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Lay Summary

In 2020, almost 10 million people died from cancer worldwide. Cancer is a complex
disease that can start in almost any part of the human body. When normal healthy
cells turn into cancer cells, they can multiply extremely fast to form tissue masses
called tumours. As the tumours grow, the dynamics within the tissue change and the
environment becomes very harsh. Under such conditions, most normal healthy cells
would not be able to survive, but cancer cells are able to change their cell chemistry

to adaptto the conditions aroundthem.

In healthy tissue, cells get oxygen from the surrounding blood supply and use it to
make energy. However, because tumour tissue grows so fast, the oxygen demand
from the cells quickly surpasses the oxygen supply from surrounding blood vessels.
This leads to the formation of oxygen gradients through the tumour tissue. Cells on
the tumour surface that are close to a blood supply receive some oxygen, but oxygen
concentration gradually reduces towards the core of the tumour. When thereis very
little or no oxygen — a state called hypoxia — the cells become reliant on glucose,
rather than oxygen, to make energy. Hypoxia is associated with aggressive cancer
growth, spreading of cancer cells to other parts of the body and resistance to
treatments including radiotherapy and chemotherapy. Therefore, it is a very
important feature of cancer that hasto be considered when researching new cancer

treatments.

Traditional cancer research models include 2D cultures of human cancer cells and
animal models. Cell cultures are a cost effective and easy-to-use method to study
human cells, but as the cells are grown in 2D layers, it is not very representative of
the dynamic and complex 3D tumour environment in real tumours. Animal models
do capture the 3D tumour environment, but there are many fundamentalbiological
differences between animals and humans. Often, drugs that are found to treat cancer
in mice do not effectively treat human disease. Also, the use of animalsin research is
strictly controlled by ethics policies and researchers and pharmaceutical companies

are trying to replace and reduce animal testing as much as possible.



Emerging technologies are making it possible to build new models to study human
cancer cells in more realistic environments. Microfluidics are small devices
—sometimes called chips and usually made from plastic — which contain a series of
channels on the micrometre scale. The aim of this project was to design a chip that
could be used to grow human cancer cells under a range of physiologically relevant

oxygen concentrations at the same time. In the longer term, the chip could then be

used to investigate the relationship between hypoxiaand treatment resistance.

Animage of a chip produced usinga novel fabrication technique is shown in Figure 1.
The channel design is based on combining two solutions; one with a high oxygen
concentration and one with a low oxygen concentration. These two solutions flow
into the chip and mix through the network, producing a range of oxygen
concentrations. This is illustrated in Figure 2. After making the chip and
demonstrating that the oxygen gradient across the chip was stable, the model was

tested with liver cancer cells.

Under low oxygen concentration, cells express hypoxia dependent proteins (HDP).
Liver cancer cells were seeded throughout the channel network, it was expected that
higher concentrations of HDP would be detected in cells in the low oxygen channels
compared to cells in the channels with more oxygen. Unexpectedly, similar levels of
HDP were observed across all cells in the chip. This means that further development

of the modelis required to optimise the conditions for cell culture.
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Figure 1: Image of a fluidic chip Figure 2: Oxygen distribution in the chip

made from acrylic. Scale bar is 2 mm simulatedin COMSOL Multiphysics®.




Abstract

In solid cancer tumours the oxygen concentration can be lower than in the
corresponding healthy tissue. This condition, known as hypoxia, impacts the
behaviour and characteristics of the cancer cellsand can resultin tumour growth and
resistance to treatment. Therefore, it isimportant to consider oxygen concentration
when studying cancer cells in a research environment. Fluidics and organ-on-a-chip
systems are popular and widely researched tools for representing organs and their
microenvironments in vitro. This work presents development and fabrication of a
novel system for studying cancer cells under a range of oxygen concentrations on the

same fluidic chip.

The fabrication method developed in this project uses low-cost, biocompatible
materials to rapidly prototype fluidicchipsin a reproducible manner. An example chip
is shown in Figure 1. Oxygen distribution in the channel network was investigated
using computational simulations in COMSOL Multiphysics® 5.6 (Figure 2) and
fluorescence microscopy experiments using Ru(BPY); (an oxygen sensitive
fluorophore). Both methods confirmed the channel network supports a gradient

across the chip based on two media inputs of different oxygen concentrations.
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Figure 1: Image of a fluidic chip Figure 2: Oxygen distributionin the chip

made from acrylic. Scale bar is 2 mm simulatedin COMSOL Multiphysics®.




Operation and function of the platform was tested with liver carcinoma cell line
HepG2/C3A. Cells were seeded throughout the channel network and responses to
the different oxygen conditions were investigated viaimmunofluorescence staining.
It was expected that cellsin areas of the chip with lower oxygen concentration would
show higher expression of the hypoxia inducible factor, HIF-1a, however, no
significant differences in HIF-1a were observed. The results from the cell culture
experiments indicate that further work is required to optimise the conditions for

cancer cells.



Acknowledgments

| would like to thank my supervisors Professor Colin Campbell, Professor Adam
Stokes, Dr Bill Nailon and Dr Duncan McClaren for giving me the opportunity to work

on this project. Your support, advice and expertise has been invaluable throughout.

Thankyou to the Jamie King Urological Cancers Research Fund, the Engineeringand
Physical Sciences and Research Council (EPSRC), and OPTIMA for funding this project.
Many thanks to the Neil Campbell Fund for contributing to funds for my research trip

to Colorado.

Thankyou to pastand present members of the Campbell group (Will, Ailsa, Heather,
Shannon, Bilgi and Angus). Working alongside you was an amazing experience. You

are incredibly talented and | have learned from you all.

Thankyou to the following people for providing your specialist knowledge, skills and
advice; George Steedman, Lloyd Mitchell, David Kelly, John White, Richard Brewster,

Stephen Mahon, Anthony Buchoux, Maks Gepner, John Skottis and James Meehan.

Many thanks to OPTIMA for allowing me onto the programme last minute. Thank you
to everyone involved, especially the 2018 cohort, for making all the courses and
events into valuable and memorable occasions. Thank you to Ishani Malhotra and

Carcinotech for hosting my placement.

| would like to thank my nearest and dearest family and friends, especially Mum, Dad,
Ross and Thomas. Your encouragement, support and friendship gets me through
everyday. Thankyou for being there for the big moments and helping me find joy in

the little things. | wouldn’t be where | am today without all of you. Thankyou.

Vi



Contents

[D1=To - =L (o 1o O PPV OPRPROPR I
(2 1V VT 0 14 -1 o 2O PP PP UUPPUPPPPR Il
ADSEIACT .. re e \Y
Yol a o MY 1=l P 41T o S Vi
ADDIEVIATIONS ...ciiiiieie e et Xl
(O] g = o) <1 ol N [ Y d Yo [V T ot oY o TP U PR 1
1.1  Hypoxiain Solid Cancer TUMOUIS ......ccceeiieiccciiiieeee e e e e eeccirrrree e e e e e e snrvareeee s 1
1.1.1  Cancer and Hypoxia — Definition and Statistics .......cccoccvvereeeieiicnnvennnn.. 1
1.1.2  Cancer Cell MetaboliSm ......cccooiiiiiiriiiieeeeeee e 4
1.1.3  Hypoxia INducible FaCtOr.......ccovvuiiiiiiiiiieieiiies e 6
1.1.4  Effect of Hypoxia on Cancer Treatment.........cccoevveeeecciieeececcieee e, 8

1.2 Research Models of HYypoXia ........cccceeeieiuiiieieiiiiee e 11
1.2.1  Research Models in the Drug Discovery Process........cccovvvvveeeeeeeeccnnnnes 11
1.2.2  Animal MOdElS .....ooouviiiieeeeee e 12
1.2.3  Basic 2D-Culture Models..........ooriiiiiiiiiiiiieeieeeeeeeeeee e 13
1.2.4  Microfluidics and 2D-CURUIe ......cooeeeiieriiiecceeeeeee e 14
1.2.5  3D-Culture Models.........cccoeeiiiiiiiiiiiiiiiee e 20

1.3 Project Outline and ObjJectiVes........ccceveuiiiiiriiieiecceee e 25
Chapter2: Design and Fabrication of Fluidic Chip......cccccceeeiiiiiccciiieeeeee e, 27
2.1 INEFOAUCTION . c.ceiiiiiieeee ettt 27
2.1.1  Fabrication Methods for PDMS ChipsS.......ccccevvuvueiriieeiiiiiiirreeeeeeeeeeennns 27
2.1.2  Fabrication Methods for Acrylic Chips......ccocevvveeeeeiieiiiicirieeeeee e, 30

2.2 RESUIES ettt s 31

Vil



2.2 1 PDIMS ChiP eceiiiieiiieeiee ettt 31

2.2.2  ACIYliC Chip DESIBN wuvveeieeeeeeicirieeeee ettt e e e eeeserraee e e e e e e e e e saanraes 35
2.2.3  Acrylic Chip Fabrication and System Assembly — Iteration 1............... 38
2.2.4  Acrylic Chip Fabrication and System Assembly — Iteration 2............... 45

B T YU [ 0] o = V2R 48
2.4 Materials and Methods ........ccoouiiiiiiiiiiiieie e 49
2.4.1  Materials for Device Fabrication and System Assembly...................... 49
2.4.2  CNC Milling MacChings.......cccccuiiiiieeie e 49
2.4.3  Testing Materials with the Hach HQ40d Multimeter LDO Probe ........ 51
Chapter3: COMSOL Multiphysics® Simulation of Oxygen Gradient...................... 53
3.1 INErOAUCTION ittt s 53
3.2 Background TREOIY.....cueeii et e e et e e e e e e e e ennaaaeeeeeaeas 57
3.2.1  Laminar Flow and Oxygen Diffusion..........cccccceeeeiieicciiiieeee e, 57
3.2.2  Equations for FIuid FIOW.......ccccvveeeiiiiiiiireeeeeee e 60
3.2.3  Equations for Diffusion of a Dilute Species.....cccccceevccvriireeeeeeeecccnnee, 61
3.3 RESUIES e s 62
R I U 1] 0 a1 Y 2P POPPRRN 71
3.5 Methods — COMSOL Multiphysics® 5.6 Settings .......ccceeevveeeeicvreeeeiiieeeeens 72
Chapter4: Fluorescence Measurements of Oxygen Gradient........cccccceevvveeeennnee. 74
4.1 INErOUCHION i 74
4.1.1 Electrochemical Sensor EXample.......ccoooccciiiieieeeiececciieeee e 74
4.1.2  Optical SeNSiNg TEChNIQUES......uuveeiiiieeiieiiireeeeeee e 75
4.1.3 Integration of Optical Sensors into Microfluidics.........ccccevveeeiiiinnnnneee. 78
4.2 RESUIS. .ottt st 81

VI



N N U114 4] 0 T=1 o 2O P P PPPPPPPPPPIRE 95

4.4  Materials and Methods........ccceeiiiiiiiiiieee e 96
4.4.1  Experimental Set-Up ....coocciiiiiiie et 96
N | 0 = = o ¥ = 97
4.4.3  Data ANAlYSIS uuuurieeiiiiiiieieee e 99

Chapter5:  In-Chip Cell CUTUIE ..ooovviiiieeiee et 100

5.1 INtrodUCHION .....eiiiiiiiiiee e e 100
5.1.1  Culturing Cells with Media FIOW .......ccoeiiiiiiciiiiiieeee e, 100
5.1.2  Culturing Cells Without COg.....ccccuvriveieeieeieirieeeeee e e 102

