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ABSTRACT

CHARACTERIZATION AND BIOFABRICATION OF
KERATINOCYTES AT THE SINGLE-CELL LEVEL IN NORMAL
AND PATHOLOGICAL CONDITIONS

Keratinocytes are crucial for skin protection thus overall health. They are often
modeled in cell culture studies to promote structural integrity and wound healing
purposes. This study aims to develop precise methods using magnetic levitation technique
for measuring keratinocyte density at the single cell level and to investigate how
variations in measurements affect keratinocyte behavior and function in normal and
pathological conditions. In addition, through MagLev technology, we seek to create 3D
keratinocyte constructs and assess their structural integrity and functionality for tissue
engineering. In this study four different HaCaT cell groups were used to examine their
behavior in a magnetic field.

Our single cell density measurements revealed significant differences, particularly
in the G45E group, demonstrating standardization and reproducibility for HaCaT cells.
Previous studies have determined the density of various cell types, but keratinocytes were
examined for the first time in this context.

In biofabrication experiments, significant levitation height differences were noted
in the G45E group, further confirming our experimental standardization. Magnetic
levitation culture transferred to agarose resulted in more consistent spheroid structures
compared to direct transfer, which formed disorganized structures. Thus, keratinocyte
structures maintained their integrity with magnetic levitation, facilitating further 3D
culture.

The results improve the understanding of the biophysical properties of
keratinocytes and demonstrate that label-free, scaffold-free magnetic levitation can be a
practical alternative for tissue engineering. This approach via negative magnetophoresis
offers significant potential in bioengineering at the cell and tissue level to create complex
3D structures without conventional scaffolds, providing a novel, density-based detection

method.



OZET

NORMAL VE PATOLOJIK KOSULLARDA KERATINOSITLERIN
TEK HUCRE DUZEYINDE KARAKTERIZASYONU VE
BIYOFABRIKASYONU

Keratinositler cildin korunmasi ve dolayisiyla genel saglik i¢in ¢ok dnemlidir.
Yapisal biitiinliigli ve yara iyilesmesini desteklemek amaciyla hiicre kiiltiirii
calismalarinda siklikla modellenmektedirler. Bu calisma, keratinosit yogunlugunu tek
hicre diizeyinde 6l¢mek i¢in manyetik kaldirma teknigini kullanarak hassas yontemler
gelistirmeyi ve Ol¢limlerdeki varyasyonlarin normal ve patolojik kosullarda keratinosit
davranigini ve islevini nasil etkiledigini arastirmayi amaglamaktadir. Buna ek olarak,
MagLev teknolojisi araciligiyla 3D keratinosit yapilari olusturmayi ve bunlarin doku
mithendisligi icin  yapisal biitiinliigiinii  ve islevselliginin  degerlendirilmesi
amaglanmaktadir. Bu ¢alismada, manyetik alandaki davraniglarini incelemek icin dort
farkli HaCaT hiicre grubu kullanilmigtir.

Tek hiicre yogunlugu 6l¢timlerimiz, 6zellikle G45E grubunda HaCaT hiicreleri
icin standardizasyon ve tekrarlanabilirligi gosteren 6nemli farkliliklar ortaya koymustur.
Onceki ¢aligmalarda gesitli hiicre tiplerinin yogunlugu belirlenmistir, ancak keratinositler
bu baglamda ilk kez incelenmistir.

Biyofabrikasyon deneylerinde, G45E grubunda deneysel standardizasyonumuzu
daha da dogrulayan 6nemli levitasyon yiiksekligi farkliliklar1 kaydedilmistir. Agaroza
aktarilan manyetik levitasyon kiiltlirli, daginik yapilar olusturan dogrudan aktarima
kiyasla daha tutarli sferoid yapilarla sonuglanmistir. Bdylece, keratinosit yapilari
manyetik kaldirma ile biitiinliiklerini korumus ve daha fazla 3D Kkiiltiirii olusumunu
kolaylastirmistir.

Sonuglar keratinositlerin biyofiziksel 6zelliklerinin anlagilmasini gelistirmekte ve
etiketsiz, iskelesiz manyetik kaldirmanin doku miihendisligi icin pratik bir alternatif
olabilecegini gdstermektedir. Bu yaklasim negatif manyetoforez yoluyla, geleneksel
iskeleler olmadan karmasik 3D yapilar olusturmak igin hiicre ve doku diizeyinde
biyomuhendislik caligmalarina 6nemli bir potansiyel sunmakta ve yeni, yogunluga dayali

bir tespit yontemi saglamaktadir.
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CHAPTER 1

INTRODUCTION

1.1. Magnetic Levitation Basic Principles

Magnetic levitation methodology uses a magnetic field gradient to manipulate
objects remotely. This principle is applied to various scientific and technological
applications, including biotechnology (Karakuzu et al., 2024; Sarigil et al., 2019).

There are two main techniques of magnetic levitation: positive magnetophoresis
and negative magnetophoresis. Positive magnetophoresis involves labeling cells with
magnetic beads, causing them to move to regions of higher magnetic field and enabling
the separation of magnetic and non-magnetic samples (Dabbagh et al. 2021; Torres-Cruz
et al. 2023). This technique has been used for separating different cell types, such as blood
cells, lipid cells and cancer cells, and for 3D cell culture (Anil-Inevi et al. 2021; Durmus
et al. 2015; Sarigil et al. 2019; Yaman et al., 2018; Zhu et al. 2014). However, positive
magnetophoresis technique requires additional cell labeling steps that is not only time-
consuming, but also potentially cytotoxic for the cells of interest.

Negative magnetophoresis on the other hand, is a label-free technique that can
induce a weightlessness environment (Hu, Krishaa, and Fong 2023; Yaman et al. 2018).
Basic principle of negative magnetophoresis depend on the weak repulsion of
diamagnetic objects under strong magnetic fields. Diamagnetic substances, including
water, minerals, proteins, DNA, and most cell types, acquire a net magnetic moment
opposite to the magnetic field when placed within it, due to the rearrangement of their
electron’s spin and orbital motions (Munaz, Shiddiky, and Nguyen 2018; Yaman et al.,
2018). This magnetic moment causes objects to be slightly repelled by external magnetic
fields. A simple way to increase the response of diamagnetic substances to an applied

magnetic field is to immerse diamagnetic objects in paramagnetic liquids, which have a



larger magnetic susceptibility than diamagnetic substances (Yang et al. 2016). The
attraction of paramagnetic liquids by the magnetic field causes diamagnetic substances to
act as magnetic holes and move to regions with a weaker magnetic field (Yaman et al.,
2018; Yamato and Kimura 2020). This technique has been used for density measurement,
cell separation (Durmus et al., 2015; Sarigil et al., 2019) (Figure 1), cell sorting (Kecili et
al. 2023) (Figure 2), and 3D biofabrication (Anil-Inevi et al., 2021), making it a versatile
tool for biotechnology applications (Ashkarran and Mahmoudi 2021; Baday et al. 2015)

Light Source

»H

Mirror

Microscope Objective

Magnets

Capillary Channel

Figure 1. Operating mechanism of the magnetic levitation device: Principles of the
MagDense cell density meter. (A) Diagram of the device setup (B)
Equilibrium heights of various cells (Tumor Cells, White Blood Cells, Red
Blood Cells) during magnetic levitation. Due to magnetic induction (B) and
gravitational forces (g), cells are levitated within the channel and settle at an
equilibrium plane where magnetic forces balance them (Source: Durmus et
al., 2015).

