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ABSTRACT

MIMICKING THE TUMOR MICROENVIRONMENT IN LAB-ON-A-
CHIP DEVICES

Breast cancer is one of the cancers with the highest incidence and mortality rates
in women in the world. The leading cause of death for cancer patients is tumor metastasis.
Cancer cells can extravasate the blood vessel, go through the distant organs and form the
metastasis. Tumor microenvironment comprises of cancer and normal cells, extracellular
matrix, soluble biological and chemical factors. Biochemical aspects of the interactions
of cancer cells with the constituents of the microenvironment are widely studied whereas
biophysical studies are at limited numbers. There is increasing evidence that extracellular
matrix can change the mechanics and function of cancer and stroma cells. It has been
observed that cancer cells show different responses to soft and stiff tissues they are in
direct contact with than normal cells. New cell culture setups should be developed to
better understand the interactions of cancer cells with their microenvironment.

To develop a three dimensional (3D) in vitro model will allow the study of
stiffness which is one of the mechanical features of extracellular matrix features first, 3D
(dimensional) Controlled in vitro Microenvironments (CivMs) that mimic a blood vessel
and its neighboring tissue in vivo will be fabricated using UV lithography. Monolayer
which was formed by endothelial cells play a role in pathophysiological processes, so it
shows a barrier role between both blood and tissues. To form a blood vessel bEnd.3 cell
line was used. Collagen which is the most abundant protein in connective tissues were
used to mimic extracellular matrix. pH value of collagen was changed and represented
two different stiffness value.

Here, the in vitro model we define as controlled in vitro microenvironments
(CivM) is a lab-on-a-chip (LOC) application. In this microenvironment; MDA-MB-231
cells which are known to be invasive and MCF10A which is normal mammary epithelial
cells were used as control. LOC devices were used to investigate cancer cell extravasation

which is the prominent step of metastasis and extracellular matrix relation.



OZET

YONGA-USTU-LABORATUVAR AYGITLARINDA TUMOR
MIKROCEVRESININ TAKLIT EDILMESI

Meme kanseri tiim diinyada kadinlarda en sik rastlanan ve ayni zaman 6liim orani
yuksek olan kanser ¢esididir. Kanser hastalar1 icin ilk sirada gelen 6liim sebebi, timor
metastazidir. Kanser hiicreleri damardan ¢ikarak (ekstravazasyon) birincil organdan
farkl1 organlara giderek metastaz yapmaktadirlar. Timor mikro cevresi, saglikli ve
kanserli hiicreleri, hiicre dis1 matriksi, ¢6ziiniir halde biyolojik ve faktorlerini ve kimyasal
etkenleri icerir. Kanser hicrelerinin mikro cevre bilesenleri ile etkilesimlerinin
biyokimyasal yonleri yaygin olarak incelenmektedir; fakat biyofiziksel ¢aligmalar sinirli
sayidadir. Hiicre dis1 matriksin kanser ve destek doku hiicrelerinin mekanigini ve
islevlerini degistirebildigine dair kanitlar artmaktadir. Kanser hiicrelerinin dogrudan
temas halinde olduklar1 sert ve yumusak dokulara normal hiicrelerden farkli tepkiler
verebildikleri de goriilmistiir. Kanser hiicrelerinin mikro c¢evreleri ile olan
etkilesimlerinin daha iyi anlagilabilmesi i¢in yeni hiicre kiiltiirii diizenekleri olusturulmasi
gerekmektedir.

Ekstravazasyon ile hiicre dis1 matriksin mekaniksel 6zelliklerinden biri olan
sertligin incelenmesini saglayacak ii¢c boyutlu bir in vitro modelin gelistirilmesi icin
oncelikle UV litografi kullanarak canlida bir kan damarini ve komsu oldugu dokuyu taklit
eden 3B (iic boyutlu) kontrollii in vitro mikro c¢evreler olusturulmustur. Kan damari
dokularla kan arasinda bariyer olarak gdrev alir. Kan damari olusturmak i¢in bEnd.3
endotel hiicre hatt1 kullanilmigtir. Bag dokusunda yuksek miktarda bulunan kolajen hiicre
dist matriksi taklit etmek i¢in kullanilmis ve pH degerlerine gore farkli sertlik
derecelerine gore ikiye ayrilmistir.

Burada kontrollii in vitro mikro g¢evre olarak tanimladigimiz in vitro model,
yonga-usti-laboratuvar uygulamasidir. Bu mikro g¢evrelerde invaziv olduklar1 bilinen
MDA-MB-231 hiicreler ile kontrol olarak normal meme epitel hicreleri olan MCF10A
kullanilmistir. Bu ¢alismada metastazin 6nemli basamaklarindan olan ekstravazyonun

hiicre dis1 matriksin sertligi ile olan iliskisi incelenmistir.
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CHAPTER 1

INTRODUCTION

1.1. Cancer

The main cause of global deaths is based on noncommunicable disease and cancer
is one of them. In this era, it is expected that the most important obstacle to gaining the
quality of life and the primary cause of death will be cancer disease in all around the
world . It is thought that the percentage of cancer prediction can increase that by the year
2020 in the world. The researches proposed that the total amount of recent cancer cases
diagnosed annually can increase to fifteen million. Moreover, this disease cases may
reach to twelve million deaths 2. Cancer could be arising from any type of cells in our
body. Fundamentally, cancer is the process of uncontrolled proliferation which is resulted
in cell transformation. Both epigenetic and molecular changes that was occurred this
period lead to cell development 3. According to studies, six biological features of cancer
cells which was obtained in their progression process had been discovered (Figure 1.1.)
4. Because of revealing in DNA mutations, cancer cells go through limit zone of the
growing tissue and repression of suppressor genes occurred. Thus, cells prevent
themselves from apoptosis. It stimulates the formation of the vasculature under favor of

metastasis capability °.
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Figure 1.1. The six hallmarks of cancer (Source: Hanahan et al.®).
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1.2. Breast Cancer

Breast cancer occurs as a result of the malignant tumor developing in the breast
tissue. It is formed stromal and epithelial part of normal mammary glands which comprise
of lobes and ducts. They are constitutionally ingrained in stroma. Breast tissue is
responsible for production of milk and carrying out storage " 8. Breast cancer is one of
the most common types of cancer among women in the world and has a high mortality
rate °. It is stated that one out of every 37 women has died due to these cancer type and it
corresponds to a rate of 2.7 percent °,

Although all the causes and mechanisms are not known exactly, both genetic and
environmental factors affect to occurrence of breast cancer. Example of these factors
include; alcohol and cigarette consumption, obesity, metabolic and hormonal factors,
family history, early menstruation, feeding method and radiation exposure !. Breast
cancer is a type of heterogeneous disease. Among the cancers in worldwide, breast cancer
involves 12% part. Breast cancer is divided into two types; invasive and non-invasive.
This distinction is determined by the ability of spread and the growth pattern. In non-
invasive type; after proliferation cells remain in the same field where they originate. It is
usually found in breast lobule or duct. In contrast, invasive type has a metastasize
capability to distant organs and it also performs by invading basement membrane 2. The
incidence of breast cancer in women increases with age, moreover it is seen commonly
in postmenopausal period women. In addition, diagnosis of breast cancer is doubled in
women who has menopause period after the age 55 **. Mostly breast cancer is seen in
middle-aged women, in contrast this cancer type is rarely observed in men. Survival rate
is higher in older-age women when compared to younger age women 4. According to
studies, breast cancer which has distinct biological and pathological properties shown
different behaviors. For this reason, various treatment responses are required, and it
should have applied distinct therapeutic strategies *°. The breast cancer cells formed in
primary region then it can spread secondary region by way of blood vessels to different
distant organs. After dissemination, breast carcinoma is occurred metastases in different
organs. Metastases often develop in more than one region in patients. The specific
metastatic sites of breast cancer are liver, bone and lung *°. According to study result,
2,088,849 new cases of breast cancer will be formed, and 626,679 breast cancer related

death will be occurred worldwide at the end of 2018 all .