5.2 RESUILS . 103
5.2.1  In-Chip Cell Culture = PC3 CellS....ccevimriiiiiriieee et 103
5.2.2  In-Chip Cell Culture - HepG2/C3A Cells.....coeevreeeereeecieeeeiee e, 107
5.2.3  In-Chip Cell Culture - DULA45 Cells....uuueiieeieecriiieeeeeeeeecccrieeeee e e 111

oS YU [ 2 0 0 F= 1 V75N 113

5.4  Materials and Methods ........ccceiiiiiiiiiiiiiie e 114
54.1 Cell Culture Materials........cccooiiiiiiiiiiiiieeeeeee e 114
5.4.2 Routine Cell CUltUre .......coocuiiiiiiiiiiiie e, 114
5.4.3 PC3 Media and Protein SCreen........ccocveeevieeiiieeniiieiiee e 116
544 Seeding PC3 Cells iNtO Chip....ccicvciiieiiiiiee st eecieeeeeseee e 117
5.4.5 Seeding HepG2/C3A Cells in Chip .c..ccccvveeeieeecieeeciee e, 118
5.4.6  Preparation of Deoxygenated Cell Culture Media........ccccccvvveeeennes 119

Chapter6: Immunofluorescence Staining of Hypoxic Markers in Cells In-Chip .. 120
T A 1o o Yo 1¥ T oY o 1P 120

6.1.1  Intracellular Oxygen Measurements........cccocvveeeeriueeeeeniuieeeessseneeennns 120



6.1.2  Hypoxia Dependent Protein AddUcts......cccceeeeeeieiccciiieeeee e, 122

6.1.3  Nitroreductase Activity Probes ........ccocevvvveeeiiiiieicciirieeeee e, 122
6.1.4  HIF-1la and Downstream Protein Targets.....cccccceeeccviieeeeee e ecccccnnnen, 124
6.1.5  Statistical ANAIYSIS ..uveeeeiieiiiiiiiieeiee e 124

6.2 RESUIES...eiiieeeeee e e 126
6.2.1  HIF-100and CAIX SCrEeN.....ciiiuiiiiiieeiteeetee ettt 126
6.2.2  HIF-1a Expression in HepG2/C3A Cells In-Chip......ccccuveeeveeecieeecieen, 134

o YU [ 0 0] 0 1=1 VOO P UPTTPRSRRP 156
6.4  Materials and Methods .........ccceriiiiiriiiie e 158
6.4.1 Immunofluorescence Staining and IMaging........ccocevvvvvveeeeeeieeccvnnnnen. 158
6.4.2  Data ANAYSIS cuvreeeeiiiiieiiiiiee e 159
6.4.3  HIF-1oand CAIX SCreeN.....ccoviiiiiiiiiiiieeeeeeiee et 159
6.4.4  Staining HepG2/C3A Cells in Chip ..ccccveeeiiieecieeecieeeeree e 160
Chapter 7: SUMMAIY ..ttt e e e e e e e e e e e e e e e s eennaarreeeeeeeens 161
7.1 CONCIUSIONS .ttt 161
7.2 FUTUIE WOIK..eiiiiiiiiieeee et st 164
RETEIENCES ... ettt st sre e et e s s s r e e nne e 167
FAY o =g Vo SRR 190
1 Computational Oxygen Measurements at 100 pL/hour and 500 pL/hour...190

2 Shear STreSS iN ChiP ... e e e e e e e e e nrrae e e e e e 193

3 On-Chip Oxygen Measurements via Fluorescence Microscopy..........cce....... 194

4  HIF-1a Expression in HepG2/C3A Cells Induced by CoCl, and DFO............... 196

5 Statistical Analysis of Well Plate Control Experiments .......ccccccccevevvvvvennennnn. 199

6 Statistical Analysis of Chip Experiments 1 —8......ccccvviveieviiieeeiniiiieec e, 201



7

Histograms for each Channel in Experiment 6

Xl



Abbreviations

Abbreviation

Word or Phrase

ADP

AMP

ANOVA

ATP

AU

BPY

CAIX

CBP

CF

CHO

CNC

CO;-Ind

CREB

DFO

DMEM

DNA

DuU145

FADH;

FAL

FDA

Xl

Adenosine diphosphate

Adenosine monophosphate

Analysis of variance

Adenosine triphosphate

Arbitrary units

2,2'-Bipyridine

Carbonicanhydrase IX

CREB binding protein

Cofactor

Chinese hamster ovary cells
Computerized numerical control
Carbon dioxide independent medium
Cyclic AMP response element binding
Deferoxamine

Dulbecco’s modified eagle medium
Deoxyribonucleicacid

Human prostate cancer cell line
Flavin adenine dinucleotide

Femoral artery ligation

Food and Drug Administration



Abbreviation Word or Phrase

GLUT Glucose transporter

HAP Hypoxia activated prodrug

HEK293T Human kidney cells

Hela Henrietta Lacks, cervical cancer cell line

HepG2/C3A Human hepatocellular (liver) cancer cell line

HIF Hypoxiainducible factor

HRE Hypoxiaresponse element

L-15 Leibovitz-15 medium

LDO Luminescent dissolved oxygen

MCEF-7 Michigan Cancer Foundation-7, human breast cancer
cell line

MGV Mean gray value

NAD(P)H Nicotinamide adenine dinucleotide (phosphate)

NS Navier-Stokes

OoDDD Oxygen dependent degradation domain

PBS Phosphate buffered saline

PC3 Human prostate cancer cell line

PDMS Polydimethylsiloxane

Pen-strep Penicillin-streptomycin

PHD Prolyl hydroxylase

PMMA Polymethyl methacrylate

Xl



Abbreviation

Word or Phrase

RBF

RPMI

SCLC

SCC-7

U251

Ub

VEGF

VHL

XV

Round bottom flask

Roswell Park Memorial Institute 1640 medium
Small cell lungcarcinoma

Squamous cell carcinoma-7, mouse cell line
Human brain cancer cell line

Ubiquitin

Vascular endothelial growth factor

von Hippel-Lindau protein



Chapter 1:Introduction

1.1 Hypoxia in Solid Cancer Tumours

1.1.1  Cancer and Hypoxia — Definition and Statistics

In 2020, almost 10 million people died of cancer worldwide. In the same year,
18 million people were diagnosed with cancer and this number is expected to
continue rising, with an estimated 27.5 million new cases per year predicted by
2040.%* Graphs showing the most common cancers worldwide and in the UK are
displayedin Figure 1.1 and Figure 1.2 respectively. These figures highlight the global

persistence of cancer and the necessity of quality cancer research.
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Figure 1.1: Five most common cancers in terms of new cases and deaths in the world

in 2020.*
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Figure 1.2: Five most common cancers in terms of new cases and deaths in the UK in

2020.%

Cancer research is challengingbecause there are over 200 different types of cancer,
each with its own complexities.®> Cancer originates from normal healthy cells in
almost any part of the body which go through a series of changes to develop into
cancer cells. The cancer cells can then grow uncontrollably to form tumours and

spread to other organs and tissues in the body.>

In normal healthy tissues, oxygen is delivered to the cells for essential metabolism via
the blood supply. The oxygen concentration varies depending on the tissue, but is
usually around 3 — 7%.* However, solid cancer tumours can grow so quickly that
eventually the blood supply cannot meet the oxygen demand.>® The tumour releases
signals to promote growth of new blood vessels around the tissue, but often the
vasculature ends up dysfunctional and prone to leaking. The oxygen supply to the
tumour tissue becomes inconsistent and the oxygen concentration in regions of the
tissue that are further away from the blood supply can become very low, either
temporarily or consistently.>™” Low oxygen concentration (<2%) is referred to as

hypoxia and is observed in most types of solid tumour.*® It is a key focus of the work

in this project.



In 2000, Hanahanand Weinbergcreated a list of characteristics thatare common to
all types of cancer, known as the hallmarks of cancer.® Their aim was to summarise
the complexity of cancer into key concepts to provide a useful framework for
research and understanding. The most recent version of the list was published in
2022 andincludes 12 characteristics as shown in Figure 1.3.1° Generally, they describe

the essential mechanismsthat allow tumoursto survive, grow and spread.

As discussed earlier in this section, hypoxia is related to inducing or accessing
vasculature and it is also related to many other hallmarks including proliferative
signalling, activatinginvasion and metastasis and deregulating cellular metabolism.**
The following section, Section 1.1.2, will explore the relationship between hypoxia,

deregulation of cellular metabolism and tumour invasion in more detail.

Sustaining Evading
proliferative signaling growth suppressors

Unlocking
phenotypic plasticity
% |

Deregulating
cellular metabolism @
S

Resisting
cell death

Nonmutational epigenetic
reprogramming

Avoiding immune
destruction

Enabling replicative
immortality

Genome instability Tumor-promoting

& mutation

inflammation

Q ﬂ Polymorphic microbiomes

Inducing or accessing Activating invasion

Senescent cells

vasculature & metastasis

Figure 1.3: The hallmarks of cancer, 2022. Reprinted from Hanahan with permission

from the American Association for Cancer Research.*’



1.1.2 Cancer Cell Metabolism

The purpose of metabolism in mammalian cells is to break down glucose molecules
for the production of energy in the form of molecules of adenosine triphosphate

(ATP).!? The processes involved in metabolism in mammalian cells are outlined in

Figure 1.4.
Cytosol Mitochondria
* Glucose —»  Acetyl CoA
o
: | )
° I

' Citric Acid |
w ATP  + Pyruvate — — (C0O;
Cycle

!

Oxidative

Cori

Lactate

—  ATP
Phosphorylation J

b

Figure 1.4: Schematic of glucose metabolism in cells. In the cytosol, glucose is
converted into 2 molecules of pyruvate and 2 molecules of adenosine triphosphate
(ATP) are produced in the process. Pyruvate can be further metabolised in the cytosol
to produce lactate, which can be converted back to glucose via the Cori cycle in the
liver. The main metabolic pathway in aerobic conditions is for pyruvate to be
converted into acetyl coenzyme A (CoA) and processed in the mitochondria, where
CO; and ATP (approximately 36 molecules) are produced via the citric acid cycle and

oxidative phosphorylation.’*~**

The first step in metabolism is the conversion of glucose to pyruvate in the cytosol,
which produces a net gain of 2 ATP molecules.’** This process is referred to as
aerobic glycolysis in the presence of oxygen and anaerobic glycolysis in the absence
of oxygen.'? Following aerobic glycolysis, pyruvate is converted into acetyl
coenzyme A (CoA), which then enters the citric acid cycle in the mitochondria,

releasing carbon dioxide as a product. Coenzymes nicotinamide adenine dinucleotide