For cell detection applications, magnetic levitation enables label-free detection
and separation of cells based on small single cell density differences, allowing a precise
manipulation of cells for high-resolution imaging and analysis, and facilitating the
observation of cell behavior in a levitated, 3D environment mimicking in vivo conditions
(Lyu et al., 2024; Turnbull et al. 2020; Zhao et al. 2016). In biofabrication, magnetic
levitation assists in forming intricate 3D tissue structures by precisely controlling cell
placement, enhances tissue engineering by allowing cells to self-assemble into desired
patterns and improves the fabrication of tissue constructs with consistent distribution and

strong structural integrity (Figure 3) (Anil-Inevi et al. 2021a; Parfenov et al. 2020).
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Figure 3. Self-assembly of mesenchymal stem cells in magnetic levitation system. (A)
Short term (2 hrs) or 24 hrs of culture photographs of D1 ORL UVA cells in
different Gd3+ concentrations. Scale bar: 1 mm. (B) Size analysis of the
cellular clusters formed for 24 hrs with magnetic levitation **: p < 0.01; ***;
p <0.001. (Source: Anil-Inevi et al. 2021a).



Magnetic levitation (MagLev) can be effectively utilized for various types of cells
in cell culture and biofabrication applications. In line with this wide and effective use of
magnetic levitation in biotechnology, this technique has been used to investigate various
cell types for purposes such as detection and diagnosis (Goranov et al. 2020;
Wychowaniec and Brougham 2022). Some examples of these are (Figure 4)
weightlessness simulation studies with adipocytes (Sarigil et al., 2020), cancer (Durmus
et al., 2015), blood (Deshmukh et al., 2021), bone cells (Sarigil et al., 2019).

Additionally, continuous flow has been applied to living cells, facilitating cell
sorting based on single cell density (Kecili et al., 2023). The potential of the levitation
system as a 3D biofabrication tool has been demonstrated through the 3D assembly of
different cell types (Anil-Inevi et al., 2021). By altering the shape or configuration of the
magnets, the applied magnetic field, system efficiency, and accuracy can be controlled,
enabling precise manipulation of cells (Schuerle et al. 2013; Wang et al. 2020; Zhao et
al. 2016). In this thesis, we applied magnetic levitation to keratinocytes for single cell
density measurement and biofabrication, aiming to transfer magnetic levitation
technology to the field of skin cell detection and skin tissue engineering.

Previous magnetic levitation studies have determined the density of various cell
types such as cancer cells (1.044-1.084 g/ml) (Durmus et al., 2015), bone marrow cells
(1.07 g/ml) (Sarigil et al., 2019), adipocytes (0.989 g/ml) (Sarigil et al., 2020) and white
blood cells (1.088 g/ml) and red blood cells (1.109 g/ml) (Durmus et al., 2015). However,
based on the literature, density determination by magnetic levitation has not been applied
to keratinocytes before. This study aims to make this contribution to the literature by
examining keratinocytes using magnetic levitation for the first time and to contribute to
future skin cell studies. Understanding the biophysical properties of keratinocytes with
this method may provide new insights and suggests that the label-free, scaffold-free
magnetic levitation method may be a practical alternative for future research and

applications in tissue engineering.
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Figure 4. Various cell types have been subjected to magnetic levitation in previous studies

in the literature. Examples include A) The application of magnetic levitation to
blood cells (Source: Deshmukh et al., 2021) B) Levitation of bone cells from
osteogenic differentiation of 7F2 cells (Source: Sarigil et al., 2019) C) Lipid
cells from adipogenic differentiation, and the. This can thus serve various

diagnostic purposes (Source: Sarigil et al., 2020).



1.2. Skin Tissue

The skin, the largest organ of the human body, plays multifaceted roles in
protection, temperature regulation, sensation and even various physiological processes
that are crucial for our general well-being (Yu et al. 2019) (Figure 5). In this context,
beyond its visible functions in protecting against physical trauma, skin tissue plays a vital
role in regulating body temperature through insulation and sweating mechanisms (Burns
etal., 2010; Crucianelli & Ehrsson, 2022; Wysocki 1999). Furthermore, skin tissue serves
as the primary interface for sensory perception, as it harbors receptors for touch,
temperature, and pain (Baumbauer et al. 2015; Greenspan and Bolanowski 1996). In
addition to these sensory functions, the skin is known to be an integral part of our immune
defense system as it acts as a barrier against pathogens and harmful substances (Kolarsick
et al., 201; Proksch, Brandner, and Jensen 2008). The skin also plays a very important
role in synthesizing vitamin D, which is essential for general well-being and provides
many protections such as bone health, the immune system and heart health (Lehmann,
Querings, and Reichrath 2004; Piotrowska, Wierzbicka, and Zmijewski 2016). Its
participation in transport processes is also vital, as it contributes to the overall metabolic
balance by assisting in the excretion and absorption of essential substances (Jepps et al.
2013; Roberts, Pellett, and Cross 2002). Besides, as a protective barrier, the skin
maintains internal homeostasis by protecting the body from external irritants, UV
radiation and harmful chemicals. Complex network of nociceptors, thermoreceptors and
mechanoreceptors in the skin forms an important component of our sensory system,
enables us to perceive and respond to our environment (Green 2004; Kenton, Crue, and
Carregal 1976; Lumpkin & Caterina, 2007). Understanding the complexity and
importance of skin tissue lays the groundwork for exploring innovative approaches such
as cell studies, cell culture methodologies and tissue engineering applications, and holds
great promise for advancing healthcare and regenerative medicine. (Aleemardani et al.
2021; Eckert, Crish, and Robinson 1997; Hofmann et al. 2023; Rinn et al. 2008).
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Figure 5. General representation of skin tissue layers, cell groups, and tissues present
within them. (Source: Dermahelp™, 2022).

As mentioned earlier, magnetic levitation has been studied in various cell types,
and as discussed above, skin has important characteristics for health. Therefore, we intend
to use skin cells as models in our magnetic levitation studies. In particular, we plan to use
utilize keratinocytes, which have not previously been studied in this context.

Keratinocytes, as primary epidermal cells, will be central to the objectives of this project.

1.3. Keratinocytes

Keratinocytes serve as a fundamental model for studying skin biology due to their
important role in maintaining skin integrity and function (Watt 2014). As the primary
cells of the epidermis (Figure 6), keratinocytes contribute significantly to the structural
framework of the skin by producing keratin proteins that provide strength and elasticity
(C. Zhu et al. 2019; Elias et al. 2005 Quan et al. 2013). They play a crucial role in forming
the previously mentioned skin barrier, which acts as a protective shield against
environmental stressors and pathogens (Kirfel and Herzog 2004). Furthermore,



keratinocytes actively participate in dynamic processes such as wound healing and skin
regeneration, where they regulate complex cellular interactions to promote tissue repair
and restoration (Piipponen et al., 2020; Werner, Krieg, and Smola 2007). For example,
during tissue repair, keratinocytes migrate to the site of injury, proliferate, and
differentiate to facilitate wound closure and restoration of tissue integrity (Ramms et al.
2013; Vedula et al. 2013). In culture, keratinocytes exhibit the ability to express
characteristic keratin proteins and organize them into stratified epithelial structures that
closely resemble the architecture of the epidermis. Many studies have therefore exploited
the unique properties of keratinocytes to gain valuable insights into skin physiology,
pathology, and therapeutic interventions, making them indispensable tools for advancing
our understanding of skin biology and disease mechanisms (Eckert, Crish, and Robinson
1997; Ratushny et al. 2012; Russo, Brembilla, and Chizzolini 2020; Yu et al. 2019)

Stratum corneum
Stratum lucidum

Granular

Spinous )

Melanocyte

Basal

Figure 6. Layers of skin tissue are depicted. Essentially, from outermost to innermost:
epidermis, dermis, and hypodermis layers. In a zoomed-in detail, examples
such as keratinocytes and melanocytes are shown as cells located at the basal
membrane of the outermost layer which called the epidermis (Source: Kern,
2022).