1.3. Metastasis

Endothelial barrier has shown selective barrier function among the blood and
blood vessel. When the endothelial barrier loss their function, various diseases arise as a
result of this situation which includes cancer metastasis, pulmonary edema and
atherosclerosis 7. Cancer has six different hallmarks and metastasis is one of them.
Malignant cancer is distinguished by cancer metastasis °. It causes 90% of deaths
associated with cancers 8. Cancer cells disseminate from primary site to distant organs
in the body, this situation is called metastasis '°. Metastatic tumors are formed in
secondary site. For this reason, this is considered to be the main threat of cancer.
Metastasis which has different steps is affected by various both cellular and molecular
features of host organ 2°. Tumor development is also affected not only genetic and
environmental properties but also structural features of tumor microenvironment 2%, The
reason why we still do not understand the relationship between cancer and metastasis;
transformation of physical stimulus, like cell-cell/ECM relation, to biochemical response
in the tumor microenvironment is due to the poor understanding during tumor
development 2224 Metastasis consist various steps (Figure 1.2.). Firstly, cancer cells
separate from primary tumor then migration is occurred. They are intravasate to the
vascular system with the help of capillaries. Cancer cells which are originated from
primary tumor enter into blood stream, these cells entitled circulating tumor cells 2°. When
the cancer cells are in the blood system, they have to pass over endothelial cell barrier.
Then they spread out the tissue beneath, this step is also called extravasation 2°.
Circulating tumor cells may spread through the circulation to distant sites. These cells
could form secondary tumors in different tissues 2. The most prominent step in
development of cancer is extravasation because of the induce of seconder micro
metastases in different organs .

Paget’s study showed that metastasis was not caused by chance occasions. In that
study microenvironment of specific organs were selected by tumor cells and they
developed specially in there. Tumor cells were represented “seed”” and microenvironment
was represented “soil”. So, metastasis formed just when the proper seed was embedded

in its appropriate soil %°.
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Figure 1.2. The metastatic process overviews (Source: Wirtz et al.%?).

1.4. Extra Cellular Matrix

Extracellular matrix is defined a kind of complicated network of macromolecules
which has a various biochemical and mechanical feature 3!. The Extracellular matrix
(ECM) is surrounding cells which is a type of cell-embedded network. ECM consists of
mainly fibrous protein and proteoglycans. ECM imparts mainly structural support.
Besides that, it shows both biochemical and mechanical properties which can provides to
organize behaviors of cells 2, The complex organisms are made up of tissues that are
formed by embedding cells in the extracellular matrix 3. ECM has many different
functions. It shows structural features for function of tissue and mechanic integration. In
addition, it provides to regulate amount of growth factors and cytokines and preserves the
pH or hydration of the microenvironment 3 . As a result of interactions among
endothelial cells and ECM, the dynamically opening and closing of endothelial cell-cell
junctions is affected. This situation partially controls the permeability of endothelial .
According to recently researches, cell integrin binds to ECM and send cellular response
to soluble factors and is assigned an important responsibility in altering cellular behavior
in culture as well. Therefore, that thing is understood that relationship between cells and
their local environments reaches far beyond native interactions " %8, According to one
study in 2011 8,which was belonged to Hanahan and Weinberg, re-reviewed the hallmarks

of cancer (Figure 1.3.). Two novel properties were added these hallmarks; abolish of



immune destruction and dysregulation of cellular metabolism. Evidence shows that many
of cellular responses which indicates the hallmarks of cancer are regulated by ECM.
Because of this reason all features of ECM should take in consideration during the
investigate behavioral features of tumor and therapeutic response *°. Undoubtedly,
distinguishing ‘ECM signature’ is related to metastasis capacity and specific site of
distant tissue “°. Model system which mimics different tissue sites is created from basic
to complex by engineers because of enhance the understanding of genetically details.
These model systems consist of mainly healthy cells which is found in mimicking tissue,
viscoelastic properties of ECM, tissue dimensionality and protein composition of ECM.
In tissue mimicking, hydrogels are mostly use because of some properties, such as ability

to repeat some properties of structure of 3D and hold a physiologically water content 4%,

Primary Angiogenesi Motility/invasion | Intravasation Survival in Vascular arrest Extravasation Colonization
tumor growth vasculature

matRix (" \ 4 ancl N\

Figure 1.3. Extracellular Matrix and metastasis process relation (Source: Pickup et al.*?)

1.5. Stiffness

The whole integration and barrier features of endothelial cell monolayer are
controlled by three major categories. These are contacts of both cell-cell and cell-
substrate, soluble intermediary and biomechanics *%. Examining these inputs and
relationship between them has a crucial point for comprehending vascular biology. There
are many components that has affected of endothelial cell environment. One of them is
substrate stiffness of endothelial cell monolayer. The substrate stiffness shows difference

according to various physiologic settings It is increasing with age 46, Also, it is
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intensified by some risk factors which were related to common diseases, for example
cancer, diabetes, renal disease, hypertension and atherosclerosis #’. All living structure
have a property which is called mechanotransduction and this property is related to
physical forces. From simple to complex level of organism has ability to sense and give
an answer to these forces . It is known that the cell can behave according to the matrix
stiffness in which they are in direct contact “°. According to recent studies, matrix stiffness
has an important role on effecting the cell conducts, such as “cell spreading and
adhesion”, “migration”, and “differentiation” *¢. Studies about mechanobiology over the
last ten years has proceeded and these studies has combined both biologic and engineering
field for better understanding of increasing relation between stiffness of ECM and
disease. Although the effect of changes in tissue mechanics in pathological conditions is
not yet clearly understood, recently it has observed that changing in tissue stiffness can
be apparent before the progression of disease > °°. ECM shows managing the cell fate
properties which are viscous and elastics, respectively . ECM stiffness is defined
Young's elastic modulus. It is related to pathological conditions. At the same time, itis a
significant factor which is affecting cellular behavior %% 3. Recently, researches have
investigated to what is the effect ECM on the invasiveness of cancer and they tried to
understand whether the ECM could be potential biomarker. Matrix stiffness is one of
them >4,

Some studies show that evidence is scaling up ECM could change both mechanics
and functions of cancer and their support tissues of cells ', Cancer tissues are stiffer
than normal tissues, in contrast cancer cells are softer than normal tissues *8. Tissue
stiffness which seen in breast cancer is a significant variable for diagnosis. Cancer cells
can show different phenotypes depending on stiffness of their environment and alter both
their morphology and behavior *. Pazsek et al. examined between stiffness ratio of
between normal mammary glands and tumors in different collagen gels for investigating
role of matrix stiffness in the behavior of breast tissue *'. Many breast cancers begin to
form in the cell vesicle which are the fundamental anatomical units of mammary glands.
In another study was found that long-term mechanical interactions with collagen gel
caused organization failure and malignant phenotype in breast cell vesicles. Breaking
down of the organization of cell vesicles which interacted the collagen gel is more
common and faster than non-interacting ones °°.

Stiffness of various tissues, materials and surfaces can vary between 102 — 1011
Pa. Stiffness of tissue and organ can vary between 102 and 106 Pa (Figure 1.5.), while
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stiffness of materials (Figure 1.4.) which is used in microenvironment can vary (collagen
and Matrigel 102-103 Pa, alginate and agarose gel 103-106 Pa, PDMS
(polydimethylsiloxane) 104-106 Pa, polyacrylamide gel 10-106 Pa, polystyrene> 109
Pa). The mechanical properties of materials for used to mimicking the microenvironment
Is important in terms of representing the stiffness of tissues which can be find in living

structure 5061,
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Figure 1.4. Stiffness value of some materials (Source: Kolahi et al.®).
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Figure 1.5. Stiffness value of some body organs and tissues (Source: Skardal et al.®?).

