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ABSTRACT

DEVELOPMENT AND USE OF CONTACTLESS MAGNETIC
MANIPULATION METHODOLOGIES FOR THE FORMATION OF 3D
CARDIAC MODELS

In this thesis, two contactless magnetic manipulation methodologies were
introduced, which are magnetic levitation (MagLev) and biopatterning techniques. The
optimization steps of both techniques were completed with NIH/3T3 mouse fibroblast
cells. Later, 3D cardiac models were developed using H9c2 rat cardiomyocytes. For the
MagLev technique, tunable 3D spheroids were obtained with changing initial cell
seeding number, gadobutrol concentrations, and culturing time. For the biopatterning
approach, a new bio-ink formulation, which comprises alginate, magnetic nanoparticles,
and cells, was developed. Further, biopatterned cellular structures were fabricated in
different shapes such as discs, rings, and rectangles under an external magnetic field.
Later, characterization was done successfully via immunostaining of collagen I, F-actin,
and DAPI. Moreover, cardiac-specific markers; cardiac troponin T and MYH6 were
analyzed for both 3D cardiac spheroids and patterned 3D cardiac structures. Finally,
doxorubicin was applied to evaluate the drug responses. ICso values were calculated as
14.7 uM and 8.1 uM for 3D cardiac spheroids and 3D cellular structures respectively,
while standard 2D cell culture was 3.5 pM which indicated 3D cardiac models were
more resistant to drug exposure. In the last part of thesis, patterned 3D cardiac
structures were fabricated using co-cultured hiPSC-derived cardiomyocytes and cardiac
fibroblast cells via biopatterning methodology. Characterization was carried out
successfully by immunostaining of a-actinin, collagen I, Cx-43, Troponin T, and DAPI.
Taken together, to fabricate 3D cell culture models, MagLev and biopatterning-based
contactless manipulation methodologies may be good alternatives to conventional 2D

cell culture methods for tissue engineering applications, especially for drug screening.



OZET

3B KARDIYAK MODELLERIN OLUSTURULMASI ICIN
TEMASSIZ MANYETIK MANIPULASYON METODOLOJILERININ
GELISTIRILMESI VE KULLANILMASI

Bu tezde, manyetik levitasyon ve manyetik biyo-kaliplandirmaya dayal: iki yeni
yontem gelistirilmistir. Her iki teknigin optimizasyon basamaklart NIH/3T3 hicreleri
ile gerceklestirilmistir. Optimizasyon asamasindan sonra H9c2 rat kardiyomiyosit
hicreleri kullanilarak 3 boyutlu (3B) kardiyak modeller olusturulmustur. Manyetik
levitasyon teknigi ile baslangi¢ hiicre sayisi, gadobutrol konsantrasyonu ve kaltir stiresi
degistirilerek boyutlar1 ayarlanabilir 3B sferoidler elde edilmistir. Biyo-kaliplandirma
yonteminde ise aljinat, manyetik nanopartikil ve hiicre iceren biyomirekkep
formilasyonu gelistirilmistir. Ardindan, 3B hucresel yapilar disk, halka ve dikddrtgen
seklinde elde edilmistir. Karakterizasyon asamasinda ise kolajen I, F-aktin ve DAPI
immun boyama ile basarili bir sekilde analiz edildi. Ayrica bunlara ek olarak kardiyak
troponin T ve MYHG6 kardiyak spesifik belirtegleri gosterildi. Son olarak, 3B kardiyak
modellerin ila¢ yamtlarinin degerlendirilmesi igin doksorubusin uygulanmistir.
Manyetik levitasyon ve manyetik biyo-kaliplandirma yéntemleri ile elde edilen 3B
kardiyak modeller igin 1Cso degerleri sirasiyla 14.7 uM ve 8.1 puM olarak elde
edilmistir. Standard 2B hiicre kaltird icin ise 1Cso degeri 3.5 uM olarak hesaplanmistir.
3B kardiyak modeller 2B kontrol grubu ile karsilastirildiginda ilag uygulamasina daha
cok direnc gostermektedir. Tezin son asamasinda, 3B Kkardiyak yapilar birlikte
kilturlenen WTC kardiyomiyosit ve Kkardiyak fibroblast hicreleri kullanilarak
biyokaliplandirma ydntemi ile elde edilmistir. Kardiyak yapinin karakterizasyonu ise a-
aktinin, kolajen-1, Cx-43, Troponin T, and DAPI immun boyama yoéntemi ile
gerceklestirilip basarili bir sekilde gdzlenmistir. Bu sonuclar gz 6niine alindiginda
manyetik levitasyon ve manyetik biyo-kaliplandirma yontemi ile olusturulan 3B
kardiyak modellerin bircok doku mihendisligi uygulamalar1 6zellikle ila¢ tarama

caligmalari icin geleneksel yontemlerle karsilastirildiginda iyi bir alternatif olabilecektir.
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CHAPTER 1

INTRODUCTION

1.1. Motivation and Scope of the Thesis

In this thesis, new methodologies based on contactless magnetic manipulation
approaches were developed to fabricate 3D cardiac models for drug screening studies.
For this aim, magnetic levitation (MagLev) and biopatterning methodologies were
utilized to fabricate 3D cardiac models. These methodologies provide biofabrication of
spheroids and patterned 3D cellular structures in rapid, easy, and cost-effective way
with simple components.

Here, specific aims of the thesis are listed,

- Development of a new MagLev setup and optimization of parameters to
obtain 3D spheroids using NIH/3T3 cells

- Biofabrication of 3D cardiac spheroids using H9c2 rat cardiomyocytes via
MagLev methodology, and investigating the doxorubicin (DOX)-induced
cardiotoxicity through this model

- Development of a new biopatterning methodology to fabricate biopatterned
3D cellular structures and optimization of parameters by experimental design
models

- Biofabrication of biopatterned 3D cardiac structures using H9c2 rat
cardiomyocytes via developed bipatterning methodology and investigating
the DOX-induced cardiotoxicity on this model

- Biofabrication of biopatterned 3D cardiac structures using hiPSC-derived
cardiomyocytes via developed biopatterning methodology and investigating

the functionality of cardiac model

The novelty of this thesis is the biofabrication of 3D cardiac models using
MagLev and magnetic biopatterning methodologies for DOX induced cardiotoxicity.

Overall, results indicated that 3D cardiac models were more resistant to drug exposure



compared to conventional 2D cell culture. These above mentioned methodologies can
be considered as an alternative route of fabricating 3D cardiac models for cardiac tissue

engineering applications, particularly drug screening studies.

1.2. Tissue Engineering

Traditional tissue engineering consists of the principle of engineering and life
sciences to develop biological tissues by applying three principles, which are isolation
of cells and adding appropriate signal molecules and materials to put into cells. * The
main goal of tissue engineering is to fabricate tissues with their capacity to function,
grow, repair, and remodel. 2 The development of traditional tissue engineering or, in
other words, scaffold-based tissue engineering is strongly related to the use of bioactive
materials for the goal of tissue repair. * To achieve this goal, it is important to create a
three-dimensional environment which can mimic the natural extracellular matrix (ECM)
of the tissue and represent specific surface chemistries, architectures, and degradation
properties; in that way, cells are able to attach, migrate, proliferate, and differentiate. +°
An ideal scaffold design that also refers to matrix, construct, and artificial ECM should
also carry main characteristics such as biocompatibility, biodegradability, and
mechanically appropriate properties. Once the scaffold interacts with the physiological
environment, ECM proteins of fibronectin and vitronectin are non-specifically adsorbed
on to it. Integrins are known as the cell membrane proteins of cells that indirectly
interact with scaffold surfaces with the help of the adsorbed ECM proteins. Specific
domains of adsorbed ECM proteins arginine-glycine-aspartate (RGD) and Proline-
Histidine-Serine-Arginine-Asparagine (PHSRN) bind to integrin to trigger cell
proliferation and differentiation. Therefore, scaffold surface properties are critical and
significant in that they affect ECM protein adsorption and act on cell behaviour and
function. ¢° Cell interaction is strongly connected with the surface properties of the
scaffold such as a rough surface, and high surface free energy triggers cell adhesion and
proliferation, a positive surface charge feature that positively affects cell adhesion due
to the negative charge of cells. Amino, carboxy sulfonic, and acyl amino groups of
surface chemical structures and hydrophilic surfaces benefit cell adhesion and growth.

6,10
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Figure 1.1. Traditional tissue engineering and, as a new approach, scaffold-free

engineering with their components.

Recently, a new approach “scaffold-free tissue engineering” was introduced,
which does not need a scaffold for cell seeding or adherence to fabricate functional
tissues, as given in Figure 1.1. This approach is mainly comprised of many steps, which
are cell condensation, cell proliferation, cell differentiation, ECM production, and tissue
maturation. Also, scaffold tissue engineering has two sub-categories: self-organization
and self-assembly. Self-organization is defined as the process that occurs via the
application of external forces. Contrary to the self-organization process, which is an
open system, the self-assembly process occurs without applying external forces, which
are called a closed system. 12

Scaffold-free tissue engineering has various advantages over traditional
scaffold-based tissue engineering. First, it does not require any harsh processes to
produce a scaffold, which avoids the formation of cytotoxicity. Also, scaffold-free
tissue engineering decreases the foreign material-associated immune response and

release of by-products during degradation without utilizing any materials. During the



fabrication stages, it allows for a high degree of cell-cell interaction that results in
increased ECM production. 23

1.3. Cardiac Tissue Engineering

The aims of cardiac tissue engineering can be classified into two groups to treat
cardiovascular diseases: 1) treatment and repair of the heart via the implantation of
fabricated functional cardiac tissue; ii) developing in vitro cardiac tissues for both
healthy and diseased cardiac tissues as in in vitro models. *#*> Cardiovascular diseases
are one of the main reasons for deaths worldwide. Heart failure is a process that starts
with damage to the heart muscle. The heart cannot repair itself because adult heart
muscle cells (cardiac myocytes) cannot divide; thus, it is not possible for the heart to
replace injured tissue. ¢

The heart is a very complex organ that has four heart chambers and related valves
that control the flow of blood in ventricular cardiac muscle fibres to generate force to
pump blood to the body. 7 The sinoatrial node is responsible for the generation of
action potential, and the nervous system modulates the frequency. ¥ To mimic and
recreate the heart’s architecture for in vitro or in vivo purposes is challenging. Also, it
would be costly and unnecessary for drug screening studies. Preferably, 3D models of
the heart focus mainly on mimicking the structures within the myocardium, which
provides electrical propagation and force in the ventricle as a minimal functional unit of
the heart, and can thus represent and model the drug responses and disease conditions,
as given in Figure 1.2. * In the myocardium, cardiomyocytes make up 70% to 85% of
the heart’s volume. 2° The myocardium not only contains cardiomyocytes but also
varied significant cell types such as conduction cells, endothelial cells, fibroblasts, and
immune cells which form particular structural arrangements. 2 Moreover, myocardial
ECM contributes to creating a complex 3D structure and also reinforces cells during
contraction which are fibrous proteins (collagen, elastin), adhesive glycoproteins

(laminin, fibronectin), and proteoglycans. *
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Figure 1. 2. The cardiac microenvironment. °

In conventional cardiac tissue engineering, cardiac cells cultured with scaffolds
or hydrogels are used and cultured in bioreactors to mimic the ECM of an in vivo
environment. Both natural and synthetic polymers are used to fabricate scaffolds. -2
On the other hand, decellularized tissues and scaffold-free approaches have been used to
fabricate engineered cardiac tissues. 2% Lately, stem cells were involved in the
fabrication of cardiac tissues to create more realistic in vitro models for drug screening
and disease models. ** Recently vascularized 3D iPSC CM tissues were fabricated by a
newly developed filtration- Layer-by-Layer (LbL) technique. This technique provides
fabrication of nanometer-sized extracellular matrices (ECM), fibronectin, and gelatin
(FN-G), films onto iPSC CM surfaces without any damage and with high yield. The
fabricated FN-G nanofilms interacted with integrin molecules on the cell membrane to
construct 3D-tissues. It was also stated that adding normal human cardiac fibroblasts
(NHCFs) into the iPSC-CM tissues modulated organization and synchronous beating
depending on NHCF ratios. Moreover, blood capillary-like networks in 3D iPSC CM
tissues were obtained. To evaluate the drug response of the vascularized 3D iPSC CM
tissues, DOX was applied. Toxicity responses of the vascularized 3D iPSC CM tissues
were significantly different compared to 2D iPSC CM cells. It was concluded that the
constructed vascularized 3D iPSC CM tissues would be a promising tool for tissue

regeneration and drug screening studies. 2° Another scaffold-based study was introduced



using synthetic material to fabricate organized neo-myocardium constructs via an
electrospinning technique for cardiac tissue regeneration. For this aim, the
biocompatibility of elastomeric electrospun degradable polar/hydrophobic/ionic
polyurethane (D-PHI) composite scaffold was investigated using human-induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). High cell viability was
observed for 7 days culture on the scaffolds with nanofibres oriented in aligned or
random directions. Aligned sarcomeres oriented parallel to the direction of the fibers,
while the cells on random scaffolds and a tissue culture polystyrene control did not
demonstrate such an organized morphology. These results support that D-PHI
elastomeric scaffolds provide significant cardiomyocyte characteristics for cardiac
tissue engineering applications. ¥ Also, scaffold-free approach was developed via 3D
bioprinter using hiPSC-CMs. To evaluate the drug response of fabricated 3D cardiac
constructs contractile force and beating rate were measured by analyzing changes for
the movement of the needle tip. Cardiotoxicity was evaluated by applying DOX and
low cell viability was obtained. These results support that utilized approach can be an

alternative to current methods for the measurement of the contractile force. 3!

