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ABSTRACT

Understanding cancer and immune cell heterogeneity using

microfluidics, dielectrophoresis, and conventional methods

ESRA SENGUL

Molecular Biology Genetics and Bioengineering, M.Sc. Thesis, June 2021
Thesis Supervisor: Assoc. Prof. Meltem Elitas

Keywords: Cell heterogeneity, Conventional cell culture, Dielectrophoresis,

Glioblastoma, Invasiveness, Macrophage, Microfluidics, Monocyte

Cell heterogeneity is characterized by the genetic variations, environmental differences,
and reversible changes in cellular properties. Phenotypic and functional heterogeneity
develops in cells within the same population. This heterogeneity is extensively studied and
implemented in different fields, namely, molecular biology, genetics, immunology, cancer
biology, cell biology, biochemistry, and biophysics. It is experimentally proven that cell
heterogeneity inside the tumor enhances the invasive characteristics of the cancer cells. In
this study, Glioblastoma cell line U87 and tumor associated macrophages as well as
monocytes were investigated using different lab-on-chip devices, and conventional cell
culture techniques. It is aimed to understand the heterogeneity of cells within a single
population and direct and indirect culture of cancer and immune cells. Heterogeneity is
quantified in population level using conventional cell culture techniques, while microfluidic
device enabled to receive single cell level data, dielectrophoresis expanded the results by
giving dielectric deformation and position of the single cells real time, continuously.

Immunostaining experiments further enhanced heterogeneity by determining biomechanical



properties of cells such as size, invasiveness, mesenchymal phenotype, macrophage
polarization, immune cell plasticity in dynamic environment, and expression levels of
Vimentin, E-Cadherin, CD68, CD80, CD163, CD11a, CD11b, and CD14. Batch culture
assays and microfluidic tools together provided better insights about the behavior of cells.
Both macrophage and glioma populations were highly heterogenous. Glioma cells exhibited
higher migration rate and lower proliferation rate when there was paracrine signaling with
macrophages. Existing lab-on-chip techniques must be developed to analyze thousands of

cells and patient-specific samples.



OZET

Mikroakiskan, dielektroforezis ve geleneksel yontemler

kullanarak kanser-immiin hiicre heterojenligini anlamak

ESRA SENGUL

Molekiiler Biyoloji Genetik ve Biyomiihendislik, YUKSEK LISANS TEZI, Haziran
2021

Tez Danismani: Dog. Dr. Meltem Elitas
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Mikroakiskanlar, Dielektroforez, Geleneksel hiicre kiiltiirii, Invazivite

Hiicre heterojenligi, genetik varyasyonlar, ¢evresel farkliliklar ve hiicresel 6zelliklerde
degisiklikler, fenotipik ve fonksiyonel heterojenlik tek bir popiilasyonu olusturan ayni tip
hiicrelerde gelisir. Bu heterojenlik, molekiiler biyoloji, genetik, immiinoloji, kanser
biyolojisi, hiicre biyolojisi, biyokimya ve biyofizik gibi farkli alanlarda kapsamli bir sekilde
incelenmekte ve uygulanmaktadir. Tiimordeki hiicre heterojenliginin kanser hiicrelerinin
istilac1 Ozelliklerini gelistirdigi deneysel olarak kanitlanmistir. Bu tezde, Glioblastoma
kanser hticre dizisi U87 ve tiimorle iliskili makrofajlarin yani sira monositler, farkli ¢ip isti
laboratuvar cihazlari, molekiiler biyoloji tahlilleri ve geleneksel hiicre kiiltiirii teknikleri
kullanilarak arastirilmigtir. Tek bir popiilasyon i¢indeki hiicrelerin heterojenligini ve kanser-
bagisiklik hiicrelerinin dogrudan ve dolayli kiiltiirlerindeki heterojenlik degisimini anlamak
amagclanmaktadir. Heterojenlik, geleneksel hiicre kiiltiirii teknikleri kullanilarak popiilasyon
diizeyinde olgtiliirken, mikroakiskan cihaz tek hiicre diizeyinde veri almay1 saglamistir.

Dielektroforez, stirekli olarak tek hicrelerin dielektrik deformasyonunu ve konumunu gergek



zamanl1 vermistir. Immiin boyama deneyleri, hiicrelerin biiyiikliik, istilacilik, mezenkimal
fenotip, makrofaj polarizasyonu, dinamik ortamda immiin hiicre plastisitesi belirlemistir.
Hicrelerin Vimentin, E-Cadherin, CD68, CD80, CD163, CD14, CD11a, CD11b belirtecleri
ile 6zellikleri belirlenmistir. Mikroakiskan cihazda ve hiicre kiiltiirii kaplarindaki deneyler
glioma ve makrofaj popiilasyonlarinda yiiksek oranda heterojenite oldugunu dogrulamistir.
Glioma hucrelerinin makrofajlardan elde edilen kosullu kiiltiiriinde proliferasyon hizi
yavaslamis, go¢ hiz1 artmuistir. Binlerce hiicreyi analiz etme ve hastaya 6zel numunelerde

analiz gerceklestirmek icin mevcut ¢ip Ustl laboratuvar teknikleri gelistirilmelidir.
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1 CHAPTER ONE: INTRODUCTION

1.1 Motivation

Tumor microenvironment has a highly complex organization with highly heterogeneous
cancer cells surrounded by various types of immune cells. Characterization of cell
heterogeneity in cancer and immune cells is essential for cancer drug development,
improving personalized medicine and developing diagnosis techniques. Improvement of
conventional techniques to understand heterogeneity can provide important information of
cell subpopulations and can enhance development of precise treatment and diagnosis
strategies. There are different methods available to quantify heterogeneity such as flow
cytometry [1] [2], atomic force microscopy [3], optical stretcher [4] and optical tweezers [5],
etc. Although these techniques are well established and specific, they are insufficient as being
time-consuming, semi-quantitative and require cell labeling.

Microfabricated tools eliminate the drawbacks of existing techniques and characterize cells
without altering their genetics and morphological characteristics [6]. Dielectrophoresis
(DEP) does not alter genetics or morphological characteristics of cells and it is a great
alternative to the available techniques to evaluate single-cell biomechanical properties. DEP
is a quantitative and high-throughput method that enables characterization of cells in a short
time with low-cost [6].

Recent studies mostly rely on investigating the changes in dielectrophoretic properties by
measuring crossover frequencies and migration differences of cells [7-9]. However,
dielectrophoresis induced mechanical deformation is another aspect to define biophysical
properties of cells and presents a useful tool for quantification of heterogeneity.
Alternatively, microfluidic lab-on-chip devices allow improved dynamic control of
environmental variables for high-throughput analysis at the single cell level for longer
periods compared with DEP. Microfluidic devices with controlled pressure gradients and
well-defined geometric shapes offer extensive throughput of in-vitro cell characteristics in
terms of shape changes of cells, mobility, and deformability. Understanding immune and

cancer cell heterogeneity will strengthen our knowledge to understand infiltration of immune



cells within tumor microenvironment and can be a link between translational and
conventional studies [10,11].

Microfabricated tools can give the required physicochemical intricacy to be utilized as
models for disease screening while being easy to utilize and modest to create. The consistent
development of these tools will unequivocally open another road in the improvement of
customized tumor models [12]. It is very important to connect conventional assays to the lab-

on-chip techniques, which mostly lack standardization.
1.2 Contributions of the Thesis

This study aims to understand the heterogeneity of cell lines that presents in Glioblastoma
tumor microenvironment. In the first part of research, DEP responses and dielectrophoretic
deformation indexes of U937 and U937-differentiated macrophages, were investigated.
Heterogeneity among these two immune cell types is revealed in terms of dielectrophoretic
deformations.

In the second part of the study, U87 cells heterogeneity was revealed at single cell level using
a microfluidic platform.

Lastly, coculture of U87 glioma cells and U937-derived macrophages performed in order to
measure expressions of Vimentin and E-cadherin proteins, which play an active role in the
spread and invasion of glioma cells, and CD68, CD80, CD163, CD11a, CD11b proteins that
play an active role in determining whether macrophage cells are M1 or M2,

This study strongly suggests that microfabricated tools are important single cell analysis

techniques that mostly compensate the limitations of the existing conventional techniques.

1.3 Outline of the Thesis

Chapter 2 explains the heterogeneity of glioma and immune cell populations in the
glioblastoma microenvironment. Cancer cell-immune cell interactions and their
heterogeneity is depicted. Dielectrophoresis and microfluidic cell culture chambers were
used to perform single-cell level heterogeneity analysis.

Chapter 3 introduces the methods that were used in this study; cell culture, microfluidic chip

fabrication and cell culture in chips, 3D Carbon-electrode DEP device, cell preparation,



experimental setup, and procedure. To link the results obtained from microfabricated tools
with conventional studies; conventional cell culture assays such as growth curve, wound
healing, Boyden chamber assay, nucleus analysis, spheroid formation are explained in
Chapter 4. To further investigate mechanical changes, immunostaining of cells and spheroids
are explained.

Chapter 5 presents the results of understanding Glioblastoma tumor heterogeneity using
microfabricated tools. Mechanophenotyping of Glioblastoma cell line U87 in microfluidic
platform is presented. Also, surrounding immune cells: U937 monocytes and U937-
differentiated macrophages, deformation, and single cell dielectrophoretic mobilities are
presented.

Chapter 6 discusses the results; Chapter 7 concludes the thesis and explains future

applications of the study.
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2 CHAPTER TWO: THEORY and LITERATURE REVIEW

2.1 Glioblastoma microenvironment

Glioblastoma multiforme (GBM) is the most malignant glial type of tumor located in the
supratentorial region of the brain, which may be multifocal or multicentric with showing low
differentiation, vascular proliferation and necrosis [12], Fig. 2.1. It accounts for half of all
primary brain tumor deaths, with patients having an average survival rate of around 14
months [13].

One of the reasons that GBM becomes a deadly and aggressive tumor type is its
heterogeneity as the name suggests “Multiforme”. Intratumor heterogeneity of GBM is
evident [14-16]. In this heterogeneity, GBM is not only composed of diverse stromal cells,
including vascular cells, the various infiltrating and resident immune cells, and other non-
neoplastic glial cell types. Brain-resident microglia, infiltrating monocytes/macrophages,
reactive astrocytes, endothelial cells, pericytes, neural cells, progenitor stem cells and other
immune cell infiltrates are shown in GBM histopathological analysis [17,18]. Some cells
have the property of increased tumorigenicity, infiltration, metastasis activity, self-renewing
capacity and some have stemness capacity, however, tumor site does not only compose of
cancer cells but also contains tumor-infiltrating peripheral immune cells (Fig. 2.2). Such
heterogeneity in GBM results in functionally different responses and diminished sensitivity

to targeted therapeutics [16].
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Figure 2.1: Tumor Microenvironment of GBM. On the side of the immune system, tumor-
associated macrophages (TAMs), mainly comprised of microglia and peripheral monocytes,
are attracted by tumor cells, which release pro-inflammatory cytokines (IL-1p, IL-6, IL-8,
etc.), matrix remodelers and growth factors (TGFpB, EGFB, TGF-a, FGFs, PDGF, VEGF,

etc.) to aid tumorigenesis [19].