In addition, collagen has a widely usage area as a 3D culture material to
investigate a wide variety cell behavior and especially in breast cancer studies %3,

Some defaults of the mechanical properties of tissues may be caused of some
cancers °’. One of these mechanical properties is viscoelasticity which is the most
significant one. As a result of this property failure of the tissues, some dysfunctions and
complications can be seen 5’. When all these conditions are considered, it is possible to
say that viscoelasticity has an important function in the cancer metastasis. In literature,

there are some studies have been done in vitro before which imitate the fundamental



grades of the in vivo process. In addition, most studies have been made usage of two
dimensional (2D) models. This method has some usage limitations because of it may not
reflect three-dimensional (3D) structure of cell and ECM interactions 8,

Type I collagen, Matrigel or fibrin which are one of gel type dependent on natural
ECM’s are consist of proteins. These proteins are sensibly imitating numerous in vivo
settings because of their self-assemble structure into nanofibrous features in vitro. For
this reason, these gels are well-defined usage for stiffness studies which mimics ECM 22,
Also type | collagen is significant stress-bearing constituent of both connective tissues
and ECM %, In addition, collagen is one of the most abundant protein which is find
between connective tissues (Figure 1.6.). As a result of some studies in literature %72
(Figure 1.7.), collagen stiffness value was changed by using different parameter; such as

concentration, pH, temperature, ionic strength and changing of them.
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Figure 1.6. Adjusted different pH value of collagen and their effects on migration

(Source: Chung et al.”™).
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Figure 1.7. Relation between pH of collagen solution and collagen stiffness in
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1.6. Lab-on-a-chip

In vitro models have an important role in mimicking the physiological conditions.
When the specific interactions such as cancer detailed mechanism want to analyze, these
models may be inadequate. In addition, they are not suitable for performing the repeatable
studies. Because of these reasons, various in vitro models have been evolved to try solving
these problems 3. In vitro models cannot fully mimic the in vivo situation due to some
limitations. However, they can tolerate these limitations because of some features. They
do this by providing controllable environments in which single culture parameters can be
altered and using human cells . Some traditional assays such as Boyden chamber and
wound healing assay have been used in a large area for biological researches such as
cancer and drug screening. However, there are some reasons that limit their usage. They
cannot provide adequate control over the microenvironment that is being created, and the
analyzes to be performed cannot be efficiently occurred due to complexity and imaging
can be limited ”°. The microfluidic field has recently started to be used in the biology area
to minimize these limitations. They have been enhanced to use of controlling the both cell
and tissue microenvironment. This situation has made it possible for biologically based
research to become widespread 6. Bioanalytical systems which are based on both micro

and nanotechnology are called micro devices. They have been revolutionized the



biological research field. Also, they have many advantages that consist small structure
sizes and high sample processing capacity 7’. These systems defined as lab-on-a-chip
systems (Figure 1.8.). LOC systems reduce the costs, increase reproducibility and
accelerate the examine the strength and stability of pharmaceutical compounds,
investigation of disease mechanisms and evaluate toxic compounds in models that is more
human intimated. They can mimic the tissue or organ systems of human. Because of this
future, it could minimize of requirement for animal testing in preclinical research area 8.
LOC devices try to solve some technical issues which were created by other traditional
assays. They give an opportunity to create controllable both biochemical and biophysical
3D microenvironment and this combined with real time screening. Because of this, LOC
systems have a broad range in cancer researches, especially in cancer metastases ’°. For
this purpose, various LOC devices have been improved to research cancer cell metastases

steps. Such as “invasion and migration”, transition effects of the cell according to

“mechanical barriers”, “intravasation”, “adhesion” and “extravasation steps” ’°.
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Figure 1.8. Comparison of in vitro and in vivo models (Source: Partillo-Lara et al.®?).
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1.7. Aim of the Study

It is unclear whether mechanical properties of collagen matrix underneath
endothelial cells affect MDA-MB-231 — MCF10A cell lines extravasation under
the static and perfusion flow condition. In this study changing pH value of
collagen was mimicked the different matrix stiffness condition. To applied static
and perfusion flow condition were applied to provide different conditions. The
aim of the project was to determine extravasation efficiency as a function the
mechanical properties of matrix underneath endothelial cells in lab-on-a-chip

devices.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Cell Culture

Cell culture is a kind of biological process. Cells are isolated from living tissues.
Then these cells are kept control under the specific conditions and are made prepare to be

use in proper experiments.

2.1.1. Medium Preparation of bEnd.3 Cell Line

bEnd.3 (mouse brain endothelial cell line) was obtained from ATCC. Dulbecco’s
Modified Eagle Medium (DMEM) (Biological Industries, Cat No 01-055-1A) was used
to provide medium for bEnd.3 cells. Before the preparation steps; DMEM was placed
from +4°C to room temperature and other ingredients were placed from -20°C to water
bath. In the preparing process, 450 ml of DMEM and 50 ml (10%) Fetal Bovine Serum
(FBS) (Biological Industries, Cat No 04-001-1A) were mixed in 1:10 ratio. Then, 5 ml
(1%) Penicillin — Streptomycin (Biological Industries, Cat No 03-031-1B) and 5 ml (1%)
L-glutamine (Biological Industries, Cat No 03-020-1B) were added. Bottle was shaking
gently up and downside and filtered in PES filter system (Corning, Cat No 431097).
Storage temperature of medium was +4°C.

2.1.2. Medium Preparation of MDA-MB-231 Cell Line

MDA-MB-231 (breast cancer cell line) was obtained from ATCC. Dulbecco’s
Modified Eagle Medium (DMEM) (Biological Industries, Cat No 01-055-1A) was used
to provide medium for MDA-MB-231 cells. Before the preparation steps; DMEM was
placed from +4°C to room temperature and other ingredients were placed from -20°C to

water bath. In the preparing process, 450 ml of DMEM and 50 ml (10%) Fetal Bovine
12



Serum (FBS) (Biological Industries, Cat No 04-001-1A) were mixed in 1:10 ratio. Then,
5 ml (1%) Penicillin — Streptomycin (Biological Industries, Cat No 03-031-1B) and 5 ml
(1%) L-glutamine (Biological Industries, Cat No 03-020-1B) were added. Bottle was
shaking gently up and downside and filtered in PES filter system (Corning, Cat No
431097). Storage temperature of medium was +4°C.

2.1.3. Medium Preparation of MCF-10A Cell Line

MCF10A (breast epithelial cell line) was obtained from ATCC. Dulbecco’s
Modified Eagle Medium (DMEM F12/HAM 1:1) (Biological Industries, Cat No 01-170-
1A) was used to provide medium for MCF10A cells. In the preparing process, 13 ml
DMEM F12 was added 25 ml 5% Donor Horse Serum (DHS) (Biological Industries, Cat
No 04-004-1A) and mixed. Then, 100 microliter 2ng/ml Epidermal Growth Factor (EGF)
(Sigma, Cat No E9644), 250 microliter 0.5 um/ml Hydrocortisone (Sigma, Cat No
H0888), 500 microliter 10 ug/ml insulin (Sigma, Cat No 11882), 50 microliter 100 ng/ml
Cholera Toxin (Sigma, Cat No C8052 — 0.5MG), 5 ml (1%) Penicillin — Streptomycin
(Biological Industries, Cat No 03-031-1B) and 5 ml (1%) L-glutamine (Biological
Industries, Cat No 03-020-1B) were added respectively. In final step the mixture was
added DMEM F12 bottle. It was shaking gently up and downside and filtered in PES filter
system (Corning, Cat No 431097).

2.1.4. Cell Passage

At the beginning of the cell culture, the cell specific medium (10ml) was added to
100x20mm petri dishes (treated) and were placed to incubator at 37°C, %5 CO.. The
confluency of the cells to be passaged were checked under the microscope and the cells
that reached the enough density were taken to the laminar flow cabinet for passage.
Medium was pulled by vacuum and added 2 ml Trypsin-EDTA (type A or C) solution
each petri dish then it was aspirated immediately to separate attached dead cells. In here,
trypsin-A (Biological Industries, Cat No 03-050-1B) for bEnd.3 cells and trypsin-C
(Biological Industries, Cat No 03-053-1B) for MDA-MB-231 and MCF10A cells was
used. Then, trypsin solutions were added again to provide detaching cells and petri dishes
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were placed into incubator. Incubation period was for 3 minutes, 5 minutes and 17
minutes for bEnd.3, MDA-MB-231 and MCF10 cells, respectively. At the end of the
incubation period, cells were controlled under the microscope to check whether the cells
up or not. Then petri dishes were placed into cabinet and added 1 ml cell specific medium
for blocking the effect of trypsin solution. This solution was washed gently by pipette and
5 ml solution was added to 15 ml falcon tube. Petri dishes were controlled under the
microscope again. Then 5 ml medium was added and tried again washing step and added
falcon tube. Centrifuge step was applied for 5 minutes at 1000 rpm to precipitated cells
at the bottom of the falcon tube. After centrifugation, cells supernatant was pulled with
vacuum and 1 ml medium was added to dissolve the cells pellet. Pellet-medium mix was
split accordingly determined ratio for each cell type and added to new treated petri dishes.
Subcultivation ratio of cells were; 1/6 - 1/10, 1/2 - 1/4, 1/4 - 1/8 for respectively bEnd.3,
MDA-MB-231 and MCF10A cell lines. After these steps, petri dishes were shake gently
in X — Y direction for separation of equal ratio of cells in medium. Lastly, petri dishes
were put into incubator at 37°C, %5 COe..

