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Abstract

Abstract

In vitro models are commonly used biological tools involving culture of cells so
as to replicate complex human organs and organ systems in an ex-vivo manner.
Researchers have created in vitro models for many years now focusing on different
physiologically relevant studies. Non-invasiveness and simplicity are some of the major
advantages of in vitro models unlike in the case of animal models where animals are
sacrificed and moreover the complexity of the animal physiology introduces a large
number of variables thereby complicating the entire study. An in vitro model reduces the
number of variables and hence simplifies the study. One of the techniques for the creation
of in vitro models is cell patterning. It involves the spatial orientation of the cells in a
controlled manner so that a desired study can be performed. Microfluidics is a platform
that can be used for the development of in vitro models with good physiological
relevance. The ability to control the flow of fluids inside a microfluidic device makes it
an extremely attractive technique for the creation cell patterns. Most of the cell patterning
on a chip has been done by controlling liquid flow using an actuating system like a
syringe pump. Such a system tends to be bulky and complex. In the present work, cell
patterning has been done by controlling liquid flow within compartments by modifying
the property of the surface within the chip. This ability to control liquids allows for the
culture of different cell types inside different compartments on a chip. Our aim was to
develop a simple, easy to use microfluidic device, which can be used for different cell-
based applications. Our chip design is modified from a design available from literature
and we have devised a surface treatment technique wherein we have used a fake channel
to coat the surface with suitable chemicals to control the hydrophilic property of the
channel surfaces. Cells were cultured in the hydrophilic compartments of the chip and
different studies were performed to show the significance of such an on-chip model. Cell
mechanism based studies performed on-chip included a cell-cell interaction study where
the impact of tumor cells on stromal cells was studied while another work involved the
study of substratum properties on mesenchymal stem cell migration which is a vital
phenomenon in regenerative medicine. Apart from the study of cellular phenomena, such
models can also be used for drug testing to see the efficacy of the drug on human cells.
Though the sophistication of the model does not allow for its usage in the later phases of
drug testing, they can still be used as a part of the phase | tests of drugs, to see the impact

the drug might have on human cells. In this thesis we have performed a drug efficacy test

Xl



Abstract

where the co-culture model developed using this device was used to test the targeted
killing potential of a photosensitizer that was designed to perform targeted photodynamic
therapy of cancer cells. Apart from performing cell culture, the microfluidic chip also
allows for easier analysis using suitable fluorescent probes. In this thesis we have
discussed about a simple, easy to use and highly reproducible microfluidic model that was
developed to perform cell culture and cellular analysis on chip according to the study of
interest. Apart from cell mechanism studies, the model can be modified to perform other
studies like testing drug selectivity, drug efficacy as well as for performing preliminary

tests during hypothesis testing.

X
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Introduction

1.1 Invitro models

The human body is an extremely complex system comprising of different organ
systems, each with its own functions and significance. Such organ systems are made up of
numerous organs that comprise millions of cells which are the building blocks of the
body. The cells from these different organs are different from each other in their
morphology as well as in their functions. Researchers have been studying the functioning
of these cells to understand the functioning of the body. Such studies help us in gaining
insights into the mechanisms undertaken by the cells and will help in forming a better
picture of the organs and their functioning. These studies also help in developing insights
into infections and diseases and a better understanding of these conditions will help in the
development of a suitable cure. The realization of the ability to maintain organs outside
the organism’s body in the early 19" century triggered the development of the present day
cell culture techniques. The understanding of cellular growth requirements over the past
century has led to the development of formulations of solutions known as cell growth
medium containing different components like amino acids, vitamins, glucose, glutamine,
etc, that are required by cells to survive and proliferate in ex vivo conditions.
Advancement in ex vivo cell culture techniques has led to the development of the
conventional in vitro models that have been widely used over decades to gain a better
understanding of the cells and their mechanisms and functionalities. The significance and
popularity of such a model arises from its non-invasiveness and simplicity unlike the
animal models. Disease studies is one of the major applications of these devices as they
assist in understanding the mechanism of the specific disease and thus in developing a
suitable cure for the same. These models also assist in performing drug testing where the
pharmacodynamics of the drugs can be understood apart from helping in hypothesis
testing as well as in the optimization of the drug dosing regimens.! A large number of

models that focus on studying various cellular mechanisms have also been developed. >’

Cell culture is the most basic part of developing such models and it may be a 2-
dimensional (2D) monolayer cell culture which involves culturing cells on a 2D surface
(X-Y plane) like petri-dish, or specialized flasks or 3-dimensional (3D) cell culture which
involves the use of a scaffold or matrices for supporting cell growth in a 3D space (X-Y-Z
space). While 2D cell culture is an established technique and a large number of bio-
analytical assays have been developed to obtain a better understanding of the cellular
functioning, researchers have shown that culturing cells inside a scaffold in 3D better
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mimics the in vivo cell environment. For example 2D cell culture induces an apical-basal
polarity apart from bringing a difference in their behavior in comparison to its behavior in
physiological conditions while cells cultured within a 3D space are not polarized and are
free to use their apical, basal as well as lateral domains of the plasma membrane.®
Moreover 3D cell culture is technique used for the development of tissue constructs in
vitro. Figure 1.1 illustrates the basic differences between the cells in a 2D and 3D
environment. But the ease of 2D culture has caused it to be a more widely used method

for in vitro models.

Collagen-coated glass (2D)

b) Forced apical-

a) Soluble basal polarity

gradients
absent

c) Continous
layer of matrix
E N\ AN
f) vah stiffness
(GPa range)

Collagen gel (3D)

d) Unconstrained
spreading and
migration in x-y

e) Adhesions
restricted to
x-y plane

b) No prescribed

polarity

a) Soluble
gradients
present

c) Discrete

matrix fibrils

d) Spreading and
migration sterically
hindered

f) Low stiffness
(kPa range)

e) Adhesions

distributed
in all three
./‘ *X dimensions

Figure 1.1: Cell in a 2D and 3D environment. Reprinted with permission from °.

The simplicity of the in vitro models is often cited as its advantage because of the
ability to breakdown the human body into smaller models which will help in easier
studies and better understanding of different cell types. But this is often its biggest
drawback, as the results from such a model might not always be relevant to an in vivo
system. Moreover various physiological conditions like chemical gradient, shear stress,
cellular co-culture are difficult to be recreated in the conventional in vitro models. Hence

such in vitro models are widely used for preliminary analysis while for later stages of
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studying a phenomenon or in testing a drug, in vivo models like animal models are used.
But the inhumane sacrifice of animals and recent evidences point to the fact that the
results in the mice models are different from those in humans primarily owing to the
difference in the organism and its genetic makeup. °'This has triggered the use of
different techniques and methods to develop more physiologically relevant in vitro
models making use of human cells. >* Microfabrication is one such technique that has
been used widely for the development of physiologically relevant models. 1416

1.2  Microfluidics

Microfluidics is a discipline of engineering that involves the development of
systems in the micrometer scale which can be used to control and manipulate fluids to
perform different applications. Such systems are generated using different
microfabrication techniques, initially developed by the semiconductor industry. It is an
application oriented field and the established microfabrication techniques allows for the
development of microfluidic chips with designs to suit the application at hand. The fluid
properties at the microscale are much different compared to that in macroscale. While
gravity plays a significant role in macroscale, in microscale systems capillary and surface
tension dominate. A variety of applications are possible using the capillary and the
surface tension like creation of monodisperse droplets, 18 analyte filtering, % and
substrate patterning. 2 The miniature size of these microfluidic devices and the advantage
of microfabrication allows for the creation of high throughput devices by incorporating
multiple chips into the same platform. Such a device is very useful for highly efficient
chemical synthesis.??® The maturity of microfabrication along with its miniature size has
made microfluidic devices commonly called as micro total analysis systems (UTAS) to be
of significance for biomedical applications, for the creation of biosensors, in vitro models

as well as in point of care diagnostics. 242°

1.3 Microfluidics in biology

The increasing concern over the inhumane use of animals for biomedical studies
as well as the growing realization that animal models are not good predictors for human
in vivo phenomena has led to the development of advanced in vitro models that can
mimic the physiological environment better. This has resulted in the use of microfluidics
for the development of human cell-based in vitro models. With the development of such

models, there also comes a necessity for the methods to carry out analysis within these
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microfluidic models. This has led to the creation of bio-analytical devices which can be
used integrated to these in vitro models for an array of functions like performing assays
like ELISA (Enzyme linked immunosorbent assay), cell sorting, and cytometry amongst
many others. This enhancement of microfluidic in vitro models is primarily due to the
ability to easily integrate electrical or magnetic or mechanical systems with the existing
microfluidic system according to the application at hand. Moreover the ability to perform
fluid manipulation in the microfluidic chip allows the generation of chemical gradients
and shear stress which are significant phenomena undergone by the cells in-vivo. Apart
from the ability of microfluidic devices to create efficient and smart in vitro models and
because of its miniature size the overall cost can be cut down on the usage of samples and
solvents and also many studies can be performed simultaneously.

Microfluidic systems are fabricated by microfabrication techniques using different
materials like polymers, glass, silicon and paper. Such materials are often surface treated
to enhance their biocompatibility for cell culture. Recent advancements in material
engineering have also allowed the creation of hydrogel based microfluidic chips 252" that
have an innate quality of supporting cell growth. Among the different materials available
for fabrication, the most commonly material used in laboratories is polydimethysiloxane
(PDMS) due to its elasticity, durability, gas permeability, optical transparency, cost as
well as its ease of fabrication. 26 In the following section I will briefly discuss about
different PDMS based microfluidic in vitro models.

1.3.1 Microfluidic in vitro models

Microfluidic in vitro models can be created by performing a 2D cell culture or a
3D cell culture. As stated earlier in section 1.1, 3D cell culture allows the cells to
maintain its physiological behavior in comparison to cell cultured in 2D. Microfluidics
has been able to bridge this gap between 2D cell culture based models and 3D cell culture
based models. With the help of microfabrication techniques, complex 3D microfluidic
models can be created and the excellent fluid control allows for efficient cell patterning
which allows for the creation of smart models that have been shown to have better
physiological relevance in comaprison to 2D cell culture models created on a petri dish or
flask. In this section, we have discussed such microfluidic models that have been created

to perform different physiologically relevant studies.
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Blood vessel models
a) Cell deformation studies

Microfluidics has been used for the creation of different models mimicking the in-
vivo microenvironment with good temporal and spatial resolution. Models with different
designs have been developed to study different aspects of cells in the vascular
environment. In a study by Shevkoplyas et.al. [Figure 1.2 A] the size of the
microchannels was tuned to match the size of capillaries in-vivo and the deformation of
red blood cells (RBCs) was observed. 3! Such a system mimics the RBC deformation
process which is often observed in-vivo during the exchange of gases between the RBCs
and the endothelial cell wall of the blood capillaries. Apart from RBC deformation, a
similar model has been used for the study of leukocyte deformation. It is known that the
neutrophils in-vivo undergo deformation while in pulmonary circulation. The mechanism
of the deformation of the neutrophils could be studied using a narrow channel
microfluidic model. 32 Blood cell deformation may also have other pathophysiological
significances. Changes in the cell deformability and complications in microvascular
perfusion is a common sight in sickle cell diseases. A microfluidic model to study the
sickle cell condition of the RBCs was developed and process of vaso-occlusion was
studied. 3 The primary advantage of such a system over the existing conventional assay
is that it allows for the visualization of the process helping in better understanding. Apart
from the channel dimension, such cell deformability models can be brought about using
optical forces, ** [Figure 1.2 B] or electric fields % Microfluidic models can also be used
to study the impact of shear on the endothelial cells (EC). The pressure that the blood
exerts on the cell walls can be recreated in the microfluidic models to understand the
impact of shear on EC.36-% Apart from the endothelial cells, blood cells like RBC are also
influenced by the shear. Extracellular adenosine triphosphate (ATP) acts as a vasodilator
39 and an understanding of such a process is important as any impairment in the release of
ATP could lead to a variety of diseases like pulmonary hypertension 4° and diabetes. 4!
This has been achieved using microfluidic models which have been used to recreate
similar conditions 23 [Figure 1.2 (C-D)] and to study the rate of release of ATP as well
as the impact of conditions like cell stiffness on ATP release. **
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Apart from the impact of mechanical stimuli on the cells, the cells in-vivo are
under the influence of growth factors either as uniform distribution or as gradient. Growth
factor based signaling stimulates different cellular processes in-vivo like cell migration,
angiogenesis etc. An array of different growth factors may be involved in a particular
process as in the case of angiogenesis vascular endothelial growth factor (VEGF) along
with a multitude of other chemokines like platelet derived growth factor B, transforming
growth factor beta 1 (TGF B1), fibroblast growth factor 2 (FGF 2), angiopoietins (ANG 1
and ANG 2) amongst many others are involved. These chemokines assist in the
migration, proliferation and formation of the vasculature during the process of

angiogenesis.
b) Wound healing and immune response

Cell migration forms an integral part in a large number of in-vivo processes.
Wound healing and immune response would be examples of cell migration. The process
of wound healing has been studied for decades and there are different conventional in

vitro assays like the wound healing, scratch assay, Teflon assay to perform wound healing

8
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studies. > #°. It primarily involves the migration of healthy cells and replacing the dead
or damaged cells in the area of the wound. Conventionally scratch assays involve a 2D
culture of cells on a petri dish followed by the creation of a wound. Most common
methods for wound generation involve either the physical scratching out of cells or by the
removal of a physical barrier. * The wounded cells induce the migration of the
surrounding cells causing the closure of the wound. To determine the growth factors
involved in the cell migration, conventionally a Boyden's chamber was used. It has the
ability to create a gradient which is normally the case in-vivo which cannot be replicated
using a scratch assay. But the Boyden's chamber suffers from a major disadvantage where
it does not allow for real time monitoring and hence cell migration cannot be observed.
The transparency of the PDMS chip and the ability to control fluid flow inside the chip to
create precise gradients make microfluidic wound healing assays a better substitute for
the conventional in vitro models. Here the cells are cultured in a monolayer inside a
microfluidic channel following which a wound is introduced by making use of the
diffusion-less laminar flow of two or more liquids while flowing inside a microfluidic
channel. Migration of endothelial cells to close down the wound [Figure 1.3 A and 1.3 B]
could be observed indicating the effectiveness of using this model for wound healing
studies. 4"*® Another study involved the recreation of the immune response to an infection
by the migration of neutrophil inside a microfluidic chip. In this model [Figure 1.3 C], a
3D migration of the neutrophil was studied under the influence of growth factors like N-

formyl-methionyl-leucyl-phenylalanine (fMLP) and human interleukin (IL-1 and IL-8).
49-50
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c) Angiogenesis

Angiogenesis is a physiological process that occurs in-vivo resulting in the
formation of new blood vessels. Apart from blood vessel formation in healthy tissue,
angiogenesis is also one of the key processes which occurs during the presence of a
tumor. As stated earlier, a large number of growth factors are involved in the formation of
these blood vessels. These growth factors are often secreted by the surrounding cells.
Hence it is important that the in vitro model developed is able to accommodate the co-
culture of cells. For such models to be physiologically relevant, they should be cultured
on a matrix or scaffold that can support 3D cell migration and growth. Previously,
Boyden's chamber °! was used to study the transmigration of the endothelial cells under
the influence of a growth factor gradient. But as stated above, the Boyden's chamber lacks
the ability to support real time monitoring of the ECs. These issues can be alleviated
using microfluidic devices and different chips have been designed to perform different
angiogenesis studies. Primarily angiogenesis studies on-chip can be classified into two: 1)
Mono-culture system (only EC) with growth factor gradient, and 2) Co-culture system
with EC and other cells like smooth muscle cells (SMCs) and mesenchymal stem cells
(MSCs).

