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ABSTRACT

MAGNETIC BASED CELL SORTING IN MICROFLUIDIC DEVICES

Blood can serve as a diagnostic and therapeutic tool by isolating disease-
associated cells, or biomarkers, from complex samples. Among these biomarkers,
circulating endothelial cells (CECs) are vital for identifying cardiovascular diseases and
cancer. Their precise separation is challenging, leading to the development of a label-free
microfluidic system. This system leverages Magnetic Levitation principles to separate
CECs from white blood cells (WBCs) using magnetic, gravitational, and drag forces. The
microfluidic chip has one inlet and two outlets: the top outlet collects low-density Human
Umbilical Vein Endothelial Cells (HUVECSs) as a mimic of CECs, while the bottom outlet
collects high-density U937 cells as a mimic of WBCs using a withdrawal method. To
optimize sorting efficiency, various concentrations of gadolinium (Gd**) and different
flow rates and ratios were tested. Adjusting flow rate ratios between the outlets created a
virtual separator, enhancing sorting efficiency. Using 30 mM Gd** at a withdrawal rate
of 0.2 mL/h achieved an 86.67 + 10.4% sorting efficiency for HUVECs and 20.83 +
7.93% for U937 cells. Additionally, using the same microfluidic chip, live/dead MDA -
MB-231 cancer cell separation was performed. The purpose of live/dead sorting was to
obtain live cells for use in tissue engineering applications, specifically spheroid
formation, as higher numbers of live cells increase spheroid formation efficiency. Using
75 mM Gd** with a total flow rate of 0.25 mL/h achieved a sorting efficiency of live cells
at 77.87 £ 9.82% and dead cells at 11.02 + 5.81% from the top outlet.



OZET

MIKROAKISKAN CIHAZLARDA MANYETIK TABANLI HUCRE
AYRISTIRMASI

Kan, hastalikla iliskili hiicreleri heterojen 6rneklerden ayirarak hastalik teshisi ve
tedavisi i¢in kullanilir. Bu hiicrelerin bazilari, 6rnegin damar hasar1 ve kanser igin
biyobelirtegler olarak kullanilan dolasimdaki endotel hiicreleri (CEC'ler) gibi nadirdir. Bu
nadir hicrelerin kesin olarak ayrilmasi ¢ok 6nemli ve zordur. Bu sorunu ¢dzmek icin
etiketsiz bir mikroakigkan sistem gelistirildi. Bu sistem, parcaciklar1 etiketlemeden belirli
konumlara kaldirmak icin manyetik, yercekimsel ve siiriikleme kuvvetlerinden
yararlanan Manyetik Levitasyon ilkelerini kullanarak CEC'leri beyaz kan hiicrelerinden
(WBC'ler) izole eder. Mikroakiskan ¢ipin bir girisi ve iki ¢ikigi vardir: st ¢ikis, CEC'lerin
bir taklidi olarak diisiik yogunluklu insan Gébek Ven Endotel Hiicrelerini (HUVEC'ler)
toplarken, alt c¢ikis, bir geri ¢ekme yontemi kullanarak WBC'lerin bir taklidi olarak
yiiksek yogunluklu U937 hiicrelerini toplar. Ayristirma verimliligini optimize etmek igin
paramanyetik ortam olarak kullanilan gadolinyumunun (Gd®*) cesitli konsantrasyonlari,
akis hizlar1 ve oranlar test edildi. Cikislar arasindaki akis hizi oranlarinin ayarlanmasi,
sanal bir ayrag olusturarak ayiklama verimliligini artirdi. Toplam 0,2 mL/saat geri gekme
akis hiziyla 30 mM Gd®** kullanilmas, iist ¢ikistan HUVEC'lerin %86,67 + 10,4'te ve
U937 hicrelerinin %20,83 + 7,93'te ayristirma verimliligine ulasti. Ek olarak, ayni
mikroakigkan ¢ip kullanilarak canli/6lii  MDA-MB-231 kanser hiicresi ayrimi
gerceklestirildi. Canli/6lii ayirmanin amaci, daha fazla sayida canli hiicrenin sferoid
olusum verimliligini arttirmasit nedeniyle, sferoid olusum gibi doku miihendisligi
uygulamalarinda kullanilmak iizere canli hiicreler elde etmekti. Toplam 0,25 mL/saat geri
cekme akis hiziyla 75 mM Gd** kullamilmasi, iist ¢ikistan canli hiicrelerin %86,03 +

2,54°te ve 0lii hiicrelerin %11,02 £ 5,81 oraninda ayristirma verimliligine ulasti.
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CHAPTER 1

INTRODUCTION

The blood contains a diverse range of cells that serve as fundamental components
of the human body.! Two main types of components are circulating cells and
biomolecules. The circulating cells include Red Blood Cells (RBCs) (3.5-5.9 x 10'?
cells/L), White Blood Cells (lymphocytes, monocytes, and granulocytes) (WBCs) (4.5-
11.0 x 10° cells/L), and platelets (150-400 x 10° cells/L).? The biomolecules consist of
lipids, proteins, and nucleic acids. The exact numbers of these components depend on
factors such as age and gender.? In clinical settings, blood is primarily used as a body
fluid for diagnostic purposes. To utilize blood for these purposes, disease markers must
be sorted out. Therefore, cell sorting, and enrichment methods are crucial tools for disease
diagnosis and treatment.* Cell sorting is a method used to separate disease-associated
cells from complex or heterogeneous samples. These sorted cells typically serve as
biomarkers, providing crucial information that facilitates precise decisions for disease
management.®> Among these cells, some of them are rare cells that present less than 1000
cells per mL, such as circulating endothelial cells (CECs) and circulating tumor cells
(CTCs) which occur at frequencies of approximately 1 per 10® nucleated cells in the
blood.%" Precise separation and identification of these rare cells are crucial for diagnostic
and pharmacological purposes.®

CECs, are mature endothelial cells, that exhibit elevated counts in response to
various conditions including vascular damage (such as acute myocardial infarction,
hypertension, and coronary artery disease), sickle cell anemia, cancer, and post-organ
transplantation.®'! Consequently, they hold promise as indicators for prognosis and
treatment response assessment.

In the literature, various methods have been explored for cell separation or sorting,
which can broadly be categorized into physical force-based techniques (including
filtration, micro/nanostructured surfaces, and density gradient centrifugation depending

on physical properties such as size, stiffness, deformability, density, and electric charges)



and affinity-based techniques (such as immunoaffinity, which necessitates a labeling
process).

1.1. Conventional Cell Sorting Methods

General standard methods for cell sorting include antibody binding-based flow

cytometry, which relies on fluorescence-stained and magnetic-activated cells.