2.1.5. Cell Thawing

Firstly, 60 mm petri dish was filled with the cell’s medium to be used and put into
37°C and 5% CO: incubator before starting to be thawing process. Water bath was
adjusted 37°C. After the temperature reached, Cryogenic vials (Corning, Cat No
CLS430487) was gotten from the liquid nitrogen tank or -80 °C and they were placed into
water bath until the cell mix solution were thawed complete. Then this 1 ml cell solution
were added to falcon that consisted 9 ml medium and falcon was centrifugated for the
purpose of separated Dimethyl Sulfoxide (DMSO) (Sigma, Cat No D2650-5X5ML) from
the cells. 1 ml culture medium was used to dissolve the cells and then cells added to petri
dish. After the two passage were passed, cells were ready to use experiments. Cells were
controlled under the microscope every day and changed their medium according to their
confluency. After the two passage were passed, cells were controlled under the
microscope. If cells were shown enough confluency, they were became ready to use in

the experiments.
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2.1.6. Cell Freezing

At the end of the passage process, cells were dissolved 1 ml culture media. In
other falcon, DMSO solution prepared to be 7.5% of total working volume (2ml).
Prepared mixture was added drop by drop to keep away from shocking to cell. The total
volume was transferred into two cryo tubes with a half volume. Cryogenic vials (Corning,
Cat No CLS430487) were placed to -20 °C for a few hours and -80 °C for overnights,

respectively.

2.1.7. Cell Tracking

The amount of Cell Tracker™ Green CMFDA (5-chloromethylfluorescein
diacetate) (Invitrogen, Cat No C2925) and Cell Tracker™ Red CMTPX (Invitrogen, Cat
No C34552) in stock was completed in volume with DMSO according to their known
molecular weight and how much concentration it would use. In experiments, green and
red trackers were diluted 1:1000 ratio with cell type specific media to be reduce the
concentration to 5 uM and 10 uM. Briefly, the media from petri dish was withdrawn by
vacuum and washed with 2 ml serum-free medium 3 times and took with vacuum per
washing. The dye — medium mixture was added to petri dish and petri was placed to 37°C
and 5% CO> incubator for 45 minutes. Stained cells were taken from incubator and
washed 3 times with serum — free medium again. Lastly, cell specific medium was added
to petri dish and checked under the fluorescence microscope (ZEISS) to observe for

staining.

2.2. LOC Device Fabrication

Lab-on-a-chip devices were widely used in biological research area. There are
many different techniques to fabricate LOC devices. In addition, different steps were

applied during this fabrication process.
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2.2.1. UV — Lithography

UV lithography method was used to create molds for the design of the LOC
devices. In order to create three-dimensional LOC devices were used in all experiments,
polydimethylsiloxane (PDMS) polymer was exposed to UV light and various sub-steps
were performed to prepare molds for three days and these methods were based on
previous studies 8. All process was performed in Applied Quantum Research Center
Clean Room (Department of Physics, Izmir Institute of Technology). SU-8 2075 negative
photoresist (Microchem, USA) master mold was formed. In this method, silicone surface
was preferred because this surface was more capable for SU-8 based polymers when
comparing the glass substrates. Silicon wafers were used as a substrate with a 100 mm
diameter (University WAFER, Cat No 452). On the first day, heater (WiseStir® MSH-
20D, DAIHAN Scientific, Korea) was adjusted 65 C° and then silicon wafers were left
on heater for 5 minutes. Thus, SU-8 was homogenously spread over the heated surface.
A few amounts SU-8 was poured onto heated silicon wafer and right after that silicon
wafer was gently shook in elliptic orbit for homogenous distribution of SU-8. Then
silicon wafer was placed onto spin coater machine (G3P-8 Desk-Top Precision Spin
Coating System, Specialty Coating Systems, Indianapolis, IN) to complete the
dissemination process. 1000 rpm with 50 ramp and 25 dwell mode were applied to obtain
the thinner height of wafer. Silicon wafer was placed onto 65 C° for 5 minutes and 90 C°
for 1 hour respectively. After heating process, wafer was taken on the counter and was
left to cool for the second day. Next day of UV lithography, wrinkle test was applied
wafer to check the suitability of the baking steps. In this test, heater was adjusted 95°C
and wafer was placed on heater. If the baking steps were applied incorrectly, wrinkles
were observed on wafer. Wafer was placed on bench for minutes and replaced on heater
again. Heating process was repeated until the wrinkle was not seen. At the same time,
two heaters were adjusted 65 °C and 90 °C respectively. Wafer was waited at room
temperature (24 °C for 5 minutes). In the meantime, UV mask aligner (OAI Hybralign
Series 200, San Jose, CA) which was provided to press a mask mold via using UV light,
was controlled and aligned using a water balance. Vacuum option of mask aligner was
activated, so wafer was anchored. Specific mask design was made in Corel Draw program
and printed on acetate paper. Bright side of mask mold which was pressed on the SU-8

photoresist was placed on wafer and strapped with transparent tape. Thus, only
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determined area was exposed with UV light. UV light was applied only 30 second. When
the exposure time was increased, overexposure was observed or subsequent steps of third
day were not completed. Polymerization process was occurred only areas which were
exposed UV light because of SU-8 is negative photoresist. At the end of the exposure
step, wafer was placed heater at 65 °C for 5 minutes and 90 °C for 10 minutes respectively.
Lastly, wafer was put on counter and kept at room temperature until for subsequent steps
of next day. On the last day steps purpose was to clean unexposed UV light area of SU-8
photoresist with developer and this step called developer step. For this, wafer was placed
in glass petri dish which was filled SU-8 developer solution (Microchem, USA) and kept
in this solution for 5 minutes without shaking. At the end of 5 minutes, petri dish was
shaking gentle circular orbit for 20 minutes. After this step, the edge of wafer was checked
by isopropanol dripping (IPA Test) (Merck, Cat No 109604) in order to observe whether
the unexposed UV light areas were cleaned or not. When the white color was seen, it
meant that target areas were not cleaned completely. Developer solution was refreshed,
and wafer was put in again for 5 minutes. At the end of time, wafer was tested again with
isopropanol and checked under the microscope (Nikon, Japan) which were supported
specific photonic optics (PL 2000) to observe whether the desired shape was formed or
not. Lastly, wafer was washed with isopropanol for block the developer effect and dried

with dust free napkin, so SU-8 wafer was become ready to use.
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Figure 2.1. The fabrication process of UV Lithography.
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2.2.2. Polydimethylsiloxane (PDMS) Molding

Before the molding process, SU-8 master mold was cleaned deionized water
(dH20), ethanol (EtOH), demolding agent and left to bench for drying. Then wafer cover
was prepared by using aluminum foil. SU-8 wafer was anchored aluminum cover via
double sticky type. PDMS molds were formed by using polydimethylsiloxane (PDMS)
elastomer. In this process, 184 silicone base elastomer and curing agent kit which were
settled by SYLGARD® (Dow Corning, Midland, MI, U.S.A) was used and mixed in a
1:10 ratio by weight. For this, a plastic cup was placed on analytical balance and took
tear. Total amount of PDMS was 60 gram per wafer and this amount was consisted 54-
gram silicone elastomer and 6-gram curing agent respectively. Then the mixture was
mixed until the bubbles were observed. Desiccator (PlusMED, 7E-A, Danyang, P.R.C)
was used to eliminate bubbles in the mixture. At the end of vacuum step, PDMS mixture
was poured on SU-8 wafer and left to complete polymerization for 2 days. After
polymerization step was completed, SU-8 wafer and PDMS were uncoupled from each
other.

2.2.3. PDMS Punching and Cleaning

During punching step; the PDMS cut separately from each design. The cut
PDMS’s were punctured at appropriate sizes according to their intended use in future
experiments. These holes provided to load for chips. While the inlet and outlet holes were
drilled, and the chips were made ready for cleaning. PDMS molds cleaning step is the
most significant part of sterilization process. Firstly, scotch tape was used to remove dust
particles from PDMS molds. The cut and punched PDMS molds were placed into glass
slide holder with the pattern portions were placed facing up. During the cleaning steps;
PDMS molds were cleaned one time with ultra-pure water (UpH20), ethanol (EtOH) and
again ultra-pure water, respectively. Then, ultra-pure water (UpH20) was added to cover
all the PDMS molds and left for 10 minutes in sonicator (WiseClean, WUC-AQ3H,
DAIHAN Scientific, Korea). At the end of the sonication, it was washed 5 times with
ultra-pure water. For re-sonication, 70% ethanol was added to glass slide holder and

sonicated for 5 minutes. Afterwards, it was washed twice with 70% ethanol and filled
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with ethanol again and put on bench for 5 minutes. Finally, it was washed one last time
with ultra-pure water. After the washing process, the water drops on the PDMS molds
were taken with the help of desiccator. Cleaned filter paper was placed into glass petri
dish and PDMS molds were put in there. Then it was lifted to oven (NUVE STERILIZER,
FN 032, TURKEY) at 37° C to dry.

