellular spheres by co-suspending various cell



types. Also, spheroid size can be determined by the initial number of cells that are
suspended in the drops (Langhans 2018). Moreover, it has been reported that the hanging
drop method has 100% reproducibility for producing one spheroid per drop for various cell
lines (Thoma et al. 2014). However, in hanging drop, only a limited volume of droplets can
be generated because the surface tension no longer holds the droplet, also it is difficult to
maintain spheroids, change the medium and is a laborious technique (Matak et al. 2017).
After all, hanging drop cultures have multiple applications such as toxicity testing in
hepatocytes (Shri et al. 2017), engineering cardiac spheroids (Polonchuk et al. 2017). In
addition, Matak et al. used the hanging drop and colony formation methods with human
primary renal cell carcinoma (RCC) cell lines, metastatic RCC cell lines, human Kidney
cancer stem cells and human healty epithelial cells. In the hanging drop assay, they showed
the potential of various cancer cell lines to create solid aggregates in hypoxic and normoxic
conditions (Matak etal. 2017).

1.4.1.2. Low attachment plate

Low adhesion plates support the self-aggregation of cells to form spheroids with
the liquid overlay technique which is a highly reproducible culture procedure and
encourages 3D spheroids (Carlsson and Yuhas 1984). Moreover, low adhesion plates are
available with round, tapered or v-shaped bottoms and through low attachment, surfaces
promote aggregation of cells and spheroid formation (Langhans 2018; Saji Joseph, Tebogo
Malindisa, and Ntwasa 2019). Plates are fabricated from polystyrene treated with
hydrophilic and hydrophobic coatings which decrease cells from attaching to the surface
and cells aggregate with each other to form spheroids. Low adhesion plates produce one
spheroid per well and this makes it well suited for medium throughput screening as well as
multicellular culture (Saji Joseph, Tebogo Malindisa, and Ntwasa 2019). Also, it is an
important advantage that these plates have a higher initial volume than hanging drops so
that there is no need to manipulate the spheroids. Recently, a study reported a comparative

analysis of 3D spheroids which were fabricated by ultra-low attachment plates and hanging



drop, also the RT4 human-bladder cancer cell line was used as a model to compare dose
response of doxorubicin with both method (Amaral et al. 2017).

1.4.1.3. Magnetic levitation

Magnetic levitation is a rising method for the generation of spheroids (Souza et al.
2015). There are two approaches to fabricate spheroids: using magnetic nanoparticles and
paramagnetic agents. In the prior approach, cells are incubated in a medium which is
composed of bacteriophage plus magnetic iron oxide and gold nanoparticles that self-
assemble into hydrogel to generate spheroids (Souza et al. 2010). Also, the nanoparticles
are nontoxic, do not affect proliferation, and do not induce an inflammatory cytokine
response by cells (Tseng et al. 2013). The magnetized cells are suspended in the culture
medium while simultaneously manipulated by the external magnetic field. When a
magnetic field is applied above the petri dish or multiwell plate, cells are levitated to the
air-liquid interface where they interact and aggregate together into larger 3D cellular
structures by inducing the formation of ECM and cell-cell interactions (Haisler et al. 2013;
Souza et al. 2015). Also, these 3D cellular structures synthesize their ECM proteins like
collagen, fibronectin, and laminin (Tseng et al. 2013). The magnetic levitation method is
performed using varied cell types such as human glioblastoma (Tseng et al. 2013), adipose
stem cells (Daquinag, Souza, and Kolonin 2013), breast cancer cells (Jaganathan et al.
2014). For instance, magnetically levitated human glioblastoma cells demonstrated greater
proliferation and recapitulated in vivo protein expression observed in human glioblastoma
tumor xenografts (Souza et al. 2015). Also, the method has been used to develop co-culture
models of the bronchiole by assembling multiple 3D cultures in a layer (Tseng et al. 2013).
In addition, magnetic levitation has been studied with stem cells to differentiate them in
3D; 3T3-L1 adipose stem cells were differentiated into adipocytes and formed an
adiposphere in co-culture with endothelial cells (Daquinag, Souza, and Kolonin 2013). On
the other hand, the latter approach is to levitate cells with paramagnetic agents instead of
magnetic nanoparticles to fabricate 3D spheroid models. Tirker et al. reported the

formation of 3D cellular structures via magnetic levitation based on anti-helmholtz



configuration. Cells were levitated in the presence of Gadolinium (l1) chelates which lead
to assembly of cells at certain levitation height that induce intercellular interactions by
using a setup that had a low working volume (30ul) (Tirker, Demirgak, and Yildiz 2018).
This setup had some limitations such as limited working volume, it is not possible to
change medium and optical components are neded to observe spheroids. For that reason, a
new high volume maglev setup (800ul) was fabricated by Onbas et al. to obtain 3D cellular
structures based on magnetic levitation in the presence of Gadobutrol as a paramagnetic
agents. By using this setup they demonstrated the fabrication of 3D cellular structures of
NIH/3T3 cells with tunable size. Moreover, tumor models by using varied cancer cells and
3D co-culture models were formed in high-volume and low magnetic fields (Onbas and
Yildiz 2021). As a result, the magnetic levitation method is a simple and requires low-cost
set-up components that can perform basic and complex in vitro tisuue models in 3D

environment.

1.4.2. Scaffold-based 3D cell culture models

Scaffold-based culture technologies provide physical support to basic mechanical
structures and to ECM-like matrices on which cells can aggregate, proliferate, and migrate
(Hayward et al. 2013). In scaffold-based 3D techniques, the chemical and physical
properties of the scaffold material which affects cell characteristics are important
(Kapalczynska et al. 2018). Cells are embedded into the matrix and the matrix provides
native cell function within the ECM. Scaffolds can be fabricated by using biological
materials such as collagen, matrigel, gelatin, alginate, or synthetic origin-based materials
such as polyethylene glycol, polylactic acid, hyaluronic acid (Langhans 2018). Natural
biomaterials used for scaffold composition are various components of the ECM such as
collagen, fibrin, and hyaluronic acid (Willerth et al. 2006; Gerecht et al. 2007). Also,
naturally derived materials such as silk, gelatin and alginate can be used in scaffold
synthesis (Awad et al. 2004). These materials have many advantages for tissue engineering
applications. They are biocompatible, contain cell adhesion sites to support cell adhesion

and cell-biomaterial interaction. On the other hand, synthetic materials are engineered to
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mimic key characteristics of ECM such as stiffness, charge or adhesive moieties (Langhans
2018). Synthetic materials used in scaffolds contain biomaterials such as polymers,
titanium, ceramic-based materials such as bioactive glasses and peptides (Gunatillake,
Adhikari, and Gadegaard 2003; Van Den Dolder, Spauwen, and Jansen 2003; Lu et al.
2003). Synthetic materials also have many advantages. They have defined chemical
formulation and adjustable mechanical properties. For instance, hormones, growth factors
or biologically active molecules can be encapsulated in some synthetic scaffolds to affect
cell differentiation, cell adhesion or proliferation (Hayward et al. 2013). So, the properties
of the material are critical for the fabrication of scaffolds. Porosity, biodegradability, pore
size, stiffnress, and stability as well as cell compatibility or adhesiveness are features that
should be considered (Caliari and Burdick 2016). However, some synthetic materials may
lack cell adhesion sites and require coating with ECM proteins to mimic the environment in

which cells normally live.

1.4.2.1. Biological hydrogels

Hydrogels are highly hydrated hydrophilic polymer networks formed from dilute
polymer chains that make cross-link junctions or hydrogen bonding (Lian et al. 2017).
Hydrogels are unique because they mimic ECM and allow travelling of soluble factors
such as growth factors and cytokines through the tissue-like gel (Jensen and Teng 2020).
So, they are one of the most used scaffolds materials. The hydrophilic structure of
hydrogels facilitates the absorption and holding of a large amount of water (Hamidi, Azadi,
and Rafiei 2008). Therefore, they are a powerful option for 3D culture in tissue
engineering. Hydrogels are also versatile, and more suitable substitutes for natural tissues
since they have features such as high water content, low surface tension, soft and rubbery
consistency (Hamidi, Azadi, and Rafiei 2008). A variety of synthetic, natural, and mixture
of both (hybrid) materials can be used to form hydrogels with a wide range of chemical and
mechanical properties. Hybrid hydrogels are developed to obtain new physical and
biological properties (Zhu 2011). Natural hydrogels are commonly derived from natural
polymers such as collagen (Borlak, Singh, and Rittelmeyer 2015), matrigel (Catoira et al.
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2019), gelatin, fibrinogen, hyaluronic acid (Gerecht et al. 2007), chitosan (Jong 2005), and
alginate (Tibbitt and Anseth 2009). Natural hydrogels have natural adhesive properties,

high cell viability, controlled proliferation, and differentiation (Drury and Mooney 2003).
Collagen is a commonly used natural material for hydrogel preparation (Lian et al. 2017).

1.4.2.1.1. Collagen

Collagen is one of the most commonly used materials in 3D cell culture (Achilli
Lagueux, and Mantovani 2010; Lian et al. 2017; Desai et al. 2006; Borlak, Singh, and
Rittelmeyer 2015; Lu et al. 2003). Collagen is the main ECM protein and primary organic
component of native tissue. There are 29 identified types of collagen in the human body
(Caliari and Burdick 2016). Type 1 collagen is the most abundant form and major structural
component of many tissues. Therefore, it is an attractive material for biological studies.
Collagen hydrogels generally consist of type | collagen, although there are types Il and IlI,
and other components such as glycosaminoglycans. Moreover, the basic structure of
collagen consists of three polypeptide chains that wrap around each other to form a three-
stranded rope structure (Drury and Mooney 2003). There are hydrogen and covalent bonds
between strands. In natural tissues, the mechanical properties of collagen are ideal.
However, collagen-based biomaterials lack covalent crosslinking, and because of this,
mechanical strength is insufficient (Catoira et al. 2019). Therefore, their mechanical
properties are improved by physical, chemical, and biological crosslinking methods
(Achilli, Lagueux, and Mantovani 2010). Generally, NaCl is added into collagen solution to
prepare a hydrogel with better optical performance and mechanical properties (Catoira et
al. 2019). Also, increasing the temperature and pH can improve linear viscoelastic
properties and transparency (Lian et al. 2017). Collagen has many advantages as a
biomaterial. It presents low antigenicity, low inflammatory response, biocompatibility, and
biodegradability. Collagen can be degraded by collagenase and proteases naturally (Drury
and Mooney 2003). Its degradation can be locally controlled by cells present in engineered
tissue. It is amenable to cell adhesion through integrin receptors without any modification

and presents a natural viscoelastic environment to cells (Caliari and Burdick 2016). Integrin
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receptors induce activation of cell signaling pathways that are important for cell survival,
growth, and differentiation. Also, it can regulate the reaction to therapeutic approaches such
as chemotherapy, immunotherapy (Langhans 2018). For example, breast, prostate, and lung
cancer cell lines were grown in collagen and compared to 2D culture for drug response
profiles and they showed completely different results in dose-response curves to docetaxel
and fulvestrant (Stock et al. 2016). Nevertheless, collagen has some important drawbacks
that contain limited long-term stability, low stiffness, and batch-to-batch variability.