10
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Microfluidic models with mono-culture of endothelial cells have been used to
understand the impact of different chemokines on cell sprouting and migration through a
scaffold like collagen which is representative of the extracellular matrix (ECM) [Figure
1.4 (A-B)]. The impact of VEGF and ANG-1 in 3D sprouting angiogenesis of EC was
observed within a microfluidic device. 52> Unlike the conventional cell culture systems,
microfluidic systems allow the patterning of cells within confined spaces. They also allow
one cell type to be embedded within the scaffold or hydrogel while culturing the EC on it.
5 In an alternative study, rat hepatocyte was cultured along with rat/human endothelial
cells within a microfluidic device in two separate chambers connected by a collagen layer
between them. The impact of the 2 cell types on the morphogenesis and migration
through the scaffold was observed and studied. *® Such models are also vital in the study
of tumor progression and we will be covering these applications in a later section. The co-
culture of ECs along with pericytes allowed for the physiological morphogenesis of ECs
resulting in the interconnection of the ECs to form functional microvascular networks. °’
The vasculature also showed long term stability and strong barrier function [Figure 1.4
(C-D)]. The use of hydrogel, instead of PDMS as the material for chip fabrication has

also resulted in the formation of a functional vasculature [Figure 1.4E]. 58-°
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Figure 1.4: Microfluidics for angiogenesis. (A) and (B) Microfluidics model that can be used as a
mono-culture or co-culture system. Reprinted with permission from %5, (C) Functional microvascular
system on chip. (D) Orthogonal image using confocal demostrating the flow of micro-beads.
Reprinted with permission from %, (E) A functional vasculature in microfluidic hydrogels. Reprinted
with permission from %8,

Disease models and organ on a chip

The most important goal of biomedical research is to study diseases so that a
better understanding of its mechanism can be established to enable diagnosis and therapy

become easier and effective. A recent survey ®° showed that only 10 to 15 % of the drugs
11
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manage to get approval and the major reason for the suspension of a particular drug by
the Food and Drug Administration (FDA) is due to its failure in drug efficacy study
during phase 3 clinical trials. The reason for this failure has been attributed to a difference
in the molecular mechanism of the diseases in animal models 1% signifying that though
the drugs work effectively for the animal model, their activity fails in a human system.
This increases the emphasis of performing disease studies on models containing human
cells and microfluidics can be used to fill this role. In this section we will discuss some of
the developed microfluidic models that have been shown to produce results comparable to
animal models indicating that these models can be used as substitutes to animal models to
perform studies to understand the molecular basis of the diseases as well as to perform
drug testing.

Microfluidics allows for the creation of models involving 2D cell culture as well
as 3D cell culture. 3D cell culture result in the formation of tissue microenvironment and
these microfluidic models are termed as organ on a chip. These tissues are representatives
of the respective organs and their potential to mimic the organ and some of its functions
have been studied and compared to the data from animal models to show its significance
as an effective substitute for animal models. The idea of such organ on chip model is to
incorporate different organ systems into one microfluidic device, interconnected by
microchannels such that they can form different parts of a human and eventually a human
on-a- chip model can be created.

a) Heart

A 2D model to mimic the maladaptive remodeling of failing myocardium on chip
has been developed by culturing cardiomyocytes on stretchable muscular thin film (MTF)
substrates. The cells were then subjected to stimuli like cyclic stretching which triggered
pathological gene expression [Figure 1.5 (A-D)] The results from this study was
compared to the existing results from animal models and they were observed to be
comparable, indicating that such model can be used to mimic abnormal contractile

responses of a failing myocardium. 5!

Mathur et al. created a cardiac microphysiological system which can assist in drug
screening. %2 In this work, they have used human induced pluripotent cells (hiPSCs)
which was patient specific and obtained from the somatic cells. These cells were allowed

to differentiate towards cardiomyocytes and the microfluidic chamber allowed the cells to

12
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be aligned and arranged in a 3D tissue structure [Figure 1.5 (E-H)]. Within 24 hours of
the culture on chip, the microtissue started beating spontaneously (without any
stimulation) at rates of 55-80 beats per minute (bpm) which is comparable to
physiological beating of the heart. The cardiac response of the system was tested using
four established drugs. Moreover long term culture of cells was possible which is vital for
drug studies. Such an organ on a chip model can be used to produce patient specific

models to study cardiac disorders as well as drug efficacy.
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Figure 1.5: Microfluidic heart models. (A-D) Failing myocardium on chip using a muscular thin film
for stretching the cardiomyocytes. Reprinted with permission from %, (E-H) Beating heart on a chip.
Reprinted with permission from 62,

b) Lungs

The alveolar-capillary interface of the human lungs was recreated in a lung on a
chip model with human alveolar epithelial cells and pulmonary microvascular endothelial
cells on either side of a stretchable porous membrane. [Figure 1.6 (A-C)] This was used
to recreate the effect of tissue stretching that occurs in-vivo during breathing. The model

was used to recreate conditions like pulmonary oedema. & It was also used to observe

13
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inflammatory response to the presence of pathogenic bacteria in the alveolar

compartment. %

Tavana et.al created a lung on a chip model with a multilayered PDMS chip to
recreate the human distal airway. It primarily involved the culture of human pulmonary
epithelial cells in the top chamber, which is separated from the bottom layer by a porous
membrane. Air was constantly passed through the cell chamber and a liquid plug
generator was integrated to the chip to bring about the closure of on chip airway [Figure
1.6 (D-G)]. Such a model was used to study the impact of surfactant dysfunction in the

distal airway of the lungs. %
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Figure 1.6: Microfluidic lung models. (A) Lung on a chip to study (B) Inflammatory response and (C)
pulmonary oedema. Reprinted with permission from 9. (D-G) Lung model to study surfactant
dysfunction. Reprinted with permission from ¢

c) Liver

Chen et.al used the concept of dielectrophoresis (DEP) to bring about the
patterning of hepatocytes and endothelial cells on a chip. ¢ The patterns formed depended
on the shape of the electrodes and hence such a method of cell patterning could be used to
pattern different physiologically relevant arrangements. In this study DEP was used to
selectively position one cell at a time and create a lobule like arrangement of the liver

which is the natural arrangement of the liver cells. &’

Different researchers have created liver on a chip model. Primarily, the
hepatocytes are cultured either in 3D scaffolds that support their growth % or within
grooves in concave shape. % Since liver is a vital organ, such models can be used for the
study of pharmacodynamics of the drugs. They have also been used for cell-cell

interaction studies by observing its interaction with the hepatic cells.
14
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d) Intestine

Gut-on-a chip was developed using a microfluidic design which was similar to the
one used for the creation of the lung-on- a-chip. "® Human intestinal epithelial cells
(Caco-2) were cultured on a flexible porous membrane. The existing models have not
been able to recreate the in-vivo mechanically active microenvironment that involves the
peristaltic motion and flow of intralumenal fluid. Also, the existing cultures fail to allow
the co-culture of microbes, over extended periods of time, on the luminal surface of the
epithelial cells like in a living intestine. The gut on a chip was subjected to flowing fluid
and the peristaltic motion of the living intestine was mimicked by cyclic stretching of the
flexible membrane. [Figure 1.7 (A-C)] These mechanical stimuli helped in the formation
of cellular patterns that recapitulated microvilli of the intestine and also led to the
formation of high integrity barrier to small molecules which is an important property of
the intestine [Figure 1.7 (D-F)]. A common intestinal bacterium, Lactobacillus
rhamnosus, was co-cultured along with the epithelium without compromising the
epithelial cell viability and moreover, the bacterium was noted to improve the barrier
function of the epithelium, which is the case in-vivo. The histological analysis of the villi
formed and under the influence of the mechanical stimuli, the epithelial cells differentiate
into different cell types which are normally found in-vivo. This gut on a chip model thus

provides good recreation of the human intestine. "

15



Introduction

A . po—
w Ty P =2,
’ N o8-8
’ E)j A} 18055 8a)
' ) R
| : + Porous 1
o Gut S Ymembrane,
. epithelium - S _of -
s 5" . _— <4
Seo-- S
-
Vacuum ¢ acuum
chamber chamber

Mechanical strain

Figure 1.7: Microfluidic model of an intestine. (A-C) Gut-on-a-chip chip schematic and setup.
Reprinted with permission from " (D-F) The mechanical conditions on chip stimulate the formation
and differentiation of villi as in an in-vivo case. Reprinted with permission from ™

e) Kidney

Kidney is a vital organ, especially during drug metabolism due to its part in
controlling body fluids and homeostasis thereby controlling the elimination of drugs and
chemicals from the human system. Microfluidic biochips have been designed and
developed to study the functioning of the kidney cells. Different groups have focused on
different aspects of kidney functions. Snouber et.al created a renal microfluidic biochip to
analyse the transcriptmic and protemic profiles of the cells in a microfluidic chip. They
used this chip to understand the cell functions and also to check its role as a potential
model for drug studies 2. Huang et.al developed a renal microfluidic chip to facilitate the
development and maturation of the epithelial cells using its co-culture with adipose-
derived stem cells (ASCs). The model was successfully able to analyse the impact of low

values of shear on the epithelial cells and also enhanced the formation of cilia on these
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cells which matches with cellular morphology in-vivo. " A multilayer microfluidic device
was used to culture renal tubule cells such that an in-vivo like environment was created
for the cells. This enviroment was created by the application of a very low shear stress
which resulted in cell polarization and cell rearrangement. Such a modification allowed
the cells to perform its inherent task of regulating water and ion balance. " But in all the
above mentioned kidney models, rat cells are used. In another work by Jang et.al, a
similar chip was used while using primary kidney epithelial cells from human. Here like
previous results, application of shear stress resulted in enhanced cell polarization and cilia
formation. Moreover during drug studies, the results from these models matched with
those obtained in-vivo indicating the use of this kidney-on-a chip model drug for toxicity
studies [Figure 1.8].
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Figure 1.8: Microfluidic model of a kidney. (A) Schematic of kidney-on-a chip. (B) Microfluidic chip
assembly (C-E) molecular transport across the epithelial cell layer of albumin, alkaline phosphatase
(ALP) and glucose respectively. (F-G) Cytotoxicity studies in response to a known cancer
chemotherapeutic drug, cisplatin. Reprinted with permission from 7.
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f) Bone marrow

Bone marrow is a complex environment containing chemical, physical, cellular as
well as structural cues which help in maintaining the hematopoietic system.
Hematopoietic niche of the bone marrow regulates the hepatopoietic stem cells (HSCs).
Recreation of this niche is very difficult and though numerous models have been
previously created for maintaining the HSCs, the models have not been able to recreate
the bone marrow environment and hence it results in the HSCs losing its pluripotency
fast. In order to overcome such issues Torisawa et.al engineered the bone marrow in-vivo
within a mouse [Figure 1.9]. Histological analysis of such a bone marrow developed
seemed to match with that of the actual bone marrow. At the end of 8 weeks, the
engineered bone marrow is implanted into the microfluidic chip. The bone marrow on
chip was able to maintain its functionality for over a week. Such a model provides an
alternative to the animal studies for bone marrow based research especially to understand

drug responses and also hematologic diseases. '®
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Figure 1.9: Schematic of in-vivo engineering of bone marrow. PDMS with bone inducing material is
implanted into a mouse and at the end of 8 weeks the engineered bone marrow (eBM) tissue can be
obtained, which is implanted into the microfluidic device for further studies. Reprinted with
permission from .

g) Cancer models

Cancer is one of the widely studied diseases using microfluidics. Microfluidic
models have helped in forming a better understanding of the processes involved in the
progression of tumor. Tumor angiogenesis, %25 77 tumor-stroma interactions in complex
co-culture systems, *° role of macrophages in tumor intravasation by increasing the

permeability of the endothelial barrier (blood vessel walls) "® and also to understand the
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mechanism and cues that lead to the transition of non-invasive breast cancer into an

invasive cancer ' have been studied using microfluidic models.

The inherent ability to model flow system in microfluidics allows for the
recreation of physiological conditions that the tumor cells will undergo while in the blood
vessels. Moreover tumor metastasis can be studied. A 3D culture of bone tissue was
performed on chip and the metastasis of breast cancer cells towards the bone tissue was
studied. 8 In this system it was observed that the presence of multiple cells in the model
increased the tumor migration and metastasis compared to system without any co-culture.
This system highlights the significance of co-culture and the importance of tumor-stroma
interaction in cancer progression. Another advantage of such a study is that the metastasis
can be observed in real time and its mechanisms can be studied, which cannot be done in

an in-vivo environment.

Apart from performing studies to understand cancer mechanism, such models also
help in drug testing. One of the advantages of using microfluidics is the ability to modify
the designs and the ease with which complex in-vivo arrangements can be reproduced. An
example of this is the use of microfluidics to study drug diffusion in a tumor. One of the
reasons for the ineffectiveness of drugs against cancer has been suggested to be because
of the inability of the drugs to penetrate through the different layers of thick cancer tissue.
This can be explained by that the cancer tissue is made up of many layers of cells. The
layers closer to the blood vessels are classified as proliferating and layers farther away
from the blood vessels are quiescent, which has good resistance to drugs. This multi-
layered configuration of the cancer tissue makes it difficult for the drug to diffuse through
to the quiescent zone. Walsh et al. created a microfluidic model to mimic this condition
and to assist in drug testing. Such models help gain insight into the properties of tumor
mass which can be exploited and can be used for developing suitable drugs. 8 A disease
on a chip model was designed where normal breast luminal epithelium was cultured on
semicircular acrylic supports that mimic portions of the mammary duct. 8 Cancer-on-a-
chip model was developed incorporating 3D tumor spheroids along with endothelial cell
lining, which mimicked the blood vessel. Such models can be used to study phenomena
like epithelial to mesenchymal transition (EMT) and metastasis. % Some of the

microfluidic models for cancer studies is shown in figure 1.10.
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Figure 1.10: Microfluidic cancer models. Tumor angiogenesis (A) Co-culture of Human dermal
microvascular endothelial cells (HMVEC) with rat mammary adenocarcinoma cells (MTLn3), (B)
Co-culture of HMVEC and Human glioblastoma cell (U87MG), (c) Co-culture of HMVEC and (10T
1/2) (D) Quantification of HMVEC migration. Reprinted with permission from %. (E-F) Co-culture of
EC and osteo cells, (G-H) Quantification of the impact of osteo environment on tumor cell
extravasation. Reprinted with permission from & (I-L) Microfluidic co-culture device of EC and lung
adenocarcinoma (A549) cells. The chip was used to screen EMT blocking drugs. (M) Control showing
dispersion of the A549 cells (red) with time in the absence of EC. (N) A549 dispersion in the presence

of EC, (O) A549 dispersion in the presence of EC and endothelial growth factor receptor (EGFR)
inhibitor. Reprinted with permission from &,
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h) Body-on-chip

The increasing realization of the drawbacks of using animal models for drug
testing, has resulted in the development of different microfluidic models for different
organs of the human body (organ-on-a-chip). But during the administration of drugs to a
human body, the impact of the drug need not be specific to a particular organ. The
pharmacokinetics-pharmacodynamics (PK-PD) of the drug is vital to understand its
efficacy. With this in mind, researchers have created test models, by incorporating
different organ-on-chip models discussed above to create a body-on-a-chip. Though not
all the organs have been put together, there have been a few models incorporating breast
cancer, intestine and liver, ®with different organs in different chambers and the chambers
connected by micro-channels. Another model comprising of liver, tumor and bone
marrow was created to study the PK-PD profiles of anti-cancer drugs. 8 A model with
different human cell types to represent lung, liver, kidney and adipose tissue were
cultured on chip as a body-on-chip model for drug screening. 8 Such models can reduce
the dependence on animal models. By increasing the complexity of the system, they can
be used as drug screening platforms in the future. Some body-on-chip models are shown

in figure 1.11.
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Figure 1.11: Body on a chip. (A-B) Co-culture of liver, tumor and bone marrow on chip for PK-PD
analysis of a drug. Reprinted with permission from &, (C) Culture of different organs on the same
chip. Live dead staining to test the cell viability of the different cell types in the presence of TGF-B1.
(D) A549 cells (Lung carcinoma),(E) C3A (Liver carcinoma) (F) HK-2 (human kidney cells) (G)
Human preadipocyte cells (HPA). Scale bar: 50um. Reprinted with permission from 6.

i) Single cell analysis

It is important to understand the interactions between different organs as well as

interactions between cells especially for disease studies and drug development and
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checking drug efficacy. There has also been an increasing realization of the heterogeneity
between cells of the same cell type ® because of differences in their stochastic gene
expression and protein expression. Analysis of individual cells and its response to
different bio-chemical conditions help in forming a better understanding of the
functioning of the cells and hence help in predicting the cell behavior. Moreover, single
cell analysis will also be helpful in understanding the make-up of rare cells like the cancer
stem cells about which not much understanding is currently available.

