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ABSTRACT

DEVELOPMENT OF A MICRO-WELL-BASED MICROFLUIDIC 3D
CELL CULTURE FOR CYTOTOXICITY ASSAYS

Farahani, Sarah
Master of Science, Micro and Nanotechnology
Supervisor: Assoc. Prof. Dr. Ender Yildirim
Co-Supervisor: Assist. Prof. Dr. Altug Ozgelikkale

January 2023, 80 pages

This thesis presents a micro-well-based microfluidic platform's design, optimization,
simulation, and fabrication for 3D cell culture. This work aims to create a system
suitable for monitoring cytotoxicity assays on isolated chambers. In this context,
microfluidic systems are promising for screening cell response to drugs. Here, a
PMMA-based and pipette-operated microfluidic device for cytotoxicity assay is
presented. The platform is incorporated into a channel and micro-chamber attached
to the sidewall of the channel. The goal is to encapsulate two types of MCF-7 cell-
laden 3D collagen matrix namely as Red Fluorescent Protein (RFP)-MCF-7 cells and
Wild-Type MCF-7 cells inside each well to form a 3D cell culture that can monitor

the culture's response to different drug stimuli.

This design is based on a level-set capillary flow of two multiphase flows, and the
goal is to isolate the liquid inside a chamber. Based on the results obtained from
Finite Element Analysis (FEA) simulations, a circle-shaped chamber, with a 2 mm
diameter, placed at the intersection of the width of the rectangle-shaped channel,

demonstrates the highest volume ratio of liquid confinement in the chamber.



In the fabrication process, a micro-milling device is utilized to mill the structure on
the PMMA substrate. The processed PMMA is sealed by surface-treatment-assisted
thermo-compressive bonding of a blank PMMA sheet.

The fabricated device is then tested by (RFP)-MCF-7 cell-laden 3D collagen matrix
and Wild-Type MCF-7 cell-laden 3D collagen matrix. The cell suspension is at first
pipetted through the inlet of the channel. As the mixture flows through the channel,
it fills the chamber. Vacuuming the channel enables cell-laden collagen confinement

in the chamber as well as chamber isolation.

According to the observation of RFP-MCF-7 cell-laden 3D collagen matrix cultured
in micro-wells, during a total of 48 hours of monitoring, the results show the success
of cell growth in the wells in the first 24 hours of the experiment. The next 24 hours
of the experiment were associated with the effect the of doxorubicin anticancer drug
with 1uM and 10 uM concentrations on the cells, a dye-based live-dead assay was
used to observe the viability of the cells during the experiment. Thus, Hoechst 33342
(blue fluorescence) and Propidium iodide (red fluorescence) were added to the
suspension for the observation of live and dead cells, respectively. The corrected
total cell fluorescence (CTCF) area was calculated for all control, 1uM treatment,
and 10 uM treatment groups. Analyzing both fluorescent and Bright Field (BF)
images of quantitative data regarding the effect of the treatment showed a decrease
in the level of blue fluorescence and an increase in the intensity of dead cells as a red

signal after 24 hours.

Here, theoretical concepts, simulations of Finite Element Analysis (FEA), and the

results of tests are discussed separately.

Keywords: 3D cell culture, microfluidics, drug research, cytotoxicity assays
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0z

SITOTOKSISITE TESTI iCIN MiKRO KUYU TABANLI MIKRO
AKISKAN 3 BUYUTLU HUCRE KULTURUNUN GELISTIRILMESI

Farahani, Sarah
Yiiksek Lisans, Mikro ve Nanoteknoloji
Tez Yoneticisi: Dog. Dr. Ender Yildirim
Ortak Tez Yéneticisi: Dr. Ogr. Uyesi. Altug Ozgelikkale

Ocak 2023, 80 sayfa

Bu tez, 3D hiicre kiiltiirii icin mikro-kuyu tabanli bir mikroakiskan platformun
tasarimi, optimizasyonu, simiilasyonu ve imalatin1 sunar. Bu ¢aligsma, izole edilmis
odalarda sitotoksisite analizlerinin izlenmesi i¢in uygun bir sistem olusturmay1
amaglamaktadir. Bu baglamda, mikroakiskan sistemler ilaglara hiicre yanitimi
taramak i¢in umut vericidir. Burada, sitotoksisite deneyi icin PMMA tabanli ve
pipetle ¢alisan bir mikroakiskan cihaz sunulmaktadir. Platform bir kanala dahil
edilmistir ve kanalin yan duvarina bagli mikro-ocak. Amag, iki tip MCF-7 hiicre
yiiklii 3D kollajen matrisini, yani kirmizi floresan protein (RFP) -MCF-7 hiicreleri
ve vahsi tip MCF-7 hiicrelerini, her oyuk i¢inde izleyebilen bir 3D hiicre kiiltiirii

olusturmak i¢in kapsiillemektir. Kiiltiiriin farkli ilag uyaranlarina yaniti.

Bu tasarim, iki ¢ok fazli akisin seviye ayarlh kilcal akisina dayanmaktadir ve amag,
bir odadaki siviy1 izole etmektir. Sonlu eleman analizi (FEA) simiilasyonlarindan
elde edilen sonuglara dayanarak, 2 mm c¢apinda, dikdortgen sekilli kanalin
genisliginin kesisimine yerlestirilmis daire seklindeki bir bélme, odadaki en yiiksek

hacim oranini gosterir.
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Imalat isleminde, yapiyt PMMA substrati iizerindeki degirmeni yapmak igin bir
mikro degirmencilik cihazi kullanilir. Islenen PMMA, bos bir PMMA tabakasinin

yiizey tedavi destekli termo-baskici bagi ile kapatilir.

Fabrikasyon cihaz daha sonra (RFP) -MCF-7 hiicreli 3D kollajen matrisi ve vahsi tip
MCF-7 hiicre yiiklii 3D kollajen matrisi ile test edilir. Hiicre sspention ilk &nce
kanalin girisinden pipetlenir. Karisim kanaldan akarken, oday1 doldurur. Kanalin

vakumlanmasi, odada hiicre yiiklii kollajen sinirlarini ve oda izolasyonunu saglar.

Mikro-kuyularda kiiltiirlenen RFP-MCF-7 hiicre yiiklii 3D kollajen matrisinin
gozlemine gore, 48 saatlik bir izleme sirasinda, sonuglar xeperiment'in ilk 24
saatinde kuyularda hiicre biiylimesinin basarili oldugunu gostermektedir.
Denemenin sonraki 24 saati, hiicreler lizerinde 1um ve 10 um konsantrasyonlara
sahip doksorubisin antikanser ilacinin etkisi ile iligkili oldugundan, deney sirasinda
hiicrelerin canliligin1 gézlemlemek igin boya bazli bir canli 6lii test kullanildi.
Boylece, canli ve 6lii hiicrelerin gézlemlenmesi icin siispansiyona Hoechst 33342
(mavi floresan) ve propidyum iyodiir (kirmiz1 floresan) ilave edildi. Diizeltilmis
toplam hiicre floresan1 (CTCF) alani, tiim kontrol, Ium tedavi ve 10 uM tedavi
gruplari i¢in hesaplandi. Tedavinin etkisine iligkin hem floresan hem de parlak alan
(BF) goriintiilerinin analiz edilmesi, mavi floresan seviyesinde azalma ve 24 saat

sonra kirmizi tekli olarak 6lii hiicrelerin yogunlugunda artis oldugunu gosterdi.

Burada teorik kavramlar, sonlu element analizi (FEA) simiilasyonlar1 ve testlerin

sonuglar1 ayr1 ayr tartigilmaktadir.

Anahtar Kelimeler: 3D hiicre kiiltiirii, mikroakiskan, ila¢ arastirmasi, sitotoksisite

deneyleri
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CHAPTER 1

INTRODUCTION

Living cell functionality, in complex organ/tissue environments, requires an intuition
that helps to comprehend the physiological and pathophysiological subordinate in
the human body [1, 2]. Several regulations are required for cell function, survival,
and growth in the human body, which are demonstrated in the chemical gradients
and mechanical forces such as compression and sheer stress by cells as specific
dynamic variations [3]. The use of conventional two-dimensional (2D) cell cultures
for molecular mechanism and cellular function examination back over a century.
Nevertheless, neither the data related to the complication of the living system nor the
differentiation and tissue specification of various and plenty of cell types can be
provided by these cultures [4]. In many research works, 2D cultures are still the most
favorable approach. However, to represent the way that cells grow and continue their
functions or the way that diseases and damages in nature affect them, there is a need
for a three-dimensional (3D) microenvironment, and results from a flat surface in 2D
models cannot be an accurate demonstration because cell’s ability for recapitulation
of the proper levels of in vivo cellular responses is considerably confined as shown
in Fig. 1-1 [5]. The lack of a physiological matrix-like microenvironment prevents
differentiation and normal growth to occur, even when the medium prepares diverse
necessary constituents and other growth factors [6, 7]. As a consequence, a lot of
research and effort has been done to prove that the efficiency has shifted from 2D
models to 3D models which aim to mimic the cell’s physiologically relevant
environment and thus provide a better efficiency has shifted from 2D models to 3D
models which aim to mimic the cell’s physiologically relevant environment and thus

provide a better microenvironment for them which is more predictive than 2D



models [8, 9]. In this regard, the way that modern biology is performed can be
significantly altered since microfluidic systems offer advantages such as smaller
volumes of reagents, executing parallel operations, and reducing the reaction times
compared to conventional assays. Moreover, transferring a complete laboratory into
a single chip (i.e., Lab-on-chip) is another promise offered by these systems.
Besides the classic advantages of miniaturization, the most important potential lies
in micro-scale physics. As it has been proved that there are techniques and
experiments which are not able to be performed on the macro scale if microscale
phenomena can be comprehended in microfluidic systems, eventually the probability

of making functionality and new empirical executions into action comes true.