1.1.1. Fluorescence-Activated Cell Sorting

Fluorescence-Activated Cell Sorting (FACS) is applied to sort and then analyze
targeted cells from a heterogeneous mixture depending on their fluorescent properties, it
is a flow cytometry technique.*? Developed by Bonner in 1972 to isolate mouse spleen
cells'®, FACS involves labeling target cells with fluorescent probes on their surfaces
before they flow through the machine. The system first detects the fluorescent markers
and then monitors changes in the intensity of emitted light as cells pass through, directing
them into appropriate tubes using electrostatic forces (Figure 1.1).}* Different types of
lasers can be used in FACS depending on the specific tests being conducted, with
common wavelengths nm including 488 and 603, as well as 375, 405, 445, and 561.%°
This technique allows for both quantitative and qualitative analyses. While all cells emit
and absorb light, cells labeled with fluorescent molecules exhibit altered emission signals.
FACS is not time-consuming once standardized, but it requires a large sample volume,
typically around 1 mL.1® Additionally, labeling steps must be performed without cross-

contamination to ensure an efficient sorting rate.
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Figure 1.1. Hlustration of Fluorescence Activated Cell Sorting (FACS) Technique.®
1.1.2. Magnetic-Activated Cell Sorting

Magnetic-Activated Cell Sorting (MACS) is another immunolabeling procedure
likely to FACS. In MACS, instead of fluorescent labeling, magnetic beads are
implemented to label the target cells' surfaces before the separation steps.t” Once the cells
are labeled, the cell mixture is passed through an externally created magnetic field. The
targeted cells are retained by the magnetic field, while non-targeted ones pass through
and are discarded.® Afterward, the external magnetic field is shut down, and elution steps
are performed to collect the labeled cells (Figure 1.2). MACS is a comparatively simple
and cost-effective system. However, the labeling must be homogeneous, and the

experiment duration should be minimized to prevent cell loss.
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Figure 1.2. lllustration of Magnetic Activated Cell Sorting (MACS) Technique.®

These two separation techniques, FACS, and MACS, are widely used as cutting-
edge instruments in clinical settings. While each method has its own advantages, their
drawbacks have encouraged the advancement of cell sorting systems depending on
microfluidics. These systems offer a powerful and different approach, providing cost-
effective, highly efficient isolation, with a high purity, and subsequent analysis of

different cell types.?

1.2. Microfluidic Based Cell Sorting

Microfluidics has attracted significant research interest because of its many
benefits including the need for low sample volumes and enabling easy and controllable
fluid manipulations and particles like microparticles and cells.?! Additionally,
microfluidics demonstrates excellent mimicry of physiological conditions.?? By
eliminating scientist-dependent steps and implementing automation, the risk of
contamination decreases significantly. Moreover, the integration of various technologies
and the ability for parallel processing reduce both the processing time and cost.? Given
their precise manipulation abilities, microfluidics finds wide application in the separation
of microparticles, particularly cells. Cell separation involves isolating or selecting target

cells from a background or heterogeneous mixture for use in diagnostics and drug



development.?* Cell sorting, or cell separation in microfluidics, can be based on both
physiological (label-free) and biochemical (labeled) characteristics of the cell.
Physiological properties may include size, density, shape, elasticity, surface proteins, and
deformability.?> Biochemical properties encompass magnetic, electrical, fluorescence,
and immunologic properties.?? Cell sorting methods can also be classified as either active

or passive categories based on whether an external force is used.?®

1.2.1. Affinity-Based Cell Separation

Cell sorting based on chemical attributes involves affinity-based separations,
which require labeling steps. In microfluidics, both the chip surfaces and the cell surfaces
are typically treated with affinity ligands.?® Cells without labels pass through the
microfluidic chip, while labeled cells are captured by the chip surfaces. After the
capturing step, non-target cells are discarded, and the targeted cells are eluted using
various methods and collected for further analysis.?” A crucial aspect of this sorting

technique is the selection of appropriate ligands.

1.2.2. Cell Separation Based on Physical Properties

Cell sorting depends on physical attributes in microfluidic devices that utilize size,
density, shape, and deformation potential to distinguish target cells from heterogeneous
mixtures.?® This label-free method eliminates the need for expensive labeling processes,

thereby reducing sample preparation time and increasing cell viability.



1.2.2.1. Size Based Cell Separation

Separation based on size can be achieved using porous filters that isolate rare cells
while allowing target cells to pass through and retaining non-target cells, or using physical
barriers like micropillar structures which capture the targeted cells and let others flow
through.?®

1.2.2.2. Density and Magnetic Susceptibility Based Cell Separation

Magnetic-based cell separation, or magnetophoresis, requires an external
magnetic field. Positive and negative magnetophoresis are the main categories of
magnetophoresis.®® In positive magnetophoresis, targeted cells are magnetically labeled,
as seen in techniques like MACS. Conversely, negative magnetophoresis does not require
labeling. Instead, it leverages the difference in magnetic susceptibility between target
cells (which are typically diamagnetic) and the surrounding medium (usually a
paramagnetic salt solution or ferrofluids) to achieve separation.®* An external magnetic
field is necessary for magnetic manipulation.

Contact-free and power-free cell separation or enrichment methods leverage
differences in magnetic susceptibility and density, aided by gravitational force.®2
Magnetic Levitation (MagLev) is a novel technique utilizing negative magnetophoresis
(Figure 1.3). Cells are put into a paramagnetic medium in this method and placed under
a nonuniform magnetic field. After some time, the cells levitate where magnetic and
buoyancy forces balance each other. Each cell type has a specific density, allowing
MagLev to separate cells based on even small differences in density.*

To implement this, two magnets are placed that have the same poles facing each
magnetother, and a capillary channel is positioned between them. Since cells generally
do not have magnetic susceptibility, a paramagnetic medium, such as Gadolinium (Gd®*),
is required to demonstrate the effect of the magnetic field. In this medium, diamagnetic
cells have a tendency to levitate in a direction of a point where the magnetic force (Fwm)

and the buoyant force (Fg) are equal. This magnetic force is proportional to the density



differences between the cell and the medium, which is a unique property for all cell types.
With MagLev, even small density differences between two different cells can be
exploited for effective separation.” In general, Fm the magnetic force can be applied to a
magnetic particle of volume, V, x. and x,,, represent the magnetic susceptibilities of the
cells and the paramagnetic medium, respectively, y, is the permeability of free space is

expressed as Equation (1.1):

VXc—Xm) (3 D
Fy =200 (B9)B | Fy = V(pc — pg (1.1)

,where B a magnetic induction, Fg, the buoyant force can be applied to a magnetic particle
of volume, V, with a difference of p,, and p. are the densities of the medium and the

cells, respectively. g is the gravity.
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Figure 1.3. Schematic of Magnetic Levitation (MagLev) principle.