GBM and glioma stem cells (GSCs) are embedded in a heterogeneous tumor
microenvironment but also compartmentalized in anatomically distinct regions, coined tumor
niches as hypoxic, angiogenic and invasive. These tumor parts can be composed of given cell
types and are distinct from each other (Fig.2.1). Vasculature can remain in the center of the
tumor and regulate metabolism, immune surveillance, survival, invasion, as well as glioma
stem cell maintenance. In the hypoxic part of the tumor, there is either nonviable or receded
structure that leads to necrotic areas surrounded by a row of hypoxic palisading tumor cells
[20].

2.2 Overview of Glioblastoma heterogeneity

Tumor heterogeneity pertains to existing cell subpopulations within the tissue. Those

subpopulations can be distinguished based on genotypic and phenotypic divergence [21].



GBM tumors show significant mitosis and intense infiltration of the surrounding tissues
compared with other brain tumors [22]. There are limitations with conventional assays to
study such tumors. To the date, mouse models provide the most realistic testing ground, but
they still fail to account for the full complexity of tumor-microenvironment interactions, as

well as the role of the immune system [23,24].

Cain of mesenchymal markers
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Figure 2.2 Cells undergoing Epithelial Mesenchymal Transition (EMT).

GBM cells are more invasive and resistant to therapy as the epithelial mesenchymal
transition (EMT) is highly activated [25,26]. Activation of EMT is crucial for processes
involving stem cell formation, wound healing and carcinoma progression since cells gain
motility and invasiveness [27]. The environmental changes may enable GBM-like high
invasive cancer cells to become more resistant to therapies as they are able to induce EMT
[28,29].

Normally cancer cells have strong tight, gap and adherens junctions and they are bound
by a basal lamina to the surface, Figure 2.2. Mesenchymal cells have spindle-shape
morphology, and they are loss of strong adherens junctions and tend to interact through focal
points [30]. Lower expression of E-cadherin is deemed to be an essential for EMT. Besides,
Snail 1, Snail 2, ZEB1, ZEB2, TCF3 and KLF8 like transcription factors (TFs) can bind to
the E-cadherin promoter and repress it [31,32]. Expression level of E-Cadherin decreases in

EMT whereas N-cadherin, fibronectin and vimentin expression levels increase in cells
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conducting EMT. (Fig.2.2). Therefore, EMT causes several phenotypic and morphological
changes that may affect cytoskeletal, mechanical changes within the cell [33].

2.3 Immune cell heterogeneity

Monocytes and macrophages can be considered as active machines that can immediately
adapt to their microenvironment for pathogenesis and homeostasis through altering their
either phenotypic or genetic properties [20,34]. They are highly heterogeneous cells as it
pertains to their morphology, location, tissue-specific relations, and functional capabilities
[35,36]. Macrophages are subtyped into M1 as classically activated macrophages and the M2
as alternatively activated macrophages [37]. It’s became clear that alternatively activated
macrophages are biochemically and functionally distinct from regulatory macrophages [38].

M1 macrophages are activated by LPS and IFN-gamma and secrete high levels of IL-12
and low levels of IL-10. While the M1 macrophages mostly function in antibacterial and
phagocytic events, the M2 macrophages function in wound healing and tissue homeostasis
and secretion of IL-10 [39]. The M1 subtype suppresses while the M2 subtype promotes
tumor growth.

Tumor-associated macrophages mainly arise from M2 phenotype [40] [41] and are one of
the key players in tumor development and progression in many types of cancer [42]. TAMs
are monocyte-derived immune cells and are classified based on their cytokines and immune

functions as M1- and M2-polarized subtypes [43]

TAMs interact with tumor cells, produce cytokines, stimulate tumor growth, metastasis,
invasiveness, and angiogenesis, and inhibit T cell immune response [44]. TAMs are activated
by tumors and stimulate tumor cells during carcinogenesis. TAMs, as differentiated immune
cells in tumors, arrange several factors in the tumor microenvironment [45]. They play an
important role in connecting inflammation with cancer (Fig. 2.3) by promoting proliferation,
invasion, and metastasis of tumor cells, stimulating tumor angiogenesis, and inhibiting
antitumor immune response mediated by T cells. The tumor-promoting role of macrophages
in inflammation is supported by several lines of evidence, including genetic analysis [46,47].

Inflammatory reactions and infiltrated macrophages can promote tumor progression.



Figure 2.3: Polarization and role of TAMs in the tumor microenvironment (This figure
adapted from [44]).

When examined by electron microscopy, the monocytes are spherical cells, they have
microvilli and microcytic vesicles, hence their membrane surfaces have several ruffles and
blebs. Whereas macrophages have an irregular shape with electron-dense membrane-bound
lysosomes. Besides, the microenvironment in which macrophages differentiate defines their
shape, biochemistry and function [48]. In general, the monocytes and macrophages enroll in
tumor formation and invasion via metastasis and angiogenesis [49,50], pathogen recognition,
phagocytosis [51], removal of dead cells and cellular debris [52] and tissue homeostasis
[49,53]. Their diverse functions are continuously controlled by their microenvironment [54—
57].

2.4 Mechanical properties of cells

Mechanical properties of cells are closely linked to the healthy condition of the cell and
have been an important marker for cell state. They are an indicator of nuclear changes,
various disease processes and changes in cell status associated with deformation of the
cytoskeleton [58]. To date, cell shape has been considered as a key factor for growth control,
Folkman and Moscona showed tissue culture plastic adhesivity varies by different
concentrations of substrates and they concluded the growth is directly related to cell shape

5



[59]. Besides, dynamic changes in cell shape may address malignancy with cytoskeletal
changes. Fluid and solid physics principles enable us to associate these mechanical cell

property changes with biological systems, astonishingly with a low number of cells [60].

2.5 Tools to understand heterogeneity.
2.5.1 Conventional methods

Conventional methods to assess cell heterogeneity includes high throughput screening,
cancer research, drug discovery and development, environmental monitoring, biosensing,
and gene expression studies, etc. [61-63]. They are now facilitated by both a renewed
understanding of cellular heterogeneity and recently developed technologies [64].
Conventional methods may include flow cytometry [1,2], atomic force microscopy [3],
optical stretcher [4] and optical tweezers [5], micropipette aspiration [65], parallel-plate
rheology [66], microfluidic ektacytometry[67], etc., Table 2.5.1

Flow cytometry has been widely used as a fluorescence labelling technique which enables
single cell deformation analysis and cell sorting from heterogeneous mixture, however, it
requires careful assistance for sticky cells, and usually, density-based outputs received
[68,69]. Atomic force microscopy (AFM) is used to measure mechanical dynamics in the
instantaneous cellular Young’s (extensional) modulus and viscous deformation. AFM may
have some limitations in terms of requiring fluorescent fusion proteins or magnetic beads
[70]. Optical forces are commonly used in single cell analysis; optical tweezers can be used
in cell manipulation with gradient/ scattering forces and optical stretchers are used to detect
single cells in the same concept coupled with several other functionalities, such as accurate
cellular sorting, trapping, and multiple parallel analysis of cell mechanics [71]. Micropipette
aspiration is used to measure mechanical properties according to the length of aspiration, but
it is unable to give results at single cell level within the population [72]. Parallel plates
rheometer extracts the Young’s modulus and deformability similarly to AFM and a single
cell placed between a rigid plate and a flexible plate and deformability are measured under
exposure to external stresses [66,73]. Microfluidic ektacytometers measure shape changes of
particles in viscous media by enabling to analyze the only shear-induced deformability
changes [67,74].



It has been difficult to define the mechanical properties of cells in terms of deformability

and mechanical plasticity with conventional cell culture techniques as they are time

consuming and additional assays are usually required for cell preparation. The bulk blended

responses of a population include a high number of cells which may cause misleading

analysis results caused by bimodal distribution of cell properties and population

heterogeneity [75].

Table 2.5.1: Comparison of heterogeneity quantification methods.

Methods/ Main beneficial features Shortcuts Sample | Label High Re
Tools recover | free throughp f.
y ut

DEP Ability to classify each It requires Hig Yes Yes [7
(Dielectroph | cell depending on its size, | optimized low | h 6]
oresis) shape and electrical | conductive

properties. It enables them to | buffers to keep
perform manipulation and | cells remain
receive accurate responses in | viable.

a short time.

Flow Ability of sorting a The output is Hig No Yes [6
cytometer/ heterogeneous cell mixture | density of | h 9]
FACS depending on their size and | population, not

fluorescent characteristics. single-cell level.
Dead and sticky
cells need more
assistance.

AFM It gives information of It’s an No Yes Yes [7
(Atomic sample surface at high | expensive and 7]
Force resolution level. time-consuming
Microscopy) method  which

requires
specialized
nanostructures
as support
surfaces.

Optical Ability to trap and It’s  labor- No Yes No [7
Tweezers manipulate cells using laser | intensive 8]

at single-cell level. method,
photodamage
and sample-
heating  limits
the usage.

Micropip The length of aspiration It’s unable to Hig Yes No [7
ette can be used to measure | measure single | h 9]
aspiration mechanical properties. cell

deformability
within the
population.

Microflui It measures shape change Ability  to Poo Yes No [7
dic in viscous media measure _only | r 4,80]




ektacytometr shear-induced

y deformability
Microflui It can detect small It requires Poo Yes Yes [8
dic deformability changes using | specifically r 1,82]
constriction | homogenous  flow  and | designed
channels viscoelastic properties of | channels for
cells. each cell type

and high-speed
microscopy and
image analyzing
software.

The changes in GBM cells occur fast and kinetic responses cannot be easily determined
in conventional methods due to required high numbers of cells, cell preparation steps,
additional instrument needs, etc. Thus, new techniques to investigate single cell properties
are needed instead of bulk techniques.

2.5.2 Microfluidics

Single cell approaches are required to distinguish rare subclones [83]. Microfluidic lab-
on-chip devices allow improved dynamic control of environmental variables for high-
throughput analysis at the single cell level. Microfluidic devices with controlled pressure
gradients and well-defined geometric shapes offer extensive throughput of in vitro cell
characteristics in terms of shape changes, mobility, deformability and single cell analysis. In
such systems, the cell microenvironment and physical interactions are well controlled and
continuous aspiration of fresh culture medium, manipulation of cells by changing biophysical
and biochemical parameters and real-time imaging and monitoring of the cell culture are
enabled [84]. Micrometer-sized microchannels are important to achieve an in vivo-like
environment for cells. Microfluidics can be scaled by a high surface area to volume ratio
compared to standard cell culture systems [85,86]. Microfluidics as aims to mimic in vivo
cellular environmentby enabling microliter medium volumes, very low medium-to cell
volume ratios and efficient oxygen supply [87]. A particular focus in microfluidics explores
the connections among cell structures, biophysical changes and the environmental
relationships. It answers how these structural changes alter single cell mechanical responses
[88]. According to the study done with a microfluidic optical stretcher by Guck et al.,

cancerous breast carcinoma cells (MCF7) have slightly more deformation compared to breast



epithelial cells (MCF10A) [60]. Microfluidic channels may offer more quantitative results
for cell deformability and motility compared to other methods [88].