Collagen hydrogel mechanics can be dictated by altering collagen concentrations or
gelation temperature that help to change hydrogel stiffness (Caliari and Burdick 2016).

1.4.2.1.2. Matrigel

Matrigel is a collagen-containing hydrogel that is also used in cell studies (Dolega
et al. 2015; Fan et al. 2016; Jang et al. 2015). Matrigel is composed primarily of laminin,
type IV collagen and entactin which is a basement membrane glycoprotein as well as
several growth factors and proteoglycans (Caliari and Burdick 2016). Moreover, Matrigel
matrix preparation extracted from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma
since tumor rich for ECM proteins as laminin, collagen IV, proteoglycans, entactin, and
several growth factors (Caliari and Burdick 2016). Matrigel has many of the advantages of
natural hydrogels like collagen. It has been used to analyze cell migration, tumor
development and in drug screening studies (Caliari and Burdick 2016). For example, to
make preclinical testing of chemotherapeutics, multiple myeloma cells are grown in a
Matrigel-based human bone marrow-like microenvironment and it provided a screening
system (Kirshner et al. 2008). Matrigel is obtained from natural sources and some
drawbacks are arising from this. It is a complex scaffold that includes various components
besides their main constituents and is chemically not well defined. Also, it has a
tumorigenic origin and batch-to-batch variability in respect of mechanical properties
(Caliari and Burdick 2016). Collagen and matrigel provide increased interaction of cells

with  ECM proteins, but cells cultured with collagen or Matrigel can show different
phenotypes due to their different composition (Borlak, Singh, and Rittelmeyer 2015).

13



1.4.2.1.3. Gelatin

Gelatin is a natural, water-soluble peptide and its properties, such as
biocompatibility, biodegradability makes it a multifunctional biopolymer (Foox and
Zilberman 2015). It is commonly utilized in cosmetic (Cheng et al. 2009), pharmaceutical
(Foox and Zilberman 2015), food (Karim and Bhat 2008), and medical applications (Jaipan,
Science, and Carolina 2017). Also, it has been used as a coating agent in tissue regeneration
to enhance cell attachment due to its unique mechanical properties (Santander et al. 2007;
Othman et al. 2020; Awad et al. 2004). This polymer is obtained from acid, alkaline, or
enzymatic hydrolysis of collagen. It is the main protein component of the bone and
connective tissues of animals also fish and insects. There is two types of gelatin obtained
through denaturing the triple-helical conformation of collagen: gelatin A processed by acids
such as hydrochloric acid or sulfuric acid and gelatin B processed with alkaline solutions
(Catoira et al. 2019; Foox and Zilberman 2015). Moreover, gelatin, needs to increase its
mechanical properties and modulate its solubility and degradation rate in an agueous
solution (Foox and Zilberman 2015). Therefore, gelatin requires a physical, chemical, or
biological crosslinking process. Environmental triggers such as pH, temperature, or ionic
strength can be used for physical crosslinking. Additionally, formaldehyde, glutaraldehyde,
glyceraldehyde are the chemical agents that can be used in the chemical crosslinking
process (Foox and Zilberman 2015).

1.4.2.1.4. Alginate

Alginate is a linear polysaccharide obtained from brown algae that has been used in
a variety of medical applications including pharmaceuticals, drug stabilization and delivery,
cell encapsulation (Augst, Kong, and Mooney 2006). The polymer chain consists of (3-D-
mannuronic acid M units and a-L-guluronic acid G units that able to compose each other in
long sequences of M-Blocks, G-Blocks, and alternating MG-Blocks as seen in Figure 1.3.

The amount and distribution of these blocks depends on the origin of alginate. Alginate has
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many advantages due to its ability to form physical hydrogels via ionic crosslinking. This
process occurs when divalent cations are combined with alginate solution. Divalent cations
are calcium, magnesium, strontium, or barium that interact with G units to promote the
formation of ionic bridges between G blocks (Vicini et al. 2017). Therefore, the gelling
capacity and crosslinking density are entirely related to the number of G blocks present
along the chain (Drury and Mooney 2003). The G-units of the polymer create binding sites
for the bivalent cations and G blocks are cross-linked with cations through interaction with
the carboxylic groups in the sugars, which provide the formation of a gel network called
“egg-box” as seen in Figure 1.3 (Vicini et al. 2017). Also, other mechanical properties and
pore size of the ionically crosslinked hydrogel can be adjusted by altering the M to G ratio
and molecular weight of the polymer chain. Ozawa et al. developed a method to fabricate
microwell arrays from alginate gels and this alginate gel microwells are used for 3D cell
culture (Ozawa et al. 2013). Also, alginate used as a cell scaffold after functionalized by the
covalent attachment of a variety whole proteins to obtain sites for cell attachment
(Frampton et al, n.d.). The fibronectin-derived adhesion peptide arginine glycine aspartic
acid (RGD) is commonly used and coupled easily to alginate (Augst, Kong, and Mooney
2006). For instance, myoblast cells can adhere, proliferate, and fuse when adhered to RGD-
modified alginate gels (Augst, Kong, and Mooney 2006). In this study, Mg-alginate
hydrogel is used to fabricate 3D cellular structures by using characteristic gelation
properties of Mg-alginate hydrogel with bio-patterning technique. Mg-alginate used as a
carrier material for cells and nanoparticles also allowed cells to attach to surface while

providing appropriate viscosity and porosity.
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Figure 1.3. Structure of alginate and its binding of calcium cations in egg-box model
(Source: GRANT et al. 1973)

1.4.2.2. Synthetic hydrogels

Synthetic hydrogels are ideal constituents to use as 3D cell culture scaffold since
they can mimic the biological properties of ECM (Worthington, Pochan, and Langhans
2015). Synthetic hydrogels have many advantages through the well-defined structure
(Zhang and Khademhosseini 2017). Moreover, they can be functionalized with adhesive
moieties, proteolytic sites, and encapsulated growth factors (Zhu 2011). Also, their well-
defined structure allows tunable mechanical properties to achieve an appropriate stiffness
or porosity. The main unnatural polymers are polyethylene glycol (PEG), polylactic acid
(PA), polyglycolic acid (PGA) that used to formulate hydrogels. Additionally, they are
inexpensive, relatively inert and have high water absorption capacity and reproducible
material features. However, unnatural polymers lack adhesive sites which are important in
cell culture studies. Therefore, they require crosslinking of biological peptides that improve
functionality of scaffold. Morever, poly(ethylene glycol)-fibrinojen were reported as a
suitable biosynthetic hydrogel for 3D culture of three breast cancer cells: MCF-7, SK-BR-3
and MDA-MB-231 (Pradhan et al. 2017). Also, lbuprofen releasing scaffold was designed
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to reduce inflammation in wounds by using polylactide and polyglycolide polymers
(Canton et al. 2010).

1.4.2.3. Bio-printing/bio-patterning

There are varied cell patterning and manipulation techniques to fabricate 3D cell
culture models which are lithography (Liang et al. 2021), soft lithography techniques (Li et
al. 2016), inkjet cell printing (Knowlton et al. 2017), acoustic force manipulation (Matai et
al. 2019), magnetic cell bioprinting/patterning (Mishriki et al. 2019). Lithography-based 3D
bioprinting does not utilize high temperatures or exert shear stress, so it gentle on cells and
bioactive agents (Liang et al. 2021). Stereolithographic 3D printing also has some
advantages which include avoidance of thermal degradation, higher accuracy and improved
resolution (Robles-Martinez et al. 2019). Inkjet-based printing is a widely understood
bioprinting method derived from conventional 2D desktop inkjet printers (Matai et al.
2019). Low-viscosity suspension of living cells, biomolecules, or growth factors can be
used as biomaterials and it has the ability to introduce concentration gradients in 3D
constructs (Li et al. 2016). Acoustic or sound waves can fabricate 3D patterns by moving
cells in different directions and it is a nozzle-free technology that eludes clogging issues
and protect cells from detrimental shear stress, heat, and pressure (Knowlton et al. 2017).
Magnetic 3D bio-printing provides assembly of micro-tissues. It is possible to fabricate 3D
models while contactless manipulation of cells into different shapes (Min et al. 2018). This
technique has several advantages such as synthesis of ECM without needing any substrate,
spatial control and the ability to print different cell lines rapidly (Matai et al. 2019). There
are two procedures used in this setup. First, in the label-free diamagnet phoretic printing,
cel-medium is mixed with paramagnetic buffer and then an external magnetic field is
applied to form cell aggregates (Matai et al. 2019). When an external magnetic field is
applied, cells behave as diamagnetic materials that migrates toward the region of the lower
magnetic field (Abdel Fattah et al. 2016). Tseng et al. performed a study to investigate
novel spheroid assay which is based on magnetic 3D bio-printing and using magnetized

cells with a cylindrical magnet to attract cells to form a spheroid (Tseng et al. 2015a). Then,
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the cells organize themselves to create a 3D environment that mimics many characteristics
of native tissue especially cell-cell and cell-ECM interactions. Similar methods have been
used to simulate different tissues like fat, lung, blood vessels and tumor microenvironments
such as breast cancer and glioblastoma (Daquinag, Souza, and Kolonin 2013; Tseng et al.
2013, 2014; Jaganathan et al. 2014). In the second approach, cells were incubated with a
biocompatible nanoparticle assembly including gold, iron oxide, and poly-L-lysine (Tseng
et al. 2016). So, the cells become magnetized. Once magnetized the cells can be rapidly
printed into 3D patterns using magnetic forces generated by a magnet. Patterning of cell
aggregates into desired morphology can be controlled by the shape of magnet used.
Mishriki et al. performed a contactless label-free method with MCF-7 cells that are
suspended in a culture medium with a  paramagnetic  salt  which
diethylenetriaminepentaacetic acid gadolinium (I11) dihydrogen salt hydrate (Gd-DTPA)
was added (Mishriki et al. 2019). When magnetic field was applied, the main fluid which
was containing paramagnetic salt is attracted towards the region of high magnetic field,
displacing the MCF-7 ink towards region with low gradient. After that, 3D structures were
printed on ultra-low attachment (ULA) surfaces (Mishriki etal. 2019).

18



CHAPTER 2

MATERIALS AND METHODS

2.1. Preparationand characterizationof Mg-alginate hydrogel

Viscosity measurements were performed with Thermo Scientiic HAAKE
Viscotester 550. Since the viscosity measurement device requires at least 13 ml of sample,
Mg-alginate hydrogels were prepared as 15 ml. The hydrogels were fabricated using low
(Sigma, A1112) and high (Sigma, 71238) viscosity alginate, and MgCl> (Carlo Erba
Reagents MgClh.6H20, FW: 203.31) was added as Mg?* ion source. Both types of alginate
concentrations were kept as 3 and 5% while MgClz concentrations were used 400 mM for
each alginate concentration. To obtain hydrogels, 7.5 mL of alginate solution and 7.5 mL
MgCl solution were mixed and homogenized in a falcon, then incubated for 22h at room

temperature.