(A) 2D cell culture (B) 3D cell culture

i e O\

B W

Figure 1-1. A comparison between 2D and 3D cell culture. (a) The behavior of cells
cultured in a conventional 2D platform. Cell morphology cannot be represented in a
2D platform since cells are cultured on a flat substrate. (b) The behavior of cells
cultured in a 3D platform. The culture method in 3D resembles a microenvironment
alike to that in vivo in which cells can represent a more similar morphology and

shape of cells in the body [10].

To have a better biomimetic tissue model, there is a need to transfer from 2D cell

culture to 3D techniques. By being able to engage spatial co-cultures, signal control,



and perfusion flow microfluidic systems have become considerably valuable as a
tool that will make the development of relevancy of physiological aspects in 3D
culture further and so, fluids in micro-channels are characterized with spatial control.
There has been much research conducted to develop microfluidic-based 3D culture
platforms to allow more precise methods for cell-based assays. Spheroids which
technically are various cell lines living together in a 3D format are one of the most
promising methods in this context, and research inquiries have claimed to form

spheroids from different cell lines in microfluidic devices [11, 12, 13].

1.1 Motivation

Researchers have been striving to devise novel techniques for cell culture to enhance
the relevance of in vitro experiments and mimic cellular behavior in living tissues.
The primary objective of these methods is to replicate the microenvironment that
cells experience in the body. In this regard, microfluidic-based 3D cell culture
platforms offer promising opportunities for analysis due to their ability to integrate
biological complexity with practical production procedures. Compared to
conventional two-dimensional cell culture formats, 3D cell cultures allow for better
biological function as cells can interact with neighboring cells in a more

physiologically relevant environment.

However, isolating cell-laden gels in a microfluidic 3D cell culture platform can be
challenging. This thesis proposes a well-array composed of cylindrical micro-
chambers at one side of a microchannel as an alternative means for 3D cell culturing.
Cell-laden hydrogels are aimed to be isolated in these chambers where the cells can
be cultured, or cytotoxicity assays can be carried out. Since the cells and thus the
culture environment is confined in the chambers, it is claimed that the proposed
method solves the problems of accessing and isolation problems currently observed

in the existing microfluidic platforms.



1.2

The Objective of the Thesis

This work proposes a microfluidics micro-well array to isolate cell-laden gel and

confine liquid inside them for cytotoxicity assays. The objectives of the thesis are as

follows:

Design of a microfluidic chip that can be pipette operated.

To design a chip made of thermoplastic substrates to enable scalable
manufacturing.

To model the flow using Finite Element Analysis (FEA) method.

To optimize the wells using the (FEA) model.

To demonstrate the chip operation using MCF-7 cells.

To propose a method for scalable manufacturing of the microfluidic chip

Hence, for these purposes, we propose a pipette-operated device consisting of in-line

micro-wells connected to a microchannel with a specific angle between the channel

sidewall and wells.

The working principles of the chip can be summarized as follows:

1.

In the first step, we introduce cell-containing hydrogel through an inlet (Fig.
1-2. a-b).

After the whole channel and chambers are filled with cell-laden hydrogel, we
flush away the excess hydrogel in the channel by introducing the oil flowing
in the channel through the inlet port (Fig. 1-2. c). Since they are immiscible,
the hydrogel in the channel gets out of the outlet, leaving the hydrogel in the
chamber isolated (Fig. 1-2. d). Then, the chambers are left for a certain period

for gelation.

. For feeding the cells, the oil is flushed away using a medium flowing in the

channel injected through the inlet.

Fig. 1-2 shows the working principles of the microfluidic chip.
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Figure 1-2. (a) Introducing the hydrogel containing the cells into the channel. (b) The
filled channel and chamber with the hydrogel containing the cells. (c,d) Introducing
the oil through the inlet to flush the hydrogel in the channel away from the outlet and

1solate the chamber.






CHAPTER 2

LITERATURE REVIEW

Cell culture started when scientists could harvest cells taken from animal tissue and
culture them or keep them in a specific media for further steps [14, 15]. The
comprehension of necessary considerations regarding cell health and the longevity
of their existence increased as the interest in various cell lines was raised [16]. This
was a spark of growth in parts and then fully synthetic media for cell culture from
the 1900s up to now [17]. Based on the American Type Culture Collection report,
more than 3600 cell lines are available which have been organized from over 150
diverse species that are a result of growth in synthetic culture [18]. The usage of
these vastly accessible cell lines has enabled researchers to enlarge our appreciation
of the process of formatting and the functionality of tissues in the body, which results
in major enhancements and advances in medicine and health [16]. As we can
consider cell culture as an alternative method that can substitute organ culture and in
vivo testing, it is also a bridge of connection in several ongoing studies affecting
medical research including biochemistry, pharmacokinetics, biology, tissue
engineering, and drug discovery [19]. Cell culture methods provide a platform that
is accessible, quite reproducible, and dependable mode of research [20] as well as
providing better clarification of a process before further preclinical and human

studies get started [21].

2.1 A Review of 3D Cell Culture

To maintain, retain, and analyze the adherent cell lines, 2D or monolayer cell culture

has been used over the past century, and it has been the most popular method [22,



23]. In this method, the maintenance of cells is conducted on a flat substrate such as
Petri-dishes or micro-titer plates (Fig. 2-1). The surface functionalization can be
readily done using proteins or other surface components which can help to modify
the adhesion of cell health [24, 25, 26]. Retaining cells in these flasks are low cost,
and since there are developed protocols that are robust and simple the tendency of
contamination is reduced. Monitoring cell viability and morphology can be easily
performed by directly imaging through these dishes. Moreover, analyzing the effect
of a variety of conditions and simulations applied to the sample due to adding new

reagents is easy to achieve [22, 8]

MDCel|l =7 < > > >
Culture

Figure 2-1. An illustration of cells cultured in 2D. The contact area between media
and cells is confined to one side of the cells as they are polarized on the substrate

[16].

However, even if there have been numerous studies dedicated to cellular growth
mechanisms and pathogenesis, there are still aspects that are unclear about the real
environment inside the tissues. The essential functions such as response to external
stimuli, cell-to-cell interaction, and gene/protein signaling to be named, are
happening due to the growth and arrangement of cells in a three-dimensional (3D)
format and the fact that cells align themselves with their surface area in an elliptical
shape and interaction with other cells [19]. Hence, even though 2D culture has
proved to be useful, but still, cannot reflect the 3D environment that cells are
experiencing in vivo [22, 8]. This deficiency results in many issues regarding the

functionality of the cell which are described as follows:

1. Since the cell has access to only a portion of the solution, the cell’s exposure

to the chemical gradient is limited [22].



2. Cell function can be affected due to the forces on the cell for the
accommodation of the new confined geometry which makes a polarity shift
within the cell [22, 27].

3. In vivo, cells have a discrete attachment, while in the 2D culture, the
attachment of the cell is limited to a continuing surface [8].

4. Since the roughness of the surface is low, it allows the cells to migrate and
proliferate without any prevention, and that is not an accurate reflection of

what cells are experiencing in vivo [8].

These complications mentioned above are optimized when cells are in the body
because cells are in interaction with an overly complicated extracellular matrix
(ECM) considering their type and location in the body. The interest in 3D cell culture
increased because researchers were looking for developing platforms with better
capability of representing in vivo environments [28, 29]. An opportunity for cells to
grow omni-directionally is provided by the 3D cell culture platform versus the 2D

cell culture that restricts them to the planar surface [8].

As it’s been discussed before, 2D culture does not mimic intrinsic physiological
conditions. Hence, to fill these gaps, the utilization of 3D cell culture systems at this
end makes a bridge [30]. In the following subject, a comparison between these two

methods has been made.

2.1.1 3D vs 2D Cell Culture

In the context of making any comparison between 2D and 3D culture, several
features make variations in the effectiveness of these methods: namely the
phenotype, metabolic activity, cellular functionality, and morphology. Table 2-1 and
Table 2-2 are brief descriptions of differences between 2D and 3D cell culture

functionalities.



Table 2-1. Effectiveness of 2D vs 3D methods in different features.