HaCaT cells, an immortalized human keratinocyte cell line, have emerged as a
cornerstone in cell culture studies focused on understanding skin biology and related
processes (Breitkreutz et al. 1993; Moran et al. 2021). Their widespread use in the
scientific literature highlights their importance as a model system for investigating
cellular behavior, particularly in contexts involving cell-cell communication. HaCaT cells
provide a valuable platform for studying fundamental skin processes such as
differentiation and wound healing that rely heavily on complex signaling pathways,
including calcium signaling, as well as their intracellular interactions (Bakondi et al.
2003; Lee et al. 2005; Silva et al. 2017). Among these interactions, the interplay between
calcium signaling and cell-cell communication is essential for regulating various
keratinocyte functions, highlighting the interdependent nature of these pathways in
modulating skin biology (Bikle et al., 2016). The use of HaCaT cells in research could
elucidate the underlying mechanisms of these interactions, provide deeper insights into
skin physiology and pathology, and pave the way for innovative approaches in therapeutic
development and tissue engineering (Zheng et al. 2024).

A comprehensive understanding of these dynamic interactions leads to resolving
the complexity of skin biology and has great potential to shed light on therapeutic
interventions aimed at enhancing tissue regeneration and reducing cutaneous disorders
(Gschwandtner et al. 2012; Mathes, Ruffner, and Graf-Hausner 2014; Niehues et al.
2018). Our study focuses on studying keratinocytes using four different HaCaT cell lines:
MSCV, WT, D50Y and G45E. The D50Y and G45E groups represent different Connexin
26 mutations involved in rare genetic skin conditions, while MSCV contains an empty
vector that acts as a control (Shuja et al., 2016). Each group represents specific genetic
modifications or wild-type traits relevant to skin biology and disease. While the MSCV
group acts as a control, the WT, D50Y and G45E variants allow us to explore how genetic
alterations affect keratinocyte properties such as growth, differentiation and response to
external stimuli. The culture of HaCaT cells serves as a valuable tool for studying various
aspects of skin biology, including cell behavior, differentiation, and response to external
stimuli, offering insights into physiological processes and disease mechanisms (Choi and
Lee 2015; Pourzand, Albieri-Borges, and Raczek 2022).



1.4. Single Cell Density Determination

Single cell density, a critical cellular parameter, profoundly influences cellular
behavior and physiological outcomes (Spetsieris and Zygourakis 2012; Spitzer and Nolan
2016). This metric encompasses fundamental aspects of cell morphology, size and spatial
distribution within a defined area or volume (Grover et al. 2011). In studies, measuring
single cell density can provide valuable insights into cell distribution patterns and
population density, which are fundamental to understanding tissue organization and
function (Da Silveira Dos Santos and Liberali 2018; Gomer, Jang, and Brazill 2011).
Furthermore, cellular parameters, including single cell density, play a crucial role in
improving our understanding of cell biology and disease progression (Chattopadhyay et
al. 2014). In addition, changes in single cell density can influence processes such as
differentiation, migration, and response to external stimuli, as they affect cell-cell
interactions, signaling dynamics and overall tissue architecture. Incorporating single cell
density analyses into experimental studies provides a quantitative framework to elucidate
cellular behaviors and their impact on health and disease, thus contributing to the broader
landscape of biomedical research and therapeutic development (Mathys et al. 2019;
Trajkovic et al. 2019). This study is based on the magnetic levitation technique and
equipment and system for measuring single cell density. As described in more detail in
the materials and methods section, cells were cultured in a miniature magnetic levitation
system in a paramagnetic environment. Real-time imaging is also possible in this system.

Cellular parameters encompass a range of properties such as cell morphology, size
and other measurable attributes and provide valuable information about the structure,
function, and behaviors of individual cells. Since one example of these parameters is
single cell density, which is a very important metric that measures the number of cells in
a defined volume or area. This measurement is important in elucidating cell distribution
patterns in tissues or culture systems (de Vargas Roditi & Claassen, 2015). Furthermore,
an accurate assessment of single cell density can provide a deeper understanding of
cellular organization, proliferation dynamics and intercellular interactions that are
fundamental to various physiological processes and disease states (Krishnaswamy et al.
2014; Longo et al. 2021). Moreover, these cellular parameters are indispensable tools to

advance our understanding of cell biology and unravel the complex mechanisms
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underlying disease progression (Jackson et al. 2020). Therefore, the study and
characterization of cellular parameters, such as in the case of single cell density, plays a
crucial role in fostering innovation and discoveries in various fields of biomedical

research.

1.5. Tissue Engineering

Tissue engineering is a multidisciplinary field that focuses on developing
biological substitutes with the aim of restoring, maintaining, or improving tissue function
(Salgado et al. 2013). Tissue engineering combines the principles of biology, engineering
and materials science and aims to create viable substitutes that can mimic the structure
and function of natural tissues (Berthiaume, Maguire, and Yarmush 2011; Chandra et al.,
2020). Tissue engineering applications cover a wide range of medical fields, including
the regeneration of skin, bone, cartilage, and other tissues (Cancedda et al. 2003; Yu et
al. 2019). This technology offers hope for the treatment of conditions such as burns,
traumatic injuries and degenerative diseases (Lanza et al., 2020).

As components, advances in biomaterials, stem cell technology and bioprinting
have further advanced the field by enabling the development of complex tissue structures
and organoids (Chakraborty, Chawla, and Ghosh 2022). As a consequence, tissue
engineering offers the potential for personalized medicine, providing tailored solutions

that can significantly improve patient outcomes and quality of life (Neves et al. 2016).

1.6. Skin Tissue Engineering

Keratinocyte tissue engineering stands at the forefront of efforts to address the
pressing need for effective skin tissue regeneration in a variety of clinical contexts
(Bannasch et al. 2003; Vig et al. 2017; Zhong et al. 2022). The demand for skin
replacement arises in scenarios such as severe burns, chronic wounds, traumatic injuries,

surgical excisions, and various skin disorders where conventional treatments may fall
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short (Dai, Shih, and Khachemoune 2020; Markiewicz-Gospodarek et al. 2022). In
response to these challenges, skin implants have emerged as critical therapeutic
interventions, encompassing autografts, allografts, xenografts, and synthetic skin
substitutes (Vyas and Vasconez 2014) (Figure 7). However, limitations in donor
availability, immune rejection, and long-term integration underscore the need for
innovative tissue engineering approaches to overcome these hurdles (Chhabra,
Sutherland, and Brayman 2014; Dixit et al. 2017; Kianian et al. 2023). By harnessing
advances in biomaterials, scaffold design, and cellular therapies, tissue engineering
endeavors aim to develop personalized and sustainable solutions for skin regeneration
(Yu et al. 2019). These efforts hold the promise of revolutionizing clinical practice by
enhancing the functionality, durability, and compatibility of skin substitutes (Figure 8),
thereby improving outcomes for patients in need of skin repair and regeneration (Barros
etal., 2021).

Figure 7. Step-by-step preparation of substitute tissues, using conventional methods,
obtained from different donorship methods for replacing lost tissue in cases of

skin tissue loss (Source: Khan et al., 2022).