1.3.1. Cell Sources to Engineer Cardiac Tissue

To screen drug candidates for cardiotoxicity, various cell lines have been widely
used such as H9c2 (myoblast cells, non-beating), HL-1 (arterial cells, beating), and
AC16 (ventricular cell line, beating). H9¢2 is a cardiomyoblast cell line obtained from
an embryonic rat heart, often used as an alternative for cardiomyocytes in in vitro
studies on, for instance, cardiotoxicity and stress-induced hypertrophy since its
morphological parameters are similar to immature embryonic cardiomyocytes in terms
of cardiac-specific genes. %273 This cell line, which has multinucleated cells, has been
used as a model cell line due to its electrophysiological and biochemical properties that
closely mimic native cardiomyocytes. 3 However, the use of H9c2 cell lines is limited
in tissue engineering because they lack a beating feature due to the absence of
contractile proteins, gap junctions, T-tubules, and myofibrils with organized
sarcomeres. 3738 On the other hand, stem cell-derived CMs offer a promising alternative
to fabricating in vitro models for cardiac development and disease. 3°4° Moreover, stem

cells allow us to obtain cells from humans without a tissue biopsy. Stem cells are



defined as cells that can self-renew and have the potential to differentiate into
specialized cell types. The types of stem cells are known as embryonic stem cells
(ESCs), induced pluripotent stem cells (iPSCs), and adult stem cells (ASCs) and are
used for drug testing and disease modelling studies. “**? Human pluripotent stem cells
can be produced from human embryos or somatic cells by reprogramming. Especially in
human pluripotent stem cell lines, both hESC or hiPS cells are seen as encouraging for
drug discovery since they can be obtained through healthy controls and can form the

basis of a disease model via gene targeting. 4°

1.4. Drug-Induced Cardiotoxicity

Cardiovascular disease (CVD) is one of the main health problems that affect
many people worldwide. % According to records, in the United States (2011), of
800.000 people that were killed by CVDs, approximately 60% of these were known as
coronary heart disease (such as myocardial infarction) and hypertensive heart disease.
Various interventional and pharmacological agents have been used to treat these CVDs.
However, many developed drugs resulted in adverse side effects for patients. The
number of approved cardiovascular drugs decreased each year. According to reports, the
budget requirement for a new developing drug is about $1.2 billion U.S. dollars. Despite
an intensive, long, and expensive preclinical research period, drug candidates fail in
clinical trials. The main reasons are known as clinical safety (toxicity) and efficacy,
which lead to about 30% of drug project failures. ¢ Cardiotoxicity-based failure of the
drug is not only seen during drug development but also after being approved by the
Food and Drug Administration (FDA). The success rate of clinical trials was about 20%
between 1991 and 2000. Moreover, since 1997, the withdrawal rate of drugs on the
market increased to 33.3% from 5.1% due to cardiotoxicity. 4 The main reason for the
failure of cardiovascular drugs was adverse side effects such as arrhythmia. Drugs were
withdrawn due to arrhythmia, which had different medical purposes such as
antibacterial, antidiabetic, antihistaminic, and antiarrhythmic purposes between 1990—
2010. 47

Moreover, chemotherapic agents are one of the main reasons for cardiotoxicity
such as DOX, daunorubicin or fluorouracil which lead to cardiotoxicity in >20% of

patients treated with them. 8 Cardiac cells are more sensitive to the long-term effects of



drugs used for cancer treatment. DOX is one of the most efficacious anti-cancer
anthracycline antibiotics that has been used against numerous types of cancer such as
solid malignancies and hematologic neoplasia. “*°! In DOX-induced cardiotoxicity,
oxidative stress occurs due to the accumulation of DOX in mitochondria, which is the
main affected organelle. DOX-induced cardiotoxicity is mainly caused by reactive
oxygen species (ROS) generation. Apoptosis is another response of DOX-induced
cardiotoxicity, which is probably related to cardiomyocyte death; however, the exact

mechanism is still unclear. 5253

1.5. Conventional Drug Discovery and Development Process

The drug discovery and development process involves preclinical and clinical
phases, as seen in Figure 1.3. > Firstly, the candidate drug is examined on non-human
targets, which are cells and animal models. These studies aim to obtain preliminary
result about drug toxicity, efficacy, and pharmacokinetics. If the preclinical phase result
of the drug candidate shows very limited toxicity, it must be confirmed by the ethics
committee to continue testing the drug in the clinical phase. In phase I, a small group of
healthy volunteers are used to assess the safety of the drug and its dose. Many drugs fail
at this phase. If it is successful, the drug moves to phase 1, which is comprised of tests
on a bigger group of volunteers to evaluate the efficacy of the drug. Finally, if the
results are successful, the drug is tested on patients to evaluate the therapeutic effect of
the drug at Phase Ill. If the results are obtained as predicted, the drug is put on the
market. But, if the drug fails at phase I, the reasons are probably related to 2D culture
and animal models. %> Since these models are insufficient for evaluating the drug
efficiency and toxicity that leads to failure of the drug in the clinical phase or after
approval of the drug by the FDA, °¢ adverse side effects should be predicted in the
preclinical phase of drug discovery and development. For that reason, principal motto of

numerous pharmaceutical companies is the ““fail early, fail cheap”’. >
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Figure 1. 3. Schematic of conventional drug discovery and development phases. >

The studies show that in 2D cell culture conditions, cell behaviour is not similar
compared with human tissues/organs in terms of morphology, extracellular matrix
interaction, cell-cell interactions, and receptor expression. For that reason, it is not
possible to represent drug metabolism in vivo. *#%° Animal models are used in in vivo
studies to test drug efficacy, yet this also has varied drawbacks such as ethical issues,
the necessity of a high budget for experiments, and the need for a long time period to
get the result. Furthermore, using animal models does not necessarily result in the same
response as the human body’s response since chemical compounds are generally
metabolized specifically for every species. ¢>¢* However, three-dimensional cell culture
models have been a promising method of overcoming the problems in the traditional
methods of the preclinical phase for screening drugs. The studies show that the cells in
2D and 3D cell cultures give different responses in terms of growth, proliferation,
migration and invasion, morphology, and drug sensitivity, and that responses in 3D cell
culture are more alike cells in in vivo conditions. ©% Moreover, the 3D cell culture
offers spatial cell-cell interactions and cell-ECM interactions, and it is possible to co-
culture various types of cells to create more realistic tissue and organ structures. 67
Therefore, 3D cell culture is a promising approach to overcoming the problems of

conventional methods in the preclinical phase of drug screening and development.

1.6 In vitro 3D Cell Culture Models for Drug Development and

Screening

3D cell culture models are classified into three subgroups that are known as
scaffold-based, scaffold-free, and specialized platforms. % Scaffold-based 3D cell
culture models provide physical support as an ECM-like structure where cells can

aggregate, proliferate, and migrate. There are various parameters to consider when



designing a scaffold such as biocompatibility, bioactivity, biodegradability, etc. For this
aim, scaffolds can be fabricated from biological (collagen, matrigel, alginate) or
synthetic origin (polyethylene glycol (PEG), polylactic acid (PA), polyglycolic acid
(PGA)) materials to obtain suitable properties such as stiffness, surface charge,
wettability, and topography. ¢ However, scaffold-based methods have various
limitations such as reproducibility, sensitivity, compatibility, and the ability to scale up
or down. In addition to this, scaffolds include too many constituents to fabricate that are
complex, laborious, and expensive. 7°* On the contrary, scaffold-free 3D culture
methods are working based on the self-aggregation of cells which are mostly forminga
spheroid. Spheroids are one of the well-characterized scaffold-free approach studies
because it is possible to fabricate and reproduce them by using simple methods
compared to scaffold-based methods. *%7277¢ There are various traditional methods to
form spheroids that are hanging drop, low attachment plate, spinner flask, and magnetic
levitation. Low attachment plates and spinner flasks are simple methods and they allow
mass production. However, it is not possible to control cell number and spheroid
size/shape. 777® The hanging drop method has been used to form a uniform-sized
spheroid with a controllable and easy methodology, but it has important drawbacks.
First, spheroid formation occurs in very low-volume media, and it is not possible to
change the medium, which results in a limitation of spheroid growth. Second, the mass
production of a spheroid is laborious. "

The last category for 3D cell culture formation is comprised of patterning and
manipulation techniques. Micropatterned plates can be produced by microfabrication
technology to create imprinted micropatterns on the surface of plates. These plates can
create both scaffold-based 3D models and scaffold-free models. % Cell patterning and
manipulation techniques have been used to create 3D cell culture models for various
tissue engineering applications such as drug screening studies, ®-% stem cell
differentiation, 82 and regenerative medicine. 887 There are various cell patterning
and manipulation techniques for fabricating 3D cellular structures that are mainly used
such as lithography,®# soft lithography techniques, 8 inkjet cell printing, * acoustic
force manipulation,®>** and magnetic cell manipulation. **°7 Lithographic techniques
%9 and soft lithographic techniques *°°* are known as conventional methods and use
an elastomeric stamp to obtain a nano/micro-scale pattern. These techniques mostly

require a high budget due to the need for cleanroom facilities and special equipment for

10



cell patterning. 8% In the ink-jet cell printing technique, patterned cells are obtained
via a computer-aided model, which does not require a mask and thus saves time when
fabricating patterned cell structures. In general, this technique can be adaptable, and it
has a moderate cost compared to conventional methods. °*1°* However, parameters of
formed droplets should be considered during the patterning of cells using this technique
because its viscosity, elasticity, and surface tension can be a limitation for its
application and the cell viability. Also, it needs an external power source, which is
another limitation of this technique. 1% The acoustic force manipulation technique
accomplishes patterned 3D self-assembly structures in a rapid way and high cell
viability via a piezoelectric platform. °71% However, this technique requires a
specialized set-up for cell manipulation and patterning that includes electrode

fabrication, a piezoelectric surface, and an external power source. 1%

1.6.1. Magnetic Manipulation-based 3D Cell Culture Models

Magnetic manipulation-based techniques are promising approaches to fabricate
3D cell culture models. It can be classified as magnetic nanoparticle-based 86:9495:109-111
and paramagnetic agent-based "®1*2-118 manipulations.

In the magnetic nanoparticle-based magnetic manipulation technique, magnetic
nanoparticles (MNPs) are targeted to accumulate in cells via electrostatic interaction
between the cell membrane and MNPs. After that, cell patterning is accomplished by an
external magnetic force. 8% Recently, a new biopatterning technique was introduced by
Souza et. al (2013), which provides a different point of view for drug screening studies.
In their first paper, human embryonic kidney cells (HEK293) and tracheal smooth
muscle cells (SMCs) were incubated with MNPs which are non-specifically and
electrostatically bound to cells. Then, cells were patterned on the plate surface while
applying an external magnetic field that formed a 3D ring structure and was tested with
ibuprofen and sodium dodecyl sulfate (SDS). The ring-closing rate was an important
parameter for toxicity evaluation and the dose-dependent response obtained compared
to 2D control. **® The method was also applied to vascular smooth muscle cells to
represent blood vessel segments. The aim of this study was to validate ring contraction
as a measure of vasoactivity therefore the varied concentration of blebbistatin was

applied as vasodilators. Blebbistatin had a dilatory effect on ring contraction, and higher
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concentrations resulted in reduced contractions. The advantage of this assay was the
ability to perform high throughput screening using the ring structure without using
animals as cell sources. In this way, this technique will aim to reduce the usage of
animal models. 11!

MNP manipulation-based technique which is called magnetic levitation
(MagLev) has been also used for fabrication of spheroids. In this technique, cells are
incubated with magnetic iron oxide-containing hydrogels and magnetic nanoparticles
taken by cells or remain membrane-bound. Cells are accumulated on an air/liquid
interface with the help of externally applied magnetic field on top of the well plate.
After a certain time, cell-cell aggregation turns into a spheroid which was introduced by
Souza et al. (2010). Human glioblastoma cells were turn into spheroids in 24 hr culture
time. It was also indicated that control of 3D structure is possible by using this
technique. '° Also, same technique was used to fabricate 3D cellular structures using
varied cell lines; HEK293, human tracheal smooth muscle cells, human pulmonary
fibroblasts, human glioblastoma, H-4-1I-E, MDA-231, human umbilical vein
endothelial cells (HUVECs), MCF-10A, LNCaP, HepG2, A549 and 3T3-L1.
Interestingly, cell lines behaviour was varied in terms of their size and morphology;
3T3-L1 cells formed small and dense clusters, while A549 cells formed less-dense and
sparse structures. *?° In another study, 3D co-culture model was obtained using four
human cell types in the bronchiole; endothelial cells, smooth muscle cells (SMCs),
fibroblasts, and epithelial cells (EpiCs). These cell layers were first cultured in 3D by
MagLev, and then manipulated into contact with a custom-made magnetic pen. It was
reported that MagLev is capable of creating layered and organized co-cultures. 1%

MagLev can also accomplish the formation of spheroids and 3D cellular
structures by using paramagnetic agents instead of MNPs. 6112114122 The principle of
this technique relies on the levitation of cells in paramagnetic fluid, which is obtained
using Gd 3* ion salts under a magnetic field gradient which is provided by two
magnets, where the same poles are facing each other in an anti-Helmholtz coil
configuration. At the equilibrium height, buoyancy forces are balanced by the magnetic
and gravitational forces while cells move from a location with a larger magnetic field
strength to a location with a lower magnetic field strength, as shown in Figure 1.4. After
that, accumulated cells at a certain levitation height increase cell-cell interaction, which
leads to cellular aggregate and spheroid formation. 7¢*'¢ In this scaffold-free technique,

cells can create their own ECM microenvironment. Recently, cell spheroids and cell
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strings were reported by Turker et al. (2018) based on MagLev technique. It was
indicated that the structure and dimension of the cellular assembly can be tuned by
initial cell number. Also, cell high cell viability was observed in both NIH/3T3 cell
spheroids and cell strings. "® MagLev technique was also used for tissue construct
bioassembly by Perfenov et al. (2018). For this aim, a new set-up was developed that
contain two annular neodymium magnets, placed with the same poles face to each other
and glass cuvette placed in the axial hole of the magnets. Tissue spheroids were
obtained using ultra-low adhesion spheroid microplates. Those chondrospheres were
assembled into 3D tissue construct rapidly in the permanent magnetic field in the

presence of gadolinium. 114
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Figure 1.4. A) 3D magnetic field simulation in the X-Z plane, B) Schematic
representation of basic MagLev setup showing the magnetic (F"m) and

gravitational forces (F~g) that levitate the object °.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Fabrication of MagLev Set-up

To investigate the levitation behaviour of cells, and formation of 3D spheroids
and cellular structures, 40x5 mm and 30x15 mm N35 Neodymium (NdFeB) magnets
(Miknatis Teknik Company) were used. The magnetic field strength of magnets was
measured as 0.15 and 0.4 T for 40x5 mm and 30x15 mm magnets respectively, by using
a GM07&GMO08 Gaussmeter (Hirst Magnetic Instruments Ltd.). As shown in Figure
2.1, each pair of magnets was inserted into polymethyl methacrylate (PMMA) holders
in an anti-Helmholtz configuration and fixed with screws. The MagLev setups were
sterilized both with 70% ethanol and UV prior to 3D cell culture studies. A petri dish
(Ibidi- 80131, 800 pl) consists of cells, a complete cell medium, and a paramagnetic
agent Gx (Gadobutrol/Gadovist, Bayer) was placed within the setup among the magnets

for cell culture experiments.