Features
Morphology
[20, 31]

Differentiation
[32]

Viability

[33]

Response to
Stimuli

[34]

Drug Metabolism
[35]

In vivo Relevance

[36]

2D

Flat morphology for cells

The average thickness of around 3 pum
Changes in morphology can not be recognized

Inefficient differentiation prediction

Less viability since the interaction between cells is not
well provided

In response to multiple sorts of stimuli that are triggered
either by external factors or adjacent cells the sensitivity
and morphology changes of cells are affected

Less distinguishment in different cytotoxicity in response to
various drugs like doxorubicin, vinorelbine, and paclitaxel

Lack of information regarding cell-cell interactions

10

3D

Elliptical morphology for cells

The average dimension of around ~10-30 um
Changes in morphology can be recognized

Efficient differentiation prediction

Enhanced in vivo relevance

High viability due to interaction

between cells in 3D cell culture

In response to multiple sorts of stimuli that are
triggered either by external factors or adjacent cells the
sensitivity and morphology changes of cells are affected
Enhancement in distinguishment of cells’ drug
metabolization and metabolic discharge of products
Providing greater intercellular interactions in results of

the better-mimicked microenvironment



Table 2-2. Effectiveness of 2D vs 3D methods in different features (Table 2-1 continued).

Features
Proliferation

[20, 37, 38, 39]

2D

11

3D
Increase in the growth rate of many cell lines such as

osteosarcoma cells, mesenchymal stem cells, tumor epithelial
cells (TEC) cells, human glioblastoma cells, and human
umbilical vein endothelial cells (HUVEC). However, some
other cells reflected a decrease in their proliferation. Breast
cancer, rat anterior tibialis muscle, sheep bone marrow, human
neuroblastoma, and airway smooth muscle cells due to
variations in morphology, fundamental proliferation, and
expression of contractile protein showed a decrease in their

growth rate



2.1.2 Methods of 3D Cell Culture

Several methods for the 3D cell culture have been reported by researchers so far and

each has its advantages and drawbacks: The hanging-drop method, forced-floating

method, matrices and scaffolds, and agitation-based approaches are a few to be

named [20]. Table 2-3 and Table 2-4 describe a summary of each method.

Table 2-3. Description of conventional methods for 3D cell culture.

Conventional methods for 3D cell Properties

culture [20, 28, 40, 41, 42].

Hanging drop

::::} [

Cells in suspension cell spheroid

Forced floating

Central fusion

Non adhesive coating

Matrices and scaffolds

Growth factors

One of the most reliable methods,
Easy-to-execute,

The concentration of cells happens at
the tip of the drop [20]

Cells are overall homogenous in
morphology [43]

Easy access to the cultured spheroids
to harvest them [44]

Providing firm and consistent
spheroids

Promotion of cell-cell interaction [45]
Adhesion of cells is prevented using
coating techniques [45, 46, 47]

Extra Cellular Matrix (ECM) is
utilized to culture, embed, and grow
the cells either within the gel or on top
of the gel [48]

ECM provides better cell-cell
interaction and communication with

each other [49, 50]

12



Table 2-4. Description of conventional methods for 3D cell culture (Table 2-3
continued).

Conventional methods for 3D cell Properties
culture
Other approaches A motion to the cell is provided using a

moderate rotation stirring which

prohibits cells from adhesion to walls

i) ol L
e 0’0
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" @
A 4 Ay 4

2.2 Microfluidic-Based 3D Cell Culture

and making cell-cell interaction [20]

Since microfluidic emerged in the 1990s An advanced platform was offered in
biological applications [51]. As microfluidic systems have been integrated with 3D
culture, they brought a revolutionary improvement. Microfluidic systems provide
microenvironments that resemble in vivo compatibly. Some remarkable features of

this technology are as follows [20]:

e Since this system works in microscale dimensions, it matches perfectly with the
cellular structure of the human body.

e To simulate the complexity and dynamic 3D network inside the human body,
chemical gradients can be used.

e Because reagents are consumed in a very low amount, microfluidic systems are
very low cost as they use specimens in nano-litter volumes.

e To enhance the growth situation and proliferation of cells in 3D culture,
microfluidic devices are constructed with substrates that are permeable to

oxygen such as silicon and biodegradable polymers.

13



e Microfluidics’ presence claimed a multifaceted technology in which controlling
and handling multiple functions namely culture, medium refilling, detachment
of cells, sampling, detection of subsequent, mixing, and cell capture are possible.

e To have an ideal 3D culture platform, feeding cells for their growth and
proliferation by providing the required nutrition, oxygen, and moisture should
be done simultaneously with the removal of waste materials and degraded
products. Microfluidic systems revolutionized the field of 3D culture by offering

all those mentioned privileges at once.

2.2.1 Microfluidic-Based 3D Cell Culture Platforms

Several kinds of microfluidics are characterized based on the used substrate and the
method of fabrication of micro-devices that support the establishment of their
function in 3D culture methods. This means the method of fabrication and the
selection of the materials should ensure the desire for the right design and integrity
of the platform. Various microfluidic-based 3D cell culture platforms are discussed

in the following section.

2.2.1.1 Glass-Based Platforms

These platforms are chosen when working with different organic solvents and high
temperatures in the process. Nevertheless, the use of this technique is limited due to
the high-cost fabrication and the need for specific types of equipment [52].
Generally, this technique is incorporated with polymers to fabricate a hybrid type of
microfluidics [53, 54]. High-resolution microscopy requires developed optical
characterizations in a system in which glass-based platforms offer such properties.
Since this platform is capable of providing a stable surface with a well-defined
boundary as well as a reproducible and solid electroosmotic flow, it is especially

used in long-term research or where multiple-time actions are required [55].
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2.2.1.2 Polymer-Based Platforms

There are various polymers utilized as biocompatible substrates such as poly methyl
methacrylate (PMMA), polydimethylsiloxane (PDMS), cyclic olefin copolymers
(COC), polycarbonate (PC), polyethylene terephthalate (PET), and polyimide (PI)
which each have specific properties desirable in different application and can be
utilized in microfabrication techniques. Among all, in polymer-based systems,
PDMS as a biocompatible substrate has taken more attention due to its permeability
to oxygen and cost-effectiveness [56, 57]. However, since PDMS is naturally
hydrophobic, advanced surface treatments like plasma treatment or polymer grafting
are the primary steps required [58]. To simplify and assist perfused 3D cell culture
platforms, the use of PDMS in the fabrication of these devices has been extensive.
The aim of fabricating these devices is to simulate in vivo conditions which can be
obtained by device optimization to flow the medium and perfuse the oxygen through

the culture areas [20].

2.2.1.3 Gel-Based Platforms

To have a better microenvironment in terms of mimicking in vivo conditions, gel-
based platforms integrated with micro-technologies and cell biology enable us to
develop systems like organ-on-chips (OoC). In these systems, using biochemical and
biophysical signals of gels which are a combination of water, protein, and enzymes,
help to mimic the natural microenvironment [59]. To analyze and investigate spatial
and temporal features of several factors which regulate the differentiation of cells,
some developed devices have been fabricated in which channels infused with the
medium are integrated with micro-wells [60]. To fabricate microchip systems for 3D
culture purposes, polymers which were originated in nature like agarose, collagens,
and fibrin have been used. Using the soft lithography method to fabricate an agarose-
based chip, Ling et al. cultured several cell lines comprising AML 12 and

hepatocytes [61]. To do so, a cell-laden agarose replica mold with a thickness of 1
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cm was fabricated, and a hot solution of agarose has been cooled to 70 °C. Afterward,
a mixture of cell suspension was created. Then to make the gel, the agarose-cell
mixture was spread out onto a silicon master [20]. In another work by Ling et al., for
delivering vital nutrients and oxygen to cells while they are cultured in the hydrogel,
they used a SU-8 mold mask on a silicon wafer to fabricate an agarose-based

platform [61].

2.2.14 Paper-Based 3D Culture Platforms

Another platform known as paper-based microfluidic systems has been suggested by
the Whitesides group after they observed the requirements of being facilitated with
specific engineering knowledge and instruments in the glass-based systems and
polymer-based systems [62]. Paper-based platforms are mostly favorable due to their
simplicity and cost-effectiveness. Based on recent research, it’s been suggested to
use this platform for the proliferation activities of cancerous and endothelial cells
[63]. Research related to cell migration among various cell-based assays has been
done using forming 96 multilayer arrays containing cells and fabricated by Whatman

filter papers [64].