MagLev has numerous biomedical applications, including measuring the density
of microparticles and cells, observing and measuring protein, and antigen-antibody
binding®, and sorting rare and targeted cells for diagnostic methods such as cancer® and
sickle cell®® disease detection. Additionally, MagLev is used in 3D cell culturing and

tissue engineering.®”*® This technology can be integrated with smartphones, imaging



systems®®, image processing, and artificial intelligence®°, to enhance its versatility and

portability in resource-limited settings.

1.3. Aim of the Thesis

The aim of this study is to obtain a cost-effective, and reusable MagLev platform
for separating endothelial cells from blood cells without any need for complicated,
expensive, and bulky devices that require specially trained personnel. The platform and
microfluidic system are designed to operate without cell labeling, enhancing cost
efficiency. This system can be used repeatedly for different applications.

Endothelial cells are not generally found circulating in the blood and are present
in low numbers. However, their number increases in persons with cardiovascular
diseases. Although there is an increase in their number, their quantity concerning the other
circulating cells remains low, making their separation challenging. The technology can
be used to diagnose cardiovascular disease by sorting CECs from whole blood.
Additionally, the isolated CECs can be used for further analyses in personalized medicine
and treatment methods.

This same separation technique has been used for sorting live cancer cells from
dead cancer cells, an important step in tissue engineering applications to initiate 3D cell
culturing with a high number of viable cells. This separation technique enables the
effective separation of live cells from dead ones. The live cells can then be used for
spheroid formation using hanging drop technology. The results show that spheroid
formation can occur both stably and efficiently when a high number of live cells are used

in the hanging drop method.



CHAPTER 2

MAGNETIC LEVITATION-BASED ENDOTHELIAL
CELL SORTING

This chapter explains the importance of sorting CECs and the development of a
MagLev-based microfluidic sorting system. It starts with an overview of the state of CEC
research. Then, the design of the platform and the experimental procedures are given.
Finally, the results of the sorting experiments using the MagLev platform are discussed.
To simulate endothelial cells, Human Umbilical Vein Endothelial Cells (HUVECS), and
to mimic white blood cells, the U937 cell line is used.

2.1. State of the Art Circulating Endothelial Cell Sorting in Microfluidic

Devices

Endothelial cells are important in the exchange of metabolites between tissues and
blood and line the inner surfaces of all circulatory structures.** CECs are mature cells that
shed from the vascular lining and start to circulate due to mechanical, chemical, or
pathological conditions, such as cardiovascular diseases, immune disorders, and certain
cancers like breast cancer.'® An increase in their number indicates that something is amiss.
Clinically, the number of CECs should be approximately one in a million nucleated
cells.*? Therefore, an elevated number of CECs can serve as a biomarker for the diagnosis
of diseases and treatment purposes. In clinics, their detection has been done using FACS
and MACS.®

In the literature, various methods exist for sorting CECs in microfluidic systems,
including magnetic bead labeling and size-based separation. A microfluidic disk was
developed for immunomagnetic-based CEC separation.*® The microfluidic disk consists

9



of three main components: an inlet, connecting channels, and waste reservoirs. The
mixture of immunomagnetically labeled (targeted) and non-targeted cells is placed into
the inlet reservoir. The labeled CECs are trapped at the inlet by a multistage magnet
positioned directly above it. As the chip rotates, the other cells flow through the
connecting channels into the waste reservoirs. Subsequently, the chip is observed using a
fluorescence microscope. Target cells are detected, and their numbers are observed on the
disk using the microscope.

A novel microfluidic device for detecting magnetic bead-labeled cells was
developed.** This device features two identical counter mechanisms within the fluid
chamber, where an externally created magnetic field is applied (Figure 2.1). Targeted
cells, labeled with antibody-functionalized magnetic beads, experience a decrease in
velocity due to magnetic interactions as they flow through the chamber, whereas non-
targeted cells continue to flow unimpeded into the second chamber. The device identifies
targeted cells based on their transit time delay.

| Stage 1 | Stage 2 |

Antibody
—Antigen
1

oo

Resistive pulse

2nd Counter

PDMS

Glass substrate Target cell

Non-target cell

Magneto

Figure 2.1. Schematic of the magnetic-functionalized HUVEC Cell Assay. HUVECs pass
through an externally created magnetic field. The targeted cells pass from the
first micro-Coulter counter to the second one with delayed transit time and

lower speed, while non-targeted cells maintain the same transit time.*
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A microfluidic chip with spatially staggered micropillars was improved to capture
CECs.* The micropillars consist of three elliptic-cylindrical capture units: two of them
for the side walls and one for capturing, designed to retain CECs in the capturing area
(Figure 2.2). After the capturing procedure, all cells were fixed to the capture units and
stained with immunofluorescence staining. Following the washing steps, the chip was
read out using a fluorescence microscope for the identification and enumeration of CECs.
The capture efficiency varied with flow rate: 87.8 £ 3.7% at 0.5 mL/h, 82.8 + 2.9% at 1
mL/h, 71.4 £ 4.2% at 1.5 mL/h, and 64.6 = 4.0% at 2 mL/h, with a concentration of 100
HUVECs/mL. However, this system has drawbacks. Not all cells fall within the same
diameter range, which can reduce sorting efficiency. Additionally, clogging by larger

cells can prevent target cells from capturing.

v .. Capture Unit @ Captured Cell

B Bright Field

-0 0

oO

0© :
0 'Q
0% L5 -

VEGFR1 CD45 Merge

Figure 2.2. Isolation of CECs in microfluidic systems. (A) The design of a microfluidic
system for isolation of CECs. (1) Illustrative diagram, the working principle
of the microfluidic chip when blood enters the system. (2) SEM image
showing the microcapillary and capture units in detail. (3) Microfluidic chip
image. (4) Required instruments. (B) Immunofluorescent labeling of isolated
HUVECs. Scale Bar indicates 50 pm.*®
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An innovative strategy for multiplex rare cell enumeration of CECs was
implemented using an automated filtration system.*® The device features a filter
membrane with 8 um pores, allowing non-target cells like WBCs to pass through while
retaining the CECs on the filter. The target cells are fluorescently stained before filtration.
After filtration, the targeted cells are stabilized on the chip and observed under a
fluorescence microscope.