4



(NADH) and flavin adenine dinucleotide (FADH,) are produced throughout the
metabolic process. Oxidative phosphorylation is the final step in which oxygen and
coenzymes NADH and FADH, are processed in the electron transport chain to
phosphorylate adenosine diphosphate (ADP) to ATP.**** This is the main source of

energy for cells in the presence of oxygen.">*

In the absence of oxygen, oxidative phosphorylation cannot proceed and so the main
source of energy for the cells is glycolysis. Glycolysis becomes upregulated to try to
produce enough ATP to keep the cell alive and excess pyruvate is converted into
lactate.'®® In the Cori cycle, lactate is transported to the liver via the blood
circulation and converted backinto glucose, which can be delivered back to the cells

and reused as an energy source.*

The conversion of glucose to pyruvate produces protons, so anincrease in glycolysis
results in an increase in acidity.'**® In healthy cells, this increase in acidity is sensed
by regulators of cellular metabolism, such as p53 (tumour suppressor), which can
either initiate corrective measures or cell death. However, in cancer cells, the
increase in glycolysis is allowed to proceed and actually provides survival

advantages.'*1®

In cancer cells, the intracellular pH is tightly regulated and excess protons are
pumped into the extracellular space.® Acidification of the extracellular environment
increases the invasive potential of tumours because itis not tolerable for surrounding
healthy tissue. Depletion of the extracellular matrix and cell death in the healthy

tissue provides more space for the cancer tissue to grow into.®

Glycolysisis also linked to synthesis of biomassfor the production of new cells, which
helps support the rapidly growing tumour tissue.’>** Due to the benefits for tumour

survival, growth and invasion, glycolysis can also be upregulated in cancer cells even

in the presence of oxygen. Thisis known as the Warburg Effect. >



Although oxidative phosphorylation is reduced, some pyruvate is still processed in
the mitochondria to produce CO, as the citric acid cycle can proceed without
oxygen.?'® CO, can be converted into bicarbonate ions and protons (equation 1.1)
by carbonic anhydrase enzymes, and this is a second source of extracellular
acidification in hypoxiccancer cells.'®” Carbonicanhydrase IX (CAIX) is found in the
cell membrane, andis upregulated in hypoxic cancer cells where it plays a significant
roleinregulatingtheintracellular pH. Upregulation in expression of CAlXis controlled
by the hypoxia inducible factor, as explained in the following section (Section

1.1.3).1617

CO, +H,0 = HCO; + H* 1.1

1.1.3  Hypoxialnducible Factor

A significant part of the hypoxicresponse of a cancer cell is regulated by the hypoxia
inducible factor, HIF-1a.*® In the presence of oxygen, HIF-1a has a short half-life of
around 5 minutes or less.’® However, in the absence of oxygen, HIF-1a is stabilised
and can cause transcriptional activation of hundreds to thousands of downstream
genes related to tumour growth and metastasis. X6

The oxygen dependent regulation of HIF-1a is described by Figure 1.5. HIF-1a
contains an oxygen dependent degradation domain (ODDD) with proline residues
that are hydroxylated by prolyl hydroxylases (PHDs), which rely on oxygen and iron
as cofactors.’®?? The hydroxylated HIF-1a is then tagged with ubiquitin by the von
Hippel-Lindau protein (VHL), enabling the protein to be recognised and degraded by

the proteasome.®??

However, if oxygen concentration falls below 2%, PHD becomes inactive and the
HIF-1a protein is stabilised.® It can then form a protein complex with its counterpart,
HIF-1B, and other cofactor enzymes such as CBP/p300 (CBP: CREB binding protein,
CREB: cyclic AMP response element binding, AMP: adenosine

monophosphate).*®?123 This complex then binds to sequences of DNA known as



hypoxia response elements (HREs) which are responsible for protein

transcription.*®?!

Hypoxia in vitro can also be mimicked by adding agents such as cobalt chloride or
deferoxamine (DFO) to the cell culture media.?*"%® These agents stabilise HIF-1a by
interferingin the degradation pathway, even in the presence of oxygen. Both agents
can competitively bind to iron, which is the cofactor for PHD, hence the

activity of PHD is inhibited and HIF-1a can accumulate and become transcriptionally

24-26

active.

\OH) Degradation .

Figure 1.5: HIF-1a pathway in the presence and absence of oxygen. HIF: hypoxia
inducible factor, PHD: prolyl-4-hydroxylase, VHL: von Hippel-Lindau protein,
Ub: ubiquitin, HRE: hypoxia response element, CF: cofactor. Figure created in

BioRender.com.

Examples of downstream proteins that are regulated by HIF-1a include glucose
transporters (GLUTSs), vascular endothelial growth factor (VEGF) and CAIX.*®° GLUTs
are responsible for bringing glucose molecules into the cell.*® This is particularly

importantin hypoxiccells, where the cell is reliant on glycolysis to produce energy.*®



VEGF stimulates the production of new blood vessels (angiogenesis), which increases
the supply of oxygen and nutrients to the tumour.*® CAIX is a membrane associated

protein involved in pH regulation, as discussed in Section 1.1.2.*¢%’

1.1.4  Effect of Hypoxia on Cancer Treatment

Ultimately, understanding hypoxia in cancer tumours is important because it is
associated with aggressive tumour growth, resistance to treatments and poorer
clinical outcome. There are many different types of cancer treatment and the
treatment that a patient receives will depend on which type of cancer they have and
how advanced itis.?” Generally, the most common treatments in the UK are surgery,
radiotherapy and chemotherapy.?®?° Between 2013 and 2016 in England, 46% of
patients had surgery, 31% received radiotherapy and 27% received chemotherapy
either on its own or in combination with other therapy.?® Some statistics state that
more than half of cancer patients will receive radiotherapy at some point during their
care.’%3! Yet both radiotherapy and chemotherapy are less effective on hypoxic

cancer cells.”®

In radiotherapy, ionising radiation is directed at the tumour site to damage and kill
the cancer cells.>>*3 DNA is initially damaged as a direct consequence of radiation and
by hydroxide radicals produced by the hydrolysis of water. Additionally, radiation
causes reduction of molecular oxygen to produce superoxide radicals, which
propagate to produce reactive oxygen and nitrogen species (ROS and RNS) and
radical organic molecules.?? High concentrations of these species are very destructive
in the cell and can cause further damage to DNA, proteins, enzymes and lipids
eventually leading to cell death.3%3* However, in hypoxic cells, there are very low
levels of molecular oxygen, therefore less ROS and RNS are produced by
radiotherapy, less damage is inflicted and the cells have a better chance of

recovery.3?33

In chemotherapy, cytotoxic drugs are delivered to the cancer site via the

bloodstream.** There are hundreds of different chemotherapy drugs that can be used



to kill cancer cells at different stages of the cell cycle by causing genetic damage.?**

However, delivery of chemotherapeuticagents to hypoxicregions of tumours via the

bloodstream is often not that effective because of the disrupted and inefficient

vasculature around the tumour site.*’

Cancer therapies are under constant development and improvement and there are
several approaches to target hypoxia in solid tumours. Some methods are based
around direct targeting of hypoxic cells and others are based on trying to increase
tumour oxygenation (reduce hypoxia) toincrease sensitivity to other treatments such
as radiotherapy, as summarised in Table 1.1. There are many radiosensitisers
undergoing clinical trials, but other approaches have been less successful so

far 7,8,31,36

For example, tirapazamine is a hypoxia activated prodrug (HAP) that looked very
promising in preclinical studies. When the drug enters hypoxic cells, it is reduced to
a highly reactive radical form that causes damage to DNA.?"*8 Preclinical studies on
animals and cell culture suggested that tirapazamine could be an effective agent to
enhance the effects of radiotherapy and other chemotherapy drugs such as cisplatin.
However, success in human clinical trials was limited and some trials concluded that
tirapazamine did not offer additional clinical benefit compared to existing

treatments.>”3®



Table 1.1: Approaches to improving therapy against hypoxic cancer cells.

Approach

Treatment

Description

Directly targeting

hypoxiccells

Decreasing hypoxia
by increasing oxygen

concentration

10

Radiosensitisers

Hypoxia activated

prodrugs

Hyperbaric

oxygen breathing

Vascular-

targetingagents

Oxygen diffusion
and transport

agents

Chemicals that accumulate in hypoxic
cells and enhance radiation induced
DNA damage in the absence of oxygen

or prevent DNA repair.”?!

Drugs that are administered in an
inactive form and accumulate in
hypoxiccells, where they then become

activated and cytotoxic.”3®

Breathing high concentrations of
oxygen before and during treatment to

increase blood oxygen levels.?®

Agents  that stabilise  tumour
vasculature to increase oxygen

deliveryto the tumour.?

Agents that increase the amount of
oxygen that can be carried in the blood
or improve oxygen diffusion in blood

plasma or tissue.’



1.2 Research Models of Hypoxia

1.2.1 Research Modelsin the Drug Discovery Process

The development of a new drugor therapeutictreatment can be summarised in four
broad stages; discovery, preclinical research, human clinical trials and regulatory
approval and marketing.>® Overall, the process is time consuming and expensive,
often taking over 12 years and $1 — 2 billion.***° It is also very inefficient, with only
around 12% of drugs entered into clinical trials being approved by the United States

Food and Drug Administration (FDA).%°

Inthe preclinical research phase, drugs are tested on animal models to estimate their
stability, efficacy and toxicity before being allowed into human clinical trials.*
However, animal models have been shown to be poor predictors of drug toxicity in
humans and this is likely to be an important reason as to why so many drugs fail in

human clinical trials.3°*?

There are also significant objections to animal testing for ethical reasons.*? The 3Rs
approach -replacement, reduction and refinement - was first outlined by Russell and
Birch in the 1950s and has since been widely adopted by the pharmaceutical
industry.*>*? [t recommends that animal modelsshould be replaced with non-animal
models where possible. When animals are required, the study should be carefully
designed to minimise the number of animals needed and minimise pain and suffering

of the animals.*?*3

Recent advancements in technology have enabled the development of research
models that are based on human-biology, such as human cell based assays,
organ-on-chip models and computer modelling.** These technologies offer viable
alternatives to animal models in preclinical testing. The FDA Modernisation Act 2.0
was signed into United States law in December 2022.%>® |t states that there is no
longer a legal requirement for testing on animal models before human clinical trials
for all drugs and that testing on appropriate human-based biological models may be

used instead.**™* This recent action is a massive step forward for the pharmaceutical
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and biotechnology industries and putsinnovation and development of human-based

biological modelsin the limelight.

The following sections will describe some examples of how animal models and

human-based alternatives have been used to research hypoxia in human cancers.

1.2.2 Animal Models

Cancer tumours in animals are considered good research models because they
contain many of the same physiological properties as human cancer tumours; they
are 3-dimensional, are composed of different cell types and extra-cellular matrix,
have vasculature, can interact with other tissues and organs and experience
hypoxia.*® Mice are the most popular animal model for oncology research, and are

used in over 95% of in vivo studies.*®*°

One of the drawbacks of animal models is that results often don’t translate to
produce similar results in humans due in part to fundamental differences in the
biology of animals and humans. In cancer tumour models, this has been partially
improved by xenograft models, which enable human cancer cells to be implanted in

the mice. Tumours based on the human cells then develop in the mice, providing a

potentially more clinically relevant research model.*3#°

Even though hypoxia occurs naturally in the tumours, it is beneficial to be able to
control the extent of hypoxia across populations when investigating the effects on
tumour biology and cancer treatments. Methods of regulating hypoxia in mouse

1.°° One of the most common

models have been recently reviewed by Bruycker et a
methods is to change levels of oxygen in the air that the mice breathe. Increased
oxygen content of the air increases oxygen levels in the blood which increases
oxygenation of the tumour and oppositely, decreased oxygen content of the air

decreases oxygenation of the tumour.>°

This method was utilised by Mortensen et al. who showed that mammary mouse

tumours were less hypoxicin populations of mice breathing carbogen (95% oxygen,
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5% CO,) compared to mice breathing normal air. The tumours were treated with
radiotherapy, which was more effective at reducing tumours in the carbogen

breathing population than the population breathing normal air.>*

Alternatively, more extreme measures can be taken to increase tumour hypoxia.
Hong et al. studied metastasis of human Ewing sarcoma (cancer in bones or tissue
around the bones) tumours in mice.>> They used femoral artery ligation (FAL) to
surgically restrict the blood supply tothe tumour site, resulting in hypoxia throughout
the majority of the tumourtissue. In the control population without FAL, only a small
proportion of the tumour tissue that was positioned further away from the
vasculature was hypoxic. The primary tumours were surgically removed and the
occurrence of tumour metastasis were monitored over a few weeks. The mice with

FAL experienced more metastatictumours with larger volume compared to the mice

without FAL.>?