2.3 Gel Confinement in Microfluidic Devices for 3D Cell Culture

Gel confinement in microfluidics extensively depends on the way that the
geometrical patterning of the device ensures the confinement of the biological
hydrogels [65]. In many cases where the pattern of the geometry is circular reservoirs
consisting of only one inlet and one outlet, medium transportation to the chamber,
may result in damaging the cells due to the high sheer force they are facing [66, 67].
Generally, using micropillars or phase guide techniques for gel confinement
purposes overcomes the mentioned problem since they provide reliable control of

the meniscus of liquid and air [68].
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2.3.1 Micropillar array

A chamber with two rows of micropillar arrays was developed first by Toh et al. Fig.
2-2 is an illustration of this micropillar array chamber. In this system, 3D cell-cell
and cell-matrix interaction was precisely controlled. Cells were seeded by being
perfused through the micropillar arrays [69]. However, since cell immobilization
depends on the flow rate, cell damage happened in some cases [70]. This platform

has been adapted and used in many applications widely [71].
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Figure 2-2. Micropillar array chamber working principle. (a) 3D immobilization by
micropillar array. (b) Formation of 3D ECM support by laminar flow. (¢) Removal

of excess polyelectrolytes followed by perfusion culture of immobilized cells [69].

2.3.2 Phaseguides

Phaseguides have been in use over the past few decades. They are a type of barrier
used in microfluidic systems to control the filling and emptying of chambers of
various shapes [72]. Phaseguides are tiny ridges located at the bottom of a channel
that functions as barriers to prevent the movement of fluids [73]. One advantage of
phase guide microfluidic devices is that capillary pressure barriers provide precise
control over the handling of liquid in terms of filing or emptying. Hence, they offer
a high degree of precision and control over the manipulation of cells. These systems
have become popular in recent years and have been used in various applications such

as 3D cell culturing [74].
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2.4  Hydrogel-Based Microfluidic platforms for Mimicking Extra Celluar

Matrix Microenvironment

Cell functionality like growth and communication requires continuous control and
regulation where such control is provided by Extra Cellular Matrix (ECM) in in vivo
conditions [75]. The reason why ECM is essential in cell culture is that ECM is
considered a substitute for the natural cell microenvironment. Hence, using it
increases cell growth. The importance of ECM microfluidic 3D cell culture platforms

bulleted as follows:

e Cell adhesion, immobilizing, and attachment are facilitated since ECM provides
cell binding sites [76, 77].

e If the composition is maintained according to the purpose of the application,
ECM may result in an improvement in gene expression in cells [78, 79].

e ECM can be used as a natural obstacle to prohibit unusual cell migration and

proliferation [78].

As a perfect example of ECM, synthetic or natural hydrogel can be mentioned [80,
81] since they are hydrophilic and possess a tunable stiffness. Some examples of
hydrogels are based on synthetic polymers such as polyethylene glycol (PEG), poly-
N-isopropyl acrylamide (PNIPAM), polyvinyl alcohol (PVA), poly(2-hydroxyethyl
methacrylate) (PHEMA), [76] or polyacrylic acid (PAA) [82]. Some hydrogels are
also made from natural polymers such as fibrin, collagen, and hyaluronic acid [82].
In microfluidic devices, to directly form 3D microtissues, the mentioned hydrogels
are utilized. Hydrogels have shown great proof regarding enhancements in the
formation of organoids and as a result, improvement in control of the model’s size,

shape, and mechanical features.
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CHAPTER 3

LIQUID CONFINEMENT AND CHAMBER ISOLATION IN THE
CHAMBER

As 3-dimensional cell cultures are believed to have a better representation of the
cell’s microenvironment, microfluidic systems as a high-demand technology for 3D
culture purposes, allow for developing methods that precisely can be used in cell-
based assays [83, 84, 85]. For instance, various microfluidics can be developed to
better recapitulate different organs’ responses and functionality in their physiological
environment. In this context, forming spheroids, which technically are isolated cell
lines to live together in a spherical shape, is one of the most used methods. Mostly,
forming spheroids comes from the suspension of cells in the hanging drop method
[41], hollow microsphere [86], or a specifically designed and constructed
microfluidic. In this work, the isolation of different types of cells in 3D using a
micro-well-based microfluidic, roughly cylindrical shape, is proposed. The purpose
is to isolate a cylindrical chamber for creating a 3D environment for cells to grow

and experience a similar microenvironment as they do in vivo.

This chapter is dedicated to multiphase flows and the mechanism of chamber
isolation. After modeling the design, to investigate the design optimization, the level-

set method is employed on a geometry utilizing COMSOL Multiphysics ® v5.3a.

3.1  Description of The Model Geometry

In this section, a suggested design for a microfluidic-based 3D cell culture platform
is discussed. This design provides a high degree of control over the isolation of
microwells, using multiphase flow terminology, by demonstrating an attached well

to the main channel which is supposed to be considered as an isolation section. Fig.
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3-1 shows the schematic of the geometry utilized in the simulation, where the

important parameters are illustrated and described in Table 3-1.

L, L,

Ci2

Z=1mm

C = Channel width

D = Chamber Diameter

The angle between
* The Center of the chamber

the channel side
and the chamber

Figure 3-1. Description of the model geometry.

Table 3-1. Specification of dimensions in the design.

Parameter Size (mm)

L1 1

Lo 4

C 1

D Variable (Range between [1-2])
Z 1

Depth 0.3

01 (Range between [30°-60°])

There is a main channel which on the side of it a well is attached. The width of the
channel is specified as 1 and its length is 4 mm. To show the initial value in the
simulation, a square with a length of 1 mm is attached to the right side of the channel
where we have inlet flow. In the simulation, this square is filled with either water or
oil in each step accordingly to the initial value. The well is in the shape of a circle

that its diameter is variable in the design to obtain the optimized design. The distance
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between the intersection of the channel and the center of the chamber is defined as
constant Z=1. In 2D simulations in COMSOL, the depth of the channel is defined as
0.3 mm. 0 is the angle between the channel side and the well and is one of the most
important parameters in the design as it clarifies the possibility of flow inside the

chambers. 01 ranges between 30°to 60° based on the diameter of the chamber.

The properties affecting the system include the dynamic viscosities of water ([w) and
oil (Ko), the densities of water (pw) and oil (po), the contact angle (0y) between water
and air and between water and oil, the applied pressure in the inlet (Pin), and the

interfacial tension between the water-air and oil-air.

3.2 Simulation Setup Based on Boundary Conditions

To analyze the channel and chamber filling as well as chamber isolation, the fluid’s
properties are considered the same as the values of distilled water and oil in the
parameter setup of the simulation. Some of the important parameters worth
mentioning are the dynamic viscosity and density of the materials used in the
simulation which are mentioned in Table 3-2. Lastly, since there is a liquid-liquid
interface in the system, the surface tension force in the momentum equation is by

default activated.

Table 3-2. Properties of water and oil.

Parameter Water Oil
Dynamic viscosity 1 mPa-s 1.24 mPa-s
Density 1000 kg/m? 1614 kg/m?

In this design, boundary condition settings are based on pressure inlet both for water
and oil in the inlet. To provide proper conditions for the system to work properly and
since this system is fully pipette-operated, the pressure in the inlet for water and oil

injection needs to be at a minimum of 300 Pa. Pressure set up in the outlet is
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considered as 0 Pa for both water and oil injection. The effect of pressure on the

system is discussed in the next session.

To make the interface movement happens along the wall, a wetted wall condition
should be considered since the walls are in contact with fluid-gas and fluid-fluid for
the water-air interface and water-oil interface, respectively. In this work, the contact
angle is assumed as 0w = 60° for the water-air interface and 0y = 140° for the water-
oil interface which are shown in Fig. 3-2. The selection of contact angle in this work
is according to the experimental knowledge of measuring the contact angles of water
and oil on a PMMA substrate. Moreover, parameters related to meshing must be

characterized with care.

(@)

8, = 60°

Water-air contact angle

0, = 140°

Water-oil contact angle

Figure 3-2. Description of contact angle in the design. (a) The contact angle between

water and air. (b) The contact angle between water and oil.

3.2.1 Element Order and Discretization

In COMSOL, to solve the partial differential equations (PDE) the finite element
method is utilized. The finite element method discretizes the domain by meshing it

with smaller subdomains called elements.

22



Specific element orders are provided to be used in (PDE) and faint-form interfaces.
The element order has a direct influence on the number of degrees of freeness in the
solution and the precision of the solution. For instance, the shape functions for each
element in the easiest sample of a one-dimensional finite element are readily a

collection of polynomials described over the domain.

3.2.2 The Discretization Settings for a Physics Interface

Mostly, physics interfaces utilize Lagrange elements which contain an order of 1 to
5or1to 7 in case PDE or weak form interfaces are used, in which in many cases the
default discretization is set to the second order. The element orders for the physics
of the model are well-aligned with the order of the numerical integration by the
software. In some cases, for some of the field variables, physics interfaces utilize

peculiar element types or a decreased element order.

Most of the time, the second order is set as a default discretization since the second
derivation term mostly is associated with partial differential equations. Fluid flow
and transport-related problems are often utilizing first-order or linear discretization
by default. In specific modeling conditions, applying some changes to discretization
can be encouraged. It should be noticed that even though for each physics interface

variation in discretization can occur, it comes with consequences.