2.2. Theoretical calculations to compare Ca and Mg-alginate gelation
process

To examine the interactions of Ca?* and Mg?* ions with alginate, first-principles
density functional theory (DFT) calculations were carried out using Vienna ab-initio
Simulation Package (VASP) with the implemented plane-wave projector-augmented wave
(PAW) potentials (Physik, Wien, and Hauptstrasse 1993; Blochl 1994). Perdew-Burke-
Ernzerhof form of generalized gradient approximation (GGA) was used for the exchange-
correlation functional (Perdew, Burke, and Ernzerhof 1996). OptB86b-vdw functional was
used in order to include the van der Waals interactions (Eamonn and David 2010; Bowler

and Michaelides 2011). The plane-wave basis set cutoff energy was taken as 500 eV, and
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the electronic and ionic convergency criteria are set as 10 and 10 eV. Large enough
vacuum space was taken to avoid interactions between adjacent cells. Structural
optimizations were carried until the pressures in each direction become less than 1kB.
Charge transfer was calculated using the Bader technique (Henkelman, Arnaldsson,
and nsson 2006).

2.3. Cellculture

HeLa (human epithelial cervix adenocarcinoma, ATCC-CCL-2), SH-SY5Y
(human bone marrow neuroblastoma, ATCC CRL-2266), SaOS-2 (human bone
osteosarcoma ATCC HTB-85) cells were cultured in high glucose DMEM (GIBCO,
Thermo  Fischer Scientific) containing L-glutamine and supplemented with 1%
penicillin/streptomycin  (GIBCO, Thermo Fischer Scientific) and 10% fetal bovine serum
(FBS) (GIBCO, Thermo Fischer Scientific). For 500 mL complete medium, 445 mL high
glucose DMEM (Gibco, Thermo Fischer Scientific), 50 mL fetal bovine serum (FBS,10%)
and 5 mL penicillin/streptomycin (1%) were mixed gently and stored +4°C. It was heated in
water bath at 37°C. Frozen HelLa cell, SaOS-2 and SH-SY5Y stock taken from -80 °C and
thawed in water bath at 37°C. Dissolved cells were slowly added in 10mL, 10% complete
medium and centrifuged for 5 min at 1000 rpm. Supernatant was removed, and precipitated
cells were resuspended in 1 mL 10% medium. Then it was added in 75 cm? cell culture
flask and completed with 10 mL 10% complete medium. Cells were incubated under 5%
CO2 at 37°C while cells reach 80-90% confluency, and then they were harvested and
passaged to a new cell culture flask. Cells were expanded until reaching desired cell

number for further experimental steps.

20



24. Fabrication of PMMA magnet holder for bio-patterning

experiments

Polymethylmethacrylate (PMMA) magnet holder was prepared by using a laser
cutter (Versa Laser VLS 2.30, Universal Laser) in the size of well plate. N35 Neodymium
disc magnets with the dimensions 7x18 mm were obtained from Miknatis Teknk company
(TR). Magnets were placed in PMMA holder as shown in Figure 2.1. Experiments were

performed on 48 well plates (Tissue culture treated, Thermo Scientific) which was

combined with PMMA magnet holder and magnets.

Figure 2.1. Image of PMMA holder for 7x18 mm N35 neodymium magnets A) side view
of PMMA holder B) top view of PMMA holder

2.5. Optimization of Mg-alginate hydrogel bio-ink parameters to
develop 3D cellular structure

The schematic of newly developed Mg-Alginate bio-patterning methodology was
given in Figure 2.2. Initially, 48-well plate (Tissue culture treated, Thermo Scientific) was
placed on the PMMA holder which has disc magnets and 350 pl of 10% complete medium
was added to the wells. After that, a bio-ink was added to the wells with the optimized

formulation comprised of Mg-alginate, magnetic nanoparticles, and cells, then cultured in a
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5% CO2, 37°C for 4 hours. Finally, patterned structure was obtained on the well surface as
the shape of the disc magnet by applying an external magnetic field and after the washing
step magnetically patterned 3D cellular structures were observed.

. pek O\
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i — | Ry |
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applying external Magnetically patterned cells
magnetic field

< » disc magnet @ magnetic nanoparticle

Mg-alginate . cells
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Figure 2.2. Schematic of newly developed Mg-alginate based bio-patterning method,
created with BioRender.com

Experimental design is the most appropriate method to determine the effect of
individual and interaction factors, simultaneously detecting the optimum setting of each
factor at the same time. The set of experiments included in the design of parameters are
known as an experimental matrix (Narenderan, Meyyanathan, and Karri 2019). The
Plackett-Burman (P-B) design provides data on the single factor but not on the interaction.
In addition, the Box-Behnken design (BBD) was three-level fractional factorial design and
used to issues having three or more factors. It has three levels that can be coded as low,
medium, and high, thus creating an independent quadratic design. This provides an easy
way to organize and interpret results. To obtain an optimized formulation of Mg-Alginate
hydrogel bio-ink for the patterned 3D cellular model with HelLa cell line, need to consider
six parameters. These parameters were Mg-alginate concentration, MgCl> concentration,
magnetic nanoparticle (MNP) concentration, cell number, Mg-alginate volume and MNP

volume. To simplify optimization steps for bio-patterning method, the Plackett-Burman
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design tool was used to eliminate some of these parameters and determine the most
effective ones. Plackett-Burman design is a two-level fractional factorial design that
enables the elimination of independent variables according to their significance
(Narenderan, Meyyanathan, and Karri 2019). For this aim, low and high concentrations of
each parameter were tested with 12 runs in total: alginate (low viscosity, A1112, Sigma)
concentration (3 and 5 wA%), MgClk concentration (400 mM and 800 mM) MNP
concentration (400 and 800 pg/ml), cell number (1x108 and 2x10°), Mg-alginate volume (4
ul and 8 pl) and MNP volume (2 pl and 4 pl). Bio-ink incubation kept as 4h during both 12
runs. To determine the most effective parameters, each run was scored in the response
section by considering the attachment rate and density of the cells, the presence of
patterned bio-ink and the absence of patterned cells after the wash step. After that, three
most effective parameters were selected, and these parameters needed to be optimized with
a suitable response surface method. For that reason, the Box-Behnken design model which
provides an easy way to organize and interpret results was used to obtain optimized
parameters of bio-patterning method (Giindoldu et al. 2016). In this three-level factorial
Box-Behnken experimental design model, 16 experimental runs were applied with 4
replicates on center points. Experimental runs were formed by MNP concentration (400,
600 and 800 pg/ml), cell number (1x108-1.5x108 -2x106), and Mg-alginate gel volume (4, 6
and 8 ul) while other parameters kept constant as alginate (5%), MgCk (400 mM) and
MNP volume (2ul). HelLa cells were used to fabricate patterned 3D cellular structure
during optimization steps. After that, the applicability of the bio-patterning method was
investigated by using SaOS-2 and SH-SY5Y cell lines with optimized parameters; 5% of
alginate, 400 mM of MgCk, 600 pg/ml of MNP, 2x108 of cell number in 4 pl, 6 ul of Mg-
alginate gel volume , 2 ul of MNP volume and 4 hour incubation of bio-ink. Design-Expert
7.0.0 (2005, Stat-Ease, Inc.) was used to generate experimental runs for both Plackett-
Burman design and Box-Behnken design. Alginate and MgCkL solutions were prepared with
the various concentrations and they were filtered (single filter unit, 0.2 pm, Minisart) for

sterilization. FesO4 MNPs were synthesized (Patil et al. 2015) and sterilized with 30 min of
UV light exposure, then the stock solution was prepared 1 mg/ml.
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2.6. Cellviability analysis of bio-patterned 3D cellular structures

Cell viability analysis was performed with live/dead and Alamar blue assays.
Live/dead assay solution contains two fluorescent dyes; propidium iodide (PI) labels dead
cells as red and CytoCalcein™ Green labels viable cells as green. To conduct the live/dead
assay on bio-patterned 3D cellular structure, Pl and CytoCalcein™ Green were added at
equal proportions in buffer solution. Complete medium of 3D cellular structure was
replaced with 50 puL of fresh cell medium and 50 pL live/dead solution, then incubated for
30 min at 37°C. Then each well was examined by a fluorescence microscope (Zeiss AXio
Observer). Alamar blue assay was used as a colorimetric method. It is a fluorometric
analysis, which can be also used for absorbance analysis to examine proliferation profile of
cells. Non-fluorescent blue resazurin metabolites by viable cells into resorufin and change
the culture media to pink. As the number of viable cell number increased, proportionally
resorufin production increases as well. Final concentration of alamar blue was 0.01% where
2 pL alamar blue and 198 pL complete medium was added over 3D cellular structure.
Complete medium including alamar blue was used as a blank and incubated for 2-4 hours.
After incubation, solutions were transferred into clean wells and measured at 570-600 nm
by using Multiskan™ GO Microplate Spectrophotometer (Thermo Fischer Scientific).

Proliferation percentage of viable cells were calculated based on absorbance values.

2.7. Characterization of bio-patterned 3D cellular structures

To characterize patterned 3D  cellular structures; nucleus, cytoskeleton, and
collagen immunostaining was performed for short (1 day) and long term (5 days) culturing
time. Patterned 3D cellular structures were fixed with 4% paraformaldehyde prepared in 1X
PBS for 15-20 minutes at room temperature and permeabilization was done by the addition
of 1% Triton-X-100 prepared in 1X PBS and kept at room temperature for 1-5 minutes
Then, blocking solution (1% BSA in 1X PBS) was applied and kept at room temperature
for 30 minutes. Wash buffer (0.05% Tween 20 in PBS) was applied among these steps.
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After these steps, TRITC-conjugated Phalloidin (Merck-Milipore) was performed for 60
minutes at room temperature to label F-actin of cell cytoskeleton. Then, wash buffer was
applied three times for 5-10 minutes. After that, to label collagen I of extracellular matrix,
anti-collagen Type I-FITC (Sigma-Aldrich) was added onto the samples and incubated for
60 minutes.  After washing step, DAPI (AAT BIOQUEST) staining was carried out at
room temperature for 1-5 minutes and rinsed three times for 5-10 minutes with wash buffer.
Finally, patterned 3D cellular structures were visualized under a fluorescence microscope
(Zeiss Axio Observer).

