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ABSTRACT

MAGNETIC MANIPULATION OF CELLS FOR TISSUE
ENGINEERING AND DIAGNOSTIC APPLICATIONS

In the context of this thesis, the magnetic levitation technique based on the
negative magnetophoresis principle was used for two different approaches. Firstly, the
magnetic levitation system was employed as bioprinting method to create scaffold-free
three-dimensional tissue models. The first approach focused on developing and
improving scaffold-free heterogeneous three-dimensional spheroid models that can better
resemble the in vivo tissue. Heterogenous breast cancer spheroids were obtained in the
single-ring magnet-based levitation system with various conformations. The effect of
different cell loading parameters in the localization of two cell types in the spheroid
structure was examined. Additionally, the macromolecular crowding method was
integrated to enhance the accumulation of extracellular matrix, improving the in vivo-like
nature of the scaffold-free spheroid models created by magnetic levitation. Secondly, the
thesis explored the wuse of magnetic levitation for diagnostic purposes in
neurodevelopmental disorders. Investigation of the relationship between the volumetric
mass density and neural pathological conditions was carried out using the fibroblasts, and
the neural progenitor cells and induced pluripotent stem cells acquired from fibroblasts
isolated from patients with rare neurodevelopmental disorders and healthy subjects.
Furthermore, the study investigated how the single cell density is affected in lysosomal
storage diseases using primary neuroglial cells isolated from mouse models with different
types of lysosomal storage disorders. In this thesis, potential of magnetic levitation as a
rapid, cost-effective, and safe technique for both tissue engineering applications and cell-

based diagnostic studies was demonstrated.
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OZET

DOKU MUHENDISLIGI VE TANI UYGULAMALARINDA
HUCRELERIN MANYETIK MANIPULASYONU

Bu tez kapsaminda, negatif magnetoferez prensibine dayali manyetik levitasyon
teknigi, iki farkl1 yaklasim icin kullamlmustir. Ik olarak, manyetik levitasyon sistemi,
doku iskelesiz ii¢ boyutlu doku modelleri olusturmak i¢in bir biyofabrikasyon yontemi
olarak kullanilmistir. ilk yaklagimda, in vivo dokuyu daha iyi taklit edebilen, ii¢ boyutlu
heterojen kiiresel modeller gelistirmek ve iyilestirmek amacglanmistir. Tek halka miknatis
tabanli levitasyon sisteminde ¢esitli konfiglirasyonlarda heterojen meme kanseri kiireleri
elde edilmistir. Iki farkl1 hiicre tipinin lokalizasyonunda sferoid yap1 icerisindeki farkli
hiicre yiikleme parametrelerinin etkisi incelenmistir. Ek olarak, hiicre dis1 matriks
birikimini artirarak, manyetik levitasyon ile olusturulan doku iskelesiz sferoid modellerin
in vivo yapryr taklit edebilme kapasitesini artirmak i¢in makromolekiiler
kalabaliklastirma yontemi entegre edilmistir. Ikinci olarak, nérogelisimsel bozukluklarda
teshis amagli olarak manyetik levitasyonun kullanimi aragtirilmistir. Aragtirmada, saglikli
bireylerden ve norogelisimsel bozuklugu olan bireylerden elde edilen fibroblastlar, sinir
progenitor hiicreleri ve indiiklenmis pluripotent kok hiicreler arasindaki farki belirlemek
amaciyla hiicrelerin 6zkiitle profilleri analiz edilmistir. Ayrica, farkl tipte lizozomal depo
hastaliklarinin hiicre 6zkiitlesi tizerindeki etkisi fare modellerinden izole edilen primer
noroglial hiicreler kullanilarak incelenmistir. Bu tezde, hem doku miihendisligi
uygulamalar1 hem de hiicre bazli tam1 ¢alismalarinda hizli, maliyet etkin ve giivenli bir

yontem olarak manyetik levitasyon tekniginin potansiyeli gosterilmistir.
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CHAPTER 1

INTRODUCTION TO MAGNETIC LEVITATION

Biochemical reactions and cellular events, such as differentiation (Maric, Maric,
and Barker 1998), apoptosis (Wyllie and Morris 1982), alterations in the amount of
specific intracellular products or organelles (Gowrishankar et al. 2015; Braak et al. 1989),
changes in cellular ultrastructural elements (Compagnucci et al. 2016) can cause
persistent or temporary changes in the inherent properties of cells. The detection of these
changes and investigation of the relationship between the cellular events they originate
from, have a considerable implication for understanding disease models and mechanisms,
stem cells commitment and differentiation processes, cell heterogenicity studies, and drug
testing and dose-response relationships.

Cell manipulation plays a significant role in diagnostics, cell biology studies and
tissue engineering applications. There are various methodologies for single cell detection
and sorting and isolation, guiding and spatial positioning in 2D and 3D culture of different
types of cells, or cells with different biological or morphological properties in the same
population. In these studies, manipulation on cells are achieved using five distinct types
of external forces which are either mechanical (Davis et al. 2006), electrical (Graham,
Messerli, and Pethig 2012; Hondroulis et al. 2013), acoustic (Petersson et al. 2007),
optical (M. M. Wang et al. 2005; Wojdyla, Raj, and Petrov 2012; Chiou, Ohta, and Wu
2005; X. Wang et al. 2011) or magnetic forces (Lehmann et al. 2006; Okochi et al. 2009;
Bratt-Leal et al. 2011; Ino, Okochi, and Honda 2009).

Magnetic levitation is one of the magnetic force-based cell manipulation
techniques (Qian et al. 2013). Magnetic force-based manipulation of cells can be applied
by means of the magnetophoresis principle. Magnetophoresis is the process of movement
of particles in a viscous medium under applied magnetic field and occurs in the existence
of magnetic gradient (Irimia 2015). Magnetic levitation protocols are categorized as
positive and negative magnetophoresis based on the magnetic nature of the application

(Figure 1). While magnetic particles move through the diamagnetic medium in positive

1



magnetophoresis methods, in contrast diamagnetic particles move through the
magnetized medium in studies that use negative magnetophoresis (Munaz, Shiddiky, and
Nguyen 2018). Most of the cells are intrinsically diamagnetic particles, which means they
are not attracted to magnetic forces in nature. Diamagnetic materials are magnetized in
the opposite direction of applied magnetic fields, and for most cells this constitutes a very
weak repulsive force from the magnetic gradient. In order to manipulate these
diamagnetic particles through magnetization, a system must possess either a high
magnetic field or significant magnetic gradients (Wonhee Lee, Tseng, and Carlo 2017;
Hirota et al. 2004; Zborowski and Chalmers 2015). This can be achieved by either
increasing the magnetic field strength or increasing the difference in the magnetic
susceptibility of the medium and the cells. While strong magnets like electromagnets and
superconductors can generate high magnetic fields, they are of the impractical, expensive
and may adversely affect cell viability (L. Zhang et al. 2017). Alternatively, permanent
magnets can be employed in conjunction with magnetic labeling particles in the positive
magnetophoresis principle or with magnetic solutions (paramagnetic solutions or
ferrofluids) in the negative magnetophoresis principle to manipulate the cells.
Ferromagnetic or paramagnetic materials become magnetic when exposed to an external
magnetic field (Irimia 2015) and thereby increasing the magnetic susceptibility of the
surrounding medium.

In the positive magnetophoresis, cells become magnetized -either by
internalization or by labeling with magnetic particles and they migrate to the high
magnetic field regions (Robert et al. 2011; Pamme and Wilhelm 2006; Guryanov et al.
2019). On the other hand, the cells are repulsed from high magnetic fields regions and
move towards to the lower magnetic field regions in negative magnetophoresis and there
are no magnetic particles internalized by or label the cells (Kose et al. 2009; Krebs et al.
2009) (Figure 1). Therefore, it eliminates the disadvantages of positive magnetophoresis
such as difficulty of standardization of magnetic nanoparticles internalized by the cells,
long and labor-intensive experimental steps. Also, it decreases the potential cytotoxicity

of the label particles on the cell viability since it is a contactless method.



Figure 1.
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Magnetic force-based manipulation of magnetically labeled cells (positive
magnetophoresis) and  label-free = diamagnetic  cells  (negative
magnetophoresis). 3D assembly of magnetically labeled cells into a spheroid
by a magnet (a) under the culture chamber, (b) on the top of the culture
chamber and (c) by a magnetized pin beneath the magnet to concentrate the
magnetic field for attracting cells in a focused direction. 3D assembly of
magnetically labeled cells into a ring-shaped structure (d) using a cylindrical
plug and a magnet under it to accumulate contractile cells around the plug and
(e) using a ring-shaped magnet. 3D assembly of label-free diamagnetic cells
into (f, g) spheroid, (h) three-pointed star and (i) rectangular bar in a magnetic
liquid with different configurations of magnets to produce a spatially varying
field along the culture chamber (The north poles: red, the south poles: blue)
(Source: Yaman et al. 2018).



This method enables distinguishing cells based on their volumetric mass or
magnetic properties. Each cell levitates at unique positions due to differences in their
volumetric mass density or magnetic susceptibility, which directly influence the
buoyancy and magnetic force acting on them. A novel magnetic levitation strategy was
developed to distinguish cells based on their dynamic density or magnetic properties that
can be changed during a response to a stimulus, over time, and that can vary between cell
types or cells in the same population. This method incorporated a paramagnetic solution
to increase the medium’s magnetic susceptibility (Tasoglu et al. 2015).

This strategy was later applied to investigate density changes in individual cells
throughout the differentiation process of bone marrow stem cells into lipid accumulating
adipocytes (Sarigil et al. 2019). In this work, a paramagnetic medium containing the cells
was introduced into a microcapillary channel positioned between two neodymium
magnets. The same poles of these magnets faced the microcapillary (Figure 2a),
generating a magnetic field gradient (Figure 2c¢). and the cells were then subjected to
opposing buoyancy and magnetic forces which were balanced at some point. The cells
were levitated at certain positions according to their volumetric mass density and
difference between the magnetic susceptibility of the surrounding medium and the cells.
It was shown that the increasing concentration of the Gd*" solution in the medium
provided increased density detection range and resolution (Figure 2d, 2e). Magnetic
levitation has been successfully employed in various applications, including density-
based profiling of different types of cancer cells and blood cells, enabling the detection
of circulating tumor cells in blood samples (Durmus et al. 2015). Additionally, it has been
used for density profiling and sorting of lipid accumulating subpopulations during the
differentiation of human induced pluripotent cells (hiPSCs) into cardiomyocytes (Puluca
et al. 2020). Furthermore, it has been applied to guide the assembly of ex situ generated
spheroids (Tocchio et al. 2018), contactless biofabrication of self-assembling 3D
structures and long-term co-culture of bone marrow derived stem cells with adipogenic
osteoblast cells and with breast cancer cells (Anil-Inevi et al. 2019; 2018).

The magnetic levitation method based on negative magnetophoresis, utilizing the
magnetic field gradient generated between two permanent magnets with opposing poles,
faces limitations such as the small sample culture volume within the microcapillary and
difficulties in manipulating the culture medium during density-based detection and 3D

culture applications. The size of the resulting cellular construct is an important parameter



in drug testing, disease modeling and biofabrication of biological structures for tissue

engineering applications.
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Figure 2. Magnetic levitation setup and working principle. (a) Structure of magnetic
levitation device composed of two neodymium magnets, microcapillary
channel and two mirrors placed at 45°. (b) Forces acting on cells at equilibrium
position in the device; where Fmag: magnetic force, Fb: buoyancy force, V:
cell volume, Ay : magnetic susceptibility difference between paramagnetic
medium and cell, p0: permeability of free space, B: magnetic induction, Ap:
density difference between paramagnetic medium and cell, g: gravitational
acceleration. (c¢) Cross-sectional representation of the magnetic induction
between magnets. Shaded areas are not accessible because of capillary wall
thickness. (d) The range of single cell density values that can be measured
with the microfluidic setup with respect to used Gd*>* concentrations based on
the computational model. (e) Density resolution of the levitation system with
respect to Gd*>" concentrations based on the computational model (Source:

Sarigil et al. 2019).



A newly developed platform employing two ring magnets has enabled the
levitation of larger objects (Ge and Whitesides 2018; C. Zhang et al. 2020) and tissue
constructs (Parfenov et al. 2020) compared to the microcapillary system. However, the
use of two axial magnets in these methods restricts physical access and manipulation of
the culture medium. To address these limitations, a new magnetic levitation system was
developed.

This novel magnetic levitation setup, consisting of a single ring-shaped magnet
and a culture tube, facilitates the construction of 3D biological structures while preserving
cell viability (Figure 3). This configuration mitigates the limitations and disadvantages
associated with systems using two ring-shaped magnets and a microcapillary. The
system’s applicability for transferring and renewing of the cell culture media, as well as
its suitability for culturing diverse cell types in 3D without the need for any scaffold

material (Anil-Inevi et al. 2021), was demonstrated.
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Figure 3. Magnetic force-guided levitation and self-assembly. (a) Illustration of magnetic
levitation system. Cell culture chamber is positioned on the ring magnet with
the bottom of the chamber attached to the hole of the magnet. (b) Schematic
representation of the cellular aggregation. The block arrows in the illustration

represent upward magnetic induction (Source: Anil-Inevi et al. 2021).

To investigate tissue functions and repair or replace the damaged or diseased
tissues and organs, researchers have developed both scaffold-based and scaffold-free

artificial tissue models that mimic the 3D in vivo environment. These models are often



constructed using autologous (Attiogbe et al. 2023; Vapniarsky et al. 2015; Maughan et
al. 2017), allogenic (Quint et al. 2012; Augello et al. 2007; Peretti et al. 2000), or
xenogeneic cells (Sun et al. 2007; Massaro et al. 2021; Jung, Seol, and Chang 2017),
along with bioactive factors. A variety of tissue engineering techniques exist for
producing these artificial tissue models. Among these, the contactless nature of the
magnetic levitation technique offers a significant advantage as a bioprinting method. This
is because it minimizes the potential risks of negative mechanical effects on cell viability.
Furthermore, the elimination of scaffolds in this system allows for unhindered 3D cell-
cell interactions, creating a substantial advantage for tissue engineering studies.

This doctoral dissertation focused on three primary objectives: First, we aimed to
develop a scaffold-free, layered pre-invasive breast cancer model that closely resembles
the in vivo structure using a single ring magnet-based magnetic levitation technique.
Second, we sought to improve the model by increasing extracellular matrix accumulation
withing scaffold-free spheroid models through the integration of the macromolecular
crowding method with magnetic levitation. Finally, we investigated the volumetric mass
density differences in primary cells isolated from patients and animal models of
neurodevelopmental disorders using a microcapillary-based magnetic levitation method,

exploring its potential as a diagnostic tool.



CHAPTER 2

BIOFABRICATION OF SCAFFOLD-FREE BREAST
CANCER SPHEROID MODELS USING MAGNETIC
LEVITATION

2.1. Introduction to Cancer Tissue Engineering and Spheroid Models

The life span of people has increased over time due to the advancements in
technology and scientific developments. Nonetheless, the aging process inevitably leads
to the deterioration and dysfunction of tissues and organs, consequently diminishing
quality of life. Tissue engineering has emerged as a cutting-edge alternative to address
these challenges. By creating functional tissue constructs to repair damaged tissue or by
studying therapeutic approaches on disease models, tissue engineering offers to extend
lifespan and improve the quality of life for many individuals.

While numerous definitions of tissue engineering have been proposed to date, the
field has evolved rapidly, leading to a dynamic understanding of its scope and changes in
the definitions over the years. Tissue engineering is a multidisciplinary field that gathers
life sciences and engineering principles under a single roof to develop constructs that can
repair, regenerate, or replace damaged tissue using cells, biomaterials, and biochemical
cues. Leveraging advancements in 3D bioprinting, organoid technology, gene editing,
synthetic and computational biology, and personalized medicine approaches, tissue
engineering aims to create in vitro models that accurately mimic the in vivo physiology
of tissues. These models serve as valuable alternatives to animal models in disease
biology, drug testing, and regenerative therapy research (Hoffman et al. 2020; Liu et al.
2022; Post et al. 2022; Fonseca et al. 2020; Chaudhary and Chakraborty 2022; Shopova
et al. 2023; Lam et al. 2023; Chaicharoenaudomrung, Kunhorm, and Noisa 2019; Kang
et al. 2021; El Harane et al. 2023; Ranjbarnejad et al. 2022; Chen et al. 2023; Grath and
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Dai 2019; Armstrong and Stevens 2019; Maresca et al. 2023; Bedir et al. 2020; J. Huang
et al. 2021; Marques et al. 2023; Bardini and Di Carlo 2024).

In light of technological advances, tissue engineering has developed with different
techniques emerging in various fields. In addition to their significant contributions to
therapeutic research against numerous diseases and regenerative medicine, tissue
engineering methods play a major role in advancing our understanding of cancer
mechanisms and developing novel treatments (Marques et al. 2023; Hockney et al. 2023;
Shukla et al. 2022; Abuwatfa, Pitt, and Husseini 2024).

Cancer is one of the leading causes of death globally. According to the World
Health Organization (WHO) approximately 20 million new cancer cases and 9.7 million
cancer-related deaths were reported in countries that participated in the survey in 2022
(World Health Organization (WHO) 2024). This significant global health burden has
driven extensive research efforts over decades to elucidate the underlying biology of
cancer and develop therapeutic strategies.

In the field of cancer research, conventional approaches encompass both in vitro
and in vivo techniques. Conventional 2D in vitro studies utilizing immortalized cancer
cell lines in the cell culture plates often fail to reflect the complex tumor structure and
stroma found in the human body. This limitation arises from the lack of heterogeneity and
absence of crucial microenvironmental signals (Martinez-Pacheco and O’driscoll 2021;
Tan, Ling, and Fischbach 2021). Conversely, xenograft animal models, while valuable
for preclinical studies, present several drawbacks. They are costly to maintain, require
complex experimental procedures, and exhibit physiological differences from humans,
thereby limiting the predictive value of the results (Martinez-Pacheco and O’driscoll
2021) and raising ethical concerns.