To date, numerous cell line models of GBM have been established and used in enormous
numbers of studies over the years. These cell lines are the basis of biological research, yet
the experiments are usually performed in 2-dimensional (2D) culture systems.
Administration of microfluidic culture systems with specialized conditions provide a route
to overcome problems of conventional systems and be a better model to mimic cancer

microenvironment.
2.5.3 Dielectrophoresis

Dielectrophoresis (DEP) has been used in several cell characterization studies by
determining electrical properties of mammalian cells such as measuring electrokinetic
properties during growth [89], electrophoretic mobilities of immune cell subpopulations [90],
electrophoretic mobility changes of differentiated white blood cells [91]. DEP stands out as
a possible alternative to AFM, confocal microscopy and optical rheology to investigate cell
heterogeneity. DEP is a method in which dielectric force is applied to the particle when
exposed to a non-uniform electric field [49]. Using electrical forces to study cell
heterogeneity allows direct characterization of cells based on their intrinsic properties
without altering their genotype and phenotype.

DEP offers the possibility to affect the movement of polarized particles in the non-uniform
electric field. We can define the DEP force according to the difference between the dielectric
properties of the particle and its suspension medium [92].

Fpgp = 2nr3e,Re(K(w))VE? (1)

The DEP force (Fpgp) is related to the radius of the particle, the permittivity of the
surrounding medium (&,,), the real part of the Clausius-Mossotti factor (Re(K(w)) and the
applied electric field (E).

The radius shows that the phenotypic characteristics of the cells are strictly linked to the
health status of the cell and can consequently influence the DEP force or the permittivity.
The DEP force is highly related to a larger cell radius with the membrane and the cell interior.
When using a single-shell model, these differences would affect the force in the same field
and may change cell dielectric parameters [93,94]. The movement of the particle in the
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microchannel is provided by the induced dipole moment. The dipole moment (m) varying
under the electric field (E), its size and charge depend on the polarity property of the particle
per unit volume. The unitless term determined by the polarity rates between the particle and
the liquid expressed by the Clausius Mossotti (CM) factor gives an idea about the direction

and magnitude of the dipole moment. The Clausius-Mossotti factor is defined as given by

K(w) = S 2)

(ec+2em)
Here, € is known as the complex permittivity of a cell and &, is the complex permittivity

of the surrounding medium. The subscripts “m” and “c”” mean suspending medium and cells,
respectively. The complex permittivity can be expressed as
e =¢e+ % (3)

where ¢ is the permittivity, o is the conductivity and w (w = 2rf) includes the electric
field frequency. If the particle can be more polarized than the suspension medium, more
charge is collected on the particle surface, or vice versa. When the value of the Re (K (w)) is
positive, the particle is attracted by the strong electric field region referred to as positive DEP
(pDEP). When the value of the Re(K(w) is negative, the particle is repelled by the high
electric field region referred to as negative DEP (nDEP). The crossover frequency can be
defined as the cessation of the particle motion, which is specific for the particles. Hence,
crossover frequency can be used to characterize the dielectric properties of cells.

DEP can be used as a quantitative tool to analyze biophysical properties of cells, especially
in the concept of kinetic mobility, dielectric mobility and dielectric deformation (Fig. 2.4.2.).

DEP has many advantages, such as cells remain viable, maintain their genetic and
phenotypic properties [92] and it is a low-cost technique in terms of not requiring fluorescent
labels on the cells [96,97]. Dielectrophoretic responses of cells can be monitored when the
cells are exposed to the nonuniformly distributed electric field in the low-conductive

suspension medium [6].
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Figure 2.5.3: Electromechanical changes of cells in dielectrophoresis array [98].
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3 CHAPTER THREE: MATERIALS and METHODS

3.1 Cell culture

3.11

3.12

3.1.3

Glioma Cell Culture

The U87-MG (HTB-14™) human glioma cell line obtained from ATCC® (Cat. No.
HTB-14™) were cultured in Dulbecco’s Modified Eagle Media (DMEM, Pantech),
10% Fetal Bovine Serum (FBS), 1% Pen/Strep (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) in a standard humidified incubator (NUVE, Turkey) with an
atmosphere containing 5% CO. at 37°C. The second condition is prepared by U87
cells which were cultured in Roswell Park Memorial Institute Medium 1640 (RPMI
1640) medium used by macrophages for 48 h. In this condition’s media U87 cells are
maintained with 50% macrophage used RPMI and 50% DMEM. These conditions

were used for all experiments unless stated below.
Monocyte Cell Culture

The U937 (CRL-1593.2™) human histiocytic lymphoma monocyte cell line was
purchased from ATCC . The U937 monocytes were maintained in RPMI 1640
medium (Roswell Park Memorial Institute, Pan Biotech, Germany), 10% FBS (Sigma
Aldrich, St. Louis, MO).

U937-Macrophage Differentiation

The human histiocytic lymphoma macrophages were differentiated from the U937
monocytes through stimulation of 3x10° cells/ml in 5 ml RPMI 1640, 10% FBS with
5 pl working solution of 10% Phorbol 12-myristate 13-acetate (PMA, Pan Biotech,
Germany) obtained from 10 ng/ml PMA/ dimethyl sulfoxide (DMSO, Pan Biotech,
Germany) stock solution according to standard protocols for macrophage

differentiation.
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3.1.4 Conditioned Medium Preparation

Conditioned medium was harvested from U937-differentiated macrophages grown in
RPMI 1640, 10% FBS for 72 hours at 37°C with 5% CO2. The collected media was
centrifuged at 3000 rpm for 5 minutes(Z601039 - Hettich® EBA 20 centrifuge,
MERCK, Darmstadt, Germany ) and filtered through a 0.2-um filter (GVS Filter
Technology, United Kingdom), the harvest is freshly used in the experiments.

3.2 Microfluidic chip experiments
3.2.1 Microfluidic chip fabrication

Microfluidic chips were designed using the CleWin 4.0 layout editor. The microfluidic
cell culture platform has one inlet and one outlet for medium feeding, and cell loading. The
microchamber allows cells to be cultured and visualized (1280 pm x 500 um, h = 50 pm)
with two types of pillars. The circular pillars (r = 90 uym, h = 50 pum) avoid
polydimethylsiloxane (PDMS) collapse, while the trapezoid pillars connect the medium
channel (100 um x 50 um) to the cell culture microchamber. The distance between the pillars
is 390 and 190 pm for the circular and trapezoidal ones, respectively. The designs were
patterned on thin-film chromium deposited photomask (Cr-blank) using a Vistec/
EBPG5000plusES Electron Beam Lithography System. SU-8 2025 (SU-8® 2025,
MicroChem) was spin-coated on a 4 inches silicon wafer to obtain structures of height 50
um. Next, the photoresist-coated wafers were soft baked (65°C, 3 min and 95°C, 5 min) and
exposed to UV light (160 mJ/cm—2, Midas/MDA-60MS mask aligner). Upon two
consecutive post-baking processes (65°C, 1 min and 95°C, 5 min), the SU-8 was developed
(MicroChem’s SU-8 developer). The microfluidic chips were obtained using elastomeric
polymer PDMS (Sylgard® 184, Dow Corning, Midland, MI, USA) [80]. 5-mm biopsy
punchers (Robbins Instruments, Chatham, MA, USA) were used for the inlet and outlet ports
(Fig.3.2.1.a). The PDMS chips were irreversibly bonded on glass slides (Fig.3.2.1.b) using
the Corona system (BD20-AC, Electro-Technic Products Inc.).
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Figure 3.2.1: Microfluidic chip platform for mechanical phenotyping of Glioblastoma at
the single-cell level. A. Photograph of the PDMS microfluidic device. B. Model of the

microfluidic chip platform, PDMS with inlet and outlet is precisely mounted on the glass

ceiling.

3.2.2  Microfluidic chip preparation and cell culture

To prepare the microfluidic chip, all reagents and microchips were placed into the
incubator for 30 minutes. To eliminate air bubbles inside the microfluidic culture chamber,
warm medium was injected using a 200-pul micropipette (Corning, New York, NY, USA)
before introducing the cells.

U87 glioma cells were grown as explained above, trypsinized (Pan Biotech, Germany)
and resuspended in DMEM medium to obtain 1.6x10° cells/ml. Next, 50-pl cell suspension
with concentration of 8x10* cells/ml were injected into the microfluidic device. The U87
glioma chips were mounted in the incubator and their medium replaced with fresh 40-pl
DMEM medium every 24 hours. The U87-C glioma conditional cells were generated by

replacing regular DMEM medium with the conditioned medium when the cells were grown
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in DMEM medium overnight. Conditioned medium within microfluidic devices were also

refreshed once a day. Each experiment was independently performed in triplicate.

3.3 Dielectrophoresis experiments
3.3.1 Device fabrication

The production of 3D carbon-microelectrodes has been described in detail [99]. In short,
a two-step photolithography process with SU-8 (Gersteltec, Pully, Switzerland) was applied
on a silicon wafer to create the 3D structure of the micro-electrodes.. The 3D carbon-DEP
chip has 218 intermediate rows with 14 or 15 electrodes for a total of 3161 electrodes with a
height of 100 um and a diameter of 50 um. A thin layer of SU-8 was then applied to isolate
the planar connectors and make the bottom channel plane. From a 127 mm thick double-
sided pressure sensitive adhesive (PSA, Switchmark 212R, Flexcon, Spencer, MA, USA), a
1.8 mm wide, 3.2 cm long channel was cut and glued to a pre-drilled polycarbonate. This
arrangement was then manually placed around the carbon-electrode array and closed using a

rolling press.
3.3.2 Low Conductive DEP Buffer Preparation

Low conductive DEP buffer was prepared according to previous formula [100], 8.6%
sucrose (Product no: LC-4469.1, neoFroxx, Hesse, Germany), 0.3% glucose (CAS Number
59-99-7, Sigma-Aldrich, Darmstadt, in accordance with the pre-specified formula [101],
Germany) and 0.1% dilution. Bovine Serum Albumin in distilled water (BSA, Product Code:
P06-1391050, PAN-Biotech, Aidenbach, Germany). The conductivity of the final suspension
is 20 uS / cm, measured with a conductivity meter (Corning Model 311 Portable Conductivity
Meter, Cambridge Scientific Products, Watertown, MA, USA).