Because of the ability to fabricate microfluidic channels to dimensions
comparable to that of a single cell, such devices are extremely useful in performing
analysis of single cells. Different microfluidic approaches have been used to achieve this
task. One of the techniques of analyzing single cells is a process called chemical
cytometry which involves the separation of the cells followed by performing the analysis
of interest. The first step in single cell analysis is cell isolation which is normally
performed using different strategies like micro valve, 8 using optical field, > electrical
field % or magnetic field. ®® Following its isolotaion, the cells are lysed to release its
components that can be further analyzed. Different analytical methods have been coupled
with such isolation technique to build a lab on a chip for the analysis of gene expression,
%95 protein detection, %°" as well as cell metabolites. % Apart from gaining a
understanding about the cell, such a method helps in the screening of drugs as well as its
concentration profiling. *° Kellog et al. developed a high throughput microfluidic system
with parallel channels to understand the signaling dynamics within the cell. *®° Another
work by Fan et.al used a microfluidic chip for whole genome haplotyping of a single cell.
101 The cells are microscopically chosen and separated, following which they are lysed to
extract the chromosomes. The chromosomes are then amplified on a chip and a 46 loci
polymerase chain reaction (PCR) is used to perform the final analysis. Single cell analysis
provides different advantages and microfludics is proving to be one of the best methods

for studying it.

1.4 Challenges for microfluidics

Microfluidics is a fast growing area of research that has been in place for close to
two decades. The breakthrough in the use of material chemistry for device fabrication has
been an added advantage as these materials allow for easy fabrication of complex designs
for a wide range of applications. Nevertheless there is a growing concern regarding the
future of microfluidics. Though it has appeared as a promising approach especially in
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biomedical engineering, the number of microfluidics products in the market is very
limited. Microfluidic technology for disease studies and drug efficacy testing can save a
lot of money. But the lack of experts in these markets has resulted in minimal use of

microfluidics for such applications.

Sackmann et al. 1%2

noted that one of the reasons for failure of usage of
microfluidics in biomedical engineering has been the failure of the biologists and the
engineers to work together. It was noted that between 2000 and 2012, 85% of the
microfluidics based studies and discoveries have been published in engineering journals.
Apart from this, the biologists are comfortable and familiar with the established
conventional in vitro models and animal models thereby and keeping microfluidic
approaches as their final resort. There is a necessity to bridge the gap between the

biologists and the engineers for increasing the usage of the microfluidics.

Apart from cell culture, the various assays for detection and biochemical and
molecular studies for different analytes, play a vital role in the success of the method. The
conventional cell culture procedures and in vitro models have been in use for centuries,
while the different assays used for cellular analysis are matured, tried and tested over
decades making them reliable in comparison to a fresher technology like microfluidics.
The development of numerous on-chip analytical tools in recent times is a step in the
right direction. More assays and detection tools need to be developed and incorporated
with the chip so as to develop a complete lab on a chip model which is easy to use. Apart
from that, educating the scientific community about the advantages of microfluidics is
also an essential promoter. Hence for the future of microfluidics, it is best to forge
meaningful collaborations such that specific problems faced by biologists can be targeted

and engineers can work in tandem to solve the problem.

1.5 Summary

In this chapter we have discussed in brief about the current status of microfluidic
in vitro models. With the help of microfabrication and fluid control, complex designs can
be created and they can be used to replicate different organs of the human body. Though
3D culture of cells has been successfully carried out to create these organs on a chip, it
may also be noticed that with efficient cell patterning techniques researchers have
successfully created models that can replicate in vivo systems. The heart on a chip [Figure
1.5], lungs on a chip [Figure 1.6], gut on a chip [Figure 1.7] and kidney on a chip [Figure
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1.8], discussed above are examples of such efficient cell patterning coupled with ability

of microfabrication to enable multi-layered devices.

In this thesis, | have used cell patterning to develop a microfluidic in vitro model
that can be used as a migration assay. | have discussed the procedure used to modify the
PDMS chip to allow for efficient cell patterning inisde the chip and have also performed
studies to validate the effectiveness of the chip. The model developed here also allows for
the co-culture of different cell types in different channels which has been used to study
tumor-stroma interactions. This co-culture model has also been used to test the selectivity
and efficiency of an organic dye to bring about photodynamic therapy. The aim of the my
research was to develop a microfluidic in vitro model, validate its effectiveness by
comparing results obtained from this study to the results available from previous in vivo
studies and apply the model to perform different studies like impact of substrate

properties on cell migration and for drug testing.

24



Obijectives and methodology

Chapter 2 Objectives and methodology
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2.1 Overview and objective

Cell patterning involves the organization of cells in complex formations to suit a
specific study. Such patterning of cells generally involves the creation of cell adhesive
areas (protein coating) on a substrate followed by culturing cells. Microfabrication and
microfluidic technologies have been widely used to achieve complex cell patterns. A
large number of in vitro models have been created by patterning cells and it has enabled
the study of various cell phenomena like cell-cell interactions and cell migration.
Patterning of single and multiple cell types has been reviewed previously. > 103105
Patterning different cell types to create a co-culture system has been of particular interest
as cells in vivo are present in a complex environment comprising of different cell types.
Most of the cell patterned models have a two dimensional (2D) cell culture which is not
the case in vivo. Researchers have compared the differences in cell behavior between the
cells cultured in 2D to cells cultured in 3D and have observed that cells cultured in 3D
show better relevance to cells in vivo. Nevertheless, 2D cell culture has enabled the
understanding of basic cell behaviors like cell migration, cell-substrate interactions, etc,
which has proved vital for the development of complex 3D cell models. Moreover
culturing cells in 2D is faster with a standardized and accepted procedure and also, a large
number of widely accepted assays are available to perform various biomolecular analyses
in comparison to 3D cell culture. Though physiological relevance of 2D cell culture
models is less, they can be used for preliminary studies before the usage of complex 3D

cell culture and animal models.

Microfluidics has been widely used for the creation of co-culture models by
patterning different cell types inside the microfluidic chip. The advantage of using
microfluidics in biology has been already discussed in the previous chapter. The primary
objective of this work is to develop a simple, easy to use microfluidic in vitro model that
can be used to perform different cell-based studies. In alignment with this objective, in
this thesis | have discussed the development of a microfluidic in vitro model that can be
used to pattern cells (single cell type or multiple cell types) in specific compartments
within the microfluidic device. Here the cells were cultured in 2D and the model was used

for different studies.

1. Cell-cell interactions: This study was performed to validate that the in vitro
model developed has physiological relevance. Interaction between tumor cells and
stromal cells has been used to validate the model.
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2. Cell-substrate interaction: Combinatorial impact of varying properties of the
substrate on cell migration of mesenchymal stem cells.
3. Efficacy testing: The efficacy of an organic dye for targeted staining and targeted
photodynamic therapy (PDT).
In this thesis, each of these studies has been divided into individual chapters. Since these
studies are distinct from one another except for the microfluidic model, I have discussed
their background individually, followed by a brief insight into the materials and methods
used for the study. Following this, | have discussed the results and finally summarized

each of these studies.

2.2 Basic methods

In this section, the methods and materials that have been common amongst the
different studies have been discussed and summarized. PDMS is the material used for the
microfluidic chip. It is commonly used in microfluidic chip fabrication because of low
fabrication costs, ease of handling, good chemical and thermal stability, optical
transparency, 2° permeability to gases *° and biocompatibility 1%, Once fabricated, the
chip is surface treated to control the fluid flow and facilitate cell culture. Cells are
cultured on-chip and respective studies are carried out. Prior to cell culture on-chip, the
compatibility of the different surface treatment procedures on cell culture was verified by
cell adhesion assays and cell viability assays as well as protein retention assays. On-chip
analysis, primarily involved transmitted light and fluorescent imaging of the cells on-chip

to check for its viability or other cellular properties like cell spreading and migration.

2.2.1 Microfluidic chip fabrication

The microfluidic chip is fabricated using a sequence of procedures involving rapid
prototyping and replica molding. 1°” A brief account of the fabrication procedure is shown
as a schematic in Figure 2.1. This procedure stems from the more sophisticated
techniques of microfabrication, which is used widely in the silicon industry for the
creation of integrated circuits (IC). Since IC fabrication is highly expensive, less
expensive techniques of rapid prototyping has been widely accepted, especially in

universities and other research centers for the fabrication of microfluidic chips.
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Figure 2.1: Schematic of microfluidic chip fabrication. The PDMS slab is sealed to a cover slip or

another PDMS layer to obtain the microfluidic chip

In the initial step of rapid prototyping, the design of the chip is drawn using
designing tools like AutoCAD (Autodesk Inc., USA) and printed onto transparent sheets.
Such a printed design is called a photomask which has distinct opaque and transparent
regions. The design from the photomask is transferred onto a substrate, like a silicon
wafer, using photolithography. A negative photoresist SU8 2050 (Microchem, USA) is
spin coated onto a 3-inch silicon wafer to get a final thickness of approximately 170 pm.
The spin coated wafer is soft baked by a two step process: 5 min at 65°C and 45 min at
95°C. Following soft baking, the photomask is placed over the wafer and exposed to
ultraviolet (UV) radiation (365 nm). The light passes through the transparent portions of
the photomask, thus polymerizing those regions, while the region below the opaque
portion of the photomask remains unpolymerized. A step of post exposure bake is
performed to complete the polymerization of the SU8 by placing the sample at 65°C for 5
min and 95°C for 45 min. SU8 developer solution (Microchem, USA) is used to wash
away the unpolymerized portion of the SU8 leaving behind the positive relief of the
design. This wafer, with the design is called a mold. The step of replica molding follows

rapid prototyping.

Replica molding is a simple step that involves casting of a prepolymer against the
mold which will lead to the generation of a negative relief on the polymer. The polymer
used in our study is PDMS. PDMS is a mixture of a silicone rubber base and a curing
agent normally mixed in the ratio of 10: 1 by weight, respectively. Once mixed, PDMS is
poured over the mold and cured at 70°C for 2 h, following which they are cut and peeled
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off from the mold. Thus a replica of the mold is obtained on a PDMS slab. The mold can
be reused to create another PDMS slab by following the same procedure. Holes are
punched onto the PDMS slab to serve as inlets and outlets. To create a completely
functional chip, the PDMS slab is sealed onto a glass cover slip (22 mm x 22 mm). This
sealing is facilitated by a surface treatment procedure called plasma treatment. 1819 |
our case, the PDMS slab and the cover slip are plasma treated using an air plasma cleaner
(Harrick Plasma, NY, USA) at input power of 100W and RF frequency of 8-12 MHz.

In our studies, we have used a three channel microfluidic device for
compartmentalized cell culture. The three channels are separated from each other by
micropillars (cross-section 200 pm x 100 pm). The maximum length of the channel is
around 2 cm, while the width of the side channels are 800 um each while that of the

central channel is 500 um. The height of the fabricated chip is approximately 170 pum.

2.2.2 Protein coating

Native PDMS does not support long term cell rowth and hence the PDMS chips
were coated with fibronectin so as to enhance cell growth. 20 pug/ ml of fibronectin (Life
technologies, Singapore) was introduced into the chip through the inlets and placed in a

humidified incubator at 37°C and 5% CO». The flow of fibronectin is guided by the

hydrophilicity of the surface within the chip (due to plasma treatment). The chip is
washed with 1X phosphate buffer saline (PBS) and placed in an oven at 40°C for 24 h to
accomplish the hydrophobic recovery of PDMS. Following this, the chip is UV sterilized
and a second layer of fibronectin coating was done by introducing 20 pg/ ml of
fibronectin into the side channels. This is done to enhance cell attachment in these
channels. To enhance the flow of liquid, the side channels were coated with gelatin using
a procedure explained in chapter 3 (section 3.2.2). It could be observed that due to the
hydrophilic nature of the gelatin coating in the side channels, there was no hindrance to
the flow of fibronectin, while because of the lack of gelatin coating, the central channel
was hydrophobic and fibronectin did not cross over to the central channel due to high
surface tension (created by the combined effect of micropillars and hydrophobic central
channel). The second layer of fibronectin coating was performed to enhance cell
attachment in these channels. These channels are washed with 1X PBS and the chip is

ready for cell seeding.
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2.2.3 2D cell culture

In this thesis, different cell types have been used for different studies. But the procedure
for culturing the cells is similar for these cells. The cells are cultured in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
5% Penicillin-Streptomycin (PS). Cells were cultured in T-25 flasks till they achieve 80%
confluence, following which they were resuspended wusing 0.25% EDTA
(ethylenediaminetetraacetic acid)-trypsin to a cell density of one million cells (10°) per
ml. Approximately 50~60 pl of cell suspension (10® mL™) was introduced into the side
channels of the microfluidic chip. The cell medium inside the microfluidic chip was
changed every 24 h. The flow rate during medium change on the microfluidic chip was
maintained at a very low level to prevent the cells from being damaged by the flow shear

stress.

2.2.4 Cell viability/cell proliferation assay

Cell viability was quantified using the Prestoblue cell viability reagent (Life
technologies, Singapore). It is a resazurin based solution which can be reduced by living
cells. The degree of reduction depends on the number of cells and hence can also be used
to quantify cell proliferation. In our studies we have used this as an indicator of cell
viability. The advantage of using Prestoblue reagent over the widely popular MTT assay
is that MTT assay is an end point assay, where the cells need to be sacrificed for
measurement, while prestoblue reagent is not an endpoint assay. Hence this assay can be
used to measure the viability of cells over an extended period of time. Apart from this, the
incubation time is relatively short for the prestoblue assay. In brief, the working solution
for the assay is prepared by diluting the prestoblue stock 10 times using FBS/PS
supplemented cell culture medium. They are then incubated with the cells for
approximately 1 h. Some no cell controls are also prepared simultaneously, in which the
working solution is incubated in wells without any cells for 1 h. The absorbance of the
reagent in each well is measured at two specific wavelengths, 570 nm and 600 nm. The
absorbance values give an idea of the reduction of the prestoblue reagent due to the cell
metabolism. The percentage of reduction of the reagent is a direct indicator of cell

viability or proliferation.

The percentage reduction of prestoblue is calculated using the formula,

[02 x A1] — [01 x A2]
[R1 X N2] — [R2 X N1]

x 100
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01 = molar extinction coefficient of oxidized prestoblue reagent at 570 nm
02 = molar extinction coefficient of oxidized prestoblue reagent at 600 nm
R1 = molar extinction coefficient of reduced prestoblue reagent at 570 nm
R2 = molar extinction coefficient of reduced prestoblue reagent at 600 nm
Al = absorbance of test well at 570 nm

A2 = absorbance of test well at 600 nm

N1 = absorbance of no-cell control at 570 nm

N2 = absorbance of no-cell control at 600 nm

Wavelength Reduced [R] Oxidized [O]
570 nm 155677 80586
600 nm 14652 117216

Table 2-1: Molar extinction coefficients of the prestoblue reagent

2.2.5 Cell adhesion assay

Cell attachment/adhesion is one of the most vital processes that the cells need to
undergo before its subsequent growth on a substrate. Hence it is one of the important
parameters for substrate compatibility for cell culture. In this thesis, cell adhesion, along
with cell viability has been used to show the biocompatibility of PDMS. CyQUANT®
Cell Proliferation Assay Kit (Life Technologies, Singapore) was used to quantify the
relative cell adhesion with respect to a control. The cells are seeded on the substrates of
interest using the cell culture procedure as explained above (section 2.2.3). They are

washed after 90 min using 1X PBS to remove the non-adhered cells, following which

they are frozen at -80°C overnight. Frozen cells are thawed and lysed with a cell lysis

buffer containing 1X CyQUANT® GR Dye for 5 min. The fluorescence intensity of the
dye was measured using a microplate reader (Infinite M200 series plate reader, Tecan
Asia, Singapore) with excitation at 485 nm and emission at 535 nm. These readings when
expressed relative to the control give an idea of cell adhesion in the different substrates
with respect to the control. This method has been found to be reliable for relative
quantification of cell adhesion. 1% The basic principle here is that as DNA for a cell
remains constant, the quantification of DNA content (due to the fluorescence intensity)

correlates to the number of cells that are adhered to the substrate.
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2.2.6 Cellular imaging

The miniature size and the transparency of the microfluidic device makes the
microfluidic chip compatible for microscopy. Cell staining and fluorescence imaging are
reliable and widely used methods for on-chip analysis. In our studies we have used
fluorescence microscope, Olympus IX71 (Olympus, Singapore) and confocal microscope
laser scanning microscope (LSM 710) (Carl Zeiss, Singapore) to perform bright-field and

fluorescence imaging on-chip.