Tumor cells in 2D in vitro culture need to alter their behavior compared to their
natural 3D microenvironment because of the absence of crucial factors such as of cell-
ECM interactions, complex series of biochemical signals, molecular gradients, natural
orientation of cell surface receptors, and polarization of the cells and facing resistance
from ECM. Lack of these factors impact cellular characteristics, leading to differences in
gene expression, cell-cell interactions, drug response, differentiation, proliferation,
tumorigenesis and metastasis profiles, and mechanical behavior (Habanjar et al. 2021;
Fontoura et al. 2020; Abbas et al. 2023; Manduca et al. 2023; Xie et al. 2024; Abuwatfa,
Pitt, and Husseini 2024). This results in the failure of 2D models in predicting the efficacy

of potential anticancer therapeutics in pre-clinical trials (Barbosa et al. 2022).



In the field of tissue engineering, significant efforts have been made to create
functional tissue and organ replacements to restore the damaged parts of the body. These
tissue engineering technologies have also been applied to cancer research to investigate
carcinogenesis (Barbier et al. 2024), angiogenesis (Verbridge, Chandler, and Fischbach
2010), metastasis (Katti and Jasuja 2024), and develop drug delivery systems (Cai et al.
2021) and therapeutics on cancer cells (Mi et al. 2023). To enhance the success of pre-
clinical studies, functional and biologically relevant 3D cell culture models that more
accurately reflect the tumor structure and its functions have been developed.

3D tumor models combine the simplicity and high control of 2D cultures and the
biological complexity of in vivo systems to offer a more realistic view of tumor dynamics.
These models offer several advantages: the ability to better reflect the in vivo tumor
structure and microenvironment, the inclusion of multiple non-tumor cells to mimic the
intercellular interactions (Jubelin et al. 2022; Manduca et al. 2023), the simulation of the
nutrient, pH, and oxygen gradients (Manduca et al. 2023) and barriers within the tumor
tissue (J. Y. Lee and Chaudhuri 2021), recapitulation of gene expression profiles and rate
of proliferation (Fontoura et al. 2020). These features make them essential tools for cancer
therapy research within the fields of tissue engineering and personalized medicine.

Current 3D cell culture platforms for modeling the tumor microenvironment are
primarily established using scaffold-based or scaffold-free approaches. Scaffold-based
methods utilize hydrogels derived from cross-linking of natural and synthetic polymers
(Casey et al. 2017; Sepantafar et al. 2017; Katz and West 2022; Sievers et al. 2023;
Worthington, Pochan, and Langhans 2015; Shu et al. 2024; Mosquera et al. 2022; W. Li
et al. 2019; Asadi et al. 2024) , decellularized tissue ECM (Ferreira et al. 2021; Dunne et
al. 2014; Jin et al. 2019; Tamayo-Angortrilla et al. 2022; Lv et al. 2021), and microfluidic
incorporated polymers (Lewis and Gerecht 2016; T. Song et al. 2023; J. M. Lee et al.
2017). These scaffolds provide mechanical support and surface for cell attachment, as
ECM does for the cells in vivo to enable studying on cancer biology or therapeutic
strategies. Cells are either seeded or embedded within these scaffold materials. A wide
range of biomaterials have been employed in cancer research, including natural sources
like proteins (e.g., collagen (Redmond et al. 2021), gelatin (Y. Wu et al. 2023; Peter et al.
2019), fibronectin (Mahmoodi et al. 2022), silk (Gangrade and Mandal 2020)) and
polysaccharides (e.g., hyaluronic acid (Demirel et al. 2024; Suo et al. 2019), alginate
(Kletzmayr et al. 2020), chitosan (Xu et al. 2019; Le et al. 2021)) as well as synthetic
biomaterials (e.g., PEG (Z. Wang et al. 2023; Livingston et al. 2019; Pradhan et al. 2017),
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PCL (Rabionet et al. 2017; Palama et al. 2017; Rabionet, Puig, and Ciurana 2020), PLA
(Rabionet et al. 2017; Palama et al. 2017; Rabionet, Puig, and Ciurana 2020).Various
conventional techniques have been utilized to fabricate different forms of scaffolding for
tissue engineering, including gas foaming (Angeloni et al. 2017; Manavitehrani et al.
2019), freeze-drying (Auvinen et al. 2019; Campbell et al. 2017), solvent casting and
particulate leaching (Kolathupalayam Shanmugam et al. 2020; 2023; Rakib Hasan Khan
et al. 2022; Obayemi et al. 2020), thermal induced phase separation (Lombardo et al.
2019), and electrospinning (Rabionet, Puig, and Ciurana 2020; Sadeghi et al. 2023; Ricci
et al. 2023; Nelson et al. 2014; Y. Wang et al. 2017). Besides, rapid prototyping
techniques, including stereolithography, solvent-based extrusion free-forming, selective
laser sintering, bioprinting, and fused deposition modeling overcome the limitations in
the conventional techniques by enabling spatial manipulation and control of biomaterials
during scaffold fabrication (Eltom, Zhong, and Muhammad 2019). 3D bioprinting
technologies, in particular, allow for the dimensional control and patterning of
biomaterials, cells, and biochemical factors that mimic the tumor microarchitecture
(Shukla et al. 2022). However, scaffold-based cell culture models also present several
challenges. Variability between batches in natural biomaterials, insufficient bioactivity,
and formation of byproducts from degradation of synthetic biomaterials, reduced
mechanical strength, instability and difficulty of controlling the structure of hydrogels,
immunogenicity concerns, and complexity of decellularized matrices can all pose
limitations (Abuwatfa, Pitt, and Husseini 2024). Furthermore, despite their numerous
advantages, 3D scaffold-based cell cultures face challenges such as such as scaffold
material constraints, uneven cell seeding and distribution, limited oxygen and nutrient
diffusion throughout the scaffold, scaffold degradation and stability concerns, difficulties
in achieving tumor complexity, the high cost of equipment, and time-consuming
fabrication processes.

In contrast to scaffold-based cultures, scaffold-free models leverage the capability
of forming intercellular adhesions and the self-aggregate into 3D structures without the
need for external support. Various cancer cell types can assemble into 3D cellular
aggregates in the form of spheroids in non-adherent environments, where they secrete and
deposit their own ECM over time (Costa et al. 2016; Santini, Rainaldi, and Indovina 2000;
de Aragjo et al. 2024). In these models, tumor cells are not in contact with a scaffold
material; therefore, they are in close contact with the other cells, fostering a more

physiologically relevant environment. 3D tumor spheroids are valuable models for

11



studying on cancer biology, initiation, metastasis, and evaluating potential therapeutics.
They closely resemble the in vivo avascular tumor architecture, characterized by their
spatial organization and physiological cell-ECM and cell-cell interactions, gradients of
soluble factors, pH, and oxygen (Costa et al. 2016). A variety of cell types, including
cancer cell lines, primary tumor cells (Kondo et al. 2011; Qureshi-Baig et al. 2016), and
cancer stem cells (Quereda et al. 2018; Raghavan et al. 2017), can be used to generate
spheroids. Tumor spheroids are generally classified into four types which are
multicellular tumor spheroids (MCTS), tumorospheres, tissue-derived tumor spheres
(TDTS), and organotypic multicellular spheroids (OMS) (Weiswald, Bellet, and Dangles-
Marie 2015) . Widely employed methods for generation of scaffold-free 3D tumor
spheroids include the hanging drop method (Ganguli et al. 2021), forced floating method
(ultra-low attachment plates) (Close et al. 2018), liquid overlay method (Jubelin et al.
2023), agitation-based techniques (Clémence et al. 2017), pellet culture (Dhandapani et
al. 2023), micro-molding (Guo et al. 2019), microfluidics (Tevlek et al. 2023), bioprinting
using magnetic levitation (Mishriki et al. 2019; Dzamukova et al. 2015; Jaganathan et al.
2014; Tiirker, Demircak, and Arslan-Yildiz 2018; Anil-Inevi et al. 2020; 2021; 2018;
Sarigil et al. 2021). Several limitations are associated with these scaffold-free generation
methods. In hanging drop, forced floating, liquid overlay, and micro-molding methods,
the range of cell types suitable for spheroid formation is limited, and achieving consistent
spheroid size and shape can be challenging. In agitation-based methods and pellet culture,
together with the inconsistency of the spheroid structure, gravitational forces and sheer
stress act on the cells, which can be harmful to their viability in the long term.
Furthermore, creating scaffold-free spheroids using microfluidic systems is often costly
and labor-intensive, requiring technical expertise. Additionally, the variety of cell types
compatible with microfluidic channels is limited, and the throughput of these methods is
lower than that of other methods.

The concept of magnetic manipulation can be achieved through two approaches,
as described in the first chapter: positive and negative magnetophoresis. In positive
magnetophoresis, cells are magnetized by incorporating magnetic nanoparticles, inducing
movement from regions of lower magnetic field strength towards regions of a higher field
strength one. On the other hand, negative magnetophoresis involves suspending cells in
a paramagnetic medium or ferrofluids, which exhibit higher magnetic susceptibility than
the cells themselves. This differential magnetic susceptibility generates a magnetic force

that drives the cells to move towards a weaker magnetic field and to form aggregates
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when they subjected to a magnetic field gradient. This method offers a valuable approach
for for creating cell aggregates or spheroids without the adverse effects of labeling on
cells and time-consuming experimental steps.

Previously, it was shown that magnetic levitation of cells could be applied using
two axial ring magnets (Ge and Whitesides 2018). However, the presence of two magnets
within the environment poses challenges, including difficulties in manipulating the cell
culture difficult and limits the working volume. On the other hand, the single magnet in
the newly developed ring magnetic levitation system eliminates these disadvantages
(Anil-Inevi et al. 2021). This system incorporates ring shaped magnets with holes on their
center. The magnetic field strength decreases towards the center of this hole. As time
passes, the cells levitate and stably gather on the local minimum magnetic field above the
magnet hole. At this equilibrium point, the cells interact with each other and form stable

spheroid-like structures (Figure 4). The point where the cells are stably positioned is the

equilibrium point determined by their volumetric mass density (see Appendix).
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Figure 4. Representation of cellular aggregation on the simulation of magnetic flux

density norm around the ring magnet (Source: Anil-Inevi et al. 2021).

The tumor microenvironment, encompassing the extracellular matrix and
neighboring healthy cells, plays a pivotal role in shaping the behavior of cancer cells.
Significant research has demonstrated the substantial impact of normal cells on cancer
biology, including their ability to expel oncogene-transformed epithelial cells and
suppress the growth of breast cancer cells in co-culture (Spink et al. 2006; Hogan et al.

2011). Beyond cellular diversity, the spatial organization of cells within the three-
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dimensional tumor structure is a key determinant of the tumor characteristics. In normal
breast tissue, epithelial and myoepithelial cells are confined within a basement membrane
layer, separating them from the surrounding fibrous and adipose tissue (Figure 5)
(Bahcecioglu et al. 2020). However, in cancer, the functions of the healthy cells become

disrupted.
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Figure 5. Interactions between cells and ECM lead to alteration of normal epithelium
towards the tumor. (a) Normal epithelium, (b) ductal carcinoma in situ (DCIS),
and (¢) invasive tumor. (d) Simplified illustration of the network of interactions
between cells and the ECM. Crosstalk between the tumor cells, stromal cells
(fibroblasts and adipocytes), immune cells (regulatory (Treg) and cytotoxic
(Te) T cells, and type 1 (M1) and type 2 (M2) macrophages), and the
endothelial cells alters the microenvironment (Source: Bahcecioglu et al.

2020).
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In ductal carcinoma in situ, an early form of breast cancer, which is one of the
most prevalent cancer types, the transition to an invasive phenotype is associated with
the detachment of abnormal cells from the normal epithelial cell layer and their
subsequent migration into surrounding tissue (Cowell et al. 2013). It was shown in a
study that the presence of the breast epithelial cells in co-culture with breast cancer cells,
can induce an invasive and metastatic phenotype in the tumor cells (M.-H. Lee et al.
2015).

In the light of these findings, the utilization of three-dimensional heterogeneous
cell culture models is vital for comprehending the progression of breast cancer, studying
molecular changes, and evaluating potential treatments. However, creating a completely
symmetrical layered structure presents significant challenges. Therefore, our goal was to
develop a heterogenous three-dimensional layered model of breast cancer by surrounding
the breast cancer cell cluster, formed using magnetic levitation, with breast epithelial

cells.

2.2. Methods

2.2.1. Cell Culture

MDA-MB-231%Red (breast cancer cell line, ATCC) cells were cultured in
Dulbecco's modified Eagle medium (Gibco) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S). MCF-10A“? (breast epithelial cell line,
ATCC) cells were cultured in DMEM/F-12 medium supplemented with 5% Donor Horse
Serum, 1% P/S, 20 ng/mL EGF, 0.5 pg/mL hydrocortisone (Sigma, H0888), 100 ng/mL
Cholera Toxin and 10 pg/mL insulin. Within this period, the cells were incubated in the
incubator at 37°C, 5% CO2. The growth mediums were refreshed every other day, and
the cells were passaged when they reached 90% confluency by using trypsin to detach the

cells.
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2.2.2. Single Ring Magnet-Based Magnetic Levitation of Cells

The cells were detached with 0.25% trypsin-EDTA solution when the culture
reached 90% confluency. Following centrifugation and removal of the supernatant, the
cells were resuspended to 10° cells/ml in the culture medium with various Gd**
concentrations (100, 150, and 200 mM). A total of 200 pl of cell suspension was loaded
into the cell culture tube, and the culture tube was placed in the hole of the ring magnet.
The cells were levitated in the magnetic levitation system and were incubated for 24 h at
37°C, 5% COaz. The spheroids were photographed after 24 h of culture by a mobile phone
equipped with a x15 micro focal length lens (Baseus) for short-distance focusing.
Additionally, they were visualized under a confocal microscope (Leica DMIS confocal

microscope).

2.2.3. Microcapillary-Based Magnetic Levitation of Cells

Cells were suspended in Gd3* containing 50 pl paramagnetic medium and were
loaded into a microcapillary channel. They were repulsed from the region of high
magnetic field (i.e., close to the magnets) to the region of low magnetic field (i.e., middle
region of cell culture chamber in the vertical direction) owing to the difference between
the magnetic susceptibility of cells and the surrounding medium. After about 10 min, cells
stopped moving and came to an equilibrium position in the microcapillary channel
according to their volumetric mass densities. Magnetic levitation images were observed
under an inverted microscope (Olympus 1X-83). Images were analyzed using Image J

software to investigate the levitation profiles of cells.
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2.2.4. Heterogenous Co-culture of Cells in Magnetic Levitation Setup

MDA-MB-231%Red cells were loaded into the cell culture tube with varying cell
and Gd** concentrations with a total of 200 pl of cell suspension. After determined time
of culture of MDA-MB-2319Red cells, which is at the core of the layered cell aggregate,
half of the cell suspension (100 ul) was withdrawn with a pipette. It was replaced by 100
ul cell suspension containing the MCF-10A®Cf? cells with varying cell concentration in
the presence of the same Gd>" concentration as the other half of the culture media. The

cells were co-cultured at 37°C, with 5% CO; for the determined culture time.

2.2.5. Cell Viability Experiments

MDA-MB-2319Red  and  MCF-10A°“f? cells were seeded at a starting
concentration of 10* cells/well in a 96-well plate and cultured for 4h, 24 h and 48 h. The
cells were exposed to different Gd** concentrations of (0, 100, 150 and 200 mM) and cell
viability was measured at 4™, 24™ and 48™ hour with thiazolyl blue tetrazolium bromide
(MTT) assay. 0.5 mg/ml of MTT reagent (Amresco) was added to each well and the plates
were incubated at 37 °C for 3 h in the dark. The media was removed, 100 pul of DMSO
was subsequently added to each well and colorimetric measurements were performed at

570 nm with a reference wavelength of 690 nm (Thermo Scientific Multiskan Go).

2.2.6. Statistical Analysis

Results were expressed as mean =+ standard deviation for each experiment. Each
experiment had at least 3 samples in each repetition. In cases where statistical
comparisons need to be made, the differences between groups were measured by

ANOVA test, 5% was considered as the significance limit.
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2.3. Results and Discussion

In order to determine the optimum Gd*" concentration to be used in the
biofabrication of three-dimensional heterogeneous structures, both cell types were
cultured at a constant cell concentration (1x10° cells/ml), using varying Gd**
concentrations (100 mM, 150 mM, and 200 mM). Cells were visualized using a standard
camera after 2 and 24 hours of culture. The spherical structures formed by the cells were
observed, and the effects of culture time and Gd** concentration on the formed structures
were investigated. Spheroid like structures were observed in both MDA-MB-2319Red and
MCF-10A°Ct? after 2 hours of levitation culture. A Gd** concentration of 100 mM was
found to be optimal for levitating the cells and facilitating the formation of three-
dimensional structures through self-assembly. As expected, in the absence of a
paramagnetic solution (0 mM Gd*>"), cells did not levitate and settled at the bottom of the

culture chamber.

Figure 6. Magnetic levitation images of MDA-MB-2319R% cells cultured with single ring
magnet-based levitation system (100, 150, and 200 mM Gd**, 10° cells/ml) after

2 and 24 h of culture. n=3. Each vertical scale: 1 mm
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After 24 hours of culture, the cells were photographed, and it was observed that
the MDA-MB-2319Red cells were stable with only slight flattening on the cellular
assembly (Figure 6). On the other hand, MCF-10A°C? cells exhibited instability after 24
hours of culture, with cell clusters gravitating to the bottom of the culture tube in all
samples (Figure 7).

The levitation experiment was repeated at 150 mM and 200 mM Gd**
concentrations in order to determine the maximum time that MCF-10A°C*? cells can be
cultured without gravitating in the levitation system. Cells were photographed after 2
hours and 5 hours of culture. The three-dimensional structures formed after 2 hours
remained stable for up to 5 hours (Figure 8). However, the cell sedimentation was
observed after 24 h of culture. Therefore, it was concluded that the MCF10ACF cells

can be cultured for up to 5 hours in the formation of a heterogenous cell culture model.