3.3.3 Cell preparation

U937 monocyte cells were maintained as described in section 3.1.2 in a humidified

incubator at 5% CO> - 95% air atmosphere -
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Cells were centrifuged at 3000 rpm for 5 minutes to remove remaining culture medium
and resuspended twice in DEP buffer. The cell number was determined using a
hemocytometer (Catalog No: 0680030, Marienfeld-Superior, Lauda-Konigshofen,

Germany).
3.3.4 Experimental setup

The experimental setup consisted of a signal generator (Model: GFG-8216A, GW Instek,
New Taipei City, Taiwan) and an oscilloscope (Part Number: 54622D, Agilent Technologies,
Santa Clara, CA, USA) to create an electric field. An upright microscope (Model: Nikon
MEG00 Eclipse, Nikon Instruments Inc., Melville, NY, USA) to acquire images (Hewlett-
Packard Company, Palo Alto, CA, USA), a programmable syringe pump to flow cells and
DEP buffer (Model: NE-1000, New Era Pump Systems Inc, Farmingdale, NY, USA) and our
3D carbon-DEP device. To create a reservoir, we placed two 20-200 uL pipette tips
(Manufacturer ID: 3120000917, Eppendorf, Hamburg, Germany) at the inlet and outlet of
the microchannel. Tygon micro perforated tube (Manufacturer ID: AAQ02103-CP S-54-HL,
Cole-Parmer, Vernon Hills, IL, USA) was used to connect the syringes and microchannels
of the 3D carbon-DEP chip.

3.3.5 Experimental procedure

First, the DEP chip was sterilized with 70% Ethanol and then with DI (deionized) water.
Next, the 3D carbon-DEP chip was filled with a DEP buffer and all the bubbles on the chip
were removed. Cells were then prepared as described above and 40 pl of cell suspension was
loaded into the chip using a flow rate of 10 pl/ min. When the cells reached the area of the
carbon electrodes, the flow was cut off and the cells were seated for 30 seconds. A signal
with 20 Vpp (peak to peak voltage) and 50 kHz - 1 MHz was applied for the cells in the 3D
carbon-DEP device using the function generator [102,103]

3.3.6 Image acquisition and statistical analysis

All images were recorded during the experiments using a 10 x lens mounted on a Nikon

Eclipse vertical optical microscope. We used a VLC software (VideoLAN version 1.8, Paris,
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France), to integrate image sequences into movies. Images of cells were analyzed using
ImageJ (version 2.0 National Institutes of Health, Rockville, MD, USA). Each image had the
location information of the cells for a given frequency. The positions of the cells from the
strong pDEP region to the strong nDEP region were rated from 3 to —3. A single cell was
monitored for each frequency and the position. The deformation index of the cells are
calculated using the measured width and height information of each cell at frequencies varied

from 50 Hz to IMHz.
3.4 Conventional cell culture assays
3.4.1 Growth curve

Once the U87 cells reached 75 to 85% of confluency, cells were trypsinized (Pan Biotech,
Germany) and resuspended in fresh DMEM medium with trypan blue dye (Sigma-Aldrich,
Darmstadt, Germany). Next, the number of viable cells were counted using a hemocytometer
(Marienfeld, Germany). U87 cells were seeded at a density of 1x10° cells/well in a 12-well
cell culture plate (TPP, Switzerland) and allowed to adhere overnight kept in the
incubator.After overnight incubation, three wells were assigned as U87 growth and fed by
DMEM medium, while the others were assigned as U87-C and fed by conditioned medium
for 8 days in the incubator . Both medium replacement and cell count determinations were
performed once every 24 hours for 8 days. To determine the cell numbers, the cells were
trypsinized (Pan Biotech, Germany), centrifuged at 1800 rpm for 10 minutes. The cell pellets
were collected and suspended in fresh medium with trypan blue dye. Total viable cells were
counted using a hemocytometer (Marienfeld, Germany) for both U87 and U87-C growth
conditions. Each experiment was independently performed in duplicate. Results were

represented by means + standard errors.
3.4.2 Wound healing

Wound healing assay was performed in 12-well cell culture plates (TPP, Switzerland).
U87 cells were seeded at a density of 5 x 10° cells/ml maintained in 2 ml DMEM medium
and allowed to adhere overnight at 37°C, 5% CO». Next, 6 wells of U87 culture were grown
in regular medium (DMEM medium with 10% FBS and 1% Pen/Strep) while the other 6
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wells were maintained in conditioned medium until they become confluent (2 days). Before
scratch wound was created in the cell monolayer with a 200-pl-pipette tip (Eppendorf,
Germany), phase-contrast images of the wells were observed using an inverted fluorescent
microscope, the Zeiss Axio Observer (Carl Zeiss Axio Observer Z1, Germany) equipped
with a 10x objective and the AxioCam Mrc5 camera (Control images). The wells were
washed with DMEM to remove the floating cells, 2 ml of either regular or conditioned
medium per well were added, the images of the wells were obtained as explained above. The
cell migration was observed into the wound area and the images of the wells were acquired
at 24 hours. Each experiment was independently performed in duplicate. The wound closure
analysis was performed with ImageJ (Version 2.0 National Institutes of Health, Rockville,
MD, USA).

3.4.3 Boyden chamber assay

Boyden chamber assay was performed in a 6-well plate. Collagen coated Boyden
chambers (Transwell-COL, Corning Incorporated, Costar, #3492) were equilibrated by
placing them in a well containing 1 ml of media alone (no serum) and adding 1 ml of media
alone to the top. Chambers incubated for 2 hours at 37°C and 5% CO,. Macrophages and
glioma cells were prepared as described in 3.4.1. Cell supernatants were resuspended in 5 ml
media. 5x10° U87 and 1x10°® macrophage cells were mixed and the volume adjusted to 1 ml
with media ratios of 2:1 RPMI 1640: DMEM. Cell mixtures are added to the top chamber
and incubated at 37°C, 5% CO> for 24 hr. The non-invasive cells from the top part of the
chamber were gently removed using a cotton tip. Hoechst and propidium iodide staining was
performed and chambers maintained in PBS. Image acquisition performed by placing

chambers on glass slides.

Experiment groups indicated in Figure 3.4.3:
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Figure 3.4.3: Cell groups distribution and maintenance conditions in chambers.

Macrophages were labeled with Cell Tracker green CMFDA (Invitrogen #C2925) dye.

The nuclei of all cells were labeled with DAPI.
3.4.4 Spheroid formation

Spheroid culture started in 6-well plates as described in the cell culture section. Culture
conditions for each group shown in detail in Table 3.4.4. The co-culture group showed a high
nucleus/cytoplasm ratio and a polygonal morphology from day 7, the same morphology was
observed in the glioma group at day 8 and tended to form solid-adhesive spheroids or clumps
on the culture surface. U937-derived macrophages cultured as the control group had no
obvious change in their morphology.

The area of their spheroids was determined using ImageJ (Version 2.0 National Institutes
of Health, Rockville, MD, USA). The number and area of co-culture and glioma spheroids

were reported as mean diameter + standard deviation.

Table 3.4.4: Spheroid culture properties in 6-well plate

Groups Glioma Coculture Conditional
Cells Glioma Glioma & M® Glioma
Media DMEM % 50 DMEM % 50 RPMI % 50 M® depleted
media and %50 DMEM
# of cells 10000 10000 glioma & 20000 10000 glioma
Mo

19



Media change Daily Daily Daily
Imaging Daily Daily Daily
Duration 14 days 14 days 14 days

3.5 Immunostaining and live cell staining
3.5.1 Live cell staining

CellTracker™ Green CMFDA (5-chloromethylfluorescein diacetate, Invitrogen #C2925)
and CellTracker™ Red CMTPX (Invitrogen #C34552) live cell marker dyes were used to
distinguish macrophages and gliomas in coculture experiments. Thelyophilized dye was
dissolved in DMSO to make a 10 mM stock solution. The 5uM working solution was
prepared by diluting 10 mM solution in serum-free medium (Lul stock solution + 1999ul
medium) to the final 5uM working solution. In long-term cultures (4 days or more), the
working solution was increased proportionally in the range of 5 to 25 uM. After the cells
wereprepared as described in 3.4.1, they were incubated with pre-warmed CMFDA or
CMTPX working solution at 37°C for 30 minutes in a serum-free environment. After
incubation, the dye-containing supernatant was discarded by centrifugation at 1800 rpm for
10 minutes and the cells were washed by adding PBS and pipetting at low speed. At the end
of the second centrifugation, all dye residues were removed, and the cells were cultured.

3.5.2 Immunostaining

All cells were seeded at the same density on 18 mm diameter round coverslips placed in
6-well plates. On the 3rd, 5th, 7th and 14th days of culture, coverslips were fixed in 4%
Paraformaldehyde (PFA, Boster BioSciences, Cat No: AR1068) at 4°C for 1 hour. Coverslips
were washed on ice with a PBS solution containing 0.5% Tween 20 (Biofroxx, Einhausen,
Hessen, Germany). After washing, all coverslips were incubated with PBS containing 0.1%
Triton-X100 (Sigma, T8787) and 0.1% Bovine Serum Albumin (BSA, Sigma A2058) for 1
hour at room temperature.

Afterwards, the coverslips are incubated with primary monoclonal antibodies at 4°C
overnight. All primary antibody concentrations were adjusted to 1:100 in 2.5% BSA and

0.05% TritonX-100. After washing, coverslips were incubated with secondary antibodies at
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a concentration of 1:200 for 1 hour at room temperature,primary & secondary antibody pairs

used were listed in Table 3.5.2

All slides were sealed using 1:1 glycerol and PBS after a final wash with DAPI (Life

Sciences 33342).

Table 3.5.2: Antibody and their targets in immunostaining experiments.

Primary Antibody

Secondary Antibody

Target

CD68 (ab213363)

goat anti-rabbit Alexa Fluor
594 (ab150080)

M2 type macrophages

CD163 (ab87099)

goat anti-rabbit Alexa Fluor
488 (ab150077)

M2 type macrophages

CD14 (ab181470)

goat anti-mouse Alexa Fluor
488 (ab150113)

M1 type macrophages-

monocytes

Vimentin (ab8978)

goat anti-mouse Alexa Fluor
488 (ab150113)

Extracellular matrix

E-cadherin (ab1416)

goat anti-mouse Alexa Fluor
488 (ab150113)

Extracellular matrix &

epithelial cells

CD11b (ab52478)

goat anti-mouse Alexa Fluor
488 (ab150113)

M1 type macrophages-

monocytes

CD80 (ab225674)

goat anti-rabbit Alexa Fluor
594 (ab150080)

M2 type macrophages

CD11a (ah52895)

goat anti-mouse Alexa Fluor
488 (ab150113)

M1 type macrophages-

monocytes

3.5.3 Imaging

Live imaging of cells was acquired using ZEN Pro 2.6 software using a Zeiss Axio
Observer (Carl Zeiss Axio Observer Z1, Germany) inverted microscope equipped with A-
Plan 10x/ 0.25 Ph1, LD Plan-Neofluar 40x/ 0.6 Corr Ph1l Ph2-M27 objectives. The excitation
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and emission values for channels were 495nm/519nm, LP 515 nm for FITC, 535nm/617nm
LP 590 nm for PI, and 358-410 nm, LP 420 nm for DAPI.