2.8. Drug screening study

Drug screening study was performed with doxorubicin (DOX) (HY-15142-100,
Doxorubicin hydrochloride, MEDCHEM) which is an anticancer drug. Varied DOX
concentrations which were 0.5, 1, 2.5, 5, 10, 20, 50, 100 uM for HeLa and SaOS-2 cell
lines, 0.05, 0.1, 2.5, 5, 10, 20, 50 uM for SH-SY5Y cell line prepared from 10 mM of stock
solution to investigate dose-response in 2D and 3D cell culture. For 2D cell culture, HelLa
and SaOS-2 cells were seeded as 5000 cells per well and SH-SY5Y were seeded 30.000
cells per well in 96-well plate, and incubated overnight with varied DOX concentrations at
37 °C and 5% COg2. In 3D cell culture, drug response of patterned 3D cellular structures
was formed in 48-well plate and incubated with varied DOX concentrations overnight at 37
°C and 5% COg2. Subsequently, MTT assay (Sigma Aldrich) was performed to test cell
viability both 2D and 3D cultured cells. MTT reagent was prepared in PBS at 5 mg/mL of
concentration then, added to wells (final concentration is 0.5 mg mit). Samples were
incubated 4 hours during incubation MTT reagent was reduced into purple formazan
crystals by viable cells. After the incubation, MTT reagent was removed, and non-water-
soluble formazan crystals were dissolved with DMSO. Absorbances were measured at 565
and 650 nm by Multskan™ GO Microplate Spectrophotometer (Thermo Fischer
Scientific). Later on, ICso values of 2D cultures and 3D cellular structures were calculated
with the GraphPad Prism software.
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2.9. Statistical analysis

All values are expressed as the standard error of mean (=SEM). Statistical analysis

for MTT assay was performed with unpaired two-tailed t-test by the GraphPad Prism
software with a confidence interval of 95%. Significance was defined as p<0.05.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Preparationof Mg-alginate hydrogel

Alginate has a wide range of applications such as; technical utilization (Kurt Ingar
Draget, Smidsrud, and Skjak-briik 2005), foods, biomedicine (Nunamaker, Otto, and Kipke
2011), tissue engineering (Jiaa et al. 2014) through its ability to form a physical hydrogel
(Kurt Ingar Draget, Smidsrud, and Skjak-briik 2005; Augst, Kong, and Mooney 2006). The
polymer chain for alginate hydrogel is composed of (1,4)-linked B-D-mannuronic acid (M),
and its C-5 epimere, a-L- guluronic acid (G), able to connect in long sequences of M-
Blocks, G-Blocks, and MG-Blocks in different sequential arrangements and proportions
(Vicini et al. 2017). The gelation properties of alginate depend on its specific ion-binding
characteristics (Kurt Ingar Draget, Smidsrud, and Skjak-briik 2005). Alginate gels can be
prepared by two methods: lowering the pH below the pKa value of the uronic acid residues
leading to alginic acid gels or in the presence of multivalent ions like Ba?*, Sr’*, Ca?*, and
Co?* ions through ionotropic gelation (Topuz et al. 2012; Merch et al 2006). o-L-
guluronic acid (G) part is the most important part that contributes to the gelling capacity of
alginate because G blocks form cavities that act as a binding site for the multivalent cations
and form ionic bridges between chains (Topuz et al. 2012). Mostly, the alginate hydrogels
have been prepared with various divalent ions except for Mg?* due to lack of strong
polymer-ion interactions. Recently, Donati and co-workers showed that alginate favorably
interacts with Mg?* ions along the sequence guluronan > polyalternating > mannuronan and
identified Mg?* ions weakly bound by diffusion effect instead of strong binding like Ca%*
(Donati, Asaron, and Paoletti 2009). After the definition of magnesium ion interaction
mechanism, Topuz et al. reported the gelation of alginate with Mg?* ions and showed that
gelation occurs in a slow process (Topuz et al. 2012). However, high concentrations of

magnesium and alginate were required due to weak polymer-ion interaction. This situation
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leads to faster gelation and the formation of stronger gels compared to low concentrations
of magnesium and alginate (Topuz et al. 2012). Also, Topuz et al. showed that Mg-alginate
gels are not stable and dissociate fast by themselves in the water. Thus, using high
concentrations of magnesium and alginate extended the de-gelation time. The possible
mechanism behind the de-gelation of alginate gels is the weak interactions between Mg?*
ions and alginate chains and the slow exchange of this cation with other ions. This may
cause increased osmotic pressure within the hydrogel, gel swelling, and subsequent rupture
(Topuz et al. 2012). When compared to the commonly used Ca-alginate system, calcium
ions must be removed to dissociate the Ca-alginate gel (Merch et al. 2006). Additional
chemical such as ethylene glycol-bis (-aminoethyl ether) -N, N, N ', N' tetra acetic acid
(EGTA), lactate, citrate, and phosphate is needed in this step for the exchange of Ca?* ion
(Gombotz and Wee 2012). In this study, two alginate sources which are low viscosity
(Sigma, A1112) and high viscosity (suitable for immobilization of micro-organisms,
Sigma, 71238) with different compositions were used to fabricate Mg-alginate hydrogel.
Figure 3.1 shows hydrogels that were prepared by using low viscosity (3-5 wiv %) and high
viscosity (3-5 w/v %) alginate sources with 400 mM of MgClk concentration at room
temperature for 22 hours. The difference was clearly seen between the two alginate sources.
The hydrogels represented in Figure 3.1A (low, 3 w/i%) and Figure 3.1B (high, 3 w/i%b)
were prepared in the same concentration with different alginate sources similarly as in
Figure 3.1C (low, 5 w/A9%) and Figure 31.D (high, 5 w/%). As seen in Figure 3.1B and
Figure 3.1D, high viscosity alginate formed more stiff hydrogels. Also, similar behavior
was observed for different concentrations of alginate. The hydrogels showed in Figure
3.1B (high, 3 w/A\%) and Figure 3.1D (high, 5 w/iv%) were prepared from high viscosity
alginate in different concentration and they showed similar gelation behavior. Low
viscosity alginate, which is alginic acid sodium salt from brown algae contains
approximately 61% mannuronic acid and 39% guluronic acid. Also, high viscosity alginate
which is suitable for immobilization of micro-organisms contains approximately 25-35%
mannuronic acid and 65-70% guluronic acid. The amount and distribution of these blocks
depend on the origin of alginate. The gelling capacity and crosslinking density are related
to amount of gluronic acids and low viscosity alginate has lower gluronic acid content

compared to high viscosity alginate. For that reason, Mg-alginate hydrogel prepared with
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low viscosity alginate formed a loose, fluid-like structure. This loose structure provided an
advantage for Mg-alginate hydrogel, which can be removed easily from the environment by

self-dissociation without any additional chemicals (Topuz et al. 2012).

Figure 3.1. Representative picture of Mg-alginate hydrogels obtained by two different
alginate (low and high viscosity), A) Hydrogel of low viscosity 3% alginate
with 400 mM MgCl: B) Hydrogel of high viscosity 3% alginate with 400 mM
MgClk C) Hydrogel of low viscosity 5% alginate with 400 mM MgCk D)
Hydrogel of high viscosity 5% alginate with 400 mM MgCl

3.2. Viscosityanalysis of Mg-alginate hydrogel

In this study, two different Mg-alginate hydrogels were prepared using different
alginate sources low (Sigma, A1112) and high (Sigma, 71238) viscosity of alginate in two
different concentrations 3 and 5 w/iv % with 400 mM MgCl. under the same conditions.
Polymer solutions generally behave as non-Newtonian fluids, for that reason, the viscosity
is dependent on the shear rate at which it is measured (Kruse et al. 2018). The viscosity
(Pa's) of Mg-alginate hydrogels was measured at shear rates between 12.2 and 20 1/s as
seen in Figure 3.2. The highest viscosity was observed for High 5 wiv % hydrogel which
decreased with increasing shear rate from 2.13 to 1.5 Pa.s.  The rest of the Mg-alginate
hydrogels behaved similarly where their viscosity values were changing between 0.08-2.13

Pa.s. Among them the lowest viscosity was obtained for Low 3% and increased slightly
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with increasing shear rate from 0.08 to 0.11. Pa.s. The viscosity results of Mg-alginate
hydrogels are strongly related to amount of guluronic acid they contain. Low viscosity
alginate has lower gluronic acid content as explained previously. The gelling capacity and
crosslinking density are entirely related to the number of G blocks present along the chain
(Drury and Mooney 2003). The G-units of the polymer create binding sites for the bivalent
cations and G blocks are cross-linked with cations through interaction with the carboxylic
groups in the sugars, which provide the formation of a gel network (Vicini et al. 2017). In
this study, the loose structure of the hydrogel was used for bio-patterning application
because the Mg-alginate hydrogel, which was used as a bioink keeps cells and MNPs
together without dispersion at the same time while it allows cells to attach to the well
surface. Therefore, low viscosity alginate (Sigma, A1112) was used during bio-patterning

studies considering these features.
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Figure 3.2. Viscosities of the Mg-alginate hydrogels (Pa.s) relation to the shear rate (1/s),

samples are low viscosity 3-5% alginate with 400 mM MgCk and high
viscosity 3-5% alginate with 400 mM MgClz
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3.3. Density functional theory calculations for comparison Ca and Mg-
alginate gelation

Alginate has a gelling characteristic based on ion-binding properties. The
composition of alginate is important with its affinity for multivalent cations. As shown in
Figure 1.3, poly-guluronate is the selective part of alginate for affinity and has an active
role in the formation of crosslinks, but poly-mannurate is almost not considered (K |
Draget, n.d.). For that reason, the gelling capacity of alginate correlated to the amount of G-
blocks. Alkaline earth metals are the main contributor of the gelation process, and the
affinity of alginates for these metals increase in the following order: Mg << Ca < Sr < Ba
(Vicini et al. 2017). Based on the theoretical calculations the binding energy of Ca is
extremely high while Mg has weak interaction. Ca-G interaction results in breaking of the
ether bond and high energy interactions of Ca and surrounding O atoms. d orbitals in Ca
atom hybridizes with p orbitals of the surrounding atoms. Also, Figure 3.3 represents the
binding energy differences between Ca?* and Mg?* ions. Due to the lack of strong polymer-
ion interaction of Mg ions, literature reports that the gelling process of Mg-alginate does
not occur (Donati, Cesaro, and Paoletti 2006; March et al. 2006). However, recently Topuz
et al. showed that higher alginate and Mg?* contents lead to gelation and formation of
hydrogel structures. In their  study, Mg-alginate hydrogel was achieved using high

concentrations of MgClz and alginate.
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Figure 3.3. Computational calculations for comparison of Ca and Mg ion binding energy to
G-block of alginate