1.2.3 Basic 2D-Culture Models

Standard monolayer cell cultures provide a much simpler and less expensive way to
study human cells, however, they lack the biological complexity and dynamic
environment that animal models have.>® Traditionally, hypoxia has been studied on
monolayer cultures using hypoxicchambers, incubators or gloveboxes, where the cell
cultureis placed in an enclosed container and the airin the container is replaced with
the desired concentration of oxygen.>*>® One key disadvantage of this method is that

the cells can only be studied under one oxygen concentration at a time.>*°®

Strese et al. used hypoxic incubation to study the effects of different drugs on
monolayer cell cultures at different oxygen concentrations. Populations of 5 different
cell lines (ovarian, renal, breast, small-cell lung carcinoma (SCLC) and lymphoma)
were grown in 96-well plates at oxygen concentrations of 20%, 1% and 0.1% oxygen.
Each population of cells was treated with 15 different chemotherapy drugs for

72 hours and then cell viability was assessed.>*
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As expected, the efficacy of each drug was dependent on the cell line and level of
oxygenation. For example tirapazamine was more effective under 0.1% oxygen than
21% oxygen for renal and SCLC cells. Docetaxel had a stronger effect on renal cells at
21% oxygen than renal cells at 0.1% oxygen, but the effect was similar on SCLC cells
regardless of oxygen concentration. The simple experimental model and refined
experimental protocol make for clear and comparable results. However, the authors
also acknowledge that that there are many variables of an in vivo environment that

are excluded from the model including 3D structure and gradients in nutrient and

oxygen supply such that clinical translation of the resultsis limited.>*

1.24 Microfluidics and 2D-Culture

Microfluidics can help to overcome some of the issues with standard 2D culture
models. For example, systems have been developed that allow cells to be studied
under multiple oxygen concentrations at the same time, which is more
experimentally efficient compared to looking at only one concentration at a time in
hypoxic incubators. These systems can be used to create more physiologically
relevant environments by incorporating oxygen gradients and fluctuating oxygen

concentrations.

The following examples include integration of microfluidics with a 96-well plate to
create different oxygen concentrations in different wells, a compact oxygen gradient
over a single microfluidicchanneland a device to study interactions between hypoxic
cancer cells and non-hypoxic non-cancerous cells. Further examples of microfluidic
oxygen gradients created using gas flows, oxygen scavenging chemicals and cellular

consumption of oxygen will be discussed throughout the introductory sections to

Chapters 2, 3 and 4.

Example: Combining microfluidics with a standard well plate

Yao et al. have developed devices based on the standard 96-well plate format. By
utilising microfluidics, they can expose cells in different wells to different oxygen

concentrations at the same time.>*8 The device design is shown in Figure 1.6. The
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bottom layer of the device contains a microfluidic network, which allows input gases
to mix and flow through into the gasket layer. The gasket layer has channels directing
the output gas from the manifold to areas under each row of the well plate. The
bottom surface of the well plate is permeable, which allows molecules to diffuse
between the gas layer and liquid layer of the cell culture, resulting in control of the
oxygen concentration in each row of the well plate.”® The authors tested the device
by growing breast, pancreatic and colorectal cancer cells under 8 different oxygen
concentrations at the same time. Each cell line was responsive to the hypoxic
conditions, with cells in rows with lower oxygen concentration showing higher

expression of characteristic hypoxic markers HIF-1ae and CAIX.%®

In further iterations of the device, it was shown that the oxygen can be cycled
between high and low concentration by controllingthe gasinputs, creating a dynamic
environmentin the wells.>”® In pancreaticand colorectal cancer cells cycling hypoxia
over 24 hours resulted in higher expression of HIF-1a compared to static hypoxic
conditions.>’ This experiment further highlighted that the oxygen environment has
significant effects on cell behaviour. The device was also demonstrated as a drug
testing platform. It was found that tirapazamine was more effective on cells with
lower oxygen concentrations, and was equally effective under static and cycling
hypoxia.>® The authors intend to continue developing the device and exploring the

effects of dynamic hypoxic conditionson cancer cells.>®
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Figure 1.6: Device by Yao et al. for controlled oxygen delivery to wells of a 96-well

plate.”® A Example of gas control to deliver a different oxygen concentration to each

row of a well plate. B Layers of the device. Gases flow through the mixing tree and

into the gasket channels. Diffusion through the permeable well plate surface results

in control of the oxygen concentration in the well. Reprinted from Yao et al. with

permission from The American Physiological Society.>®
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Example: Oxygen gradientin a single fluidicchannel

Orcheston-Findlay et al. demonstrated a microfluidic device that could be used to
grow cancer cells under a physiologically relevant oxygen gradientina single channel,
as shown in Figure 1.7.%° Cells are seeded into the main channel then two solutions
of cell culture media with different oxygen concentrations flow in. The streams of
media flow down the channel to create a gradient of oxygen across the surface of the
cells. The aim is to have a gradient of oxygen that represents a cross section of a
tumour from the oxygenated areas close to the vasculature to hypoxicareas further

away from vasculature.*
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Figure 1.7: Device by Orcheston-Findlay et al. for formation of an oxygen gradient
across a single microfluidic channel.>® Cells are seeded in the chip and then solutions
of cell culture media saturated with nitrogen and oxygen flow through the two inlets.
As the streams of media come together, they flow parallel to one another down the
length of the channel and oxygen diffuses between the streams to make an oxygen
gradient across the cells. The graph shows measurements of oxygen concentration
across the width of the channel. Reprinted from Orcheston-Findlay et al. with

permission from Elsevier.>
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Operation of the device was shown to be effective with endometrial cancer cells and
a media flow rate of 5 — 10 uL/hour. Cells in the device have not yet been tested for
markers of hypoxia or response to drug treatments. Further development of the
device is required to optimise the range of the oxygen gradient.”® However, the
device represents a more compact approach compared to the 96-well plate style

device described above.

Example: Microfluidic oxygen gradient with co-culture

In both of the microfluidic examples discussed so far, the studies have only
considered one cell type at a time. Sun et al. have designed a device which can be
used to study hypoxia and the interaction between two different cell types at the
same time.?° The authors used the device to study the interaction between mouse
skin cancer cells (B16) and non-cancerous mouse fibroblasts (L929), which are
commonly found in the stroma surrounding the tumour.®® This device is interesting
because it enables study of how cancer cells interact with the local non-cancerous

cells and how these interactions are influenced by tumour hypoxia.

As shown in Figure 1.8, the cancer cells are cultured adjacentto the chemical reaction
channel, where sodium hydroxide and pyrogallol are purged through to create an
oxygen scavenging reaction. These two channels are separated by a thin permeable
wall such that depletion of oxygen in the environment surrounding the chemical
reaction channel results in a gradient of oxygen forming across the cancer cells. The
cells closest to the chemical reaction channel experience hypoxia and the oxygen

concentration graduallyincreases across the width of the cancer cell culture channel.

In the channel on the opposite side of the chip, fibroblasts can be cultured without
experiencing hypoxia. The two cell culture channels are separated by another
channel which contains only cell culture media. The barriers between these three
channels are made of micropillars which allow the two cell types to communicate

through chemical signals released into the media. Both cell types can also migrate
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into the middle channel over time; hence this device is also a model to study cancer

cell migration.®®

In a series of experiments conducted by the authors in the presence of oxygen (no
oxygen scavenging reaction), the skin cancer cells migrated further into the media
channel when they were co-cultured with fibroblasts in the device. The migration was
increased further when the cancer cells were cultured under the hypoxicgradient.®
This studyis a good demonstration of how microfluidics can be used to create more

dynamic, complex and physiologically relevant cancer models compared to standard

2D cultures.

B16 cells L929 cells

NaOH in

3] Measurementregion

Reagents (V/\

Figure 1.8: Device by Sun et al for culture of cancer cells under an oxygen gradient
with co-culture of non-cancerous cells.®° Mouse skin cancer cells (B16) and mouse
fibroblasts (L929) are cultured in the outer channels, separated by a channel which is
filled with cell culture media as a space for the cell lines to migrate into. In the red
channel on the left, pyrogallol (PG) and NaOH are mixed to make an oxygen
scavenging reaction. The reaction channel and B16 culture channel are separated by
a permeable barrier such that oxygen depletion in the reaction channel produces an
oxygen gradient across the width of the B16 culture channel. The channel wall closest

to the reaction channel is hypoxic and oxygen concentration gradually increases
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towards the opposite side of the channel. Reprinted from Sun et al. with permission

from the Royal Society of Chemistry.®°

1.2.5 3D-Culture Models

3D culture models give rise to further opportunities to increase the complexity of in
vitro cancer models. Different types of 3D models have been developed including
spheroids, scaffolds and hydrogels. These models can offer naturally occurring
gradients in oxygen and nutrient availability and are also more physiologically
relevant from the perspective of cell organisation. In 3D models, cells have the
opportunity to maximise cell-cell contact and cell-extra cellular matrix contact which
is much more representative of the in vivo tissue environment compared to 2D
monolayer cultures.>**1®2 Using 3D culture models to study tumour hypoxia has been

recently reviewed by Bhattacharya et al.?*

Example: Comparison of drug toxicity of 3D spheroids and 2D cultures

As shown by the transmitted light images in Figure 1.9, spheroids are 3D spherical
aggregates of cells. Close and Johnston grew spheroids of human head and neck
cancer and monitored how hypoxia developedin the core of the spheroids over four
days of growth.®® The authors demonstrated that the core of the tumour was hypoxic
by staining with fluorescent probes that selectively stain hypoxic cells and showing
that HIF-1a expression was increased in cells at the core (hypoxia probes are further

reviewed in Chapter 6).3

The limited diffusion of oxygen and nutrients from the spheroid surface to the core
ofthe spheroid is similar to the limited diffusion in an invivo tumour as distance from
the vasculature increases. Hence, spheroids represent a more physiologically
relevant model for drug testing compared to 2D cultures where all cells have equal
availability of oxygen, nutrients and drug dosage. To demonstrate this, Close and

Johnston tested HAPs on spheroid cultures and monolayer cultures of head and neck

cancer cells.®?
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Figure 1.9: Hypoxia staining of live head and neck squamous cell carcinoma
multicellular tumour spheroids by the HypoxiTRAK™ (HPTK) probe by Close and
Johnston.®®> DAPI and Cy5 are the fluorescence imaging channels used to image
Hoechst nuclear stain and HPTK respectively. Images of the spheroids were acquired
over 4 days and the control (Ctrl) was not stained with HPTK. Reprinted from Open

Access article (Creative Commons CC BY) by Close and Johnston.®?