2.2.4. PDMS Bonding

Glass microscope slides were cleaned fallowing the protocol before bonding
process. Slides were lined up in glass slide holder and then methanol for one day, ultra-
pure water (UpH20) for second and third day were added respectively. Lastly, slides were
lifted to 60° C to dry.

The PDMS molds, which were subjected to punching and cleaning process, were
re-cleaned with scotch tape before bonding process. The patterned side of PDMS mold
and clean glass microscope slide which is pasted were placed into UV/Ozone cleaner
(BIOFORCE NANOSCIENCES, UV/Ozone ProCleaner™ 220). Then they were
exposed under UV for 5 minutes. PDMS mold which was interacted to ozone treated
changed their structure from hydrophobic to hydrophilic for permanently bonding. The
ozone-exposed patterned side of the PDMS from the device was adhered to the glass.
After these step, PDMS mold and glass bonding were controlled to whether bond or un-
bond. If there are non-bonding parts, they were pressed by tweezers so as not to damage
the pattern. Then LOCs were placed to heater at the 100°C for 15 minutes. Lastly, they
were exposed with UV light for sterilization in laminar cabinet for 15 minutes. At the end

of this step, LOCs were put on glass petri dish at room temperature.

2.2.5. Channel Height Measurement

Vertically section was obtained from polymerized PDMS mold and taken a photo
under the phase - contrast microscope at 4X objective. Black strips were used as a scale
for measurement and their photo were also taken under the same microscope. ImageJ /
Fiji software were used to measure for channel height. Following steps were applied to
find channel height respectively. Two points are drawn by selecting the straight line to
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find the pixel value of distance between the two strips. Pixel value were found via
analyze-measure/measure section. Same process was also applied to PDMS vertical
section. In last step, the distance between the measured pixel value and the measured pixel

value of 200 micrometer was calculated by proportional ratio.

2.3. LOC Device Coating

Before coating step, all chips that were completed whole preparation steps were
treated with UV for 15 minutes to sterilization. APTES was prepared with using acetone
at 2% ratio and loaded into the flow channel and kept laminar flow cabinet at room
temperature for 15 minutes. Then it was pulled with vacuum and washed three times with
1x PBS and upH20, respectively. Poly-L-lysine (PLL) was prepared with using ddH-O
and final concentration was 0.1 mg/ml. PLL loaded into the flow channel and placed into
incubator 37°C %5 COz. Then it was pulled with vacuum and washed three times upH-O.
After APTES or PLL coating, it was coated with different proteins which were Laminin
(0.0125 mg/ml), Fibronectin (0.0125 mg/ml) and type | Collagen (50ug/ml). They were
placed to incubator 37°C %5 CO>. At the end of the incubation, all proteins were pulled
with vacuum and washed three times with UB and upH-O, respectively. Different coated
LOC devices were placed into a vacuum desiccator overnight for preservation of the

protein coating until used in the experiments.

2.4. Dextran Preparation

Dextran is a kind of a polysaccharide and it has a high molecular weight glucose
polymer. It shows high water solubility and low toxicity properties. Dextran 450-600 kDa
from Leuconostoc spp. (Sigma, Cat No 31417-100MG-F) was prepared in 8% ratio with
bEnd.3 medium and put on shaker for dissolve homogenously in medium. After the
dissolving process was completed successfully, it was filtered to become a sterile.
Dextran transferred to pellet in the falcon tube for dissolved during the experimental

process.

20



2.5. Gel Preparation

In these steps’ different structures such as Matrigel and collagen were used to
mimic extracellular matrix. Matrigel is a commercial name of protein mixture which is
produced by mouse sarcoma cells. Collagen is a kind of protein which is find in

connective tissue.

2.5.1. Matrigel and Collagen Preparation

Growth factor reduced Matrigel (Corning, Cat No 356234) was diluted with
DMEM High glucose medium in 1:1 ratio and final concentration was 4 mg/ml. Matrigel
was loaded matrix channel of LOC devices and was placed into 37°C, 5% CO: incubator
for gelation process for 35 minutes. Type | Collagen (Corning, Cat No 354236) was
obtained from RTT and solubilized at 9,66 mg/mL in 0.02M acetic acid. Collagen was
consisted 10X PBS, 0.1 M sodium hydroxide (NaOH) and ultra-pure H.O. Amount of
10X PBS was 10% of added total gel mixture volume. Gel was prepared corresponding
different pH's according to adding different amount of NaOH. Final volume was adjusted
with using upH20 and all collagen concentration was constant in whole different pH
values which was 3 mg/mL. Collagen was loaded matrix channel of LOC devices and
was placed into 37°C, 5% CO: incubator for gelation process. This process was

completed 1 hour.

2.5.2. Collagen pH Measurement

Collagen gels were prepared according to protocol which is mentioned above and
were placed into eppendorf tubes. All eppendorf tubes were kept on the ice cube to avoid
polymerization. pH papers were used to measure of collagen gel pH’s. For this reason, 20
microliter amounts were taken each collagen condition and put onto pH papers drop by
drop. After a few seconds color changes were observed and determined the exact pH’s of

all collagen gels condition. Two different conditions which were represented low pH (soft
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one) and high pH (stiff one). So, different stiffness value of extracellular matrix was
mimicked according to change pH value of type I Collagen.

2.6. Endothelial Monolayer Formation

bEnd.3 cell line was passaged and stained by green tracker. Cells were suspended
with using Dextran or own medium. After that, cells were counted with using EVA
Automatic cell counter (NanoEntek) according to determined calculation and prepared
the suspension of cell numbers for each LOC devices suspension was loaded softly into
flow channel. They were placed into glass slide holder vertically and put into put into
37°C and 5% COz incubator overnight. After overnight incubation, all LOC devices were
displayed with using confocal microscopy. In here, 488 fluorescence light was used to
observe bEnd.3 cells whether they were formed monolayer successfully. All posts of LOC

devices in different position were taken.

2.7. Endothelial Monolayer Integrity

Dextran, Tetramethylrhodamine, 70 kDa (Life Science, Cat No D1819) was used
for both under the static and flow conditions to control endothelial permeability whether
cells were formed monolayer successfully. At first step, endothelial monolayer was
formed and viewed according to introduce previously. Then dextran diluted with DMEM
High Glucose in 1:250 ratio. Before loading the dektran, all LOC devices photos were
taken by using fluorescence microscope (Zeiss, Germany). In static conditions; LOC
devices matrix and reservoir channels were closed with double-sided tape and used
mineral oil drops for avoid evaporation. Dextran was loaded flow channel and LOC
device was placed into fluorescence microscope (Zeiss, Germany). In flow conditions,
same dextran loading process was applied but in here LOC devices were placed on rotator
in incubator. In specific time intervals minutes LOC devices photos were taken by using

fluorescence microscope.
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2.8. Perfusion

According to P. Morier et al. study, gravity driven flow rate was formed with
according to height changes which were depend different angle 8. This method was
chosen because of keep under the control the monolayer without any damage. Based on
this method, LOC device were placed on rotator (Multi BioRad RS-24, BioSan) and
different angles were tested that were 5°, 10°, 15° and 20° respectively in 1 rpm. Photos
were taken at start and finish place of center to determine the correlation between angle
and height (Figure 2.2.). Their appropriate value was calculated in Image J. A graphic
showed that changes the between angle and height relation (Figure 2.3.). In addition,
shape of microchannel of LOC device was rectangular, also flow rate and pressure

difference were calculated with using these Pouseille Flow formula

3
0 ~ hWA"1—0630 % forh<w  AP=pgh

In this formula; Q is volumetric flow rate (m®s), h and w are height and width
(m), Ap shows pressure differences (Pa), n shows viscosity (Pa*sec) and L is length of
the channel (m).