3.4. Optimization of bio-patterning parameters by using experimental

design models

In this study, six parameters were to considered for the optimization of bioink
formulation. These parameters were; (i) alginate concentration, (ii) MgCl concentration,
(iii) MNP concentration, (vi) cell number, (v )Mg-alginate volume, and (vi) MNP volume.
To simplify the optimization steps, inttially Plackett-Burman experiment design model was
used to identify which factors have a significant impact on the method. Plackett-Burman
design model is frequently and effectively used for the elimination of independent variables
according to their significance and contribution (Giindoddu et al. 2016). The Plackett-
Burman design with two levels (low and high values) of concentrations for six different
variables was carried out according to the experimental matrix as shown in Table 3.1. Due
to the weak polymer-ion interaction of magnesium, in this section magnesium-alginate
hydrogel were only prepared by using high concentrations of MgCl. and alginate. As
shown by Topuz et al., Mg-alginate gel could not be successfully obtained at alginate
concentrations below 3% (Topuz et al. 2012). Unlike Ca-alginate gel, which is generally

prepared at lower alginate and Ca ion content, a loose hydrogel is obtained in a longer
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period despite high concentrations. For that reason, the low and high value of alginate
concentration was determined as 3% and 5% respectively for the Plackett-Burman design.
As stated above, stronger ionic gels are obtained with high divalent ion content. In other
words, the polymer affinity of magnesium which is lower than other ions requires high
concentrations of magnesium source for the formation of Mg-alginate hydrogel. However,
after a certain point, an excess amount of ions in the environment may cause destabilization
(Topuz et al. 2012). For that reason, the low and high values of the MgCL concentration
were determined as 400 mM and 800 mM, respectively. The MNP was another important
component of the bioink, because it helps for magnetic manipulation of the bio-ink and its
content to obtain a patterned 3D cellular structures in the shape of the magnet. MNPs have
been used in cell culture studies for manipulation of cells (Shimizu, Ito, and Honda 2006;
Ito and Honda 2007) did not show any toxic effect for short-term incubation (Patil et al.
2015). For the optimization step, MNP concentrations were investigated with the low and
high values as given 400 pg / ml and 800 pg / ml respectively. Extensive cell-cell
interactions in 3D cellular structures promote the mimicking in vivo cell function (Lee et al.
2009). Also, cell-cell and cellFECM interaction increases with high cell density which was
important for bio-patterning study. For that reason, 1x10° and 2x10° cell number were used
as the low and high values to investigate the effect of cell densities in the Plackett Burman
design model. The last two parameters were the volume of the Mg-alginate gel (4 and 8 pl)
and MNPs (2 u and 4 pl). By using Plackett-Burman design model, 12 runs were created
and light microscopy image evaluations of each run for gelation and de-gelation was
shown in Figure 3.4 - Figure 3.15. Also, the response of cell patterning values were
evaluated as percentage values in the response section by considering the success of
patterned bio-ink, attachment rate of the cells, and the removal of patterned cells after the

washing step as shown in Table 3.2.
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Table 3.1. Plackett-Burman design matrix with low and high levels of factors

Name Units Low High

Alginate
_ % 3 5
concentration

MgC|z

_ mM 400 800
concentration
MNP concentration pg/ml 400 800
Cell number 1x10° 2x109
Mg-alginate volume ul 4 8
MNP volume ul 2 4

The optimized Mg-alginate hydrogel bio-ink formulation was able to provide
appropriate viscosity that keeps cells and MNPs without dispersion, and also favors cell
adhesion on the surface. The highest scores were obtained for Runl and Run6 as given
Table 3.2. Also, a relatively high score was obtained for Run 4, where three parameters
were similar with Runl; alginate concentration (5%), MNP concentrations (800 pg/ml), and
Mg-alginate volume (4 pl). The main difference of those two runs were cell density; for
Run 1 2 x 10° cells were used while 1 x 108 cells were used for Run 4 and the high cell
density resulted in better patterned bio-ink to form 3D cellular structures as seen in Figure
3.7. Run2, Run5, and Run8 with a 3% alginate concentration of, and 800 mM MgCk
concentration were compared as given Figure 3.5, Figure 3.8, and Figure 3.11 respectively.
800 pg/ml of MNP concentration and 2 x 108 of cell containing formulation Run 2 had the
highest score. On the other hand, 400 ug/ml of MNP containing formulation Run 5 resulted
in patterning of the cells as the shape of magnet, but dispersion of some cells occurred
during patterning and caused lower score than Run 2. That highlights MNP concentration
was an important parameter for magnetic manipulation of bioink, where bioink and its
content is patterned onto a surface by only applying external magnetic force. Therefore,
MNP concentration had a critical effect to obtain successfully patterned 3D cellular
structures. Also, unlike Run2 and Run5, Run8 was performed with 1 x 108 cells and has
800 mM of MgCk and 800 pg/ml of MNP. The low number of cells caused the cells to
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interact less with each other, and therefore, 3D pattern cellular structure did not occur as in
the high cell density. These results suggested that, MNP concentration and cell number
were the two most important parameters to fabricate 3D cellular structure via bio-patterning
method. Moreover, hydrogel volume, MNP volume and total volume were critical
parameters as well, since high total volume resulted bio-ink dispersion in the medium as it

was shown in Figure 3.11 for Run 8.
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Run 1
patterned after hydrogel

bioink dissociation

middle

Figure 3.4. Light microscopy images of HelLa containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Runl was performed with 5% alginate, 400
mM MgCk, 800 pg/ml MNP, 4 ul Mg-algnate volume, 4 ul MNP volume and
2x108 cells, scale bar: 200 um

36



Run 2
patterned after hydrogel

bioink dissociation

middle

Figure 3.5. Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Run2 was performed with 3% alginate, 800
mM MgClk, 800 pg/ml MNP, 4 ul Mg-alginate volume, 2 ul MNP volume and
2x106 cells, scale bar: 200 um
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Run 3
patterned after hydrogel
bioink dissociation

down

left

right

Figure 3.6. Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Run3 was performed with 3% alginate, 400
mM MgClk, 800 pg/ml MNP, 8 ul Mg-alginate volume, 4 ul MNP volume and
1x108 cells scale bar: 200 um
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Run 4
patterned after hydrogel

bioink dissociation

left

right

middle

Figure 3.7. Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Run4 was performed with 5% alginate, 800
mM MgCk, 800 ug/ml MNP, 4 ul Mg-alginate volume, 2 Wl MNP volume and
1x108 cells scale bar: 200 um
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Run §
patterned after hydrogel
bioink dissociation

Figure 3.8. Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Run5 was performed with 3% alginate, 800
mM MgClk, 400 pg/ml MNP, 8 ul Mg-alginate volume, 2 ul MNP volume and
2x108 cells scale bar: 200 um
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Run 6
patterned after hydrogel

bioink dissociation

Figure 3.9. Light microscopy images of HelLa containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Run6 was performed with 5% alginate, 400
mM MgCk, 800 pg/ml MNP, 8 ul Mg-algnate volume, 2 ul MNP volume and
2x10% cells scale bar: 200 um
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Figure 3.10.

Run 7
patterned after hydrogel
bioink dissociation

right left

middle

Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Run7 was performed with 5% alginate,
800 mM MgClk, 400 pg/ml MNP, 8 ul Mg-alginate volume, 4 ul MNP
volume and 2x10° cells scale bar: 200 um
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Figure 3.11.

Run 8
patterned after hydrogel
bioink dissociation

top

down

left

right

Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Run8 was performed with 3% alginate,
800 mM MgCk, 800 pg/ml MNP, 8 ul Mg-alginate volume, 4 ul MNP
volume and 1x106 cells scale bar: 200 pm
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Figure 3.12.

Run 9
patterned "7 after hydrogel
bioink dissociation

right left

middle

Light microscopy images of HelLa containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Run9 was performed with 5% alginate,
400 mM MgCk, 400 pgml MNP, 8 ul Mg-alginate volume, 2 ul MNP
volume and 1x108 cells scale bar: 200 um
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Run 10
patterned after hydrogel

bioink dissociation

top

down

Figure 3.13.  Light microscopy images of HelLa containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Runl0 was performed with 5% alginate,
800 mM MgCk, 400 pg/ml MNP, 4 p Mg-alginate volume, 4 pl MNP
volume and 1x10° cells scale bar: 200 um
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Run 11
patterned after hydrogel

bioink dissociation

top

down

left

right

middle

Figure 3.14.  Light microscopy images of HelLa containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Runll was performed with 3% alginate,
400 mM MgChk, 400 pg/ml MNP, 4 pu Mg-alginate volume, 4 pl MNP
volume and 2x108 cells scale bar: 200 um
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Figure 3.15.

Run 12
patterned after hydrogel

bioink dissociation

right left

middle

Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel. Runl2 was performed with 3% alginate,
400 mM MgCl, 400 pgml MNP, 4 u Mg-alginate volume, 2 Wl MNP
volume and 1x10° cells scale bar: 200 um
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Table 3.2. Plackett-Burman design model with 12 runs and their response values

Alginate MgCl> MNP cell ;Ai;te MNP
Run  concentration  concentration  concentration  number wolumme wlume  Response
% mM pg/ml l ul
1 5.00 400.00 800.00 2x1068 4 4 80
2 3.00 800.00 800.00 2x108 4 2 70
3 3.00 400.00 800.00 1x1068 8 4 35
4 5.00 800.00 800.00 1x108 4 2 70
) 3.00 800.00 400.00 2x109 8 2 45
6 5.00 400.00 800.00 2x1068 8 2 80
7 5.00 800.00 400.00 2x108 8 4 50
8 3.00 800.00 800.00 1x1068 8 4 25
9 5.00 400.00 400.00 1x1068 8 2 20
10 5.00 800.00 400.00 1x108 4 4 40
11 3.00 400.00 400.00 2x1068 4 4 45
12 3.00 400.00 400.00 1x10° 4 2 50

Table 3.3. Contribution (%) values of parameters were obtained from Plackett-Burman

Term Contribution (%0)
Alginate concentration 9.09
MgCl, concentration 0.19
MNP concentration 22.45
Cell number 31.35
Mg-alginate volume 18.55
MNP volume 6.68

The contribution (%) of the six parameters were evaluated by Plackett-Burman
design model, for all 12 runs. As given in Table 3.3 the highest contributions were obtained
as; cell number (31.35%), MNP concentration (22.45%) and Mg-alginate volume (18.55%).
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According to ANOVA analysis F-value and p-value were obtained 6.30 and 0.03
respectively. When the p value is less than 0.05 it means that the model is significant.