Tirapazamine and evofosfamide are HAPs that were shown to be effective on hypoxic
cancer cells in monolayer cultures, but had a much lower impact on the spheroids.
There were still many live cells remaining after treating spheroids with each drug.
This highlights that the physiological parameters represented in spheroids, namely
3D structure, oxygen and nutrient gradients and cell-cell contact, can significantly
improve cell survival during cancer treatments. The results of the spheroid drug
testing experiments were more aligned with the real clinical outcomes of
tirapazamine and evofosfamide. Although both showed promising results in

preclinical testing, they both failed in human clinical trials.®?
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Spheroids can be cultured in well plates, making high throughput analysis possible,
but adoption of spheroid culture has been slow because not all cell types can grow
asspheroids, the 3D nature can make standard analysis more challenging and sample
inhomogeneity can make interpretation of the data more difficult. However,
spheroids could become increasingly important if growth and analysis can be

standardised and they continue to provide better predictive capabilities compared to

monolayer culture.®*

Example: Combined scaffold and hydrogel model

Simon et al. used a scaffold design to make stacks of human lung cancer cells that
experienced vertical gradients of oxygen, as shown in Figure 1.10.%° Each layer of the
scaffold had 10 cell culture zones, where cells were suspended in 3D in Matrigel,
which is a popular hydrogel consisting of proteins commonly is found in the extra
cellular matrix such as collagen and laminin. The model had a total of six cell culture
layers which were stacked on top of each other and secured in an acrylic frame.
Media was supplied from the top of the scaffold so oxygen and nutrients were readily
availableto cellsin the top layers of the scaffold. However, oxygen diffusion through
the hydrogel was limited and cells in the bottom layers became increasingly hypoxic

as oxygen in the local environment was depleted through metabolism.®>

After an experiment, the individual layers of the scaffold were separated and the cells
were harvested for analysis. The authors demonstrated that the cells cultured in the
lower layer of the scaffold expressed higher levels of hypoxia markers HIF-1a and
CAIX. Theyalso treated models with doses of radiotherapy and found that cells in the

deeper, more hypoxiclayers of the scaffold were more resistant to radiotherapy.®

The authors acknowledge that further development could involve co-culture of
different cell types in different scaffold layers to increase physiological relevance and
complexity.®>®® Additionally, sensors could be embedded into the scaffold framework

to allow cellular analysis in situ without having to separate the scaffold layers.®*
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Figure 1.10: 3D culture
system by Simon et al.®®> The
scaffold contains six layers of
paper-plastic composite
sheets (approximately
130 um thick), each
containing 10 aligned cell
culture zones. Cell
suspensions in Matrigel are
seeded into each zone in
each composite sheet before
stacking to form the scaffold.
The layers at the top of the
scaffold are close to the cell
culture medium so they have
access to oxygen and
nutrients and  metabolic
waste products, CO, and
lactate, can diffuse out.
However, access to media
progressively decreases
down the layers of the
scaffold where access to
oxygen and nutrients is
limited and metabolic waste
products can accumulate.
Reprinted from Simon et al.
with permission  from

Elsevier.®”
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Example: Spheroids On-A-Chip

Refet-Mollof et al. created a device to culture 240 spheroids at the same time, as
shown in Figure 1.11.%” The authors used the chip to grow human smooth muscle
cancer (leiomyosarcoma) and human soft tissue sarcoma cells into large spheroids.
They demonstrated that the spheroids had to be grown to a size of 750 um in

diameterin order to exhibit a significant proportion of hypoxiccells at the core.®’

A . B
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Figure 1.11: Chip made by Refet-Mollof et al. for culture of large spheroids.®” A Chip
design with 16 channels, each with 15 wells, 1 spheroid is cultured in each well giving
the device a capacity of 240 spheroids. B Image of device with 3 channels. Reprinted

from Open Access article (Creative Commons CC BY) by Refet-Mollof et al.®”

Spheroids from both cell lines were stained for the hypoxia markers HIF-1a.and CAIX.
As expected, the soft tissue cell spheroids showed increased expression of both
HIF-1a and CAIXin the hypoxiccore. However, smooth muscle cell spheroids showed
increased expression of CAIX in the hypoxic core but a more uniform distribution of
HIF-1a throughout the spheroid. The authors suggested that this unexpected

observation was due to abnormal basal levels of HIF-1a in this cell line due to a

mutation which enables stabilisation of HIF-1a even in the presence of oxygen.®’

The spheroids were then treated with tirapazamine and radiotherapy independently
and as expected, tirapazamine targeted the cells in the hypoxiccore of the spheroid.

However, an unexpected result was that the hypoxic core was not found to be less
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susceptible to radiotherapy compared to the non-hypoxic cells on the spheroid
surface. This result is not well understood, but it was suggested that the spheroids

may need to be even larger to increase the proportion of hypoxiccells at the core of

spheroid to increase the potential of observing radioresistance.®’

The main advantages of this chip over standard well-plate culture of spheroids is that
the size of spheroid growth is controlled and consistent, more spheroids can be
cultured per unit area and the culture requires less media and reagents. The chip
provides a useful platform for studying effects of drugs, radiotherapy and
combination treatments on hypoxic spheroids.®’” The results also highlight the
importance of investigating different models of hypoxia with different cell lines to
further understand the relationship between hypoxia and the efficacy of

radiotherapy.

1.3 Project Outline and Objectives

Hypoxiain solid cancer tumoursis a critical physiological parameter thatis correlated
with aggressive tumour growth, metastasis and resistance to treatments.
Traditionally, preclinical research on hypoxic cancer cells has been done using
monolayer cultures of human cancer cells or 3D tumoursin animal models. However,
these models are not representative of the in vivo human tumour environment and

have been shown to be poor predictors of clinical success.

New and innovative models of cancer tumours are being developedto try toimprove
physiological relevance of in vitro studies by incorporating more characteristics of the
human tumour environment. One approach is to use microfluidic technology,
however, as highlighted in arecent review by Chermat et al., the use of microfluidics
to study the relationship between tumour hypoxia and radiotherapy has been

underexplored.®®

Therefore, the goal for this project was to work towards the development of a
microfluidic model of tumour hypoxia to study the impact of radiotherapy and

combined treatments on human cancer cells. Initially, the aim was to use prostate
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cancer cells, as prostate cancer tumours are known to experience severe hypoxia and
around 30% of prostate cancer patients in the UK receive radiotherapy during their
care.*® It was hypothesised that if a working device could be demonstrated with

prostate cancer, the same technology could then be applied to other cancer types.

To start the project, the first objective was to make a simple device for culturing
monolayer cells under a range of oxygen concentrations at the same time. The design
and fabrication of the microfluidicdevice is presented in Chapter 2. After fabricating
the device, computational and physical experiments were used to characterise the
oxygen profilesin the chip, as discussed in Chapters 3 and 4 respectively. A method
to culture cells in the device was established in Chapter 5, then the response to

hypoxicoxygen conditions wasinvestigated in Chapter6.
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Chapter 2: Design and Fabrication of Fluidic Chip

2.1 Introduction

Since the 1990’s, microfluidic devices have become increasingly popular and have
found many applications in synthesis, bioanalysis and drug testing.”° A whole host of
materials and fabrication methods have been utilised and developed to suit a range

of applications, as summarisedin recent review papers by Niculescu etal. and Nielsen

etal.”%’!

The aim of the experimental work presented in this chapter was to design and make
a chip that could be used for culturing cells under an oxygen gradient without using
clean room facilities. First, a design and fabrication method for a PDMS chip is
presented and the technical and usability challenges faced are discussed (Section
2.2.1). Followingthis, a second chip design and the fabrication method for making
the chip from acrylicis presented (Sections 2.2.2 and 2.2.3). The components used to
complete the set-up for the acrylic chip are discussed and a full picture of the

complete system is presented in Section 2.2.4.

2.1.1 Fabrication Methods for PDMS Chips

Soft lithographyis one of the most well established methods for making devices from
PDMS for biological applications.”? The soft lithography process is briefly explained in
Figure 2.1. PDMS is a silicon polymer that is popular due to its many favourable
properties; biocompatible, optically transparent, mouldable, permeable to gas. It is
an ideal material for rapid prototyping and produces high quality devices, however,
soft lithography techniques generally require use of clean room facilities which can

be expensive and time consuming.”?

Soft lithographyis based on makinga mould for PDMS, so other methods for making
the moulds have been investigated. Less expensive techniques to make moulds that

do not require clean room facilities include 3D-printing and micromachining



acrylic.”>7> Although these techniques may be more accessible, the resolution is

lower which limits the applicability of these methods for making microfluidics.”?

Lamp

Photomask —o
Photoresist l
Silicon wafer —

Figure 2.1: Summary of soft lithography process. Photoresist (light sensitive polymer)

is spin coated onto a silicon wafer. The desired pattern is set into the photoresist
(orange) by projecting light onto the surface through a mask. The mould is developed
and excess photoresist (grey) is removed, leaving a positive footprint of the design.
Liquid PDMS is then poured into the mould, set and removed to produce a PDMS part

with an inset pattern.”®’””

Rexius-Hall et al. used soft lithography techniques to fabricate a PDMS device for
studying cells under oxygen gradients, as shown in Figure 2.2.”8 The device has a glass
base, then two gas flow channelsin PDMS. The gas channels are separated from the
open cell culture channel by a thin PDMS membrane. Flow of nitrogen and oxygen
rich gases through the gas channels generates an oxygen gradient through the cell

culture.’®
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Figure 2.2: Microfluidic device with open culture area separated from gas channels by
a thin PDMS membrane. There is a glass slide on the bottom of the device. Reprinted

from Rexius-Hall et al. with permission from Oxford University Press.”®

A similar device was presented by Menolascina et al., however, it was fabricated
using an alternative method to soft lithography. The device consisted of 3 channels;
one central channel for cell culture and 2 adjacent channels for gas flow, as shown in
Figure 2.3.”° The channels were separated by thin PDMS walls such that the gasses in
the outer channels permeate through the walls and produce an oxygen gradient
across the cell culture channel. The device was fabricated by using a precision cutting
technique to cut and remove the channel segments from a thin PDMS sheet. The
remaining PMDS formed the channel walls which were irreversibly bonded between

two glass slides (Figure 2.3).
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Figure 2.3: Microfluidic device with 3 parallel channels separated by PDMS walls and
with top and bottom glass surfaces. Reprinted from Open Access article (Creative

Commons CC BY) by Menolascina et al.”

2.1.2  Fabrication Methods for Acrylic Chips

An alternative to PDMS is PMMA (acrylic), which is a rigid plastic that still offers

80-82 |t can be processed using techniques

biocompatibility and optical transparency.
including milling, hot embossingand injection moulding without the need for a clean
room.883 Forexample, Pefiaherrera et al. made an acrylic device for studying human

kidney cells (HEK293T).%* The channels in the acrylic device were formed by etching

with a CO; laser.?

Guzzi et al. made a multilayer acrylic device for culturing cell lines.®* Channels and
wells were micro-milled into the acrylic, then the acrylic layers were bonded together
with a heated pneumatic press. The device was shown to be compatible with cultures
of multiple human cell lines; cervical cancer (Hela) cells, lymphoblast cells (Jurkat),

lung cancer (A549) and kidney cells (HEK293T).8!
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2.2 Results

2.2.1 PDMS Chip

The design for the PDMS chip discussed here was inspired by the chip presented by
Menolascina et al. in Section 2.1.1.”° It consisted of 3 channels: one central channel
for cell culture and 2 adjacent channels for gas flow. The channels were separated by
thin PDMS walls such that the gasses in the outer channels permeate through the
walls and produce an oxygen gradient across the cell culture channel, asillustrated in
Figure 2.4. In theory, it would then be possible to analyse the cells in the culture
channel at various points across the gradient and study the different characteristics

and behaviours of the cells under different oxygen concentrations.

Compressed air flow

> S  PDMSWall <2 3

Culture channel

> 2  PDMSWall < 3

N, flow

Figure 2.4: lllustration showing 3 channel design of PDMS chip. Black arrows indicate
movement of oxygen and nitrogen molecules through the PDMS walls. Red indicates

high oxygen concentration and blue indicates low oxygen concentration.

As previously mentioned, the chip by Menolascina et al. (Figure 2.3) had glass
surfaces and was made using a precision cutting technique.’® For the chip discussed
here, it was attempted to make the whole chip from PDMS, using a method that was

more suitable for batch production and without using standard soft lithography

techniques.