In addition to this formula, shear stress of wall must be known because of
preserving the monolayer structure. Shear stress which acts external force to surface were

calculated according to this formula 8;

610
wh?

In this formula; “t is the shear stress (dyn/cm?), n the dynamical viscosity

T=

(dyn/cm?), Q is the flow rate (cm?/s), h is the height of channel (cm), and w is the width
of the channel (cm)”. When combined all, total changes in height which was referred
delta H was reverse ratio in height of microchannel. Calculation of shear stress gave to
appropriate angle which were used in rotator. Degree were determined by using these

formulas and flow were applied 4 hours.
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Figure 2.2. Image represent height difference of LOC devices according to angle.
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Figure 2.3. Shear stress and angle calculation according to height differences and flow

rate values.

2.9. Extravasation Quantification

Completion time of extravasation experiment for both static and flow conditions
was 24 hours. Then Z-stack photos were taken from each post of the LOC devices in the
10X lens with a gap of 15.04 um along the channel height. Photos of bEnd.3 which was
labeled with green tracker and MDA-MB-231 / MCF 10A which were labeled red tracker
were taken in 488 nm and 555 nm wavelength, respectively in confocal microscope. Their
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Z-stacks photos were merged and set to maximum intensity mode which was represented
in 2-dimensional structure. In that mode; endothelial monolayer which was formed in
each post of LOC devices was accepted as a boundary. According to this boundary,
extravasation analyses was applied for both MDA-MB-231 and MCF 10A cell lines.
These cells were separated 3 different groups which were “extravasated”, “associated”
and “flow channel”. If the cells were passed thorough the monolayer it was called
extravasated, in contrast of the cells were interact with endothelial monolayer it was
called associated. In addition, the presence of cells in the flow channel was referred to as
the flow channel. Afterwards, the photos of LOC devices were taken along the channel
heights in Z direction were converted 3-Dimensional photos and checked at different

angles in Las X which were in simulation mode.

Figure 2.3. a) Yellow circle shows extravasated cell in vertical view of endothelial
monolayer. b) Zoom in extravasated cell in horizontal view of endothelial

monolayer.

Figure 2.4. Cells in endothelial monolayer represents in flow channel. a) vertical view

of endothelial monolayer. b) horizontal view of endothelial monolayer.
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Figure 2.5. a) Yellow circle shows associated cell in vertical view of endothelial
monolayer. b) Zoom in associated cell in horizontal view of endothelial

monolayer.

2.10. Distance of Extravasated Cell Quantification

For extravasated cells, how much of each cell migrated from the starting point of
endothelial monolayer according to vertical distance was calculated in um with using
Leica Las X program. In first step extravasated cells were controlled in 3D mode. Then
2D mode was opened and 3 channels which are brightfield, 488 and 555 fluorescence are
merged. Max intensity option was applied, and Z position was changed to show the
extravasated cells clearly. To calculate the distance straight line was drawn between the
endothelial monolayer and extravasated cell. These steps were applied to all post in

experiments (Figure 2.6.).

Figure 2.6. Representative image shows that distance of extravasated cell from the

endothelial monolayer.
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Figure 2.7. Experimental flow scheme.
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CHAPTER 3

RESULT AND DISCUSSION

3.1. LOC Device Fabrication with using UV Lithography Method

UV Lithography technique was used to manufacture of SU-8 wafers (master
molds). PDMS-LOC devices were fabricated by using these master molds. LOC devices
were prepared by applying following steps punching, cleaning, bonding and sterilization.
Height of LOC devices were varied, and width is 1 mm for flow channel. In this design,
there are three channels which were entitled flow, matrix and reservoir respectively.
Different sizes of punchers were used to form inlets and outlets in LOC devices. Inlets
and outlets of flow channel are 2 mm, and both of matrix and reservoirs are 1.5 mm
(Figure 3.1.).

Figure 3.1. a) Image of SU-8 mold (wafer). b) Image of PDMS of Lab-on-a-chip device.
c) Design of mask. d) Image of PDMS LOC device after permanent

bonding onto glass slide by UV/ozone treatment.

28



3.2.Determination of Collagen pH

During the all experiments, the amounts of the other components were kept
constant and only the NaOH component was modified. At first stage, appropriate pH
values were tried to find. To change the stiffness of collagen depending on pH value, both
different NaOH amount and two different molar concentrations were tried (Figure 3.6.).
NaOH was prepared as 0.1 M was divided 3 main different amount experimental groups.

In first group: samples were prepared by varying the amount of NaOH between 1
and 7 microliters in 100 microliter total collagen mixture. Each collagen samples were
measured two different types of pH papers which were measure range value between 7.5
—14 and 0 — 14. Because of the amounts of NaOH were too close, pH results were shown

only a few values changing (Figure 3.2.).

1 1
1 1
12 12
~ 10 ~ 10
= =
G g 8
E 6 E 6
2 2
0 0
0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0 0.1 0.2 03 0.4 05 0.6 0.7 0.8
NaOH (pmole NaOH (pmole
7.5-14 (nmole) 0-14 (nmole)
microliter 1 2 3 4 5 6 7 microliter 1 2 3 4 5 6 7
micromole| 0.1 0.2 0.3 0.4 0.5 0.6 0.7 micromole| 0.1 0.2 0.3 0.4 0.5 0.6 0.7
pH 7.5 7.5 7.5 3 8 8 8 pH 6 7 7 7 8 8 8

Figure 3.2. The tested amounts which are between 1 and 7 pl were shown in table both
in pl and pmole of NaOH values. At the same time, graphics were
represented the exact pH value corresponding to the umole value.

In collagen preparation protocol, NaOH amount which was calculated according
to final concentration amount of collagen was 7.14 microliters in 100 microliter total
collagen mixture. For this reason, samples in second groups were prepared based on this
calculation and tested 4 different amounts of NaOH. These are 7.14 — 21.42 — 42.84 — 50
microliters, respectively. Each collagen samples were measured two different types of pH
papers which were measure range value between 7.5 — 14 and 0 — 14. In this time, tested
amounts were high, so pH values were shown broad ranges which were varied between 8
— 13 value (Figure 3.3.).
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Figure 3.3. The tested amounts which are 7.14 — 21.42 — 42.84 — 50 pl were shown in

table both in pl and pmole of NaOH values. At the same time, graphics

were represented the exact pH value corresponding to the pmole value.

In order to observe remaining values except the other ones, 3 different samples

were prepared which were 20, 25 and 30 microliters, respectively. Each collagen samples

were measured two different types of pH papers which were measure range value between

7.5—14 and 0 — 14. Difference between tested amounts of NaOH were not too much like

second groups, for this reason changes of pH value was few as a first group result. This

similarity was just in changing in pH value, so obtained quantitative results were different

(Figure 3.4.).
16 16
14 14
12 12
Rl g
s s = 8
2 2o
4 4
2 2
0 0
0 05 1 15 2 25 35 0 05 1 15 2 25 35
NaOH (pmole NaOH (pmole
7514 (nmole) 0-14 (nmole)
microliter 20 25 30 microliter 20 25 30
micromole 2 2.5 3 micromole 2 2.5 3
pH 11.5 12 12 pH 11 12 12

Figure 3.4. The tested amounts which are 20, 25 and 30 ul were shown in table both in

pliter and pmole of NaOH values. At the same time, graphics were

represented the exact pH value corresponding to the micromole value.
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In order to observe the differences according to molarity value of NaOH (0.3M)

amount, 5 different samples which were broad range value were prepared. Each collagen

samples were measured two different types of pH papers which were measure range value

between 7.5 — 14 and 0 — 14. Also, these groups were consisted different values which

were tested in other groups. As a result, pH values were varied between 8 — 14 value

(Figure 3.5.).
16 16
14 14
12 //'—r/“ 12
Z 10 F10
6 6
4 4
2 2
0 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
NaOH (umole NaOH (nmole
75-14 (umole) 0-14 (nmole)
microliter 2 10 20 25 50 microliter 2 10 20 25 50
micromole 0.6 3 6 7.5 15 micromole 0.6 6 7.5 15
pH 10 12 13 13 14 pH 8 11 12 13 14

Figure 3.5. The tested amounts which are 2, 10, 20, 25 and 50 pl at 0.3 M were shown

in table both in pl and pmole of NaOH values. At the same time, graphics

were represented the exact pH value corresponding to the umole value.