Table 3.4. Box-Behnken design matrix with 3 variable levels of parameters

Name Units -1 Level 0 +1 Level
MNP concentration pug/ml 400 600 800
Cell number 1x10%  1.5x108 2x10°
Mg-alginate volume pl 2 4 6

As a result of Plackett Burman design model, optimization parameters were
decreased to 3. These were considered for the Box-Behnken design model with 3 variable
levels (low-medium-high) of parameters to obtain optimum values for the bio-patterning
method as seen in Table 3.4. MNP concentration, cell number and Mg-alginate hydrogel
volume which had the highest contribution to bio-patterning method were used to obtain
Box-Behnken design model with their low, high and medium values, while Mg-alginate
concentration, MgCl. concentration and MNP volume were kept constant as 5%, 400 mM
and 2 pl respectively. Mg-alginate volume was applied between 2-8 ul in Plackt Burmen
model, however in Box Behnken model it was reduced to 2-6 pl. Because high total volume
increases the risk of cell dispersion in bio-patterning method. By using the Box Behnken
design model, 16 runs were created and the response of cell biopatterning values was
evaluated between 0-100 as shown in Table 3.5. Each run that was shown in Figure 3.16,
3.17, 3.18, 3.19, and 3.20 was scored in response section by considering the presence of
patterned bio-ink, attachment rate of the cells, removal of patterned cells after the washing

step.
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Run1
after hydrogel patterned

dissociation

Run 2

dissociation

Run 3
bioink

after hydrogel patterned after hydrogel patterned
dissociation

Figure 3.16.

bioink

bioink

top down left right middle

Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel A) Runl, performed with 400 pg/ml MNP,
2x10% cells and 4 ul Mg-alginate B) Run2, performed with 800 pg/ml MNP,
1.5x108 cells and 2 p Mg-alginate C) Run3 performed with 600 pg/ml
MNP, 1.5x108 cells and 4 pl Mg-alginate scale bar: 200 pm
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Run 4

Run 5

Run 6

Figure 3.17.

after hydrogel patterned
bioink dissociation bioink

dissociation

bioink

after hydrogel patterned after hydrogel patterned

dissociation

Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel A) Run4, performed with 600 pg/ml MNP,
2x108 cells and 6 pl Mg-alginate B) Run5, performed with 600 pg/ml MNP,
2x108 cells and 2 pl Mg-alginate C) Run6 performed with 800 pg/ml MNP,
2x10% cells and 4 ul Mg-alginate scale bar: 200 pum
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Run 7

after hydrogel patterned
dissociation

bioink

Run 8

@
Run 9
after hydrogel patterned after hydrogel patterned

Figure 3.18.

bioink

dissociation

bioink

dissociation

top down left right middle

¥ 8

Light microscopy images of HelLa containing bio-ink for patterned and
dissociated Mg-alginate hydrogel A) Run7, performed with 600 pg/ml MNP,
1.5x10% cells and 4 pl Mg-alginate B) Run8, performed with 800 pg/ml

MNP, 1.5x108 cells and 6 pl Mg-alginate C) Run9 performed with 600
pg/ml MNP, 1.5x10° cells and 4 ul Mg-alginate scale bar: 200 um
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Run 10
after hydrogel patterned
bioink

dissociation

Run 11

dissociation

bioink

Run 12
after hydrogel patterned after hydrogel patterned

Figure 3.19.

bioink

dissociation

top down left right middle

Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel A) Runl0O, performed with 600 pg/ml
MNP, 1x10°% cells and 2 pl Mg-alginate B) Runll, performed with 600
ug/ml MNP, 1x108 cells and 6 pl Mg-alginate C) Runl2 performed with 400
pg/ml MNP, 1.5x108 cells and 6 ul Mg-alginate scale bar: 200 um
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Figure 3.20.

top down left right middle

Light microscopy images of Hela containing bio-ink for patterned and
dissociated Mg-alginate hydrogel A) Runl3, performed with 400 pg/ml
MNP, 1.5x10% cells and 2 ul Mg-alginate B) Runl4, performed with 400
pg/ml MNP, 1x108 cells and 4 pl Mg-alginate C) Runl5 performed with 600
pg/ml MNP, 1.5x10% cells and 4 pl Mg-alginate D) Runl6 performed with
800 pg/ml MNP, 1x108 cells and 4 pl Mg-alginate scale bar: 200 pm
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Table 3.5. Box-Behnken design model with 16 runs and their responses to obtain optimum

values for bio-patterning method by using 3 variables

MNP _
Run concentration  Cell number Mg-alginate Response
- volume pl
1 400.00 2x108 4 20
2 800.00 1.5x108 2 60
3 600.00 1.5x108 4 30
4 600.00 2x1068 6 90
5 600.00 2x108 2 80
6 800.00 2x108 4 70
7 600.00 1.5x108 4 75
8 800.00 1.5x108 6 50
9 600.00 1.5x108 4 65
10 600.00 1x108 2 30
11 600.00 1x108 6 20
12 400.00 1.5x108 6 15
13 400.00 1.5x108 2 30
14 400.00 1x108 4 25
15 600.00 1.5x108 4 40
16 800.00 1x108 4 60

As shown in Figure 3.16, 3.17, 3.18, 3.19, and 3.20, each run in the Box-Behnken
model was examined in detail and compared each other. Run12, Runl3, and Runl4 which
had the lowest scores, performed with low MNP concentration (400 upg/ml) and cell
number (1.5x10% and 1x106) as seen in Figure 3.19C, Figure 3.20A and Figure 3.20B
respectively. Both low cell density and low MNP concentration resulted in dispersion of
bioink and unpatterned cells. The Run4, Run5, and Run7 containing 600 pg/ml MNPs got
the third-highest scores as given in Table 3.5. As seen in Figure 3.17A, patterned cell

boundaries were clearly defined as the shape of disc magnet, and 3D cellular structure was
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obtained very clearly for Run4, which had 2x106 cell, 6 pl Mg-alginate, and 600 pg/ml
MNP. For that reason, parameters of Run4 which were 6 ul (5%) Mg-alginate, 400 mM
MgCk concentration, 2 ul (600 pg/ml) MNP, 2x10°® of cell number, and 4h incubation,
were selected as optimized formulation for futher bio-patterning parameters. Also,
optimized total bio-ink volume was obtained as 12 ul for Rund. According to ANOVA
analysis, this model was considered significant since the p-value of the model was
obtained 0.01 (p <0.05). Also, the “Lack of Fit F-value” of 0.66 implies the Lack of Fit is
not significant relative to the pure error. Non-significant lack of fit means that the model
fits well.

3.5. Formation of 3D tumor models with various cancer cells via Mg-
alginate based biopatterning method

The behavior of long-term cultured 3D cellular structures of run 4 in terms of cell
proliferation, migration, and viability was evaluated by using Live dead assay and Alamar
blue assay. Live/dead assay was performed for 3D cellular structures of HelLa cells for day
1, 3, 5, and 7 culturing periods as shown in Figures 3.21, 3.22, and 3.23. Proliferation and
migration of cells, and also high cell viability were observed starting from dayl as given in
Figure 3.21C and Figure 3.21D. End of the day3, patterned HeLa cells covered all over the
well surfaces with high cell viability according to live/dead assay as shown in Figure 3.22E
and Figure 3.22F. As a result of the migration and proliferation of HelLa cells, 3D cellular
structures with high cell density were observed on day 5 and day 7 as given in Figure 3.23F
and Figure 3.23G. Based on over proliferation and diffusion limitations, low cell viability,
especially in the middle area of 3D cellular structure was observed on day5 as shown in
Figure 3.23F and that dead area increased and covered all the 3D cellular structure on day7
as seen in Figure 3.23G. The middle part of the 3D cellular structure behaves like necrotic
core due to restricted oxygenation and nutrition environment in 3D cell culture
(Edmondson et al. 2014). There are typical zones of cell proliferation and the distribution
of diffused CO2, oxygen, and nutrition in a 3D cell culture (Nath and Devi 2016; Mueller-
Klieser 2000) outer layer comprises live and proliferative cells however middle area is

called the necrotic core comprises hypoxic quiescent cells (Edmondson et al. 2014). For
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that reason, a high number of living cells be observed in the outer parts since these parts
have better oxygen and nutrition transfer. It is important to point out that the limited

oxygenation and nutrition environment in 3D cellular structures mimics the
microenvironment of in vivo tumor tissues (Lin and Chang 2008).
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Figure 3.21. Light microscopy and fluorescent images of patterned HelLa cells A) Light
microscopy images of patterned bio-ink B) Light microscopy images of
patterned 3D cellular structure after dissociation of Mg-alginate hydrogel C)
Light microscopy images of 1day cultured patterned 3D cellular structure D)
Fluorescent microscopy images of 1day cultured patterned 3D cellular
structure scale bar: 200 pm
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Figure 3.22.

bioink

middle

Light microscopy and fluorescent images of patterned HelLa cells A) Light
microscopy images of patterned bioink B) Light microscopy images of
patterned 3D tumor structure after dissociation of Mg-alginate hydrogel C)
Light microscopy images of 1day cultured patterned 3D cellular structure E)
Light microscopy images of 3day cultured patterned 3D cellular structure F)
Fluorescent microscopy images of 3day cultured patterned 3D cellular
structure, scale bar: 200 pm
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Figure 3.23.
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Light microscopy and fluorescent images of patterned HelLa cells A) Light
microscopy images of patterned bioink B) Light microscopy images of
patterned 3D tumor structure after dissociation of Mg-alginate hydrogel C)
Light microscopy images of lday cultured patterned 3D cellular structure E)
Light microscopy images of 5day cultured patterned 3D cellular structure F)
Fluorescent microscopy images of 5day cultured patterned 3D cellular
structure G) Fluorescent microscopy images of 7day cultured patterned 3D
cellular structure, scale bar: 200 um
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Figure 3.24.  Relative cell proliferation of patterned 3D cellular structures of HelLa cells
for 1, 3 and 5 day cell culture time obtained via Alamar blue assay

After live/dead analysis, Alamar blue assay was performed for patterned 3D
cellular structure to see relative cell proliferation for 1, 3, and 5 day culture period as seen
in Figure 3.24. The proliferation of 3D patterned HelLa cells was slightly lower than 2D
cultured HelLa cells on the first day. On day 3 and day 5, cell proliferation rate increased to
98 and 99 % for 3D cellular structure while cell proliferation on standard 2D culture
decreased to 98 % and 91 % respectively. Results from 3D studies show that 3D
environments can significantly favor cell proliferation and cell survival (Duval et al. 2017;
Jensen and Teng 2020). The reason for low cell proliferation compared to 2D control for
dayl was related to the adaptation period of cells in a 3D cell culture environment. It is
well known fact that, cells in 3D cell culture environment need a certain time to adapt to the
environment to proliferate. When consider proliferation and migration behavior of long
term cultured 3D cellular structure, newly developed method is very motivated to use for
drug screening studies. HelLa cells were used in different studies to fabricate in vitro
cervical tumor model such as 3D printing of Hela cells and gelatin/alginate/fibrinogen

hydrogels were reported by Zhao et al, and Hela cells showed a higher proliferation rate in
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the printed 3D environment compared to 2D monolayer culture (Zhao et al. 2014).
Similarly, alginate-gelatin bio-ink was formulated and enabled high fidelity printing for the
construction of 3D structure with Hela spheroids which was presented by Othman et al
(Othman et al. 2020). The applicability of the newly developed Mg-Alginate based
biopatterning method was investigated for the formation of 3D tumor models by using
varied cancer cells which were SaOS-2 and SH-SY5Y cells in addition to HeLa cells. Same
optimized parameters were applied, cell proliferation, migration, and viability of long-term
cultured patterned 3D cellular structures were investigated by performing live/dead and
Alamar blue analysis. Due to the formation of necrotic core, cell viability was very low in
long-term analysis after 7 days for HelLa cells. That's why, live/dead assay was performed
for Saos-2 and SH-SY5Y cells at the day 1, 3, and 5 of the 3D cell culturing periods with
the bio-patterning method. Also, cell proliferation, migration, and viability of long-term
cultured and patterned 3D SH-SY5Y models were examined by performing live/dead and
Alamar blue analysis as seen in Figure 3.25, 3.26, 3.27, and 3.28. SH-SY5Y cells, , formed
clusters while proliferating. Cell proliferation and migration observed on day 1 and day 3
with high cell viability as seen in Figure 3.25C, Figure 3.25D, Figure 3.25E and Figure
3.26F. End of the day3, patterned SH-SY5Y cells covered all over the well surface with
high cell viability according to live/dead assay as shown in Figure 3.26F. However,
necrotic core formation was observed from the middle to the outer part on day 5 as seen in
Figure 3.27F.
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Figure 3.25.