A decrease in discretization with no change in the number of elements provides a
model which needs fewer computational actions but lacks precision. On the other
hand, any increase in discretization without making any alteration in the number of
elements leads to a solution with higher accuracy and with a requirement for an
excellent computational resource. Using increasing the element order method to
validate a model is one way, however, it is possible to approach this aim just by
refining the mesh by executing a mesh refinement action since performing a

discretization study on a model influences the structure of the mesh.
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3.2.3 The Effect of Discretization on the Mesh

The discretization settings affect the element order of the mesh. The outcome of the
discretization of mesh elements in 2D and 3D is to approximate the exact CAD
geometry which is carried out by estimating the shapes associated with the
boundaries of the model executing a series of geometric shape functions that
resemble the exact order as the lowest discretization order utilized in each of the

available physics interfaces within the model.

3.24 Discretization of the Fluids

To mark the choices of element order for fluid flow interfaces in the discretization
of the fluid, and to demonstrate the polynomial order of the element orders the
abbreviation PP, is used. In this term m is a representative of the velocity
components and n shows the pressure in case tetrahedral or triangular elements are
utilized [87]. The associate numbers to these terms show the order of elements
assigned to each. In this work, since creeping flow interfaces are used, the P2+P1
setup 1s applied to the modeling domain which means a second-order element for the

velocity components and a linear-elements for the pressure field.

3.2.5 Building the Mesh

One of the most important steps in the COMSOL Multiphysics® after creating the
geometry and allocating the physics to the model is building the mesh. The applied
mesh on the model geometry in this work is shown in Fig. 3-3, and the statistics of

the applied mesh in this design are described in Table 3-3.
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Figure 3-3. Meshing applied to the geometry modeling.

Table 3-3. Statistics of the mesh.

Statistics of a complete  Statistic of domain Element size

mesh element

Mesh vertices: 930 Number of elements: 1727 Maximum element size:

0.335

Triangles: 1727 Minimum element quality: Minimum element size:
0.6652 0.0015

Edge element: 140 Average element quality: ~ Maximum element
0.9121 growth rate: 1.3

Vertex elements: 12 Element area ratio: 0.3354  Curvature factor: 0.3

Quality measurement: Mesh area: 7.523 mm? Resolution of the

skewness (skewness for narrow region: 1

triangles < 0.85)

3.3  Design Optimization

The purpose of this work and based on the model geometry shown in Fig. 3-1, is to
isolate liquid in a well attached to a main channel for cytotoxicity assays. To do so,
a series of two-step simulations have been carried out to obtain the optimized
geometry. The two-step simulation is as follows, and Fig. 3-4 is an illustration of the

work.
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1. In the first step, water is injected through the inlet port and is expected to fill
the whole channel and the chamber.

2. The second step is where oil is introduced to the system from the same port.
As oil flows, since oil and water are immiscible, it is expected that oil does
not enter the chamber and leaves the water inside the chamber isolated from

the rest part of the channel.

(a) (b)

Qn Q

‘Water injection

«) @)

Oil injection

Figure 3-4. Working principle of a two-step simulation.

As it was mentioned above, the design needs to be optimized in a way that in the first
step, water can fill the whole channel and chamber, and in the next step, oil injection
makes the chamber isolated. For optimization, the diameter of the chambers in each
design changes. Referring to Fig. 3-1 the channel width is constant in all the designs,
and it is equal to one. Moreover, the distance between the intersection of the channel
and the center of the chamber is equal to one and is constant in all the designs. To
execute the simulations, since there is a two-step simulation, in the first step when
water is filling the channel and the chamber, there is the water-air interface. Hence,
the red color is an illustration of water and the blue is air. While in the second step,
where there is the water-oil interface, the red color is assigned to oil and the blue

color shows the water. Fig.3-5 depicts the assumptions in the simulation.
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Figure 3-5. (a) Water-air interface where the red color is water and the blue is air.

(b) The oil-water interface where oil is red color and water is blue.

3.3.1 The Effect of the Inlet Pressure (Pin)

Since the boundary condition for this system is based on pressure control, the system
is significantly dependent on pressure, and the pressure has a great impact on the
functionality of the system. As it is shown in Table 3-4, under the inlet pressure of
Pin= 0 Pa, neither water nor oil can flow through the channel. We constantly
increased the pressure of the inlet to find the minimum value at which the system
functions properly. The minimum pressure of the inlet should be set at Pix= 300 Pa

for the system to work, and it has been set for all the designs in this work.

To show how water flows in the channel and fills the chamber as well as oil injection
through the channel for chamber isolation, Table 3-5 shows a series of 5 frames,
taken at different times, to show the working principle of the simulation for both two
steps. The pressure inlet for this series of simulations is set as Pix= 300 Pa. Setting
the pressure as 300 Pa is based on the experimental operation of the proposed device.
Since the platform is fully pipette operated, the minimum pressure applied on the

pipette tip should be 300 Pa to operate properly.

Having all said, the results of different designs are shown in Table 3-6 and Table 3-

7.
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Table 3-4. The functionality of the system under the pressure of Pi»= 0 Pa.

Time

t=0.0000 s

t=0.0061 s

t=0.0110 s

t=0.0555s

t=0.1000 s

Chamber
filled with
water,
Pi,=0 Pa

T

L

XA

Chamber
isolation by
oil,

Pin =0 Pa

L 2

v

19

2
-

-

Table 3-5. Frames of different time steps taken from simulation.

Time

t=0.0000 s

t=0.0061 s

t=0.0110s

t=0.0555s

t=0.1000 s

Chamber
filling with
water,
Pin=300 Pa

. 2

. 2

Chamber
isolation
with oil,
Pix=300 Pa

v

v
. 2

19

99

.
e
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Table 3-6. The results obtained from the simulation for geometry optimization.

Chamber Water fills the channel and the chamber Chamber isolation with oil
Diameter which initially are occupied by air
(mm)
D=1.20

D=1.40
D=1.60
D=1.70
D=1.75
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Table 3-7. The results obtained from the simulation for geometry optimization (Table

3-6 continued).

D=1.80
D=1.85
D=1.90
D=1.95
D=2.00

3.4 Simulation Results and Discussion

To assign a design as the optimized one, the area ratio of the water isolated in the

chamber to the total area of the chamber (A) is considered as the parameter to be
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compared in different designs. Equation (3.1) refers to the calculation of the area
ratio. According to the results of the calculations of the area ratio shown in Fig. 3-6,
it can be inferred that the area ratio inside the chambers increases by increasing the
diameter of the chambers. Hence, since the area ratio in the chamber with a diameter
of 2.00 mm is the highest, this design is considered the optimized one.

Area of water inside the chamber

A= (3.1)

Total area of chamber

0.6
0.5
0.4
0.3
0.2

0.1

1.0 1.2 14 1.6 1.8 2.0 2.2 24

Chamber Diameter (mm)

Figure 3-6. The plot of the area ratio of isolated water inside the chamber to the total

area of the chamber vs the diameter of the chamber.
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CHAPTER 4

MICRO-WELL-BASED MICROFLUIDIC DEVICE FABRICATION

The enhancement of microtechnology and micromachining methods has had a major
impact on biomedical and biological-related applications since it brought miniature
devices into action over the past few decades. Microfluidic devices can execute
actions in many aspects that notably enhance the result: detection, sample separation,
drug cytotoxicity assays for applications that require pretreatment and analysis, cell
monitoring, and further clinical steps are a few to be named. These devices uphold
many features which are huge advantages in many applications: high sensitivity,
low-cost fabrication technique, the capability of executing multiple parallel tests in
one set, and low material consumption. Production of these devices can be achieved
using many different materials: Silicon (Si)-based materials and polymers are a few
to mention. However, since silicon-based materials require surface maintenance and
modification after fabrication, they may not be suitable for biological applications.
Because silicon-based materials are not biocompatible, their fabrication process
takes a lot of time, and they need a clean room environment in the fabrication
process. Hence, development in polymer-based materials gained attention [88, 89,

90].

4.1 Polymer-Based Microfabrication Techniques

Polymer-based materials address the issues related to si-based materials since they
are optically transparent, biocompatible, replicable from the production point of
view, and capable of surface modification. Moreover, they offer low-cost and fast
fabrication processes which are huge profits in microfabrication techniques [91].
Microfabrication techniques can make use of different types of polymers, including

poly methyl methacrylate (PMMA), polydimethylsiloxane (PDMS), cyclic olefin
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copolymers (COC), polycarbonate (PC), polyethylene terephthalate (PET), and
polyimide (PI). Each of these polymers possesses unique characteristics that are

beneficial for various applications. [88].

PMMA is highly biocompatible which makes it favorable in medical applications.
The biocompatibility property of PMMA may be attributed to its resistance to stress
related to temperature, chemical reactions, bioprocess, and human tissues. In this
work due to the high advantage use of PMMA, it has been utilized in the fabrication

process.

4.1.1 Micro Milling

Micro-milling machines can be used to pattern microchannels onto a substrate,
significantly reducing the fabrication time to just a few minutes, depending on the
geometry of the pattern. However, the machining of small sizes may be limited by
the diameter of the milling cutters [89], which is an important consideration when

using this technique [90, 91].