3.5.4 Confocal imaging

All immunofluorescent samples were kept at 4°C in the dark after staining and analyzed
simultaneously. A Carl-Zeiss LSM 710 Laser Scanning Confocal Microscope equipped with
Plan Apochromat 63x/ 1.4 immersion oil DIC M27 and Plan Apochromat 20x/ 0.8 NA
objective lenses were used. XY scanning of 1024x1024 pixel images were performed at 8-
bit resolution using 405 nm UV Laser diode, 458 nm, 488 nm, 514 nm Multiline Argon laser.
A multidimensional scan tool setting was adjusted for imaging spheroids with a 1 um z-step
interval. XY scans of the samples were taken at a pixel distance of 0.27 pm.

The FITC channel of the CD68 and CD14 was set to 1.9 arbitary unit, AU, while the
pinhole was set to 1 AU during acquisition of all channels. Exposure rates of DAPI and FITC
channels were 400 mS and 700 mS for CD14, 500 mS and 800 mS for E-cadherin and
Vimentin, 450 mS and 700 mS for CD68, 450 mS and 650 mS for CD11a and CD11b,
respectively. Red channel exposure ratios are set at 600 mS for CD163 and 800 mS for CD80.
The excitation and emission values were 410/517 nm for the red channel, 494/591 nm for the
green channel, and 458/561 nm for the blue channel, respectively.

Render images are 3D views of Z-stack images created using Zen 2010 Software. The
mean fluorescence intensity of proteins and markers of CD68, CD80, CD163, E-cadherin
and Vimentin were measured using the Zen 2010 program and analyzed using GraphPad

Prism 5 (Windows Prism 5, version 5).
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4 CHAPTER FIVE: CHARACTERIZATION OF HETEROGENEITY
USING CONVENTIONAL TECHNIQUES

4.1 Glioma cell proliferation

The growth of glioma cells for 8 days in a 12-well plate using conventional cell culture
techniques was obtained based on the hemocytometer count, shown in Figure 4.1. The
proliferation of glioma cells for 8 days in a 12-well plate using conventional cell culture
techniques shows that cell division occurs most often when glioma is co-cultured with
macrophage cells. Cell division shows the slowest proliferation profile in the glioma
conditional population. The data in Figure 4.1 are raw data obtained, they are not normalized.

Figure 4.1. and Figure 5.1 shows that the macrophages affect glioma cell morphology
directly (in the same medium) or indirectly (paracrine, medium containing the proteins
produced by macrophages). Glioma cells developed long branching and stellate

morphologies similar to mesenchymal cells in the conditional medium [104].
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Figure 4.1: Glioma cell proliferation in different maintenance conditions. The scale bar
shows 100 pum. The number of cells present the mean + standard error for two independent
experiments.
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4.2 Glioma cell migration

The experimental protocol in a 12-well cell culture plate for the wound healing assay is
described in Materials and Methods 3.4.2. During the closure of the wound area on the
surface covered by the glioma cells, the orientation of the cells and the culture condition with
the highest closure capacity were determined. Of the culture conditions, culturing of glioma
cells in DMEM medium and glioma cells in 50% DMEM and 50% macrophages in medium
(conditioned medium) was examined. Figure 4.2 shows the degree of wound closure created
under these culture conditions after 24 hr and the number of cells that migrated to the wound
area. In these images, since the nuclei of the cells are labeled with DAPI, the blue color
indicates live cells, and the red color, which is stained with Propidium iodide (P1), indicates
dead cells. Yellow lines show the wound area created at 0 hour. The results show the mean
+ standard error of two independent experiments, the statistical difference between the two
migration profiles being p = 0.9051[104].

Comparing the migration characteristics of glioma cells in a 12-well cell culture plate
under normal growth (100% DMEM) and conditional growth conditions (50% DMEM and
50% RPMI used by macrophage cells), there was no statistical difference in the number of
migrating cells under either condition. However, looking at the morphologies, the glioma
cells in DMEM medium did not spread as much in the wound area as in the conditional
medium, but rather located in the region at the margins of the wound. This showed the
tendency of glioma cells to move more in the conditioned medium and to follow a more

complex movement profile.
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Figure 5.2: Analysis of U87 and U87-C cells migration by the in vitro wound-healing
assay. The phase images of U87 cells when the (a) wound created at O h, (b) phase images of
wound closure at 24 h, (c) fluorescence images of wound closure at 24 h, cells labeled with
DAPI and PI, yellow lines present the wound area created at 0 h. The same settings applied
for U87-C (d-f). The scale bar shows 100 um. (g) The number of migrated cells at 0 and 24
h, p = 0.9051.

4.3 Glioma-Macrophage coculture and spheroid formation

It was observed that spheroids were formed from day 7 when glioma cancer cells were
cultured for 14 days both in 6 and 12-well plates by conventional cell biology methods.

The number of spheroids formed by glioma cancer cells is higher in number when glioma
cells are cultured in DMEM medium for 14 days, and in area covered by spheroids when
cultured with macrophages (Fig.4.3. d).
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Figure 4.3: Spheroid formation: a) Glioma and b) coculture spheroids between the days
of 9 and 14. Quantification of c) spheroid number and d) spheroid area. The number of

spheroids and area present the mean + standard error for two independent experiments.

4.4 Immunostaining of Glioma and Macrophages

Immunostaining of glioma, conditional and coculture cells on the surface of round
coverslips performed on 3, 5, and 7 days. Images of these experiments were obtained using
the Olympus BX60 Fluorescence Microscope at 63x magnification. The protein amount
arithmetic density values of the obtained immunostaining results were obtained using ImageJ
software. One-way analysis of variance Tukey's multiple comparison test was used to analyze

these data but no differences were statistically significant at the p < 0.05.
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Figure 4.4.1: Comparisons of E-cadherin expression levels.
(@) Immunofluorescence stainingof E-cadherin in Glioma, (b) Conditional, (c) coculture
groups. AF488 (green) with E-cadherin primary antibody and nuclei counterstained (blue)
by DAPI. The scale bar is 25 um, the magnification is x63. Quantification of (d) E-cadherin
expressions of those cells for 3, 5, and 7 days. The one-way analysis of variance Tukey’s

multiple comparison test was applied.
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Expression of E-cadherin protein was the same in all three culture conditions of glioma
cells. On day 5, expression in glioma cells slightly increased compared to other days and

medium conditions.

Vimentin protein was overexpressed in coculture compared to culture of glioma cells
(Fig.4.4.2.d).
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Figure 4.4.2: Comparisons of Vimentin expressions. (a) Immunofluorescence staining of
E-cadherin in Glioma, (b) Conditional, (c) coculture groups. AF488 (green) with Vimentin
primary antibody and nuclei counterstained (blue) by DAPI. The scale bar is 25 pum, the
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magnification is x63. Quantification of (d) E-cadherin expressions of those cells for 3, 5, and
7 days. The one-way analysis of variance Tukey’s multiple comparison test was applied.

In order to examine the TAM characteristics of macrophages, the measurements of the
proteins presented in Table 3.5.2 were performed for macrophages. Figure 4.4.3 shows the
expression of CD68 (ab213363) and CD163 (ab87099) proteins in RPMI medium of
macrophages. The average intensity (pixel) of expression of CD68 and CD163 proteins in
RPMI medium by macrophages is 7 a.u and 10 a.u, respectively. High expression of CD68
and CD163 proteins in macrophages indicates conversion of macrophages to M2 type.

a)

CD68

Day 3

Day 7
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Figure 4.4.3: Comparisons of CD68 and CD168 expressions. (a) Immunofluorescence
staining of CD68 and CD163 in macrophages, AF594 (red) with CD68 and CD168 primary
antibody and nuclei counterstained (blue) by DAPI. The scale bar is 25 um, the magnification
is x63. Quantification of (b) CD68 (c) CD163 expressions of macrophages for 3, 5, and 7

days. The one-way analysis of variance Tukey’s multiple comparison test was applied.

The expression of CD68 and CD163 proteins in macrophages, especially at day 5,
indicated the M2 phenotype. The amounts of these proteins decreased again on the 7th day.
The standard errors of the mean values of the measurements are high in the CD68 population.
This shows the heterogeneity of the macrophage population and the time-dependent changes

in CD68 and CD163 protein expressions of macrophages in this population.
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Figure 4.4.4. shows the expression of CD11a (ab52895), CD11b (ab52478) and CD14
(ab181470) proteins at day 3 in glioma and macrophage coculture of macrophages. Amount
of CD11a (ab52895), CD11b (ab52478) and CD14 (ab181470) proteins in macrophages
indicates conversion of macrophages to M1 type. The results were obtained using the Carl-
Zeiss LSM 710 Laser Scanning Confocal Microscope. Image data were not processed
because the measurement of the expression of these proteins was very poor.

DAPI Merged

Figure 4.4.4: Immunofluorescence staining of CD11a, CD11b, and CD14 in macrophages.
AF488 (green) with CD11a, CD11b, and CD14 primary antibodies and nuclei counterstained

(blue) by DAPI. The scale bar is 25 um, the magnification is x63.

4.5 Immunostaining of spheroids

The propagation of glioma cells in spheroids and expansion in the extracellular matrix
were measured by the expression of E-cadherin (ab1416) proteins (green).

Immunostaining of spheroids formed by glioma and coculture cells on day 14 for E-
cadherin and CD80 is shown in Figure 4.5.1. After the spheroids were imaged at 20x
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magnification, the interior of the spheroid was imaged at 63x. All 3D images are derived
from z-stack videos.

Glhioma Coculture
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e

Figure 4.5.1: Comparisons of CD80 and E-Cadherin expressions. (a) Immunofluorescence
staining of CD80 and E-Cadherin in Day 14 spheroids, secondary (b), (), (j), (n) AF594 (red)
with CD80 primary and (c), (9), (k), (0) AF488 (green) with E-Cadherin primary antibody
and (d), (h), (), (p) nuclei counterstained (blue) by DAPI. The render images of the spheroid
bodies taken with the magnification of 20x (a), (b), (c), (d), (i), (j), (k), (1), zoomed images
taken with the magnification of 63x to detect expression inside the spheroids (e), (f), (9), (h),
(m), (n), (0), (p).
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Figure 4.5.2: Quantitative comparisons of CD80 and E-Cadherin expressions

Quantification of (r) E-Cadherin, (s) CD80 expressions of glioma and coculture in Day14.