2h

24h

Figure 7. Magnetic levitation images of MCF-10A°*? cells cultured with single ring
magnet-based levitation system (100, 150, and 200 mM Gd**, 10° cells/ml)

after 2 and 24 h of culture. n=3. Each vertical scale: Imm

MTT assay was conducted to examine the effect of the Gd** on the cell viability,
which might have contributed to the gravitation of 3D aggregates, formed by MCF-
10A°CTP cells, after 24 hours. Analysis revealed that the increased Gd*" concentration at

the 4™ hour time point did not cause a significantly affect the viability of either cell line.
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No statistically significant changes in cell in viability was observed for either cell
type with increasing Gd*>" concentration until a reduction in viability was noted at 200
mM Gd*" after 24 hours. However, lower cell viability rates were observed in MCF-
10A°S*P cells compared to the control group, with increasing Gd** concentrations at 48
h. In contrast, MDA-MB-231%Red ce]] viability remained relatively stable until a decrease

was observed at 200 mM concentration, similar to the 24-hour time point (Figure 9).

Figure 8. Magnetic levitation images of MCF-10AC™? cells at 150 mM and 200 mM Gd**
concentrations after 2 and 5 hours of levitation culture. n=3. Each vertical scale:

1 mm.

When MCF-10A%CtP cells were cultured at 100 mM Gd*" concentration for 24
and 48 hours, an increase in cell viability was observed compared to the 4-hour time
point. This finding suggests that Gd*" induced toxicity is not the primary reason for
gravitation of the cells in the levitation system. In addition, the inability of MCF-10A°C?
mammary epithelial cells, which are anchorage-dependent (Ishikawa et al. 2015), to
adhere to any surface in the levitation system may contribute to structural and functional
changes within the cells. These changes could potentially alter the physical properties of
the cells or increase membrane permeability, allowing Gd*" ions to enter the cells and
contribute to their gravitation in the system. Following the biofabrication of the three-

dimensional MDA-MB-2319Re ce]] aggregates, MCF-10A°CF? cells were introduced in

20



the levitation system to establish a co-culture model. This approach was intended to

facilitate intercellular attachment between the two cell types.
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Figure 9. Absorbance values after 4 hours, 24 hours, and 48 hours of culture of MDA-
MB-231%Red and MCF- 10A°CF? cells at 0 mM, 100 mM, 150 mM, and 200 mM

Gd*" concentrations. n=3.

To determine the optimum concentration for the three-dimensional culture,
MDA-MB-231%Red cells, intended to occupy the inner core of the heterogenous structure,
were levitated at varying concentrations (5x10° cells/ml, 2.5x10° cells/ml, 1.25x10°
cells/ml and 5x10* cells/ml) with 100 mM Gd** (Figure 10). Notably, three-dimensional
structures were observed with macroscopic imaging after 24 hours of levitation culture
even at the lower cell concentrations (1.25x10° cells/ml and 5x10* cells/ml). Following
this observation, we decided to use these low cell concentrations to minimize potential
viability loss due to the decreased nutrient and oxygen diffusion within the 3D cell

structure.
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Figure 10. Magnetic levitation images of MDA-MB-231%Red cells at different cell
concentrations (5x10° cells/ml, 2.5x10° cells/ml, 1.25x10° cells/ml, and 5x10*

cells/ml) with 100 mM Gd** after 2 and 24 hours of culture. n=3. Each vertical

scale: 1 mm.

MDA-MB-2319Red cels were cultured in the levitation system for 24 hours at pre-
determined cell concentrations (1.25x10° cells/ml and 5x10* cells/ml) in the presence of
Gd** (100 mM). Following this period, half of the cell culture medium was replaced with
the MCF-10A°C!? cell suspension at identical cell and Gd** concentrations. The cells were
subsequently co-cultured for an additional 4 hours and the resulting 3D heterogeneous
cell structures were photographed (Figure 11). Our observations revealed that the formed
3D heterogeneous cell structures remained levitated and exhibited an increase in size
compared to the aggregates formed by MDA-MB-2319R¢d cells after the initial 24-hour
culture period.

Following the culture period, the spheroids were transferred to Petri dish for
imaging and subsequent examination using confocal microscopy (Figure 12). Analysis
revealed that the absence of the intended core-shell cell structure, with the MDA-MB-
2319Red cells inside and MCF-10A°C™ cells outside, was due to the inability of the
cellular structures to maintain their integrity, resulting in dispersion during the transfer
phase. Although the cells remained suspended for 28 hours during the culture period,
they were unable to form robust and stable structures with sufficient mechanical strength

for transfer and manipulation.
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Figure 11. Schematic representation of the experiment (a), Magnetic levitation images of
MDA-MB-231%Red cells after 2 h and 24 h of culture at different cell
concentrations (b) (5x10* cells/ml (i and iii) and 1.25x10° cells/ml (ii and iv)).
Images of heterogeneous spheroids at the end of the culture time after the
addition of MCF-10A°C*P cells (5x10* cells/ml (v) and 1.25x10° cells/ml (vi))

to the system. n=3. Each vertical scale:1 mm.

To evaluate the long-term stability of these heterogenous structures over extended
culture periods, the experiment was repeated for a total of 48 hours culture time and
images were captured at designated time points (Figure 13). Upon observation, the
spheroids were found to remain stable after 48 hours, exhibiting an increase in volume

for both cell concentrations. This observation indicates the successful formation of 3D

heterogeneous spheroids.
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Figure 12. Confocal microscope image of MDA-MB-231%R¢d and MCF-10A°°tF cells

cultured in a levitation system for 28 hours. Scale bar: 100 um.

24h

48 h

Figure 13. Magnetic levitation images of MDA-MB-231%Red spheroids after 24 h of
culture (a, b) and images of heterogeneous spheroids after adding MCF-
10ACF? cells into the levitation culture (c, d). MDA-MB-231%Red cell
concentration: 5x10* cells/ml (a) and 1.25x10° cells/ml (b), MCF-10A®CFP cell
concentration: 5x10* cells/ml (c¢) and 1.25x10° cells/ml (d). n=3. Each vertical

scale: 1 mm.
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The lack of gravitational movement in MCF-10A"? cells after 24 hours is
attributed to the establishment of intercellular interactions with the MDA-MB-23]dsRed
cells. These interactions likely contributed to the stability of the anchorage dependent
MCF10A°CS*? cells within the levitated position for an extended duration.

While the cells remained stable within the levitation system, they lacked the
necessary compactness for successful transfer onto a culture dish for subsequent confocal
microscopy analysis. To address this limitation, an investigation was conducted to assess
the impact of incorporating Ca?* into the culture medium on cell-cell interactions within
the single-ring magnetic levitation system. This approach was expected to enhance cell-
cell adhesion (S. A. Kim et al. 2011) and promote the formation of more manageable,
compact structures.

The impact of Ca** on the formation of more tightly packed cellular assemblies
was investigated by levitating cells in a ring magnetic levitation system with a culture
medium containing 3 mM and 5 mM CaCl; (Figure 14). When spheroids were transferred
to the petri dish, they exhibited increased stability and compactness compared to previous
trials. Confocal microscopy was employed to examine the morphology and localization
of MDA-MB-2319Red and MCF-10A°Cf? cells co-cultured at a 1:1 ratio within the
magnetic levitation system in the presence of 3 mM Ca®" (Figure 15) and 5 mM Ca**
(Figure 16), Analysis of the confocal images, specifically the merged channels (Figure
l4c, Figure 15¢), revealed both cell types' spatial distribution and co-localization within
the spheroid structure. This is depicted in the images, where MDA-MB-231%R< cells are
labeled in red, MCF-10A°“*? cells in green, and the merged channels illustrate the
composite spheroid structure. The scale bar provided in the images measures 200 pm,
offering a reference for evaluating the size and density of the spheroidal aggregates
formed under these culture conditions.

Confocal imaging analysis revealed that the concentration of MCF-10ACf? cells
was insufficient to fully encapsulate the MDA-MB-231%R cell clusters at every depth
level, attributable to the 1:1 cell loading ratio. In order to create a core-shell structure, the
concentration of MDA-MB-231%R cells was kept the same (1.25x10° cells/ml) or
reduced by half (6.25x10* cells/ml), while the concentration of MCF-10A°CfF cells was
doubled (2.5x10° cells/ml) to achieve cell loading ratios of 1:2 and 1:4 (Figure 17).
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Figure 14.

3 mM CaCl, 5 mM CaCl,

24h

: u“

Magnetic levitation images of MDA-MB-231%Rd cell clusters (1.25x10°

cells/ml) after 24 h of culture in the presence of 3 and 5 mM CaCl, (a,b).
Images of heterogeneous spheroids after adding MCF-10A°Ct? cells (1.25x10°
cells/ml) into the levitation system with 3 and 5 mM CaCl; (c,d), with cell 1:1
cell loading ratio in the presence of 100 mM Gd** . n=3.

Figure 15.

Confocal microscope images of MDA-MB-231%%4 (3) and MCF-10A°Cf? (b)
cells (1:1) cultured in the levitation system for 48 hours with 3 mM Ca*" and
100 mM Gd*'. Merged channels showing both cell types in the spheroid
structure together (c). n=3. Scale bar: 200 pm.
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Figure 16. Confocal microscope images of MDA-MB-2319R¢d (3) and MCF-10A°t? (b)
cells (1:1) cultured in the levitation system for 48 hours with 5 mM Ca?* 100
mM Gd**. Merged channels showing both cell types in the spheroid structure
together (c). n=3. Scale bar: 200 pum.

4h

24h

Figure 17. Magnetic levitation images of MDA-MB-231%R¢ and MCF-10A°S™ cells
cultured with single ring magnet-based levitation system in the presence of 5
mM CaClz and 100 mM Gd**. Cell loading ratios: 1:4 and 1:2, respectively.
MDA-MB-2319Red ce]] concentration: 6.25x10* cells/ml (a) and 1.25x10°
cells/ml (b), MCF-10A°C*? cell concentration in co-culture: 2.5x10° cells/ml
(c and d). Total cell concentration: 3.125x10° cells/ml (c) and 3.75x10°

cells/ml (d). n=3. Each vertical scale: 1 mm.
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MDA-MB-231%Red cells were levitated for 4 hours, followed by the addition of
MCEF-10AC? cells. Despite the increased stability of the cells after the transfer phase,
the expected core-shell structure was not observed. Instead, two adjacent cell clusters
were noted (Figure 17c, Figure 17d). This could be attributed to inadequate mixing of the
cell solutions during the addition of the MCF-10A°"? solution to the system or to

1 dsRed

intercellular interactions among the MDA-MB-23 cells.

Figure 18. Confocal microscope images of MDA-MB-2319Red (3) and MCF-10A°*? (b)

cells (1:4) cultured in the levitation system for 28 hours with 5 mM Ca*" and
100 mM Gd*'. Merged channels showing both cell types in the spheroid
structure together (c). Scale bar: 200 um.

Figure 19. Confocal microscope images of MDA-MB-2314R (3) and MCF-10A°¢?
(b) cells (1:2) cultured in the levitation system for 28 hours with 5 mM Ca*"
and 100 mM Gd*". Merged channels showing both cell types in the spheroid
structure together (c). Scale bar: 200 um.
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However, confocal images of one of the two spheroids in each sample showed
that MCF-10A°Ct? cells were able to cover the outer surface of the MDA-MB-2314sRed
cells (Figure 18 and Figure 19). Nevertheless, the number of MDA-MB-2319R¢ cel]ls was

quite low as they were primarily present in the other spheroid.

24h

48 h

Figure 20. Magnetic levitation images of MDA-MB-231%R¢ and MCF-10A°C"? cells
cultured with single ring magnet-based levitation system in the presence of 5
mM CaCl> and 100 mM Gd*" with a cell loading ratio of 1:4. MDA-MB-
231%Red el concentration: 5 x10* cells/ml (a) and 1x103 cells/ml (b), MCF-
10A°SFP cell concentration in co-culture: 2x10° cells/ml (c) and 4x10° cells/ml
(d). Total cell concentration: 2.5x10° cells/ml (c) and 5x10° cells/ml (d). n=3.

Each vertical scale: 1 mm.

In order to create compact and layered single spheroids, we employed two
different total cell concentrations for both types of cells, at the same cell loading ratio
(1:4). After culturing MDA-MB-231%R4 cells for 24 hours, MCF-10At? cells were
introduced to the culture medium. This time, careful attention was paid to ensure that the
mixing was done properly. The cells were then co-cultured for an additional 24 hours,
resulting in the formation of single spheroids (Figure 20). However, a layered structure
was not evident this time. Instead, each cell type appeared to be clustered among itself
(Figure 21).
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Figure 21. Confocal microscope images of MDA-MB-231%Rd and MCF-10A°Ct? cells
cultured in the levitation system for 48 hours in the presence of 5 mM Ca**
and 100 mM Gd** with 1:4 cell loading ratio. Total cell concentration: 2.5x10°

cells/ml (a) and 5x10° cells/ml (b) Scale bar: 200 pm.

To investigate the impact of cell loading order, first, MCF-10A“? cells were
cultured, and after 24 hours, MDA-MB-231%R cells were introduced to the culture
medium with a cell loading ratio of 4:1, respectively. The cells were co-cultured for
additional 24 hours (Figure 22).

In the first experiment, it was observed that a significantly low number of MCF-
10A°STP cells was observed within the spheroid (Figure 22a). On the other hand, in the
second experiment, MCF-10A°CFF cells appeared to remain viable and present within the
spheroid after 48 hours, while MDA-MB-231%R< cells were predominantly located at the
outer sites of the spheroids. This was what we aimed for this experiment by putting MDA -
MB-2319Red ce]ls in the system after MCF-10A“f? spheroids were formed. Nonetheless,
upon observing the second levitation photograph, (Figure 22b a blurry region was noted
on the upper side of the spheroid potentially indicating the presence of cells that failed to
integrate into the spheroid structure. Although the spheroid was intact, it gravitated to the
bottom of the culture tube. This observation suggests that a portion of the MDA-MB-
2319Red cells may have attached to MCF-10AC!? cells within the spheroid, contributing
to their gravitation together. The second experiment was not reproducible because the
result was similar to the first experiment when we applied the same order of cell loading

again (Figure 22c¢).
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Figure 22. Confocal microscope images of MCF-10A“" and MDA-MB-23]%Red
cultured in the levitation system for 48 hours in the presence of 5 mM Ca?"
and 100 mM Gd** with a 4:1 cell loading ratio, respectively. Total cell
concentration: 5x10° cells/ml (a, b, ¢). n= 3. Magenta: MDA-MB-2319Red
green: MCF-10AC™?, Scale bar: 200 um.

To investigate spatial distribution of two cell types within a spheroid structure
when co-cultured from the outset, the cells were mixed and introduced into the levitation
culture at different cell loading ratios (1:1, 1:2, and 1:4). The cells were cultured for 24
and 48 hours (Figure 23). Subsequently confocal microscopy was employed to analyze
spatial distribution of the two cell types within the spheroids (Figure 24).

Irrespective of culture duration or cell loading ratio, each cell type exhibited a
strong tendency to cluster with cells of the same origin. This observation was attributed
to differences in volumetric mass densities and, consequently, levitation heights of the

two cell types.
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Figure 23. Magnetic levitation images of MDA-MB-231%R¢ and MCF-10A°F? cells
cultured with single ring magnet-based levitation system for 24 (a,c,e) and 48
(b,d,f) hours in the presence of 5 mM CaCl, and 100 mM Gd**. Cell loading
ratios: 1:1 (a,b), 1:2 (c,d) , 1:4 (e,f). Total cell concentration: 5x10° cells/ml.

n=3. Each vertical scale: 1 mm.

To investigate this further, microcapillary magnetic levitation was carried out with
MCF-10A°“f? and MDA-MB-231%Red cells to detect any differences in their single-cell
densities, in the presence of 25 mM Gd** (Figure 25). The results demonstrated that
MDA-MB-231%Red cells exhibited significantly higher average levitation heights
compared to MCF-10A°C? cells (Figure 26, Table 1). These finding suggests that within
the magnetic levitation system, MDA-MB-2319Red cells preferentially occupy the upper

regions of the formed spheroids.

32



Figure 24. Confocal microscope images of MDA-MB-2319R¢d and MCF-10A°S" cells

cultured in the levitation system for 24 (a,c,e) and 48 hours (b,d,f) in the
presence of 5 mM Ca?"and 100 mM Gd**. Cell loading ratios: 1:1 (a,b) , 1:2
(c,d), 1:4 (e,f). Total cell concentration: 5x10° cells/ml. Scale bar: 200 pm.

Figure 25. Levitation micrographs of MCF-10A°“*? (a) and MDA-MB-2319Red cels (b)
in the presence of 25 mM Gd**. n=3.
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Figure 26. Levitation profiles of the MCF-10A“*? and MDA-MB-231%R cells in the

presence of 25 mM Gd**. n=3. * indicates a statistically significant difference

(p<0.05) between the two groups.

Table 1. Analysis of levitation profiles of the MCF-10A®“*? and MDA-MB-2319Red ce]ls.

Mean Minimum | Maximum | Range | Std Dev Skew CoV (%)
MCF-10A 864.3 848.1 880.9 32.79 11.03 0.133 1.28%
MDA-MB-231 878.4 865.8 892.3 26.46 9.743 0.3345 1.11%

To further investigate cell positioning, the cells were co-cultured from the

beginning for 48 hours at a 1:4 cell loading ratio. After 48 hours, spheroids seemed to be

localized on the bottom of the culture tube, but they were compact and stable (Figure 27).

Formed spheroids were transferred onto an agarose surface to examine their behavior in

long-term culture in the absence of attachment. Confocal microscopy was employed to

monitor cell behavior at different time points (Day 0,1,2 and 5) (Figure 28).
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Figure 27. Magnetic levitation images of MDA-MB-231%R¢ and MCF-10A°C"? cells
cultured with single ring magnet-based levitation system in the presence of 5
mM CaCl, and 100 mM Gd*'. Cell loading ratio: 1:4 (a,b,c.d). Total cell

concentration: 5x10° cells/ml. n=4. Each vertical scale: 1 mm.