bioink

middle 7

Light microscopy and fluorescent images of patterned SH-SY5Y cells A)
Light microscopy images of patterned bioink B) Light microscopy images of
patterned 3D tumor structure after dissociation of Mg-alginate hydrogel C)
Light microscopy images of lday cultured patterned 3D cellular structure,
D) Fluorescent microscopy images of lday cultured patterned 3D cellular
structure scale bar: 200 um
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Figure 3.26.

bioink

dissociation

Light microscopy and fluorescent images of patterned SH-SY5Y cells A)
Light microscopy images of patterned bioink B) Light microscopy images of
patterned 3D tumor structure after dissociation of Mg-alginate hydrogel C)
Light microscopy images of lday cultured patterned 3D cellular structure E)
Light microscopy images of 3day cultured patterned 3D cellular structure F)
Fluorescent microscopy images of 3day cultured patterned 3D cellular
structure, scale bar: 200 pm
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Figure 3.27.

dissociation

middle

Light microscopy and fluorescent images of patterned SH-SY5Y cells A)
Light microscopy images of patterned bioink B) Light microscopy images of
patterned 3D tumor structure after dissociation of Mg-alginate hydrogel C)
Light microscopy images of lday cultured patterned 3D cellular structure E)
Light microscopy images of 5day cultured patterned 3D cellular structure F)
Fluorescent microscopy images of 5day cultured patterned 3D cellular
structure, scale bar: 200 pm
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Figure 3.28.  Relative cell proliferation of patterned 3D cellular structures of SH-SY5Y
cells for 1, 3 and 5 day cell culture time obtained via Alamar blue assay

After live/dead analysis, Alamar blue assay was performed for SH-SY5Y cells in
2D and 3D cell culture system to investigate relative cell proliferation for 1, 3 and 5 day
culture period as seen in Figure 3.28. The proliferation of 3D patterned SH-SY5Y cells was
slightly lower than 2D cultured SH-SY5Y cells on the first day. Moreover, on day 3 and
day 5, the cell proliferation rate reached to 96 and 99 % for 3D cellular structure. Also, cell
proliferation on 2D increased to 94 and 100 % respectively. As a result of the proliferation
rate, SH-SY5Y cells adapted in a short time to the 3D microenvironment. Deweerd et al.
showed that neuroblastoma cells regulate their gene expression and change their
morphology to respond to a 3D environment in which cells reside and function in vivo.
Unlike conventional 2D culture, cells form adhesions and receive support on their ventral
surfaces in 3D environment (Deweerd, Hoffman-kim, and Ph 2007). Additionally, SH-
SY5Y is a human-derived neuroblastoma cell line widely used in neuroscience research.
Also, it has the ability to differentiate into post-mitotic neurons using agents such as
retinoic acid and brain-derived neurotrophic factors (Innala et al. 2014). Therefore, it was
seen as a convenient model for studying Parkinson's and Alzheimer's diseases (Marrazzo,

Angeloni, and Hrelia 2019). Neuroblastoma SH-SY5Y cells were also used in newly
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synthesized drug screening studies for Alzheimer's disease treatment (Hroudova et al
2016). Moreover, 3D culture of SH-SY5Y cells favorable more in vivo-like morphology
and growth of these cells. Carbon nanotubes (CNT) and poly(3,4-ethylenedioxythiophene)
(PEDOT) were used as a scaffold in 3D SH-SY5Y culture (Dominguez-Alfaro et al. 2020).
Also, collagen hydrogel or porous collagen-based scaffolds were used to form 3D cultures
of SH-SY5Y and neuronal cell lines (Desai et al. 2006). Various 3D culture models have
been formed with SH-SY5Y cells in terms of cell aggregates, spheroids, or different
scaffolds (Innala et al. 2014; Deweerd, Hoffman-kim, and Ph 2007).
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Figure 3.29. Light microscopy and fluorescent images of patterned SaOS-2 cells A) Light
microscopy images of patterned bioink B) Light microscopy images of
patterned 3D tumor structure after dissociation of Mg-alginate hydrogel C)
Light microscopy images of lday cultured patterned 3D cellular structure D)
Fluorescent microscopy images of 1day cultured patterned 3D cellular
structure, scale bar: 200 pm

In addition to the 3D neuroblastoma cellular structure, also SaOS-2 cells were used
to form 3D osteosarcoma model which is the most common bone tumor that mainly affects

children and adolescents (Rimann et al. 2014). Also, cell proliferation, migration and
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viability of long term cultured SaOS-2 3D cellular structure was investigated by performing
live/dead and Alamar blue analysis as seen in Figure 3.29, 3.30, 3.31 and 3.32. Sa0OS-2
cells showed similarity with HelLa cells in terms of proliferation and migration behavior.
Proliferation and migration of cells were observed starting from dayl to day3 towards to
the edges of the well with high cell viability as seen in Figures 3.29 and 3.30. After day 5,
as a result of fast proliferation and and migration, entire well surface was covered as seen in
Figure 3.31. On day 5, low cell viabilty was observed due to diffusion limitation as
mentioned previously. Eventually, the results showed that Mg-alginate based bio-patterning
method applicable to form 3D SaOS-2 cellular structure and it can be a suitable candidate
for drug screening applications.
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Figure 3.30.

dissociation

middle

5

Light microscopy and fluorescent images of patterned SaOS-2 cells A) Light
microscopy images of patterned bioink B) Light microscopy images of
patterned 3D tumor structure after dissociation of Mg-alginate hydrogel C)
Light microscopy images of lday cultured patterned 3D cellular structure E)
Light microscopy images of 3day cultured patterned 3D cellular structure F)
Fluorescent microscopy images of 3day cultured patterned 3D cellular
structure, scale bar: 200 pm
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Light microscopy and fluorescent images of patterned SaOS-2 cells A) Light
microscopy images of patterned bioink B) Light microscopy images of
patterned 3D tumor structure after dissociation of Mg-alginate hydrogel C)
Light microscopy images of lday cultured patterned 3D tumor structure E)
Light microscopy images of 5day cultured patterned 3D tumor structure F)
Fluorescent microscopy images of 5day cultured patterned 3D tumor
structure, scale bar: 200 pm
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Figure 3.32. Relative cell proliferation of patterned 3D cellular structures of SaOS-2 cells
for 1, 3 and 5 day cell culture time obtained via Alamar blue assay

After live/dead analysis, Alamar blue assay was performed for SaOS-2 cells in 2D
and 3D cell culture system to evaluate relative cell proliferation for 1, 3 and 5 day culture
periods as seen in Figure 3.32. The proliferation rate of 3D patterned SaOS-2 cells lower
than 2D cultured SaOS-2 cells on day 1, day 3 and day5 but the gap between 2D and 3D
cell culture was decreasing while increasing cell proliferation rate of 3D cellular structure
with increasing culturing time. Cell proliferation rate reached to 63, 78, and 94 % for 3D
cellular structure on day 1, 3, and 5 respectively which means cells adapted to 3D cell
culture environment with increasing culturing time. In addition, cells cultured with
hydrogel systems show differences in migration, proliferation behavior, or cell-matrix
adhesion compared to the 2D situation (Greiner et al. 2015). Recently, Ojansivu et al.
reported a bio-ink that was formed with gelatin-alginate and SaOS-2 cells for extrusion-
based bioprinting with optimal biological and physicochemical properties (Santander et al.
2007). They evaluated the effect of wood-based cellulose nanofibrils (CNF) and bioactive
glass (BaG) on the rheological properties of gelatin-alginate bioinks and the initial

responses of bone cells embedded in these inks. Additionally, in another study, SaOS-2
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cells were embedded into a alginate hydrogel and four different gelatinous hydrogel
matrices were used for suspending SaOS-2 cells to decide whether the biocompatible
polymeric silica/biosilica can serve active matrix suitable for 3D cell growth (Miiller et al
2015). The recent studies showed that various polymers can be combined with alginate

hydrogels also used as a matrix for 3D cell culture.

3.6. Characterization of patterned 3D tumor models

The immunostaining analysis was performed for patterned 3D cellular structures of
Hela, SaOS-2, and SH-SY5Y cells both for short-term (day 1) and long-term (day 5)
culturing time as seen in Figures 3.33, 3.34, and 3.35. The immunostaining analysis of
collagen 1, F-actin, and DAPI was done to identify cellular and extracellular components of
3D cellular structures. Collagen | secretion was observed clearly for 3D cellular structures
of HelLa, Sa0S-2, and SH-SY5Y cells for both short and long-term culturing time.
Collagen is the main component of the ECM and 3D cellular structures provide more
tissue-related environment with producing ECM, cell-matrix, and cell-cell interactions that
were missing in standard 2D cultures (Page, Flood, and Reynaud 2013). In addition,
immunofluorescent staining of F-actin was performed to indicate the cytoskeletal
organization of the 3D cellular structures (Monteiro et al. 2020). F-actin staining of 3D
cellular structures  were observed clearly after short and long-term incubation for 3D
cellular structures including HelLa, SaOS-2, and SH-SY5Y cells. Also, nucleus of cells

were visualized via DAPI staining.
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Figure 3.33.  Immunofluorescence staining of F-actin, collagen type | and DAPI for 3D
cultured HeLa cells for 1 and 5-day culturing time, scale bar: 100 pm

Collagen type |
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Figure 3.34.