Immunostaining of spheroids formed by glioma and coculture cells on day 14 for
Vimentin and CD163 is shown in Figure 4.5.3. After the spheroids were imaged at 20x
magnification, the interior of the spheroid was imaged at 63x. All 3D images are derived

from z-stack videos.
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Glioma Coculture

Figure 4.5.3: Comparisons of CD163 and Vimentin expressions. (a) Immunofluorescence
staining of CD163 and Vimentin in Day 14 spheroids, secondary (B), (f), (j), (n) AF594 (red)
with CD80 primary and (c), (9), (k), (o) AF488 (green) with Vimentin primary antibody and
(d), (h), (1), (p) nuclei counterstained (blue) by DAPI. The render images of the sferoid bodies
taken with the magnification of 20x (a), (b), (c), (d), (i), (j), (k), (1), zoomed images taken
with the magnification of 63x to detect expression inside the spheroids (e), (f), (9), (h), (m),

(n), (0), (p).
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Figure 4.5.4: Quantitative comparisons of CD163 and Vimentin expressions.

Quantification of (r) Vimentin, (s) CD163 expressions of glioma and coculture in Day14.

E-cadherin-CD80 and Vimentin-CD163 protein amounts were converted into quantitative
data using confocal microscope images (Figures 4.5.2 and 4.5.4). From the obtained z-stack
data, these proteins were most measured in the center of the tumor. The measurement of
proteins inside the tumor conforms to the Gaussian distribution. E-cadherin and CD80
proteins were measured slightly more in glioma and macrophage dual culture than in glioma
culture alone, but the measured values were not high. Vimentin and CD163 proteins were
measured more in coculture. While vimentin was accumulated more on the distal surface of

the spheroids in glioma alone, such a distribution was not observed in coculture.
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CD68 was also measured more in glioma and macrophage cultured spheroids (Fig.4.5.5).
CD68 mostly localized within the hypoxic region of the spheroids in glioma alone while it

was distributed along the surrounding cells in the coculture group.
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Figure 4.5.5: Comparisons of CD68 localizations in glioma and coculture. (a)

Immunofluorescence staining of CD68 in Day 14 spheroids, AF488 (green) with CD68
primary antibody and (nuclei counterstained (blue) by DAPI. The render images of the
spheroid bodies taken with the magnification of 20x, zoomed images inside (yellow) and
outside (red) of the spheroids taken with the magnification of 63x in both coculture and
glioma.

Immunostaining experiment results showed that centers of spheroids formed in both
glioma alone and coculture were more aggressive and invasive. Heterogeneity of glioma cells
was observed both inside and outside the spheroids. High expression of Vimentin protein in
coculture showed that glioma cells in these spheroids were more aggressive. High expression
of CD163 and CD68 proteins in spheroids indicates that macrophages acquire M2-type

features. However, as stated in the literature, the expressions of these markers are not

35



sufficient and reliable to subdivide TAMs [107]. It was observed that glioma cells also
produced these markers, especially when negative controls of macrophage signs were
controlled with glioma spheroids [108].

4.6 Boyden Chamber Assay

Cell groups were placed into the chambers as described in Material & Method 3.4.3. At
the end of 24 hours, cells invaded through collagen pores were counted by staining with
DAPI. Cells that could not migrate were removed using a cotton stick to avoid interfering
with the results. Green and DAPI-stained macrophages and only DAPI-stained gliomas
shown in the figure were counted using ImageJ.

Boyden chamber migration experiment clearly suggested the glioma conditional has the
highest migration potential and the gliomas when cultured with macrophage still have

significantly higher migration properties compared to the glioma alone (Fig.4.6).

36



g) .t .

3000+ e N

Bl Glioma
Macrophages

& 20004 B Gliomain ('1)4uulluﬂ:

9 Bl Macrophage in Coculture

- l Bl Glioma conditional

_ | :

* 1000 BN Glioma to Macrophage
EE Macrophage to Glioma

Figure 4.6: Comparisons of cell migration in Boyden chambers. (a) Cells invaded through
Boyden chambers (a) Glioma, (b) Macrophages, (c) Coculture, (d) Conditional, (¢) Glioma
attracting to macrophages, and (f) Macrophages attracting to glioma cells. CMFDA (green)
labelled macrophages with nuclei counterstained (blue) by DAPI. The scale bar is 100 pum,

the magnification is 20x.
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5 CHAPTER FOUR: CHARACTERIZATION OF HETEROGENEITY
in MICROFABRICATED TOOLS

5.1 Comparison of traditional and microfluidic cell culture of glioma

Growth of U87 and U87-C cells was investigated in microfluidic culture. Upon
introducing the cells into the microchambers, the cells adhered to the surface of the
microfluidic chip overnight. The cellular growth is imaged for five days using the phase
channel at twelve hours intervals. The obtained images were quantified to determine the
growth rate of the cells in the microfluidic cell culture platform. Figure 5.1 shows the growth
of the U87 maintained in DMEM and U87-C maintained in 50% macrophage used RPMI-
1640 and 50% DMEM.

¢) 0 o 10

b)

U-87 (R .

Figure 5.1: Growth comparison. Glioma cells were grown in DMEM medium (U87) and
in 50% DMEM and 50% macrophage-depleted medium (U87-C) in the 6-well culture dish
and microfluidic platform. (a) The number of viable cells for five days in a 6-well plate, (b)
the micrographs of U87 and U87-C cells for a 96-h growth. The scale bar shows 20 um. (c)
The number of viable cells for five days in the microfluidic device, (d) micrographs of glioma
cells for the 96-h growth. The scale bar shows 100 um. The number of cells present the mean

+ standard error for two independent experiments.
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5.2 Single-cell migration in microfluidic device

The single cell mobility was serially investigated with an inverted microscope. All cells
were manually analyzed using open-access ImageJ software (Version 2.0 National Institutes
of Health, Rockville, MD, USA). 40 cells were followed, and their positions were recorded
at 12-hour intervals. The y-axis and x-axis determine the vectoral orientation of cells; the
microfluidic chip is divided into four parts from left to right plain as “-x, +y”, “+x, +y”, “-X,

-y” and “+x, -y”. The intersected point for x and y lines is the reference point for all time

intervals and the extended image shows the targeted cell that is tracked at different time

intervals.
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Figure 5.2: Migration of single cells in the microfluidic cell culture chamber. Coordinates
of the cells in the microfluidic cell culture device were measured every 12 hours between 48
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and 120 hours. Movement of the U87 cells (a) at x-y axes (b) on the x-axis, (c) on the y-axis.
Movement of the U87-C cells (d) at x-y axes, (e) on the x-axis, (f) on the y-axis. The number
of analyzed cells for each group is 20. U87 indicates that cells cultured in DMEM medium,
U87-C defines the cells grown in 50% DMEM and 50% macrophage-used RPMI medium.
Each color represents the single cells and color coding was consistent in each group.

5.3 Glioma deformation

The deformation was calculated by manually measuring the area and perimeter of 40 U87
and U87-C cells at 12-hour intervals from 48" hour to 120" hour. The single cell deformation
values of each cell were calculated using Eqg.4 [105], where Area is the surface area of cell,
Perimeter represents the path that encompasses the cell surface:

D — 1 _ 2vVm Area (4)

Perimeter

The cell diameter and deformation were measured manually from ImageJ software
(Version 2.0 National Institutes of Health, Rockville, MD, USA). Cell diameter was
calculated during analysis from measured surface area [105].
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Figure 5.3: Deformation indexes of the cells in the microfluidic device. The phase images

5.4 Migration velocity

We measured the velocity of three glioma cells, shown with

frame to frame, to compare the change in their velocities, Fig.

42

of the cells with a colorimetric deformation scale, the range of deformability from coolest
colors (blue: 0) to warm colors (red:1) represent enhanced deformability indexed (a) U87
population, (b) U87-C population. The deformation indexes of 20 glioma cells between 48-
and 120-h (c) for U87 population, (d) for U87-C population. T
standard error. (e) Deformation indexes differences between U87 and U87-C. Student’s two-

he data presents the mean £

tailed t-test was applied, p < 0.0001. (f) Differences of the area to perimeter ratio, p-value is
0.0258. * and *** implies for p < 0.05 and p < 0.0001, respectively.

red, blue, and yellow arrows
5.4.1. When cells started to



migrate along microfluidic channel, they show higher speed on Y-axis (Fig.5.4.1.C)
compared to X-axis (Fig.5.4.1.B).
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Figure 5.4.1: Velocity changes for the single glioma cells. A) Micrographs of a
microfluidic channel with labelled U87 cells that show motion and velocity of cells for 120
hours at 12 hours intervals. B) The change in the velocity for the labelled cells on X-axis and
C) Y-axis.

Figure 5.4.2 presents the changes of velocity on the x-y axis for U87 (Fig.5.4.2. A, B) and
U87-C (Fig. 5.4.2.C,D) groups. Migration of the cells was demonstrated on the x-axes (Fig.
5.4.2.A, C) and the y-axes (Fig. 5.4.2. B, D). The migration velocities of the U87 cells were
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lower in comparison to U87-C. The velocity range of the U87 cell population was smaller (-
18 pum to 23 pm) than the U87-C cell population (-64 pum to 136 pum) on y-axis.
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Figure 5.4.2: The velocity of glioma cells in the microfluidic cell culture chamber. The
velocity of the cells in the microfluidic cell culture device was calculated every 12 hours
between 60 and 120 hours. A) Movement of the U87 cells cultured in DMEM medium on
the x-axis, and C) on the y-axis. C) Movement of the U87-C cells grown in 50% DMEM and
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50% macrophage used RPMI medium on the x-axis, and D) on the y-axis. Each color
represents the single cells and color-coding was consistent in each group.

U87 cells maintained in the regular medium, the cells average velocity in varying time
showed a uniform trend compared to the U87-C group where U87 cells were grown in 50%
DMEM and 50% macrophage depleted RPMI (Fig.5.C, D).

After evaluating the positions of single cells in the microfluidic device, area and
circumference measurements of 40 cells from glioma and conditional glioma populations
were determined. Images of the cells were acquired every 12 hours between 60 hours and
120 hours. The perimeter and diameter differences of these two groups were shown in Figure
5.4.3. Figure 5.4.3.C shows that the velocity of the U87-C population is greater than the U87
population significantly according to the Student’s two-tailed t-test (p=0,0097).
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Figure 5.4.3: The average velocity of glioma population under different maintenance
conditions. The number of 40 glioma cells analyzed from 60 hours to 120 hours A) under
basal maintenance conditions, U87, and C) basal culture supplemented with macrophage
depleted medium (1:1 ratio), U87-C. B) The average velocity for U87 cells and D) U87-C

cells, represented with mean + standard deviation.

5.5 Dielectrophoretic deformation and dielectric responses of Monocyte and

Macrophages

Fig.5.5.1. b demonstrates the dielectrophoretic behavior of the U937 monocytes.