This thesis presents a novel technique for CEC separation from blood cells. The
sorting system was designed in a manner that did not need the use of complicated, bulky,
and expensive devices, and labeling steps. Utilizing magnetic levitation principles, this
cost-effective platform allows for the diagnosis of cardiovascular diseases by sorting
CECs from blood cells. Additionally, separated CECs obtained through this technology
can be used for sensitive analyses in personalized medicine, transplantation monitoring,
and regenerative medicine. Consequently, the technology developed in this thesis will
have a variety of applications in medicine, enhancing diagnostic precision and treatment

strategies.

2.2. Materials and Methods

2.2.1. Fabrication of Polydimethylsiloxane (PDMS) Microfluidic Chip

The previous design of the Chromium (Cr) Mask was used for the manufacturing
of the Polydimethylsiloxane (PDMS) microfluidic chip.® The microfluidic chip which
used in the sorting experiments contains one inlet, one separator, and two outlets (Figure
2.3).
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Figure 2.3. The designed microfluidic chip. It consists of one inlet, a separator in the

middle of the channel, and two outlets.

PDMS is a commonly used polymer for microfluidic device manufacturing due
to its various advantages, such as optical transparency (allowing microparticles to be
observed under a microscope), nontoxicity, and biocompatibility.*” The PDMS was
prepared using two components: a silicone elastomer base and a curing agent, the mixture
of 10:1 ratio, respectively.*® The mixture was well stirred until transparent and then the
removal of bubbles was placed in a desiccator. Once bubble-free, the mixture was poured
onto a silicon wafer covered by 3D-printed molds and left in an oven at 65°C overnight
(Figure 2.4). After the curing, the replica PDMS with the microchannel was taken off,
and inlets and outlets were created using punches. Since PDMS is hydrophobic and does
not easily bond with surfaces without treatment, both the glass and PDMS surfaces
underwent air plasma treatment to enable covalent bonding.*® After the treatment of air
plasma, the PDMS was bonded to the surface of the glass, making the PDMS microfluidic
chip ready for use (Figure 2.4).
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Figure 2.4. The fabrication of PDMS Microfluidic Channel. (a) The mold used for the
manufacturing of the PDMS microfluidic chip. (b) The ready-to-use PDMS

microfluidic chip. Scale Bars indicate 1 cm.

2.2.2. Development of the Magnetic Levitation (MagLev) Platform for
Capillary and Polydimethylsiloxane (PDMS) Microfluidic Chip

Observation

The MagLev platform for capillary and PDMS Microfluidic Chip observation is
required to observe the cell with an inverted microscope. To do so the design was done.
In order to observe the cell the 45-degree tilted mirrors were used, and the mirror's
distance was calculated with respect to the working distance of the microscope. The
platform contains two N52-grade neodymium magnets the dimensions of the magnet are
a length of 50 mm, a width of 2 mm, and a height of 5 mm. These magnets are placed on
the same poles face each other. In between the magnets, there was a hole for capillary
which was designed as the capillary measurements a length of 50 mm in length, a width
of 1 mm, and a height of 1 mm. The 3D body of the platform was printed out using
Formlabs, Form3 3D printer with clear resin, and the magnets and mirrors were assembled
to the body (Figure 2.5).
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Figure 2.5. The developed magnetic levitation platforms. (a) The magnetic levitation
platform for the capillary channel consisting of two 45° tilted mirrors, two
magnets, a hole for a capillary channel, and a 3D-printed holder. (b) The
magnetic levitation platform for the PDMS microfluidic chip consisting of
45° tilted mirrors, a 3D-printed holder, and a hole for the PDMS microfluidic
chip. (c) The PDMS microfluidic chip holder consisting of two magnets, a
hole for a PDMS microfluidic channel, and a 3D-printed holder. Scale Bars

indicate 1 cm.

2.2.3. Cell Culture

U937 human monocyte cells were cultured in Roswell Park Memorial Institute
1640 (RPMI 1640, Euroclone) medium containing 10% fetal bovine serum (FBS,
ECS0180, Euroclone) and 1% Penicillin-Streptomycin (Penicillin/Streptomycin 100x,
Euroclone). Human Umbilical Vein Endothelial Cells (HUVECs) were cultured in
Dulbecco’s Modified Eagle Medium high glucose (DMEM, Gibco) supplemented with
10% FBS and 1% Penicillin-Streptomycin. ° The cells were placed in an incubator set to
37°C with 5% CO2. When the cells reached the desired growth stage, they were used in
experiments.

The preparation of cells for experiments was done in two ways due to their
adhesiveness. HUVEC cells exhibit adhesive properties, while U937 cells are suspended.
U937 cells were centrifuged for 5 minutes at 1200 rpm, the supernatant was discarded,
and the remaining cells were resuspended in 1 mL of RPMI. The desired cell

concentration was then used for the experiments.
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For HUVEC cells, the supernatant was discarded from the flask, and Trypsin
(Trypsin-EDTA, Euroclone) was added to detach the cells. Cell detachment was carried
out at 37°C for 10 minutes, followed by centrifugation for 5 minutes at 1200 rpm. The
remaining cells were resuspended in 1 mL of DMEM, and the desired cell concentration

was used for the experiments.

2.3. Results and Discussion

2.3.1. Magnetic Levitation of HUVEC and U937 Cells in Capillary

For MagLev experiments in capillaries, U937 and HUVEC cells were used at a
concentration of 10° cells/mL. A paramagnetic solution of Gadavist (Gd**, Bayer) was
added to the cells at molarities ranging from 10 mM to 50 mM and 100 mM. Prepared
solutions of 30 pL were loaded into capillary channels. Following 15 minutes, the images
were captured at 5x magnification using an inverted microscope (Zeiss Axio Vert Al,
Germany) (Figure 2.6).

The levitation height of cells in the MagLev platform was assessed using the
ImageJ program. The distance from the bottom magnet to the center of each cell was
measured. Average levitation heights were calculated for all concentrations and cell
types, and t-tests were conducted (Figure 2.7). In both HUVECs and U937 cells the
average levitation heights were identified to be significantly different across all Gd**
concentrations. Additionally, an increase in the Gd** concentration resulted in a higher
levitation height. These results show that the optimal Gd** concentration may vary
depending on the application. Using a low Gd* concentration is important to achieve the
maximum difference in average levitation height of the two cells. For instance, at a
concentration of 10 mM, the difference in average levitation height between HUVECs
and U937 cells was 65 pm, while it was 32 um at 50 mM. These findings suggest that
optimizing Gd*" concentration can enhance endothelial cell sorting using the principle of

MagLev.
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Figure 2.6. The micrographs of levitated cells with varying Gd** concentrations (10 to
50, and 100 mM). (a) HUVECs and (b) U937 cells were used in the

experiments. Scale Bar indicates 200 pm.
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Figure 2.7. The graph of average levitation heights of HUVECs and U937 Cells.