Immunofluorescence staining

of F-actin, collagen type | and DAPI for 3D
cultured SH-SY5Y cells, for 1 and 5-day culturing time, scale bar: 100 um
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Figure 3.35.  Immunofluorescence staining of F-actin, collagen type | and DAPI for 3D
cultured SaOS-2 cells, for 1 and 5-day culturing time, scale bar: 100 pm
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3.7. Drug screening of patterned 3D tumor models

To evaluate drug response of patterned 3D cellular structures which were fabricated
by using HelLa, SaOS-2, and SH-SY5Y cancer cell lines, DOX was applied and cellular
viability was screened. DOX is an anticancer agent and commonly used for the treatment of
many carcinoma types. Also, it has several cytotoxic effect mechanisms which are
intercalation into DNA, inhibition of topoisomerase Il, generation of free radicals causing
oxidative stress (HanuSova, BouSova, and Skalova 2011). Inhibition of topoisomerase Il
which is the main anti-proliferative effect result in growth arrest and programmed cell
death (Arai et al. 2013). To investigate dose-response for DOX, varied concentration of
DOX (0.5, 1, 2.5, 5, 10, 20, 50, 100 uM) was applied after 24h culturing time and MTT
assay was performed to evaluate cell viability. 1Cso values were calculated as 3.3 and 8.2
M for 2D control and patterned 3D cellular structure for HelLa cells respectively by using
GraphPad Prism software as seen in Figure 3.36. Moreover, t-test analysis was performed

and resulted as dose-response of 2D control and patterned 3D cellular structure were
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significantly different (p<0.05) and patterned Hela cellular structure had significant
resistance to DOX compared to standard 2D cell culture. The toxicity of drugs has been
investigated for 2D and 3D cell culture models and comparing in terms of drug resistance
(Baek et al. 2016; Tung et al. 2011; Godugu et al. 2013). Recently, Baek et al. formed 3D
spheroids by using HeLa, SH-SY5Y and U20S cell lines to observe the effect of increasing
concentrations of DOX which was investigated based on the integrity and viability of
spheroids. Afterward it was seen that HeLa and U20S maintained their spheroid shape and
resulted in higher ICso values (11.2 and 9.7 uM respectively) compared to the 2D system
(Baek et al. 2016). Similarly, 3D culture of HeLa cells resulting in higher 1Cso values than
the standard 2D cultures in both bio-patterned cellular structure and spheroid model, since
they mimic the in vivo microenvironment with extensive cell-cell and celllECM interaction.
Therefore, 3D tumor model of HelLa cells provide better understood for drug screening
applications.

Hela cells

p<0.05

-e- 2D control
-# 3D tumor structure

ICso in 2D = 3.3 uM

ICs in 3D = 8.2 UM

relative dose response (%)

T T T T
0.0 0.5 1.0 1.5 2.0

log(dox concentration)

Figure 3.36. Dose response of patterned 3D cellular structure and 2D control for HelLa
cells with fitted lines. Error bars represent standard error of mean, p<0.05
compared to control.
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Also 3D osteosarcoma model was obtained using SaOS-2 cells via bio-patterning
method for drug screening studies and dose response of the 3D tumor model was
investigated for DOX. ICso values were obtained for DOX applied 3D tumor model and 2D
control as seen in Figure 3.37. ICso values were calculated as 7.0 and 4.4 uM for 3D
cellular structure and 2D control respectively. 1Cso value of 3D cellular structure was
significantly higher (p<0.0001) for SaOS-2 compared to standard 2D cell culture according
to t-test. Recently, Rimann et al. fabricated micro-tissues by the hanging drop method with
the osteosarcoma cell lines SaOS-2, HOS, and MG-63. After that, SaOS-2 and HOS cell
lines were exposed to doxorubicin, cisplatin, taurolidine, pemetrexed, and taxol, then the
cell viability was performed by the Luminescent Cell Viability Assay. As a result, I1Cso
values of 3D cultures were all higher (1.7 to > 16,000-fold) for doxorubicin, cisplatin, taxol
and taurolidine when compared to conventional 2D monolayer culture (Rimann et al.
2014). Moreover, Arai et al. fabricated spheroids with 11 osteosarcoma cell lines by using
NanoCulture plates and they examined the cytotoxic effect of doxorubicin on 2D culture
and spheroid conditions. The ICso values were calculated between 0.05 pyM and 0.78 M
under 2D culture conditions and between 0.15 uM and 2.62 uM under spheroid culture
conditions (Arai et al. 2013). Similarly, 3D culture of SaOS-2 cells resulting in higher 1Cso
values than the standard 2D cultures in bio-patterned cellular structure, micro-tissues that
fabricated by hanging drop and spheroids because these models are recapitulating the in
vivo situation better than the standard monolayer cultures and gaining more significance for
drug screening studies. Later on, 3D neuroblastoma model was also formed using SH-
SY5Y cells via bio-patterning method for drug screening studies and dose response of the
3D tumor model was investigated for DOX. Unlike HeLa and SaOS-2 cells, drug screening
in SH-SY5Y cells was performed at very low concentrations, as SH-SY5Y cells began to

respond at very low DOX concentrations.
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Figure 3.37. Dose response of patterned 3D cellular structure and 2D control for SaOS-2
cells with fitted lines. Error bars represent standard error of mean, p<0.0001
compared to control.

ICs0 values were obtained for DOX applied 3D tumor model and 2D control as seen in
Figure 3.38. Also, ICso values were calculated 2.1 and 0.2 uM for 3D tumor model and 2D
control respectively. 1Cso value of 3D model was significantly higher (p<0.0001) in SH-
SY5Y compared to standard 2D cell culture according to t-test. Recently, the influences of
curcumin and its combined effects with doxorubicin were investigated in SH-SY5Y cells
by cell survival assay, flow cytometry and migration assays. 3D spheroid of SH-SY5Y cells
were fabricated by hanging drop. The spheroids were exposed to curcumin together with
doxorubicin for 24 h and this combined treatment significantly inhibited the spheroid
migration (Namkaew et al. 2018). 3D tumor models have close similarity to the in vivo
microenvironment of tumor tissues compared to monolayer cultures, in particular cell-cell
interactions, gene expression profile, as well as the resistance to anticancer drugs.
Therefore 3D tumor models have gained increasing interest for anticancer drug screening.
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Figure 3.38. Dose response of 3D cellular structure and 2D control for SH-SY5Y cells

with fitted lines. Error bars represent standard error of mean, p<0.0001
compared to control.

The reasons for the significant differences for 3D cell culture models and 2D cell
culture models in terms of drug response related to the fact that 3D structures better mimic
the natural cell structure. There is a limited correlation between 2D cultures and in vivo
systems due to the absence of structural complexity and tissue microenvironment, and lack
of cell-cell and cell-ECM interactions which are important for precise prediction of drug or
candidate compound (Radhakrishnan et al. 2020). 3D cell culture models mimic the in vivo
physiology by cell-cell and celFECM interactions which affect drug response and
contribute to drug resistance unlike in 2D culture systems (Langhans 2018). Also, exposure
of molecules between cells on the exterior and cells in the interior, which are completely
different in 2D where cells have uniform exposure that is related to the cellular architecture
of 3D and 2D cell culture models (Tseng et al. 2015b; Pampaloni, Reynaud, and Stelzer
2007). Likewise, to make straightforward and reliable drug testing, Tung et al. formed
spheroids by using 384-well format hanging drop culture plate and obtained 3D cellular
constructs which showed significant differences in drug responses and chemical resistance

by following cell viability with alamarBlue analysis (Tung et al. 2011). Similarly, Wen et
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al. developed a spheroid-based, 3D culture of pancreatic cancer model for pancreatic drug
testing, by using acid phosphatase assay and the results showed that spheroids had higher
drug resistance than conventional 2D culture (Wen et al. 2013). In another study,
Nirmalanandhan et al. cultured cancer cells in 3D collagen gel model to observe the anti-
proliferative activity of known lung cancer drugs which were Paclitaxel, Alimta, Zactima,
Doxorubicin, Vinorelbine, Gemcitabine, 17AAg, Cisplatin with two lung cancer cell lines
(A549 and H358). Their results showed that 3D cultures have significant differences in
terms of drug response compared to 2D culture systems by using antiproliferative assay
(Nirmalanandhan et al. 2010). The observed differences in the efficacy of anticancer drugs
indicate that the biological implications of screening platforms have to be considered for

drug candidates in preclinical studies.
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CHAPTER 4

CONCLUSION

Cell culture is needed to study cell and tissue physiology. Standard 2D cell culture
has been used for typical in vitro cell culture but growing cells on plastic surfaces could not
mimic natural cell growth. In 3D cell culture, cells behave more natively and interact with
their surroundings which represent the in vivo microenvironment. Hydrogels are
crosslinked networks, commonly used for 3D cell culture with their ability to simulate the
nature of most soft tissues. In this thesis a new methodology has been developed based on
bio-patterning technique to fabricate 3D cellular structures by using the characteristic of
Mg-alginate gelation and fabricated 3D cellular structures were utilized in drug screening
studies. In this method, Mg-alginate was the important component of bio-ink because it
was used as a carrier material for cells and nanoparticles also allowed cells to attach to
surface while providing appropriate viscosity and porosity. In addition to this, it disappears
in the environment with its self-dissociation/de-gelation property. Computational
methodology was performed for comparison of Ca?* and Mg?*-alginate gelation and
showed that the binding energy of Ca?* is extremely high while Mg?* has weak interaction.
To obtain the optimum loose structure of Mg-alginate hydrogels, two different commercial
alginates which have a different amount of gluronic acid content were characterized in
terms of viscosity. Alginate with low viscosity was used for further cell culture studies
since it had the lowest viscosity value among them. In bio-patterning method, the bio-ink
was obtained by combining Mg-alginate, MNP and cells in optimized formulation, and then
by applying external magnetic force, bio-ink was patterned onto the well surface as the
shape of magnet. This part was performed in 4 hours incubation and during incubation, the
hydrogel dissociates but the cellular structures remain on the surface, and magnetically
patterned 3D cellular structures were obtained. Optimization of bio-patterning parameters
were analyzed by using Plackett-Burman and Box-Behnken experimental design models by

using HeLa cells. Plackett-Burman design was used to eliminate some of optimization
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parameters and determine the most effective ones. After the three most effective parameters
were selected, these parameters were optimized with Box-Behnken design model. As a
result, the optimization steps, the optimized parameters were; 6 u (5%) Mg-alginate, 400
mM MgCk concentration, 2 pl (600 pg/ml) MNP, 2x108 of cell number, and 4h incubation
of bio-ink. Also, the applicability of the bio-patterning method was investigated by using
Sa0S-2 and SH-SY5Y cells. Later, cell viability and characterization of bio-patterned 3D
cellular structures were analyzed for short term (1 day) and long term (5 days). It was
observed that cell viability was high in long term (day 5) after bio-patterning. In the last
step, drug screening studies were carried out with DOX to observe dose response of
patterned 3D cellular structures. MTT assay was performed to investigate cell viability.
ICs0 values were calculated to compare drug response of 3D cellular structures and 2D
culture by using GraphPad Prism software. The 1Cso values were calculated for 3D cellular
structure of Hela, of SaOS-2 and SH-SY5Y cells as 8.2, 7.8, and 2.1 uM respectively
while 1Cso values of 2D controls obtained as 3.2, 4.4, and 0.2 uM respectively. As a result,
it was observed that the drug resistance of 3D tumor structures of HeLa, SaOS-2 and SH-
SY5Y were significantly higher compared to standard 2D cell culture according to t-test
statistical analysis. Finally, it is seen that 3D cellular structures fabricated by Mg-alginate
based bio-patterning method are promising experimental platforms for drug screening
studies. At the same time, it is important that the cells can be patterned in a short time and
require no extra chemical to remove the hydrogel from environment. In addition, this
developed methodology is easy to apply, cheap and time-saving.
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