Observations revealed that MDA-MB-231%R cells exhibited proliferative
activity and migrated towards the regions occupied by MCF-10A“*? cells within the
spheroid structure. This finding aligns with a previous studies demonstrating that
MCF10A®SFP cells enhance the invasive and protrusive properties of MDA-MB-2314sRed
cells through interactions between integrins on the cancer cells and laminin proteins
secreted by normal breast epithelial MCF10A®Ct? cells (M.-H. Lee et al. 2015).

As days go by, MCF-10A°CtP cell viability appear to decline, as evidenced by a
decrease in their fluorescence signal. In contrast, MDA-MB-2319R breast cancer cells,
which are not dependent on the attachment to a surface, remained viable and continued
to proliferate, as observed in the confocal images. By day five, a significant reduction in
the number of viable MCF-10ACF? cells was observed, highlighting their dependence on

attachment to a surface for sustained proliferation.
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Figure 28. Confocal microscope images of MDA-MB-2319R and MCF-10ACF?
spheroids on agarose gel at day 0 (a), day 1 (b), day 2 (c), and day 5 (d).
[CaClx] = 5 mM and [Gd*'] =100 mM. Cell loading ratio: 1:4. Total cell

concentration: 5x10° cells/ml. n=4. Scale bar: 200 pm.

2.4. Conclusions

Various magnetic manipulation techniques based on positive and negative
magnetophoresis have been employed to biofabricate cellular assemblies that model
different tissues. Positive magnetophoresis, which involves internalizing or labeling cells
with magnetic nanoparticles, has been utilized in biofabrication of self-assembled
spheroids and cellular aggregates (Souza et al. 2010; Daquinag, Souza, and Kolonin
2012; J. A. Kim et al. 2013; W. R. Lee et al. 2011; Ho et al. 2013; Gaitan-Salvatella et
al. 2021; Mejia-Cruz et al. 2019). As mentioned before, the positive magnetophoresis
method presents several limitations, including potential risk to cell viability due to the
presence of labeling particles, the requirement for lengthy experimental procedures, and
the inability to accurately mimic in vivo tissue environments due to the presence of

exogenous magnetic particles. In contrast, negative magnetophoresis technique, which
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does not require the use of any labeling tools, offers a faster, more cost-effective, and
safer alternative for cell manipulation. This technique has been successfully utilized in
the fabrication of cellular assemblies and spheroids using various cell types (Akiyama
and Morishima 2011; Abdel Fattah et al. 2016; Tocchio et al. 2018; Parfenov et al. 2018;
Anil-Inevi et al. 2020; 2021; 2019; 2018; Sarigil et al. 2021; Onbas and Arslan Yildiz
2021; Tiirker, Demircak, and Arslan-Yildiz 2018; Moncal, Yaman, and Durmus 2022;
Parfenov et al. 2020).

In this study we attempted to create a core-shell structure to mimic the in vivo
ductal breast carcinoma structure without any extra force or guidance and any scaffold
material, in a single ring magnet-based levitation system. As in the microcapillary based
levitation method, regardless of the cell loading order, the same type of cells grouped
among themselves. Unlike the microcapillary-based methods, where elongated, string-
like cellular structures are typically formed due to the elongated shape and parallel
positioning of the magnets, the ring magnet levitation system enabled the formation of
more-spheroid like aggregates. Furthermore, the diameter of the spheroids was tunable
and bigger compared to those generated using microcapillary system. Also, the ease of
manipulating the culture medium within the system was makes this approach well-suited

for subsequent tissue engineering and cell biology experiments.
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CHAPTER 3

IMPROVING THE SCAFFOLD-FREE SPHEROID
MODELS BY UTILIZING THE MACROMOLECULAR
CROWDING METHOD

3.1. Introduction to the Role of Extracellular Matrix in Tissue Models

The acellular environment surrounding within the cells in tissues is termed as the
extracellular matrix (ECM). The ECM is a comprehensive and three-dimensional
molecular network built by structural and functional proteins. This intricate network plays
a crucial role in regulating various cell functions through physiological and biochemical
signals. Defects or irregularities in the structure and function of ECM can lead to a variety
of disease conditions, including cancer (Fernandes et al. 2009; Urciuolo, Imparato, and
Netti 2023; Hogan et al. 2011; Pathak and Kumar 2012).

Structural proteins, proteoglycans, glycosaminoglycans, cell adhesion molecules,
and signaling molecules such as growth factors and cytokines compose the 3D fibrillar
network of the ECM (Yong, Oh, and Kim 2020). This intricate structure reserves a lot of
biomechanical and biochemical factors specific to each tissue and organ (Karamanos et
al. 2021). Besides, ECM composition varies according to circumstances such as disease,
aging, and some external influences (Urciuolo, Imparato, and Netti 2023; Frantz, Stewart,
and Weaver 2010). A dynamic bidirectional communication exists between cells and the
ECM. Cells continuously modify the spatial structure and composition of the ECM
through processes such as degradation, synthesis, and biochemical alterations. Therefore,
the ECM is considered to be a dynamic and responsive environment (Hansen et al. 2015;
Doyle, Nazari, and Yamada 2022).

The extracellular matrix is an important element in regulating homeostasis in

tissues under normal circumstances and regulating the changes under pathological
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conditions by providing biochemical and biomechanical signals to cells. Furthermore, the
ECM plays a significant role in the remodeling of cells for adaptation to a new state by
mechanoregulation processes (Humphrey, Dufresne, and Schwartz 2014). Fibroblasts are
a diversity of cells in charge of providing different aspects to specific tissues or organs
by producing a variety of ECM molecules to form a connective tissue. Fibroblasts
synthesize a variety of ECM components including collagens, fibronectin, laminin,
elastin, glycosaminoglycans, proteoglycans, hyaluronic acid, growth factors and
cytokines, which are assembled in different combinations to regulate the function of the
surrounding tissue and organ in which they are located (Plikus et al. 2021).

Fibroblasts are stromal cells that typically reside in a quiescent state under normal
conditions. In response to tissue repair and wound healing processes, they are induced to
differentiate into contractile myofibroblasts (Gabbiani, Ryan, and Majno 1971), which
exhibit increased ECM production and proliferation (Hinz et al. 2012). Following healing,
myofibroblasts revert to fibroblast form (Plikus et al. 2021). However, in fibrotic diseases
or during tumor initiation and progression, fibroblasts undergo uncontrolled activation
and produce vast amounts of ECM proteins (Hebert et al. 2020). Thus, this uncontrolled
activation has led to consideration of cancer as a kind of “wound that does not heal”
(Dvorak 2015). Non-mutant cells in the tumor microenvironment that lack markers for
epithelial, endothelial, specialized mesenchymal, or immune cells are considered cancer-
associated fibroblasts (CAFs). Notably, CAFs constitute a significant portion of the tumor
microenvironment, comprising approximately 80 % of the stromal compartment. CAFs
engage in continuous reciprocal communication with cancer cells (Truffi, Sorrentino, and
Corsi 2020). In addition to producing structural proteins, CAFs also secrete mitogenic
growth factors (Balkwill, Capasso, and Hagemann 2012), playing a crucial role in
regulating angiogenesis, tumor progression, metastasis, and response to anti-cancer
treatments along with the other non-mutant cells in the tumor stroma.

Cells and their ECM cannot be viewed as separate entities, as they are
interconnected and work together. For this reason, in in vitro studies, it is crucial to
provide an extracellular environment that will allow cells to perform their specific
functions properly. Conventional 2D and 3D scaffold-based in vitro models, utilizing
synthetic or natural materials, fail to fulfill this task adequately. Although they provide
mechanical support to the cells, they lack the complex signalling cascades found in the

natural ECM (Rozario and DeSimone 2010).
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To overcome the limitations related to immunological incompatibility and failure
to fully represent the ECM structure, several strategies have been implemented. These
include decellularizing natural tissues and organs to obtain native-like ECM (Solarte
David et al. 2022; Assungao et al. 2020) and inducing somatic cells to produce ECM
specific to the tissue or pathological condition (Urciuolo et al. 2016). Another approach
is to produce ECM without decellularization; by culturing the stromal cells on 2D plates
into cell sheets by their self-assembling ability (Roy et al. 2020) or by immobilizing the
stromal cells onto microbeads suspended in a bioreactor to induce the assembly of a
connective microtissue (Brancato et al. 2017). Although these strategies recapitulate the
ECM composition quite successfully, they require a considerable amount of time to
produce ECM. Furthermore, the amount of ECM generated may not be sufficient for
constructing a 3D structure. For instance, the cell sheets have approximately 20 um
thickness, necessitating stacking to achieve reasonable dimensions (Tsiapalis and
Zeugolis 2021). Additionally, decellularization processes often involve the use of
chemical agents, which can potentially disrupt the structure and activity of
macromolecules within the ECM.

It is well-established that the tissue-specific extracellular matrix regulates cell
functioning through biological signals and leads to pathological conditions if not properly
regulated (Insua-Rodriguez & Oskarsson, 2016; Keller et al.,, 2021). Therefore,
extracellular matrix accumulation is an important limiting factor in the formation of 3D
in vitro models. In their natural environment, cells synthesize and secrete a multitude of
macromolecules, creating a densely populated extracellular milieu. In contrast, the dilute
nutrient media typically used in in vitro cultures cannot replicate this crowded
extracellular environment (Habanjar et al., 2021; Hoarau-Véchot et al., 2018). Therefore,
strategies aimed at improving and accelerating natural production and accumulation of

ECM should be prioritized in tissue engineering studies.

3.2. Introduction to the Macromolecular Crowding Method

Recent studies have demonstrated that the “macromolecular crowding” method
significantly accelerates and increases the accumulation of tissue-specific extracellular

matrix proteins while preserving the phenotypic properties of cells in in vitro culture
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(Garnica-Galvez et al. 2021; Graceffa and Zeugolis 2019; Korntner et al. 2023; Rampin
et al. 2022; Ryan et al. 2023; Shologu et al. 2022; Tsiapalis et al. 2021; Djalali-Cuevas et
al. 2019). The principle of macromolecular crowding is underpinned by the second law
of thermodynamics. Due to the of steric hindrance and the chemical interactions,
molecules within a confined system cannot occupy the same position at the same time
and thus exert an exclusionary effect on each other. When a specific macromolecule is
introduced into to the system, decreases the volume of possible locations where the
molecules can be found, leading to a decrease in system (Sharp 2015). As the
concentration of macromolecules added to the environment increases, the system tends
to increase entropy by maximizing molecular interactions and expanding the available
volume (Kuznetsova et al. 2015; Minton 2006; Ralston 1990). This principle can be
illustrated by considering the fate of pro-collagen, a water-soluble precursor of collagen.
In a crowded extracellular environment, the increased frequency of molecular encounters
facilitates the interaction between pro-collagen and proteases, leading to efficient
conversion into water-insoluble collagen, a key component of the extracellular matrix. In
contrast, in an external environment where molecules are sparse, the probability of
encountering procollagen and proteases is significantly lower, increasing the likelihood
of procollagen inactivation or degradation before conversion to collagen can occur,
therefore decreasing the accumulation of collagen in the extracellular environment
(Figure 29) (Tsiapalis and Zeugolis 2021).

In vitro culture studies with different cell types have demonstrated that various
macromolecular crowding agents including carrageenan, dextran, polyethylene glycol
and Ficoll, significantly increase the accumulation of tissue-specific extracellular matrix
proteins (Tsiapalis and Zeugolis 2021). Among these, carrageenan protein has been
shown to be the agent that plays the fastest and most effective role in increasing
extracellular matrix accumulation due to its negative charge and polydispersity (Gaspar,
Fuller, and Zeugolis 2019; Satyam et al. 2014)

Previous studies have demonstrated that macromolecular crowding (MMC),
increased the ECM accumulation on several types of fibroblasts, particularly when
carrageenan used as the macromolecular crowding agent (Shologu et al. 2022; Gaspar,
Fuller, and Zeugolis 2019; Djalali-Cuevas et al. 2024; Tsiapalis and Zeugolis 2021;
Kumar et al. 2015; Satyam et al. 2014). Furthermore, it has been shown that when breast
cancer cells cultured on the dECM derived from different types of fibroblasts exposed to

MMC exhibit increased expression of markers specific to the breast cancer cells and
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enhanced drug resistance. These findings suggest that macromolecular crowding provides
more relevant in vitro 3D models for assessing the pharmacological properties of the
tumor cells (Shologu et al. 2022). Notably, in a previous study, macromolecular crowding
using Ficoll and Dextran was shown to increase the ECM deposition in mesenchymal

stem cell spheroids grown on methylcellulose hydrogels (Chiang et al. 2021).

-MMC: Low ECM deposition +MMC: Enhanced and accelerated ECM deposition

o N-Propeptide "P&Mm C-Proteinase ) C-Pr

Figure 29. In a dilute cell culture medium (-MMC), N- and C-proteinases are inactivated,
and water-soluble procollagen dissolves before interacting, resulting in low
collagen deposition (left). In crowded cell cultures (+MMC), the diffusion of
procollagen and proteinases is restricted, thus the interactions of molecules
with each other increase and collagen accumulation increases and accelerates

(right) (Source: Tsiapalis and Zeugolis 2021).

The influence of the macromolecular crowding method on a 3D scaffold-free
spheroid model has yet to be evaluated. This section of the thesis aimed to evaluate the
application of the macromolecular crowding method, which has been shown to enhance
the extracellular matrix accumulation, on scaffold-free spheroid models formed by
magnetic levitation technique. It was hypothesized that MMC method would be effective
in generating improved 3D spheroid models that more closely resemble the in vivo tissue.

Fibroblasts and breast cancer cells were selected as model cell types for this application.
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3.3. Methods

3.3.1. Cell Culture and Macromolecular Crowding

WS1, HDFa and MDA-MB-231%Red ce]ls were expanded in Dulbecco’s modified
Eagle’s high glucose medium containing 10% FBS and 1% P/S. During this process, the
cells were stored in a standard incubator (37°C, 5% CO2). When they grew enough to
reach the confluency of 70-80% they were passaged by removing them with trypsin. For
2D application of macromolecular crowding, WS1 cells were seeded in 24-well plates at
25,000 cells/cm? and they were allowed to be attached onto the surface by leaving them
for 24 hours in the basal medium. After the cells adhered, the culture medium was
replaced on alternate days with macromolecular crowding medium, which contains 100
uM L-ascorbic acid 2-phosphate (AA) in control (-MMC) and MMC-treated (+MMC)

groups. tMMC culture medium additionally had 50 pg/ml carrageenan.

3.3.2. Magnetic Levitation of Cells

WS1, HDFa and MDA-MB-2319Rd cells in the paramagnetic media were
transferred to the tubes (transparent PCR tubes) where magnetic levitation would take
place, with the cell concentration and Gd** concentration specified in the relevant
experimental design. The tubes to be used in the magnetic levitation mechanism were
fixed with their midpoints at the hole of the ring magnet. They were imaged with a
standard camera and the images were recorded for analysis. As time goes by, the cell
aggregates formed a stable position above the local bottom magnetic field on the magnet
hole. In co-culture studies, it was planned to obtain stable three-dimensional spheroid-
like structures in levitation culture with MDA-MB-2319Rd and HDFa cells. During the
experiment, cells were stored in a standard incubator (37°C, 5% CO.) along with all
components of the levitation apparatus. The images obtained were used for morphological

analysis of the structures formed.
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3.3.3. Cell Metabolic Activity Assessment

Metabolic activity analysis of cells was performed using alamarBlue® analysis.
First, 10% alamarBlue® solution was prepared in Hanks' Balanced Salt Solution (HBSS).
Then spheroids were washed with HBSS and 200 pl of the alamarBlue® solution was
added to the wells that contain the spheroids. As a negative control, alamarBlue® solution
alone added to the wells. The spheroids were incubated for 3 hours at 37°C, 5% COs,.
After 3 hours, 100 ul of cell solutions with alamarBlue® and controls were transffered to
a 96-well plate. Absorbance values were read at 550 nm and 595 nm, and the percentage

of the alamarBlue® reduced by the cells was calculated.

3.3.4. Application of Macromolecular Crowding on Three-Dimensional

Spheroid Cultures

After the spheroids cultured for 24 hours, they were transferred into U-bottom 96
well plates (BIOFLAT™) and macromolecular crowding medium was added to the wells.
The macromolecular crowding medium was renewed every other day during the

determined culture period, as previously explained.

3.3.5. Quantification of Collagen Amount in 2D and Spheroid Cultures

At the end of the culture period, the collagen amount in the samples was analyzed.
The amount of collagen Type-I was quantified by SDS-PAGE for 2D culture of WS1
fibroblasts by following the protocol described previously (Capella-Monsonis et al.
2018). For immunofluorescence analysis of 2D fibroblast cell layers, the cell layers were
washed with 1X PBS 3 times for 5 min each, fixed with 3% paraformaldehyde (PFA) for
20 min, washed with PBS 3 times for 5 min each, and then blocked with 3 % bovine

serum albumin (BSA) and incubated overnight at 4 -C with the mouse monoclonal
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primary antibody for Collagen type-I (Santacruz SC-59772). Next day, the cell layers
were washed with PBS 3 times for 5 min each, and they were incubated with FITC labeled
secondary antibody (donkey anti- mouse IgG (1:500, ThermoFisher Scientific, A21202)
at room temperature for 30 min. After that, the cell layers were washed 3 times for 5 min
each with PBS again and nuclei staining was done by Hoecht staining. The layers were
washed with PBS again 3 times for 5 min each and imaging was done with an Olympus
IX73P1F microscope. The images were analyzed by using the Image J software.

For the HDFa and MDA-MB-2319Rd spheroids, images were acquired on an
Olympus CKX 53 inverted microscope and analyzed with Image]J software. Collagen
amount in the spheroids was quantified by the Sirius Red staining protocol. First, the
spheroids were washed with PBS 3 times and fixed with 3% paraformaldehyde (PFA) for
20 min. Then they were washed again with PBS 3 times. After washing, 200 pl of 1 w/v%
Sirius Red solution (Direct Red 80 powder dissolved in picric acid) was added on each
spheroid and incubated for 30 min at room temperature. Following the incubation, the
spheroids were washed with ddH>O for the required times to have a clear solution. 200
ul of destaining solution (NaOH:MeOH (1:1)) was added on spheroids and incubated for
30 min at room temperature. 150 pl of the solution was transferred to a 96-well plate, and

the absorbances were read at 405 nm.