2.2.7 Measurement of reactive oxygen species

Reactive oxygen species (ROS) are molecules generated within the cell as a result
of mitochondrial oxidative metabolism or external factors like cytokines, bacterial
invasion, etc. These are radicals that are derived from molecular oxygen and are
generated by almost all the cells. Apart from playing an integral part in the human
immune system, they can also be harmful to the host cells. ! In our study, intracellular
ROS was measured using 5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA) assay (Life Technologies, Singapore). The concentration of
the final working solution is cell dependent and suitable optimization experiments were
performed to identify the best concentration for individual cell types. The working
solution was prepared in 1X PBS and incubated with the cells for 20 minutes prior to
fluorescence imaging. The fluorescent intensity is a direct measure of the ROS generated
within the cell. This was done using the ImageJ software.(National Institute of Health,
USA).

2.2.8 Quantitative real time polymerase chain reaction (QRT PCR)

gRT PCR is used for the quantification of gene expression. Gene expression is a
process where the information from a gene translates into a functional product, which
could be a protein or functional RNA (Ribonucleic acid). Though expression of a specific
gene does not necessarily mean the production of the specific protein, it still gives an idea
of the proteins that might be produced. Normally gene expression quantification happens
from the total RNA in the cells. The process includes the extraction of the total RNA
from the cell followed by the generation of complementary DNA (cDNA) by reverse
transcription. Real time PCR was performed using the cDNA, specific primer sequences
to target specific genes and a fluorescent tag for detecting the the PCR product. In our

studies, total cellular RNA extraction was done using the RNeasy® Mini Kit 250 (Qiagen,
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Singapore), followed by which the RNA density quantification was performed using
NanoDrop lite spectrophotometer (Thermo Scientific, USA). Approximately 100 ng RNA
of each sample was used for reverse transcription into cDNA with iScript™ Reverse
Transcriptase Supermix (Biorad, Singapore). Real-time PCR was performed on 96-well
optical reaction plates (Bio-Rad, USA). The solution in each well had a mixture
composed of 10 pl of Power SYBR Green PCR Master Mix (Invitrogen, USA), 0.24 ul of
forward primer, 0.24 pl of reverse primer, 10 ng of cDNA, and the remaining volume of
dnase-free water. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the
calibrator sample to calculate the relative linear fold change in messenger ribonucleic acid
(mRNA) levels. All the primers were purchased from IDT (Singapore). Target primers
are chosen according to the study performed and their details are discussed in the
respective chapters. The data were analyzed with Step One software version 2.3 using the
comparative cycle threshold (Ct) method AACt method. 12 This is a method to normalize
the Cr values obtained after real time PCR. The analysis of gene expression helps in the
understanding of how an organism’s genetic makeup enables it to function and respond to

its environment.

2.2.9 Protein retention assay

As stated earlier, native PDMS is not a suitable substrate for cell growth and
hence it is coated with a protein (fibronectin) prior to cell culture. The amount of
fibronectin retained on surface was quantified using Micro BCA protein assay kit (Life
Technologies, Singapore). Micro bicinchoninic acid (BCA) assay is a colorimetric assay
whereby the peptide bonds in the protein react and reduce the Cu?* ions to Cu* ions,
which is detected. The Pierce BCA protein assay kit has three reagents that need to be
mixed in specific ratio by volume to obtain the working reagent; 50 parts of reagent A
(alkaline tartrate-carbonate buffer) 48 parts of reagent B (bicinchonic acid solution) and 2
parts of reagent C (copper sulfate solution). The detection was performed by measuring
the absorbance at 562 nm using a microplate reader (Infinite M200 Pro, Tecan Asia,
Singapore). According to the absorbance measurement, the protein concentration can be
determined using a standard curve. The standard curve is obtained by using different
concentrations of BSA (Bovine serum albumin). Concentrations from 0 to 100 pg/ml of
BSA was prepared and incubated for 1 h at 37°C with the working solution of the Pierce
BCA protein assay kit following which the absorbance at 562 nm is measured. The
standard curve is plotted with the absorbance in the Y-axis and BSA concentration along

the X-axis. A linear equation relating the protein concentration to the absorbance value is
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obtained, which is used to measure the concentration of protein retained in our
experiments. The standard curve is calibrated each time an unknown sample is used. To
measure the concentration of fibronectin retained, PDMS samples were prepared in a 4
well plate and processed according to the procedure followed for chip preparation.
Briefly, 20 pug/ ml of fibronectin was coated following plasma treatment following which
the samples were placed at 40°C for 24 h. These samples are then incubated with the
working solution of the Micro BCA assay and a microplate reader is used to measure the
absorbance at 562 nm. The readings obtained are substituted into the equation obtained

from the standard curve to calculate the protein retained per cm?.

2.2.10 Contact angle measurement

The wettability of the substrate is an important property in microfluidic devices.
As discussed earlier, PDMS by virtue is hydrophobic. The manipulation of the PDMS
wettability is important for controlling flow inside the chip. A widely used method for
determining the surface wettability is using the sessile drop method where a drop (5ul) of
milli-Q-water is placed on the surface and the angle that the droplet makes at the liquid-
solid interface surface and liquid-air interface, can be measured as the water contact
angle. If the angle is greater than 90°, it is considered hydrophobic while a value lesser
than that is considered hydrophilic. In our work, an optical tensiometer (Attension Theta,
Sweden) was used to measure the contact angle of water droplet on PDMS substrate,
which gives a quantitative characterization of the surface wettability.

2.2.11 Atomic force microscopy

An atomic force microscope (AFM) is normally used to obtain surface profiles
with high sensitivities (measurable distance of 10 A). 12 It was built to be a combination
of scanning tunneling microscope (STM) and a stylus prolifilometer (SP). It uses a
cantilever connected to a spring, whose displacements help in tracing the surface profile.
The displacement of the spring is measured with the help of a laser beam directed at the
head of the cantilever. They are normally operated either in contact mode, tapping mode
or non-contact mode. According to the measurement to be performed, the mode of
operation and the cantilever are chosen. The spring constant and diameter of the
cantilever and its tip, respectively, needs to be carefully selected according to the
measurement to be performed. For our experiments, the surface roughness and stiffness of
the PDMS were determined by atomic force microscopy (AFM, MFP-3D, Asylum

Research, CA, USA). The AFM probe with a silicon tip (radius 28+10 nm and spring
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constant 0.5~4.4 N/m) was used and the measurements were performed in tapping mode.
20 um x 20 um topographical images with resolution of 256 pixels were scanned at 0.8
Hz using a set point of 0.7 V. The probe used for stiffness measurement was a modified
silicon nitride AFM cantilever (NovaScan, USA) (spring constant 0.01 N/m) with a
polystyrene spherical tip (4.5 um in diameter). For stiffness measurement, the Hertz's

model was used to derive the apparent elastic modulus as given in a previous report. 114
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Chapter 3 Microfluidic chip development and cell-cell

interaction study
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3.1 Background

The first step in the development of any model is to check for its validity in
performing the desired role. In the case of an in vitro model, its validity depends on how
effective it is in replicating in vivo conditions. In this chapter | have discussed the
development of the microfluidic chip following which | have tested the ability of the chip
to work as an effective in vitro model by comparing the results obtained from a cell-cell
interaction study to that obtained previously using an in vivo model and reported in

literature.

Cell interaction is an important phenomenon, which is vital for the physiological
functioning of tissues!*>!® and also for key roles in cancer biology *7-''® and wound
healing.*® For better understanding of such phenomena there is a need for in vitro models
that can mimic such natural phenomena. To achieve such physiological relevance several
innovative and effective assays, such as wound healing assays and migration assays have
been developed. *?° Cell interaction may occur among cells of the same phenotype, such
as between endothelial cells during wound healing.” It may also happen between cells of
different phenotypes, such as between endothelial cells and tumor cells during tumor-
induced angiogenesis.*?112 |t is therefore desirable to develop co-culture systems, where
different types of cells grow on the same substrate and the cellular interactions can be
induced and monitored in real time. For this purpose, cell patterning is necessary to
control their spatial distribution. In many prior studies, cell patterning was achieved by
active methods using forces or fields, such as standing surface acoustic waves,'?
magnetic field,*?* optical force,'? dielectrophoresis,'?® or optoelectronic methods.!?” The
other important or probably more natural strategy of cell patterning was by passive
methods utilizing the biochemical or biophysical affinity between cells and functionalized
microarrays or micropatterns, which were created by various microfabrication techniques,
such as photolithography, soft lithography, microcontact printing,'® inkjet printing,*?®

and dip-pen lithography.'?°

In the most recent decade, microfluidics has proved to be an effective tool for
many cell-based studies.’®®> Among these innovative microfluidic devices, some are
dedicated for co-culture system, which is a rather challenging task compared to handling
a single type of cells on a chip. Previous reports have shown various designs, including
valves,®* laminar flow between immiscible liquids,'3?3 separate compartments for

134

dynamic co-culture,** and detachable substrates where the cells are individually cultured
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on different substrates.'®* Some researchers have also used scaffold materials such as
collagen to create barriers between two cell types in a 3-dimensional co-culture system.®
Some of the microfluidic co-culture systems created are targeted to specific applications,

137 or bacterial cancer targeting.**® It is very

such as macrophage-osteoblast interaction
common that an actuating component, such as a syringe pump, is needed to control the
barriers between distinct compartments for different cell types, which however makes the
overall system bulky, and the operation complicated. Moreover, if two different
substrates, such as polydimethylsiloxane (PDMS) and polystyrene, are used together for
cell culture, the cell behaviour may vary due to different substrate properties. Therefore it
is necessary to develop a model that is easy to manipulate, compact in size, and has

uniform and controllable material property.

In this chapter, a simple method to create a planar co-culture system using a
PDMS chip without any actuating component has been discussed. A scotch tape was used
for selective surface treatment to create distinct hydrophilic and hydrophobic PDMS
compartments, and hence fluid flow could be confined locally. Two types of cell models
(HS5 and HuH7) were cultured in distinct hydrophilic compartments, while the
hydrophobic compartment served as a barrier in between. Once both cell types reached
confluence, the barrier was removed easily by introducing liquid into it thereby creating a
co-culture region for cell migration and interaction. These two particular cell types were
chosen for a proof-of-concept study on tumor-stromal interactions, which is of great
interest and significance in cancer metastasis and subsequent survival of metastasized
tumor cells. *° The substrate hydrophobicity was characterized and various biochemical
assays, such as micro BCA assay for adsorbed protein quantification, Prestoblue cell
viability assay, and Cyquant cell proliferation assay for cell adhesion quantification, were

carried out to evaluate the effect of this co-culture system.
3.2 Materials and methods

3.2.1 Chip fabrication

The microfluidic chip fabrication is a modified version of the process explained
previously in section 2.2.1. In brief, the SU8 mold was created first using
photolithography approach following which PDMS was prepared at a ratio of 10:1
(elastomer to curing agent) by weight and poured over the mold and cured at 70°C for 2
h. The PDMS slab is cut out from the mold and sealed. In this experiment, a cover slip

coated with PDMS is used instead of a plain cover slip. To coat the cover slip with
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PDMS, approximately 20 mg of the mixed PDMS (after mixing elastomer to curing
agent) was poured on to a 22 mmx22 mm cover slip and was spin coated at 2000 rpm for
60 s following which the cover slip was heated to 70°C for 2 h for the PDMS to cure.

3.2.2 Fake channel

Apart from the many advantages of PDMS as stated above, one of the major
disadvantages include poor affinity of native PDMS for living cell culture due to its
strong hydrophobicity.** It is thus vital to modify the surface properties of PDMS so as
to favor liquid perfusion and enhanced cell adhesion.** There are many ways of surface
treatment on PDMS,'*? among which oxygen or the above mentioned air plasma is the
easiest and most commonly used method.®” On exposure to plasma, silanol bonds are
formed on surface of PDMS, improving its wettability. Although plasma treatment
renders the entire surface hydrophilic, it is also handy to have localized hydrophilicity of
PDMS such that specific regions can be functionalized separately. In the literature, much
effort has been directed towards localized plasma treatment, such as using water mask 43
or microplasma generation using high-precision electrode and AC excitation. *4
However, these methods involve nontrivial procedures and expensive materials. An
economic solution was proposed 4° using a PDMS slab as a stencil to selectively pattern
the protein-repelling polymeric network by plasma etching, allowing for modifying
surface chemistry to enhance cell attachment. In addition, if a hydrophilic microchannel is
peripherally sealed, it can be easily primed with liquid driven by capillary force.
However, if the channel is not sealed peripherally, such as in an open burrow, the liquid
can hardly fill the channel owing to the surface tension. This unique phenomena inspired
us to form temporary or fake channels in this study to selectively change the local surface

property of the PDMS channel.

We used Scotch tape (3M, MN, USA), rather than a PDMS slab, as a stencil to
mask specific locations on the chip to prevent them from plasma treatment, and to create
a temporary channel for biochemical functionalization through liquid perfusion. The
detailed procedure is illustrated in Figure 3.1. Briefly, both side channels were coated
with 0.1% gelatin (Type B from bovine skin, Sigma-Aldrich, Singapore). This enhanced
the wettability of PDMS. After 24 h, it was observed that the gelatin coated PDMS
regions maintained their wettability 146, while the central channel did not, owing to the
ability of PDMS to undergo hydrophobic recovery with time. 147 This led to the creation

of hydrophilic side channels and hydrophobic central channels.
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Figure 3.1: Microfluidic chip preparation. (a) Step 1: a Scotch tape is used as a stencil to cover the
central channel and a side channel on the right; only the side channel on the left is plasma treated. (b)
Step 2: a Scotch tape covers the central channel and the side channel on the left; only the side channel
on the right is plasma treated. (c) Step 3: temporary channels are formed by covering both side
channels with Scotch tapes. Inset shows a microscopic image of the tape covering the plasma treated
side channels. Gelatin is introduced in both side channels and coated these channels to enhance
surface wettability. Scale bar: 100 um. (d) Step 4: a completely sealed chip is assembled by plasma
treating and bonding: the surface treated (in steps 1-3) PDMS replica and a PDMS-coated glass cover
slip. (e) Step 5: the entire chip is dried in the air and the central channel recovers its hydrophobicity
after 24 h, while the side channels remain hydrophilic because of the gelatin coating. Inset shows the
microscopic image of the side channels filled with red dye solution, while the liquid does not overflow
into the central channel owing to the surface tension. Scale bar: 100 um. (f) The final microfluidic co-
culture chip ready for use.

3.2.3 Contact angle measurement

An optical tensiometer (Attension Theta, Sweden) was used to measure the
contact angle of water droplet on PDMS substrate, which gives a quantitative

characterization of the surface wettability under various conditions.

3.2.4 Protein coating

Fibronectin (20pug/ml) was used to coat the PDMS surface as explained in section

2.2.2 to enhance the surface biocompatibility towards cell culture.

3.2.5 Cell culture

In this study two different cell types of human bone marrow stromal cell line, HS5
(ATCC, USA) and human hepatocarcinoma cell line, HuH7, were used as the models for
the co-culture system. The cells were re-suspended and introduced into the chip as

explained earlier in section 2.2.2.
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3.2.6 Protein retention assay

Micro BCA assay (Life Technologies, Singapore) was used to measure the
concentration of fibronectin retained on the surface of PDMS. The measurement was

performed as explained in section 2.2.9.

3.2.7 Cell adhesion

Cell adhesion was determined using CYQUANT® cell proliferation assay (Life
Technologies, Singapore) to characterize the cell adhesion on the modified PDMS surface

in a 4-well plate. The procedure is as described earlier in section 2.2.5.