The method for creating the PDMS mould was based on using stickers and laser

/.85

cutters, similar to work presented by Samuel et al.°> A vinyl sticker sheet was stuck

to a piece of acrylic, then the chip design was cut into the vinyl layer usinga UV laser
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(LPKF ProtoLaser U3). The calibrated UV laser allowed the thin vinyl sticker to be cut
without damagingthe underlying acrylic. The unwanted sections of vinyl sticker were

peeled off leaving the design footprint and the acrylic was cut to fit a large petri dish

(14 cm). Thisformed the mould as shown in Figure 2.5 (A).

Safety Note: In general, laser cutting of vinyl is not recommended. Heating or burning
of materials containing polyvinyl chloride can lead to the production of hydrochloric
acid and toxic fumes, which can be hazardous to the operator and damage the laser
cutter.®® However, when used appropriately, UV lasers result in minimal heat
deposition into the material during cutting (unlike CO; lasers) and so avoid thermal

damage to the material and production of toxic chemicals.®’~8°

The mould was filled with liqguid PDMS (Sylgard 184 elastomer and curingagent, 1:10
w/w, mixed and degassed) which was cured at 60° C for 2 hours. A scalpel was used
to cut out theindividual PDMS parts and inlets and outlets were formed with a biopsy
punch. The PDMS parts were plasma bondedto glass cover slips formingthe chips as

shownin Figure 2.5 (B) and (C).

A B Rt 1y
/ S |
s T
. e
| C

Figure 2.5: PDMS chips. A PDMS mould made from petri dish and vinyl stickers.
B PDMS chip cut from mould and bonded to glass slide. C PDMS chip with tubing fitted

for gas supply and pink dye in the central channel.
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Advantages of this approach are that it was low cost, did not require clean room
facilities, the moulds were reusable and the materials were biocompatible. The
developed fabrication method successfully produced suitable chips, however, the
main difficulty with the surrounding set up was found to be the gas supply.
Compressed air and nitrogen were supplied by gas cylinders and the flow rate
(approximately 10 mL/min) was controlled by flowmeters (Cole Parmer Masterflex),
as shown in Figure 2.6. It was essential that the system was portable so that the chip
system could be moved between instruments, laboratories and buildings. The gas
cylinders were stored on a trolley with wheels, however, transport was still

challengingdue to the combined weight of the cylinders.

Figure 2.6: Image of compressed air and nitrogen gas cylinders with regulators and

flowmetersin a portable trolley.

It was also challengingto achieve a stable gas flow with the flowmeters. The flow was
set by turningon the cylinder, controllingthe outputpressure with the regulatorand
then settingthe flow rate to the chip with the flowmeter. The flow rate was checked

routinely (every 5 — 10 minutes) during tests and often had to be corrected back to
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the desired rate. The connections between the cylinder, regulator and flow meter
were tested and found not to be leaking, so the reason for the unstable flow rate
remained unclear. Higher precision flowmeter systems that can be controlled
electronically are available, however, they are expensive and donot removethe need

for the gas cylinders.”°

Additionally, the gas flow often resulted in bubble formation in the liquid in the
central channel,as shown in Figure 2.7. This was potentially due to imperfect bonding

at the glass — PDMS interface at the walls, or evaporation from the liquid channel.

Figure 2.7: Images showing bubble formation in the liquid channel whilst gas was
flowing through the gas channels. A Bubble formation is visible in the pink dye. B
Bubble formation is visible at the channel walls. Image taken on Nikon-TiE

microscope, scale bar in 300 um.

Bubble formation is a well-recognised problem with PDMS devices, particularly for
cell culture applications.’>*? Many approaches have been taken in literature to solve
this, including incorporation of bubble traps into the microfluidic system and active
removal of bubbles by suction through the gas permeable PDMS.**"** Wood et al. and

Grist et al. both made devices with a liquid cell culture channeland gas flow channels,
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similar to the design described here.?®°” They avoided bubble formation in the cell
culture channel by adding an additional liquid channel between the culture and gas

flow channels, termed a hydration layer.?®°’

Furtheriterations of this device could have been developed to incorporate hydration
channels and minimise bubble formation. However, it was decided to investigate
alternative materials and fabrication methods to develop a more novel and simple

system that did not require gas flow, as discussed through the rest of this chapter.

2.2.2  Acrylic Chip Design

Section 2.2.1 presented a method for creating an oxygen gradientin a PDMS chip,
however the requirement for gas flow made the system difficult to use. Following
this, a new approach was taken to try to eliminate the need for in situ gas cylinders,

and to make the chipsand associated set-up more user friendly.

The hypothesis was that an oxygen gradient could be generated in a chip by mixing
two input solutions of different oxygen concentrations (0% and 21%), removing the
need for gas flow. A channel pattern was designed, as shown in Figure 2.8 with
dimensions detailed in Figure 2.9. The channel design starts with two inlet channels
which combine and split multiple times to form a series of isolated segments with

oxygen concentrationsbetween 0 —21%.
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21%

0%

Figure 2.8: Designed channel network for making an oxygen gradient from two input
solutions, one with 0% oxygen and one with 21% oxygen. Legend shows oxygen

concentration in partial pressure and arrows indicate direction of fluid flow.

17.0

284

Figure 2.9: Dimensions of channel design, all values in mm. Channel depth was

0.3 mm.
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The design includes only 2 inletsand 1 outlet, which helpsto keep the experimental
set-up relatively simple whilst allowing multiple oxygen concentrations to be studied
at the same time. There are 5 different channel segments with different oxygen
concentrations at the widest part of the design; the bottom channel segment
represents hypoxictissue, the middle channels represent tissue with varying levels of
oxygenation and the top channel represents the oxygen concentration used in
traditional cell culture methods. Depending on the aim of specific experiments and

oxygen concentration range of interest, the number of channel segments and oxygen

concentrations of input solutionscould be altered accordingly.

The channel pattern was produced usinga CNC milling machine where the minimum
drill bit size available was 0.5 mm, this limited the channel width to 1 mm. Each
channel segmentis 1.5 mm longand 1 mm wide to allow space for many cells to be
studied in each area. The length of the channelsisalsoimportant to allow full mixing
of the solutions to establish a constant oxygen concentration in each channel
segment (discussed further in Chapter 3). Following the 5 main channel segments,
mixing of solutions and even oxygen concentration is not important, so these

channels converge over a shorter distance to reach the outlet.

To make this design work, the channels had to beisolated from atmospheric oxygen,
otherwise oxygen would be able to diffuse form the air into the areas of the device
with lower oxygen concentration. Therefore, the material selection for making the
chip was important. Acrylicwas selected (instead of PDMS as previously used) asitis
a hard plastic with low gas permeability that is readily available, low-cost and
biocompatible.?%°® The change of material also resulted in the need for a new
fabrication method and set-up. There were two main iterations of the set-up, which

are described in Sections 2.2.3 and 2.2.4.
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2.2.3  Acrylic Chip Fabrication and System Assembly — Iteration 1

Chip Fabrication

To create the channel pattern discussed in Section 2.2.2, a CNC milling machine
(Modela or Tormach) was used (detailed settings given in Section 2.4.2). Designs were
cut out 3 at a timeinto a single sheet of 1.5 mm acrylicusinga 0.5 mm end mill. The
individual chips were then cut to the size of a microscope slide (75 mm x 25 mm)

usinga CO; laser cutter (Epilog Fusion, 60 watt).

It was considered important to seal the channels usinga biocompatible material that
cells can attach to and grow on. Additionally, the depth of the material used to seal
the channels had to be kept to a minimum so that the contents of the channels
remained visible under a microscope. Initially, a glass cover slip (32 x 22 x 0.15 mm)
was bonded onto the acrylic part using a medical grade epoxy resin (EpoTek 301-2,
1 g Part A: 0.35 g Part B). The glue was applied to the acrylic surface (avoiding the
channels) using a cotton bud, the glass slide was placed gently on top and the glue
was cured at room temperature for 48 hours. This resulted in a strong and secure
bond between the acrylicand glass, however, there were some disadvantages to this
approach. It was difficult to manually apply the right amount of glue; too little and
there would not be a good bond between the acrylicislands and the glass, too much
and the glue would getinto the channels resultingin channel blockage or asymmetric
channels. Images of these problems are shown in Figure 2.10. The long curing time
of the glue was also not ideal. The glue can be cured faster at 80° C for 2 hours,
however, initial warming of the glue reduced the viscosity and increased leakage of

glue into the channels before it fully cured.
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Figure 2.10: Images of glass slides glued onto acrylic chips. Panels A and B are images
taken on Motic AE200 microscope with x4 objective, scale bar is 300 um. A Glue that
leaked into a channel during bonding. B Incomplete bonding between the island and
glass due to insufficient application of glue. C Glue leaked into the channels around
the corners and around most of the islands. D An example with some glue leaked into
the channels, some islands with complete glue coverage (solid white rectangle) and

some islands with incomplete glue coverage (dashed white rectangle).

Chip Connections

Male luer connectors were glued over the chip ports (Figure 2.11) to allow tubingto
be reversibly connected to the chip. The glue used was the same biocompatible epoxy
resin mentioned in Section 2.2.3 (EpoTek 301-2, 1 g Part A: 0.35 g Part B), which was

cured at 80° C for 2 hours.
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Figure 2.11: Image of chip with luer connectors.

Materials for System Set-Up

As discussed in Section 2.2.2, the chip has been designed such that a gradient is
generated across the channels by providing media flow of 2 solutions with different
oxygen concentrations through separateinlets. Therefore, it was important that the
materials used to provide and collect media from the system had low oxygen
permeability. Otherwise, atmospheric oxygen would be able to diffuse into the

system, potentially changingthe oxygen concentrationin the startingsolutions.

The components required to complete the system included syringes to store the
different media solutions, a container (pouch) to collect outflow and tubing to
connect everything together. Generally, plastic syringes are used because they are
readily accessible, sterile and single use. Tygon® microbore tubingis a popular choice
for biological microfluidicapplications due to its biocompatibility, flexibility and very
small inner diameter which makes it ideal for delivering small volumes of fluid.%*%®

However, plastics are often permeable to oxygen so may not be the best choice for

thisapplication.®

An experiment was conducted to compare the commonly used plastic materials to
alternatives; plastic syringe vs glass syringe, plastic pouch vs aluminium foil pouch,
stainless steel tubing vs Tygon® tubing. Water was deoxygenated by bubbling with
nitrogen gas then stored in the different vessels for 24 hours. A glass round bottom
flask (RBF) sealed with a septum was used as a control and to determine how much
atmosphericoxygen diffused into the water as a result of transferringinto and out of

the vessels. To test the tubing, deoxygenated water was drawn from an aluminium
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pouch through the different types of tubing and collected in a glass syringe. The water
was collected at a slow flow rate over 24 hours. The oxygen concentration was then
measured using a Hach HQ40d multimeter luminescent dissolved oxygen (LDO)
probe. Further details of the experiment are given in Section 2.4.3 and results are

shownin Table 2.1.

Table 2.1: Oxygen concentration of deoxygenated water after 24 hours storage in or
flow through different vessels. Results are given as an average and standard deviation

of 3 samples. PP: polypropylene, PE: polyethylene, PA: polyamide.

Vessel Material Oxygen Concentration (mg/L)
Round bottom flask | Glass 1.5+0.1
Glass 1.3+0.2
Syringe
Plastic (PP/PE) 4.8+0.1
Aluminium foil 1.6 +£0.2
Pouch
Plastic (PE/PA) 6.5+ 0.1
Stainless steel 1.34+0.3
Tubing
Plastic (Tygon) 42 +0.3

The results in Table 2.1 clearly demonstrate that more oxygen got into all of the
plastic vessels compared to the alternatives. The measured oxygen concentrations
for the glass syringes, foil pouches and stainless steel tubingare all very close to the
glass RBF control, indicating that very little oxygen gets through these materials over

24 hours. Hence, these materials were selected and taken forward to assemble the

system around the chip.
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First Iteration of Full System

The first version of the full system is shown in images in Figure 2.12. Stainless steel
needles were used to connect the chip to pouches containing solutions and the outlet
was connected to a syringe with stainless steel tubing. The fluid from the pouches
could then be drawn through the chip at a constant flow rate controlled by the

syringe pump.