Techniques in Kkeratinocyte tissue engineering documented in the literature
encompass a diverse array of methodologies aimed at mimicking the complex
microenvironment of native skin tissue (Rijal and Li 2018; W. Wang et al. 2023). Cell
culture conditions and co-culture systems are tailored to provide optimal growth and

differentiation cues for keratinocytes, often in conjunction with other cell types, such as
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fibroblasts or endothelial cells to emulate the physiological interactions observed in vivo
(Jung et al. 2020; Pars et al. 2021). Bioreactors and mechanical stimulation platforms
offer dynamic culture environments that simulate mechanical forces experienced by cells
in vivo, promoting tissue maturation and functionality (Castro et al. 2020). Tissue printing
and bioprinting techniques enable precise deposition of cells and biomaterials to create
complex three-dimensional structures with spatial control, facilitating the fabrication of
skin constructs with customized architectures (Augustine 2018). Decellularization and
recellularization strategies involve the removal of cellular components from donor tissues
followed by repopulation with keratinocytes and other relevant cell types, offering a
natural extracellular matrix scaffold for tissue regeneration (Gilpin and Yang 2017;
Mendibil et al. 2020). Biomaterial scaffolds, ranging from natural polymers to synthetic
matrices, provide structural support and biochemical cues to guide cell behavior and
tissue organization, serving as the foundation for engineered skin constructs (Guimaraes,
Marques, and Reis 2022; (Chaudhari et al. 2016; Shevchenko, James, and James 2009).
Collectively, these advanced techniques represent innovative approaches to keratinocyte
tissue engineering, offering unprecedented opportunities for the development of
functional skin substitutes with enhanced biocompatibility, mechanical properties, and
clinical efficacy (Figure 8).

As discussed, various skin tissue engineering techniques and studies offer
promising solutions for tissue repair and replacement compared to conventional methods.
These diverse techniques aim to address tissue loss and promote healing more effectively.
However, as an alternative to these approaches, magnetic levitation provides a more
economical, practical, and label-free method for tissue engineering and 3D biofabrication
(Daquinag, Souza, and Kolonin 2013; Turker and Arslan-Yildiz 2018). This scaffold-free
technique presents a novel and innovative approach to tissue engineering. In this study,
we utilize magnetic levitation for tissue engineering applications. Therefore, the aims of
our study are twofold. First, we aim to develop precise methods to measure keratinocyte
density at the single cell level. This includes optimizing techniques to accurately measure
cell density and assess variations between different HaCaT cell lines. Secondly, we aim
to utilize MagLev technology for the biofabrication of 3D keratinocyte constructs. Using
magnetic levitation, we aim to assemble these cells into structured, three-dimensional
models that mimic their natural tissue. Our evaluation will focus on determining the
structural integrity and functional capabilities of these constructs, aiming to advance
tailored tissue engineering applications for dermatological and biomedical purposes.
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Figure 8. Separate components that can be individually designed in the construction of

skin tissue through tissue engineering (Source: Jin & Bi, 2013).
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CHAPTER 2

MATERIALS AND METHODS

2.1. Magnetic Levitation Platform and Experimental Setup

In the magnetic levitation system, magnetic fields counteract the gravitational forces and
thus allow cells to levitate inside the paramagnetic medium without any physical contact.
In this environment, the movement of the cells is towards the lower magnetic field. The
basic concept involves balancing two main forces: magnetic force (Fmag) and corrected
gravitational force (Fg), which is a combination of gravitational and buoyancy forces
(Figure 9). Hence, these forces to provide magnetic levitation are expressed by the
following equations (Eq 1 and Eq 2), respectively. For the magnetic force, which is the
dominant force, V is the cell volume, delta  is the magnetic susceptibility difference
between the paramagnetic medium and the cell, p0 is the permeability of free space and
B is the magnetic induction. For the corrected gravitational force, where delta p is the
density difference between the paramagnetic medium and the cell and g is the

gravitational acceleration (Sarigil et al., 2019).

F (Eq 1)

magzvuA—OX(B.V)B

F,=V.Ap.g (Eq?2)
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Figure 9. Representation of forces present and in equilibrium within the magnetic
levitation system. (Source: Sarigil et al., 2019).

3 Top of the pe——
— , . r channel — Frag Equilibrium
R S . | s - e
,% Cells ¢ v
= v F ;
L b Paramagnetic
MII’{PFS Bottom of the Fat+Fy+F medium
channe -
Channel . fumcoand

Figure 10. Magnetic levitation setup and the fundamental principles involving the forces
at play. Fluidic drag force (Fd), inertial force (Fi), buoyancy force (Fb) and
magnetic force (Fmag) (Source: Anil-Inevi et al., 2018).

In accordance with these principles, design of the magnetic levitation platform is
achieved for levitation of cells based on density (Figure 10). The platform consists of two

N52-grade neodymium magnets (NdFeB, Supermagnete) arranged with like poles
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opposing each other, a microcapillary channel (Vitrocom), and two mirrors set at a 45°
angle for real-time cell imaging. The loaded in microcapillary channels are levitated in a
paramagnetic medium (Gadavist®, Bayer, Gd*"). The components of the magnetic

levitation platform are assembled using handles produced through a 3D printer.

2.2. Cell Culture

Culturing HaCaT cells, an immortalized human keratinocyte cell line, involves
techniques to ensure their robust growth and maintenance in vitro. HaCaT cells are
cultured in a growth medium, such as Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS, Biological Industries) and antibiotics;
1% penicillin/streptomycin (Invitrogen) which provide essential nutrients and support
cell proliferation. Additionally, the culture environment is maintained at optimal
conditions, including a humidified atmosphere with 5% CO2 at 37°C, to support cell
viability and functionality HaCaT cells are routinely passaged upon reaching confluence
to prevent overcrowding and maintain their proliferative capacity. Passaging involves
detachment of cells from the culture vessel using 0.25% trypsin/EDTA solution
(Biological Industries) for 5 minutes when they reach approximately 80-90% confluence
(every 4-6 days), followed by reseeding at a lower density to facilitate continued growth.
Medium was refreshed every 2-3 days and the cell morphology and viability were
regularly monitored to ensure the integrity of the cell culture. HaCaT cells were infected
with an MSCYV retroviral vector containing the cDNAs for Cx26-WT, Cx26-G45E, and
Cx26-D50Y. The groups of cells infected with these vectors were designated as WT for
MSCV-Cx26-WT, G45E for MSCV-Cx26-G45E, and D50Y for MSCV-Cx26-D50Y
throughout the thesis. The empty MSCV vector was used as a control and referred to as
MSCV. To ensure hemichannels remained closed and to support cell growth, 3.2 mM
CaCl, was added to the medium of the infected HaCaT cells.
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2.3. Magnetic Levitation of the HaCaT Cells

4 groups of HaCaT cells maintained in cell culture followed by magnetic
levitation is the basis of the planned methodology.

Calcium, which is normally added for cells to attach to the plate bottom, was not
added to the medium prepared for levitation. 4 different groups were used. These were:
MSCV, Wild Type, D50Y and G45E groups. cells cultured in growth and adipogenic
induction medium were trypsinized with 0.25% trypsin/EDTA solution and the cell
suspension was centrifuged (Eppendorf) at 1.1 rcf for 5 min. The pellet was resuspended
to 10° cells/mL in the culture medium and each sample with 50 ul per capillary (5000
cells/capillary) were loaded into the microcapillary after adding Gd** paramagnetic agent
with concentrations of 15 mM, 30 mM, 50 mM, 100 mM and 200 mM. When the cells
reached the equilibrium position within 8 min, the levitated cells were imaged under an
inverted microscope. Cells that are cultured by magnetic levitation in a miniaturized
system that provides levitation between two magnets. Levitated cell culture, cellular
pattern under simulated weightlessness, gives opportunity for real-time imaging at this
point. Imaging of the cells was conducted at 10x magnification under an inverted

microscope.