3.2.8 Cell viability

Apart from cell adhesion, cell viability over extended time periods is significant as
both these factors help in the understanding of compatibility of the substrate towards cell
culture. The quantification was done using the Prestoblue cell viability reagent (Life

technologies, Singapore) as described earlier in section 2.2.4.

3.2.9 Fluorescence imaging

The cells were fixed using formalin (Sigma-Aldrich, Singapore), stained with
TRITC conjugated phalloidin (Life technologies, Singapore) for the cytoskeleton and
4',6-diamidino-2-phenylindole (DAPI) (Life technologies, Singapore) for the cell nuclei.

Cell imaging was under a fluorescence microscope (1X71, Olympus, Singapore).

3.2.10 Reactive Oxygen Species

Reactive oxygen species (ROS) generated within the cells were measured using
CM-H2DCFDA assay (Life Technologies, Singapore). HS5, HuH7 and a mixture of HS5
and HUH?7 cells were seeded into a 96 well plate. Prior to the final batch of experiments,
optimization was performed to find out the most suitable concentration of the dye as well
as the incubation time. Four different concentrations (1 pM, 2 uM, 4 uM, 7.5 pM) in 1X
PBS of the assay was used and three different incubation times were checked (10 min, 20
min and 30 min). It was observed that the 2 uM for 20 min was good for the two cell
types used here. Hence 2uM of CM-H2DCFDA in 1X PBS was incubated with the cells
after 24 hours, for 20 minutes prior to fluorescence imaging. The fluorescence intensity
was calculated using the ImageJ software.(National Institute of Health, USA). The assay

was performed for up to 5 days to obtain a relative increase in the ROS generation.
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3.2.11 Live-Dead cell imaging

Live-dead cell staining was performed to get a qualitative estimation of the live
and dead cells within the microfluidic chip. Fluorescein Diacetate (FDA) (Sigma-Aldrich,
Singapore) and ethidium homodimer (EthD-1) (Life Technologies, Singapore) were used

to stain the live and the dead cells respectively, prior to the fluorescence imaging.

3.3 Results and discussion

Native PDMS is hydrophobic and thus is not amicable for cell culture. Plasma
treatment and protein coating can reduce the hydrophobicity and promote cell growth. In
this study, development of the co-culture system primarily depends on the ability of
PDMS to recover its hydrophobicity so that different cells can be confined in different
compartments on the same chip. We noticed that hydrophobic recovery of PDMS
depended on both temperature and time. Generally, the hydrophobic recovery becomes
faster when the temperature increases. However, temperature elevation has an adverse
effect on the protein retention on PDMS surface. Furthermore, over-recovered
hydrophobicity would hinder the fluid flow in the microchannels to open the co-culture
region. To address these issues, we applied techniques, including selective plasma
treatment of gelatin coating and double coating of fibronectin, to delicately modify the

wettability and enhance cell growth in the channels.

The surface wettability was measured for native and plasma-treated PDMS coated
with fibronectin, gelatin, and gelatin + fibronectin combination, respectively. In Figure
3.2a, native PDMS showed very large contact angle (~ 120°) indicating its poor
wettability. For other samples, the contact angles were measured 24 h after surface
treatment. The results indicated that although fibronectin reduced the contact angle, the
PDMS surface was still in the hydrophobic range (>90°); whereas for gelatin and gelatin
+ fibronectin coated PDMS samples, the contact angles are much smaller showing
excellent wettability. In addition, the gelatin coating helped maintain the substrate
wettability for at least 24 h, by when plasma-treated PDMS would have recovered its
hydrophobicity. These results imply that by controlling the area of gelatin coating,

distinct hydrophilic and hydrophobic regions could be created on a single substrate.

The PDMS was coated with fibronectin for 1 h and the protein retained on the
surface was quantified by micro BCA assay. The absorbed fibronectin immediately after

surface coating was approximately 3 pg/ cm? [Figure 3.2b]. As discussed earlier, in order
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to create a hydrophobic barrier between different compartments for initial cell culture, the
fibronectin-coated PDMS needs to be subjected to elevated temperature much higher than
room temperature for rapid hydrophobic recovery. Therefore we studied the temperature
effect on the protein retention. The fibronectin-coated PDMS samples were subjected to
25°C, 37°C and 75°C for 24 h, respectively, followed by micro BCA assays. It was found
that the protein retention decreased drastically in 24 h to almost zero when the
temperature rose to 75°C [Figure 3.2b]. The significant decay of fibronectin adsorption
could be due to the protein denaturing under the high temperature in the test. To address
this issue, we performed a second coating of fibronectin (20 pug/ml) after 24 h. It could be
observed that double coating of fibronectin resulted in an increase of protein retention by
at least 3 folds to about 10 pg / cm? irrespective of the temperature change [Figure 3.2b].
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Figure 3.2: (a) Contact angle measurement of different surface-treated PDMS taken immediately and
after 24 h. Statistical analysis was performed using one way ANOVA. p<0.001. (b) Micro-BCA
analysis of protein retention immediately after fibronectin coating and after hydrophobic recovery
(24h) under different temperatures. **p<0.005.

The impact of double coating of fibronectin on cell adhesion and viability was
also studied using HS5 stromal cells. Cell adhesion on different samples was measured

with respect to those on a tissue culture plate (TCP) [Figure 3.3a]. The native PDMS
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without protein coating exhibited very poor biocompatibility with minimal cell adhesion.
Whereas the protein-coated PDMS could support decent level of cell adhesion compared
with TCP. The Prestoblue cell viability assay at day 1, day 3 and day 5 further verified
the promotional effect of double protein coating on long-term cell culture. It was
observed that the cell viability at day 5 was improved significantly on all PDMS surfaces
with double fibronectin coating compared to those with single fibronectin coating [Figure
3.3b]. These results indicated that double coating of fibronectin on PDMS facilitated both

cell adhesion and proliferation in a long term.
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Figure 3.3: Characterization of the surface biocompatibility after fibronectin coating using HS5
stromal cells: (a) Cell adhesion. The shaded bars represent the surfaces with double fibronectin
coating (b) Cell viability. Immediate refers to the samples on which cells were seeded soon after
fibronectin coating. A second coating of fibronectin was performed in all other samples (before cell
seeding) after incubation for 24 h under respective temperatures. (**p<0.005; #p<0.001)

As a demonstration of co-culture on this microfluidic device, HS5 and HuH7 cells
were cultured respectively in distinct micro-compartments for 24 h. The cell culture
medium was introduced into the central channel by applying a gentle pressure using a

micropipette. This procedure removed the hydrophobic barrier and created a co-culture
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region for cell interaction. The cells were cultured on the chip for up to 9 days. It was
observed that highly mobile HS5 cells migrated towards HuH7 cells initially [Figure 3.4
(a-d)]. However, when the tumor cells reached confluence, they started to migrate in
batches toward stromal cells [Figure 3.4 (e-f)]. After physical interaction between these
two cell lines, tumor cells became more aggressive and proliferative resulting in
significant death and density drop of stromal cells after day 6. A close-up view using
fluorescence microscopy [Figure 3.4 (g-h)] further revealed that tumor cells generated
membrane protrusions toward stromal cells during physical contact. Similar phenomenon
was reported previously in a conventional co-culture system, in which the physical
contact through membrane protrusion with stromal cells stimulated the papillary thyroid
tumor cells and transformed moderately carcinogenic cells to highly aggressive metastatic
cells.**® These membrane protrusions are also called tunneling nanotubes (TNTs), which
could serve as an intercellular channel for tumor cells to obtain the cytoplasm including
mitochondria or other cellular organelles from other tissue cells and upregulate the tumor
proliferation. 148-14° Moreoever in a study by Bai et al. it was observed that HS5 cells
increased the proliferation, migration and invasion of Huh7 cells. **° These results from a

mice model matches with my the observation in this study.
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Figure 3.4: (a-f) Phase contrast images of co-culture chip taken after 2 h, and 1, 3, 5, 7 and 9 days
after cell seeding. HS5 cells in the left compartment and HuH7 cells in the right. The barrier (empty
channel in a and b) between the two compartments was removed after 24 h. By the 9th day, the
tumor cells had occupied the central channel and the stromal cells had retreated into its own
compartment and many dead stromal cells were observed. (Scale bar: 200 um). (g-h) Fluorescence
images showed the interaction between stromal cells and tumor cells. The red color is the actin
filament stain and the blue color is the nucleus. The arrows indicate the tumor cells. (Scale bar: 20

pum).

It has also been reported that direct contact of tumor cells with endothelial cells
results in generation of reactive oxygen species (ROS) that causes oxidation of cell
membrane and DNA breakdown of the endothelial cells.’*> 1° ROS generated by the cells

was quantitatively determined using the CM-H2DCFDA assay. HS5, HUH7 and a co-
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culture of HS5 and HUH7 were seeded in a 96 well plate and the assay was performed on
day 1, day 3 and day 5 after the initial seeding. Figure 3.5e indicates the fluorescence
intensity measured in the different samples. Higher the fluorescence intensity, greater the
ROS generated and it may be observed that on day 5, the ROS increase in the co-culture
system seems to be approximately four times more than the mono-culture system. There
are reported evidence indicating that increased ROS concentration is able to assist in
tumor invasion and progression. 1152 The area of migration of the tumor cells [figure 3.5
(a-d)] was determined by drawing contours at the leading edge and the quantification was
performed using ImageJ software by calculating the area of the contours [Figure 3.5f]. It
could be observed that the tumor migration increased swiftly after day 6 which is a
possible consequence of an increase in ROS concentration. Live-dead cell imaging using
FDA and EthD-1 [Figure 3.5 (h-j)] showed an increased cell death amongst the HS5 cells
as compared to the control. This could be because of the tumor induced apoptosis as a
result of paracrine signaling of ROS released by the tumor cells, normally to control the
homeostasis of the local environment.3> 150193 |t was observed by comparing figure 3.5i
and figure 3.5j that the tumor cell migration in its mono-culture is slower than in its co-
culture system. This could be due to the reduced levels of ROS produced by them while

in mono-culture [Figure 3.5¢].
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Figure 3.5: (a-d) Tumor cell migration. The change of area coverage by HuH7 cells up to day 9. (a)
Day 2 after cell seeding. The yellow box indicates the total area of the central channel, which was
used as gauge for normalization. (b-d) The areas covered by HuH7 cells on day 4, day 6 and day 9
respectively. e) The relative fluorescence intensity with respect to day 1 sample. The ROS generated
by the cells seems to increase in day 5 with the co-culture system showing an increase of
approximately four folds with respect to the cells in mono-culture. f) Fluorescence image overlaid on
a phase contrast image of the co-culture of HS5 and HuH7 stained with CM-H2DCFDA for ROS
determination. Arrows indicates the HuH7 cells. Scale bar: 20um . g) Area covered by HuH7 cells
with respect to the total area over a period of 6 days. h) Live-dead cell imaging of the HS5 cells mono-
culture on-chip. i) Live-dead cell imaging of the HuH7 cells mono-culture on-chip. j) Live-dead cell
imaging of the HS5 and HuH7 cell co-culture on-chip. Scale bar: 200 um. *p<0.05

50



Microfluidic chip development and cell-cell interaction study

3.4 Summary

A very simple method was applied in this study to create a microfluidic co-culture
model for in vitro cell-cell interaction study. A Scotch tape was utilized as a stencil for
selective plasma treatment on a chip followed by surface coating with gelatin to render
distinct hydrophobic and hydrophilic microchannels on the same chip. The fibronectin
coating enhanced cell viability on PDMS surface. As a proof-of-concept study, stromal
cells (HS5) and tumor cells (HuH7) were co-cultured on this microfluidic chip and cell
migration and interaction were observed. These observations matched results reported in
literature for in vivo models, thereby validating the functionality of the model as an
effective tool for in vitro studies. Moreover this chip has fulfilled some key requirements
as an effective co-culture system:'*2 the ability to load cells into different compartments
so that they can grow till they reach confluence; the ability to manipulate one cell type in
the co-culture model without affecting the other cell type®®; and also the model could
allow for high-resolution imaging. Apart from these requirements, the model was highly
reproducible and we have used this model to develop different in vitro models as

discussed in the following chapters.

3.5 Declaration

A part of this chapter has already been published. Menon, N. V.; Chuah, Y. J,;
Cao, B.; Lim, M.; Kang, Y. A microfluidic co-culture system to monitor tumor-stromal
interactions on a chip. Biomicrofluidics 2014, 8, 064118-1-11.
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Chapter 4 Cell substrate interaction
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4.1 Background

The microfluidic in vitro model has also been applied to perform studies
pertaining to the interaction between the cell and its substrate. In this chapter the
influence of the physical properties of the substrate on the migration of mesenchymal
stem cells (MSCs) has been observed. The purpose of such a study was because, MSC
migration is significant in regenerative medicine especially ion scaffold based tissue

regeneration.

Regenerative medicine involves the repair and regeneration of impaired tissues or
organs due to an injury or a disease. Stem cell mediated tissue regeneration, especially for
bone and cartilage repair, >*1°¢ has been extensively studied in the last decade due to its
multi-potent therapeutic capability. The stem cells are usually introduced either as cell
suspensions 7 or are homed in biodegradable scaffolds and implanted at the site of
injury. %6 158 For the latter technique, the scaffold is critical since they significantly
influence the formation of extra-cellular matrix (ECM) of the regenerated tissues. The
effects of ECM on cell behaviours such as viability, spreading, migration, intercellular

communication and differentiation have been discussed extensively in the literature. ¥
161

Among these cell behaviours, cell migration is of particular interest and plays a
vital role in many important physiological processes, such as embryogenesis, disease
progression, wound healing and tissue regeneration.%2 The ECM comprises cell-secreted
proteins and other biomolecules, providing physical and chemical framework and cues to
the surrounding cells. The physical cues are induced by the inherent physical properties of
the scaffold, including topography, stiffness, hydrophobicity, as well as other properties
exhibited at the cell-scaffold interface. The chemical cues involve the biomolecular
composition of the ECM, such as surface-bound ligands, adhesion proteins and
chemoattractant gradient, which will activate the biochemical receptors on the cell
membrane and direct their locomotion. Although these complex biophysical and
biochemical cues usually work in coordination to guide the cell migration and tissue
development, 2163 recent advances in micro- and nanotechnologies have made it possible
to explore the effects solely due to a single or multiple physical cues.'®+% In scaffold-
based tissue regeneration using stem cells, it is important for the cells to migrate to the
site of injury, proliferate and differentiate into the desired tissues. Considering the
potential toxicity of introducing artificial biochemical factors, it becomes particularly
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attractive to induce and modulate cell migration by controlling the physical or mechanical

properties of the biocompatible scaffold to achieve effective therapeutics. 167-168

Conventionally, cell migration was studied using scratch assay* or Boyden's
chamber.2%® Recently, microfluidics-based lab-on-a-chip technology has found extensive
applications in many exploratory cell researches in vitro.!**® The major advantages of
lab-on-a-chip devices over the conventional cell-based assays include significantly
reduced sample and reagent consumption, high sensitivity, and rapid speed of assay.
Some microfluidic devices are able to precisely control fluid flow and generate chemical
gradient in microscale,*’®" which is extremely difficult in the conventional migration
assays such as using Boyden's chamber. A large variety of microfluidic in vitro models
have been created and proved to be much more advantageous than conventional in vitro
models.>® Polydimethylsiloxane (PDMS) is a common molding material for fabricating
high-resolution micro- and nano-structures in lab-on-a-chip devices owing to its chemical
inertness, biocompatibility,’® permeability to gases,®® and optical transparency.
Moreover, the surface properties of PDMS, such as stiffness, roughness and
hydrophobicity, can be easily tuned by adjusting the mixing ratio of the prepolymer to the
crosslinker. These features have made PDMS a capable tool to study the impact of

different substrate physical properties on cell behaviours.*’2-174

Previously, the individual effects of surface property on cell migration have been
studied extensively. It was shown that hydrophobic surfaces (contact angle = 98.5°+2.3°)
improved endothelial cell migration as compared to hydrophilic surfaces (contact angle <
90°).1”® Moreover, the collective migration of HuH7 cancer cells was favoured on a
PDMS surface with RMS roughness of 2 nm as compared to those with RMS roughness
of 60 nm.'®> Additionally, the NIH 3T3 cells were observed to migrate from a softer
surface towards a stiffer surface owing to the lower cell traction force required on the
softer substrate, which also resulted in a faster migration rate on the softer substrates.’®
More relevant studies reported similar phenomenon that the collective migration of
fibroblast and epithelial cells was promoted on substrates with lower rigidity, suggesting
the weaker integrin-cytoskeleton linkages®® and hence dynamic cell adhesion on less
rigid surfaces.!’’ Further studies indicated that for a specific surface ligand density, there
existed an optimal substrate rigidity at which cell migration reached maximum level.? 17¢-
180 As shown in these early investigations, variation of a single aspect of the surface

property could affect cell migration profoundly. On the other hand, for many common
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materials, the alteration of one particular substrate property may cause the change of
others. For example, the stiffness of PDMS substrate can be changed by adjusting the
mixing ratio of prepolymer base to the crosslinker,'®! which alters the surface roughness
as well as hydrophobicity. However, these multiple aspects of substratum properties,
including hydrophobicity, roughness and stiffness, and their combinatorial influence on

cell migration remain to be elucidated.