In this study, Fusion 360 software was utilized to design the geometry and simulate
the milling process, as shown in Fig. 4-1. A 1 mm end mill was used to mill the
channels and chambers, with a maximum stepdown of 0.1 mm and three passes to
achieve a depth of 0.3 mm. The spindle speed and cutting feed rates were set to 4000
rpm and 20 mm/min, respectively. To mill the inlet and outlet holes, a boring
technique was employed, with a 1 mm end mill selected for the task. The diameter
and depth of the holes were 1 mm and 2.5 mm, respectively. The spindle speed and
cutting feed rates for the boring process were set to 4000 rpm and 60 mm/min,
respectively. The complete parameter set-up for milling the device is summarized in

Table 4-1.
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Figure 4-1. The model of geometry designed in Fusion360.

Table 4-1. Parameter indication used in Fusion360 for simulating the chip

fabrication.
Parameter Setup value
End mill diameter 1 mm

Spindle rate for channel and chamber milling 4000 rpm
The feed rate for channel and chamber milling 5 mm/min
Spindle rate for inlet and outlet drilling 4000 rpm
The feed rate for inlet and outlet drilling 5 mm/min

The machining of a PMMA substrate using CNC is shown in Fig. 4-2.

Figure 4-2. (a) Micro-milling machine and setup. (b) Processed PMMA substrate.
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4.1.1.1 Solvent-Assisted Thermo-Compressive Bonding Process:

After the milling process, the processed PMMA substrate should be sealed by
thermo- compressive bonding of a blank PMMA sheet. However, before applying
the thermal bonding process, the surface of the substrate needs to be treated with
chloroform since it is a solvent of PMMA substrates. In that sense, a solvent-
treatment technique using chloroform is utilized. In this technique, there are two Petri
dishes each containing 20 pL of chloroform placed in a water tank. The two sheets
of PMMA s processed one and unprocessed one, are then placed on a steel separator
which prevents them from direct touch with chloroform. Right after the placements,
two and a half minutes is required for PMMA to get treated with chloroform vapors.
After that, immediately, the two sheets are required to stick to each other, and as the
result, the two PMMA sheets get bonded to each other. The evaporation process of
chloroform and chemical bonding of PMMA sheets is illustrated in Fig. 4-3.

Chloroform Separator
Water
* SBocESsE RTINS Processed PMMA substrate
N substrate
[ [

Figure 4-3. The evaporation process of chloroform and chemical bonding of PMMA

sheets.

Not long after the surface treatment process thermo-compressive bonding can be
applied. In this technique, a chip is placed between two silicon wafers on the heater
plate. The working principle of the thermo-compressive bonding process is as

follows:

1. First, the temperature of heater plates raises to around 75 °C during the first

10 minutes (T1) of the cycle (Fig. 4-2.a),
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2. Then the temperature stays steady at that temperature for about 10 more
minutes (T2), and for a specific amount of time, a certain force is applied
to the substrate to be compressed (Fig. 4-2.b).

3. During the third period (T3) temperature reduction starts until it reaches 40
°C, where the cooling process commences (Fig. 4-2.c),

4. After cooling the processed PMMA substrate and unprocessed PMMA
substrate are bonded finely (Fig. 4-2.d).

Pressing Cooling Force release
Heater plate
Heater plate Heater plate
Heater plate
[ 2R IR 2R 2N 2 4
Unprocessed PMMA Unprocessed PMMA Unprocessed PMIMA Unprocessed PMMA
substrate —> substrate —} substrate :) substrate
Processed PMMA Processed PMMA Processed PMMA Processed PMMA
substrate substrate substrate substrate
Heater plate Heater plate r Heater plate —| Heater plate

(a) (b) (c) (d)

Figure 4-4. Stages of the thermo-compressive bonding process, (a) substrate

placement, (b) force employment and compression, (c) cooling, (d) force release.

The cycle time of the machine is depicted in Fig. 4-3.

80 75 75
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40
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0 10 20 30
Time (Minutes)

Figure 4-5. The cycle time of the thermo-compressing bonding process.
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CHAPTER 5

EXPERIMENTAL VALIDATION OF CHAMBER ISOLATION AND
LIQUID CONFINEMENT

The experiments which investigate the isolation of the chamber and liquid
confinement are executed with a PMMA substrate fabricated by a milling device.
The schematic of the design used in the experiments is shown in Fig. 5-1. Since the
goal is to achieve the highest volume ratio of liquid confined in the chamber, the
fabricated micro-well-based microfluidic contains two chambers with different
diameters of the chamber (D). The chambers are placed on the sidewall of the
channel in a way that the distance between the center of the chamber and the

intersection of the channel (Z) is always equal to 1 mm.

C= Channel width L,

Ci2

" D1=1.95mm / D2=2mm
The center of the chamber The center of the
chamber

Figure 5-1. Schematic of the micro-well-based microfluidic device fabricated by

PMMA.
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5.1  Experimental validation of Proposed Micro-Well-Based Microfluidic

regarding chamber isolation and the liquid confinement

To observe the experimental characterization of flow in the chip and to see whether
chamber isolation and liquid confinement happen or not, the flow was introduced to
the system using a pipette. The experimental setup of chamber isolation and liquid
confinement experiments is shown in Fig. 5-2. Since the isolation of the chambers is
the goal, the system requires a two-step function which is described as follows:
1. First, distilled water colored with red food dye is injected into the system
through the inlet which is supposed to fill the whole channel and chamber.

2. Second, oil is inserted through the same input port to confine distilled water

in the chamber and leave the chamber isolated.

Figure 5-2. Chamber isolation experiments. (a) Experimental setup. (b). PMMA

test device.
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The liquid confinement in the chamber and chamber isolation were observed under
the microscope and the experimental images are shown in Fig. 5-3. According to the
observations, in the first step, when distilled water enters the chambers, even if there
is an air bubble in each chamber it almost fills them up. In the second step, feeding

the oil through the channel makes the chambers isolated while distilled water is

confined in the chambers.

Figure 5-3. Experimental images of chamber isolation and distilled water
confinement. (a) Chamber filling using distilled water. (b) Chamber isolation using

oil.

The same procedure was performed to obtain the experimental characterization of
flow using hydrogel and oil. Experimental images of the experiment are shown in
Fig. 5-4. Based on the observation, when hydrogel flows through the channel it
successfully fills the chamber with a 2 mm diameter while it fails to enter the
chamber with a diameter of 1.95 mm. In the second step, inserting the oil through
the channel makes the confinement of hydrogel inside the chamber and so isolation

happens.

(b)
Hydrogel in the channel Oil-hydrogel interface *  Oilin the channel
—'_——
S ——

- Hydrogel
isolated in the
chamber

Chamber

filled by

hydrogel
D1=1.95 mm D1=1.95 mm

Figure 5-4. Experimental images of chamber isolation and hydrogel confinement. (a)

Chamber filling using hydrogel. (b) Chamber isolation using oil.
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The results obtained from experimental characterization of distilled water and
hydrogel suggest that the system is not acting as properly as expected in terms of
chamber filling and liquid confinement. This can be related to the important role of
contact angle in the flow process. Hence, to solve this problem, plasma treatment of
the PMMA substrate is proposed since in this way, the hydrophilicity of the substrate

increases. The effect of contact angle is discussed in the following section.

5.1.1 The Effect of Contact Angle

Observations of flow characterizations of distilled water and hydrogel in the design
suggest an important role of contact angle in the way that the chambers are filled.
Generally, a substrate is considered as hydrophilic if the contact angle of water is
less than 90°. If it goes higher than 90° we can claim the surface is hydrophobic.
Plasma treatment is a way of increasing the hydrophilicity of a substrate. To observe
the effect of contact angle, at first, the contact angle of water on the normal PMMA
substrate is measured. Then, it is compared with a plasma-treated PMMA substrate.
The PMMA substrate is treated in a vacuum chamber for 5 s. Then, the same
procedure was conducted to measure the contact angle of hydrogel on a normal and
plasma-treated PMMA. The results are shown in Fig. 5-5. The contact angle of 20
pL of water on a normal PMMA was measured at around 75° while it was measured
at approximately 60° when a plasma treatment had been applied to the PMMA
substrate. This is proof that plasma treatment increases the hydrophilicity of the
PMMA substrate. Consequently, the same procedure has been proceeded for
measuring the contact angle of hydrogel on the PMMA substrate. The contact angle
of 20 uL of hydrogel on the normal PMMA is measured at around 60°. After
applying the plasma treatment on the PMMA substrate the contact angle of the same
amount of hydrogel on the plasma-treated PMMA decreased to around 45°.
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Figure 5-5. The effect of contact angle. (a) The contact angle of distilled water on a
Normal PMMA. (b) The contact angle of distilled water on a plasma-treated PMMA.
(c) The contact angle of hydrogel on a Normal PMMA. (d) The contact angle of
hydrogel on a plasma-treated PMMA.