Monocyte cells experienced nDEP to pDEP forces with increasing frequencies. The
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crossover frequencies of monocytes were between 100 kHz to 200 kHz. The uniformity of
pDEP responses of the monocytes was improved with increasing frequencies (200 kHz - 1
MHz, the strongest nDEP (-3, dark blue), the strongest pDEP (3, red). On the other hand, the
U937-differentiated macrophage cells mostly exhibited pDEP behavior (warm colors yellow-
red colors), their weak crossover frequency was around 50 kHz-100 kHz (green), Fig.5.5.1.c.
The fraction of cells which immediately presented pDEP response was greater (16 cells) than
the nDEP ones (9 cells). The number of nDEP experienced cells were not broadly changed.
Since most of the macrophage cells immediately showed pDEP behavior and attracted by the
strong dielectrophoretic forces generated by 3D-carbon electrodes, the number of analyzed
cells in Fig.5.5.1.c is limited to 20 cells.

The monocyte population showed smooth nDEP (blue) to crossover (green) and crossover
to pDEP (red) transition as a whole monocyte population as shown in Fig.5.5.1.b. On the
other hand, the macrophage population exhibited more likely a bimodal distribution that is
either the macrophage cells were in nDEP (blue) or pDEP (red) in comparison to the
monocyte population, Fig.5.5.1. c. Therefore, the dielectric movement of the U937-

differentiated macrophages showed more heterogeneous population responses than the U937

monocyte population which is the originals of U937-differentiated macrophages.

Frequency (kHiz)
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Figure 5.5.1: Dielectrophoretic responses of monocytes and macrophages: (a) Positions
of the cells in the electrode array when they are influenced by nDEP, crossover frequency
(CF) and pDEP, respectively; (b) Translational movement of U937 monocytes under 20 Vpp,
50 kHz-1 MHz nonuniform AC field; (c) Translational movement of U937-differentiated
macrophages under 10 Vpp, 50 kHz—1 MHz nonuniform AC field. The cool colors show the
number of nDEP- behaved cells due to repelling DEP forces while the warm colors
demonstrate pDEP-responded cells owing to attractive DEP forces. Zero means the crossover
frequency with zero movements, which is coded in green color. n = 80 for monocytes, n =
30 for macrophages.

Fig.5.5.2 compares the dielectrophoretic responses of the U937 monocytes and U937-
differentiated macrophages. The macrophages moved from the nDEP region to pDEP region
when 50-100 kHz, 20 Vp, was applied. The monocytes experienced nDEP to pDEP transition
when 100-200 kHz, 10 Vp, was provided. When both the monocyte and macrophage
populations exhibited strong pDEP forces at 1 MHz, there was a significant difference with
p < 0.05 between the trapping regions of the cells in the strong pDEP according to students
t-test, Fig.5.5.2. This result may show that the interfacial polarization difference between the
cytoplasm and plasma membrane can be stronger for macrophages than monocytes (Huang
et al., 1996). Therefore, the observed macrophage dielectric properties at 1 MHz can be
related to both membrane and cytoplasm properties of macrophages, whereas the membrane
features might dominate for the monocyte dielectric properties at 1 MHz. These varying
biophysical properties between monocytes and macrophages might explain their distinct
trapping regions inside the 3D-carbon DEP device.
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Figure 5.5.2: Comparison between the DEP movement of monocyte and macrophage
cells. The magnitude of movement is categorized as very strong (3), strong (2), and weak
forces (1). The “-” sign refers to nDEP. Measurements are the mean and error. n = 50 for
monocytes, n = 30 for macrophages.

Fig. 5.5.3, as a representative, shows the deformation of single individual monocytes in
the presences of DEP forces. We measured the height and width of three monocytes frame-
by-frame to follow the change of their deformation index in varying DEP forces. The same
color address same monocyte cell at the given frequencies, Fig. 5.5.3.a.

Fig. 5.5.3.b. displays the change of monocyte deformation index (labelled in Fig.
5.5.3.a.). The dynamic changes in monocyte localization according to applied
dielectrophoretic forces clearly shows a qualitatively different behavior of monocytes causes

scattered distribution at higher frequencies.
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Figure 5.5.3: DEP deformation trends of three single monocytes. a) Behavior of three
monocyte cells, indicated with red circle, blue rectangle and yellow square under the
influences of increasing frequencies (20 Vpp, 0.2 — 1 MHz). b) The changes in the
deformation indexes of the monocytes were color coded with red, blue and yellow to match
with the cells in the images of a).

Dielectrophoretic forces were distributed the cells in the electrode array according to their
polarizability difference, DEP forces were also capable of creating deformation on the cells.
As mentioned above, monocytes and macrophages are well-known cells for their plastic
properties [20,34]. When mammalian cells were exposed to large external flow forces in
variable microenvironments using microfluidics, they became elongated, varied in size, and
tended to return to their original shape once the external forces were removed [81,82].

We determined the dielectrophoretic deformation indexes (DDI) of the U937 monocytes
and the U937-differentiated macrophages using the non-uniform AC electric field varying
from 50 kHz to 1 MHz frequency. The DDI values of each monocyte and macrophage cells
were calculated for 50 cells as defined in Eq.5 [106], where H (um) was the height and W
(um) was the width of the cells.
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DI = (5)

=

Fig. 5.5.4 illustrated the DDI distribution for the monocytes as population (Fig. 5.5.4.b)
and at single cell sensitivity (Fig. 5.5.4.d) and macrophages as population (Fig. 5.5.4.c) and

at single cell sensitivity (Fig. 5.5.4.e) including the outliers.
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Figure 5.5.4: Dielectrophoretic deformation indexes (DDI) of U937 monocytes and U937-
differentiated macrophages: (a) Representative image for the measurement of DDI. DDI
values were presented with mean and standard error for population (n = 45). (b) single (n =
47) (d) monocyte cells; 45 population (c), single (n = 47) (e) macrophage cells. Tukey’s
multiple comparison test is applied for (b). * and ** indicate that data are significantly

different with p < 0.5 and p < 0.05, respectively. Each color displays the change of
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deformation indexes of single cells during the frequencies applied for the range of 50-500
kHz in (d) and (e).

Fig. 5.5.6 demonstrates that there was a significant DDI difference between U937
monocytes and U937-differentiated macrophages (p < 0.05) according to Tukey’s Multiple

Comparison Test.
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Figure 5.5.6: Comparison of the dielectrophoretic deformation indexes for the monocytes
and macrophages without outliers. Measurements are the dielectrophoretic deformation
index with mean and standard error for 45 monocyte and 45 macrophages cells. Tukey’s
multiple comparison test is applied. * and ** indicate that data are significantly different with

p < 0.5 and p < 0.05, respectively.
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6 CHAPTER SIX: DISCUSSION

6.1 Characterization of Heterogeneity in Microfabricated Tools

We demonstrate the phenotype of Glioblastoma cell line U87 in an unbiased, label free
manner based on their adhesion, mobility, deformation propensities through the use of an
engineered, microfluidic based platform. Using continuous monitoring for cell-cell adhesive
properties (interacting) and deformation and motility changes (non-interacting) allowed
single cell phenotypic analysis under well-defined conditions. In Fig.5.1. b and d,
representative images of U87 and U87-C cultured on tissue culture-treated polystyrene
(TPSC) surface shown on the upper side and cells cultured in PDMS microfluidic chip is
shown bottom side as ordered. In Fig.5.1.a, the number of U87 and U87-C cells seeded in
12-well plates was counted using a hemocytometer at 24-hours intervals. The unpaired
Student’s t-test was performed and there was no significant growth difference found between
the two groups during long-term conventional cell culture. In Fig.5.1.c, the number of U87
and U87-C cells in PDMS microfluidic chip at 12-hours intervals are given by counting cell
numbers in microchambers by using ImageJ software.

Interestingly, instead of conventional methods, macrophage conditioned medium resulted
with lower cellular growth with U87-C in the microchambers compared to U87. These results
imply that the responses of brain cancer cells influenced under different maintenance factors
can be quite complex and diverse [109,110]. To assess this diversity further, we performed
wound healing assay and determined the migration ability of U87 and U87-C, representative
phase images of U87 treated with DMEM (left panel) and U87-C cells treated with 50%
DMEM and 50% conditioned media (right panel) after wound created, Fig.5.2. Images
acquired with 10x magnification.

Measuring the U87-C wound area over time when comparing to U87 revealed specific
migration changes and showed less impaired migratory phenotype. We observed that all
macrophage conditioned stimulation caused very small decreases in the displacement of
U87-C on TPSC surface compared to normal growth medium (Fig. 4.2.9).

Moreover, single cell lamellipodium formation, tail retraction, and directional movement

may give an extra clue about migratory behaviors [111]. However, in vivo, cell movement is
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much more heterogeneous than anticipated in 2D as the cells surrounded by extracellular
matrix (ECM) and other cells [112]. Specially designed microchambers in microdevices
serve as useful tools to examine how the cancer cells interact and conditioned maintenance
factors modulates behavior [113].

A step further assessment is to observe individual cell’s characteristics during migration.
We measured the position of individual cells in microchambers. To minimize the influence
of potential variabilities that may arise from differences of adherence time, elongation and
shape differences when cells have first introduced the system; we performed measurements
at the end of 48 hours upon cell loading. To further standardize the analysis, we used the
same edge point of the same rectangular shape in the microchamber every 12 hours
(Fig.3.2.1). The positions are assessed by following the center of the same cell and measuring
its location.

In our results, the “x” position of U87 cells ranged around 500-pum while U87-C cells were
-400 to -200-um; the “y” position of U87 cells range between 1000 and 1200-um while U87-
C cells were 0 to 400-pum. Speeds of U87-C cell population (n=20) found to be faster as a
result of conditioned media stimulation compared to U-87 cells (n=20) in microchambers
(Fig.3.2.1).

Cell size is determined from single cell deformation values. The channels of the
microfluidic chip have rectangular dimensions of 1280 pum x 500 um x 50 um does not have
any inducing shear effect to deform cells. Once cells introduced to microfluidic chips, they
started to adhere and adapt to the surface with an extracellular organization and enabled us
to analyze their steady-state deformability trends. Following that, they start to show their
unique mechanical phenotype in response to environmental changes. The deformability of
U87 cells was 2.2 times greater than U87-C cells, Fig.5.3.

To facilitate the comparison of measured single cell deformability, we introduced
accumulative deformability and performed One-way analysis of variance, Tukey’s Multiple
Comparison test was carried out using GraphPad Prism (Version 5.0) software. The results
were statistically significant at each interval (p<0.005).

We demonstrate microfluidic platforms can show better understanding of the complex
process of cancer metastasis and the utility of this system in the interrogation of phenotypic

attributes associated with conditioned maintenance.
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Using microfluidic platforms to assess mechanophenotypic properties of adhesive cells
has important advantages. The cells can migrate along the microfluidic channel and the
migration velocity can be tracked without losing spatial information. The optical
transparency, gas permeability, low nutrition requirement, easy manipulation, being able to
give high throughput results at a single-cell level have significant advantages compared to
traditional migration assays. Utilizing microscale tools to give an adequate measurement of
heterogeneous cell properties needed to elucidate disease mechanisms [114,115].