In this work, we aim to understand the combinatorial impact of the PDMS
substrate properties on the migration of human bone marrow stem cells (hBMSCs).
hBMSC migration is a vital process during scaffold-based stem cell therapy, where the
homing cells from the scaffold migrate towards the damaged tissue and eventually
differentiate into specific tissues.’® It is important to understand the optimal physical
cues that would allow for improved hBMSC migration to optimize the therapeutic effect.
In this proof-of-concept study, the microfluidic in vitro model developed earlier has been
used as a migration assay using different PDMS substrates formulated with various levels
of crosslinking. Cell adhesion and proliferation are firstly measured to characterize the
biocompatibility of the substrate, following which the cell spreading and migration in the
microfluidic chip are compared to elucidate the combinatorial impact of the substratum

physical properties.
4.2  Materials and methods

4.2.1 Microfluidic chip preparation

The microfluidic chip fabrication is a modified version of process explained
previously in section 2.2.1. In brief, the SU8 mold was created first using
photolithography approach following which PDMS was prepared at a ratio of 10:1
(elastomer to curing agent) by weight and poured over the mold and cured at 70°C for 2
h. The PDMS slab is cut out from the mold and sealed. In this experiment, a cover slip
coated with PDMS is used instead of a plain cover slip. To coat the cover slip with
PDMS, approximately 20 mg of the mixed of different base to curing agent ratio (5:1,
10:1, 20:1 and 40:1) were spin-coated on glass cover slips (22 mm x 22 mm) and cured at
70°C for 3 h to create the substrates with different physical properties. The surfaces of the
PDMS chips and substrates were activated using a plasma cleaner (Harrick Plasma, NY,
USA) before they were bonded together. The sealed chip was further processed for cell
culture following the procedures as described previously in sections 2.2.2 and 3.2.2
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[Figure 3.1]. Briefly, all three compartments inside the chip were coated with 20 pg/ml
fibronectin for 1 h at 37°C followed by washing with 1X PBS and drying at 40°C for 24
h. A second layer of fibronectin was coated on two side-compartments only to enhance

cell attachment and proliferation.

4.2.2 Surface characterization

The surface roughness, stiffness and hydrophobicity of the PDMS substrates
coated with fibronectin were characterized using the following methods. An optical
tensiometer (Attension Theta, Sweden) was used to measure the surface hydrophobicity
by characterizing the water contact angle. 5 pl of milli-Q water was dropped on the
sample surface and the profile of the water droplet was captured using a high resolution
camera. The water contact angle was calculated by the drop shape analysis software using
the static sessile drop tangent method.

The surface roughness and stiffness of the PDMS substrates were determined by
atomic force microscopy (AFM, MFP-3D, Asylum Research, CA, USA). The details of
the probes have already been discussed in section 2.2.11. The values of roughness and

stiffness were measured from 5 values taken at 5 different points of contact.

4.2.3 Mesenchymal stem cell culture and seeding

Human bone marrow mesenchymal stem cell (nBMSC) was cultured on-chip for
this study. The cells were re-suspended and introduced into the chip as explained earlier

in section 2.2.2.

4.2.4 Cell proliferation and cell adhesion

Equal amounts of PDMS of different crosslinking ratio are coated in different four
well plates following which the cells are cultured on them. Cell proliferation and cell
adhesion were quantified by the methods as stated earlier in sections 2.2.4 and 2.2.5
respectively.

4.2.5 Surface protein density

The density of fibronectin coated on the PDMS substrates was determined using
micro-BCA protein assay (Thermo Scientific, Singapore) as stated in section 2.2.9. The
different PDMS substrates were coated with 20 pg/ml fibronectin for 1 h at 37°C. The

samples were then washed thrice with 1X PBS and placed in a drying oven at 40°C for 24
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h. The substrate protein density was then measured at 562 nm using a microplate reader

(Infinite M200 Pro, Tecan Asia, Singapore).

4.2.6 Cell spreading and migration

To investigate the influence of substratum property on cell spreading and
migration, hBMSCs were cultured and monitored in microfluidic chips sealed onto cover
slips that were pre-coated with PDMS of different crosslinking levels. The cells were
initially cultured in two side-compartments in this 3-chamber microfluidic chip [Figure
4.1], while the central compartment was empty without any culture medium. After
overnight culture, medium was introduced to the central compartment hence connecting
both side-compartments and allowing for the cells to migrate into the centre of the chip.
At the end of Day 7, the cells were stained with DAPI (for nucleus) and TRITC
conjugated phalloidin (for F-actin cytoskeleton). The cytoskeleton staining allowed for
measuring the spreading area of individual cells. The collective cell migration was
quantified by two methods: the nucleus staining enabled cell number counting in the
central channel, while the cytoskeleton staining could help measure the entire area
covered by all migrating cells in the central compartment. Briefly, the cells were fixed
with 10% formalin (Sigma-Aldrich, Singapore) overnight, following which they were
washed with 1X PBS thrice and stained with TRITC conjugated phalloidin and DAPI as
per the manufacturer's instructions. Both dyes were purchased from Life Technologies,
Singapore. The cell images were taken using a fluorescence microscope (IX71, Olympus,
Singapore). The areas covered by individual cells and the cell population in the central
compartment were analyzed using Image-Pro Plus (Media Cybernetics, Rockville, MD,
USA).
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()

Figure 4.1: (a) The microfluidic chip design. (b) Schematic of cell seeding from the side
compartments. (c) 24 h after cell seeding, cell culture medium was introduced into the central
channel to allow the BMSCs to migrate into the central compartment. (d) Cell migration into the
central compartment.
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4.2.7 Quantitative real time polymerase chain reaction (QRT PCR)

In order to understand the effects of different PDMS substrates on the hBMSC
migration, the gene expressions of cellular adhesion proteins that may influence cell
migration, including, paxillin and N-cadherin,*®2183 were quantified using gRT-PCR
(StepOne Plus™, Life Technologies, Singapore). Briefly, cells were seeded in 4-well
plates containing different PDMS substrates pre-coated with fibronectin. After 5 days of
culture, the total cellular RNA was extracted using RNeasy® Mini Kit 250 (Qiagen,
Singapore). Approximately 100 ng RNA of each sample was reverse-transcribed into
complementary DNA (cDNA) using iScript™ Reverse Transcriptase Supermix (Bio-Rad,
Singapore). Quantitative real time PCR assays of the target genes were performed using
StepOne Plus™ on a 96-well optical reaction plate (Bio-Rad, USA). Each well contained
a mixture of 10 pl Power SYBR green PCR master mix (Life Technologies, Singapore),
0.24 ul forward primer and the reverse primer, and 10 pl of the reverse transcribed
cDNA. The sequence of the primers is listed in Table 4.1. All primers were purchased
from IDT, Singapore. The gene expression were normalized to GAPDH mRNA level in
the corresponding samples and then to the expression level of the targeted gene in PDMS

substrate with mixing ratio of 5:1.

Target gene Reverse primer Forward primer
Paxillin 5'- 5.
GGCTGCACTGCTGAAATATGA | AAACCCGACTGAAACTGGAA
GGAAG-3; CCCT-3'
N-cadherin 5'- S'-
CAGCCTGAGCACGAAGAGTG-3' | AGCTCCATTCCGACTTAGACA
-3
Ki-67 5-TTACTACATCTGCCCATGA-3' | 5-ACTTGCCTCCTAATACGCC-
3I
GAPDH 5'- 5'-
TAAAAGCAGCCCTGGTGACC-3' | ATGGGGAAGGTGAAGGTCG-3'

Table 4-1: Genes and the corresponding forward primer sequence used for qRT-PCR.
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4.2.8 Statistical analysis

Student's t-test was used for the statistical analysis of all experimental results. A

p-value of less than 0.05 (p*<0.05, n > 3) was considered to be statistically significant.

4.3 Results and discussion

In this study, four different mixing ratios (5:1, 10:1, 20:1 and 40:1) of PDMS was
used to change its level of cross linking and hence its surface properties. The AFM
characterization illustrated the surface topography [Figure 4.2 (a-d)] of the PDMS
substrates and the root-mean-square (RMS) roughness increased as the mixing ratio
changed from 5:1 (0.96+0.17 nm) to 40:1 (24.83+£0.76 nm) [Figure 4.2e]. The highest
proportion of curing agent (5:1) rendered the smoothest PDMS surface [Figure 4.2a] due
to higher level of crosslinking density. The water contact angle measurement revealed
that the PDMS surface became more hydrophobic by increasing the base to crosslinker
ratio [Figure 4.2f], which could be due to two important effects. Firstly, the hydrophobic
methyl groups present in the prepolymer increases with the base proportion thus reducing
the surface wettability.'®*8° Secondly, the increased surface nano-roughness can further
reduce the wettability due to the formation of air pockets between the nano-ridges.186-187
In addition, the surface stiffness has been suggested to be more relevant to cell-substrate
interactions compared to bulk elastic modulus of the substrate material.'® Therefore, we
used AFM indentation method to measure the compressive modulus of the treated PDMS
surface. It was observed that the PDMS surface stiffness decreased from 70.44+9.166 kPa
to 13.8+2.315 kPa when increasing the polymer base proportion, which was

corresponding to a lower level of crosslinking [Figure 4.29].
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Figure 4.2: Characterization of the surface property of the fibronectin-coated PDMS. (a-d) AFM
images of the PDMS substrates made with mixing ratio of 5:1, 10:1, 20:1, and 40:1, respectively. (e)
RMS roughness (*p<0.0001, *p<0.05, n = 5). (f) Water contact angle (¥p<0.0001, *p<0.05, n = 4). (g)

Surface stiffness (*p<0.0001, *p<0.05, n = 3).
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The initial cell adhesion and proliferation is usually an indicator of the surface
biocompatibility, which depends on the chemical composition at the cell-substrate
interface such as the type and density of surface ligands,'®9-1% and also on the physical
properties such as roughness, stiffness and hydrophobicity of the substrate 919
Therefore we firstly characterized the initial cell adhesion immediately after cell seeding
and also monitored the cell proliferation continuously for 7 days. Initially, variation of the
combinatorial surface property of PDMS showed no significant short-term effect on the
cell adhesion [Figure 4.3a] or proliferation [Figure 4.3b] at Day 1, although the coated
fibronectin exhibited much higher concentration on 5:1 PDMS compared to other
substrates [Figure 4.3c]. However, the long-term effect of the PDMS substrate properties
on hBMSC proliferation became more obvious starting from Day 3 [Figure 4.3b], which
showed that the proliferation rate was enhanced considerably on the PDMS substrates
with the highest level of crosslinking (base : curing agent = 5:1). These results indicated
that the PDMS formulation influenced the long-term hBMSC proliferation although it did
not affect the initial cell adhesion and proliferation. It further suggested that the
combinatorial effect of higher stiffness, lower hydrophobicity and lower roughness of the
PDMS substrate enhanced hBMSC proliferation. These observations were consistent with
prior studies on the individual effects of multiple surface properties, which reported that
stiffer,1"2 1% smoother,'*® or less hydrophobic® surfaces could promote the proliferation

of various types of stem cells.
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Figure 4.3: (a) Cell adhesion at 1 h after seeding normalized against the data on the 5:1 PDMS. (b)
Cell viability assays over 7 days on different PDMS substrates. (c) Fibronectin concentration retained
24 h after initial fibronectin coating. *p<0.0001, *p<0.05, n = 3.
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The spreading and migration of hBMSCs on fibronectin-coated PDMS substrates
was illustrated in figure 4.4. It was observed that most cells exhibited a typical spindle-
like shape, while more cells appeared with wider spreading area and rounded shape on the
PDMS substrates formulated with lower proportion of crosslinker [Figure 4.4 (a-d)]. It
was previously reported that stiffer,’®® %7 roughened,'*®1% or more hydrophilict4* 1%
surfaces generally enhanced cell spreading. But in a recently published work by our group
200 e observed a higher cell spreading was observed for a PDMS sample with a
roughness of 3.07+0.076 nm, stiffness of 12.1+2.71 kPa and a water contact angle of
around 121.9°+0.13°. In our study we observed [Figure 4.4e] similar cell spreading for
the 20:1 PDMS sample which was featured by roughness (4.37£0.72 nm) and stiffness
(21.76+3.22 kPa) at intermediate level among all the samples tested while remaining
slightly hydrophobic (contact angle 105.08°+£3.21°). From these results we hypothesize
that substrate roughness plays a prominent role for cell spreading in compared to
substrate stiffness or its hydrophobicity. It was observed [Figure 4.4e] that for rougher
PDMS 40:1 sample, cell spreading was smaller indicating that the substrate roughness

should be at an intermediate value for optimal cell spreading.

Consistent with individual cell spreading, the total area covered by the migrating
cell population also reached the maximum on the 20:1 PDMS substrate [Figure 4.4f]. In
the literature, many previous studies showed that changes of a single aspect of surface
property could have either promotional or inhibitory effect on cell migration. However,
the variations of PDMS cross-link levels led to profound changes in many important
aspects of surface property simultaneously, including stiffness, roughness and
hydrophobicity [Figure 4.2], which had a combinatorial effect on cell migration [Figure
4.4] that was different from those caused by the changes of any individual aspect of
surface property. As discussed above, the hBMSC spreading and migration were most
favored on 20:1 PDMS substrate, which exhibited intermediate levels of roughness,

stiffness and hydrophobicity.
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Figure 4.4: Fluorescence staining for F-actin (red) and nucleus (blue) of the cell culture on different
PDMS substrates at Day 7: (a) 5:1. (b) 10:1. (c) 20:1. (d) 40:1. Scale bars: 50 pum. (e) Individual cell
spreading area. (f) The total area covered by the migrating cells with respect to the total area of the
central compartment. #p<0.0001, *p<0.05, n = 5.

In order to understand the observed difference of cell migration on different
substrates at a molecular level, quantitative real time PCR (qRT PCR) assay was
performed to examine the gene expression of typical adhesion protein markers that
determined the cell behavior during migration, including paxillin (cell-substrate linkage)

and N-cadherin (cell-cell junction). Paxillin downregulation was shown to be associated
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with decreased cell migration of hMSCs.?%* N-cadherin downregulation was shown to be
associated with increased cell migration in human hematopoietic progenitor cells and
smooth muscle cells, 222 while N-cadherin upregulation resulted in cell condensation
that caused reduced migration of hMSC.2%42% Figure 4.5 indicated that the expression of
paxillin and N-cadherin in the hBMSCs on 20:1 PDMS substrates was substantially lower
than those on other substrates made with different mixing ratios, while the cell spreading
and migration reached optimum on 20:1 PDMS [Figure 4.4). These results were
consistent with a previous report that paxillin down-regulation caused a decrease in N-
cadherin expression thus resulting in enhanced migration of Hela cells.?% Furthermore,
the gene expression of proliferation marker Ki-67 (Fig. 5) showed slightly higher
proliferation rate on the substrates with lower base proportions (5:1 and 10:1), which was
consistent with the results by cell proliferation assay [Figure 4.3b]. The proliferation
assay and gene analysis further suggested that the cell coverage in the central channel on
20:1 PDMS was mainly due to the cell migration from the side channels rather than the

cell proliferation.
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Figure 4.5: Real time PCR assays of the hBMSCs at Day 5 cultured on different PDMS substrates.
All data were normalized with regard to the gene expression on 5:1 PDMS. *p<0.05, n = 3.