3.3.6. Statistical Analysis

Results were expressed as mean =+ standard deviation for each experiment. Each
experiment had at least 3 samples in each repetition. In cases where statistical
comparisons need to be made, the differences between groups were measured by

ANOVA test, 5% was considered as the significance limit.

3.4. Results and Discussion

To establish a baseline for evaluating the impact of macromolecular crowding
method on 3D spheroid cultures, a 2D in vitro culture model using WS1 human skin
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fibroblasts was employed. This experiment focused on analyzing the effect of
macromolecular crowding on the deposition of ECM deposition in WS1 cells. ECM

deposition (Col-I) was assessed at 4,6 and 8 days after the initiation of culture.

Day 4 Day 6 Day 8

Figure 30. Fluorescent micrographs of WSI skin fibroblasts after immunofluorescence

-MMC

+MMC

staining for Col-I after 4,6 and 8 days in culture with (50 pg/ml carrageenan)
and without the MMC medium. Collagen type I: green. Hoechst 33342

Fluorescent stained nuclei: blue. n = 3. Scale bar: 100 um.

Fluorescent immunostaining analysis revealed that macromolecular crowding
(+MMCO) significantly enhanced collagen type I deposition, compared to control (-MMC)
samples at each time point (Figure 30).

Analysis revealed that macromolecular crowding significantly increased collagen
deposition (green signal) in the MMC groups. Concomitantly, a reduction in cell
spreading was observed compared to the non-crowded controls. This observation was
attributed to the accumulation of collagen layers within the extracellular environment of
the cells, which likely exerted spatial constraints on cell spreading (Figure 31).
Subsequent fluorescent intensity analysis confirmed that Col-I deposition in WS1 culture
was significantly increased (p < 0.05) by macromolecular crowding at all time points

(Figure 32).
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-MMC +MMC

Figure 31. Fluorescent micrographs of WS1 skin fibroblasts after immunofluorescence
staining for Col-I 6 days in culture with (50 pg/ml carrageenan) and without
the MMC medium. Collagen type I: green. Hoechst 33342 Fluorescent stained

nuclei: blue. n = 3. Scale bar: 100 um.
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Collagen I Fluorescence Intensity Normalized by Cell Number

Figure 32. Collagen type I fluorescence intensity analysis normalized to cell number (%)
of WSI cell layers after 4, 6, and 8 days in culture with (50 pg/ml carrageenan)
and without the MMC medium. n=3. *** and **** indicate statistically
significant differences (p<0.001 and p<0.0001, respectively) between the

groups.
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Subsequently, sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) was performed at certain time points (Day 4, 6 and 8) to quantitatively determine

the amount of collagen deposited in both cell groups (Figure 33).

D4 D4 D6 D6 D8 D8
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Figure 33. Analysis of collagen content in electrophoresis gels of the WSI cell layers
after 4, 6, and 8 days of culture under -MMC and +MMC conditions. Col-I
STD: collagen type I standard. n=3.

Supplementary densitometric analysis unveiled that the Col-I content in the cell
layers were significantly (p<0.05) higher in +MMC groups at Day 6 and Day 8 compared
to non-crowding groups with the exception of Day 4. Furthermore, Col-I accumulation
was increased from Day 4 to Day 8 of culture under both -MMC and +MMC conditions
(Figure 34).

This study aimed to investigate the effect of the macromolecular crowding method
on 2D layers of fibroblast cells. The experiments demonstrated a statistically significant
increase in collagen accumulation within these 2D cultures. Subsequently, the application
of this technique on 3D spheroid structures and the investigation of its effect on ECM

accumulation were carried out.
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Figure 34. Densitometry analysis of electrophoresis gels of WS1 cell layers after 4, 6,
and 8 days of culture in non-crowding and MMC medium. n= 3. *** and ****
indicate statistically significant differences (p<0.001 and p<0.0001,
respectively) between the groups.

WS cells were cultured for the first time within the magnetic levitation system
resulting in the formation of fibroblast spheroids after 24 hours. Subsequently, the
spheroids transferred to U-bottom 96 well-plates and the media were renewed every other
day. Starting from the third day of culture, we observed that the cells began to spread
outward from the center of the spheroids. By the end of the culture time, a comparatively

small portion of the original spheroid were intact (Figure 35).

Day 2 Day 3 Day 5 Day 7

Figure 35. Micrographs of WS1 spheroids after 1,3,5 and 7 days in culture in growth

medium. n=3. Scale bar: 100 um.
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j 24 h
Transfer of spheroids into U-bottom 96 well
Magnetic levitation of WS1 cells plates
(2.5x10°cells/ml) (Day 1 of MMC)

Figure 36. Schematic for the first experimental method. The spheroids were obtained in
the magnetic levitation system, and they were transferred to well plates after

24 h for macromolecular crowding.

Following this, to investigate the effect of macromolecular crowding on fibroblast
spheroids, two experimental methods were employed. In the first method, cells were
cultured in the magnetic levitation system for 24 hours in the paramagnetic medium that
contains 150 mM Gd**. After 24 hours of culture, the spheroids were transferred to U-
bottom 96-well plates and the magnetic levitation medium was replaced with
macromolecular crowding medium. The crowding medium consisted of 50 pg/ml
carrageenan and 100 uM L-ascorbic acid 2-phoshpate (AA) in the +MMC groups; and
100 uM L-ascorbic acid 2-phoshpate (AA) alone in control (non-crowing) groups. The
culture media were renewed every other day in the absence of Gd** (Figure 36).

Microscopic analysis revealed that in the control groups, cells within the spheroid
structures exhibited outward migration from the center over time (Figure 37).
Concomitantly, a significant decrease in the core area of the compact spheroid structures
was observed from one day to the next time point (Figure 38), with this reduction become
statistically significant from Day 3 (p<0.05). In contrast, in the crowding group (+MMC),
cell spreading from the center of the spheroids was less pronounced compared to the
control groups. Furthermore, the average area of the spheroids in the +MMC group was
significantly larger compared to the control group starting from Day 5 (p<0.05). Notably,
the average spheroid area in the +MMC group did not exhibit any statistically significant
changes over time, indicating consistent stability throughout the culture time. This

stability can be attributed to the increased collagen production in the +MMC group, which
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likely restricted cell spreading and maintained a more compact spheroid structure,

mirroring the observations made in the 2D cell layer experiments.

Day 3 Day 5 Day 7

Control (-MMC)

Carrageenan(+MMC)

Figure 37. Micrographs of WS1 skin fibroblast spheroids after 1,3,5 and 7 days in culture
without (-MMC) and with MMC (Carrageenan at 50 pg/ml). n=3. Scale bar:
100 pm.
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Figure 38. Comparison of the spheroid area over time between the control (-MMC) group
and the macromolecular crowding (+MMC) group. Error bars represent the
standard error of the mean (SEM). n=3. **and **** indicate statistically
significant differences (p<0.0land p<0.0001, respectively) between the

groups.
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In the second experimental method, the macromolecular crowding was started in
the magnetic levitation system (Figure 39). The cells were cultured in the magnetic
levitation system for 24 hours in the paramagnetic medium containing 150 mM
paramagnetic agent (Gd>"). Three experimental groups were included: 1) a +MMC group
containing 50 pg/ml carrageenan (CR) and 100 uM L-ascorbic acid 2-phosphate (AA);
2) a control (non-crowding) group containing only 100 uM L-ascorbic acid 2-phosphate
(AA); 3) a carrageenan-only group containing only 50 ug/ml carrageenan (CR) in the
medium. After 24 hours of culture, the spheroids were transferred to the U-bottom 96-

well plates, and the culture media were refreshed every other day without Gd**.

j 24 h
Magnetic levitation of WS1 cells Transfer of spheroids into U-bottom
(5x105cells/ml) 96 well plates
(Day 1 of MMC) (Day 2 of MMC)

Figure 39. Schematic for the second experimental method where macromolecular

crowding starts in the magnetic levitation system.

In the group supplemented with only ascorbic acid (AA) (Figure 40), the observed
cell spreading dynamics closely resembled that of WS1 spheroids cultured without the
application of macromolecular crowding (Figure 35). Furthermore, no significant
differences in the average area of the spheroids were observed among these two groups
at any time point (p>0.05).

When comparing all three experimental groups, the spheroids cultured in the
medium containing both carrageenan and L-ascorbic acid (AA+CR) exhibited the least
cell spreading from the spheroid core. These spheroids appeared more intact and bigger
than those in other groups at the end of the culture period. In Notably, the average

spheroid area in the AA+CR group, the was significantly bigger (p<0.05) than in the other
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groups at all time points, except for Day 2 for all groups and Day 5 for the CR-only group
(Figure 41).

Ascorbic acid is an essential cofactor that plays a crucial role in collagen synthesis
in the cells (Pinnell 1985). Carrageenan, a sulfated polysaccharide, is a macromolecule
that increases the crowdedness of the extracellular matrix and thus promotes the enhanced
assembly and aggregation of collagen fibers (Satyam et al. 2014) . Therefore, it was
interpreted that the combination of ascorbic acid and carrageenan in the AA+CR group
synergistically enhanced the collagen deposition, leading to the formation of more

compact and larger spheroids compared to other experimental groups.

Day 1 Day 3 Day 5 Day 7

Figure 40. Micrographs of WS1 spheroids, obtained by magnetic levitation in
paramagnetic crowding medium, after 1,3,5 and 7 days in culture with only
L-ascorbic acid (AA), with only carrageenan (CR), and with L-ascorbic acid

and carrageenan (AA+CR). n=3. Scale bar: 100 pm.

In addition, to assess the potential impact of the different additives in the media
on the metabolic activity of WS1 spheroids, an alamarBlue assay was performed (Figure
42). No statistically significant differences were observed between the groups. The results
suggest that the additives in the crowding media did not exert any significant adverse

effects on the metabolic activity of the spheroids.
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Figure 41. Comparison of the average spheroid area over time between Only Cells, AA,
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Figure 42. AlamarBlue assay to determine the differences in the metabolic activity of

spheroids in different media. n=3.

Building upon the previous experiments, we continued our investigations using

human dermal fibroblast (HDFa) cells according to the first experimental method. HDFa

cells (2x10° cells/ml) were magnetically levitated in the single ring magnet-based

levitation system in the presence of 150 mM Gd*". After 24 h of culture, the spheroids
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were transferred to a U-bottom 96-well plate for macromolecular crowding application.
The culture media for both control (-MMC) and + MMC groups were renewed every
other day throughout the 7 day of culture period. To further investigate the impact of
coculture on collagen accumulation, we levitated the MDA-MB-231%Red and HDFa cells
ata 1:4 cell loading ratio and total cell concentration of 2x10° cells/ml. The same protocol

for macromolecular crowding were carried out for the co-culture spheroids (Figure 43).

HDFa+MDAMB231
M) HDFa (+MMC) HDFa (-MMC)

HDFa+MDAMB231
(+MMC)

Figure 43. Micrographs of HDFa and co-culture (MDA-MB-231%R*d and HDFa)
spheroids after 1,3,5 and 7 days in culture without (-MMC) and with MMC
(Carrageenan at 50 pg/ml). n=3. Scale bar: 100 pm.

Microscopic analysis revealed that both HDFa and co-culture exhibited an
increase in ECM accumulation around their periphery in the +MMC groups. In contrast,
the cells were started to spread to outer regions in control groups as in the experiment
with WS1 cells (Figure 36). However, HDFa and co-culture did not exhibit the same

behavior with the WSI cells. Cell spreading from the control spheroids was less
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pronounced, and ECM accumulation around the periphery of +MMC spheroids was more
evident. The average core area of compact spheroids decreased from over time in all
groups (Figure 44). The average spheroid area was generally larger in +MMC groups
compared to the control groups at all time points, with the exception of Day 5 for co-
culture spheroids. Furthermore, the difference in spheroid area was not statistically
significant except for the first day of culture for both HDFa and co-culture spheroids, and
the third day of culture for only HDFa spheroids.
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Figure 44. Comparison of average spheroid area over time between HDFa (-MMC),
HDFa (+MMC), HDFa +MDA-MB-231%R4(_MMC) and HDFa +MDA-MB-
2319Red (_(MMC) spheroids. n=3. * indicates a statistically significant

difference (p<0.05) between the groups.

To confirm the identity of the visible accumulation around the spheroids as ECM
molecules, Sirius Red staining was performed on the spheroids to quantify the collagen
content at the end of the culture period (Figure 45). Comparison of absorbance values
between groups, revealed that collagen content was higher in the +MMC groups
compared to the control groups. However, this difference was statistically significant only
in the HDFa spheroids (Figure 46).

Scaffold-free spheroids are capable of producing ECM molecules with the amount
depending on various factors (Rescigno, Ceriotti, and Meloni 2021; Shearier et al. 2016).

Although they can produce their own ECM, production is lower compared to scaffold-

56



based spheroids (Qi et al. 2022). Fibroblast spheroids are one of the cell types that are
sensitive to some conditions like scaffold-free growth, such as the need for interaction
with their surrounding extracellular matrix to function optimally (Salmenperi et al. 2016).
Therefore, incorporating ECM components is crucial, especially in scaffold-free models,
to accurately mimic the in vivo tissue.

Building upon previous studies on enhancing ECM accumulation in spheroids,
our work demonstrates a significant increase in the collagen production in scaffold-free

spheroids when employing the MMC method.

HDFa (-MMC)
HDFa+MDAMB231
(-MMC)

HDFa (+MMC)
HDFa+MDAMB231

Figure 45. Photographs of the spheroids after staining with Sirius Red.
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indicates a statistically significant difference (p<0.05) between the groups.
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3.5. Conclusions

The macromolecular crowding method was tested on 3D scaffold-free spheroids
for the first time with this study. The results demonstrated an increase in collagen
accumulation around the peripheral area of spheroids in the macromolecular crowding
groups, as evidenced by their larger area and more compact structure time compared to
control groups.

ECM production in both scaffold-based and scaffold-free spheroid models is
enhanced compared to 2D models. However, scaffold-materials can interfere with the
cells and introduce potential drawbacks, such as mechanical stress or immunological
responses. Scaffold-free models offer several advantages, including the elimination of the
need for long and laborious steps of incorporating scaffold materials into the culture.
Furthermore, ECM production in spheroid models can be further augmented through
biophysical modulations such as hypoxia or photo biomodulation. However, the
macromolecular crowding method offers a unique advantage by increasing ECM
accumulation without the need for putting the cells under any pressure.

In this thesis, analysis of collagen content confirmed that macromolecular
crowding increased the collagen accumulation within scaffold-free spheroids. Moreover,
magnetic levitation, a relatively fast and efficient method for generating 3D spheroids (in
less than 3 hours), does not require any complex or expensive equipment or time-
consuming experimental procedures. Therefore, the combination of magnetic levitation
and macromolecular crowding represents a promising approach for the rapid and efficient
creation of 3D cell, tissue or tumor models with physiologically relevant extracellular

matrix.
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CHAPTER 4

UTILIZING THE MAGNETIC LEVITATION AS A
DIAGNOSTIC METHOD TO DETECT
NEURODEVELOPMENTAL ANOMALIES

Living cells exhibiting diamagnetic properties can be levitated using a
paramagnetic medium through a simple and cost-effective protocol that eliminates the
need for cell labeling. In this approach, the culture medium containing the cells is made
paramagnetic; thus, the weight vectors of the cells are neutralized, and their levitation is
achieved by means of two simple magnets (ferromagnets) placed opposite to each other.
Within the resulting magnetic field, cells are positioned in a microcapillary channel, that
is between the two magnets, according to their volumetric mass densities. This
phenomenon enables the separation of different types of cells within heterogenous cell
mixtures. Consequently, magnetic levitation technology offers a low-cost and rapid

method for cell separation and detection.

4.1. Introduction to Neurodevelopmental Anomalies

The nervous system constitutes a complex network of specialized cells spreading
to the whole body. Its primary function is to direct and control the physiological processes
and events within all organs and systems This system is anatomically categorized as
peripheral nervous system (PNS) and central nervous system (CNS); and functionally
categorized as somatic and autonomic nervous system. The central nervous system
encompasses the brain and spinal cord. Neurons that comprise the peripheral nervous
system are originate from the brain and spinal cord and extend through to the organs and

limbs (Willerth 2017). Two cell types exist within the nervous system: neurons and glia
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(Figure 47). Neurons are the primary cells of the nervous system, responsible for
transporting bioelectrical signals throughout the body via action potentials. Glia cells, on
the other hand, support the neurons and surround the neuronal microenvironment along
with axons and dendrites in both central and peripheral nervous systems (Schmidt and

Leach 2003).

Oligodendrocyte
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Figure 47. Glia-neuron interactions (Source: Allen and Barres 2009).

Pathological events, such as traumatic injuries, insufficient blood supply to the
tissue, genetic mutations or neurodegenerative diseases can lead to a gradual loss of
neuron populations, neuronal dysfunction, disruption of axon and dendrite structures, and
functional problems in synaptic transmission (Winner and Winkler 2015; Ding and

Hammarlund 2019; Conforti, Gilley, and Coleman 2014). Axotomy, defined as complete
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physical degeneration of axons following traumatic injury, further exacerbates neuronal
damage (Hill, Coleman, and Menon 2016). The potential for neuronal regeneration after
injury differs significantly between the peripheral nervous system (PNS) and the central
nervous system (CNS). Although the PNS exhibits a greater regenerative capacity
compared to the CNS, complete nerve regeneration is rarely achieved (X. Gu, Ding, and
Williams 2014). This limited regenerative capacity within the CNS can be attributed to
the presence of several inhibitory factors. These inhibitory factors include glial cells that
fail to produce neurotrophic factors essential for regeneration, myelin debris, the blood-
brain barrier, which impedes macrophage migration to the injury site (Meyer,
Ulrich;Handschel, Jorg;Meyer, Thomas;Wiesmann 2009), and certain types of
glycoproteins (Curcio and Bradke 2018).