5.1.2 Experimental Validation of Chamber Isolation and Liquid
Confinemnet on a Plasma-Treated PMMA

After treating the PMMA sheet, the flow characterization experiments were repeated
to analyze the effect of contact angle. While proceeding with the experiment using
distilled water, the first step was accomplished and chambers were filled with
distilled water. However, in the second step, it was observed that since the
hydrophilicity of the PMMA was increased after plasma treatment, injecting oil
through the inlet flushed the distilled water inside each chamber away. The results

are shown in Fig. 5-6.
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Figure 5-6. Flow characterization experiments on plasm-treated PMMA. (a) water

filling the chambers. (b) oil flushing the water inside the chambers away.

During the experiment, it was realized that vacuuming the channel after introducing
distilled water, makes the isolation happen perfectly. It was an improvement
regarding the working principle of the chip. Hence, isolation experiments using
pressure control and vacuuming the chamber were tested. The results of this
experiment showed that chambers could be isolated using this technique rather than

using oil. Fig. 5-7 demonstrates the results of this experiment.
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Figure 5-7. Flow characterization for distilled water and chamber isolation
experiments on plasm-treated PMMA using pressure control and channel
vacuuming. (a) distilled water filling the chambers. (b) vacuuming the pressure

inside the channel makes chamber isolation happen.

To confirm the technique, the process was performed on a plasma-treated PMMA
using hydrogel. Increasing the hydrophilicity of PMMA had a positive effect
regarding the chamber filling with hydrogel. Moreover, the pressure control
technique was prospering and chambers were isolated after vacuuming the channel.

The result of the process is shown in Fig. 5-8.

Isolated chambers filled with hydrogel

- S
Vacuumed \

channel

D,;=1.95mm —ur D, = 2.00wame”"

Figure 5-8. Hydrogel confinement and chamber isolation using pressure control and

channel vacuuming.
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5.1.3 Experimental Validation of Chamber Isolation and Liquid
Confinemnet on a Plasma-Treated PMMA Using Red Fluorescent
Protein (RFP) MCF-7-Laden 3D Collagen Matrix

This series of experiments were executed to gain information regarding the
suitability of the suggested platform for cell culture activities. In this context, culture
experiments were carried out using a breast cancer (MCF-7) cell-laden 3D collagen
matrix where Red Fluorescent Protein (RFP)-MCF-7 cells have been used. Using
RFP-MCF-7 cells enables us to monitor the proliferation of the cells as well as cell
viability. In these experiments, three chips each containing three channels were
tested with RFP-MCEF-7 cells and doxorubicin anticancer drug, respectively. A dye-
based live-dead assay was used to observe the viability of the cells during the
experiment. Thus, Hoechst 33342 (blue fluorescence) and Propidium iodide (red
fluorescence) were added to the suspension for the observation of live and dead cells,
respectively. Each channel on each chamber is associated with a specific group
namely as control, treated with 1 pM doxorubicin, and treated with 10 uM
doxorubicin. Fig. 5-9 shows the operation principle and the structure of each three
chips.
D,-200mm  D,=195mm 0,-200mm  D,=195mm 0,2200mm  Dy=195mm

-

10 pM Dox Control 1 1M Dox

10 uM Dox Control 1 uM Dox

Control

1M Dox 10 UM Dox

Figure 5-9. The operation principle and the structure of the chips were tested with
RFP-MCF-7 Cells and doxorubicin anticancer drug.
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The process was performed in a total of 48 hours. Table. 5-1 depicts the timeline of

the process.

Table 5-1. Timeline of the cell culture experiments.

Timeline (hours) Process

0 hrs Loading the chips and taking microscopic pictures

before polymerization

1 hrs Polymerization and taking microscopic pictures after

medium injection
25 hrs Drug treatment

48 hrs Cell viability test

To load the chips, 1ml of collagen consisting of 1 X 106 MCF-7 cells/ml was
prepared. Approximately, 1 pl cell suspension containing 1 X 10® MCF-7 cells/ml
were isolated in each chamber. After loading, chips were put in the incubator for one
hour to let polymerization happen. After polymerization, cells were fed with fresh
medium for the first 24 hours of the experiment. The setup of loading the medium is
illustrated in Fig. 5-10. This 24 hours of the experiment is considered the cell growth

period.

Chip1 Chip2 Chip3

% Channel 1

E-Channel 2

£3T

T & Channel3

Chamber 2 (D = 2.00 mm) Chamber 1 (D =1.95 mm)

Figure 5-10. The setup for loading the medium.
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To avoid medium evaporation, chips were placed into a plastic-based container and
then placed into an incubator where the temperature is set to 37 °C which is the
suitable temperature for cells to grow. After 24 hours, cells in chambers associated
with drug treatment were exposed to different dosages of doxorubicin. For this
purpose, doxorubicin in 2 different dosages was prepared. The preparation method

1s as follows:

e To prepare the main stock, 10.87 mg of Doxorubicin was used. The solution
consists of 10 mM of doxorubicin in 2 mL of Medium. Equation (5.1) refers
to the calculation of main stock preparation.

10.87 mg = 10 mM X 2 mL X molecular weight (543.52) (5.1)

e To prepare 10 uM of doxorubicin in 2 mL of the medium 2 pL of the main
stock was taken and diluted in 1.8 mL of medium (5.2).

10 mM x 10 pL = 10 pM X 2 mL 5.2)

e For 1 pM concentration of doxorubicin in 2 mL of the medium, 200 pL of
10 uM solution was added to 1.8 mL of medium to gain 1 pM concentration
in a total of 2 mL solution (5.3).

10 uM X 200 mL = 1 pM X 2 mL (5.3)

After drug treatment, chips were placed into the incubator for another 24 hours. This
24-hour is considered the time that drugs affect the cells. After this period, to analyze
the cell viability, a dye-based live-dead assay was used to observe the viability of the
cells during the experiment. Thus, Hoechst 33342 (blue fluorescence) and Propidium
iodide (red fluorescence) were added to the suspension for the observation of live
and dead cells, respectively. Hoechst 33342 stock is supposed to penetrate all the
cells, and Propidium iodide just penetrates dead cells. The solution was prepared as
it is described below:

e Hoechst 33342 stock solution: Smg/mL in dH>O

e Propidium iodide stock solution: 1 mg/mL in dH20

e A staining solution with the suspension of 10 uL of Hoechst 33342 and 25

pL of Propidium iodide stock in 5 mL of culture medium was prepared.
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After each specific step during the experiment, microscopic pictures, in different Z-
positions, were taken to analyze the cell’s functionality within 48 hours of the
experiment. Pictures of each chamber in different z-positions were projected at the
Z level to obtain one stack picture showing cells in the whole chamber. To analyze
the cell growth during the first 24 hours of the experiment weka segmentation
technique in the Fiji program has been used where cells were classified as group one
and anything rather than cells as group two. The total area of cells on day-0 and day-
1 of the experiment were compared to each other as the variable showing increase or
decrease in cell growth. The same procedure has been done on day-2 of the
experiment after exposing the chemicals to the cells to see the effect of the drugs and
analyze the viability of cells in each chamber. According to the results obtained from
total area calculation based on the intensity that cells are showing in each chamber,
it can be inferred that cells have died in chip #1 since the total calculated area of cells
following the intensity of cells in pictures taken in day-1 compared to pictures taken
in day-0 of the experiment are decreased. However, chip #2 and chip #3 show a slight
increase in the intensity of cells as well as the total calculated area of cells inside
each chamber when comparing day-0 with day-1 of the experiment. In this series of
experiments, as it is shown in Fig. 5-9, chip #2 is our control while chip #1 and chip
#2 are associated with drug treatments. Analyzing of cells in chip #1 was stopped in
this stage because after drug treatment there is no way to distinguish whether cells
are dead because of drugs or any other reasons. After passing 24 hours of drug
exposure to chip #3 and keeping chip #2 as the control group, there was a
distinguishable decrease in the intensity of cells in chip #3 where cells in
Channell Chamberl  (1.95 mm), Channell Chamber2 (2.00 mm),
Channel2 Chamber1 (1.95 mm), Channel2 Chamber2 (2.00 mm) were treated with
1 uM and cells in Channel3 Chamber1 (1.95 mm), Channel3 Chamber2 (2.00 mm)
were treated with 10 uM doxorubicin. Meanwhile, the intensity of cells in chip #2
was slightly increased. The results regarding the analysis of cell viability for control
and treated cells are shown in Fig. 5-11. Appendices (A-G) refer to the information

regarding the analysis of cells in different chambers on different chips.
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Figure 5-11. Analysis of RFP-MCF-7 cells viability for control and treated cells in
a total of 48 hours.