4.4  Summary

Hence the microfluidic in vitro model was modified to perform studies of cell-
substrate interaction. This study has demonstrated an efficient way to study the impact of

substratum properties on cell behavior using a microfluidic migration assay. The physical

68



Cell-substrate interaction

properties of PDMS, including hydrophobicity, surface roughness and stiffness, can be
easily tuned by varying the prepolymer to curing agent ratio. It was observed that
although the initial cell adhesion and proliferation were similar on all PDMS substrates,
cell spreading and migration appeared to be most favored on 20:1 PDMS that exhibited
an intermediate level of roughness, stiffness and hydrophobicity. These findings indicated
that multiple aspects of surface property had a combinatorial impact on cell behavior,
which was different from the effects caused by the changes of any individual aspect of
surface property. Since cell migration is a vital process during tissue generation, this
study may elucidate the important physical cues required in the development of scaffolds

with enhanced cell migration potential for stem cell-based regenerative medicine.

45 Declaration

12. A part of this chapter has been published. N.V. Menon, Y.J. Chuah, S. Phey, Y.
Zhang, Y.N. Wu, V. Chan, Y. Kang*. "Microfluidic assay to study the
combinatorial impact of substrate properties on mesenchymal stem cell
migration”. ACS Applied Materials & Interfaces. 7 (31), 17095-17103 (2015).
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5.1 Background

As mentioned earlier, microfluidics in vitro models can play a significant role for
drug efficacy testing. It was observed in a survey conducted in 2014 that the overall
percentage approval of all the drugs by FDA is very poor, approximately 10% to15 %. It
was also observed only 7% of the drugs for cancer are approved. ®° Such a low percentage
of approval has often been blamed to be due to the use of animal models during the initial
trials while the same drug’s efficacy does not match with the results obtained during
human trials. The high percentage of failure, results in huge financial loss to the tune of
millions of dollars that goes into all the different steps preceding the human trials. Thus,
there is a need to develop suitable substitutes to the animal models using cells derived
from humans so that drug testing and its efficacy can be confirmed in the initial steps
before proceeding towards the later phases of clinical trials. As discussed in the previous
sections, microfluidic in vitro models can be used for filling this gap to test the efficacy of
drugs as well as any targeting molecules or agents to target a specific cell type. In this
chapter, the microfluidic co-culture system developed earlier has been used to check the
efficacy of an organic dye to perform targeted imaging and targeted photodynamic
therapy (PDT) of cancer.

Cancer is one of leading cause of death in the world and its treatment has been an
area of intense research. Current state of treatment of cancer includes surgery, radiation
therapy and chemotherapy. An alternative non-invasive therapeutic technique for cancer
treatment is PDT. The advantages of PDT like scar-less healing, and repeatability without
any genetic mutation, over the existing treatment modalities make them an extremely
useful tool as a primary or an adjunctive mode of treatment for cancer. 2°-2%® The success
of PDT for the treatment of skin cancer,?®® lung cancer, ?%°. brain cancer,?!! prostrate
cancer 2'2 has been demonstrated by the in vitro models as well as using clinical trials. It
involves the administration of a non-toxic drug called the photosensitizer (PS) to the site
of tumor growth followed by irradiation with light, preferably in the long wavelength
region (600 -850 nm). This is due to the ability of the longer wavelength light to penetrate
deeper through the cell layers. The primary mechanism of PDT is that upon irradiation,
the PS generates singlet oxygen (*O2) by electron transfer (type I) or energy transfer (type
I1) mechanisms, in the presence of oxygen which leads to an increase in the intracellular
reactive oxygen species (ROS). This increase in ROS within the cell causes cell death. An
efficient production of singlet oxygen is possible only if the PS has a sharp absorption
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coefficient, high quantum yield of the triplet state and low cytotoxicity in the absence of
light irradiation. A number of photosensitizers have been developed for PDT and have
been used for the treatment of different types of cancer. 2 Squaraine is one such PS
exhibiting excellent photo-physical properties in the red to near infra red (NIR) region.
213-214 It has been used for a large number of biological applications including metal ion
sensing, 2%° NIR fluorescent labeling, 2%° protein sensing,?!’ detection and estimation of

thiol containing amino acids %8 as well in PDT. 219222

In our present study, an unsymmetric squaraine dye has been used as the PS for
PDT. The hydrophobic nature of the squaraine dye results in its aggregation in agueous
solution. Hence carriers, like nanoparticles. nanoliposomes, polymeric micelles 223228
need to be used for effective delivery of the PS to the target cells. Pluronic F127 is a type
of polymeric micelle that has been widely used as a carrier for hydrophobic drugs. 2?°
Such a micelle has been shown to improve the bioavailability of the drug and protection
against the harsh environment of the gastro-intestinal tract in vivo. Tumor targeting by
these micelles can be by passive targeting due to the enhanced permeability and retention
(EPR) generally observed in tumor sites or by active targeting with the help of targeting
moieties specific to the tumor. There has been an increasing interest in drug delivery by
active targeting of cancer cells 23023 gpecially to improve drug specificity and to reduce
the adverse effects of the drug on non-cancerous cells. Targeting cancer cell surface
receptors is one of the methods for active targeting and folate receptor (FR) 23 2 is one
such cancer surface receptor that is highly expressed in some cancer cells of the kidney,
ovary, brain, lung, breasts, cervix and endometrium. A very commonly used targeting
ligand for FR is folic acid. In this work, folic acid coupled pluronic F-127 micelle has

been used to encapsulate the squaraine dye.

FR positive cancer cell lines FR negative cancer cell lines

1. Breast cancer cell lines 1. Lung carcinoma

MDA-MB-231 A549

MCF-7 2. Liver cancer
2. Ovarian cancer HepG2

SKOV3 Huh7

IGROV1 3. Osteosarcoma

OV-90 MG-63

143B
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3. Lung cancer 4. Kidney cancer
H460 CAKI-1

4. Cervical cancer 5. Leukemia
Hela KG-1

5. Colorectal cancer Kcl-22
Caco-2 K-562
HT29 NB-4

6. Placenta cancer/choriocarcinoma
JAR
7. Endometrial cancer

Ishikawa

Table 5-1: Folate receptor expression in cancer cells

Microfluidics has been used as an effective tool for the generation of smart in
vitro models because of its ability to mimic physiological conditions to a great extent.
Microfluidic in vitro models have been used as preclinical trial models for studying
various physiological phenomena such as disease progression and also to perform drug
studies as well as to develop organs on chip. & 236237 |n this work, squaraine dye (SQ)
was encapsulated within a micellar system, modified with folic acid (FA). The potential
of the modified micelle system as an agent for targeted imaging and targeted PDT has
been verified using a microfluidic co-culture model. The schematic of the workflow is as
shown in Figure 5.1. Four types of cells have been used: Cervical cancer cell (Hela) ,
hepatocarcinoma (HuH7), human mesenchymal stem cell (hMSC) and human bone
marrow stroma (HS5). Hela (FR positive) was co-cultured with FR negative cells HUH7,
hMSC and HS5 in individual microfluidic chips. A single color light emitting diode
(LED) with a wavelength of 655 nm was used as the light source. Confocal imaging and
flow cytometry were used to check the targeting potential of the folic acid conjugated
micelle. The cytotoxicity of the micelle-dye system in the dark was checked using
prestoblue cell viability assay while live -dead staining was performed to determine the
cell viability of the different cells in the co-culture microfluidic chip thereby showing the

efficiency of targeted PDT.
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SQ Folic aid conjugated Pluronic F-127
Sq;R= 31207 CH,Cl,/ PBS
buffer at pH 7.4
for24h

Figure 5.1: (a) Schematic of the squaraine dye SQ encapsulation within a modified micellar system.
(b) Schematic of the microfluidic co-culture chip for testing efficacy.

5.2 Materials and methods

The chemicals required for chemical synthesis were purchased from Sigma-
Aldrich, Singapore. The solvents were of reagent grade and all the solvents were dried

and distilled prior to use.

5.2.1 Synthesis of squaraine dye (SQ)

The unsymmetric squaraine dye was synthesized by the condensation of half-
squaraine derivative (5) (218 mg, 1.0 mmol) with styrylpyrrolechromophore (6) (375 mg,
1.0 mmol) in 1:1 butanol/benzene mixture (80 mL) under azeotropic conditions [Figure
5.2]. The reaction mixture was refluxed for 12 h following which they were cooled to

room temperature and the solvent was removed. The product was precipitated from
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petroleum ether, filtered and re-dissolved in chloroform (CHCIz). The crude product
obtained was later purified using column chromatography over silica gel using 3%
methanol/dichloromethane.

o |\ HyCO ) \ 0 HACO
p i (R
+ N= —
/”ﬂo” W—HN\
OH O OH O R

OCH;,
OCH;

5 6 3q; R= ?wfe/o\%;\o/

Figure 5.2: Synthesis of squaraine dye (SQ)

5.2.2 Synthesis of FA conjugated micelle

The synthesis of FA conjugated pluronic F127 (PF127) was synthesized using a
modified procedure described earlier by Zhang et.al. % In brief, purification of PF127
was performed by dissolving it in acetone followed by precipitating in a excess cooled
hexane and drying in vacuum. Once purified, PF127 (1 mM) was dissolved in dry
acetonitrile and added to an excess amount of N,N’- Carbonyldiimidazole (CDI) (10 mM
in dry acetonitrile) at room temperature in a nitrogen environment for 2 h. The mixture
was stirred for an additional 4 h. The solution was concentrated using a rotary evaporator
and poured into excess ethyl ether. This purification was repeated multiple times to
remove any untreated CDI. The PF127-CDI was dried under vacuum and collected.
Following the addition of imidazole groups onto the PF127, the product was reacted with
a compound like 1,2-ethylenediamine to create amino terminated PF127. The product
(PF127-NH2) was purified and dehydrated in vacuum. FA conjugated PF127 is produced
from the synthesized PF127-NH.. PF127-NH2, folic acid, HATU (1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate) are dissolved in DMF (dimethylformamide) in the presence of
DIPEA (N, N-Diisopropylethylamine). The supernatant is dialyzed against deionized
water for 24 h to remove impurities and unwanted products. The mixture was stirred in
the dark for 18 h in a nitrogen atmosphere followed by lyophilization. The schematic of
the procedure is illustrated in figure 5.3.

5.2.3 Preparation of SQ loaded micelle

To load the dye into the micelles, the squaraine dye (SQ) (1 mg mL™) and the
modified micelles, PF127-FA (1.5x10* M) was dissolved in 10 ml of dichloromethane.
An equal volume of PBS buffer (pH 7.4) was added and the mixture was stirred at room
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temperature for 24 h. This led to the complete evaporation of dichloromethane leaving
behind the dye encapsulated within the PF127-FA micelle. The solution is filtered and
dialyzed in deionized water for 24 h to remove any impurities or any big particles.
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Figure 5.3: Schematic of synthesis of the modified micelle system.

5.2.4 Micelle characterisation

The size of the dye loaded micelle was measured using a transmission electron
micrscope (TEM) and its hydrodynamic radius in aqueous solution was measured using
dynamic light scattering (DLS) techniques using Malvern Zetasizer Naso ZS (Malvern,
UK). For TEM, a JEM 1400 electron microscope (JEOL, Japan) (120 kV) equiped with
slow scan CCD using cold cathode field emission as the gun was used. For sample

preparation, a drop of the sample solution is placed on a TEM grid (copper grid, 300
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meshes, coated with carbon film). The sample is then allowed to air-dry. The absorption
spectra was measured using a UV-3600 spectrophotometer (Shimadzu, Singapore), while
the emission spectra was measured using a RF-5301 PC spectrofluorophotometer
(Shimadzu .Singapore)

5.2.5 Microfluidic chip fabrication

The chip preparation was carried out following the same procedure as discussed
earlier in section 2.2.1. The silicon mold was fabricated and the PDMS device was
obtained. The PDMS slab was plasma treated and sealed onto a glass slide. Fibronectin
coating was performed in the channels within the microfluidic device followed by cell

seeding.

5.2.6 Cell culture

Cervical cancer cells (Hela), hepatocarcinoma (HuH7), human bone marrow
stroma(HS5) and human mesenchymal stem cells (hMSCs) were used in our study. All
the cells were cultured as explained earlier 2.2.3. Three co-culture systems, Hela and
HS5, Hela and HuH7 and Hela and hMSCs, were prepared using three microfluidic chips.

5.2.7 Photodynamic therapy on chip

After overnight cell culture on chip, 0.5uM of the SQ-FA micelle was introduced
into the central channel, allowing the micelle to flow into the side channels with the cells.
After a 15 minute incubation, the cells are washed with 1X PBS and DMEM
supplemented with FBS/PS is introduced into the chips following which the cells are
incubated for 2 h at 37°C in an incubator with humidified atmosphere and 5% CO2, before
its exposure to light radiation. An LED (Luxeon Star LEDs, USA) with a wavelength
range of 655 nm and a fluence rate of 300 mW/cm?, was used to irradiate the co-culture
chips for 20 minutes, following which the chips are incubated in a humidified incubator at
37°C and 5% CO..

5.2.8 Dark Cytotoxicity

The dark cytotoxicity of the PDT agent was performed using prestoblue cell
viability reagent (Life technologies, Singapore) as discussed in section 2.2.4. For this
study, aproximately 5x10° Hela cells were cultured in a 96 well plate overnight. Different
concentrations of the micelle was incubated with the cells for 15 minutes following which
1X PBS was used to wash the cells and the cells were incubated in the cell culture

79



Efficacy testing

medium at 37°C in a humidified environment with 5% CO2. After 2 hr., the cells were
washed and incubated with 10% prestoblue reagent for 1 h following which its
absorbance was measured at 570 nm and 600 nm using a microplate reader (Infinite

M200 Pro, Tecan Asia, Singapore) from which the cell viability was calculated.

5.2.9 Detection of ROS inside the cancer cells in vitro

The ability of the PS to produce intracellular ROS generated within the cells was
measured using CM-H2DCFDA assay (Life Technologies, Singapore). Approximately 1x
10* Hela cells were seeded into each well of two 4 well plates. The cells are incubated
with the 0.5uM of the PS in DMEM for 15 mins, washed thrice with 1X PBS and then
incubated for 2 hours in DMEM at 37°C in an incubator with humidified atmosphere and
5% CO». The concentration of the dye was optimized for the Hela cells. We used 4
different concentrations (2 UM, 3 uM, 4.5 uM , 5 uM) in 1X PBS and incubated the dye
for 20 min (as explained before in section 3.2.10) 4.5 uM of CM-H2DCFDA in 1X PBS
was determined to be good and 4.5 uM of the dye was incubated with the cells for 20
min prior to fluorescence imaging. One of the 4-well plates was exposed to the LED with
a wavelength range of 650 nm to 670 nm for 5 minutes. The fluorescence intensity of the
cells in the well plate with and without irradiation was calculated using the Imagel
software (National Institute of Health, USA).

5.2.10 Flow cytometry

Approximately 1x10° cells of each cell type were seeded separately in 6 well
plates overnight and were then incubated with SQ-FA-micelle and SQ-micelle (without
folic acid) for 15 minutes. The cells were washed thrice with 1X PBS and eventually
suspended in 1X PBS solution. A flow cytometer (LSR Il, BD Biosciences, Singapore)
was used to quantify the number of cells that have uptaken the SQ-FA-micelle. The
sample fluorescence was measured for 10,000 cycles using the Allophycocyanin (APC)
filter (Ex- 633 nm/ Em 640nm -680 nm). Flowjo data analysis software (FlowJo, LLC,
USA) was used to quantify the cells that had up-taken the SQ-FA-micelle. This was done
by setting a threshold value. The maximum value of APC for the SQ-micelle (without
FA) was set as the threshold value. Cells with APC values lesser than the threshold are
given a negative value while cells with APC values more than the threshold value are
given positive values. The data analysis software allows for cell counting for cells with
positive values and ones with negative values. From the cell count it will be easy to

calculate the fold increase in the number of cells stained by the micelle. The principle of
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this calculation is that the SQ-FA micelle will target only the FR positive cells. The
presence of FA allows for faster uptake of the micelle by the FR positive cells. Hence for
the same time frame, FR positive cells will uptake more SQ-FA-micelle in comparison to
SQ-micelle. The FR negative cells will be stained almost equally by SQ-FA micelle or by

SQ-micelle.