A B -

N

—

MagLev setup 1 with = & S
40x5 mm magnets e — —

MagLev setup 2 with
30x15 mm magnets

Figure 2.1. MagLev set-ups with dimensions of 40x5 mm and 30x15 mm magnets for
3D cellular structure formation. A) Top view, and B) Side view of
MagLev set-up.
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2.2. Fabrication of Biopatterning Set-up

For the biopatterning study, a polymethylmethacrylate (PMMA) holder was
used to secure disc magnets (N35) with the dimensions of 7x18 mm, and all magnets
were assembled as shown in Figure 2.2. Neodymium disc magnets and rectangular
magnets (N35) with the dimensions of 7x18 mm and 15x10 mm respectively were
purchased from Miknatis Teknik Co. (Turkey), and a ring magnet (N52) with a

dimension of 6.5x32 mm was purchased from K&J magnetics (USA).

Figure 2. 2. PMMA holder for magnets. A) Top view, B) Side view.

2.3. Cell Culture

NIH/3T3 (mouse fibroblast cells, ATCC CRL-1658), MCF7 (human epithelial
breast adenocarcinoma, ATCC HTB-22), MDA-MB-231 (human epithelial breast
adenocarcinoma, ATCC HTB-26), HeLa (human epithelial cervix adenocarcinoma,
ATCC CCL-2), SH-SY5Y (human bone-marrow neuroblastoma, ATCC CRL-2266),
PC-12 (rat adrenal gland pheochromocytoma, ATCC CRL-1721), MDA-MB-231
dsRED and MDA-MB-231 GFP cells were cultured in high glucose DMEM (GIBCO,
Thermo Fischer Scientific) containing L-glutamine and supplemented with 10% Fetal
Bovine Serum (FBS) (GIBCO, Thermo Fischer Scientific) and 1%
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penicillin/streptomycin (GIBCO, Thermo Fischer Scientific). The cells were cultured up
to ~ 90% confluency in a humidified environment (5% CO3, 37 °C). The harvested
NIH/3T3 cells were used further for optimization steps of biopatterning and MagLev
studies. After optimization, MCF7, MDA-MB-231, HelLa, SH-SY5Y, PC-12, MDA-
MB-231 dsRED and MDA-MB-231 GFP cells were used to fabricate tumoroid and co-
culture models for further studies.

H9c2(2-1) (ATCC CRL-1446) rat cardiomyocyte cells were cultured in high
glucose DMEM (Biological industries, 01-052-1A) containing L-glutamine and
supplemented with 1% penicillin/streptomycin (GIBCO, Thermo Fischer Scientific),
Na-pyruvate (Biological industries, 03-042-1B), and 10% FBS(Biological industries,
04-127-1A). The cells were cultured up to ~ 80% confluency in a humidified
environment (5% COz, 37 °C) and then cells were used for furtherstudies.

The hiPSC-CMs (WTC cardiomyocytes, GM25256) and cardiac fibroblast cells
(cFBs DRRAGN 3A1) were frozen after differentiation for long-term storage in liquid
nitrogen. The cells were thawed, counted and resuspended with a high glucose

cardiomyocyte maturation TDI medium and then used for further studies.

2.4. Biofabrication of 3D Spheroids

In this study, 3D spheroids were fabricated using MagLev technique. ® For
this aim MagLev set-up was used as shown in Figure 2.1. 3D cell culture parameters
were optimized for MagLev methodology by using NIH/3T3 fibroblast cells as a model
cell line. First, initial cell number and spheroid size relation was investigated for the
developed MagLev setup which has high working volume (800 pl). Varied cell
numbers; 2.5/5/10/25/50/100x10% at a 10 mM Gx (Gadobutrol) concentration and 0.15
T magnetic field were used. After that, the toxicity of Gx were analysed for
10/30/50/100 mM Gx at 0.15 T. As a final step, spheroids were cultured for 1/3/5/7
days at 2.5x10% NIH/3T3, 30 mM Gx, and 0.15 T to determine long-term cell viability
and the morphological changes. Cell viability (%), spheroid area and circularity
analyses were accomplished by ImageJ software (NIH).

Further applicability of the MagLev platform was investigated for 3D tumor and
co-culture formation. To fabricate 3D tumour models, various cancer cell lines were
utilized such as MCF7, MDA-MB-231, HelLa, SH-SY5Y, PC-12. For this aim, cell
number and Gx concentration were kept at 10x10°, and 10 mM respectively. On the
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other hand, the magnetic field was applied 0.4 T (30x15mm magnet) for MDA-MB-231
and HeLa cell lines to decrease incubation time and obtain 3D cellular structures while
it was 0.15 T (40x5mm magnet) for MCF7, SH-SY5Y, and PC-12 cell lines. Moreover,
to fabricate a 3D co-culture model 10x10° MDA-MB-231 dsRED and MDA-MB-231
GFP cell lines were cultured at 50 and 100 mM Gx and 0.4 T.

The relation of initial cell number and spheroid size were examined first for
biofabrication of 3D cardiac spheroids where culture parameters for various cell
numbers; 2.5/5/10/25/50/100x10° were investigated at a 10 mM Gx, 0.15 T magnetic
field and 24 hr culturing time. After that, the toxicity of Gx were analysed for
10/30/50/100 mM Gx at 0.15 T. 2.5x10% H9c2 cells were cultured for 1/2/3/4/5 days at
10 mM Gx and 0.15 T to determine long-term cell viability and the structural features of
spheroids. Cell viability (%), spheroid area and circularity analyses were accomplished

by ImageJ software (NIH).

2.5. Biofabrication of Biopatterned 3D Cellular Structures

The schematic of developed biopatterning methodology is shown in Figure 2.3.
Bio-ink, which consists of either NIH/3T3 or H9c2 cells, MNPs, and alginate was
prepared to pattern cells in the shape of the magnet. Firstly, a well plate (tissue culture
treated, Thermo Scientific) was placed onto the PMMA magnet holder. Bio-ink was
added into a well that contains CaCl, solution for crosslinking of alginate (Figure 2.3A).
After gelation was completed CaCl, solution was replaced with cell culture medium
(Figure 2.3Bb) and cells were patterned in the shape of the magnet. Later, citrate buffer
was applied 3 times for 15 min to disassociate alginate and to remove MNPs (Figure
2.3C). Borders and center of patterned structure was monitored by light microscopy to
evaluate the patterning efficiency and cell adhesion before and after disassociation

steps.
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Figure 2.3. Schematic of developed biopatterning methodology. A) Bio-ink is patterned
as a disc shape and crosslinked with CaClz solution B) CaClz solution is
replaced with cell culture medium C) Patterned 3D cellular structures are
obtained after disassociation of alginate (The illustration was created with
BioRender.com).

Na alginate (Sigma Aldrich, 71238) in varied concentrations; 0.05, 0.08, 0.09,
0.1 and 0.5 (w/v) % and CaCl. (Sigma Aldrich, C8106) in varied concentrations; 5, 7.5,
10, and 20 mM, and citrate buffer (100 mM) were prepared, and filter sterilized. Fe3O4
MNPs (1 mg/ml) were synthesized as described elsewhere 2. Optimization studies
were carried out by analyzing the concentration of alginate, MNP, CaCly; cell number;
alginate and MNP volume; incubation time of CaCl, and bio-ink. Plackett-Burman
design model, which is a classical method to screen a large number of variables, was
used to distinguish critical parameters. 12412 For this aim, a total of 12 runs were
applied, which includes 8 parameters as effective factors in corresponding range given
in Table 2.1. Here, the response value is given as the efficiency of cell patterning and
surface coverage. Further, the Box-Behnken design was applied to form an
experimental model while using distinguished critical parameters to determine optimum
values. *?® In this model, 16 runs were evaluated for a 3-level factorial design with 4
replicates on the center point. Design-Expert 7.0.0 (2005, Stat-Ease, Inc.) was used to
generate experimental runs for both Plackett-Burman design and Box-Behnken design
models. Each run was evaluated based on patterning efficiency and patterned structures,
and then each response was scored between 0-100 after the dissociation step. A
mathematical model of patterned cells was obtained according to the experiment results.

ANOVA was used to evaluate the models.
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Table 2. 1. Experimental parameters that were used in the Plackett-Burman design

Parameters unit low high
Alginate concentration wiv % 0.08 0.5
Fe304 concentration pg/ml 400 800
Cell number 5x10° 1x10°
Alginate volume pl 4 6
Fez04volume pl 2 6
CaCl; concentration mM 5 20
CacCl, incubation time min 3 5
Bio-ink incubation time h 4 5

To examine the patterning capability of bio-ink and the formation of sharp
structures such as corners and linear patterns, ring and rectangular magnets were used.
In these experiments, the formulation of bio-ink was modified to pattern bio-ink and
fabricate 3D cellular structures. For this aim, the MNP concentration was increased to
800 pg/ml from 600 pg/ml, while other parameters were kept constant. The total bio-ink
volume was applied as 10 and 20 pl for the ring and rectangular magnets respectively.

Prior to hiPSC-CMs seeding, well surfaces were coated with Matrigel (1:100,
Corning) and geltrex (1:100) in DMEM/F12 (DMEMF12 1:1 (1x) + GlutaMAX-I,
Gibco). Coating solution was added to wells and incubated for 90 min at 37 °C. After
aspiration of the coating solution, DMEM/F12 with 10% Fetal Bovine Serum (FBS,
Gibco) was added to wells and incubated overnight. The hiPSC-CMs (WTC
cardiomyocytes) and cardiac fibroblast cells (cFBs DRRAGN 3A1) were thawed and
the cell suspension was filtered using a polystyrene tube with a cell strainer cap (pore
size: 35 um, Corning). The cells were counted and resuspended with a high glucose
cardiomyocyte maturation TDI medium. To fabricate ring shape patterned cardiac
structure, total bio-ink volume was kept as 30 pl for the N52 ring magnet (9.5%3.2 mm).
Bio-ink components which are cell number, alginate and MNP concentrations were
applied as 4x10° - 8x10° (in 12 pl culture medium), 0.08 % (in 12 pl) and 800 pg/ml
(in 6 pl) respectively.
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2.6. Cell Viability Analysis

To examine the cytotoxic response of paramagnetic agents on H9c2 cells, the
Live/Dead and Alamar Blue assays were performed. For this aim, 5000 H9c2 cells were
cultured in 2D with commercial paramagnetic agents such as gadobutrol (Gadovist,
Bayer), gadoteric acid (Dotarem, Guerbet), and gadodiamid (Omniscan, GE) in varied
concentrations (10/30/50/100 mM) for days 1/3/5/7. '

For the Live/Dead assay, cells were stained with CytoCalcein™ Green and
Propidium lodide (PI) dyes (AAT Bioquest) which were added into the assay buffer
solution in equal proportions and incubated at 37 °C for 30 min. Then, viability analysis
was carried out using a fluorescence microscope (Zeiss Axio Observer).

For the Alamar Blue (Chem Cruz) assays, a 0.01% resazurin sodium salt reagent
was used and cells were incubated in it for 4 hrs. Measurements were performed by the
Multiskan™ GO Microplate Spectrophotometer (Thermo Fischer Scientific) at 570-600
nm.

For MTT analysis, the reagent was added (final concentration was 0.5 mg ml™?)
to wells and incubated for 4 hr for both 2D control and 3D cellular structures. After that,
formazan crystals were solubilized by using DMSO, and measurements were performed
by a Multiskan™ GO Microplate Spectrophotometer (Thermo Fischer Scientific) at
565-650 nm.

2.7. Immunostaining of 3D Cellular Structures

The cellular and extracellular matrix (ECM) components of the 3D spheroids
and biopatterned 3D cellular structures using either NIH/3T3 or H9c2 cells were
characterized in terms of nucleus, cytoskeleton, and collagen staining for short-term and
long-term. Fixation of 3D spheroids and biopatterned 3D cellular structures were
performed with 4% paraformaldehyde for 20 min. Permeabilization and blocking were
applied as 0.1% Triton X-100 in PBS for 5 min, and 1% BSA in PBS for 30 min
respectively. For F-Actin labeling, TRITC-conjugated Phalloidin (Sigma-Aldrich) was
applied for 60 min at room temperature (RT). After incubation, rinsing was done three

times for 10 min. To label collagen I of the extracellular matrix, anti-collagen Type I-
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FITC (Sigma-Aldrich) was applied for 50 min at RT. After the washing step, DAPI
AAT BIOQUEST) solution was applied for 5 min and rinsed with wash buffer three
times for 5 min.

Also specific cardiac markers; cardiac troponin T and MYH6 were investigated
for short- and long-term. Fixation (4% paraformaldehyde), permeabilization (0.1%
Triton X-100 in PBS), and blocking (1% BSA, 10% FBS in PBS) steps were applied, as
stated above. The primary antibody of MYH6 (Abclonal) and cardiac Troponin T
(Bioss) was applied and incubated overnight at +4 °C. After the rinsing step, rhodamine
(TRITC) conjugated anti-rabbit secondary antibody (Abclonal) was added and
incubated for 60 min. DAPI (Sigma-Aldrich) solution was applied for 5 min. Rinsing
was done three times for 5 min and stained spheroids and 3D cardiac cellular structures
were analysed under a fluorescence microscope (Zeiss Observer Z1).

To characterize and investigate cellular and extracellular components of the
biopatterned cardiac structures using co-cultured hiPSC derived cardiomyocytes and
cardiac fibroblast cells; a-actinin, collagen I, Cx-43, Troponin T, and DAPI staining
was done at day 13. Patterned structures were fixed with 4% paraformaldehyde for 20
min, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 8 min, then
blocked with 2 % BSA and 5 % goat serum in DPBS for 60 min. Primary antibodies of
a-actinin ( Sigma), collagen | (Sigma), Cx-43 (Sigma), and Troponin T (Sigma) were
applied and incubated overnight at +4 °C. Secondary antibodies of Goat-anti-Mouse
Alexa Fluor 647 (Invitrogen) and Goat-anti-Rabbit (Invitrogen) 488 were prepared in a
blocking solution and incubated for 90 min at RT. After rinsing, DAPI (Sigma-Aldrich)
solution was applied for 5 min. After staining, patterned structures were visualized

under Zeiss FSM 880 confocal microscope.