2.4. Magnetic Levitation of Polymeric Beads

Polymer beads with different densities, 1 g mL~!(with size of 10-20 pm), 1.035 g
mL~!(with size of 38-45 pm), 1.07 g mL"!(with size of 10-20 um) and 1.09 g mL!(with
size of 2027 pm) (Cospheric LLC., ABD), were levitated in the culture medium
containing 15 mM gadolinium (Gd**) (Gadavist®, Bayer) to calibrate the density gradient
of the magnetic levitation device. Levitated beads were visualized at 4x under an inverted
microscope (Olympus 1X-83) after beads reached the equilibrium position (within ~10
min) in the magnetic levitation platform. The levitation heights of the beads (distance
from the upper limit of the bottom magnet) were determined using the ImageJ Fiji

software.
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2.5. Biofabrication of the 3D Structures

2.5.1. Cell Culture in Magnetic Levitation for 3D Structures

In this part of the study, HaCaT cells from four different groups (MSCV, WT,
D50Y, G45E) were subjected to magnetic levitation using the same magnetic levitation
device system and technique in previous single cell density measurement experiments.
Unlike previous experiments focusing on single cell density determination, the cells were
allowed to levitate for varying durations of 24 hours and 48 hours and 72 hours to observe
the formation of three-dimensional (3D) structures. Also; 200 000 cells/capillary was
used in this section. Additionally, different concentrations of gadolinium (Gd**) were
utilized to optimize the levitation process. Specifically, a concentration of 50 mM Gad*
was found to yield superior results, with the observed 3D structures positioned more
centrally within the capillary. In contrast, when using a lower concentration of 30 mM
Gd®*, the structures tended to adhere and accumulate along the sides of the capillary.
These experimental parameters were systematically adjusted to evaluate the influence of
magnetic levitation duration and Gd®*" concentration on the spatial organization and

morphology of HaCaT cell aggregates within the levitated environment.

2.5.2. Cell Culture on Agarose Gel for 3D Structures

At this point of the study, HaCaT cells were cultured in a 96-well plate pre-filled
with agarose gel to facilitate the formation of three-dimensional (3D) structures. The
agarose gel was prepared by mixing 26 mg of agarose powder with 13 mL of DMEM
(Dulbecco's Modified Eagle Medium), followed by autoclaving to ensure sterility. After
the gel was allowed to cool slightly but remained in a liquid state, 500 pL of the gel was
combined with 500 pL of serum-free DMEM in Eppendorf tubes. This mixture was
swiftly transferred to each well of the 96-well plate, with 30 pL dispensed into each well

to form a solidified gel layer. It was crucial to speed up this process to prevent the agarose
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gel from solidifying prematurely. The reason for choosing serum free medium is that the
cells form 3D structures within themselves without sticking to agarose (as they stick to

the plate).
Liquid Overlay
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or surface

Figure 11. Cell seeding onto agarose gel using the liquid overlay method. The

conventional method (Source: Van Zundert et al., 2020).

Once the agarose gel-containing 96-well plate was ready and cooled, three-
dimensional structures (previously incubated in a magnetic levitation system for 24 hours)
were transferred from capillaries into the wells. The structures were then allowed to
further develop and interact within the 3D environment provided by the agarose gel. After
24 hours, the 3D structures within the agarose gel wells were observed and analyzed.

As control experiments, HaCaT cells were directly transferred into agarose gel
without prior magnetic levitation. Comparatively, the results demonstrated that magnetic
levitation significantly facilitated the formation of spherical 3D structures within the
agarose gel wells, indicative of enhanced cellular organization and interactions. These
findings highlight the potential of magnetic levitation as an alternative approach for

promoting cellular aggregation and structuring in tissue engineering applications.
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2.6. Statistical Analysis

Statistical analysis of data obtained from images of HaCaT cells undergoing
magnetic levitation experiments involves processing using image analysis software such
as Imageld. Initially, images captured with a light microscope are imported into the
software for analysis. Then, the analysis of levitation images of the cells was done via
Image J Fiji software to determine levitation heights, density and cell size. In the results
of the bead calibration experiments, graphs showing the levitation height versus bead
density at different Gd®* concentrations were plotted. and linear regression was performed
on the data to obtain equations that provide the particle/cell density levitated in the
magnetic sensing system. Also, for biofabrication part, various parameters such as cell
area, perimeter, density, and morphology were quantified using Imagel’s toolset.
Through segmentation techniques, individual cells can be separated from the background,
enabling precise measurements of cellular features. Statistical analyses, including mean
values, standard deviations, and histograms, provided insights into the distribution and
variability of cell properties within the sample population. Additionally, comparative
analyses between control and experimental groups were performed to assess the effects
of magnetic levitation on HaCaT cell behavior and morphology. One-way ANOVA with
Tukey’s multiple comparisons test was used and p < 0.05 was considered as statistically
significant.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Cell Culture

Initially, four different HaCaT groups were cultured in a medium containing Ca*".
Calcium (Ca?") was added to the medium because it is known that groups with connexin26
(Cx26) mutations form hyperactive hemichannels that disrupt calcium (Ca?*) transfer
(Gerido et al. 2007; Yasarbas et al. 2024). Ca?" is critical for normal epidermal cell
function, and without it, proper culture and passage are not possible. To ensure cell
adhesion to the petri dish surface and to maintain ongoing culture work, Ca?* was included

in the medium.

HaCaT WT

HaCaT D50Y

Figure 12. 2D Cell Culture images of 4 different HaCaT groups: Wild Type, MSCV,
D50Y, G45E medium for 5 days. Scale bar: 200 pm.
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When all cells were cultured in a medium containing Ca?*, similarities in
morphology were observed between control groups Wild Type (WT) and MSCV, G45E
and D50Y cells (Figure 12). However, cultures of G45E and D50Y mutants exhibited

greater difficulty in detachment after trypsinization when passaging to new plates.

3.2. Gadavist Concentration Optimization

Gadavist concentration optimization was performed using MSCV HaCaT cells.
After cell culture in medium containing Ca?*, the cells were levitated using a magnetic
levitation device with Gadavist concentrations of 15 mM, 30 mM, 50 mM, 100 mM, and
200 mM. The choice of this concentration range and paramagnetic agent was for avoiding
from the cytotoxic effects of Gd**, a lanthanide metal (Rogosnitzky and Branch 2016).
The prevention from the cytotoxicity of Gd** can be done by using its chelated forms.
Based on previous studies that examined the impact of different chelating forms on cell
proliferation and the toxic thresholds of Gd**, this study employed a nontoxic
concentration range (<200 mM) and a nonionic, macrocyclic chelate form (Gadobutrol,
Gadavist®) of Gd** (Anil-Inevi et al. 2018; Guo, Yang, and Zhang 2018).