5.2.11 Live-dead cell imaging

The ability of the SQ-FA micelle for effective killing of FR positive cancer cells
was determined using the microfluidic co-culture chip. Two sets of co-culture chips were
created, one for assessing the targeted PDT of Hela cells and the other to act as control to
compare the selectivity of the PDT. SQ-FA micelle was introduced into both the sets of
co-culture chips, while the control set was maintained in the dark, while the other set was
irradiated with light of wavelength in the range of 650 nm to 670 nm. . The live-dead cell
count in the co-culture chips were done using FDA (Sigma-Aldrich, Singapore) for live
cells and EthD-1 (Life technologies, Singapore) for the dead cells. A fluorescence
microscope (Olympus IX71, Singapore) was used to capture the fluorescent images and
the live-dead cell count was performed using the ImageJ software (National Institute of
Health, USA).

5.2.12 Confocal imaging

A confocal microscope (Carl Zeiss LSM 710 meta, Singapore) was used to image
the cells stained by the SQ-FA-micelle and DAPI (nucleus stain). The cells inside the co-
culture chip were incubated with SQ-FA-micelle for 15 minutes following which the cells
were washed with 1X PBS and incubated at 37°C in a humidified incubator with 5%
CO2. The cells are then fixed with 10% formalin for 15 minutes, following which they
are stained for their nucleus using DAPI stain (Life technologies, Singapore). The chips
were then imaged using the confocal microscope and the intensity profile of the cells was
measured using the ImageJ software (National Institute of Health, USA).

5.3 Results and discussion

The squaraine dye synthesized and used here has been used before and its
characterization has been done elsewhere. 2 In this work, Parijat et.al used the same dye,
SQ, for photooxidation of phenol using the singlet oxygen generation potential of the dye
and a significant generation of singlet oxygen was observed having a singlet oxygen
quantum yield of approximately 10%.
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The SQ-FA-micelle was characterized to understand its various properties like
absorption and emission, cytotoxicity as well as its size. The absorption and emission
results are as shown in figure 5.4. The absorption and emission were measured for three
samples: the dye, dye within a micelle (without FA) and dye within a FA-modified
micelle. It was observed that the absorption maximum of SQ in all the three samples were
almost the same (672 nm). It may also be observed that there is a peak in the region <400
nm in the SQ-FA sample which corresponds to the absorption of folic acid. A small hump
was observed for the measurement of SQ micelle without folic acid. This is a
consequence of aggregation of the hydrophobic SQ in aqueous environment. The maxima
for the emission spectrum was observed at around 685 nm, while a very small blue shift
was observed amongst the different samples. This was due to the encapsulation of the dye

within a hydrophobic environment.
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Figure 5.4: Photophysical properties of the micelle system. (a) Absorption spectrum, (b) Emission
spectrum

The size of the SQ-FA-micelle was measured using TEM and its hydrodynamic
radius was measured using the DLS technique. From the TEM images, the diameter of the
micelle was measured to be approximately 75 nm [Figure 5.5a]. The hydrodynamic radius
of the same micelle was slightly greater than the one observed by TEM and the measured
particle size is 78 nm [Figure 5.5b].

Apart from the physical characterization of the micelle, it is extremely important
to understand its dark cytotoxicity of the PS. Different concentrations of the solution with
SQ-FA micelle, was incubated with the Hela cells for 15 minutes with a maximum
concentration of 1 uM. The dilutions for these different concentrations were achieved
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using the cell culture medium. The cytotoxicity measured due to the different
concentrations was comparable to that of the control [Figure 5.5c], indicating the limited
dark cytotoxicity of the SQ-FA micelle on the cells.
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Figure 5.5: (a) TEM image of the SQ-FA micelle, (b) Hydrodynamic radius of SQ-FA micelle, (c)
dark cytotoxicity.

Moreover, the absorption/emission spectrum of the dye suggests that they can be
used as fluorescing agents with excitation/emission wavelengths in the red region. Due to
the broad excitation of the SQ dye, in our experiments we have used an excitation
wavelength of 633 nm and an emission wavelength between 650 nm to 700 nm. By
functionalizing the micelle encapsulating the SQ dye using folic acid, we can target FR
positive cells. This strategy allows for targeted imaging as well as its singlet oxygen yield
will allow for targeted therapy. Flow cytometry and confocal imaging were used to
observe targeted imaging due to Sg-FA-micelle. For flow cytometry the threshold was set
and cell count with positive and negative threshold values were determined. It was
observed that, while HS5, hMSC and HuH7 cells had very little staining due to SQ-FA
micelle, the Hela cells had a significant increase in staining due to the micelle with FA.
On calculating the fold increase of cells fluorescing due to SQ-FA-micelle with respect to
SQ-micelle, for Hela cells, there was almost a 120 times increase while for the other cell

types, the fold increase was less than 2 times [Figure 5.6].
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Figure 5.6: Flow cytometry. Fluorescence intensity profiles of cells due to SQ-FA micelle and SQ-
micelle. (a) HS5, (b) Hela, (¢) HuH7, (d) hMSC. (e) Fold increase in number of cells tagged by SQ-FA
micelle relative to SQ micelle. #p<0.0001

The microfluidic co-culture chip was used to test the efficacy of the micelle
system to perform targeted staining as well as targeted PDT. The scheme of cell seeding
is exactly similar to the method used previously in chapter 2. Three different co-culture
systems were used: HS5-Hela, HuH7-Hela and hMSC-Hela. The SQ-FA-micelle in cell
culture medium (0.5 puM) was introduced through the central channel so that solution can
spread to the side channels at the same instant as well as at a uniform concentration
[Figure 5.1b]. To visualize the SQ localization in the cell, confocal microscopy was used.
The cells were fixed and stained with DAPI prior to confocal imaging. From the images
obtained, it could be observed that SQ dye does not enter the nucleus and localizes largely
in the peri-nuclear region. This is of good significance in PDT applications as the

probability of the dyes causing any damage to the DNA (resulting in genetic disorders or
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mutations) is reduced [Figure 5.7a,c and e]. ImageJ software was used to process the
images to obain the intensity profiles of the SQ fluorescence from the confocal images.
These results seemed to be in agreement with the results obtained from the flow
cytometer. The SQ-FA-micelle uptake by the Hela cells was much more compared to the
other cell types used. This reiterates the ability of such a micellar conjugation to enhance
targeted imaging of cancer.
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Figure 5.7: Confocal imaging of the chip with Hela cells on the right side channel and the other co-
cultured cells on the left side channel. The cells were also stained for DAPI to see SQ localization in
the nucleus. (a) HS5-Hela co-culture and (b) the intensity profile of the SQ dye. (¢) and (d) HuH7 and
Hela co-culture and intensity profile, respectively. (e) and (f) hMSC and Hela co-culture with their
intensity profiles. Scale bar: 200 um.

PDT can be performed on chip because of the ability to build co-culture models as
well as due to the transparency of PDMS. Ideally, a laser source of 672 nm should be
used to obtain the maximum singlet oxygen generation from the SQ dye. In this work we

have capitalized on the broad absorption spectrum of SQ dye and we have used a low cost
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single wavelength LED (655 nm) as the light source. When the sample is exposed to light
irradiation, singlet oxygen is generated that leads to an increase in the intracellular ROS
which in turn leads to cell death. The ROS quantification was done using the CM-
H2DCFDA probe (Life Technologies, Singapore). Some challenges that occurred during
the measurement of ROS involve the procedure followed during light irradiation. Light
irradiation using the 655 nm LED normally is done outside the incubator inside the bio-
safety cabinet (BSC). In such a case there tends to be a small increase in oxidative stress
as the medium used DMEM normally requires 5% CO. to maintain its pH. And
moreover, during PDT analysis, the cells are incubated for 2 h after light irradiation. But
during control studies it was observed that the CM-H2DCFDA stain photobleaches
extremely fast and a time point of more than 30 min leads to increased noise in the
images. In order to overcome this issue of oxidative stress, we used a CO. independent
medium (Life Technologies, Singapore) that can maintain its pH in the absence of CO;
and also can facilitate cell growth over long periods of time outside an incubator. Also, to
maintain better correlation of the ROS observed in the irradiated sample and the non-
irradiated sample, both the samples were maintained in the CO. independent medium
during the course of the experiment and imaging was performed with minimal time delay
between the samples. From the fluorescence intensity measurement using ImageJ a
significant difference in the ROS values was observed between the two samples [Figure
5.8h].

Live and dead staining was performed to understand the PDT efficacy of the SQ-
FA micelle. Briefly, the cells were incubated with the micelle system followed by light
irradiation for 20 min. The cells were stained for live and dead cells after 48 hours after
the irradiation. Figure 5.8(a-f) shows the different chips with live-dead staining. The first
column indicates control samples (without irradiation) and the second column indicates
samples that have been irradiated while each row signifies a specific co-culture model.
Cell counting was performed using ImageJ software and the results were quantified. The
percentage of dead cells was calculated by from the total number of cells (number of dead
cells + number of live cells). Approximately 60-70% cell death of Hela cells was
observed; while the cell death in the other cells was significantly lower [Figure 5.8¢] re-

affirming the success of the strategy employed in this work.
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Figure 5.8:Live dead staining. (a) and (b) Live dead staining of control and PDT chip for HS5-Hela
system. (c) and (d) Live dead staining of control and PDT chip for HuH7-Hela system.(e) and (f) Live
dead staining of control and PDT chip for hMSC-Hela system. Scale bar: 200 um. (g) Percentage of
dead cells. (h) ROS determination from the fluorescence intensity of the cells after CMH2DCFDA

staining. #p<0.0001.
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54 Summary

In this chapter we have studied the use of a squaraine dye as potential PS for PDT.
We have successfully encapsulated the dye within folic acid conjugated pluronic F127
micelle and have observed the selectivity of this dye-micelle system for targeting the
folate receptor of the cancer cells using flow cytometry as well as using microscopy. Its
potential as a PS for targeted PDT was confirmed by observing its ability to increase
intracellular ROS within a FR positive cell type (Hela cells). With this study we have
shown the ability to use the microfluidic chip for testing the efficacy of drugs. Such a
model can act as the first phase during drug testing to see the impact of the drugs on
human cells before proceeding for more complex organ on chip models as well as animal

models.
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Microfluidics has been proved to be an effective tool for many cell-based studies.
Compared to conventional methods, the miniature size of microfluidic devices helps
create a microenvironment that better mimics the natural cellular environment. In
addition, the ability to precisely control flows and generation of biochemical gradient also
helps adjust and maintain particular conditions favourable to cell growth and introduce
biochemical cues to influence the cell fate. Researchers have taken advantage of these
microfluidic platforms and successfully developed in vitro models for studying various
important physiological phenomena, such as wound healing, cancer metastasis, and

vascular angiogenesis.

In this research | have developed a simple and easy to use microfluidic in vitro
model. The model was developed by a series of steps that involved selective plasma
treatment, gelatin coating (to improve surface hydrophilicity), fibronectin coating
followed by hydrophobic recovery at 40°C. Usage of 40°C ensured that there is better
protein retention on the substrate. A second layer of protein coating was also performed
so as to improve the cell adhesion and viability. The advantage of using such a protocol is
that it allows for the culture of cells in separate compartments. To validate the
functionality of the chip as an in vitro model we observed the interaction between
hepatocarcinoma (Huh7) and bone marrow stroma (HS5). The observations from this
study matched with those in literature from in vivo models thereby proving that such a
model can be used as an in vitro model with good physiological relevance.

Once the validation was complete, the chip was used to understand the influence
of substrate physical properties on hBMSC migration. In this study hBMSC migration on
PDMS was observed. This was because the substrate properties (roughness, stiffness and
hydrophobicity) of PDMS can be easily altered by changing its formulation (prepolymer
to curing agent ratio). Cover slips spin coated with different PDMS formulations was
used to seal the PDMS chips. The chip was modified using the protocol as discussed
earlier and instead of co-culture, hBMSCs were cultured inside the chip. The cells were
allowed to migrate for a week and its area of migration was calculated using image
processing softwares (ImageJ). The molecular basis of the cell migration was also
determined by quantifying the gene expression of cell adhesion proteins of N-cadherin
and paxillin. From these results it was evident that cell migration was the maximum in a
substrate having an intermediate level of roughness, stiffness and hydrophobicity unlike
the studies in literature which indicate a direct or inverse relationship between physical
properties and cell migration. The uniqueness of this study is that most studies that have
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been conducted thus far have studied the impact of single properties (roughness or
stiffness or hydrophobicity) on cell migration unlike in this study where the combinatorial
impact of different substrate properties on hBMSC migration was studied.

Another application that | have focussed using the in vitro model is to test the
efficacy of drugs. In this study, | have used the microfluidic co-culture model in order test
the efficiency and selectivity of SQ encapsulated within a FA conjugated micelle to
perform targeted imaging and PDT of cancer. The co-culture model developed involved a
FR positive cell type and a FR negative cell type. Confocal microscopy and flow
cytometry was performed to understand the selectivity of the PS. PDT was performed on
chip by using a LED of 655 nm wavelength. From the results it was clear that the PS was
highly selective to the FR positive cells and also SQ is efficient in bringing about
photodynamic ttreatment of cancer. Hence such a microfluidic model will be of great use
for performing preliminary studies for hypothesis testing.

In future we will add different parameters to the chip so as to increase its
complexity. We intend to divulge from the current static systems to perfusion systems
with the help of peristaltic or syringe pumps. Moreover studies have shown role of
hypoxia in tumor development. In-vivo, solid tumors are less oxygenated with respect to
the other cell types and studies have shown the impact of tumor hypoxia towards drug
resistance. Hence it is important to develop suitable models that can replicate such
conditions to form a better understanding of tumor progression. For chip development to
mimic hypoxia, some easy methods are available in literature, like coating the chip with
parylene or also by using an oxygen deficient incubator for performing cell culture.

Squaraine dye used in the study shows good photodynamic potential. Though only
a 65% efficiency was achieved, the dye can be easily modified and with the use of a
better light source (a laser source with 670 nm wavelength), the photodynamic efficiency
can be increased further. The PS can be tested on 3D tissue culture models to optimize the
dosage required for effective treatment following which the PS can be tested in an in vivo
model.

| am also interested in extending the cell-substrate interaction work by using the
model to test h(BMSC migration on more physiologically relevant scaffolds like collagen,
collagen-hydroxyapatite scaffolds, poly-L-lactic acid, etc which are scaffolds which have
been used in regenerative tissue engineering. Once the relationship between these scaffold

properties and hBMSC migration has been determined, it would be interesting to develop
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a common mathematical model relating hBMSC migration to scaffold physical
properties. Such a model can be extremely useful in regenerative tissue engineering as it

may assist clinicians in deciding on ideal scaffold based on the injury.

Another future direction that we are currently working on is extending the results
from these works from a 2D cell environment to a 3D cell environment. As stated earlier,
such 3D models have been found to have better physiological relevance to the in-vivo
environment as the cells in a 2D space and a 3D space behave differently. A similar 3-
channel model can be used to develop such models by filing the central channel with a
suitable scaffold like collagen, hydrogel or matrigel. The scaffold will act as a matrix
supporting 3D migration or 3D interaction by the cells 2%°. Apart from the creation of 3D
migration models, as discussed in chapter 1 [Figure 1.4 (c-d)], cells can be cultured
within inside a matrix like collagen or fibrin gel which is similar to a tissue culture
procedure. In the example shown in Figure 1.4, Kim et al., ° successfully created a 3D
perfusable microvascular network which allowed for flow of microbeads through them.
Similar techniques can be used for the creation of more complex tissue structures on chip.
Apart from the use of scaffolds I would like to explore more avenues of microfluidic
research, such as the usage of 3D microfluidics. 3D microfluidic system is one which
involves multiple chips cascaded on top of each other and interconnected with each other.
Such chips allow for efficient fluid control which can be used to design complex in vitro

models.

With the involvement of clinicians into the developments of such models,
microfluidics can indeed be used as an alternative to in vivo models and may serve as

efficient tool in gaining a better understanding of the human physiology.
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