2.8. Doxorubicin-Induced Cardiotoxicity Study

To investigate DOX-induced cardiotoxicity, 1, 5, 10, 25, 50 uM DOX (HY-
15142-100, Doxorubicin hydrochloride, MEDCHEM) was separately applied to both
2D (5000 cells/well) and 3D cell culture (2.5x10° cells for 3D cardiac spheroids and
4x10° cells for biopatterned 3D cardiac structures) using H9c2 cells. DOX toxicity was
investigated via a MTT (Sigma, Aldrich) assay. MTT analysis was done while adding

the reagent (final concentration was 0.5 mg ml™) to wells and incubated for 4 hr for
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both 2D control and 3D cardiac spheroids and patterned 3D cellular structures. For 3D
cardiac cellular structures fabricated via the biopatterning method, DOX was applied
after 48 hr cultured patterned 3D cardiac structures. After that, formazan crystals were
solubilized by using DMSO, and measurements were done by a Multiskan™ GO
Microplate Spectrophotometer (Thermo Fischer Scientific) at 565-650 nm. For 3D
cardiac spheroids that were fabricated by MagLev, DOX was applied to 24h cultured
3D cardiac spheroids. The cell viability of 3D cardiac spheroids was analysed based on
formazan intensity by using ImageJ software. For this analysis, similar sizes of
spheroids were utilized, and relative dose-response values were calculated. 1Cso values

were obtained by using GraphPad Prism 8 software.

2.9. Statistical Analysis

All data are expressed as the standard error of the mean (xSEM). Statistical
analysis for the dose-response of the 3D cardiac models and 2D control was performed
using an unpaired two-tailed t-test by using GraphPad Prism 8 software. A p < 0.05 was

considered as statistically significant.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Biofabrication of 3D Cell Culture Models via the Magnetic
Levitation Methodology

3.1.1. Biofabrication of 3D Spheroids Using NIH/3T3 Cells

When MagLev technique is used cells are magnetically guided towards a lower
magnetic field area from a higher magnetic field area in the presence of paramagnetic
agent. Under these conditions, buoyancy forces are equalized by magnetic and
gravitational forces 7¢*'¢ and cellular clusters start to form at the centre of the petri dish
or any container that is associated with MaglLev setup. Magnetically guided and
accumulated cells form 3D cellular structures and spheroids due to increased cell-cell

interactions at a certain levitation height, as shown in Figure 3.1.
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Figure 3. 1.Schematic illustration of developed MagLev methodology.
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MagLev set-ups that are shown in Fig. 2.1 were used to biofabricate 3D
spheroids and cellular structures, and NIH/3T3 cell line used as a model to optimize the
parameters. This newly designed setup configuration provides a way of tuning the size
and other properties of 3D cellular structures. It (i) allows the easy and rapid fabrication
of tunable 3D cellular structures at high volume and in a low magnetic field, (ii)
provides easy imaging and analysis of spheroids in real-time, (iii) enables large scale
production, and, moreover, (iv) its simplicity, low cost, and portability makes it a
favorable platform for use in resource-limited settings.

At first, cellular assembly in 3D and spheroid formation via MagLev screened in
real-time for NIH/3T3 cells at 0, 2, 3, 5, 8, 12, 22, and 24 hr by light microscopy as
given in Fig. 3.2. Light microscopy images were taken directly from the top of the petri
dish. At 0 hr, cells were suspended by magnetic forces at a certain levitation height, and
at 2 hr, cells started to accumulate at the centre. Cellular aggregation was observed at
around 5 hr, and cellular aggregates were assembled to form larger 3D structures at 8 hr.
After 12 hr culturing, loose cellular aggregates became denser and started to form more

compact spheroid structures, where circular structures were obtained after 24 hr. 32

24h oo

Figure 3. 2.  Time-dependent light microscopy images of spheroid formation for
NIH/3T3 cells using magnetic levitational assembly at 0, 2, 3, 5, 8, 12,
22, and 24 hr. Scale bar: 200 um.

Circularity is another significant characteristic for 3D cellular structures, which
represents the ideal circular structure of a spheroid when the value is close to 1 '¥.

Circularity is described as the following:

Circularity = 4m(area/perimeter?)
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As given in Figure 3.3., the circularity of spheroids was calculated as 0.76, 0.85,
and 0.89 at the 12, 22, and 24 hr culturing times respectively. As a result, it was

indicated that increased culture time improved circularity of spheroids.
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Figure 3. 3. Circularity versus time graph for 25x10° NIH/3T3 cells at 12, 22 and 24 hr.

3.1.2. Effect of Initial Cell Seeding Number

To investigate and then evaluate the effect of initial cell seeding number on
spheroid size and area, varied cell numbers; 2.5, 5, 10, 25, 50, 100x10% were cultured in
3D at 10 mM Gx. As given in Figures 3.4 and 3.5, the low cell number (2.5, 5, 10x10%)
provided high cell viability that ranged between 50% to 100%, while the viability
decreased below 50% with the high cell number (25, 50, 100x10%). When high cell
number is used low cell viability was observed due to the diffusion limitation. It is well-
known fact that when the size of spheroid is above 200 um the diffusion of O and
nutrients inside the spheroid is limited, and also insufficient mass transport results in the
accumulation of metabolic waste. *222 |t was obvious that spheroids obtained with low
cell number overcame diffusion limitations and resulted in high cell viability. In
addition to cell viability, spheroid area change was also analysed for varied cell
numbers, where small spheroids were obtained with low cell number and bigger
spheroids were obtained with high cell number as given in Figure 3.4. The area of
spheroids was calculated as 0.26, 0.59, 2.22, 3.38, 4.94, and 21.2x10* um?, for 2.5, 5,
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10, 25, 50, and 100x10° cell numbers, respectively. The size of a spheroid is one of the
important parameters that affect the use of the spheroid in varied tissue engineering
applications like drug screening. Results affirm that spheroid size and area can be tuned
by changing the initial cell seeding number.

It is known that large spheroids have diffusional gradient zones: (i) an outer
layer consisting of viable cells that can proliferate due to a well-oxygenated zone, and
(ii) the inner layer, known as the necrotic core, which has hypoxic quiescent cells; when
they cannot receive enough O, metabolites and waste accumulation occurs in the core.
130131 These models are representative alternatives especially for 3D tumor models.
128,132 Here, these layers were observed in large spheroids as given in Figure 3.4.

Moreover, Figure 3.6 shows circularity values against initial cell seeding
numbers. The circularity of spheroids in varied cell densities ranged between 0.69 and
0.86, while the maximum circularity was obtained for 25x10% NIH/3T3 cells; still, the
high circularity value was obtained for all cell densities, showing that there is no

correlation between cell seeding number and circularity.

2.5x103%cells

25x10° cells ‘ 50x10°2 cells ) 100x102 cells ~

Figure 3.4. Cell viability images of NIH/3T3 spheroids at varied cell seeding numbers;
2.5, 5, 10, 25, 50, 100x102 (green: live cells, red: dead cells). Scale bar: 200

um.
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Figure 3.5. Cell viability values of NIH/3T3 spheroids at varied cell seeding numbers;
2.5, 5, 10, 25, 50, 100x10°%,
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Figure 3.6. Representative spheroid area versus circularity at varied cell seeding
numbers; 2.5, 5, 10, 25, 50, 100x103.
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3.1.3. The Effect of the Paramagnetic Agent

Recently, various Gd®* chelates and salts such as gadobutrol, gadoteric acid, and
gadodiamide were utilized as a paramagnetic agents, and they were investigated in
terms of cellular toxicity. The lowest toxicity on 2D cultured NIH/3T3 cells was
obtained by gadobutrol (Gx) compared to other paramagnetic agents; ’® therefore, Gx
was used as a paramagnetic agent in this study. 10, 30, 50, and 100 mM Gx were
investigated in terms of levitation capability and cytotoxic effect on NIH/3T3 cells.
However, the spheroid formation was not obtained for 2.5x10° cell number when 10
mM of Gx is used. The reason might be that 10 mM of Gx was not enough to gather
cells and form spheroid at low cell number (2.5x10%).

Also, the Live/Dead analysis was done and high cell viability was obtained for
the spheroids formed with low cell number (2.5x10%) that was cultured for 24 hr at 30,
50, 100 mM Gx, as shown in Figures 3.7 and 3.8. The diameters of spheroids were
below 200 um. These results support that diffusion limitation was overcome with low
cell seeding number. Moreover, high Gx concentrations such as 50 and 100 mM did not
affect the viability of spheroids, which is contrary to 2D standard cell culture results.
That result supports that when cells are cultured in 2D and 3D different responses are
obtained with the same agents, since the 3D microenvironment provides better
resistance against toxic substances. *3!3 It is worth mentioning that recently the
influence of Gx on cell viability was also investigated in 3D spheroids, and it was
reported that 50 mM Gx provides around 87% viability, which correlates well with our
findings. 113114

Spheroids formed in varied Gx concentrations were also investigated in terms of
spheroid area and circularity, as given in Figure 3.9. Increased Gx concentrations
resulted in increased spheroid area; 2.6, 3.6, 6.8x10° um? for 30, 50, 100 mM Gx
respectively, as given in Figure 3.9. High paramagnetic agent concentrations provide
better magnetization, therefore more cells were gathered and accumulated in the centre
close to each other, which triggered the formation of bigger spheroids. Moreover,
circularity was obtained as 0.714, 0.843, and 0.905 for 30, 50, and 100 mM Gx
respectively (Figure 3.9). Those results affirm that high Gx concentration not only
supports the formation of larger spheroids, but also improves the circularity of the
spheroids. As a result, it was shown that both spheroid size and circularity could be also

tuned by applying different Gx concentrations.
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Figure 3.7. Cell viability images of NIH/3T3 spheroids at varied Gx concentrations;
30/50/100 mM for 2.5x10° cell seeding number. Scale bar: 200 pm.
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Figure 3.8. Cell viability values of NIH/3T3 spheroids at varied GXx
concentrations; 30/50/100 mM for 2.5x10° cell seeding number.
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Figure 3.9. Representative spheroid area versus circularity at varied Gx
concentrations; 30/50/100 mM.

3.1.4. The Effect of Culture Time

Culture time is another significant parameter that influences the cell viability,
spheroid size, structure, and other properties. Here, cell viability and morphological
changes of spheroids were evaluated with NIH/3T3 cells for 1/3/5/7 day culture times.
Cell viability decreased with increased culture time, while necrotic core formation was
observed starting from day 3 as given in Figures 3.10 and 3.11. On day 3, the diameter
of the spheroid reached to 200 um and cell viability was observed as 92%.Moreover, on
day 5 and day 7 cell viability decreased to 81% and 58% respectively due to diffusion
limitation. As explained previously, diffusion limitation occurs if the spheroid diameter
is above 200 pm, and results in low cell viability. As shown in Figure 3.10 and 3.12,
with increased culturing time, bigger spheroids and larger spheroid area were obtained.
The spheroid areas were obtained as 2.6, 6.2, 10.9, and 14.2x10° um? for day 1, 3, 5,
and 7 respectively. Calculated circularity values (Figure 3.12) ranging between 0.78
and 0.9 affirmed that the spheroid structure was maintained for long culture times as

well.
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Figure 3.10. Cell viability images of NIH/3T3 spheroids for varied cell culture times on
day 1, 3, 5,7 (green: live cells, red: dead cells). Scale bar: 200 um
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Figure 3.11. Cell viability images of NIH/3T3 spheroids for varied cell culture
times on day 1,3, 5,7.
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Figure 3.12. Representative spheroid area versus circularity for varied cell culture
timesonday 1, 3,5, 7.

In tissue engineering applications, spheroids are classified and used according to
their sizes, especially spheroids ranging 10-100 pm are used in drug screening studies
and fundamental studies !* and spheroids between 100-1000 pm are utilized in
transplant models for in vivo research of animal models and the replacement of organs,
136-138 and larger spheroids around 1000+300 pm can be used in regenerative medicine
applications. 139140 Not only spheroid size but also necrotic core formation is a
significant property for a tumour model to represent in vivo tumour microenvironment
very closely. It is well known fact that spheroid models with necrotic core formation are
more resistant to chemo- and radiotherapies compared to 2D cell cultures. ">4! For that
reason, we foresee that developed 3D spheroid models of this work would be good
alternatives to conventional methodologies for the formation of 3D spheroids with
tunable properties, and also they would be an alternative platform for 3D tumour
models with studies as well.

Moreover, these results support that it is possible to obtain tunable 3D cellular
structures by changing initial cell number, Gx concentration and culture time using this
developed MagLev methodology.
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3.1.5. Characterization of 3D Cellular Structures

Immunostaining of F-Actin, nuclei, and Collagen Type-1 was carried out to
analyzethe presence of cellular and extracellular components of short-term (day 1) and
long-term (day 7) cultured spheroids. As given in Figure 3.13A, cells started to interact
with each other starting from day 1 and formed 3D cellular structures, where the nuclei
of cells and actin filaments were observed clearly. Actin is one of the cytoskeleton
molecules that has important tasks such as adhesion, cell motility, and signalling. 142
The role of actin filaments in spheroid formation is that they organize ordered structures
while maintaining their conformational changes. '’ During spheroid formation,
spontaneous cell-cell interaction forms cellular aggregation and cells start to secrete
their ECM molecules into the aggregate to form a solid spheroid structure. 4 Cells
continued to proliferate and form much larger spheroid structures on day 7, as shown in
Figure 3.13B. Collagen is one of the main ECM components, therefore ECM secretion
was affirmed within the 7-day cultured spheroids by positive staining for Collagen
Type-I, while no Collagen formation was obtained for 1-day cultured spheroids,

indicating that 24 hr culture time is not enough for Collagen secretion.

Figure 3.13. Immunofluorescence staining of NIH/3T3 spheroids on A) day 1 scale

bar: 20 um and B) day 7 scale bar: 50 pm.
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3.1.6. Fabrication of 3D Tumour Structures via Magnetic Levitation

Applicability of the developed MagLev system was examined for biofabrication
of 3D tumour models by using different cell lines. Varied cancer cell lines; MCF7,
MDA-MB-231, HelLa, SH-SY5Y, PC-12 were investigated in terms of spheroid
formation. 10x102 cells and 10 mM Gx were used during culturing for all cancer cell
lines. However, unlike the MCF7, SH-SY5Y, and PC-12 cell lines, the magnetic field
was not enough to levitate the MDA-MB-231 and HeLa cell lines. Therefore it was
increased from 0.15 T (40x5 mm magnet) to 0.4 T (30x15 mm magnet) to obtain
levitated 3D structures. Figure 3.14 shows the light microscopy and cell viability
images of spheroids that were obtained from various cancer cell lines at different
incubation times. A small and compact 3D self-assembly structure was obtained with a
SH-SY5Y cell line at 24 hr, as seen in Figure 3.14A. However, other cancer cell lines
like MDA-MB-231, MCF7, PC-12 and HeLa formed the less-dense 3D structures o as
shown in Figure 3.14 B, 3.14 C, 3.14 D and 3.14 E respectively.