As the Gd** concentration increased, the paramagnetic properties of the medium
also increased, correlating with an observed increase in levitation height of the cells
(Figure 13 a)., as depicted in the graph (Figure 13 b). Based on these results,
concentrations of 15 and 30 mM were deemed suitable for single cell density
measurements, and further experiments were conducted with other HaCaT cell groups.
The levitation height values of MSCV were examined at different Gd** concentrations,
resulting in the following measurements: 664.5 um at 15 mM, 777.6 pm at 30 mM, 920.8
um at 50 mM, 1034 um at 100 mM, and 1157 pum at 200 mM. When comparing the
increase in levitation heights, the results showed a respective rise of 17% at 30 mM
compared to 15 mM, 39% at 50 mM compared to 15 mM, 56% at 100 mM compared to
15 mM, and 74% at 200 mM compared to 15 mM. Additionally, there was an 18%
increase at 50 mM compared to 30 mM, a 33% increase at 100 mM compared to 30 mM,
and a 49% increase at 200 mM compared to 30 mM. Further comparisons revealed a 12%
increase at 100 mM compared to 50 mM and a 26% increase at 200 mM compared to 50
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mM. Comparing 200 mM and 100 mM showed a 12% increase at 200 mM. As a result,
15 mM and 30 mM were selected as the optimal concentrations. This decision was based
on both numerical data (Figure 13 b) and the analysis of levitation images (Figure 13 a),
ensuring cell viability, accurate measurements, and ease of observation. These
concentrations provided the best balance for maintaining healthy cells, obtaining precise
measurements, and facilitating clear visual monitoring during the experiments.

Comparative analysis of four HaCaT cell lines (MSCV, WT, D50Y, G45E)
revealed significant differences (Figure 14). The Tukey test detected significant
differences, especially in the G45E group at 15 mM Gd** concentration, emphasizing its
differential response under these conditions. In contrast, comparisons between MSCV
and G45E at 30 mM Gd** concentration yielded non-significant results. In levitation
height measurements, multiple comparisons revealed that statistical significance was
defined as p < 0.0001 across all groups at a concentration of 15 mM. However, at the
concentration of 30 mM, statistical significance was also defined as p <0.0001 for all
groups except for the MSCV and G45E groups (p = 0.97, depicted as b) (Figure 14).
These findings indicate that further investigations using the 15 mM concentration are
required to further elucidate the specific properties and behavior of different HaCaT cell
lines. This study highlights the importance of standardization and reproducibility in
experimental protocols to ensure robust and reliable results in magnetic levitation studies
of HaCaT cells.

When the HaCaT cells were levitated in medium containing 15 mM Gd**, the
average levitation height of the MSCV WT group was 7.048 um lower compared to the
control, representing a 1% decrease. In contrast, the D50Y group exhibited a decrease of
38.04 um in levitation height compared to MSCV, corresponding to a 6% reduction.
However, the G45E group showed a significant increase in levitation height by 188.8 pm
compared to MSCV, marking a 29% increase. Since the results obtained with 15 mM
Gd** were more reliable, we decided to conduct further experiments and evaluations using

this concentration.

24



15 mM 30 mM S0mM 100 mM 200 mM

b MSCV
1500 -
3
=
% 1000
Q
T
5
-3.'.: 500 -
s
g
0_
NI

Gd Concentrations

Figure 13. Levitation Height Measurements of Different Groups a) Levitation heights of
HaCaT MSCV group at varying Gd** concentrations. Optimization of Gd®*
concentration was performed with 15, 30, 50, 100, and 200 mM. Yellow
dashed lines indicate the positions of the Scale bar: 200 pum b) Graph of the
relationship between levitation height and Gd*' concentration. As Gd**
concentration increases, levitation height also increases. Statistical

significance was defined as: p<0.0001 in all groups.
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Figure 14. Comparison of levitation heights at 15 mM and 30 mM Gd** concentrations
for four different HaCaT groups, shown on the graphs. Statistical significance
was defined as: p<0.0001 in all groups in 15 mM. but 0.97 b groups (MSCV
and G45E) in 30 mM.

3.3. Calibration of the Setup with Polymeric Beads

In our study, the magnetic levitation setup was calibrated using polymeric beads
of known densities: 1.090 g/ml, 1.07 g/ml, 1.035 g/ml, and 1 g/ml. The beads were
levitated in a 15 mM Gd** concentration to establish a reliable calibration curve. As
expected, the beads' levitation heights were inversely proportional to their densities.
When the density of the beads decreased, their levitation heights, defined as the distance
from the upper surface of the bottom magnet, increased at a concentration of 15 mM Gd**.
This calibration allowed us to translate levitation heights into accurate density
measurements for the keratinocyte cells. The yellow dashed lines in the figure indicate
the precise positions of the beads within the magnetic field, serving as reference points
for the calibration process (Figure 15). Data are presented as mean =SD (Figure 16). This
calibration was crucial for the accurate assessment of single cell densities in our
subsequent experiments.

Bead calibration values demonstrated the following average levitation heights for
beads at different concentrations: 1154.71674 um for 1 g/ml, 1045.758597 um for 1.035
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g/ml, 790.8774138 um for 1.07 g/ml, and 649.855908 pm for 1.09 g/ml (Figure 16).

Based on the average density and levitation height values, an inverse relationship
between density and levitation height was demonstrated, with linear equations obtained
for the 15 mM Gd*" concentration (Figure 16). The linear equation, which allows
calculation of density using the levitation heights of single cells, showed a strong
correlation with p =-0.0001689 x h + 1.203 (R? = 0.9687); where p represents the density
(g/mL) and h represents the levitation height (um) for 15 mM Gd**.

Figure 15. Calibration of the levitation system using beads with known densities.
Magnetic levitation performed at 15 mM Gd*" concentration. Beads with
densities of 1.090 g/ml, 1.07 g/ml, 1.035 g/ml, and 1 g/ml levitate inversely
proportional to their densities in the magnetic field. Yellow dashed lines

indicate the positions of the beads. Scale bar: 200 pm.
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Figure 16. Levitation heights of polymeric beads with known densities. Data are
presented as the mean of replicates with error bars (SD). One way ANOVA
with Tukey’s multiple comparisons test was performed for statistical

analysis of density- levitation height data.

1.20-
—~ 1.15-
-
S
3 1.104 ? !
= +
‘w 1.054
c M
A

1.004

095 1 1 1 1

WT MSCV D50Y G45E
Groups

Figure 17. Density value transformation from the levitation height values of the four
HaCaT groups: WT, MSCV, D50Y, G45E in 15 mM Gd*® concentration.
Significantly low density value of G45E group is shown. Data are presented
as the mean of replicates with error bars (xSD). One way ANOVA with
Tukey’s multiple comparisons test was performed for statistical analysis.
Statistical significance was defined as: p<0.0001 in all groups.
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The results of bead calibration enabled us to convert the levitation values of the
four HaCaT groups into density values. This provided the distribution of density values,
measured in g/ml, for each of the four groups (Figure 17).

The average density values for HaCaT groups were determined as follows: WT:
1.091 g/ml, MSCV: 1.092 g/ml, D50Y: 1.099 g/ml and G45E: 1.06 g/ml. The marked
difference observed in the levitation heights of the G45E group was also evident in the
density values, which were significantly lower compared to the other groups. This
significant deviation in the G45E group not only highlights a potential anomaly but also
points to an important diagnostic indicator. This finding may provide valuable
information for further diagnostic developments.