Figure 3.6. Measurement of Collagen pH according to different NaOH amount. a-c) 0.1
M NaOH, d) 0.3 M NaOH
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As a result of evaluation of all experiments, two different pH values were decided
to use, pH 7 and pH 12. Also, amount of NaOH was changed according to these values,
3 and 25 microliters, respectively. The important point here was to indicate the gel
stiffness with appropriate both low and high pH value. Low pH and high pH values were
represented soft gel and stiff gel, respectively. According to Yamamura et al. study
relaxation modulus of collagen stiffness can be varying to pH of collagen solution.
Differences between two values were kept high, so changing were observed easily. In
these experiments stiffness of matrix condition was adjusted by pH dependent. Figure

3.7. shows sum-up of relation between NaOH amount in pmole value and their pH value.

10 11 12 13 14 15 16

NaOH (unm.le]

Figure 3.7. All tested amounts graphics were represented the exact pH value

corresponding to the micromole value.

3.3. Coating Optimization of Lab-on-a-chip Device for the Formation of

Endothelial Monolayer

Poly-I-lysine (PLL) is a type of poly amino acids which improves the cells
attachments to surfaces. In the experiments, LOC devices were coated with PLL as a
precoating protein and then FN was used as a second protein to provide an appropriate
adherent surface for endothelial cells. When results were evaluated, endothelial cells

which were used to mimic blood vessel increased their attachment to channel. Another
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method was denoted by Asma Siddique et al. used 3-Aminopropyl triethoxysilane
(APTES) in their study to create more appropriate microenvironment for cell growth.
According to this study, APTES were used a linker between PDMS and collagen in
surface coating®*. This method was also applied by the combination of fibronectin. When
we compare the results of different combination of coating materials (PLL-FN or APTES-
FN), any significant differences were not observed in the terms of cell attachment. APTES

is more advantageous for time cost according to PLL during coating process (Figure 3.8.).

Flow channel Matrix channel

"I . [ I

APTES - FN

PLL - FN

Figure 3.8. 3D microscope images of first day of 2% APTES-FN (0.0125 mg/ml) and
2% APTES-PLL (0.1 mg/ml) coated LOC devices with endothelial cells
dissolved in dextran media. Images were taken with confocal microscope.
a-b) Different positions of APTES — FN coated LOC devices. c-d) Different
positions of PLL — FN coated LOC devices.

Other proteins such as laminin and collagen have also been tested as coating
proteins in order to provide better adhesion of endothelial cells (bEnd.3) within LOC
devices. When compared the different coating proteins effect on monolayer formation,
some differences were observed. As a result of the experiment, the APTES-COL coating

had some troubles for loading of endothelial cells into flow channel after coating process,
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resulting in the leakage of other channels from flow channels during the loading process.
The results showed that APTES-LAM (Figure 3.10.) were provided better surfaces for
the generation of endothelial monolayer compare to APTES-FN (Figure 3.11.), APTES-
COL (Figure 3.9.). APTES-LAM coating was used to mimic blood vessel in all

extravasation experiments.

Figure 3.9. 3D microscope images were taken by confocal microscope of after bEnd.3
endothelial cells loading at a concentration 7.5x 10° / ml with 2% APTES -
COL (5ug/ml) coated LOC device. a) first day, b) second day, c) third day.

Figure 3.10. 3D microscope images were taken by confocal microscope of after bEnd.3
endothelial cells loading at a concentration 7.5x 10° / ml with 2% APTES
—LAM (0.0125 mg/ml) coated LOC device. a) first day, b) second day, c)
third day.

Figure 3.11. 3D microscope images were taken by confocal microscope of after bEnd.3
endothelial cells loading at a concentration 7.5x 10® / ml with 2% APTES —
FN (0.0125 mg/ml) coated LOC device. a) first day, b) second day, c) third
day.
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3.4. Dextran used for Endothelial Monolayer

After overnight incubation, confocal photos were taken, but some partial
aggregation and gaps between endothelial cells in channel were observed. According to
Myers et al. study; dextran helps increasing of fluid viscosity, dependent on that velocity
value of cell decreases . So, cells adhere successfully on the surface. For this reason,
endothelial cells were dissolved in both 8% dextran containing medium and normal
bEnd.3 cells medium. When compared with dextran and no dextran samples, different
results were obtained in endothelial cells coating. The results show that dextran allowed
the endothelial cells disperse homogeneous in LOC devices. At the same time, endothelial
cells with dissolved in dextran showed better adhesion and smooth coating between the

posts of flow channel (Figure 3.12.).

Dextran

No Dextran

Figure 3.12. 3D microscope images of after bEnd.3 endothelial cells dissolved in
dextran media and own media respectively loading at a concentration 8.7 x
108 / ml with LOC device. a - ¢) Horizontal side view. b - d) Vertical side

view.
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3.5. Endothelial Monolayer Formation

In the endothelial monolayer experiments to be performed in LOC devices, it was
the main objective to perform cells coating in the post region where the main
extravasation was observed rather than the endothelial coating of the glass and PDMS
surface. So, optimization of endothelial cell numbers has been tried at different
concentrations depending on height of LOC devices. For all experiments, a mathematical
calculation was made on how much cells should be loaded into the channel considering
the average cell size and the area of the channel to be covered.

For this reason, the number of cells per microliter and the corresponding number
of cells per micron were calculated. Starting from that, the most suitable concentration
for endothelial cells monolayer coating was tested. In figure 3.7.; 22x10%ml endothelial
cells were dissolved in 150 pl dextran and loaded into LOC devices (Figure 3.13.). When
the cell calculation was done for finding the number of cells per microliter, 1466/ul
bEnd.3 cell number was found. Each volume of flow channel of LOC devices was 15 pll,
so the required concentration of cells could be 22x10%/15 pl. According to this
calculation, it was decided that the number to be applied for the loading shall be 30000 /
15ul for the next experiments, considering the whole of the post not being covered

completely.

Figure 3.13. 3D microscope images of after bEnd.3 endothelial cells dissolved in
dextran media loading at a concentration 22 x 10*/ ml with LOC
device. a) Horizontal side view of green tracker labeled bEnd.3 cells.

b) Horizontal side view of bright field.
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This theoretically calculated value was tried on LOC devices which has 294 -
micron height (Figure 3.14.).

Figure 3.14. 3D microscope images were taken by confocal microscope of after bEnd.3
endothelial cells loading at a concentration 5.8x 10° / ml with 2% APTES
— Laminin (0.0125 mg/ml) coated LOC device. a) Vertical side front of
matrix channel view, b) Horizontal side behind of flow channel view,

c) Horizontal side view.

At the end of experiments, monolayer which was formed by endothelial cells
successfully. It was as a result of value calculated theoretically. According to these result,
desired number of cells per micron was found to be 19736 cell / micron, so the

optimization of cell number was completed.

Matrigel or Matrigel — Collagen mixtures were used as control groups during the
optimization process. When the optimization step was completed successfully, following
experiments were performed by using only collagen in different stiffness values. The
results showed that the optimized number of cells were also applicable for only collagen

matrix conditions (Figure 3.15. and Figure 3.16.).

Figure 3.15. In matrix channel stiff collagen (high pH) was loaded. Then, 2% APTES —
Laminin (0.0125 mg/ml) coated LOC device were loaded with bEnd.3
endothelial cells which was at a concentration 5.2 x 10° / ml.
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Figure 3.16. In matrix channel soft collagen (low pH) was loaded. Then 2% APTES —
Laminin (0.0125 mg/ml) coated LOC device were loaded with bEnd.3

endothelial cells which was at a concentration 5.2 x 108 / ml.