Extensive research efforts have been dedicated to develope diagnostic and
therapeutic strategies for neurodegenerative diseases and disorders. However,
conventional approaches primarily focus on symptom management, providing physical
relief, or slowing disease progression, rather than promoting neuronal regeneration. A
gold standard technique in conventional therapies involves the implantation of nerve
grafts, fragments of nerve tissue harvested from another part of the body, into the injured
or degenerated nerve tissue to bridge the gap between the two ends of a damaged nerve
(Sonabend et al. 2012). They can be taken from the same patient (autografts), another
person (allografts) or another species (heterografts) (Yildiz 2006). Alternatively, artificial
conduits made from different substances have been used to provide axonal growth
(Wilkinson and Luxford 2010). Autograft implantation requires an additional surgery to
remove the donor nerve from the source and which can potentially lead to unwanted
reactions, deformations, or functional loss at the donor site. Moreover, there is a
possibility of size incompatibility between the recipient and donor nerves. While
autografts present lower immune rejection risk is other graft types face limitations due to
limited donor availability (Meyer, Ulrich;Handschel, Jorg;Meyer, Thomas;Wiesmann
2009; Aijie et al. 2018). Despite significant developments in this field, current treatment
strategies have not achieved efficient functional recovery in nerve regeneration, even
within the PNS.

Together with the knowledge of the ability of an adult organism to renew itself,
even within the CNS which has a limited capacity of regeneration, tissue engineering
strategies have emerged to develop structures that can repair CNS and PNS damage more

effectively than conventional methods. As is known, tissue engineering is a
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multidisciplinary field that integrates engineering principles and life sciences knowledge
to develop functional materials to restore o replace the damaged cells, tissues, or organs,
and to maintain or improve the function of tissues and organs to enhancing the quality of
life (Langer, Robert; Vacanti 1993).

Decades of research have focused on restoring tissue function or replacing
degenerated tissue or organs across various organ systems, including neural tissue. Neural
tissue engineering seeks to identify and develop superior alternatives to conventional
methods for nervous system repair, such as surgical interventions (e.g., grafting), or
pharmacotherapies aimed at symptom reduction. Neural tissue engineering strategies to
enhance the nerve repair can be broadly categorized into four distinct approaches: cell
therapies, drug/biomolecular therapies (i.e., neurotrophic factors), axonal guidance
therapies (i.e., nerve conduits (Raza et al. 2020)) and electrical stimulation therapies
(Schmidt and Leach 2003).

Depending on the situation, various strategies have been developed by using cell
therapy for the replacement and functional recovery of degenerated neurons, astrocytes,
or glial cells. For example, while the dopaminergic neurons being degenerated in the
Parkinson’s disease (Poewe et al. 2017), degeneration of the oligodendrocytes is seen in
the Multiple sclerosis (MS) disease (Wolswijk 2000). Or neuronal population loss is
occurred in the traumatic injuries (Petzold et al. 2011). Therefore, it is necessary to use
specific types of neurons for implantation for each pathological condition. Stem cells are
undifferentiated cells that are capable of self-renewing and differentiate into multiple
types of cells and functioning as repair systems of the body (Lindvall, Kokaia, and
Martinez-Serrano 2004).

In the adult brain, neural stem/progenitor cells (NSCs/NPCs) reside in specific
brain regions -subventricular zone (SVZ) and subgranular zone (SGZ)- where they
continuously differentiate into neurons throughout the life. This process is known as
neurogenesis. Once generated, these newly formed neurons integrate into the existing
neural network. Based on this knowledge, cell therapy approaches have been explored
within the field of neural tissue engineering to increase the neurogenesis in the nervous
system. These approaches encompass both in vivo manipulations using neurotrophic
factors or therapeutic molecules and transplantation of in vitro derived neural
stem/progenitor cells into the target tissue (Silva-Vargas, Crouch, and Doetsch 2013;

Grochowski, Radzikowska, and Maciejewski 2018).
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Numerous studies have investigated in vitro neural stem cell cultures for
applications in transplantation, or tissue and disease modelling by using scaffolds (Duan
et al. 2016; Baiguera et al. 2014), hydrogels (Gonzalez-Perez et al. 2017), 3D printing
techniques (W Lee et al. 2009; Q. Gu et al. 2016). Stem cells derived from different
sources (Figure 48) have been utilized in neural regeneration studies, including
embryonic stem cells (ESCs) (Jones et al. 2018; Zarei-Kheirabadi et al. 2020),
mesenchymal stem cells (MSCs) (S. H. Lee et al. 2015; Cooney et al. 2016), human
induced pluripotent stem cells (hiPSCs) (Chau, Monica J.;Deveau, Todd C.;Song,
Mingke;Gu, Xiaohuan;Chen, Dongdong;Wei 2014; Griffin, Anderson, and Wolfe 2015;
Hofrichter et al. 2017; S. Wu et al. 2017; Simao et al. 2018).
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Figure 48. The stem cell sources for transplantation therapy in neurodegenerative
diseases: hESCs isolated from the inner cell mass of a blastocyst; neural
stem cells from fetal brain tissues; BM-MSC from adult bone marrow; UC-
MSC from umbilical cord of the newborn; DPSC isolated from dental pulp
tissues of adult or children; and iPSC derived from the reprogrammed

somatic cells (Source: Lu and Han 2020).
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4.2. Potential of Using Magnetic Levitation as a Diagnostic Method for

Neurodevelopmental Anomalies

Magnetic force-based cell manipulation is one of the techniques that have been
studied on neural cells. These studies include selective purification of neural precursor
cells by magnetic bead sorting (Carpenter et al. 2001), directing of neural stem cells
towards the neodymium magnet by ferumoxide labeling (M. Song et al. 2010) and by
using biocompatible poly(allylamine hydrochloride) stabilized magnetic nanoparticle
labeling (Guryanov et al. 2019), enrichment of neural progenitor cells by magnetic
activated cell sorting technique (MACS) with an improved yield compared to
fluorescence-activated cell sorting (FACS) (Bowles et al. 2019), orientation of the
direction of neurite formation by applying magnetic field created with two magnets at
both sides of the culture dish (S. Kim et al. 2008), formation of 3D structures utilizing
magnetic iron oxide (MIO) nanoparticle incorporated neuronal cells by magnetic
levitation technique based on positive magnetophoresis (Souza et al. 2010).

Furthermore, magnetic levitation based on negative magnetophoresis has found
applications in various studies including density-based profiling of different types of
cancer cells and blood cells, which can be used for the detection of circulating tumor cells
in the blood sample (Durmus et al. 2015), density profiling and sorting of lipid
accumulating subpopulation during differentiation of hiPSCs into cardiomyocytes
(Puluca et al. 2020), density-based detection of adipocytes (Sarigil et al. 2019) and
mesenchymal stem cells (Anil-Inevi et al. 2020). However, the potential of this
microcapillary-based magnetic levitation setup as a density-based diagnostic tool for

neurodevelopmental anomalies remains to be explored.
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4.3. Magnetic Levitation for Detection of the Single Cell Density
Profiles of Neural Cells Derived from Patients with Rare

Neurodevelopmental Disorders

Rare neurodevelopmental disorders are caused by variations in single or multiple
genes in somatic cells and affect a very low percentage of the world’s population.
Displayed phenotypes of the patients with the same genetic mutations might differ, or a
patient may never exhibit any phenotype at all. Severity levels can vary greatly among
individuals with neurodevelopmental disorders. These disorders can manifest with a
range of symptoms, including developmental delays, intellectual disability, epilepsy,
cerebral palsy, dementia, and autism. In severe cases, these disorders may also be
accompanied by other systemic dysfunctions (Niemi et al. 2018; Bain, Ardalan, and
Goldman 2021; Sabitha, Shetty, and Upadhya 2021; Q. Q. Huang et al. 2024). The limited
availability of suitable models for studying neurodegenerative diseases and developing
therapeutic strategies necessitated the development of in vitro models. The advent of
patient-derived induced pluripotent stem cells (iPSCs) revolutionized this field by
enabling the generation of functional neural cells through gene editing techniques. iPSCs
are derived from adult human cells, primarily fibroblasts, by a process of direct
reprogramming that induces a pluripotent state, similar to embryonic stem cells (ESCs)
(Takahashi and Yamanaka 2006). While mesenchymal stem cells (MSCs) are
multipotent, capable of differentiating into a limited number of cell types, including
neural stem/progenitor cells, ESCs and iPSCs are pluripotent, exhibiting the potential to
differentiate into any cell type.Numerous studies have been conducted on iPSCs since its
discovery because they eliminate the disadvantages of ESCs including immune rejection
risk as they are taken from the same patient, grueling isolation steps and ethical issues.
Hence, they have been providing insights into the mechanisms of defective brain
functions using 2D and 3D culture models (Sabitha, Shetty, and Upadhya 2021).

This thesis employed microcapillary-based magnetic levitation to investigate the
relationship between cellular changes during the differentiation of human-induced
pluripotent stem cells (hiPSCs) into neural progenitor cells and their corresponding
volumetric mass densities. The study examined hiPSCs derived from fibroblasts of both
healthy individuals and patients with a neurodevelopmental disorder caused by a

KATNAL-2 gene variant. KATNAL-2 belongs to the katanin protein family, members of
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which are responsible for severing microtubules during essential cellular processes such
as cell division, migration, and neuronal development. Katanin proteins comprise two
subunits: p60, the catalytic subunit, and p80, the regulatory subunit. KATNAL?2, a p60-
like protein, is highly expressed in the human central nervous system (Hiz et al. 2022;
Lynn et al. 2021). Previous studies have linked mutations in KATNAL-2 to an increased
risk of autism spectrum disorder (Yuen et al. 2015).

In addition to investigating the density profiles of iPSCs differentiating into NPCs,
this section of the thesis focused on examining the levitation and volumetric mass density
profiles of fibroblasts and neural progenitor cells isolated from both healthy subjects and
individuals with a rare neurodevelopmental disorder. These analyses were conducted
using microcapillary levitation techniques. The primary objective of this investigation
was to explore the potential of this technique as a diagnostic tool for detecting the

neurodevelopmental anomaly.

4.3.1. Methods

4.3.1.1. Isolation of Fibroblasts from Patients

We collaborated with Dr. Yavuz OKTAY and his team at [zmir Biomedicine and
Genome Center who provided the iPSCs and NPCs. Primary fibroblast cells were isolated
from foreskin of two different healthy subjects. Fibroblasts of two different patients with
KATNAL2 and KATNBI variants are isolated from patients’ using a standard protocol
(Jacob, Sebastian, and Talley 2024). Cells were cultured in Dulbecco's modified Eagle
medium (Gibco) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S). The cells were incubated in the incubator at 37°C, 5% COx.
The growth mediums were refreshed every other day and the cells were passaged when

they reached the 90% confluency by using trypsin-EDTA solution for detaching the cells.
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4.3.1.2. Cell Culture

Human induced pluripotent stem cells (iPSCs) and neural progenitor cells derived
from iPSCs were used throughout this study. Single cell iPSCs culture was prepared by
using STEMdiff Neural Induction Medium+SMADi + Y-27632 (Stem Cell
Technologies). After that, they were seeded in one Matrigel coated well (one of the 6-
well plate) and incubated in a humidified 37 °C incubator with 5% CO.. The culture
medium was replaced with Neural Induction Medium that does not contain Y-27632
every day for 6-9 days and they were passaged when the confluency reached 80-90%.
When they were ready for 3™ passage, Neural Progenitor Cell Culture protocol was
applied. The cells were detached using accutase and they were suspended in Complete
STEMdiff Neural Progenitor Medium (Stem Cell Technologies). Then they were seeded
onto a Matrigel coated well (one of the 6-well plate) and incubated in a humidified 37 °C
incubator with 5% CO,. The morphologies of the cells were observed under an inverted

microscope throughout the differentiation process.

4.3.1.3. Magnetic Levitation Setup

The magnetic levitation device is composed of two neodymium (NdFeB)
permanent magnet (50 mm length, 2 mm width, and 5 mm height) positioned at 1,5 mm
distance with same poles facing each other to create magnetic field gradient, a micro-
capillary channel (I mm X 1 mm square cross-section, 50-mm length) between two
magnets as a cell culture chamber and two mirrors (12,7 % 12,7 x 3,2 mm) at 45° for real-
time imaging of cells. The components of the magnetic levitation device are held together
with photoreactive resin (Clear v2 FLGPCLO02) printed using 3D printer (Formlabs Form
2) (Figure 1a).
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4.3.1.4. Magnetic Levitation of Cells

In this system, cells suspended in Gd*" containing 50 ul paramagnetic medium
were loaded into a microcapillary channel. They were repulsed from the region of high
magnetic field (i.e., close to the magnets) to the region of low magnetic field (i.e. middle
region of cell culture chamber in the vertical direction) owing to the difference between
the magnetic susceptibility of cells and the surrounding medium. Before cells reach
equilibrium, fluidic drag (Fq), inertial (F;), buoyancy (Fy), and magnetic forces (Fmag) act
on them. After about 10 min, at the equilibrium position, the velocity of the cells and thus
Fq and F; become negligible, and only Funag and Fy act on cells in opposite directions,
resulting in the levitation of cells (Figure 1b). The cells cultured with magnetic levitation
were visualized through 45° mirrors in the device under an inverted microscope (Olympus
IX41) and recorded. The density profiles and morphology of the cells were determined

by Image J software.

4.3.1.5. Statistical Analysis

Results were expressed as mean + standard deviation for each experiment. Each
experiment had at least 3 samples in each repetition. In cases where statistical
comparisons need to be made, the differences between groups were measured by

ANOVA test, 5% was considered as the significance limit.

4.3.2. Results and Discussion

Magnetic levitation was applied to iPSCs and NPCs using a microcapillary-based
magnetic levitation system to detect the changes in the single-cell density of the iPSCs
and NPCs during the differentiation process. The samples were taken from the cells at

different stages of the differentiation process (Figure 49 and 50) with a concentration of
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5x10* cells/capillary, and they were suspended in the paramagnetic medium containing
25 mM Gd**, and they were loaded into the microcapillary channel on the magnetic
levitation system. The cell samples were levitated at day 0 (iPSCs), day 6, day 14, day 21
and day 28 (NPCs) of the differentiation process of the iPSCs into the NPCs.

Single cell Single cell NPCs
. . . . Subsequent Passages
................................................................................................. >

Figure 49. Differentiation steps of hiPSCs into NPCs.

Figure 50. Micrographs of induced pluripotent stem cells (iPSCs) at different steps in the
process of differentiation into the neural progenitor cells (NPCs). a) iPSCs b)
1PSCs in neural induction medium c) iPSCs in neural progenitor medium d)
differentiated NPCs (Source: Burcu Ekinci, Izmir Biomedicine and Genome

Center).

To investigate the correlation between cellular morphological and physiological
changes during differentiation and cell density, the levitation heights of the cells were
analyzed and compared. Levitation height is directly related to the volumetric mass
density of the cells. The levitation micrographs are presented in Figure 51. The analysis
of levitation heights is summarized graphically and tabularly in Figure 52 and Table 2,

respectively.
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Figure 51. Levitation micrographs of induced pluripotent stem cells (iPSCs) at different

steps in the process of differentiation into the neural progenitor cells (NPCs).
a) Day 0 b) Day 6 (neural induction medium) c) Day 14 (neural progenitor
medium) d) Day 21 (second passage in neural progenitor medium) e) Day 28

(differentiated NPCs).

Statistically significant differences were observed in the average levitation heights
of the cells between the first day and the 6th day of the differentiation and the 6th and
14th day of the differentiation. These findings suggest that the average single-cell density
increased on day 6, decreased thereafter, and remained relatively stable in the subsequent
days. Previous research has demonstrated a dynamic change in the levels of globular actin
(G-actin) during the differentiation of induced pluripotent stem cells into neural stem
cells. Specifically, an increase in G-actin signals was observed on day 5, followed by a
subsequent decrease (Compagnucci et al. 2016). G-actin, the monomeric form of the actin
protein, undergoes polymerization to form filamentous F-actin. These two forms exist in
a dynamic equilibrium during differentiation and cytoskeletal organization. In line with
these previous findings, our results suggest that the observed increase in cell density on
day 6 may be attributed to an increase in G-actin monomers, which are utilized for actin
polymerization during the early stages of differentiation. As the cells progress towards
neuronal differentiation, the abundance of filamentous actin increases, leading to a

decrease in the overall cell density.
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Figure 52. Levitation profiles of iPSCs originated from a healthy subject in the process
of differentiation to NPCs in the presence of 25 mM Gd**. ** and *** indicate
statistically significant differences (p<0.01 and p<0.001, respectively)

between the groups.

Table 2. Analysis of levitation profiles of iPSCs originated from a healthy subject in the
process of differentiation to NPCs in the presence of 25 mM Gd**.

Mean Minimum | Maximum | Range Std Skew CoV(%)

Dev
iPSC 870.1 848.3 892.3 4398 | 14.12 | 0.07177 1.62%
NPC (Day 6) 824.7 801.7 847.2 45.51 15.71 | -0.07585 1.91%
NPC (Day 14) 860.5 837.2 898.6 61.3 18.54 0.8049 2.16%
NPC (Day 21) 862.7 831.3 903.7 7239 | 24.55 0.6068 2.85%
NPC 859.9 816.8 894 7722 | 25.34 -0.6834 2.95%
(Differentiated)

To further elucidate the intracellular mechanisms underlying the observed
changes in levitation heights during the differentiation process, it is crucial to
quantitatively examine the relationship between cytoskeletal protein dynamics and the
volumetric mass density of iPSCs through magnetic levitation. This approach holds the

potential to utilize the magnetic levitation system as a diagnostic tool to determine the
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stage of neuronal differentiation, thereby eliminating the need for time-consuming,
laborious, and expensive experimental procedures.