514 Experimental Validation of Chamber Isolation and Liquid
Confinemnet on a Plasma-Treated PMMA Using Wild-Type MCF-
7-Laden 3D Collagen Matrix

This experiment was carried on to obtain a better estimate of cell viability tests. The
procedure of this set of experiments is as exact as RFP-MCF-7 cells except for the
type of cells. For this experiment, wild-type MCF-7 cells were utilized. The results
are shown in Fig. 5-12. According to what has been observed from Bright-field (BF)
microscopic pictures, it can be stated that the morphology and number of cells during
the first 24 hours of the experiment have changed. After drug treatment and
performing the viability tests, it can be concluded that after exposure, the number of

dead cells (red fluorescent) has increased.
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0 Hrs 25 Hrs 49 Hrs

Figure 5-12. Analysis of wild-type MCF-7 cells viability for control and treated cells

in a total of 48 hours.
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CHAPTER 6

DISCUSSION AND CONCLUSION

This thesis encompasses the complete process of designing, fabricating, and testing
a micro-well-based microfluidic 3D cell culture system for conducting cytotoxicity
assays. The primary goal of this platform is to enable chamber isolation and liquid
confinement, thereby providing an improved microenvironment for cell culture and
analysis. To validate the efficacy of the design, it has been fabricated and
experimentally tested. This chapter presents a summary of the key findings and
essential discoveries of the work, along with a brief overview of the possible future

directions of the research.

6.1 Accomplished Tasks

A summary of the accomplished tasks during the research is described as follows:

e This work presents a fully pipette-operated microfluidic device that is made of

thermoplastic substrates and thus provides scalable manufacturing.

e An optimized design of a fully pipette-operated micro-well-based microfluid
platform is proposed using Finite Element Analysis (FEA) method. Based on the
results obtained from Finite Element Analysis (FEA) simulations, a circle-
shaped chamber, with a 2 mm diameter, placed at the intersection of the width
of the rectangle-shaped channel, demonstrates the highest volume ratio of liquid
confinement in the chamber. The chamber isolation is verified by applying a
two-step level-set capillary flow simulation. In the first step, water is introduced

through the inlet port and fills the channel and chamber on the side wall of the
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channel, and in the second step, oil injection through the same inlet port makes

the water confinement in the chamber and chamber isolation happen.

A detailed fabrication process is presented, and the chip's functionality is
demonstrated through experimental results on flow characterization of distilled
water and hydrogel, liquid confinement, and chamber isolation. The
experimental validation shows that the chamber effectively confines distilled

water and hydrogel while being isolated from the rest of the channel.

To prove the concept of cell culture and cytotoxicity assay, RFP-MCF-7 cell-
Layden 3D collagen matrix as well as wild-type MCF-7 cells were confined in
isolated chambers. In a total of 48 hours experiment, cells show slight changes
in morphology and growth in the first 24 hours of the process. After drug
treatment, while some chambers were kept as a control group without drug
treatment, some other chambers were exposed to 1 uM and 10 uM doxorubicin,
respectively.
Viability tests using a dye-based live-dead assay of Hoechst 33342 (blue
fluorescence) and Propidium iodide (red fluorescence) showed a decrease in the
intensity of cells inside each chamber as well as the total area of cells which
illustrates the death of cells after drug treatment.

Cell culture experiments were executed for 96 hours in total as well. However,
results showed an increase in the number of dead cells after 24 hours. Hence, the
duration of the experiment was decreased to 48 hours in total. Even though the
results obtained in this series of experiments somehow proved the suitability of
the suggested device for cell culture, still they can not be totally reliable. There
should be many other considerations applied to the system to improve its
functionality. For example, the reasons behind the death of the cells during the
first 24 hours of the experiment in chip #1 where cells are supposed to show
growth in the chambers, should be discussed. There may be many reasons for
the chip not supporting cell cultures, such as inadequate culture media supply,
failure to remove chemical contamination that may be introduced during

manufacturing steps where chemical (APTES) treatment for membrane bonding
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would cause cytotoxicity and the devices needed to be thoroughly washed (e.g.
overnight with ethanol with syringe pump) to support cell culture. Moreover, the
slight growth of cells in chip #2 and chip #3 can not prove the cell culture.
Although BF microscopic images show slight changes in morphology and
growth of the RFP-MCF-7 cells, changes in quantitive image analysis can be
caused by very small alternations in the segmentation/thresholding of images in
Fiji. It is also worth considering the fact that it is not uncommon that cell lines
labeled with a fluorescent tag to have different growth rates compared to
unlabeled ones. By comparing BF images of RFP-MCF-7 cells with wild-type
MCEF-7 cells in these experiments, under the same condition, it could be reported
that RFP-MCF-7 grows somewhat slower than regular unlabeled MCF-7.

e Further experimental validation of cell treatment with certain drugs such as
chemotherapeutic doxorubicin drug will be carried out after improving the

proposed setup of the experiment.

6.2 Potential Future Work

6.2.1 Enhancement of the Model Geometry

Analysis of cell culture experiments suggests a possibility of the existence of a
necrotic zone inside the chamber, around the distal periphery of the wall, where cells
may not have sufficient access to fresh medium, nutrition, and any other external
stimuli. In this case, if the medium is introduced from both sides of the chamber as
it is illustrated in Fig. 6-1, a homogenous distribution may be obtained in the wells.
In this case, the interface between the wells and the channels should be designed
such that the gel loaded into the well via one of the channels do not drain into the

other channel.
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Figure 6-1. Illustration of a possible enhancement in the model geometry where

injection of external stimuli occurs from two sides of the chamber.

6.2.2 Control of the Pressure

So far, the importance of the pressure and its effect on the device’s functionality has
been discussed in detail. In addition to what has been mentioned before, during the
loading step of the cell-laden 3D collagen matrix, it was inferred that loading can be
performed by setting a constant pressure at the minimum of 300 Pa by controlling
the height of liquid while introducing it through the inlet port of the channel. Fig. 6-

2 shows the suggested mechanism for loading.

Height= 30 mm

Figure 6-2. Illustration of a possible enhancement in the loading step to have better

control of the pressure.
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6.2.3 Fabrication of the Proposed Device Using Ultrasonic Embossing

(UE) Technique for Scalable Manufacturing of Microfluidic Devices

As one of the objectives of this thesis is to propose a method for thermo-plastic mass
production, the UE technique is taken into action. Using this technique enables us to
fabricate a chip in less than 10 seconds, excluding the fabrication time of the mold.
For that, an appropriate mold design is drawn in Fusion360. Since the horn of the
UE machine is a circle-shaped base, the geometry of the mold is also a circle with a
20.50 mm diameter (X). The main design of the channel and chambers is the same
as the previous chip. The only difference in this design is the offset of 0.75 mm (a)
with a height of 0.30 mm. The offset is added for the injection molding part of the
fabrication. The model of geometry designed in Fusion360 is shown in Fig. 6-3. a-c.
The model was fabricated using a resin on LCD-based stereolithography (SLA) 3D

printer device. The fabricated mold is shown in Fig. 6-3. d.
(a) (b) (c)

a=0.75mm

\

*

Chamber Height= 0. 30 mm

3.

Offset Height= 0. 30 mm
X=20.50 mm

Figure 6-3. (a) Illustration of the model geometry designed in Fusion360. (b) Side-
view of the model geometry. (c) 3D view of the model. (d) Fabricated mold using a

3D printer.

The machining of a PMMA substrate using UE is shown in Fig. 6-4. The purpose is
to emboss the pattern of the mold on a blank PMMA sheet. Based on the experience,
the vibration time is set as 1 s and the pressure applied to the PMMA sheet is 2.1
MPa. Fig. 6-5 shows the processed PMMA sheet after embossing.
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UE machine

Figure 6-5. Patterning channel and chamber on a PMMA substrate using UE

technique.

However, after each trial, mold deformation was observed. Hence, to prevent the
deformation of the mold, in another trial it was coated with graphite during the
experiment. In this specific trial, 0.7 s of vibration time and 2.52 MPa pressure were

set. Fig. 6-6 shows the processed PMMA sheet after embossing.

Figure 6-6. Patterning channel and chamber on a coated PMMA substrate with
graphite using UE technique.
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A. Cell Growth Analysis for Targeted-RFP MCF-7 Cells in Different Chambers During 48 Hours of Experiment in Chip #1.
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B. Cell Growth Analysis for Targeted-RFP MCF-7 cells in Different Chambers During 48 hours of Experiment in Chip #2.

Chip 2
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C. Cell Growth Analysis for Targeted-RFP MCF-7 Cells in Different Chambers During 48 Hours of Experiment in Chip #2

(Continue).
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D. 10X Pictures for Cell Growth Analysis for Targeted-RFP MCF-7 Cells in Different Chambers During 48 Hours of

Experiment in Chip #2.
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E. Cell Growth Analysis for Targeted-RFP MCF-7 Cells in Different Chambers During 48 Hours of Experiment in Chip #3.
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F. Cell Growth Analysis for Targeted-RFP MCF-7 Cells in Different Chambers During 48 Hours of Experiment in Chip #3
(Continued).

Chip 3
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G. 10X Pictures for Cell Growth Analysis for Targeted-RFP MCF-7 Cells in Different Chambers During 48 Hours of

Experiment in Chip #3.
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