3.4. Agarose Experiments

When HaCaT cells were added to 96-well plates prepared by pouring agarose gel,
the formation of 3D structures by the gold standard method, as expected, did not observe
spherical shapes in a very compact and uniform structure. The clustering behavior of
HaCaT cells was observed by seeding them into a 96-well plate filled with agarose gel.
In wells containing both medium and agarose gel, cells positioned on the surface of the
agarose did not form significant aggregated structures from the first day. There was no
tendency to form a single spherical shape. By the end of the fifth day, small, scattered
clusters were still present. Increasing the cell concentration per well resulted in dispersed
formations across all four groups. When seeded alone in agarose gel, the cells failed to
form uniform, three-dimensional structures. In fact, dispersed settlements of cell clusters
were observed. Initially, when working with 10 000 cells per well, the structures shown
in (Figure 18) were obtained. Then, when the cell concentration was increased and 200
000 cells were used for each well, the shapes in (Figure 19) were formed, although they
were in different order and pattern each time, a single spherical shape and bulk structure
could not be achieved. As a result, the idea of transferring the cultures to agarose after
cell culture by magnetic levitation was further supported. Because methods such as liquid
overlay, which is the gold standard alone, were not sufficient to form the expected

structure.
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HaCaTWT HaCaT MSCV HaCaT D50Y HaCaT G45E

Day1- - - -
Day5- - - -

Figure 18. Agarose experiments with 10 000 cells in each well. Each group displayed a

dispersed structure. Scale bar: 200 um.

HaCaT WT HaCaT MSCV HaCaT D50Y HaCaT G45E

Well1 Well2 Well3 Well4

Figure 19. Agarose experiments with 200 000 cells in each well. Each group displayed a

Set 1

Set 2

dispersed structure even at higher cell concentrations.
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3.5. Culture in Magnetic Levitation

For magnetic levitation culturing experiments, Gd** concentrations of 30 mM and
50 mM were considered appropriate. This is both suitable for preventing the cells from
sticking to the capillary glass in culture and is considered optimum for cell viability and
health. However, cell structures adhering to the capillary glass at 30 mM Gd®*
concentration in both MSCV and G45E groups showed that this concentration was not
suitable (Figure 20). Therefore, the experiment was continued with 50 mM Gad3*
concentration in the other groups. These results were obtained by keeping the culture in

the magnetic levitation system for 1 day.

30 mM Gd MSCV 50 mM Gd MSCV

Figure 20. Cultures in device with 200 000 cells in each capillary. At 30 mM Gd®*
concentration, both MSCV and G45E groups showed structures adhered to
the capillary, while at 50 mM, the structures were levitated.

After that, cell images were taken with fluorescence microscopy for 5 days in
order to show that they lived in the magnetic levitation culture for more than 1 day, and

at the end of the 5" day, it was observed that the cells maintained their form. The cells
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also continued to live and did not form any flow in the capillary at the end of the 5™ day
(Figure 21).

50 mM Gd MSCV Day 1 50 mM MSCV Day 5

Figure 21. Images of MSCV cells in the capillary at 50 mM Gd** concentration on days
1 and 5. MSCV cell group cultured under magnetic levitation survived until

day 5 without observable flow.

50 mM Gd WT - 50 mM Gd MSCV

= ———
o= —= - - — -

50 mM Gd G45E 50 mM Gd D50Y

% 2

i Sen

Figure 22. Culturing of the four different groups using magnetic levitation and imaging

after 24 hours. Compact structures are observed.
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MSCV

G45E D50Y

Figure 23. Images of cultures of four different HaCaT groups under magnetic levitation.
Top left: Images of cells on day 0 within capillaries. Below, shown larger, are
images taken on day 1 after each group was transferred onto agarose gels from
the capillaries. Following this, the culture structures in the capillary obtained
as a result of magnetic levitation culture were analyzed with the help of imageJ
and the results were graphed according to the size parameters.

Afterwards, all cell groups; MSCV, WT, D50Y and G45E were cultured in
magnetic levitation (Figure 22). At the end of this culture, they were transferred to agarose
gel-embedded wells. It was observed that all cell groups maintained their more uniform
structure when transferred to agarose after magnetic levitation. They formed a more
uniform and unified spheroid structure than when transferred to agarose alone (Figure
23).
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Eventually, the incorporation of magnetic levitation in addition to seeding cells

onto agarose gel improved the observation of compact three-dimensional structures,

rather than expecting uniform structures with agarose alone. Even in cultures using

magnetic levitation alone, compact and well-formed 3D structures were observed within

the capillaries. These structures maintained their integrity and structure when transferred

from capillaries in the magnetic levitation system to agarose gel wells.

The size parameters were obtained by analyzing fluorescent microscope images

during cell culture with magnetic levitation. The analysis illustrated (Figure 24) how each

parameter corresponded to specific features of the cellular structures observed.
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Figure 24. Demonstration and analysis of size parameters in different HaCaT cell groups.

Parameters are as follows: a) from left to right center of gravity from magnet,

area, perimeter; b) from left to right height, width, circularity.
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Different size parameters, including area, perimeter, center of gravity, height,

width, and circularity, were evaluated and tabulated. Descriptive statistics for these

parameters were computed, and the results were presented in the following tables (Table
1, Table 2, Table 3, Table 4, Table 5, Table 6). This analysis provided insights into the

overall distribution and characteristics of each parameter.

Table 1. Area parameter comparison of HaCaT groups, dimensional analysis.

Area (um?)
WT MSCV D50Y G45E
Minimum 22078 15285 13282 21382
Median 64141 34819 31842 59345
Maximum 129007 129052 64084 216917
Range 106929 113766 50803 195535
Mean 69842 53779 35262 69622
Std. Deviation 46182 36950 21551 42872
Std. Error of Mean 23091 12317 10775 8102
Coefficient of variation 66.12% 68.71% 61.12% 61.58%
Skewness 0.598 1.127 0.8438 1.72
Kurtosis -0.5141 0.7625 0.8612 3.97
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Table 2. Perimeter parameter comparison of HaCaT groups, dimensional analysis.

Perimeter (um)
WT MSCV D50Y G45E
Minimum 1420655 699147 1106055 753207
Median 1966293 1077631 1434173 1502951
Maximum 3119838 2350255 1551559 4748483
Range 1699183 1651108 445504 3995276
Mean 2118270 1324215 1381490 1627620
Std. Deviation 769704 629042 207061 785020
Std. Error of Mean 384852 209681 103530 148355
Coefficient of variation 36.34% 47.50% 14.99% 48.23%
Skewness 0.8014 0.5547 -0.9608 2.483
Kurtosis -1.09 -1.477 -0.6631 8.762
Table 3. Center of gravity parameter comparisons of the HaCaT groups, the dimensional
analysis.
Center of
Gravity (um)
WT MSCV D50Y G45E
Minimum 710.3 637.9 586.2 512.1
Median 841.4 844.8 874.1 767.2
Maximum 917.2 1124 1048 1059
Range 206.9 486.2 462.1 546.6
Mean 827.6 843.9 845.7 766.9
Std. Deviation 88.86 1411 214.7 126.5
o, Error of 44.43 47.04 107.4 23.91
Coefficient of | 1 7494 16.72% 25.39% 16.50%
variation
Skewness -0.7818 0.6576 -0.451 0.2809
Kurtosis 0.2168 1.083 -2.901 0.1524
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Table 4. Height parameter comparison of HaCaT groups, dimensional analysis.

Height (um)
WT MSCV D50Y G45E
Minimum 237.9 208.6 150 217.2
Median 280.2 320.7 199.1 427.6
Maximum 339.7 591.4 250 1145
Range 101.7 382.8 100 927.6
Mean 284.5 378.5 199.6 452
Std. Deviation 49.27 157.5 50 183.1
Std. Error of 24.64 52.49 25 34.6
Mean
Coefficient of 17.32% 41.60% 25.05% 40.51%
variation
Skewness 0.2262 0.1832 0.01725 1.931
Kurtosis -4.304 -2.134 -5.163 6.626

Table 5. Width parameter comparison of HaCaT groups, dimensional analysis.