In contrast to the 3D structure of the SH-SY5Y cell line, which had a very tight
structure, the PC-12 cell line formed a less dense 3D structure, as seen in Figure 3.14D.
This was achieved by the cell adhesion molecules, which has a significant role in cell-
cell contact and tissue development. ** This behaviour of SH-SY5Y cell line overlaps
well with the current literature findings where CAM and ECM proteins for spheroids of
the SH-SY5Y cell line were investigated for first time by Jung et al. (2013). Spheroids
were obtained by using hydrophobic surfaces of the thermally collapsed elastin-like
polypeptide for 48 hr. CAM protein levels of SH-SY5Y cell line spheroids were
compared to 2D cell culture that result in higher levels of N-cadherin (3-fold) which are
probably related to the tight structure of the spheroid. 149148

At first, to obtain 3D structures for the MDA-MB-231 cell line (human breast
adenocarcinoma cell line, estrogen-independent), a 40x5 mm magnet was used and
various Gx concentrations were applied (10, 30, and 50 mM). However, levitated 3D
structures were not obtained. Therefore, magnetic field strength was increased to 0.4 T
by using a 30x15 mm magnet. Levitated but less dense 3D structures were obtained
after 48 hr and the cell viability was high, as given in Figure 3.14B. This is probably
related to the adhesion molecule integrin B1 and the tight junction protein claudin4 of

MDA-MB-231.1% On the other hand, the MCF7 cell line (human breast

34



adenocarcinoma cell line, estrogen-dependent) formed 3D structures at around 12 hr
(Figure 3.14C). However, to observe morphological changes during culture time it was
incubated for 72 hr. The 3D structure was not as compact as the spheroid structure of
NIH/3T3 or SH-SY5Y cells at 72 hr. lvascu and Kubbies (2007) investigated the
spheroid formation of eight breast cancer cell lines in terms of cellular adhesion
molecules. Their studies showed that different adhesion molecules participate in the
spheroid formation of breast cancer cell lines. E-cadherin intercedes the formation of
the spheroid in MCF7. However, MDA-MB-231 cells have no cadherin molecules: their
spheroid formation is conducted by the collagen I/integrin R1 interaction. In addition to
this, as seen in Figure 3.14B, high cell viability was observed in larger 3D structures.
Since lose 3D structures were obtained for these cells no diffusion gradient occurred.

Smaller and intermittent the 3D structure formation was observed for Hela cell
line at 96 hr with high cell viability ( Figure 3.14E). Compared to other cell lines, a very
small (below 200 pm) and a high number of spheroids were obtained. In literature it is
reported that HeLa cells synthesize N-cadherin and catenin that build cell-cell junctions
for spheroid formation. Cadherins connect with the actin cytoskeleton, which results in
strong cell-cell adhesion. 1% Also, Ho et al. (2010) reported that F-actin is responsible
for the reorganization of the cytoskeletal structure via the formation of intercellular
linkages in spheroid formation because high-level F-actin was observed in 3D cell
culture compared to 2D cell culture. #7

These results explain that spheroid morphology is mainly related with the type
of the cell line but can also be manipulated by changing system parameters. Taken
together, these results further indicate the applicability of the MagLev methodology on
3D tumour spheroid formation while emphasizing the effect of CAM and ECM

molecules to support cell-cell adhesion and cellular assembly.
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Figure 3.14. Time-dependent light microscopy images of 3D tumour spheroid
formation with using magnetic levitational assembly and cell
viability of 3D tumour spheroids for different cancer cell lines. A)
SH-SY5Y, B) MDA-MB-231, C) MCF7, D) PC-12, and E) Hela.
Scale bar: 100 pm.

3.1.7. Fabrication of 3D Co-Culture Models via Magnetic Levitation

Again, to show the applicability of the MagLev system for co-culture formation,
MDA-MB-231 GFP and MDA-MB-231 dsRED cell lines were used to form a co-
culture model. Co-cultured spheroids were obtained with 10x10% cells, 30x15 mm
magnet (0.4 T), while the Gx concentrations were kept as 50 mM and 100 mM, as seen
in Figures 3.15 and 3.16 respectively. Gx concentration effect can be observed with
regard to spheroid formation time and spheroid morphology. Aggregation was observed
at 24 hr and small and compact 3D structures were obtained at 120 hr (Figure 3.15)
when 50 mM Gx was applied. On the contrary, a higher Gx concentration (100 mM)
promoted faster and bigger co-culture assembly, where cellular aggregates started to
form at around 5 hr. A 3D co-culture structure was observed at 72 hr that had a less
dense structure, as seen in Figure 3.16. Co-culture techniques are significant models for
forming tissue structures to investigate cell-cell interactions. These interactions occur
through direct intercellular contact and signalling molecules that are synthesized by

cells. %8 For that reason, co-culture models are more dependable systems for mimicking
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in vivo tissue models for many tissue engineering studies such as drug research on
tumoroid models. %1% This application showed that the formation of a co-culture

model was possible by using a MagLev setup.

Figure 3.15. Time-dependent fluorescent microscopy images of 3D co-culture model
formation at 50 mM Gx. Scale bar: 100 pm.

Figure 3.16. Time-dependent fluorescent microscopy images of 3D co-culture model
formation at 100 mM Gx. Scale bar: 100 pum.

3.1.8. Cytotoxicity Screening of Paramagnetic Agents on H9c2 Rat

Cardiomyocytes

Three commercially available paramagnetic agents gadobutrol (Gx),
gadodiamide (Ox), and gadoteric Acid (Dx) were investigated in 2D cell culture to
evaluate their cytotoxicity on H9c2 cell line. These paramagnetic agents were choosen

based on their ionic/non-ionic, macrocyclic/linear chain characteristics. ’® As given in
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Figure 3.17, Gx has a low cell toxicity effect on H9c2 cells compared to the control
group which was not treated with any paramagnetic agents. Dx has moderate toxicity on
cells, as observed in Figure 3.18. However, Ox had a high cytotoxic effect compared to
other paramagnetic agents on H9c2 cells for short- and long-term incubation. As
observed in Figure 3.19, increased Ox concentrations resulted in high cell cytotoxicity.
Also, as shown in Figures 3.20, 3.21, and 3.22, the Alamar Blue assay results support
the Live/Dead assay analysis, and Gx was found to be the most appropriate
paramagnetic agent for cell culture studies. The reason for the toxicity of these agents
was the release of free gadolinium ions and that related to the stability and half-life of
agents. Gx showed low toxicity on 2D cultured cells compared to other agents due to
their longer half-life, and longer half-life resulted in the low release of the Gadolinium
ion. A main reason for the higher toxicity of Ox is the fast dissociation of its ligand,
releasing gadolinium ions due to its linear chain ligand structure. The half-life of Ox is
0.01 hr, which is ~ 700- and ~ 2300-fold faster than those of Dx and Gx, respectively.
6151 Therefore, Gx was used during 3D cell culture studies due to its low toxic effect on
H9c2 cells.
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control 10 mM 30 mM 50 mM 100 mM

Figure 3.17. Cell viability images of H9c2 cells treated with Gx in varied
concentrations (0/10/30/50/100 mM) in long-term culture (1/3/5/7 days).
Scale bar: 100 pm.

39



Figure 3.18. Cell viability images of HO9c2 cells treated with Dx in varied
concentrations (0/10/30/50/100 mM) in long-term culture (1/3/5/7 days).
Scale bar: 100 pm.

control ‘ 10mM _ _ \ 100 mM

Figure 3.19. Cell viability images of H9c2 cells treated with Ox in varied
concentrations (0/10/30/50/100 mm) in long-term culture (1/3/5/7
days). Scale bar: 100 pm.
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Figure 3.20. Relative cell viability % of H9c2 cells treated with Gx in varied
concentrations (0/10/30/50/100 mM) in long-term culture (1/3/5/7

days).
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Figure 3.21. Relative cell viability % of H9c2 cells treated with Dx in varied
concentrations (0/10/30/50/100 mM) in long-term culture (1/3/5/7
days).
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Figure 3.22. Relative cell viability % of H9c2 cells treated with Ox in varied
concentrations (0/10/30/50/100 mM) in long-term culture (1/3/5/7

days).

3.1.9. Biofabrication of 3D Cardiac Spheroids

Prior to the biofabrication of 3D cardiac spheroids, cell seeding number, Gx
concentration and culture time was optimized. Effect of cell seeding numbers: 2.5, 5,
10, and 25x10° were investigated first, as given in Figure 3.23. As given in Figures 3.23
and 3.24, low cell number (2.5 and 5x10° cells) resulted in high cell viability (above
50% cell viability) compared to high cell number (10 and 25x10° cells). The reason for
low cell viability is diffusion limitation as explained previously. Later, circularity values
were calculated for 3D cardiac structures where the circularity of spheroids was
calculated as 0.79, 0.87, 0.85, and 0.89 for 2.5, 5, 10, and 25x10° cell densities
respectively (Figure 3.25). These results showed that spheroids obtained through varied
cell numbers are close to an ideal spheroid shape. In addition to the circularity values of
spheroids, area change was calculated against increasing cell number. As shown in
Figure 3.25, spheroid areas were obtained as 2.8, 5.6, 8.7, and 35.3x10* um? for 2.5, 5,
10, and 25x102 cell numbers respectively. These results also support that the spheroid
size and area can be tuned by changing initial cell number, also confirming the previous
result that was observed by using NIH/3T3 cells.
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Figure 3.23. Cell viability images of H9c2 spheroids for various initial cell numbers;
2.5, 5,10, 25x103. Scale bar: 200 pm.
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Figure 3.24. Cell viability % values of H9c2 spheroids for various initial cell
numbers; 2.5, 5, 10, 25x10°,
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Figure 3.25. Representative spheroid area versus circularity of H9c2 spheroids
for various initial cell numbers; 2.5, 5, 10, 25x10°.

In addition to cell seeding number optimization, the effect of high Gx
concentrations on spheroid formation and cell viability was investigated. Varied Gx
concentrations such as 10, 30, 50, and 100 mM were applied while cell number was

kept as 2.5x10% H9c2 cells as given Figure 3.26. Here, higher Gx concentration did not
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result in a larger spheroid structures. 2 For that reason, 10 mM Gx was used for 3D
cellular structure and spheroid formation because heterogenous H9c2 cells are aligned

very close to each other by low magnetic forces at 10 mM Gx.

Figure 3.26. Cell viability images of H9c2 spheroids in varied Gx concentrations:
10, 30, 50 and 100 mM. Scale bar: 200 pm.

During long-term culture studies of 3D cardiac spheroids, initial cell number was
used as 2.5x10% while Gx concentration was kept as 10 mM. Light microscopy images of
3D cellular structures were given in Figure 3.27. Around 3 hr, cells started to accumulate
in the centre of the petri dish, and at around 5 and 8 hr, accumulated single cells turned
into cellular aggregates. Increased cell-cell interaction resulted in the formation of
spheroids at 22 hr. During the increased culture time (48, 72, 96, and 120 h), these small
spheroids started to fuse and became larger and more compact spheroid structures.

The long culturing time of 3D cardiac spheroids was also investigated in terms
of cell viability. As shown in Figures 3.28 and 3.29, the highest cell viability was 100%
for 24 hr cultured 3D spheroids. Increased culturing time resulted in gradual decrease in
cell viability; 65, 54, and 53% of cell viability was calculated for day 2, day 3, and day
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4 respectively. At the end of day 5, the cell viability was 48% due to the diffusion
limitation. In addition to cell viability, long-term cultured spheroids were also
characterized in terms of area and circularity. Spheroid area and circularity were
calculated, as given in Figure 3.30. The spheroid area was increased dramatically to 4.2
x10* um? at day 2 because small 3D cellular structures were combined and formed a
larger spheroid. Then this structure turned into a more compact structure after 24 hr. For
that reason, the area of the spheroid started to decrease at the end of day 2. Area change
was calculated as 3.7, 2.9, and 2.8 x10* um? for day 3, day 4, and day 5 respectively.
Circularity values of spheroids were obtained as 0.79, 0.76, 0.81, 0.83, and 0.82 for day
1, day 2, day 3, day 4, and day 5 respectively. This result supports that spheroids

maintain their circular structure during culture time.

Flgure 3.27. Time- dependent Ilght microscopy |mages of spheroid formation for H9c2
cells via magnetic levitational assembly at O, 3, 5, 8, 22, 24, 48, 72, 96,
and 120 hr. scale bar:200 pm.
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Figure 3.28. Cell viability images of H9c2 spheroids for various cell culture times

(days 1/2/3/4/5). Scale bar: 200 um (green: live cells, red: dead
cells).

cell viability %
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Figure 3.29. Cell viability values of H9c2 spheroids for varied cell culture times
ondays 1,2, 3,4,5.
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Figure 3.30. Representative spheroid area versus circularity for varied cell culture times
onday 1,2, 3, 4,5.

3.1.10. Characterization of 3D Cardiac Spheroids

To characterize the 3D cardiac spheroids, cellular and ECM components were
investigated via immunostaining of F-actin, and collagen type I, and DAPI nuclear
staining. The nuclei of cells and the cytoskeleton component of F-actin were observed
clearly for short- (day 1) and long-term (day 5) cultured 3D cardiac spheroids, as given
in Figure 3.31. Collagen 1 is a significant component of the ECM that was also observed
for short- and long-term cultured cardiac spheroids. *2 Compared to day 1 (Figure
3.31A), 3.7 fold higher fluorescence signal intensity was calculated > for day 5 cardiac

spheroid (Figure 3.31B) which indicates that Collagen | secretion increased during long
term culture.
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Figure 3.31. Immunofluorescence staining of H9c2 spheroids on A) day 1 B) day
Scale bar: 50 pm.