The pouches were inverted and attachedto an acrylicframe. This helped prevent the
formation of air bubbles, as liquid was drawn through the needles from the bottom
of the liquid volume whilst any air present would rise to the top. It also enabled the
pouches and chip to fit neatly into a small cell cultureincubator, so both cells in the
chip and media supply could be maintained at 37° C (the standard temperature for

cell culture).
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Figure 2.12: Images of first iteration of full chip system. A Chip connected to two
stainless steel needles which are inserted into pouches (L: left pouch, R: right pouch)
via a septum. Pouches are secured onto an acrylic frame with tape. B Close up image
of chip — tubing connections. € Chip and pouches inside the incubator connected to

syringe on a syringe pump outside the incubator.

The system was tested to investigate if it was water-tight, if flow could be maintained
without the formation of air bubbles and if the supply of solution from each pouch
was even. Experiments were set up to draw water through the system from the two
pouches containing equal volumes of water. The pouches were weighed before and
afterthe period of flow to see if fluid was being drawn evenly from both sources. This
experiment was repeated multiple times in two different chips (A and B) and the
results are presentedin Table 2.2. The system was visually observed throughout the

experiments and there were no issues with leaks or air bubbles.
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Table 2.2: Results of testing fluid flow from two pouches in first iteration of full system
with two chips, A and B. Left and right pouches were assigned as shown in Figure 2.12.
The pouches were filled with the same volume of water, and then the water was
drawn through the system at 250 ulL/hour overnight (19 — 30 hours). Pouches were
weighed before and after the flow test and the weight difference for each pouch is

reported. The value for the pouch which supplied the most water is highlighted in bold.

Chip Experiment# | Volume (mL) | Left pouch(g) | Right pouch (g)

1 10 1.5 4.1
2 10 2.0 3.7
A 3 10 4.2 2.1
4 10 34 3.2
5 10 33 2.9
1 30 2.4 5.2
B 2 25 14 3.4
3 25 4.2 2.3

The hypothesis behind thisset up isthat one pouch will contain deoxygenated media
and the other will contain oxygenated media. The solutions will then flow evenly
through the chip to form an oxygen gradient. Therefore, itis important that the flow
from pouches Aand Bis equal and consistent, so thatthe oxygen gradients produced
in the chip are consistent and reproducible. However, the results in Table 2.2 show

that the flow from the pouches A and B is inconsistent.

The difference in the amount of water removed from each pouch varies, for example
in chip A experiment 1 the difference between pouches A and B is 2.6 g, whereas, in
chip A experiment 4 the differenceis 0.2 g. The pouch from which most water is taken

also changes between the experiments, for some it is the left pouch and for othersis
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ittheright pouch. The majority of the system i.e. the chips, tubingand outlet syringes,
are consistent across the experiments. Therefore, the variations are unlikely to be

due to a problem with the fluidic channels themselves but possibly related to

inherent differences between the two pouches.

Since the pouches are malleable, itis not realistically possible to get the two to sit in
exactly the same way. In the initial experiments with chip A, the volume of water
used was 10 mL, which did not fill the pouch. So, for experiment with chip B, larger
volumes of water were used to see if fuller pouches were more consistent, however,

this did not resultin more even flow from the two pouches.

2.2.4  Acrylic Chip Fabrication and System Assembly — Iteration 2

The main challenges with the first iteration of the acrylic chip system were that gluing
the glass slide to the acrylic chip was fiddly and it was challenging to produce
consistent chips. The method for supplying media solutions from pouches was also
inconsistent. For the second iteration of the system, it was attempted to address

theseissues by alteringthe fabrication method and media supply method.

Chip Fabrication

The fabrication method was altered by using a heated hydraulicpress (Carver 4386)
to seal the channels with a thinner piece of acrylic (34 x 22 x 0.2 mm) instead of
sealing with glass cover slips. Ethanol was applied between the two acrylic parts,
which were placed between two heated plates (70° C) and 1000 pound-force
(2372 kPa) applied for 2 minutes.®'%! This method was reliable, produced chips with

consistent channels and was easier and faster than gluing on the glass cover slips.

However, during fabrication of the first few devices usingthis method of CNC milling,
laser cutting and thermal bonding, cracks through the acrylic pieces were occasionally
observed at various points through process. Representative images are shown in
Figure 2.13. Occasionally cracks would appear when depositing ethanol on the acrylic

surface during the thermal bonding procedure and sometimes cracks would appear
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on the internal surfaces of the channels whilst using the devices after thermal
bonding. This was due to residual stress in the acrylic structure as a result of the
machining processes.®? It was resolved by introducing annealing steps between each
step of the overall fabrication process. To anneal the acrylic parts they were placed
in an oven preheated to 80° C for 2 hours, the oven was then turned off and the

acrylic parts were left inside with the door closed until the oven had reached room

101,102

temperature.
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Figure 2.13: Stress cracking observed on A top and B bottom of acrylic channels.

Images taken on Motic AE200 microscope with x4 objective, scale bar is 300 um.

The final production process for producing the acrylic chips is summarised in the

following points:

(1) Use CNC milling to cut three channel designsinto a piece of 1.5 mm
acrylic

(2) Laser cut individual chip piecesto 75 x 25 mm

(3) Laser cut 34 x 22 mm rectangles from 0.2 mm acrylic

(4) Annealalllasercut parts

(5) Use thermal bonding to bond acrylic rectangles over channel design
on the chips

(6) Anneal completed chips

The method was relatively fast and produced chips that were consistent and robust.

Animage of a representative chip produced using thisprocess is shown in Figure 2.14.
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Figure 2.14: Image of chip produced by CNC milling and thermal bonding. Scale bar is

2 mm.

Second lteration of Full System

Images of the fully assembled system are shown in Figure 2.15. Media supply is
contained in two glass syringes, which are connected to the chip via stainless steel
tubing. The chipis held in a petri dish and connected to an outflow liquid pouch via a
stainless steel needle. To produce a gradient, the syringes (containing solutions with
different oxygen concentrations) are connected to a dual syringe pump. This ensures
that the chip receives the same amount of liquid from each media source. When
culturing cells inside the chip, the chip system can be maintained at 37° C by placing
the chip and outflow pouch inside an incubator, whilst keeping the syringes and

syringe pump outside the incubator (Figure 2.15 C).

The device was tested for leaks and bubble formation by flowing water through the
system from the syringes. The system was found to be water tight and bubbles were
much less of a problem compared to the PDMS device (Section 2.2.1). Occasionally
bubbles did get in duringassembly of the system, however, they were easily removed
by flowing extra liquid through the channels. Since the system is not permeable to

gas, no additional bubble formation was observed.
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Figure 2.15: Images of full chip system. A Two glass syringes connected to chip inlets
via stainless steel tubing, chip outlet connected to outflow liquid pouch via stainless
steel needle. B Chip in incubator. Syringes sit on syringe pump on outside of the

incubator, with chip and outflow pouch inside the incubator.

2.3 Summary

This chapter has explored techniques for making fluidic devices from PDMS and
acrylic. The fabrication method for the PDMS devices was suitable, however, the
device design required gas flow to generate the oxygen gradient. Gas components
(cylinders and flowmeters) made the system bulky, difficult to transport and it was

not easy to achieve a stable flow.

Moving on, the design and fabrication of the acrylicchip were more successful. After
testing different sealing processes and materials for the external set-up, the acrylic
chip was finalised. The chip itself was made using CNC milling and thermal bonding,

and luerlock connections were used to connect the chip to stainless steel tubes. Flow
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of media was provided by two glass syringes connected to a syringe pump and

outflow liquid was collected in an aluminium pouch.

With the device design and fabrication methodin place, the next step was to further
study the oxygen gradient in the chip. The next chapter will discuss simulations in
COMSOL Multiphysics® which demonstrate how the two inlet solutions come

together and how oxygen diffuses to create a gradient across the channel network.

24 Materials and Methods

2.4.1 Materials for Device Fabrication and System Assembly

Acrylic chips were made from 1.5 mm acrylic and 0.2 mm Clarex Optical Grade Cast
Acrylic (Weatherall Equipment and Instruments Ltd.). Epoxyresin (EpoTek301-2, 1 g
Part A: 0.35 g Part B) was used to attach nylon male luerlock connectors to the chip.
Inlet tubing was assembled from stainless steel capillary tubing (1/16”) connected to
one stainless steel needle (16G, blunt, luer lock fitting) at each end using a twin
ferrule compression fitting. A stainless steel needle (19G) was used to connect the
chip outlet to an aluminium pouch fitted with a Suba-Seal® septum (size 13). Glass
syringes were fitted to a dual syringe pump (Harvard Apparatus, 11 Plus, 70-2212).
An incubator shaker (Stuart Scientific) was used to incubate the chip at 37° C (no

shaking) during cell culture experiments.

2.4.2 CNC Milling Machines

Modela MDX-20 3D Milling Machine

Designs were created in Fusion360 then saved as mpj files for loading into MODELA
player 4 software. A carbide 0.5 mm 2 flute end mill was used for all steps. Surfacing,
roughing and finishing cut settings were manually defined in MODELA player 4,

details of settings used are given in Table 2.3.
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Table 2.3: Settings used for cutting steps on Modela MDX-20.

Parameter Step
Surfacing Roughing Finishing
XY Speed (mm/sec) 10.2 10.2 7.6
Cuttingfeedrate (mm/sec) 0.1 0.1 1.0
Spidle rotation speed (rpm) 6500 6500 6500
Cuttingin depth (mm) 0.05 0.05 0.1
Path interval (mm) 0.23 0.23 0.1

Tormach PCNC 440

Designs and cutting profiles were created in Fusion360 then saved as GCode for
loading into PathPilot software. A carbide 0.5 mm single flute end mill was used.

Details of settings used are given in Table 2.4.

Table 2.4: Settings used for cutting steps on Tormach PCNC 440.

Parameter Step
Cutting Bore
XY Speed (mm/sec) 10.2 10.2
Cutting feedrate (mm/sec) 7.6 7.6
Spidle rotation speed (rpm) 6500 6500
Cuttingin depth (mm) 0.05 0.01
Path interval (mm) 0.2 NA
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2.4.3 Testing Materials with the Hach HQ40d Multimeter LDO Probe

Materials

List of materials tested:

e Glasssyringes, Samco, 20 mL capacity

e Plastic syringes (polypropylene/polyethylene), Braun, 20 mL capacity

e RBF, Pyrex, 50 mL capacity

e Aluminium foil pouches, Hemoton, 50 mL capacity

e Plastic pouches (polyethylene/polyamide), Hemoton, 100 mL capacity

e Stainless steel needle, Merck, 12”7, 19G

e Tygon® ND-100-80 tubing, 0.02” inner diameter, 0.06” outer diameter,

12“ length. One female and one male Luer lock superglued onto each end of

the tubing. A needle (2“, 21G) was attached to the male Luer lock.

Probe Set-Up and Calibration

The LDO probe was calibrated in water-saturated air and at 0% oxygen using sodium

sulphite solution (50 mg/mL in water).