3.6. Determination of Permeability Differences

70 kDa dextran tetramethylrhodamine was applied to observe the endothelial
monolayer integrity differences according to different stiffness of matrix (low pH and
high pH conditions). In Figure 3.17. was shown differences between both low pH value
(soft matrix) and high pH value (stiff matrix) in static conditions after loading the 70 kDa
dextran. To compare the permeability effect, photos were taken in specific time interval
(0 - 30 - 60 minutes). In low pH value (soft matrix) condition permeability was shown a
few increasing. In contrast, in high pH value (soft matrix) condition permeability was
increased faster when compare the low pH condition. When matrix structure has become
stiffer, endothelial cell junctions are started to change. As a result of this, in high pH value
matrix caused was caused of destabilization of endothelial cell junctions and promoted
focal adhesion assembly. In addition, also changes in matrix structure were caused the
increasing of permeability. In collagen structure fibril diameters and pore size were
varied. When increased the pH value, fibril diameters are becoming shorter and pore sizes
increased. That's why permeability was increased when using the high pH value
condition. In addition, in Figure 3.18. graphics were showed the permeability differences
between two matrix conditions during the specific time intervals. Blue bar was
represented low pH, orange bar was represented high pH condition. During the 0- and 30-
minutes time interval differences between two condition were not too much, but

especially in 60 minutes differences were became higher.
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Figure 3.17. After 70kDa dextran loaded in flow channel. a) Low pH value collagen;
top side bEnd.3 cells (488) 0-30-60 min. bottom side dextran (555).
b) High pH value collagen; top side bEnd.3 cells (488) 0-30-60 min.
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Figure 3.18. As a result of pH dependent collagen stiffness increased, cell-cell junction

between endothelial cells were disrupted. For this reason, permeability is

increased in high pH value of collagen.
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3.7. Extravasated Cell Analysis

To comparison between extravasated MDA-MB-231 and MCF10A cells were
analyzed according to cell number for both under static and flow condition in different
stiffness value of collagen. Observation the relation between collagen stiffness and
extravasation was shown in Figure 3.19. Significant difference was not observed when
compared the extravasated cell number for MDA-MB-231 cells in both stiff (high pH)
and soft (low pH) matrix conditions. However, flow and static conditions were also
compared for the same matrix condition. In this comparison; significant differences were
observed in extravasated cell number. For both soft and stiff matrix condition; decreasing
of cell number was observed under the flow condition when compared the static condition
(p<0.05 *). Also, MCF10A cells both in soft and stiff matrix conditions were compared,
there were no differences were observed. Moreover, MCF10A cells did not show
significant differences even if in same matrix condition for both flow and static
conditions. Lastly, MDA-MB-231 cells both in stiff - soft matrix and flow - static
conditions groups were compared the MCF10A cells. MDA-MB-231 cells were indicated
increasing significant differences when compared the MCF10A cells (p<0.001 **%*).

In addition, these comprehensions associated cells also compared for both cell
types, matrix conditions and flow - static conditions (Figure 3.21.). In static condition,
significant differences were observed in MDA-MB-231 cells between the soft and stiff
matrix conditions (p<0.05 *). In soft matrix conditions associated cells numbers were
higher than stiff matrix conditions for MDA-MB-231 cells. In contrast, MCF10 cells were
shown significantly higher differences in stiff matrix conditions (p<0.05 *). This situation
may be caused different cell types. Also, cell types were compared in same matrix
conditions. There were no significant differences in stiff matrix condition between MDA -
MB-231 and MCF10A cells. However, MDA-MB-231 cells were increased significant
differences when compared the MCF10A cells in soft matrix conditions (p<0.05 *). When
compared in flow conditions, there were no significant differences were observed even if
both cell types and matrix conditions.

Lastly, cells which was found in flow channel were compared for both cell types,
matrix conditions and flow - static conditions (Figure 3.22.). There were not any

significant differences were observed between the all comprehension groups.
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Figure 3.19. Extravasated cell number into matrix. Black line represents differences
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Figure 3.20. Extravasated cells metric in endothelial monolayer. (p< 0.05 *),
(p< 0.001 ***)
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Figure 3.22. Cells number in flow channel.
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3.8. Distance Migrated by Extravasated Cell

At the end of the cells extravasated, distance of cells across the endothelial
monolayer must calculated. This calculation may use to next step analysis. When
compared the distances of soft and stiff matrix for MDA-MB-231 cells in static condition,
it was significantly higher in stiff matrix than soft matrix (p<0.01 **). Also, static
condition MDA-MB-231 in high matrix was shown increasing differences when
compared the under-flow conditions. In contrast, when flow applied in same
circumstances, there was not any significant differences between matrix conditions
(Figure 3.23.). In addition, MCF10A cells were not shown any significant differences
when compared the soft and stiff matrix under static condition. However, at flow
conditions for MCF10A cells in stiff matrix were shown more distance when compare
the soft matrix (p<0.05 *). Thus, the flow may have triggered MCF10A cells (Figure
3.24.). Besides that, under the constant matrix stiffness (stiff and soft) both MDA-MB-
231 and MCF10 cells were compared under the flow and static condition. For both stiff
and soft condition separately MDA-MB-231 cells were taken more distance as for that
MCF10A cells (Figure 3.25. and Figure 3.26.).
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Figure 3.23. Distance of extravasated MDA-MB-231 cells both in stiff (high pH) and

soft matrix (low pH) under flow and static condition. (p< 0.01 **)
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Figure 3.24. Distance of extravasated MCF10A cells both in stiff and soft matrix under

flow and static condition. (p< 0.05 *)
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Figure 3.25. Comparison of distance of extravasated MDA-MB-231 and MCF10A cells

in soft matrix under flow and static condition. (p< 0.001 ***)
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Figure 3.26. Comparison of distance of extravasated MDA-MB-231 and MCF10A cells

in stiff matrix under flow and static condition. (p< 0.001 ***)
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CHAPTER 4

CONCLUSION

In this study, relation between extravasation which is the most significant step in
cancer metastasis and extracellular matrix stiffness was investigated under both flow
(perfusion) and static condition. LOC devices were used to as an in vitro model, so it was
given to chance work on 3D microenvironment. In these devices; bEnd.3 cell line was
used to form a blood vessel. To observe the extravasation effect; Invasive breast cancer
cell line MDA-MB-231 and normal mammary epithelial cell line MCF10A were used.

In preparation steps of experiments, some optimizations were required on the
purpose of providing appropriate environment to form of mimicking blood vessel in LOC
devices. In coating method APTES and PLL were compared. APTES was selected coated
material because of decreased the experiment time as against PLL. Also, other protein
such as LAM, FN and COL were tried as a coating material for find a better cell adhesion
to surface and LAM was selected for second coating material. Because of LAM was
shown best adhesion results for endothelial cells monolayer. During the loading step of
bEnd.3 endothelial cells, dextran was chosen as the ideal substrate for dissolving the cells
when compared the own media. Because of their increasing the fluid viscosity features.

Coating of bEnd.3 as monolayer different cell numbers were tested to find the
appropriate number. According to these result, different cell numbers were tried. As a
result, desired number of cells per micron was found to be 19736 cell / micron.

Because of collagen was widely used in stiffness experiment, it was selected to
mimic extracellular matrix in experiments. Collagen stiffness can change according to
varying properties. In this study, pH dependent changes were applied to form different
types collagen. Like Chung et al. study low pH value was represented soft matrix, in
contrast high pH value was represented stiff matrix.

In high pH value (soft matrix) condition permeability was increased faster when
compare the low pH condition. As a result of this, in high pH value matrix caused was
caused of destabilization of endothelial cell junctions and promoted focal adhesion
assembly. In addition that increasing the pH value, fibril diameters are becoming shorter
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and pore sizes increased. That's why permeability was increased when using the high pH
value condition

When compared the extravasated cell number between different stiffness matrix
in same cell types, it was observed differences in quantitively, but this result was not
shown significant. However significant differences were observed when MDA-MB-231
cells evaluated separately both in soft and stiff matrix compared between flow and static
conditions. So, cell numbers were decreased by applied flow. In addition, significant
differences were observed between MDA-MB-231 and MCF10A cell lines in different
matrix stiffness. Even if there are no significant differences between in different matrix
condition, results were indicated that extravasation could be dependent on cell type and
flow or static conditions. In contrast, matrix differences were affected both distances of
two cell type. As a result, MDA-MB-231 cells in stiff matrix were tended to more go
away when compare the soft matrix.

When compared the associated cell numbers, significantly differences were
observed between soft and stiff matrix each cell types. Associated cells numbers were
higher than stiff matrix conditions for MDA-MB-231 cells. In contrast, MCF10 cells were
shown significantly higher differences in stiff matrix conditions. This situation may be
caused different cell types. When compared in flow conditions, there were no significant
differences were observed even if both cell types and matrix conditions. For cells which
was found in flow channel were compared for both cell types, matrix conditions and flow
- static conditions. No significant differences were observed between the all
comprehension groups.

In addition, the use of microfluidic technologies has an importance to mimic in
vivo conditions. Especially LOC devices useable to have many advantages. It is still
unclear topic whether mechanical properties of different stiffness value of matrices
underneath endothelial cells affect both MDA-MB-231 and MCF10A extravasation.

According the results, relation between this question were tried to find.
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