2.3.2. Magnetic Levitation-based HUVEC and U937 Cells Static Condition in
PDMS Microfluidic Chip

For sorting experiments under static conditions in the PDMS microfluidic chip,
U937 and HUVEC cells were used at a concentration of 10* cells/mL. These cells were
analyzed under static conditions separately to determine the optimum average levitation
height difference. After cell calculation, a paramagnetic medium with different
concentrations (10 - 50 mM) was added to the solution. Prepared solutions of 20 uL were
loaded into the microfluidic chip. Following 15 minutes, the images were captured at 10x
magnification using an inverted microscope (Zeiss Axio Vert A1, Germany) (Figure 2.8).
The levitation height of cells in the MagLev platform was assessed using the ImageJ
program. The distance from the bottom magnet to the center of each cell was measured.
Average levitation heights were calculated for all concentrations and cell types, and t-

tests were conducted (Figure 2.9).
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Figure 2.8. The micrographs of levitated cells with varying Gd** concentrations (10 to 50
mM) HUVECs and U937 cells. Scale Bar indicates 100 pm.

In the experiments, HUVECs did not concentrate above the separator due to their
lower density compared to U937 cells, which settled at the bottom. The closest

approximation to the desired separation was achieved with a 30 mM Gd®* concentration.
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Figure 2.9. The graph of average levitation heights of HUVECs and U937 Cells in PDMS

microfluidic chip.

A significant difference in levitation height was observed at 30 mM Gd**
concentration. However, this concentration alone was insufficient to effectively separate
HUVECs from U937 cells. Consequently, the flow ratio was adjusted. The channel width

is 400 um, and various flow ratios were tested.

2.3.3. Magnetic Levitation-based HUVEC and U937 Cells Sorting in PDMS
Microfluidic Chip

For sorting experiments using the underflow method, the following cell numbers
were used: 10° cells per mL for HUVECs and 108 cells per mL for U937 cells. In the first
trial, the overall flow rate was set to 1 mL/h. Using the withdrawal method, the top and

bottom flow rates were set at 0.5 mL/h, and the cells were sorted separately. After sorting,

20



the cells were counted and the calculation of sorting efficiency was done with the help of
Equation 2.1:

Sorting Efficiency for HUVECs = TOPHUVECS (2.1)

TopruvEcstBottomyyvecs

, Where Topyyvecs and Bottomyyygcs represent the number of HUVECs counted from
the top and bottom outlets, respectively. The same equation was used for U937 cells as
well.

The sorting efficiency for HUVECs was 20.22 + 2.65% and for U937 cells, it was
33.73 £ 3.13% from the top outlet (Figure 2.10). After adjusting the flow rate ratios for
the top and bottom outlets to 0.55 mL/h and 0.45 mL/h, respectively, the cells were
counted again, and sorting efficiency was recalculated. The sorting efficiency for
HUVECs increased to 23.13 + 2.76%, and for U937 cells, it was 30.17 + 3.32% from the
top outlet (Figure 2.10). Although there was a slight improvement in sorting efficiencies,
these results did not meet the study's aim, as the cells needed more time to levitate in the
chip before exiting through the respective outlets.3 Therefore, the total flow rate was
adjusted to 0.4 mL/h (Figure 2.10). While the sorting efficiency improved slightly, it still
required further adjustment. Consequently, the flow rate was set to 0.2 mL/h, with various
ratios of top to bottom outlets, including 3:1, 2.5:1.5, 3:2, and 2:1 (Figure 2.11).
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Figure 2.10. The graph of the sorting efficiencies at the top outlet for 10° cells/mL
HUVECs and 10° cells/mL U937 cells under a 30 mM Gd** concentration,
(@) and (b) with a total withdrawal rate of 1 mL/h, and (c) and (d) with a
total withdrawal rate of 0.4 mL/h.
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Figure 2.11. The graph of the sorting efficiencies at the top outlet for 10° cells/mL
HUVECs and 10° cells/mL U937 cells under a 30 mM Gd*" concentration
with a total withdrawal rate of 0.2 mL/h using (a) 3:1, (b) 2:1, (c) 2.5:1.5,

and (d) 3:2 ratios from the top and bottom outlets.

The sorting efficiency of HUVECs improved with the adjusted flow rate, and by
changing the flow rate ratio between the top and bottom withdrawal rates, the purity of
the sorted cells could be enhanced. After optimizing the sorting conditions for the
individual cell types, a mixture of 103 HUVECs/mL and 10° U937 cells/mL was sorted
at a Gd** concentration of 30 mM (Figure 2.12). Although there were slight changes in
sorting efficiencies, likely due to the increased overall cell concentrations, these
adjustments demonstrated that this system can be effectively used for endothelial cell
sorting applications. When the flow rates were set to 0.12 mL/h for the top outlet and 0.08
mL/h for the bottom outlet, the sorting efficiencies were 86.67 + 10.4% for HUVECs and
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20.83 £ 8.93% for U937 cells from the top outlet (Figure 2.12). These results indicate the
highest efficiency and purity achieved.

(a) (b) (c)
Q= 0.133 mL/h Q,= 0.067 mL/h Q= 0.125 mL/h Q,= 0.075 mL/h Q= 0.12 mL/h Q,= 0.08 mL/h
100+ — 1008333+ 11.8% 100-86.67 £10.4%
x 75.79 +7.8% s 9
; 80+ > 80 < g0-
2 : 3
c
2 60 2 60 3 60
o [ )
E 40 E 40 E 40
7] 30.1 + 0.87 % 7

g 22851 3.00% > . 2 2083 17.93%
5 20 £ 20+ ‘E 20—
w 0 @\

0- D o- 0-

HUVEC U937 HUVEC U937 HUVEC U937

Figure 2.12. The graph of the sorting efficiencies at the top outlet for a mixture of 10°
cells/mL HUVECs and 10° cells/mL U937 cells under a 30 mM Gad**
concentration with a total withdrawal rate of 0.2 mL/h using (a) 2:1, (b)

2.5:1.5, and (c) 3:2 ratios from the top and bottom outlets.