Moreover, to demonstrate the secretion of specific cardiac markers, cardiac
troponin T and MYH6 immunofluorescence staining was performed for 3D cardiac
spheroids. As shown in Figure 3.32A and Figure 3.32B, cardiac troponin T was
observed for both day 1 and day 5, which is a cardiac regulatory protein that controls
the calcium-mediated interaction between actin and myosin. ™ Also, MYH6 that
encodes for the 1 a-cardiac myosin heavy chain is expressed primarily in the atria ***
was clearly observed for cardiac spheroids for both day 1 and day 5, as given in Figure
3.32C and Figure 3.32D. Moreover, DAPI staining was applied to observe the nuclei of

cells.

5

49


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/myosin

Figure 3.32. Immunofluorescence staining of H9c2 spheroids for cardiac markers of
cardiac Troponin T on A) day 1 B) day 5 and MYH6 on C) day 1 D) day 5
Scale bar: 50 pm.

3.1.11. Dox-Induced Cardiotoxicity Study

To evaluate the drug response of cardiac spheroids that were fabricated through
MagLev; 0, 1, 5, 10, 25, and 50 puM DOX were applied. DOX-applied 3D cardiac
spheroids are given in Figure 3.33A, and the compact structure of spheroids turned into
loose structures with the increased DOX concentrations but did not completely disperse.
To evaluate DOX toxicity on spheroids, a MTT assay was performed, and formazan
intensity was evaluated for cell toxicity. As expected and also observed in Figure 3.33B,
formazan intensity decreased while DOX concentration increased. ICso values were
calculated as 3.5 and 14 pM for 2D control and 3D cardiac spheroids respectively

(Figure 3.34). These results support that 3D cardiac structures are more resistant to drug
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exposure. In addition to this, t-test analysis was done and resulted in drug responses of
2D cell culture and 3D cardiac spheroids being significantly different (p < 0.05).

1uM 5uM 10 uM 25 uM 50 uM

R ® ‘~
Figure 3.33. Light microscopy images of a) 0, 1, 5, 10, 25, and 50 uM DOX applied 3D
cardiac spheroids; b) Formazan complex formation in 3D cardiac
spheroids. Scale bar: 20 pm.

P<0.05
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Figure 3.34. Dose response curves of 2D standard control and 3D cardiac spheroids.
Error bars represent the standard error of mean, p <0.05.

In literature response cells in 2D and 3D cell cultures has been investigated in
terms of drug resistance. 416157 Recently, varied spheroid models were developed,
and their drug responses were evaluated via ICsp and ECso values. Sirenko et al. (2017)
fabricated 3D spheroids wusing human-induced pluripotent stem cell-derived
cardiomyocytes via an ultra-low attachment (ULA) well plate. Then, they investigated
22 cardioactive and cardiotoxic drugs including DOX, and ECso values were found to
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be > 30 and 11.9 pM for 3D iPSC-derived cardiac spheroids and 2D control
respectively. They indicate that 3D cardiac spheroids are more resistant to toxic drugs
and more suitable for in vitro models. 8

The reason for these significant differences is that cells have better cell-cell and
cell-ECM interactions, which mimic the physiological microenvironment closely in 3D
cell culture. Also, in a 3D spheroid structure, cells maintained their phenotype, function,
and synthesize ECM. Moreover, exposure of molecules between cells on the exterior
and cells in the interior are completely different in 2D cell culture where cells have
uniform exposure. 7162 Taken together; in this work it is successfully shown that 3D
cardiac spheroids fabricated via MaglLev are more resistant to drug exposure then

conventional 2D model.

3.2. Biofabrication of 3D Cell Culture Models via the Magnetic
Biopatterning Method

3.2.1. Optimization of Bio-ink Formulation by Using Experimental

Design Models

In this study, optimization was carried out utilizing Plackett Burman and Box
Behnken experimental design models. As given in Table 2.1, 8 parameters were
considered to obtain 3D cellular structures. Plackett-Burman design was used to
decrease the number of parameters and to determine effective parameters that contribute
the most to 3D patterned structures. %3 Alginate is a natural polysaccharide that is
composed of (1-4)-linked D-mannuronic acid (M units) and (1-4)-linked L-guluronic
acid (G units) residues. Here, alginate is the main component of the bio-ink. Alginate
forms gel, where there is a presence of divalent cations (Ca®*, Sr?*, and Ba?*), through
the ionic interaction between the cation and carboxyl group. Negatively charged G units
(carboxyl group) and divalent cations form egg box structures. 416 Ca-alginate
gelation occurs very rapidly when the CaCl, and Na-alginate meet in the same
environment. % Gelation behavior of alginate depends on the concentration of alginate
and Ca*?, and their incubation time. Appropriate gelation parameters are required to

obtain a hydrogel that allows cell attachment and also prevents cells dispersion out of
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the hydrogel. For that reason, working parameters were defined as 0.08 and 0.5 % (w/v)
alginate, 5 and 20 mM CacCly, 3 and 5 min incubation time. The parameter ranges were
decided according to preliminary cell culture studies. The MNP enables contactless
manipulation of cells under external magnetic field therefore, its concentration is
another effective parameter for patterning of cells. Here, 400 and 800 pg/ml MNP
concentration was used. On the other hand, cell density affect cell-cell and cell-ECM
interactions, 7168 where 5x10° and 1x10° cell numbers were investigated for
optimization. The total volume was changing between 8-16 pl, adjusting the total
volume is an important issue to get complete coverage of magnet surface while
obtaining suitable alginate viscosity. As the last parameter of the Plackett-Burman
design, incubation time of bio-ink was evaluated as 4 and 5 hours since this is the
minimum time frame for cell adhesion.

As given in Table 3.1, 12 runs were performed to determine contribution

percentage of parameters.

Table 3.1. Design of Plackett-Burman screening experiment with 8 parameters (F:
Factor; Alg: Alginate).

Run F1: F2: F3: F4: F5: F6: F7: F8:
Alg. FesO4 Cell Alg. FesOq CaCl. | CaClz Bio-ink
conc. (| conc. number | Volume | Volume | conc. incubation | incubation
wiv %) | (pg/ml) (un (un (mM) time (min) | time (h)

1 0.5 400 1x10° 6 6 5 3 4
2 0.5 800 5x10° 4 2 20 3 5
3 0.5 400 5x10° 4 6 5 5 5
4 0.08 400 5x10° 6 2 20 5 4
5 0.08 800 1x10° 6 2 5 3 5
6 0.5 400 1x10° 6 2 20 5 5
7 0.5 800 5x10° 6 6 20 3 4
8 0.5 800 1x10° 4 2 5 5 4
9 0.08 800 5x10° 6 6 5 5 5
10 0.08 400 5x10° 4 2 5 3 4
11 0.08 800 1x10° 4 6 20 5 4
12 0.08 400 1x10° 4 6 20 3 5

As seen in Figures 3.36 and 3.37, images show patterned bio-ink formulations in
varying conditions between runs 1-12 according to the Plackett-Burman design model.
Here, it was observed lower alginate concentration (0.08%) in run 5 resulted in a nicely
patterned bio-ink compared to a higher alginate concentration (0.5%) in run 8 which

caused random accumulation of bio-ink at fixed MNP (800 pg/ml) and CaClz (5 mM).
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Due to high alginate concentration (0.5%), gelation occurred before bio-ink patterned as
the shape of magnet. Also, high concentration of CaClz (20 mM) led to an accumulated
bio-ink structure because of rapid gelation at run 2, run 4, run 6, run 7, runl1, and run12
compared to the low concentration of CaClz (5 mM) at run 5, run 9, and run 10. As a
result, bio-ink with a suitable viscosity was obtained that would allow alginate take the

shape of a magnet using appropriate alginate and CaCl. concentrations.

replicate 1
e
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§
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Figure 3. 36. Images of biopatterned bio-ink between runs 7-12.
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As given in Figure 3.35 and 3.36, run 5 and run 9 were observed with nicely
patterned bio-ink in the shape of a disc magnet. Moreover, light microscopy images of
those two runs indicated that they had clear patterned bio-ink borders in the shape of a
disc magnet, as given in Figures 3.37A and 3.37C. Also, after the disassociation step of
alginate, patterned cells protected their borders as shown in Figures 3.37B and 3.37D.
These two runs had the same parameters such as alginate concentration (0.08%), CaCl:
(5 mM), MNP concentration (800 pg/ml), and incubation time of bio-ink (5 hr), while
other parameters differed. The gelation rate was significant for obtaining a patternable
bio-ink for this method, which was strongly related to alginate and CaCl
concentrations, as discussed previously. Therefore, low alginate and CaCl;
concentrations resulted in patterned structures. Moreover, these two runs had another
common parameter that was MNP concentration (800 pg/ml), and the high
concentration also had a significant contribution to the well-defined borders of patterned
bio-ink. On the other hand, cell number made a difference in patterned structures. As
given in Figure 3.37D, low cell number (5x10°) was not enough to form a 3D cellular
structure on the microwell plate surface. This result supports that cell number is another
important parameter for obtaining patterned structures. It is also important to point out
the disassociation step for the formation of biopatterned structures. Disassociation of
alginate occurs by elimination of calcium ions through the effect of chelators such as
ethylenediaminetetraacetic acid (EDTA) and ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA), lactate, citrate, or phosphate agents. %172 This
physical crosslinking property of alginate that association/disassociation reactions can
be easily manipulated is one of the reasons that it was chosen in this study as a carrying
agent, while encapsulating cells and MNPs. In this study, a citrate buffer (100 mM) was
used for the disassociation of alginate. As seen in Figure 3.37B and 3.37D, patterned

structures were observed after the disassociation and rinsing steps.
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A

alg:0.08%
Fe,0,:800ug/ml
CacCl, conc:5mM

1x10° cells

B

After disassociation

C

alg:0.08%
F9304:800uglml
CaCI2 conc:5mM

5x105 cells

D

After disassociation
 ttiimsamannn®

Figure 3.37. Light microscopy images of patterned cellular structures A) patterned bio-
ink for run 5, B) patterned structures after disassociation of alginate for
run 5, C) patterned bio-ink for run 9, D) patterned structures after
disassociation of alginate for run 9. Scale bar: 200 pum.

Table 3.2. Screening experiment design via Plackett-Burman and results. (F: Factor,
Alg: Alginate, R: Response).

Run | F1: F2: F3: Fa: F5: F6: F7: F8: R1: cell
Alg. FesOq Cell Alg. FesOs | CaCl2 | CaCl: Bio-ink | patterni
conc. | conc. numb | Volume | Volum | conc. | incubat | incubati | ng
(wiv | (pg/ml) | er (ul) e (uh (mM) | ion on time
%) time (hr)

(min)
1 0.5 400 1x108 6 6 5 3 4 20
2 0.5 800 5x10° 4 2 20 3 5 0
3 0.5 400 5x10° 4 6 5 5 5 0
4 0.08 400 5x10° 6 2 20 5 4 30
5 0.08 800 1x108 6 2 5 3 5 90
6 0.5 400 1x108 6 2 20 5 5 0
7 0.5 800 5x10° 6 6 20 3 4 0
8 0.5 800 1x108 4 2 5 5 4 20
9 0.08 800 5x10° 6 6 5 5 5 60
10 0.08 400 5x10° 4 2 5 3 4 60
11 0.08 800 1x108 4 6 20 5 4 45
12 0.08 400 1x10° 4 6 20 3 5 30

56



Table 3. 3. The contribution percentages of parameters was obtained from the Plackett-
Burman design model.

Name Contribution (%)
Alginate concentration (w/v %) 66.88
FesO4 concentration (ug/ml) 4.97
Cell number 2.68
Alginate volume (ul) 1.79
Fe304 volume (pl) 1.79
CaClz concentration (mM) 18.59
CaCl, incubation time (min) 1.79
Bio-ink incubation time (hr) 0.022

Table 3. 4. ANOVA for the Plackett-Burman Screening Experiment.

Source Sum of df Mean F-value p-value
Squares Square Prob>F
Model 9383.33 8 1172.92 88.89 0.0018
A-Alginate 6302.08 1 6302.08 477.63 0.0002
conc
B-Fe;04 468.75 1 468.75 35.53 0.0094
concentration
C-Cell 252.08 1 252.08 19.11 0.0222
number
D-Alginate 168.75 1 168.75 12.79 0.0374
volume
E- Fes0q4 168.75 1 168.75 12.79 0.0374
volume
F-CaCl, 1752.08 1 1752.08 132.79 0.0014
concentration
G- CaCl; 168.75 1 168.75 12.79 0.0374
volume
J-J 102.08 1 102.08 7.74 0.0689
Residual 39.58 3 13.19
Cor Total 9422.92 11
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After that, all the Plackett-Burman design model runs were evaluated by
considering the surface coverage amount of patterned bio-ink as the shape of the
magnet, then, the response values were calculated between 0-100, as seen in Table 3.2.
According to the Plackett-Burman design model, the mostly contributing parameters
were determined as alginate (66.88%), CaCl.> (18.59%), and MNP (4.97%)
concentrations, as given in Table 3.3. According to the Plackett-Burman design model,
the mostly contributing parameters were determined as alginate (66.88%), CaCl>
(18.59%), and MNP (4.97%) concentrations, as given in Table 3.3. Total contribution of
these parameters was calculated as 90.44 % while the other parameters had no
significant effect on cell patterning. Also, that model was statistically analysed by
ANOVA (Table 3.4), and the F value and p-value were found to be 88.89 and 0.0018
respectively. A p-value (Prob > F) of less than 0.05 indicates that model terms are
significant. 1"® In addition to F-value and p-value; R-Squared, Adj R-Squared, Pred R-
Squared and Adeq Precision values were obtained as 0.9958, 0.9846, 0.9328 and 29.405
respectively. The Pred R-Squared was 0.9328 which means this model was reliable and
it was in reasonable agreement with the Adj R-Squared of 0.9846. Moreover, value of
adequate precision greater than 4 is desirable. In this model, it was obtained as 29.405
which indicated the signal was adequate.

After evaluating Plackett Burman design results, optimization parameters were
decreased to 3; alginate, CaCl,, and MNP concentrations, which were further evaluated
by a 3-level factorial Box-Behnken design, as given in Table 3.5. The Box-Behnken
Design resulted in 16 experiment runs with 4 replicates on the centre point by using 3

parameters, as seen in Table 3.6.

Table 3.5. Experimental parameters that were used in Box Behnken design.