Width (um)
WT MSCV D50Y G45E
Minimum 256.9 208.6 306.9 217.2
Median 444.8 320.7 395.7 427.6
Maximum 862.1 591.4 448.3 1145
Range 605.2 382.8 141.4 927.6
Mean 502.2 378.5 386.6 452
Std. Deviation 257.6 157.5 59.6 183.1
Std',vfg;gr of 128.8 52.49 29.8 34.6
Coefficientof | 5 419, 41.60% 15.41% 40.51%
variation
Skewness 1.208 0.1832 -0.826 1.931
Kurtosis 1.994 2.134 1.057 6.626
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Table 6. Circularity parameter comparison of HaCaT groups, dimensional analysis.

Circularity
(um)
WT MSCV D50Y G45E
Minimum 0.08966 0.1362 0.1224 0.09828
Median 0.3405 08 0.344 0.6629
Maximum 0.8672 1371 1.134 12
Range 0.7776 1.234 1.012 1.102
Mean 0.4095 0.781 0.4862 0.6727
Std. Deviation 0.3301 0.3893 0.4527 0.3239
Std. Error of 0.165 0.1298 0.2264 0.06122
Mean
Coefficient of 80.61% 49.85% 93.11% 48.15%
variation
Skewness 1.138 -0.1125 1.504 -0.0389
Kurtosis 1.827 -0.4945 22 -1.029

Upon examining the area values, the average measurements were as follows:
69842 um? for WT, 53779 um? for MSCV, 35262 pm? for D50Y, and 69622 um? for
G45E; In terms of mean area values, D50Y exhibited smaller values compared to the
other groups. The standard deviations for WT, MSCV, D50Y, and G45E were 46182,
36950, 21551, and 42872, respectively. Skewness values were also calculated, showing
0.598 for WT, 1.127 for MSCV, 0.8438 for D50V, and 1.72 for G45E (Table 1).

When examining the perimeter values, the average measurements were: 2118270
pm for WT, 1324215 pm for MSCV, 1381490 um for D50Y, and 1627620 um for G45E.
The standard deviations were 769704 um for WT, 629042 um for MSCV, 207061 um for
D50Y, and 785020 pum for G45E. The skewness values were 0.8014 for WT, 0.5547 for
MSCV, -0.9608 for D50Y, and 2.483 for GA5E (Table 2).

The average measurements for the center of gravity: WT: 827,6 um, MSCV: 843,9
um, D50Y: 845,7 um and G45E: 766.9 um. Standard deviations were 88.86 for WT, 141.1
for MSCV, 214.7 for D50Y and 126.5 for G45E. Here the G45E average value turned out
to be slightly smaller. For the center of gravity, the skewness was as follows: -0.7818 for
WT, 0.6576 for MSCV, -0.451 for D50Y, and 0.2809 for G45E (Table 3).

38



When examining the height (um) values, the average measurements were; WT:
284.5 pm, MSCV: 378.5 um, D50Y: 199.6 um, and G45E: 452 um. The standard
deviations were 49.27 um for WT, 157.5 um for MSCV, 50 um for D50Y, and 183.1 pum
for G45E. The skewness values were 0.2262 for WT, 0.1832 for MSCV, 0.01725 for
D50Y, and 1.931 for G45E (Table 4).

When examining the width (um) values, the average measurements were: WT:
502.2 um, MSCV: 378.5 um, D50Y: 386.6 um, and G45E: 452 um. The standard
deviations were 257.6 um for WT, 157.5 um for MSCV, 59.6 um for D50Y, and 183.1
um for G45E. The skewness values were 1.208 for WT, 0.1832 for MSCV, -0.826 for
D50Y, and 1.931 for G45E. (Table 5).

As can be seen in the figures, the shapes of the formed structures were mostly
elliptical, not much round-like shapes were observed, therefore circularity values were as
follows Upon examining the circularity values, the average measurements were: WT:
0.4095 um, MSCV: 0.781 um, D50Y: 0.4862 pum, and G45E: 0.6727 um. The standard
deviations for WT, MSCV, D50Y, and G45E were 0.3301, 0.3893, 0.4527, and 0.3239,
respectively. The skewness values were 1.138 for WT, -0.1125 for MSCV, 1.504 for
D50Y, and -0.03888 for G45E (Table 6).

The magnetic levitation culture method showed significant advantages in
maintaining the homogeneity and structural integrity of cell groups when transferred to
agarose. Spheroid structures formed after levitation were significantly more coherent and
consistent than those transferred directly to agarose. This homogeneity is critical to ensure
reproducibility and reliability in tissue engineering applications. Generally, the size
parameters showed similar results in all groups (Figure 24). Furthermore, when
comparing the four groups (MSCV, WT, D50Y, G45E), the significant height difference
in the G45E group at certain Gd** concentrations highlight the importance of fine-tuning
experimental conditions for optimal results. These findings confirm the standardization
and reproducibility of our method and highlight its potential as a practical alternative for

future research and applications in skin tissue engineering.
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CHAPTER 4

CONCLUSION

The aim of this study was to develop precise methods to measure keratinocyte
density at the single cell level and to investigate how variations in single cell density
affect keratinocyte behavior and function. Furthermore, using MagLev technology, we
aim to provide an alternative to the creation of 3D keratinocyte constructs by assessing
their structural integrity and functionality for tissue engineering.

Our initial expectations were to observe clear differences between mutated HaCaT
cells and control groups. Through optimization experiments using the MSCV vector, we
found that the Gd** concentrations of 15 mM and 30 mM were suitable for further
experiments with other HaCaT groups. Single cell density measurements revealed
significant differences, especially in the G45E group at 15 mM, as confirmed by Tukey
test, whereas at 30 mM the comparison between MSCV and G45E showed no significant
difference. These results led us to plan further experiments with a concentration of 15
mM. standardization and reproducibility for HaCaT cells were demonstrated throughout
the study. The obtained levitation data were calibrated, and densities were obtained;
keratinocytes were analyzed according to single cell density for the first time. Previous
magnetic levitation studies have determined the density of various cell types including
cancer cells (1.044-1.084 g/ml) (Durmus et al., 2015), bone marrow cells (1.07 g/ml)
(Sanigil et al., 2019), adipocytes (0.989 g/ml) (Sarigil et al., 2020), white blood cells
(1.088 g/ml) and red blood cells (1.109 g/ml) (Durmus et al., 2015). Keratinocytes
generally showed a high density around 1.091 g/ml when compared to these other cell
types. However, the G45E group showed a lower density. This difference in density may
serve as an indicator to distinguish this specific condition. The findings have improved
the understanding of the biophysical properties of keratinocytes.

In biofabrication experiments, it was determined that a concentration of 30 mM
Gd** was the optimal value to prevent cell adhesion to capillary walls. Although size
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parameters were similar between groups, a significant height difference was noted in the
G45E group, further confirming the standardization and reproducibility of our
experimental approach. In experiments involving transfer of magnetic levitation culture
to agarose, they formed a more coherent and consistent spheroid structure compared to
those previously transferred to agarose without magnetic levitation. Because when cells
were seeded directly on agarose gel using only gold standard, disorganized and discrete
structures were formed. On the other hand, keratinocyte structures maintained their
structural integrity when supported by magnetic levitation technique and facilitated
transfer for further 3D culture.

In conclusion, this study successfully demonstrated reproducible and scaffold-free
biofabrication of living keratinocyte cell constructs using magnetic levitation. These
results improve the understanding of the biophysical properties of keratinocytes and
suggest that label-free, scaffold-free magnetic levitation may be a practical alternative for
future applications in tissue engineering. Therefore, this innovative approach holds
promise for the advancement of tissue engineering and regenerative medicine by
providing a reliable method to create complex tissue constructs without the need for

conventional scaffold materials.
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