2.4. Conclusion

In conclusion, HUVEC cell sorting was performed with 103 HUVECs/mL and 10°
U937 cells/mL under a 30 mM Gd** concentration with various withdrawal rates.
Initially, with an overall flow rate of 1 mL/h, the top and the bottom flow rate were set at
0.5 mL/h and the sorting efficiency for HUVECs was 20.22 + 2.65%, and for U937 cells,
it was 33.73 * 3.13%. These results did not meet the study's aim, so the flow rates were
decreased first to 0.4 mL/h and then further to 0.2 mL/h. At a total flow rate of 0.2 mL/h,
the sorting efficiencies significantly improved, ranging between 79-94% for HUVECs,
across different flow rate ratios of 3:1, 2:1, 2.5:1.5, and 3:2. This demonstrated that
adjusting the flow rate improved sorting efficiency, with the best results obtained after
fine-tuning the flow rate. When cells were mixed and introduced to the system, the sorting
efficiencies were consistent, showing 75.79 = 7.8%, 83.33 + 11.8%, and 86.67 + 10.4%
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for HUVECs and 22.85 * 3%, 30.1 £+ 0.87%, and 20.83 + 7.93% for U937 cells at the top
outlet. The highest efficiency and purity were achieved with flow rates of 0.12 mL/h for
the top outlet and 0.08 mL/h for the bottom outlet.
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CHAPTER 3

MAGNETIC LEVITATION-BASED LIVE-DEAD CELL
SORTING

In this chapter, MagLev technology is used for live-dead sorting of MDA-MB-
231 Dbreast cancer cells. It begins with an overview of the current state of live cell
enrichment and its importance. Next, the designed experiments for live cell sorting and
their suitability for 3D cell culture applications are presented. Finally, all results are given

and discussed.

3.1. State of the Art Circulating Endothelial Cell Sorting in Microfluidic

Devices

The separation or enrichment of live cells is crucial for tissue engineering
applications, drug screening, and testing studies, as viable cells are essential in these
fields.>! In tissue engineering, live cell sorting is vital for obtaining only viable cells to
increase the success rate in applications such as stem cell grafts, stem cell transplants, and
neurological regenerative therapy.®2°? Conventional methods for live cell sorting, such as
FACS and MACS, involve labeling steps that increase costs and the risk of false positive
results from nonspecific reagent binding.>® Consequently, scientists are turning to label-
free microfluidic techniques.

A novel label-free microfluidic approach was developed in live and dead cell
sorting based on stiffness differences (Figure 3.1).>* The microfluidic chip has three inlets
and outlets. The middle inlet is for the cell mixture, while the top and bottom inlets are

for the flow. The top outlet collects the stiffer, nonviable cells, the middle outlet collects
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a mixture of live and dead cells, and the bottom outlet collects the less stiff, viable cells.
The microfluidic chip achieves separation using a channel with repeated diagonal ridges.
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Figure 3.1. lllustration of a ridge-based microfluidic device for sorting of live cells. (a)

Cells directed through ridges and flow toward different outlets depending on
the difference in stiffness. (b) A close-up of the ridges and outlets with an

optical micrograph. (c) A close-up of the flow of live and dead cells.>

A novel magnetic levitation-based label-free sorting device called CelLEVITAS
was developed for live and dead cells.® It consists of a flow channel that is 1 mm high
and 1 mm wide. Positioned between two magnets, it separates live cells depending on
their magnetic and density properties. A withdrawal flow is employed for the separation
process. After separation, dead cells and debris are collected at the bottom outlet, while
live cells are sorted at the top outlet.

The aim of this study is to highlight the importance of obtaining viable cells for
cell enrichment purposes without using expensive labeling methods. MagLev principles
and the density difference between live and dead cells were utilized for this purpose. After
sorting live cells from dead ones, the cells collected from the top outlet were tested for

their suitability in 3D cell culture applications. The hanging drop method was used to
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create spheroids, which were then subjected to drug treatment and observed under the
MagLev principle. Consequently, the technology developed in this thesis will have

various applications in medicine.

3.2. Materials and Methods

The MagLev technology and platform discussed in Chapter 2 were also used in

this chapter.

3.2.1. Cell Culture

MDA-MB-231 breast cancer cells were cultured in Dulbecco’s Modified Eagle
Medium high glucose (DMEM, Gibco), supplemented with 1% Penicillin-Streptomycin
and 10% FBS.>® The cells were maintained in an incubator at 37°C with 5% CO,. Once
the cells reached the desired growth stage, they were prepared for experiments.

To prepare the cells, the supernatant from the MDA-MB-231 culture was
discarded, and Trypsin-EDTA (Euroclone) was added to detach the cells.>® Detachment
was carried out at 37°C for 10 minutes, followed by centrifugation for 5 minutes at 1200
rpm. The remaining cells were resuspended in 1 mL of DMEM, and the desired cell
concentration was used for experiments.

For preparing dead cells, the resuspended cells in 1 mL of DMEM were treated
with DMSO (Isolab) for one hour at 37°C. After this treatment, the cells were centrifuged
for 5 minutes at 1200 rpm, the supernatant was discarded, and the cells were resuspended
in 1 mL of DMEM. The desired cell concentration was then used for the experiment.
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3.2.2. Hanging Drop Technique and Drug Treatment

For the hanging drop procedure, cells were taken separately from the top and
bottom outlets after a 1:1 ratio of mixed Live and Dead MDA-MB-231 cell sorting. The
cell mixture was centrifuged for 5 minutes at 1200 rpm, the supernatant was discarded,
and the cells were resuspended in DMEM. Each hanging drop contained 10 pL of the cell
mixture.>® Images were taken at a time of 0, 24, 48, 72, and 96 hours to compare spheroid
formation parameters, including time and diameter. After achieving compact spheroid
formation, the spheroids were gently transferred to the MagLev platform and placed in
the capillary channel under conditions of 100 mM hydrochloric acid (HCI) and 50 mM
Gd**.

3.3. Results and Discussion

3.3.1. Magnetic Levitation of Live and Dead MDA-MB-231 Cells Static
Condition in PDMS Microfluidic Chip

For sorting experiments under static conditions in the PDMS microfluidic device,
MDA-MB-231 cells were used at a concentration of 10* cells/mL. These cells were
analyzed separately under static conditions to determine the optimum average levitation
height difference. After cell calculation, a paramagnetic medium with different
concentrations of 50, 60, 75, and 100 mM Gd** was added to the solution. Prepared
solutions of 20 pL. were loaded into the microfluidic chip. Following 15 minutes, the
images were captured at 5x magnification using an inverted microscope (Zeiss Axio Vert
Al, Germany) (Figure 3.2).
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Figure 3.2. The micrographs of levitated MDA-MB-231 cells with varying Gd®*
concentrations of 50, 60, 75, and 100 mM. Scale Bar indicates 200 pm.