Parameters Unit Variable levels
low moderate high
Alginate concentration wiv % 0.08 0.9 0.1
Fesz04 concentration pg/ml 400 600 800
CaCl; concentration mM 5 7.5 10
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Table 3. 6. The Box-Behnken Design with 16 runs to obtain the optimum parameters (F:
Factor, Alg: Alginate).

Run F1: F2: F3:
Alg. Concentration FesO4concentration | CaClz
(wiv %) (‘pg/ml) concentration
(mM)
1 0.09 800 10
2 0.09 600 7.5
3 0.1 600 10
4 0.09 600 7.5
5 0.08 600 5
6 0.09 400 5
7 0.08 600 10
8 0.08 800 7.5
9 0.1 400 7.5
10 0.1 600 5
11 0.09 600 7.5
12 0.09 600 7.5
13 0.09 400 10
14 0.1 800 7.5
15 0.09 800 5
16 0.08 400 7.5
replicate 1 replicate 2 replicate 1 replicate 2

run 4

Figure 3. 38. Images of biopatterned bio-ink between run 1 and run 8.
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replicate 1 replicate 2 replicate 1 replicate 2

run9

Figure 3. 39. Images of biopatterned bio-ink between run 9 and run 16.

Table 3.7. Response of cell patterning between 0-100 (F: Factor, Alg: Alginate, R:

Response).
Run F1: F2: F3: R1: cell
Alg. Concentration FesOsconcentration CaClz patterning
(W/v %) (ng/ml) concentration
(mM)

1 0.09 800 10 0
2 0.09 600 7.5 50
3 0.1 600 10 50
4 0.09 600 7.5 40
5 0.08 600 5 90
6 0.09 400 5 20
7 0.08 600 10 10
8 0.08 800 7.5 20
9 0.1 400 7.5 30
10 0.1 600 5 30
11 0.09 600 7.5 60
12 0.09 600 7.5 40
13 0.09 400 10 10
14 0.1 800 7.5 30
15 0.09 800 5 50
16 0.08 400 7.5 0
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Images of 16 runs are given in Figures 3.38 and 3.39. Box-Behnken model runs
were evaluated by considering surface coverage of patterned bio-ink as the shape of the
magnet, and then, the response values were calculated between 0-100 as shown Table
3.7. According to Box-Behnken design model cell biopatterning was fit to a second-

order polynomial equation (Eq. 1);
cell biopatterning = +46.25 + 2.5A + 5B — 15C + 25AC — 26.25B2 1)
where A, B, and C are alginate, MNP and CaCl, concentrations respectively.

The F value and p-value of the model were found by the ANOVA to be 11.81
and 0.0006 respectively as shown in Table 3.8. This indicated that the model is
significant (p < 0.05). The F value and p-value of lack of fit were obtained as 1.50 and
0.4013 which implies that lack of fit is not significant relative to the pure error. Non-
significant lack of fit shows that results sufficiently fit the model. In addition to F-value
and p-value; R-Squared, Adj R-Squared, Pred R-Squared and Adeq Precision values
were obtained as 0.8552, 0.7827, 0.5473 and 12.294 respectively. The Pred R-Squared
of 0.5473 is not as close with to the Adj R-Squared of 0.7827 as one might normally
expect. Adeq Precision was obtained as 12.294 measures the signal to noise ratio and a
ratio greater than 4 is desirable. It indicates an adequate signal in this model. Values of
“p > F” less than 0.05 are considered as significant. Therefore, A, B, C, AC and B? are

significant terms according to the Table 3.8.

Table 3.8. ANOVA for the Box Behnken design model.

Source Sum of | df Mean square | Fvalue | p-value
Squares Prob>F

Model 7306.25 5 1461.25 11.81 0.0006

A-Alginate 50.00 1 50.00 0.40 0.5393

concentration

B-Fe304 200.00 1 200.00 1.62 0.2324

concentration

C-CaCl, 1800.00 1 1800.00 14.55 0.0034

concentration

AC 2500.00 1 2500.00 20.20 0.0012

B2 2756.25 1 2756.25 22.27 0.0008

Residual 1237.50 10 123.75

Lack of Fit 962.50 7 137.50 1.50 0.4013

Pure Error 275.00 3 91.67

Cor Total 8543.75 15
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As shown in Table 3.7, run 5 and 11 were scored the highest. Run 5 produced
better patterning results compared to run 11 (Figure 3.40), which had higher
concentrations of alginate (0.09%) and CaClz (7.5 mM) that resulted in rapid gelation
and random accumulation of bio-ink as explained previously. As a result, the optimized
parameters of this model were decided as run 5 and these parameters were used for
further studies. The parameter values of run 5 were 0.08% of alginate in 4 pl, 600 pg/ml
of MNPs in 2 pl, 2x10° of NIH 3T3 cells in 4 ul, 5 mM of CaCl, concentration, 3 min
of CaCl; incubation time, and 4 hr of bio-ink incubation time. Further cell culture

studies and characterization were done based on these optimized parameters.

A

alg:0.08%
Fe,0,:600ug/mi $3ds
CaCl,:5mM
1x108 cells

B

After dissociation

C

alg:0.09%
Fe,0,:600ug/ml ;
CaCI2:7.5mM ¥

1x108 cells

D

fter dissociation

< ; ,. A -

Figure 3.40. Light microscopy images of patterned cellular structures A) patterned bio-

ink for run 5, B) patterned structures after disassociation of alginate for run

5, C) patterned bio-ink for run 11, D) patterned structures after
disassociation of alginate for run 11. Scale bar: 200 um.
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3.2.2. Time-dependent Analysis of 3D Patterned Structures

The time-dependent behaviour of 3D patterned structures was investigated for
long-term culture up to day 7, in terms of NIH/3T3 cell proliferation, migration, and
viability. Time-dependent light microscopy images showed that cells proliferated and
migrated towards well edges in increased culture time, as given in Figure 3.41. The
borders of patterned structures were observed clearly for 3D cellular structures that
were obtained after disassociation of alginate (t=0 h). At t=13 h, cells started to
proliferate and migrate towards edges of the wells and the surface area of the patterned
structure expanded. Migration behavior was investigated based on distances between
patterned (i) and migrating cells (ii), which are indicated by white and red dashed lines,
respectively. The relative migration distances of patterned structure were calculated to
be 49, 68, and 100 % for 13, 72, and 120 h, respectively. Cell viability of patterned
structures was investigated at 168 h by Live-Dead assay and high cell viability was
observed indicating no diffusion limitations occurs for this model. Also, long-term cell
viability (168 h) of patterned structures was investigated; 100 % for 3D and 98 % for
2D control were obtained by MTT assay (Figure 3.42), which supports the Live-Dead

assay result.

; i ;
patterned bioink after disassociation

Figure 3.41. Light and Live/Dead assay images of time-dependent patterned 3D cellular
structures. Scale bar: 200 um.
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Figure 3.42. Relative cell viability % of disc-shaped patterned structures at day 7
obtained by the MTT assay.

3.2.3. Fabrication of 3D Cellular Structures by Different Magnet
Shapes

Here, to investigate the applicability of the model in different formats and
compatibility with different system components, the use of ring and rectangular
magnets were evaluated. The patterned 3D cellular structure was obtained as the shape
of the ring and rectangular with high cell adhesion after the disassociation of Ca-
alginate, as shown in Figure 3.43 and 3.45. For the ring-shaped 3D cellular structure,
cell proliferation and migration were observed at 48 hr and 168 hr. At the end of 48 hr,
cells proliferated and migrated through the centre of the well, and ring closure with high
cell viability was observed (Figure 3.43). At day 7, Live/Dead assays were performed to
evaluate cell viability, and high cell viability was observed for the ring-shaped 3D
cellular structure as shown in Figure 3.43, which fluorescent images for the different
parts of the ring structure is given. In addition to the Live/Dead assay, relative cell
viability was also evaluated by the MTT assay, and relative cell viability was obtained
as 86% for ring-shaped 3D cellular structures, while 2D control was around 100%
(Figure 3.44). As a result, cell proliferation and migration were observed for increased
culture time with high cell viability. Moreover, patterned 3D cellular structures were

obtained successfully, while using the rectangular magnet, as well as high cell adhesion
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was obtained after the disassociation of alginate, as seen in Figure 3.45. Cell
proliferation and migration were observed clearly at 72 hr and 168 hr culture times. As
seen in Figure 3.45, high cell viability was observed at the 72 hr and 168 hr culture
times for rectangular-shaped 3D cellular structures. In addition to the Live-dead assay,
the MTT assay was performed to evaluate the relative cell viability of rectangular-
shaped 3D cellular structures, which was obtained as 97%, while 2D control was 100%,
as given in Figure 3.46. These results support that it is possible to modify bio-ink
formulation to manipulate cells while using different magnet shapes. As a result, the
viability, proliferation and migration behaviours of patterned 3D structures in long-term
hold promise for the use of these models in drug screening applications.

After
dissociation

day 7-middle day 7-top

After After
dissociation % g dissociation

day 7-left

After /
day 7-down dissociationmm| 93y 7-right

Figure 3.43. Light and fluorescent microscopy images of ring-shaped 3D cellular
structures before and after the disassociation of alginate. Scale bar:
200 pm.
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Figure 3.44. Relative cell viability % of ring-shaped patterned structures at day 7

obtained by the MTT assay.
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Figure 3.45. Relative cell viability % of rectangular-shaped patterned structures at
day 7 obtained by the MTT assay.
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Figure 3.46. Light and fluorescent microscopy images of patterned cells before and after
the disassociation of alginate for a rectangular-shaped magnet. Scale bar:

200 pm.

3.2.4. Characterization of Patterned 3D Cellular Structures

Cellular and extracellular components of 3D cellular structures for NIH/3T3
cells were investigated with immunostaining of collagen Type-l, F-actin, and DAPI
staining. As given in Figure 3.47A, the nuclei of cells and actin filaments of 3D cellular
structures were observed clearly. Cells proliferated and migrated towards edges of the
well, and very dense 3D cellular structures were formed on day 7, as shown in Figure
3.47B. Collagen is one of the main components of ECM, therefore collagen secretion
confirms formation of ECM. Very low collagen secretion was observed at day 1, which
indicates 24 h culture time was not enough for collagen secretion for NIH/3T3 cells.
The calculated fluorescence signal intensity of collagen | for day 7 was 23-fold higher,
and fluorescence signal intensity of actin was 1.3-fold higher for day 7 compared to

day 1.
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Collagen | F-Actin DAPI merge

Figure 3.47. Immunofluorescent staining of patterned structures. A) day 1, B) day 7.

Scale bar: 20 pm.

3.2.5. Biofabrication of 3D Cardiac Structures via Biopatterning
Method

Fabrication of 3D cardiac cellular structures was carried out using H9c2
cardiomyocyte cells. Patterned H9c2 cells proliferated and migrated towards the centre
of the ring structure and also towards the edges of the well as given in Figure 3.49. To
evaluate cell viability, Live-Dead assay was done and high cell viability was observed
(Figure 3.49). Moreover, relative cell viability was calculated as 80 % for 3D, and 100
% for 2D models via MTT assay (Figure 3.50). To obtain patterned 3D cardiac cellular
structures with H9c2 cells, bio-ink incubation time increased to 24 hr while it was 4 hr
for NIH/3T3 cells, which was related to the adhesion behaviour and adaptation ability
and of cells to the 3D cell culture environment. Also, the relative cell viability % of
NIH/3T3 3D cellular structures was obtained between 86-100%, compared to 2D
control by using varied shapes of magnets. These differences in proliferation rates for
2D and 3D cell cultures related to the cell line and the type of 3D cell culture
environment, which affects the adaptation time of cells. > The reason for different
behaviours such as growth, proliferation, migration, and morphology in 2D and 3D cell
culture is generally connected to the differential gene and/or protein expression. Cells in
2D cell culture proliferate more rapidly in comparison with the 3D cell culture model.

However, cells in 2D cell culture lost their in vivo characteristics shortly. On the other
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hand, cell adaptation in a 3D environment takes longer time, however it is important to
preserve the transcriptional and translational functions at the in vivo level because, in
the end, cells behave as they in vivo. >° Here, ring-shape cardiac structure was fabricated
to investigate cell migration towards center of wells as a parameter of drug toxicity.
However, due to slow proliferation rate of H9c2 cells, evaluation of drug toxicity was

done via MTT assay.

ddy 7-middle day 2-middle

\

day 2-top day 2-right day 7-right

day zﬁownﬂ day 7-down ==

Figure 3.48. Fluorescent microscopy images of patterned 3D cardiac cellular structures
at 7 day culture time. Scale bar: 200 pm.
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Figure 3.49. Relative cell proliferation of 3D cardiac model at 168h obtained by

MTT.

Recently, a different approach for the manipulation and alignment of H9c2
cardiomyocyte cells in hydrogel by using a magnetic setup was developed. ¢ For this
aim, 3D-aligned patterning of H9c2 cells obtained magnetized cells using MNPs and
based on the gel transition properties of Pluronic F-127 and fibrin hydrogels while
applying an external magnetic field. They claim that this method had no harmful effect
on cell metabolic activity and resulted in successful 3D-manipulated and -aligned cell
organization which are correletes with our results in terms of cell viability.

Also, various 3D cardiac tissue models have been developed for drug screening
and tissue regeneration studies using varied bio-ink formulations such as;
GelMA/alginate,’”” GelMA hydrogel,'’® gelatine, *° alginate/gelatine hydrogel, **° and
alginate/polyethylene glycol monoacrylate-fibrinogen. ¥ Compared to other techniques
like bio-printer, developed magnetic biopatterning methodology requires simple

components, it is a cost-effective and user-friendly methodology.

3.2.6. Characterization of 3D Patterned Cardiac Structures

Cellular and extracellular components of 3D patterned H9c2 cells were
investigated via immunostaining of collagen Type-I, F-actin, and DAPI staining for day
1 and day 7 as given in Figures 3.50A and 3.50B. Slight secretion of collagen was
observed for patterned H9c2 cells on day 1 compared to NIH/3T3 cells, since adaptation

of NIH/3T3 cells takes only 4 hr before disassociation while adaptation of H9c2 cells is
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around 24 hr. As expected, fluorescence signal intensity of collagen | was 4.4-fold
higher for day 7 (Figures 3.50B) compared to day 1 (Figures 3.50A), which indicates
that collagen | secretion increased during long-term culture. In addition to cellular and
extracellular component analysis, specific cardiac biomarkers were also investigated by
immunostaining. Secretion of cardiac troponin T (Figure 3.51) and MYH®6 (Figure 3.52)
were observed clearly for both day 1 and day 7. Fluorescence signal intensity of cardiac
troponin T and MYH®6 were calculated as 1.8 and 1.2 fold higher for day 7 compared to
day 1, respectively. Also, DAPI staining was done to visualize demonstrate the nuclei

of cells.