We used a specially constructed microfluidic design to allow cells to adhere and migrate
along the channel [104]. In figure 3.2.1, the gap length was reduced between pillars with the
help of rectangular-shaped ones and cells could move by adhering to a circle-shaped area
[116]. Pillars helped to assign reference points to give consistent migration velocity resulting
in varying intervals. We assigned the low right edge of the first rectangular pillar as a
reference coordinate and calculated the migrated distance of cells at 12 hours intervals. The
origin of the cell is pointed to as the curve area centroid of the cells, therefore, there was no
misleading effect of neither image acquisition nor manual image analysis. We showed U87
cells as two populations: U87 glioma cells with the standard nutritional condition and U87-
C glioma cells maintained in a conditional medium composed of standard and macrophage
depleted medium with a ratio of 50%. Since we give mechanobiological parameters such as
cell velocity, a conditional group was important to control to assess whether diminished and
stressed maintenance conditions influence the migration potential of cells. Previously, U87-
C growth was investigated in literature, and very similar growth was shown without any
significant difference [104].

We quantified the velocity by single-cell tracking and measured it for both U87 and U87-
C from 60 to 120 hours. In figure 5.4.1, while yellow labelled U87 cells showed uniform
velocity change in both X- and Y-axis, blue and red labelled U87 cells showed increased
velocity change between 84 and 120 hours. Next, we examined U87 and U87-C glioma cells'
velocity change in X-axis and Y-axis, in Figure 5.4.2.a. U87 glioma cells velocity change in
12 hours was maximum ~8 um to -X-direction while maximum velocity change of another
U87 cell was ~6 pum to -Y direction (Fig.5.4.2.b). U87-C cells showed a slightly longer
change compared to U87 (Fig.5.4.2.c and d). U87-C glioma cells showed a maximum ~15
pm change in 12 hours along the X-axis and ~114 um along Y-axis to the positive direction.
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These results confirmed the high heterogeneity, velocity, and migration potential of GBM
[117,118]. We also showed the average velocity change of U87 and U87-C glioma cells in
all time intervals (Fig. 5.4.3). The U87 and U87-C average velocities on X-axis were
significantly different (p=0,0012) while the velocities on Y-axis did not show any
significance. Our results indicate the glioma cells under extenuated culture conditions have
slightly higher migration velocity compared to normal culture conditions.

Kolli-Bouhafs et al assessed the effect of Thymoquinone in astrocyte and glioma cells and
they reported the migration speed of U87 as 8.55+0.29 um/h in a fibronectin-treated petri
dish, the migration speed was obtained by dividing the distance covered the scratch in 24
hours [119]. Li etal, quantified the velocity of C6 glioma cells in the time-lapse experiments
with average cosine 0 of 0.16+0.02 for U87, 0.25+0.03 for C6, and 0.17+0.02 for U251
glioma cell lines to assess superoxide mediated directional migration. They used direct
current (DC) electric fields with field strengths of 100, 200, 300, and 250 mV/mm in
electrotactic chambers [86].

Sheykzadeh et al investigated the transferrin-conjugated porous silicon nanoparticles
effect on GBM cell migration using microfluidic-based migration chip and they reported that
the U87 cell migration was initiated by sending leading front cell protrusion across the
microchannel [120]

The migration speed of rat C6 and patient-derived glioma cell bodies reported by Monzo
et al was around 50 um/h on laminin-coated micropatterned linear tracks while Sheykzadeh
et al reported the U87 cell migration 10 pum/h [121]. Prahl et al reported the malignant
glioblastoma cell line, U251, migration speed as 30 ym/h in 12 um x 5 um linear channel
[122].

The dispersal velocity of U87, LN-229, and U118-MG cell line aggregates reported
21.4+2.9 um/h, 4.9+0.6 um/h, and 4.1+0.6 um/h on a solid substrate, respectively [123]. Kiss
et al reported the velocity of U87 cell line as 50+30 um/h by measuring displacement of cell
nuclei on phase contrast images for 14 hours [124]. The U87 cells, cultured in different
stiffness regions under epidermal growth factor stimulation, speed was reported as ~40 um/h
on the stiff end but ~20 um/h on the soft end [125]. In the migration assay developed by
Irimia and Toner, different types of cancer cells velocities reported for 24-48 hours long

[126]. They used two different cancer drugs to assess migration reduction and reported the
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U87 speed as 36.4 + 2.5 um/h. Since the time interval that we analyzed the migration velocity
of glioma cells is the longest time interval reported to the best of our knowledge, we believe
that the differences may be due to time. Also, the microchannels we used here had a larger
area, this difference may be due to the level of confinement.

To our knowledge, our study is the first demonstration that gives glioblastoma cell
velocity in longest culture time (120 hours) and at single cell sensitivity. There are several
drawbacks in reference studies such as employment of glycoproteins that can bind
extracellular matrices, bulk measurement of large numbers of cells in wound area or usage
of very thin channels that may lead cell elongation and they lack nutritional assessment in
varying conditions. All these results taken together, glioma cells culture condition affects
morphology, displacement, velocity, and migratory behavior.

GBM cell lines velocity requires comprehensive assessment from fresh isolates of brain
tumor cell lines or human brain samples. The link between velocity and metastatic parameters
should be assessed to evaluate this result into clinical applications. We believe that measuring
migration velocity in our microfluidic platform could be used to assess therapeutic agents or
as a method to evaluate the molecular determinants underlying the heterogeneity
mechanisms, all of which are critical for improving clinical outcomes.

Lab-on-chip methods can determine mechanical differences of invasive cancers,
Remmerbach et al. carried mechanical phenotyping of primary tumor cells (n = 30 cells) from
histopathologically confirmed patient samples to screen cancer using microfluidic optical
stretcher, oral cancer cells were on average 3.5 times more deformable than normal oral
epithelial cells [127].

The direct comparison presented in single cell deformability provides context for the
interpretation of behavioral change measurements performed with high throughput. Besides,
the migration assay done on TPSC surfaces showed minimal correlation and were statistically
not significant. These varying changes urged us to investigate Epithelial to Mesenchymal
Transition (EMT), which causes epithelial cells to lose their characteristics and gain
mesenchymal phenotypic especially in high heterogenetic and invasive cancer types such as
GBM [128].

Cancer cells lose their cell-cell junctions and fibroblast-like invasiveness during EMT
[129]. In GBM, cells lose their adhesion molecules which are crucial for tight junctions, and
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apical basal polarity [130,131]. Stressed maintenance conditions, such as serum starvation
and conditioned media, may result with EMT in terms of being promoted via complex
signaling networks, tyrosine kinase receptors, growth factors and ECM components [30,132].
EMT is critical for stem cell formation, wound healing and cancer progression [27].

Shiube and Weinberg have shown that epithelial cell marker E-cadherin has been
downregulated whereas mesenchymal markers such as N-cadherin, Vimentin are upregulated
during EMT [130].

To investigate the extracellular change that may be a result of EMT caused by
maintenance conditions, cells were stained with the specific antibodies against E-cadherin
and Vimentin. Results obtained so far showed that mechanical phenotyping of GBM cells
can identify the differences that conventional methods cannot. The E-Cadherin level of U87
was increased while the U87-C level was decreasing (Fig.4.4.1). The Vimentin level of U87
was increased while the U87-C level was decreasing (Fig.4.4.2). Both protein expressions
tend to increase dynamically for the U87 while U-87-C protein levels ramped down.
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7 CHAPTER SEVEN: CONCLUSIONS

7.1 Conclusion

Monocytes and macrophage cells, derived from the same monocyte cells, have been
compared according to their dielectrophoretic mobility and deformation. Both monocyte and
macrophage populations exhibited inter-individual differences due to their intrinsic
properties such as size, shape, changes in membrane surface organization that may result in
heterogeneity in their DEP responses.

Incorporating mechanical phenotyping methods into the existing knowledge of cellular
properties opens the way toward a broader understanding of physiological processes and
gives greater assistance of clinical diagnostic methods. Validations and demonstrations of
methods to assess mechanical cell properties are great motivations for new developments.

This variability of single cell properties within the same population is mostly attributed to
the differences between shear forces, stress factors, laminar effects, cell preparations etc.
Here, we complemented this analysis by only changing one variable in maintenance
condition and presented a mechanical phenotyping comparison of two types of commonly
used techniques. In contrast to different microfluidic cell deformability analysis, we did not
perform any additional strain rates and stresses, and we used steady long-term cell culture
instead of using short term cell suspension which reduces potential sources of variability.

Microfluidic lab-on-a-chip devices enable phenotyping of individual cells with controlled
gradients and well-defined shapes enabling them to receive extensive high-throughput. Our
study presents important clues about GBM cells phenotype and may be useful to develop
recent advances in diagnosis and improve therapeutic strategies to immunotherapy, as the
current progress in identifying efficient therapies to support the survival is yet to result in
substantial clinical benefit. We suggest that the EMT of Glioblastoma should be further
interrogated using microfluidic platforms to help clinical studies.

Experiments in the microfluidic device and cell culture dishes confirmed high
heterogeneity in glioma and macrophage populations. In the conditional culture of glioma
cells obtained from macrophages, the proliferation rate slowed down, and the migration rate
increased. When glioma cells were cultured with macrophages, the proliferation rate slowed
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down, a decrease in the number of spheroids they formed and an increase in the area covered
by the spheroids were measured. Expression of Vimentin protein was increased in the center
of spheroids, whereas E-cadherin did not change. It has been confirmed that macrophages
within spheroids acquire M2 phenotypic features.

In light of our results, the single cell microfluidic analysis provides a better understanding
of basal and mechanical changes in the short-term period. Our results show a method for

studies in high heterogenetic cancers of interest.
7.2 Future research directions

The complex, dynamic and highly heterogeneous microenvironment of glioblastoma
tumors is poorly understood using conventional macroscale techniques, we need to develop
new methods and tools to explore the important and measurable properties of these cells. In
order to elucidate the mechanisms underlying the heterogeneity of the tumor
microenvironment, it is necessary to measure cellular properties at the single cell level for
many cell populations and to compile the results with available data in the literature.
However, an unfilled gap still exists between the understanding of the different cell types and
proteins achievable with well-established, macro-scale assay types and micro-scale analysis.
Standardized and well-established lab-on-chip analysis techniques needed.

Our further studies will focus on separation and recovery of cells with different
deformation indexes from the 3D-carbon DEP platform for downstream analysis using
immunostaining and quantitative reverse transcription-polymerase chain reaction (RT-
gPCR) techniques. Hence, we can promptly explain the dielectrophoretic mobility and
deformation differences in terms of transcription and protein expression levels in the
membrane surface and cytoskeletal components. Moreover, we can employ this method for
further characterization of macrophage subpopulations, it may provide value in increasing

our understanding of the nature of TAMs.
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