Furthermore, iPSC samples derived from a patient with a neurodevelopmental
anomaly caused by a variant in the KATNAL-2 gene were levitated in a medium
containing 25 mM Gd*" at three distinct stages of the differentiation process. The
levitation heights and volumetric mass densities of these cells were then compared to
those of cells derived from healthy individuals. A significant difference was observed in
the average levitation height of differentiated NPCs compared to the preceding two stages
of differentiation. These findings suggest a decrease in the average volumetric cell density

of the NPCs (Figure 48, Table 3).
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Figure 53. Levitation profiles of iPSCs originated from a patient with the KATNAL-2
variant using 25 mM Gd** in the process of differentiation to NPCs. ** and
**% indicate statistically significant differences (p<0.01 and p<0.001,

respectively) between the groups.
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Table 3. Analysis of levitation profiles of iPSCs originated from a patient with

KATNAL-2 variant in the process of differentiation to NPCs in the presence of

25 mM Gd**.

Mean Minimum | Maximum | Range | Std Dev | Skew CoV (%)
NPC (Induction | 788.1 757.1 836.5 79.38 | 31.53 0.6421 | 4.00%
med.)
NPC (Progenitor | 778.4 746.1 834.7 88.61 | 30.18 1.342 3.88%
med.)
NPC 858.1 821 937.4 116.5 | 44.06 1.257 5.14%
(Differentiated)

We compared the levitation height profiles of iPSCs and NPCs, taken from a
healthy subject and a patient, at the last three steps of the differentiation process.
Statistically significant differences were observed in the average levitation heights,
indicating an increase in the volumetric mass density of the differentiated NPCs derived
from the patient compared to healthy subjects (Figure 54).

Given the significant time, cost, and labor associated with reprogramming
fibroblasts into induced pluripotent stem cells (iPSCs) and subsequently differentiating
these iPSCs into neural progenitor cells, we explored the possibility of utilizing primary
fibroblast samples to monitor cell density profiles. To this end, primary fibroblast cell
samples were isolated from two healthy subjects and two patients with distinct genetic
variants (KATNAL-2 and KATNB-1). These samples were then subjected to magnetic
levitation analysis to investigate their levitation and density profiles (Figure 55).

A significant difference was observed between the average levitation heights of
fibroblasts isolated from the patient with the KATNAL-2 variant and those from both
healthy controls (Figure 56, Table 4). This finding suggests a higher volumetric mass
density in the fibroblasts from the patient with the KATNAL-2 variant compared to those
from healthy subjects. No significant differences were observed between the levitation
heights of the two healthy control groups, nor between the patient sample with the

KATNB-1 variant and the healthy controls.
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Figure 54. Statistical comparison of levitation profiles of the NPCs, originated from a

patient with KATNAL-2 variant and healthy subject, at the last three steps of

differentiation a) NPCs in neural induction medium, b) NPCs in neural

progenitor medium, c¢) Differentiated NPCs. ** and **** indicate statistically

significant differences (p<0.01 and p<0.0001, respectively) between the

groups.

Figure 55. Levitation micrographs of fibroblast samples taken from two healthy subjects

(a and b) and two patients with KATNAL-2 (¢) and KATNB-1(d) variants,

respectively.
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Figure 56. Levitation profiles of primary fibroblast samples isolated from two healthy
subjects and two patients with KATNAL-2 and KATNB-1 variants. n=3. **

indicates a statistically significant difference (p<0.01) between the groups.

The results indicate that the difference in the average levitation height was specific
to the patient with the KATNAL-2 variant. Notably, the difference in the average
levitation heights of the fibroblasts isolated from the patient with KATNAL-2 was
consistent with the significant difference between the NPCs of the same patient and the
control. Both fibroblasts and NPCs had lower average levitation heights compared to
controls.

The KATNAL-2 gene encodes the catalytic subunit (p60) of the katanin protein,
which is responsible for severing microtubules during the cell division process (Lynn et
al. 2021). The observed difference in the volumetric mass density of cells isolated from
the patient with the KATNAL-2 variant suggests a potential link to alterations in
microtubule structure and abundance compared to healthy controls. In contrast, KATNB-
1, the regulatory subunit (p80) of the katanin protein, which modulates the catalytic
activity of katanin, appeared to have a less pronounced effect on cellular volumetric mass

density compared to the KATNAL-2 variant.
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Table 4. Analysis of levitation profiles of primary fibroblasts isolated from a patient with

KATNAL-2 variant in the process of differentiation to NPCs in the presence of

25 mM Gd**.
Mean Minimum | Maximum | Range | Std Dev Skew CoV (%)
Control-1 962.4 934.1 997.9 63.85 25.16 0.496 2.61%
Control-2 956.8 944.7 964.9 20.18 7.929 -0.7648 | 0.83%
KATNAL-2 916.2 884.5 943.2 58.76 22.75 -0.1177 | 2.48%
KATNB-1 970.8 894 1019 125.4 4251 -0.7353 | 4.38%

Following the differentiation of iPSCs isolated from a patient into NPCs, our
collaborators, Yavuz Oktay and his team at the [zmir Biomedicine and Genome Center,
investigated a potential therapeutic application for the KATNAL-2 variant. To this end,
two groups of NPCs derived from the patient with the KATNAL-2 variant were
established. One group served as a control and was transduced with a blank lentivirus.
The other group was transduced with a lentivirus carrying the wild-type version of the
KATNAL-2 gene to induce overexpression of KATNAL-2. Both groups of NPCs were
subjected to magnetic levitation, and their levitation profiles were compared to determine
whether cellular volumetric density could be used to distinguish between healthy,
diseased, and potentially recovered cells (Figure 57, Table 5).

No significant differences were observed in the average levitation heights between
the groups. Notably, the levitation heights of the cells in this experiment were higher
compared to those observed for WT and KATNAL-2 cells in previous studies. This
discrepancy could potentially be attributed to the space occupied by the lentivirus within
the cells. However, due to the limited availability of primary cells from patients with
diverse neurodegenerative phenotypes, this experiment could only be conducted once.
Furthermore, the lentivirus used for both overexpression and control groups may have
inadvertently influenced the volumetric mass density profiles of the cells. Therefore, it is
crucial to repeat the experiment using alternative methods (e.g., by using nucleofection

method) and analyzing more samples isolated from different patients.
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Figure 57. Levitation profiles of KATNAL-2 overexpressed NPCs and patient NPCs.

Table 5. Analysis of levitation profiles of KATNAL-2 overexpressed NPCs and patient

NPCs.
Mean Minimum | Maximum | Range | Std Dev Skew CoV(%)
KATNAL-2 956.9 947.9 969.3 21.41 8.775 0.7247 0.92%
OE NPC
Patient NPC 972.5 946.7 1004 57.34 19.43 0.5493 2.00%

Analysis of levitation profiles of fibroblasts were compatible with the levitation
profiles of neural progenitor cells that were originated from them. In order to investigate
the possibility of the application of magnetic levitation technique as a diagnostic method
to detect neurodevelopmental anomalies using either differentiated stem cells or

fibroblasts, levitation of the cells originated from different patients will be required.

4.3.3. Conclusions

In this part of the thesis, the magnetic levitation technique was utilized for

determining the changes in the volumetric mass density of differentiating induced
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pluripotent stem cells into neural progenitor cells, which will eventually differentiate into
neurons. Induced pluripotent stem cells were reprogrammed from the fibroblasts of
healthy subjects and patients with rare neurodevelopmental dysfunctions caused by the
KATNAL-2 variant in their genome, which encodes a subunit of the katanin protein.
Katanins are microtubule severing enzymes, and they act during cellular processes such
as differentiation, neuron growth, axon, dendrite extensions, etc. Therefore, the possible
effects of the dysfunction of katanin enzymes in the cells on the single cell density of
neuronal cells were evaluated.

A comparison of volumetric density profiles of NPCs originating from a patient
and a healthy subject was performed. The differentiated NPCs of two different groups
were significantly different from each other. Besides, we conducted an analysis of the
levitation profiles of fibroblasts, which served as the source of neural progenitor cells for
each individual. The difference between the patient and the controls was significantly
different from each other. This difference was in line with the difference in the NPC
samples. So, it was concluded that the volumetric density, can be used for distinguishing
the patient and healthy samples. In addition, because the discrepancy is evident in the
fibroblasts themselves, there is no need to undergo the extensive and expensive process
of differentiating these cells into neural progenitor cells (NPCs) to identify this anomaly.
This simplifies the approach and reduces both the time and costs associated with the
detection. Therefore, it was demonstrated that the microcapillary-based magnetic
levitation system could be utilized for the detection of neurodevelopmental anomalies in
a rapid cost-effective, and simple manner as a diagnostic method. In addition,
overexpression of the wild type KATNAL-2 gene in the NPCs to reverse this anomaly
are ongoing. Experiments will be repeated with the samples obtained from these studies
to investigate whether there is a change in cell density compared to patient samples and
healthy controls. Furthermore, in order to utilize the magnetic levitation technique as a
diagnostic method, it is essential to analyze samples from greater number of patients who

have rare neurodevelopmental anomalies.
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4.4. Magnetic Levitation for Detection of the Single Cell Density
Profiles of Primary Brain Cells Derived from Mouse Models with

Lysosomal Storage Diseases

Lysosomes are organelles responsible for the catabolism of macromolecules
within cells through the action of various enzymes. Mutations in lysosomal proteins can
lead to a loss of enzymatic activity, resulting in the accumulation of specific substrates
within the lysosomes. This accumulation is a hallmark of lysosomal storage diseases
(LSDs), which often manifest with neurological and neurometabolic complications. In
LSDs, the accumulation of unmetabolized substrates within lysosomes causes cell
swelling, functional deterioration, and ultimately, cell death(Tardy et al. 2004).

Furthermore, the accumulation of substrates within lysosomes can trigger various
cellular events, including autophagy, oxidative stress, calcium dyshomeostasis,
endoplasmic reticulum stress, lipid trafficking abnormalities, and inflammation.
Understanding the impact of these cellular events on lysosomal disease pathology has
become a major focus of research in recent years. Notably, monogenic LSDs, resulting
from single gene deficiencies, have emerged as valuable models for investigating the
fundamental biology of these cellular processes.

In lysosomal storage diseases, biomolecules such as glycosphingolipids and
glycosaminoglycans accumulate in lysosomes. The resulting lysosomal dysfunction
causes cellular pathology and changes in the structure and function of organs or tissues.
Most lysosomal storage diseases are fatal diseases with limited lifetime (Platt et al.
2018).Studies are ongoing to develop new diagnostic and treatment methods in the
treatment of lysosomal storage diseases, as in all other hereditary diseases. Tay-Sachs
disease, an autosomal recessive LSD, serves as a prime example. In this disease, a
deficiency in the enzyme B-hexosaminidase A (HexA) prevents the breakdown of the
glycolipid GM2 ganglioside, leading to its accumulation within lysosomes. As a result,
nerve cells are particularly damaged, and patients die at a very young age due to
degeneration of nerve cells. The Hexa-/-Neu3-/- mouse model has been developed as a
suitable model to mimic the pathophysiology of Tay-Sachs disease (Seyrantepe et al.
2018).

In research involving lysosomal storage diseases, primary cells isolated from the

brains of animal models are frequently utilized. Two commonly employed methods for
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isolating neurons and glial cells from neural tissue are fluorescence-activated cell sorting
(FACS) and magnetic-activated cell sorting (MACS) (Pan and Wan 2020). FACS relies
on labeling cells with fluorescently tagged antibodies for subsequent separation, while
MACS utilizes magnetic particles conjugated with cell-specific antibodies. Although
these methods can achieve high cell purity, they are often multi-step, laborious, time-
consuming, and expensive, requiring significant resources and specialized equipment.
Cells exhibit unique physical properties that are influenced by various factors,
including differentiation (Compagnucci et al. 2016; Ravera, Efeoglu, and Byrne 2021),
apoptosis (Wlodkowic, Skommer, and Darzynkiewicz 2012), biochemical processes that
cause differences in intracellular products, or the cell cycle state (Horbay and Bilyy 2016;
Zlotek-Zlotkiewicz et al. 2015). In cell biology and disease mechanism studies, separation
and purification processes can be carried out by taking advantage of the different physical
properties of cells. One of these properties is the density, which expresses the amount of
mass the cell has per unit volume. Cell density varies depending on the cell type or the
biological and morphological conditions (Neurohr and Amon 2020). Determining the
volumetric mass density of different cell types or separating cells within a heterogeneous
population based on their density is crucial for various research applications, including
cell biology, drug testing, disease diagnosis, and the development of novel treatments.
While the density profiles of different primary brain tissue subpopulations and the
impact of lysosomal storage diseases on cell density have not been extensively studied,
this thesis aimed to explore the potential of density-based characterization of primary
neural cells and the potential of using density as a marker of changes caused by different
cell types of this tissue and lysosomal storage diseases, using magnetic levitation
technology. We colloborated with Seyrantepe Lab at the Department Molecular Biology
and Genetics at [YTE to obtain primary brain cells from mouse models with lysosomal

storage diseases.
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4.4.1. Methods

4.4.1.1. Mating of Experimental Mice

Neul+/- and Hexa+/-Neu3+/- mice used were housed in [YTEDEHAM with a
work permit from the Ministry of Agriculture. The study was conducted with the approval
of the IYTE HADYEK ethics committee. First, they were mated with 4 female (Neul+/-
) and 2 male mice (Neul+/-). After the mating process of the mice, a 0.5 cm piece of the
tails was taken for genotyping purposes, DNA was isolated, and genotyping was
completed using appropriate primers. DNA isolation and PCR genotyping were
performed in the laboratories of Prof. Dr. Volkan Seyrantepe at the Izmir Institute of
Technology. All mating and aging procedures were performed in [YTEDEHAM. At the
end of the experiments, only heterozygous male mice were bred in [YTEDEHAM to
ensure the continuity of the colony, and mating procedures were continued. During this
process, the number of Neul-/- mice was kept to a minimum. Neul+/+ mice were used
as controls. Hexa+/+ (Normal), and Hexa-/-Neu3-/- mouse colonies were created by
mating heterozygotes (Hexa+/-Neu3+/- or Hexa+/-Neu3+/-). For this purpose, 8 female
Hexa+/-Neu3+/- mice were mated with 4 male Hexa+/-Neu3+/- mice. Again, genotyping

was performed using appropriate primers (Seyrantepe et al. 2018).

4.4.1.2. Isolation of Neural and Glial Cells from Adult Mouse Brains

Adult Brain Dissociation Kit- (MACS Miltenyi Biotec/130-107-677) and cortex
tissue were used to obtain nerve cells from the brains of adult (5 months old) control
group (Neul+/+ and Hexa+/+Neu3+/+) and Neul-/- and Hexa-/-Neu3-/- mice. Care was
taken that the brain pieces taken from the upper hemisphere do not exceed 100 mg in
total. The pieces were removed, washed in D-PBS solution and removed from the blood.
Then the brains were cut into small pieces and placed in a gentleMACS C tube containing
1950 pl enzyme mix 1 (50 pl enzyme P + 1900 pl buffer Z). The C tube was placed in the

m_brain_01 program registered in the gentleMACS Dissociator device and was taken
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from the gentleMACS Dissociator device and placed in the MACSmic Tube Rotator
device and rotated slowly and continuously for 15 minutes at 37°C. At the end of 15
minutes, 30 pl of enzyme mix 2 (20 ul enzyme Y + 10 ul enzyme A) was added and
mixed without vortexing and then the C tube was placed in the m brain 02 program
registered in the gentleMACS Dissociator device. The C tube was taken from the
gentleMACS Dissociator device and placed in the MACSmic Tube Rotator device and
rotated slowly and continuously for a second time for 15 minutes at 37°C. After this
process, the C tube was placed in the m_brain 03 program registered in the gentleMACS
Dissociator device. It was placed in the MACSmic Tube Rotator device and rotated
slowly and continuously for 15 minutes at 37°C. After centrifuging at 300xg at room
temperature, the supernatant was removed and the MACS SmartStrainer (70um) was
placed on the 50 ml tube and wetted with D-PBS, the resulting suspension was passed
through the MACS SmartStrainer. Then, 10 ml of D-PBS was added quickly. The
supernatant was removed after centrifuging at 300xg at room temperature for 10 minutes.
Iml of 1xRBCL was added to the obtained pellet and incubated at +4°C for 15 minutes
and then 10ml of DPBS was added and centrifuged at 300xg at +4°C for 10 minutes and
the supernatant was removed.

The resulting pellet was dissolved with 1550 pl of cold D-PBS and mixed with
450 pl of debris removal solution. Then, 450 ul of cold D-PBS was slowly added to create
a gradient and the resulting solution was centrifuged for 10 minutes at 3000xg at +4°C,
and 3 phases were formed. Then, the upper 2 phases were removed, and the remaining
phase was transferred to a 15 ml tube, and cold D-PBS was added until it reached 15 ml,
and then the solution was centrifuged for 15 minutes at 1000xg at +4°C, and the
supernatant was removed. After this, the obtained pellet was dissolved using 500 pl of 1x
Red Blood Cell Lysis solution diluted 1:10 and this solution was incubated at +4°C for
10 minutes and then dissolved with 5 ml PB buffer (BSA dissolved in 1x D-PBS at 1:20)
and centrifuged at 300xg for 15 minutes at +4°C. The pellet obtained as a result of
centrifugation was dissolved in 500 ul DMEM (DMEM and 10% FBS) and seeded into
6-well cell dishes. After this stage, the nerve cell isolation protocol was applied. Cell
culture plates were coated with 0.01% Poly-L-lysine overnight at 37°C before the
experiment. The next day, they were washed three times with ddH-O and kept ready for
use.