The levitation height of cells in the MagLev platform was assessed using the
ImageJ program. The distance from the bottom magnet to the center of each cell was
measured. For all concentrations and cell types, average levitation heights were
calculated, and t-tests were conducted (Figure 3.3). The average levitation heights of live
and dead MDA-MB-231 cells were found to be significantly different across all Gd**
concentrations. Additionally, it was observed that an increase in the paramagnetic
medium concentration resulted in a higher levitation height. These results indicate that
the choice of Gd®*" concentration may vary depending on the application. Using a low
Gd** concentration is important to achieve the maximum difference in average levitation
height between the live and dead cells. These findings have the potential to be applied in

sorting endothelial cells using the MagLev principle.
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Figure 3.3. The graph of average levitation heights of live and dead MDA-MB-231 Cells

3.3.2. Magnetic Levitation of Live and Dead MDA-MB-231 Cells Sorting in
PDMS Microfluidic Chip

For sorting experiments using the underflow method, the following cell numbers
were used: 10° cells/mL for both live and dead MDA-MB-231 cells under 75 mM Gd**
conditions. In the first trial, the overall flow rate was set to 1 mL/h. Using the withdrawal
method, the top and bottom flow rates were each set at 0.5 mL/h. In this experiment, live
and dead MDA-MB-231 cells were sorted separately. After sorting, the cells were
counted and the calculation of sorting efficiency was done. The sorting efficiency for live
cells was 65.67 = 9%, and for dead cells, it was 21.34 £+ 4.82% (Figure 3.4). These results
did not meet the study's aim, as the cells needed more time to levitate in the chip before
exiting through the respective outlets.3 Therefore, the total flow rate was subsequently
adjusted to 0.5 mL/h (Figure 3.4). While the sorting efficiency improved slightly, further
adjustment was needed. Therefore, the flow rate was set to 0.25 mL/h, similar to the

adjustment made in CEC sorting (Figure 3.4).

31



(a) (b)

Q=1 mL/h Q= 0.5mL/h Q= 0.25 mL/h
Qop= Qpottom= 0.5 mL/h Qtop= Qpottom= 0.25 mL/h Qtop= Qpottom= 0-125 mL/h

—_—
[a]
—_—

3 < 6728 + 16.76 ¥ 3 71.33 + 19.47 %
— S - L O ('] L
> 8065679 % > 807 > 801
c c c
.g 60— % 60 .g 60-
W 40 W 404 . . 40-
o 2134+482% O 1BAEFNE% o 17.96 + 5.35%
£ 20- £ 20 £ 204
o o o
0 4 » o @0 o
Live Dead Live Dead Live Dead

Figure 3.4. The graph of the sorting efficiencies at the top outlet for both 10° cells/mL
live and dead MDA-MB-231 cells under a 75 mM Gd** concentration with a
total withdrawal rate of (a) 1 mL/h, (b) 0.5 mL/h, (c) 0.25 mL/h.

The sorting efficiency of live MDA-MB-231 cells improved with an adjusted total
flow rate of 0.5 mL/h. By altering the flow rate ratio between the top and bottom
withdrawal rates, the purity of the sorted cells was enhanced (Figure 3.5). However, these
results were still not as good as those obtained with a total flow rate of 0.25 mL/h. Thus,
the total flow rate was set to 0.25 mL/h, with adjustments to the flow rate ratios (Figure
3.6). When the flow rates were set equal to 0.125 mL/h the sorting efficiencies were 71.33
+ 19.47% for live and 17.96 + 5.35% for dead cells from the top outlet. However, when
the flow rate ratios changed and set to 0.1 mL/h for the top outlet and 0.15 mL/h for the
bottom outlet, the sorting efficiencies were 86.03 £ 2.54% for live and 6.21 + 1.46% for
dead MDA-MB-231 cells from the top outlet (Figure 3.6).
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Figure 3.5. The graph of the sorting efficiencies at the top outlet for both 10° cells/mL
live and dead MDA-MB-231 cells under a 75 mM Gd** concentration with a
total withdrawal rate of 0.5 mL/h using (a) 1:1, and (b) 1:1.5 ratios.
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Figure 3.6. The graph of the sorting efficiencies at the top outlet for both 10° cells/mL
live and dead MDA-MB-231 cells under a 75 mM Gd** concentration with a
total withdrawal rate of 0.25 mL/h using (a) 1:1 and, (b) 1:1.5 ratios.
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After optimizing the sorting conditions for individual cell types, a mixture of 10°
MDA-MB-231 cells/mL was sorted at a Gd** concentration of 75 mM with flow rates of
0.1 mL/h and 0.15 mL/h from the top and bottom outlets, respectively (Figure 3.7). To
further improve the sorting efficiency difference between live and dead cells, a flow ratio
of 1:4 was tested (Figure 3.7). Although there were slight changes in sorting efficiencies,
likely due to increased overall cell concentrations, these adjustments demonstrated that
this system can be effectively used for live cell sorting applications. When the flow rates
were set to 0.1 mL/h for the top outlet and 0.15 mL/h for the bottom outlet, the sorting
efficiencies were 77.87 + 9.82% for live cells and 11.02 + 5.81% for dead cells from the

top outlet (Figure 3.7). These results indicate the highest efficiency achieved.
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Figure 3.7. The sorting efficiencies of live and dead MDA-MB-231 cells at the top outlet
for a mixture of both 108 cells/mL under a 75 mM Gd** concentration with a

total withdrawal rate of 0.25 mL/h using (a) 1:1.5, and (b) 1:4 ratios.

3.3.3. 3D Cell Culture with Hanging Drop Method

After sorting, the cells collected from the top and bottom outlets were used to form

spheroids using the hanging drop method to observe any differences due to varying flow
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rates. The spheroid formations were observed under the following conditions: a total
withdrawal rate of 0.25 mL/h for only live cells (Figures 3.8 and 3.9) and a control group

without sorting of live cells (Figure 3.10).