F-actin collagen type | merge

Figure 3.50. Immunofluorescent staining of patterned 3D cardiac structures. A) day 1,
B) day 7. Scale bar: 20 pm.
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Figure 3.51. Immunofluorescence staining of 3D cardiac structures with cardiac
Troponin T. A) Day 1, B) Day 7. Scale bar: 50 pum.

Figure 3.52. Immunofluorescence staining of 3D cardiac structures with MYH6 A)
Day 1, B) Day 7. Scale bar: 50 um.
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3.2.7. Drug-Induced Cardiotoxicity Study

To evaluate drug response of 3D patterned cardiac structures, 0, 1, 5, 10, 25, and
50 uM of DOX was applied to them. Light microscopy images of DOX exposed
patterned structures were given in Figures 3.53. Cell morphology was dramatically
changed with 5 uM of DOX, and an enlarged nuclear area was observed due to a DOX-
induced cardiotoxic effect. This phenomenon is known from literature where higher
concentrations of DOX (5 and 10 uM) is used in cell culture an increased area of cell
nuclei occurs. 2 Here, the dose-response curves of 2D control and 3D patterned
structures were obtained by the MTT assay (Figure 3.54), and ICso values were
calculated as 3.5 and 8.1 uM, respectively. Also, the dose responses of patterned 3D
cardiac cellular structures compared to 2D cell culture were significantly different
according to t-test analysis (p < 0.05). In parallel to our previous findings, this results

support that patterned 3D cardiac cellular structures are more resistant to drug exposure.

, 50 UM
Figure 3.53. Light microscopy images of patterned 3D cardiac structures exposed
varied DOX concentrations scale bar: 50 pum.
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Figure 3.54. Relative dose-response % of 2D control and 3D cardiac cellular
structures with fitted lines. Error bars represent the standard error of
mean, p <0.05 compared to control.

3.2.8. Biofabrication of 3D Cardiac Model by Using hiPSC-derived
Cardiomyocytes via Biopatterning Method

3.2.8.1. Optimization of Bio-ink Formulation and Biopatterning

Parameters

Varied parameters were optimized such as cell number and bio-ink incubation
time, to fabricate 3D cardiac model using hiPSC-derived cardiomyocytes via the
biopatterning method because every cell line has a different characteristic.

The optimization of bio-ink incubation time, the disassociation step (citrate
buffer) was applied at 24 hr culture time for 5 min as shown in Figure 3.55. However,
cell clumping was observed in long term culture (day 9). Later, a citrate buffer was
applied at 24h culture time for 10 min instead of 5 min as a disassociation step.
However, cells were detached from the surface before 3D model forms, as shown in
Figure 3.56. Further, the disassociation time was decreased to 20 hr, but still cells were
detached (Figures 3.57).
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Figure 3.55. Light microscopy images of patterned cells in a ring shape after the
disassociation of alginate (24 hr) at varied culture times.

75



after dissociation left

after dissociation down —— after dissociation

Figure 3.56. Light microscopy images of patterned cells in a ring shape at 24 hr
culture time and citrate buffer applied for 10 min.

after dissociation top

after dissociation-down — after dissociation right &

Figure 3.57. Light microscopy images of patterned cells in a ring shape after 20
hr culture time.
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To overcome the cell clumping problem, alginate lyase was applied as the
disassociation agent instead of a citrate buffer. Citrate buffer and alginate lyase have
been used for the disassociation of alginate. However, they have different mechanisms
of action. Alginate is degraded by alginate lyase through B-elimination of the glycosidic
bond. 82 Alginate lyase was applied to one of the samples that had a cell number of
4x10° WTC cardiomyocytes for the disassociation of alginate for 5 min. As shown in
Figure 3.58, dead cells were observed on top of the structure; however, cell clumping
was not observed. For that reason, alginate lyase was decided to use as the

disassociation agent.

2000um
E=memsssueny

before dissociation after dissociation

400um:
Sm————

Figure 3.58. Light microscopy images of ring-haped patterned WTC CMs. A before
disassociation, B) after disassociation, C) long-term cultured cellular
structures.

For the further experiment, patterned cardiac structure was formed by using co-
cultured WTC cardiomyocytes with 15 % cardiac fibroblast cells DRRAGN 3A1 (cFBs
DRRAGN 3A1) while cell number was 6x10° to obtain more dense and more connected
structure. Alginate lyase was applied for 15 min to disassociate the alginate. Compared

to previous experiments more dense structure without clumping problem was obtained
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as shown in Figures 3.59. Here, the interaction and communication of cardiomyocytes
and cFBs affect the functioning of the tissue since the synthesis and degradation of
many components of the extracellular matrix such as fibrin and collagen are done by
cFBs. For that reason, the co-culture of cardiomyocytes with cFBs enhances cell-cell
communication, and that results in the synchronized activity of cardiomyocytes. 18
Similar behaviour was reported using only iPSC-derived cardiomyocytes had some
cracks or gaps within the tissue. It was overcome by addition of normal human cardiac

fibroblasts into the tissues that made them denser. 2°

before dissociation after dissociatio

day4 day5 day7 ) day8

C

400um
e

Figure 3.59. Light microscopy images of ring-shaped patterned WTC CMs with
15% cFBs. A) before disassociation, B) after disassociation, C) long-
term cultured cardiac structures.

3.2.8.2. Cell viability and Characterization of 3D Patterned hiPSC-

derived Cardiomyocytes

Live dead assay was done on patterned cardiac structures on day 13 to evaluate
cell viability. High cell viability was observed for the patterned structure as given in
Figure 3.60.
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Figure 3. 60. Live dead assay images of patterned cardiac structures.

Characterization of patterned structures was carried out by applying, a-actinin,
collagen I, Cx-43, Troponin T, and DAPI staining on day 13. Here, a-actinin indicated
alignment of sarcomeres; Collagen 1 is the main component of the extracellular matrix
and Cx-43 is a component of gap junctions which is associated with direct cell-cell
communication gap junctions that are essential for the propagation of electrical
depolarization in cardiomyocytes. Another marker investigated in this study is Troponin
T, which is a cardiac regulatory protein that controls the calcium-mediated interaction
between actin and myosin. These markers were observed clearly for patterned cardiac

structures at day 13 as given in Figure 3.61.
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Figure 3.61. Immunostaining images of patterned cardiac structures A) a-actinin,
Troponin T, and DAPI B) a-actinin, Cx-43, and DAPI C) a-actinin,
collagen I, and DAPI scale bar: scale bar: 50 pm.
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CHAPTER 4

CONCLUSION

The main purpose of this dissertation was to develop 3D cardiac models using
contactless magnetic manipulation methodologies to use in tissue engineering
applications, particularly for drug screening. For this aim, two contactless magnetic
manipulation approaches; MagLev and biopatterning, were used.

In MagLev methodology, a new set-up was fabricated which had an 800 pl
working volume that enabled changing medium easily and direct visualization was
possible under the light microscopy. During the optimization steps, tunable spheroids,
controllable spheroid size, area, circularity, and necrotic core formation, were obtained
for NIH/3T3 cells by adjusting cell seeding numbers, Gx concentration, and culture
time. Optimized parameters were obtained as 2.5x10° cells, 30 mM Gx, and 24 hr
culture time while using 40x5 mm magnet (0.15 T). After optimization, cellular and
extracellular components of spheroids; F-actin of cytoskeleton, collagen | of ECM and
nucleus of cells were observed successfully for day 1 and day 7.

Moreover, 3D tumour models and co-culture models were obtained to
demonstrate the applicability of the MagLev methodology for different applications.
The spheroid morphology is directly affected by the cell type and their cellular adhesion
molecules, but it can be also manipulated by changing culture parameters. Since the
main aim of the thesis was to fabricate 3D cardiac models H9c2 cardiomyocyte cells
were utilized for this purpose. Firstly, varied paramagnetic agents; Gadobutrol (Gx),
Gadoteric acid (Dx), and Gadodiamide (Ox) were investigated in terms of their
cytotoxic on H9c2 cells via Live-Dead and Alamar Blue Assays. The highest cell
viability was obtained from Gx, which is connected to its slow dissociation of
gadolinium ions. For that reason, Gx was used as a paramagnetic agent for further 3D
cell culture studies. Cardiac spheroids were obtained after the optimization of
parameters; which 2.5x10° cells, 10 mM Gx, 24 hr culture time and 40x5 mm magnet
(0.15 T) were used for further culturing studies. Cellular and extracellular components;
F-actin and collagen | were observed clearly for day 1 and day 5. Fluorescence signal
intensity of collagen | and F-actin was 4.4-fold and 1.6-fold higher, respectively, for day
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5 compared to day 1 which indicates that collagen I and F-actin secretion increased
during long-term culture. Moreover, cardiac-specific markers; Troponin T and MYH6
were analyzed for both day 1 and day 5 that fluorescence signal intensity of cardiac
troponin T and MYH6 were calculated as 1.9 and 1.2 fold higher for day 7, respectively.
To investigate the drug response of cardiac spheroids, 0, 1, 5, 10, 25, and 50 uM DOX
was applied. MTT assay was performed to evaluate DOX toxicity on cardiac spheroids
and the intensity of formazan formation was analyzed. Increasing DOX concentrations
led to lose structural integrity of cardiac spheroids and a decrease in viability. 1Cso
values were calculated as 3.5 and 14.7 uM for 2D standard control and 3D cardiac
spheroids, respectively. These results supported that cardiac spheroids were more
resistant to drug exposure and more reliable models for in vitro studies.

Another technique that was introduced to fabricate 3D cellular structures is
biopatterning methodology. In this method, alginate-based bio-ink was formulated
which consists of cells and MNP to fabricate 3D cellular structures. Optimization steps
were completed using experimental design models; Plackett-Burman and Box-Behnken.
Most effective parameters were obtained as alginate, CaCl,, and MNP concentrations
via the Plackett-Burman design model. Optimization was completed by using Box
Behnken model, and patterned 3D cellular structures were obtained using NIH/3T3 cells
as a model cell line. To investigate the applicability of bipatterning methodology,
various shapes of 3D cellular structures were fabricated using disc, ring, and rectangular
shape magnets. These biopatterned 3D cellular structures were cultured for 7 days and
live-dead and MTT assays were used to evaluate cell viability. High cell viability was
observed for all models and it was varying between 86 and 100 %. Moreover, secretion
of collagen | and F-actin were investigated via immunostaining. Very low collagen
secretion was observed at day 1, which indicates 24 h culture time was not enough for
collagen secretion of NIH/3T3 cells. As expected, the calculated fluorescence signal
intensity of collagen | for day 7 was 23-fold higher and the fluorescence signal intensity
of actin was 1.3-fold higher for day 7 compared to day 1. After that, 3D cardiac models
using H9c2 rat cardiomyocytes were fabricated by using biopatterning methodology.
High cell viability was observed by Live-Dead assay, and also relative cell viability was
calculated as 80 % for 3D, and 100 % for 2D models via MTT assay. Moreover, to
indicate their cellular and extracellular components, including cardiac-specific markers,
immunostaining was applied, and accordingly collagen I, F-actin, cardiac troponin T,

and MYH6 were successfully observed. Fluorescence signal intensity of cardiac
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troponin T and MYH6 were calculated as 1.9 and 1.2 fold higher for day 7, respectively.
Finally, 1, 5, 10, 25, and 50 pM DOX was applied and dose response of 3D patterned
cardiac structures, and 2D controls were evaluated by the MTT assay. Furthermore,
IC50 values were obtained as 8.1 UM for 3D cardiac structures, while standard 2D
control was 3.5 pM. 3D cardiac models showed more resistance to DOX exposure
compared to standard 2D cell culture.

In the last part of thesis, patterned cardiac structures were fabricated using
hiPSC-derived cardiomyocytes via biopatterning methodology. 3D patterned cardiac
structures were obtained with recently optimized parameters. However, cell clumping
problem occurred in long-term cell culture. To overcome this obstacle, co-culturing of
WTC cardiomyocytes with 15 % fibroblast cells and applying alginate lyase as a
disassociation agent was done. After that, live-dead assay was used to evaluate cell
viability and high cell viability was observed for 3D patterned cardiac model.
Characterization was carried out by immunostaining of a-actinin, collagen I, Cx-43,
Troponin T, and DAPI staining.

MagLev and magnetic biopatterning methodologies were utilized to
biofabricate 3D spheroids and patterned 3D cellular structures for drug screening
studies. In the MagLev method, low cell number was used to fabricate spheroids and
small compact structures were obtained using both NIH/3T3 and H9c2 cells. On the
other hand, some of the cancer cell lines; MDA-MB 231 and PC-12 resulted in
formation of loose spheroid structures. These results are not only related to the
parameters of methodology but also related to specific cellular adhesion molecules of
cell lines. In the other developed method, which is biopatterning technique, high cell
number was needed to fabricate 3D cellular structures. Also, it is a biomaterial-based
technique even the alginate was disassociated and removed from the
microenvironment, cells needed some adaptation time. Taken together, these
methodologies require simple components and offer rapid, cost-effective, and user-
friendly biofabrication methods. Moreover, 3D cardiac models were obtained
functionally considering their immunostaining and drug response results. That means
these developed contactless magnetic manipulation methodologies would be good
alternative approaches for functionality and drug screening studies.

Further, patterned cardiac structures obtained using co-cultured hiPSC-derived
cardiomyocytes with cardiac fibroblast were fabricated succesfully. As a future

perspective; they could be used for drug screening of cardiotoxic drugs like DOX or
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could be used as a 3D arrhythmic model. Moreover, to obtain a more realistic cardiac
model, hiPSC-derived cardiomyocytes could be co-cultured with fibroblast and
endothelial cells because nitric oxide (NO) released from the endothelial cells protects
cardiomyocytes against DOX-induced cardiotoxicity. Therefore, the cell ratios in
cardiac structures that comprise endothelial cells and fibroblasts are important for
evaluating responses to DOX since cross-talk between different cell types contributes to
mediating the response of cardiotoxicity. 4° Also, hiPSC-derived cardiomyocytes could
be cultured with fibroblast and endothelial cells to fabricate cardiac spheroids via
MagLev methododogy to evaluate drug response and that would be an important

contribution to the literature to compare the current results.
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