Magnetic labeling step was started with 3 ml of nerve-glia cell mixture and

Neuron Isolation Kit (MACS Miltenyi Biotec/130-115-389) was used for nerve cell
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isolation. Mouse nerve cells were separated from mouse brain tissue suspension with
magnetic labeling system with the kit. After the cell mixture was centrifuged at 300xg for
10 minutes, the supernatant was completely removed. 80 pl of D-PBS solution containing
BSA was added to the cell pellet. Then 20 pl of Non-Neuronal Cell Biotin-Antibody
Coctail was added to the cell pellet, mixed well, and incubated in the refrigerator for 5
minutes. Iml of D-PBS solution containing BSA was added and centrifuged at 300xg for
10 minutes and after the supernatant was removed, 80 pul of D-PBS solution containing
BSA was added to the cell pellet. Then, 20 pl of AntiBiotin-MicroBeads was added to
the cell pellet, mixed well and incubated in the refrigerator for 10 minutes and BSA-
containing D-PBS solution was added to a total volume of 500 pl. After this stage, the
magnetic separation section was completed. The LS column was placed in the magnetic
field, washed with 3 ml of BSA-containing D-PBS solution and the cell mixture were
loaded onto the column, and the flowing solution was collected. The column was washed
with 2x1 ml of BSA-containing D-PBS solution and combined with the flowing solution
from the previous step. The column was separated from the magnetic separator, placed
under a 15 ml falcon, 3 ml of BSA-containing D-PBS solution was added, and glial cells
were collected with a syringe. In the cell culture stage, cells were grown in special cell
culture plates prepared by coating with Poly-L-lysine. 24-well and 6-well cell plates were
used. 50 uL of 1 x 10° cells was seeded in the middle of each well and kept in the incubator
at 37°C for 30 minutes, and 450 pL of medium was added to each well. 50% of the

medium was changed every day to remove dead cells.

4.4.1.3. Isolation of Microglia from Adult Mouse Brains

After anesthesia (xylazine, ketamine) was applied to the mice to be used for
microglia isolation, the blood in the whole body was drained by cardiac perfusion method
using cold PBS. After the removed brain was washed in cold PBS, it was broken into
small pieces in disintegration medium (papain, dispase II and DNAase I dissolved in
serum-free DMEM). Then, it was mechanically disintegrated in the MACS Dissociator
and rotated at a constant and continuous speed for 45 minutes in the MACS Rotator device
at 37°C and pipetted every 15 minutes for 45 minutes to ensure better disintegration of

the tissue. At the end of 45 minutes, 5 ml of neutralization medium was added for

83



inactivation of enzymes and centrifuged at 250xg for 5 minutes at room temperature and
then the supernatant was removed, and the cell pellet was dissolved in 5 ml of serum-free
DMEM. After this step is repeated once more, 3 ml of DMEM containing FBS was added
to the obtained cell pellet and dissolved, and passed through 100 pm, 70 um and 40 pm
cell filters, respectively, and centrifuged for 8 minutes at 250xg at room temperature.
Then, the supernatant was removed, the cell pellet was dissolved in 5 ml of DMEM
containing FBS, and the process was repeated again. After the obtained cell pellet was
dissolved in 4 ml of 37% SIP (stock isotonic percoll in PBS), a percoll gradient was
created. At this stage, first 4 ml of 70% SIP, then the cell solution in 37% SIP, and then
30% SIP were added to a new 15 ml falcon. It was covered with 2 ml of PBS and
centrifuged for 40 minutes at 300xg and 18 degrees. At the top of the gradient formed at
the end of the centrifugation, myelin was obtained, and a microglia layer between 37%
and 70% was obtained. This microglia layer was taken, dissolved in 6 ml of PBS, and
centrifuged for 7 minutes at 500xg and 4 degrees. The cell pellet was dissolved in PBS
again and centrifuged for 5 minutes at 800xg and 4 degrees, and this process was repeated
2 more times, and the cell pellet was dissolved in DMEM containing 10% FBS and grown

in a 24-well cell plate.

4.4.1.4. Magnetic Levitation of Primary Glial Cells

In this system, primary glial cells suspended in 25 mM Gd*" containing 50 ul
paramagnetic medium were loaded into a microcapillary channel. They were repulsed
from the region of high magnetic field came to an equilibrium point according to their

volumetric mass density as explained in the previous section.

4.4.1.5. Statistical Analysis

Results were expressed as mean + standard deviation for each experiment. Each

experiment had at least 3 samples in each repetition. In cases where statistical
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comparisons need to be made, the differences between groups were measured by

ANOVA test, 5% was considered as the significance limit.
4.4.2. Results and Discussion

In this section of the thesis, the determination of volumetric cell density with
samples isolated from primary brain cells of mice with lysosomal storage diseases using
the magnetic levitation system was aimed. We applied the magnetic levitation technique,
which can classify different cell groups according to their single-cell densities at separate

equilibrium points, that can be utilized for density-based diagnosis of primary neural cells

Figure 58.Magnetic levitation images of primary neuroglial cells isolated from wild-type

in brain tissue.

(WT) mouse with Hexa-/-Neu3-/- background (a) and Hexa -/- mouse model

(b) in the presence of 25 mM Gd*. n=3.
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Primary brain cells were isolated from Hexa-/- and Hexa-/-Neu3-/- mouse models
mimicking Tay-Sachs disease and healthy mice (wild-type) using the procedure explained
in the methods section. The isolated brain glial cells were levitated in the magnetic
levitation system with the determined Gd** concentration (25 mM). Magnetic levitation
images of glial cells isolated from Hexa -/- and wild-type mouse models are shown in
Figure 58.

The average levitation heights of the neuroglial cells were determined as 879.5
um and 914.1 um, for WT and Hexa-/- models, respectively. The difference between the

average levitation heights was found to be statistically significant (Figure 59, Table 6).
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Figure 59. Levitation profiles of primary neuroglial cells isolated from wild-type (WT)
mouse with Hexa-/-Neu3-/- background and Hexa-/- mouse model in the
presence of 25 mM Gd**. **** indicates a statistically significant difference

(p<0.0001) between the groups.

Table 6. Analysis of levitation profiles of the neuroglial cells isolated from WT mouse

with Hexa-/-Neu3-/- background and Hexa -/- mouse model.

Mean Minimum | Maximum Range Std Dev Skew CoV (%)
WT 879.5 823.1 905.7 82.65 22.86 -1.231 2.60%
Hexa-/- 914.1 889.7 938.4 48.7 16.65 -0.2105 1.82%
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Figure 60. Magnetic levitation images of primary neuroglial cells isolated from wild-type
(WT) mouse with Hexa-/-Neu3-/- background (a) and Hexa-/-Neu3-/- mouse
model (b) in the presence of 25 mM Gd**. n=3.

Subsequently, primary neuroglial cells isolated from the Hexa-/-Neu3-/- mouse
model were levitated (Figure 60). The average levitation heights of the cells were
calculated as 879.5 um and 904.6 um, respectively, and the difference between the
average levitation heights was found to be statistically significant (Figure 61, Table 7).

The observed increase in the levitation heights of neuroglial cells isolated from
Hexa-/- and Hexa-/-Neu3-/- models compared to wild-type (WT) cells was expected. In
Tay-Sachs disease, lysosomal degradation mechanisms are impaired due to mutations in
the gene encoding the B-Hexosaminidase A (HEXA) enzyme. This leads to the
accumulation of GM2 gangliosides within lysosomes. GM2 gangliosides are
glycosphingolipids that play a role in the biotransformation of complex brain
gangliosides. As lipid accumulation is known to decrease volumetric mass density, it
consequently increases the levitation heights of the cells (Puluca et al. 2020; Sarigil et al.
2019). The increased levitation heights observed in neuroglial cells from Hexa-/- and
Hexa-/-Neu3-/- mouse models compared to wild-type (WT) cells can be attributed to the
accumulation of glycosphingolipid molecules within the cells. Similarly, an increase in
levitation height was expected in neuroglial cells from the Neul-/- Sialidosis mouse
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model compared to WT, as Sialidosis is characterized by a deficiency in the Neul

sialidase

sialylglycoproteins, and GD3 gangliosides within cells.
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Figure 61. Levitation profiles of primary neuroglial cells isolated from wild-type (WT)

mouse with Hexa-/-Neu3-/- background and Hexa-/-Neu3-/- mouse model in

the presence of 25 mM Gd**. *** indicates a statistically significant difference

(p<0.001) between the groups.

Table 7. Analysis of levitation profiles of the neuroglial cells isolated from WT mouse

with Hexa-/-Neu3-/- background and Hexa-/-Neu3-/- mouse model.

Mean | Minimum | Maximum | Range Std Dev Skew CoV (%)
WT 879.5 | 823.1 905.7 82.65 22.86 -1.231 2.60%
Hexa-/-Neu3-/- | 904.6 | 868.3 939.3 70.92 19.51 0.01226 2.16%

88



Figure 62. Magnetic levitation images of primary neuroglial cells isolated from wild-type
(WT) mouse with Neul-/- background (a) and Neul-/- mouse model (b) in the
presence of 25 mM Gd**. n=3.
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Figure 63. Levitation profiles of primary neuroglial cells isolated from wild-type (WT)
mouse with Neul -/- background and Neul -/- mouse model in the presence
of 25 mM Gd**. ** indicates a statistically significant difference (p<0.01)

between the groups.
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Table 8. Analysis of levitation profiles of the neuroglial cells isolated from WT mouse

with Neul-/- background and Neul-/- mouse model.

Mean Minimum | Maximu Range Std Dev Skew CoV (%)
m
WT 900.7 844.4 951.8 107.4 31.29 -0.173 3.47%
Neul-/- 924.6 894.7 957.6 62.87 19.8 0.4208 2.14%

Indeed, neuroglial cells from the Neul-/- Sialidosis model exhibited significantly

higher levitation heights compared to those from the Hexa-/-Neu3-/- Tay-Sachs model

(Figure 64). This finding suggests that higher levitation heights in the Neul-/- model may

indicate a greater accumulation of metabolites within the neuroglial cells. However,

further analysis with a larger cohort of samples from both healthy and diseased mice is

required to establish a definitive correlation between volumetric mass density, lysosomal

metabolite accumulation, and disease state.
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Figure 64. Levitation profiles of primary neuroglial cells isolated from Hexa-/-, Hexa-/-

Neu3-/- and Neul -/- mouse models in the presence of 25 mM Gd**. **

indicates a statistically significant difference (p<0.01) between the groups.
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4.4.3. Conclusions

The microcapillary-based magnetic levitation system demonstrated the ability to
detect differences in the volumetric mass density of cells between healthy and diseased
models, as well as between different lysosomal storage disease models. However, it is
important to note that primary neuroglial cell isolates from mice are a heterogeneous
population comprising oligodendrocytes, astrocytes, and microglia. The relative
proportions of these cell types within each isolate are currently unknown, which could
potentially influence the average volumetric mass density of the mixture. Therefore,
increasing the number of samples isolated from model mice is crucial for accurate
interpretation of average levitation heights and volumetric mass density in neuroglial cells
associated with different lysosomal storage diseases. Nonetheless, these findings reveal
the potential of utilizing the microcapillary-based magnetic levitation system as a

diagnostic tool for detecting anomalies in nervous system cells.
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CHAPTER 5

CONCLUSIONS

Magnetic levitation technique based on negative magnetophoresis principle was
used for two purposes in this thesis: For the development of three three-dimensional
scaffold and label-free spheroid models to mimic in vivo tissue, and for the detection of
primary cells isolated from the sources that have neurodevelopmental disorders.

Previous studies have demonstrated the use of axial magnetic levitation,
employing a single-ring magnet, for the formation of three-dimensional cellular
aggregates. In this thesis, a ring magnet-based magnetic levitation system was utilized to
create layered three-dimensional spheroids composed of breast cancer and epithelial cells,
resulting in heterogeneous 3D models that mimic the preinvasive stages of breast cancer.
Various localization of the cells in heterogenous spheroids were shown via different cell
loading methods. Moreover, the macromolecular crowding method was performed on the
magnetic levitation spheroids to enhance the accumulation of tissue-specific ECM
molecules, leading to the development of improved scaffold-free spheroid models for the
first time. Notably, this approach enabled the successful creation of spheroid models
through magnetic levitation without the need for mechanical support, within a matter of
hours, and in a low magnetic field region. This was achieved without the use of any
labeling molecules and without incurring significant costs. Moreover, the configuration
of the ring magnet-based levitation system offers several advantages over other magnetic
force-based bioprinting methods. These advantages include easy manipulation of the
culture medium since it does not contain any upper limits; alterable spheroid dimensions
because the system is suitable for various sizes of culture tubes; the self-assembling
ability of cells without the use of any nozzles or any other extra forces which eliminates
the mechanical force on the cells.

The microcapillary-based magnetic levitation system was previously used to
distinguish living or non-living substances based on their volumetric mass density by

benefiting the difference between the magnetic susceptibility of the substances and the
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paramagnetic medium. The system could detect various cell types without the need to use
high-degree magnetic fields. In the context of this thesis, the microcapillary-based
magnetic levitation system was employed to analyze the volumetric mass density profiles
of neural cells derived from patients or mouse models with neurodevelopmental
anomalies. The results demonstrated the successful discrimination of diseased cells from
their healthy counterparts based on their distinct volumetric mass densities. Furthermore,
the relationship between single-cell density and cellular changes during the differentiation
of'induced pluripotent cells into neural precursors was investigated. The potential of using
magnetic levitation as a method to distinguish cells at different stages of differentiation
was also evaluated.

Both magnetic levitation systems employed in this thesis utilize permanent
magnets to generate magnetic gradients for cell manipulation. This approach eliminates
the need for electrical power, enabling rapid and efficient processing. Furthermore, as
labeling is not required, potential negative effects on cell viability are minimized, and the
need for time-consuming and labor-intensive labeling steps is eliminated. Both systems
are user-friendly and facilitate the handling of living cells. Consequently, they have the
potential for widespread application in various fields, including tissue engineering and
both diagnostic and therapeutic research for cancer, central nervous system disorders, and

numerous other diseases.
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APPENDIX A

PRINCIPLES OF MAGNETIC LEVITATION

Magnetic manipulation of cells can be achieved in the presence of three elements:
a magnetic field, a magnetic field gradient and magnetic susceptibility difference between
the cells and their medium. In magnetic levitation technique using negative
magnetophoresis, cells migrate to the lower magnetic field regions. During this process,
the cells are exposed to resultant of 3 forces (Fnet) which are magnetic (Fum), buoyancy
(Fg) and drag force (Fp) till the cells come to an equilibrium point (Equation 1). Because
of the low Reynolds number of the system the inertial force (Fi) can be neglected. Another
force to be neglected is the the Brownian force (Fg) because it only has an effect on the
motion of the small particles in nanometer scale (approx. < 10 nm). Cells stop at some
point where the magnetic and buoyancy forces come to an equilibrium state, where the
net force acting on every single cell (Fnet) becomes zero and cells are positioned at a

stable point and become levitated (Tasoglu et al. 2015). If:

F_)NET - F_)M + F_)G + F_)D
and

ma = ﬁM+ ﬁG + ﬁD;

T - - -
mf= Fy+ F,+ F 1)

Fy acting on a particle depends on; B: magnetic flux density (Tesla, T), V: del
operator, m : the magnetic dipole values (Equation 2). B decreases as it moves away from
the surface of the magnet. From here, the magnetic dipole produced in a low magnetic

field in a paramagnetic salt solution or in a ferrofluid can be reached (Equation 3).
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In this equation; V: volume of the particle can be arranged as; B permeability
of the gap (1.2566 x107° kg m A™* s™), Ay: magnetic susceptibility difference (X, — Xp,)
between the particle and the surrounding medium and the Fym value can be expressed

(Equation 4).

Fu =w BV)E

When (§ .V )E expanded in the Cartesian coordinate system:
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magnetic flux values can be reached in three dimensions. Another force acting on
a spherical particle under the specified conditions, the liquid drag force Fp, will vary
depending on R (diameter of the particle), n(dynamic viscosity), fq (drag coefficient) and

vp (velocity of the particle) (Equation 6).

Fp = 6mRnfy(v,) (6)
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The other force, Fs, acting on the particle can be calculated depending on V:
volume of the particle, Ap: volumetric density difference between the particle and the

surrounding medium (pp-pm), g: gravitational acceleration (9.8 m-s %) (Equation 7).

Fg =VA,g (7)

In this case, the force acting on the particle until it reaches the equilibrium point
is regulated (Equation 8), and since the particle's velocity will be zero when the
equilibrium point is reached (Fp = 0), Fner can be regulated according to the equilibrium

state of the spherical particle (Equation 9).

, V.(Xp=Xm) = =
Fyer = i— (B-V)B + 61RN f4 (Up) +V.(pp — pPu)g 3
and

5 V.(Xy=Xm) = =
Fygr = i— (B.V)B+V.(pp — pu)g (€))

When a magnetic field is applied to diamagnetic particles such as cells, a magnetic
dipole is formed that is aligned antiparallel to the magnetic field. Therefore, a magnetic
force is generated towards the area where the magnetic field is minimum. This magnetic
dipole varies according to the magnetic susceptibility value of the particle and the
surrounding medium.

In this doctoral thesis, by utilizing the physical events explained in detail above,
the magnetic force acting in the opposite direction to gravity increased the magnetic
susceptibility value (X,,,) of the culture medium and levitation of the cells was provided
with microcapillary based magnetic levitation system depending on their volumetric mass
densities (Figure 65). The magnetic susceptibility value of the medium surrounding the
cells was obtained by adding different concentrations of Gd** (Gadavist) to the culture

medium.
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Figure 65. Schematic representation of the forces act on each individual cell within

microcapillary based magnetic levitation system.

Figure 66. Simulation of z component (Bz) of magnetic flux density around the ring
magnet via finite element methodology. Total magnetic induction (Bz + Bx)

is presented as streamlines (Source: Anil-Inevi et al. 2021) .

The ring magnet-based levitation system is composed of a single, ring shaped
magnet with a with a hole in the center, a culture tube and an apparatus made from
photoactive resin to fix the culture tube within the hole in the magnet. In this system,
magnetic and buoyancy forces balance each other and levitation of the cells in the culture
tube is provided by the difference in the magnetic susceptibility difference (X, — Xpp)
between the cells (X,)and the paramagnetic culture medium(Xy,)(Equation 9). The

medium is magnetized through the use of Gadolinium (Gd**) paramagnetic agent. The
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value of the magnetic susceptibility of paramagnetic agent is significantly higher than that
of diamagnetic cells, so X,can be neglected. The magnetic forces that act on the cells in

the x-direction make the cells move to the center of the hole in the center of the magnet

and form cellular aggregates (Figure 66).
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