Figure 3.8. Micrographs of MDA-MB-231 cell spheroids containing only live cells after
sorting with a withdrawal rate of 0.125 mL/h in a ratio of 1:1 under 75 mM
Gd** concentration. Brightfield and fluorescent images show spheroid
formations of cells collected from (a) top and (b) bottom outlets. Scale Bar

indicates 200 pm.
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Figure 3.9. Micrographs of MDA-MB-231 cell spheroids containing only live cells after
sorting with a withdrawal rate of 0.1 mL/h and 0.15 mL/h from top and
bottom outlets in a ratio of 1:1.5 under 75 mM Gd*" concentration.
Brightfield and fluorescent images show spheroid formations of cells

collected from (a) top and (b) bottom outlets. Scale Bar indicates 200 pm

Figure 3.10. Brightfield and fluorescent micrographs of MDA-MB-231 cell spheroids

containing only live cells before sorting. Scale Bar indicates 200 pum.
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The comparison of the spheroids was done using diameters (Figure 3.11). When
the spheroids were made from cells sorted from the top outlet, their diameters were 789
pum at 0 hours and 557 pm at 72 hours. In contrast, the spheroids made from unsorted
cells had diameters of 954 um at 0 hours and 482 um at 72 hours. It was observed that
before sorting, the spheroid diameters were comparable to or larger than those formed

after sorting (Figure 3.11).
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Figure 3.11. Graphs showing the change in spheroid diameters of MDA-MB-231 cells
over time. The spheroid diameters are presented for sorted cells collected

from (a) top and (b) bottom outlets and (c) for unsorted cells.

The cell clusters were then subjected to HCI treatment using MagLev after
achieving a compact structure (Figures 3.12 and 3.13). These clusters were made from
the sorting of cells collected from the top and bottom outlets. The HCI treatment was
applied to the clusters, and the change in levitation heights was observed (Figure 3.14).
After 30-40 minutes of HCI treatment, the clusters no longer levitated. The clusters were
then dyed with trypan blue to confirm that all the cells were dead. As a control, clusters
were also placed into the capillary without any HCI treatment, and they did not change

their levitation height even after 3 hours.
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Figure 3.12. Micrographs of levitated MDA-MB-231 cell clusters under HCI treatment.
3D cell clusters were achieved for cells collected from (a) top and (b) bottom
outlets of the magnetic levitation platform. Scale Bar indicates 200 pum.
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Figure 3.13. Micrographs of levitated MDA-MB-231 cell clusters without HCI treatment
as a control group. Scale Bar indicates 200 pm.
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Figure 3.14. Graphs illustrating the changes in levitation heights of MDA-MB-231 cell
clusters. 3D cell clusters were formed from cells collected from the magnetic
levitation platform’s (a, ¢) top and (b) bottom outlets. The clusters were

levitated (a, b) with HCI and (c) without HCI.

3.4. Conclusion

In conclusion, live-dead MDA-MB-231 cell sorting was performed with both live
and dead 10° MDA-MB-231 cells/mL under a 75 mM Gd** concentration with various
withdrawal rates. Initially, with an overall flow rate of 1 mL/h, both the top and bottom
outlet flow rates were set at 0.5 mL/h. The sorting efficiency for live MDA-MB-231 cells
was 65.67 + 9%, and for dead MDA-MB-231 cells, it was 21.34 + 4.82%. These results
did not meet the study's aim, so the flow rates were decreased first to 0.5 mL/h and then
further to 0.25 mL/h. At a total flow rate of 0.25 mL/h, the sorting efficiencies
significantly improved, ranging between 71-86% for live MDA-MB-231 cells, across
different flow rate ratios of 1:1 and 1:1.5. This demonstrated that adjusting the flow rate
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improved sorting efficiency, with the best results obtained after fine-tuning the flow rate.
When cells were mixed and introduced to the system, the sorting efficiencies were
consistent, showing 77.87 £+ 9.82% for live MDA-MB-231 cells, and 11.02 + 5.81% for
dead MDA-MB-231 cells at the top outlet. The highest efficiency was achieved with flow
rates of 0.1 mL/h for the top outlet and 0.15 mL/h for the bottom outlet.

After sorting the live cells, they were used for 3D cell culture using the hanging
drop method to form spheroids. The sorted cells showed an immediate diameter decrease
compared to the control group, which was not sorted. After achieving compact spheroid
formation, these clusters were treated with HCI, and their levitation height decrease was
observed over time. This indicates the cells inside spheroids are dying with HCI treatment,

which can be observed with the levitation height changes of clusters.
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CHAPTER 4

CONCLUSIONS

Cardiovascular diseases are the leading cause of death, accounting for more than
90% of fatalities. CECs, which are mature endothelial cells, can serve as biomarkers for
cardiovascular diseases. Despite the challenges in sorting CECs, such as their low
numbers, they are crucial for diagnostic purposes. Traditional techniques for sorting
CEC:s often rely on labels or general immunomagnetic and immunofluorescent markers.

In this study, the magnetic levitation principle was utilized due to its advantages
in terms of simplicity, cost-effectiveness, and reduced risk compared to methods like
FACS and MACS, which can adversely affect cell viability. The developed magnetic
levitation platform demonstrated high sorting efficiency, achieving 86.67% for
endothelial cells (HUVECs) at a concentration of 10° cells/mL using 30 mM Gadavist
under a flow rate of 0.2 mL/h.

As a result of this study, circulating endothelial cells (CECs) were successfully
sorted on a microfluidic chip for the first time, using only their unique density as a
biomarker to distinguish them from white blood cells (WBCs). Additionally, a novel
approach was introduced by creating a virtual separator through the manipulation of flow
rate ratios between the top and bottom outlets, enhancing the sorting process. This
innovation marks a significant advancement in the use of microfluidic technology for
precise cell separation. The developed magnetic levitation platform offers a rapid, low-
cost, and label-free in-vitro diagnostic method for cardiovascular diseases by sorting
CECs from whole blood with high throughput and purity. The sorted cells can also be
collected for downstream analysis in personalized medicine.

Another aspect of this study focused on the live-dead sorting of breast cancer cells
for spheroid formation. The methodology demonstrates that this system is effective for
live/dead cell separation. Following the separation, spheroid formation can be achieved

using the hanging drop method. After spheroid formation, the cells were treated with HCI
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to observe changes in their levitation behavior. Following 45 minutes of HCI treatment,
all structured cancer cell clusters were dyed, indicating no levitation due to their high
densities. This absence of levitation suggests that this method could potentially be used
for treatment applications.

In this thesis, a novel microfluidic sorting system based on magnetic levitation
principles has been developed, achieving high efficiency in separating circulating
endothelial cells (CECs) from white blood cells (WBCs) and live cancer cells from dead
ones with the help of creating virtual separator. This label-free and cost-effective method
demonstrates significant potential for cell sorting. For future studies, this chip can be
applied to different cell lines and integrated with lab-on-a-chip devices to enable further
cell analysis. The results highlight the system's potential applications in the early
detection of cardiovascular diseases, tissue engineering, and personalized medicine. We
are enthusiastic about the prospects and the ongoing contributions this research will make

to the scientific and medical communities.
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