To take sample measurements, the probe was inserted into a 250 mL beaker through
an acryliclid, as shownin Figure 2.16. The lid was laser cut and contained two holes:
one for the probe and another for a Suba-Seal® septum. This allowed samples to be
injected into the bottom of the beaker via a needle and glass syringe whilst
minimising mixing with air. Due to the surface area of the beaker and the depth of

the probe, the minimum sample volume was 20 mL.
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Figure 2.16: Image of oxygen probe in sealed beaker.

Sample Preparation

Water was deoxygenated by bubbling with nitrogen gas for 1.5 hours. A sample of

deoxygenated water was tested with the probe before using (1.0 — 1.5 mg/L).

RBFs were fitted with a Suba-Seal® septum, purged with nitrogen for 3 minutes then
filled with 30 mLdeoxygenated water. Pouches were fitted with a Suba-Seal® septum,
purged with nitrogen 3 times then filled with 30 mL deoxygenated water. Syringes
were purged with nitrogen 3 times then filled with 20 mL water. They were sealed
with a luer lock cap and parafilm. Three samples were prepared for each vessel. All
samples were left at room temperature for 24 hours. Oxygen concentration was then

measured in each of the solutions.

Deoxygenated water was drawn through plastic tubing (Tygon®) and stainless steel
tubing. Three experiments were set-up for each tubing type. Foil pouches were filled
with 30 mL deoxygenated water as above. A glass syringe was purged with nitrogen
3 times and filled with a small amount of deoxygenated water. Tubing was connected
to the syringe, washed through with the deoxygenated water, then the needle end
was inserted through the septum into the pouch. The syringe was connected to a
syringe pump which was set to withdraw at 0.75 mL/hour for 24 hours. Oxygen

concentration was then measured in each of the solutions.
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Chapter 3: COMSOL Multiphysics® Simulation of Oxygen

Gradient

3.1 Introduction

Computational fluid dynamics (CFD) is a field of research based on modelling fluid
flow, heat transfer and mass transfer in natural environments and engineered
systems.'%® The simulations are based on calculations of numerical solutions to the
equations that govern the physical laws for conservation of mass, momentum and
energy.'® CFD calculationscan be performed on bespoke, specially written codes or
on commercially available platforms, for example COMSOL, Autodesk and Flow-3D

among others.?%*

COMSOL Multiphysics®is a CFD simulation platform used for applications in scientific
research and manufacturing, including fluid flow and chemical transport within
microfluidic devices.!®® The programme can run specialised interfaces designed to
require only basic input from the user. For example, the fluidics interface runs on

physical parametersincluding pressure, flow rate, viscosity and density.*%

COMSOL Multiphysics® has been used to simulate diffusion of oxygen in microfluidic

devices in a variety of contexts including in gradients generated by gas flow,”®*’

6 107,108

chemical reactions,®® oxygen scavenging chemicals, and consumption of
oxygen by cell culture.’®®*® An example of a simulation of oxygen concentration in a
device based on oxygen scavenging is described in Figure 3.1 and an example based
on cellular oxygen consumption is described in Figure 3.2. Both examples show
different methods of oxygen gradient generation and effective modelling of the
gradients in COMSOL Multiphysics®.2%%1% |n both cases, the simulated results
correlated well with experimental optical sensing measurements of oxygen
concentration.!?®'% QOptical sensing techniques are discussed further in Chapter 4,

Section 4.1 and the example by Ando et al. is discussed furtherin Figure 4.3.
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Figure 3.1: COMSOL Multiphysics® simulation of oxygen concentration by Sleeboom
et al. A The microfluidic device made from PDMS. A solution of oxygen scavenger
(sodium sulfite, 50 mg/mL) flows through the leaching channel, which is separated
from the cell culture chamber by a thin PDMS wall. B Results of simulation of
steady-state oxygen concentration, black lines indicate position of the culture
chamber. Oxygen concentration in the bulk solution was calculated based on oxygen
diffusion through the bulk PDMS and oxygen consumption in the leaching channel.

Reprinted from Open Access article (Creative Commons CC BY) by Sleeboom et al.*%
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Figure 3.2: COMSOL Multiphysics® simulation of oxygen concentration by Ando et al.
A The device concept. The base of the device is made from Delrin (polyoxymethylene),
cells are cultured on glass cover slips and the top of the device is made from
polycarbonate. B Results of simulation of steady-state oxygen concentration. Oxygen
concentration in the bulk solution was modelled considering oxygen consumption by
the cells and oxygen diffusion from the bulk media. Reprinted from Open Access

article (Creative Commons CC BY) by Ando et al.*%

In Chapter 2, a design for making an oxygen gradient on a chip was discussed. The
design was based on two inlet solutions mixing through a series of channels to create
isolated areas with a range of oxygen concentrations. Some of these areas, referred
to as channels 1 -5, are highlighted with red boxesin Figure 3.3 (copied and slightly
altered from Figure 2.8). It is important to understand how the fluids behave in the
chip and how the oxygen is distributed in order to achieve a uniform oxygen

concentrationin each area.
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0%

Figure 3.3: Designed channel network for oxygen gradient development from two
input solutions, one with 0% oxygen and one with 21% oxygen. Legend shows oxygen
concentration in partial pressure and arrows indicate direction of fluid flow. Red boxes

highlight areas referredto as channels 1 — 5.

For the work in this chapter, COMSOL Multiphysics® simulations were used to
investigate the behaviour of fluids and oxygen in the chip. The aim of the simulation
was to explore how flow rate altered oxygen distribution in the chip. The Creeping
Flow interface was used to model fluid flow, then the Transport of Dilute Species

interface was used to calculate oxygen concentration within the modelled fluid.

A background theory section is included in this chapter to cover key concepts for
understanding what the simulation software is calculating and how it is doing so. A
brief summary of laminar fluid flow and oxygen diffusion is given in Section 3.2.1. The
Navier-Stokes equations, as used by the Creeping Flow interface, are discussed in
Section 3.2.2 and the mass-balance equation, as used by the Transport of Dilute

Species interface, is discussed in Section 3.2.3.
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3.2 Background Theory

3.2.1 Laminar Flow and Oxygen Diffusion

The motion of fluid particles can be defined by two regimes: laminar or turbulent flow
(Figure 3.4).2** In laminar flow, fluid particles move in parallel streamlines. Motion is
controlled by frictional forces between the fluid particles (viscous forces) due to high
viscosity and/or low velocity.'****2 Turbulent flow occurs when a fluid has low
viscosity and/or high velocity. Forces which cause the fluid to move (inertia forces)
overpower the viscous forces that dominate in the laminar regime.****? The fluid no
longer moves in parallel streamlines and the motion of the fluid particles is more

random and chaotic.'!!

Laminar Flow Turbulent Flow
—- — m ~
— — \/—\
— — ~_" — S—
- - TN ~"

Figure 3.4: lllustration of fluid motion in laminar flow and turbulent flow.

These concepts are concisely expressed by the equation defining the Reynolds
number, R, (equation 3.1), where p is density, wis velocity, L is a characteristic length
of the system and p is viscosity.*®>**2 Flow is generally considered to be laminar when

R, < 1000 and for most microfluidicapplications R, «< 1.'%

The characteristic length of a rectangular channel is the hydraulic diameter, Dy,
which is expressed in terms of channel width, w, and height, h, as shown in equation
3.2.113 At the beginning of an experiment, the velocity may not be known. However,
it can be calculated from the applied flow rate, Q, and A using the relationship
defined in equation 3.3. The full calculation of R, for the chip is presented at the

beginning of Section 3.3.
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Fluid flow in the chip is expected to be laminar, including at junctions in the chip
where two channels merge into one channel (Figure 3.5 A). So if the solutionsin the
inlet channels have different oxygen concentrations, a uniform concentration of
oxygen in the new channel will not be achieved by turbulent mixing of the two fluid
streams. A uniform concentration of oxygen in the new channel can therefore only
be achieved by molecular diffusion of oxygen down the concentration gradient from
the stream with high oxygen concentration to the stream with low oxygen
concentration (Figure 3.5 B).''* Figure 3.5 C and D show that the flow rate hasto be
carefully controlled to allow enough time for oxygen to diffuse across the width of
the channel. If oxygen diffusionin the chosen medium s slow or the fluid flow is too

fast, an oxygen gradient may be observed in the new channel.
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A Two Streams of Laminar Flow B Oxygen Diffusion

o «
o 5

C Slow Oxygen Diffusion/Fast Flow D Fast Oxygen Diffusion/Slow Flow

S

Figure 3.5: Oxygen diffusion in two streams of laminar flow. A Streams of laminar flow

Y

from two channels, one blue and one red, merge into one channel. Arrows indicate
the direction of fluid flow. B Red indicates fluid with high oxygen concentration and
blue indicates fluid with low oxygen concentration. Oxygen can move from one
laminar stream to the other by diffusion down the concentration gradient, indicated
by dashed arrows. C If oxygen does not diffuse the width of the channel, due to slow
diffusion in the medium or fast flow conditions, a gradient of oxygen concentration
will be observed for the length of the channel. D If oxygen does diffuse the width of
the channel, due to fast diffusion in the medium or slow flow conditions, the oxygen
concentration will be consistent across the channel. The oxygen concentration in the

channel will be the average of the two input solutions (pink colour).
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3.2.2 Equationsfor Fluid Flow

Newton’s second law of motion famously describes that acceleration of an object is
dependent on how heavy that object is and what forces are being applied to it;
force = mass X acceleration. This theory is utilised in the Navier-Stokes equation,
(3.4), to describe the motion of compressible Newtonian fluids, replacing mass with
density.'*> On the left side of the equation, density is multiplied by the term in
brackets that represents acceleration to give term 1 which represents inertial forces.

Terms 2 and 3 ontherightside of the equation representpressure and viscous forces

respectively.'!? Definitions of the terms in equation 3.4 are given in Table 3.1.

0 2
P(a—?+u- Vu) =—-Up+V- (#(Vu+(‘7u)T)—§u(|7'u)1)+F 3.4
\ v ] —— . ,
1 2 3

Table 3.1: Definition of terms in the Navier-Stokes equation.*?

Term | Definition Term | Definition
p Density 1 Identity tensor
u Velocity T Transpose matrix operator
p Pressure 1 Inertial forces
u Viscosity 2 Pressure forces
t Time 3 Viscous forces
F External forces

The NS equation can be simplified forincompressible fluids (e.g. water). The equation
that describes the conservation of mass (mass continuity equation, 3.5) indicates that
velocity is dependent on density and time. However, for an incompressible fluid,

density can be considered constant and independent of space and time
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(equation 3.6).1*° This reduces equation 3.5to equation 3.7and removes 2;1(\7 ~u)l

from the NS equation.!***%

ap 3.5
a‘l‘ V (pu) =0
dap 3.6
—— =0
at
V-u=0 3.7

In microfluidic devices, fluids are generally moving very slowly in small channels
which leads to a very small Reynolds number (R, < 1).}%° This means that inertial
forces are insignificant compared to the dominant viscous forces, and inertial forces
can be removed from the NS equation.*'? External forces, such as gravity, are
neglected and overall the NS equation (3.4) is reduced to equation 3.8.1*? This NS
equation is used to solve flow velocity for fluids in the COMSOL Multiphysics®

Creeping Flow interface.!0>11211>

0==Vp+V- (p(Vu+ (Fu)")) 3.8

3.2.3  Equationsfor Diffusion of a Dilute Species

The Transport of Dilute Species interface is used to simulate movement of a species
within a solute based on Fick’s first law and the mass conservation equation. The
mass conservation equation (3.9) describes that concentration of a species in a solute
atagiventimeis dependent on flux (J), velocity, concentration gradients in the solute
(Vc) and sources/sinks (e.g. chemical reactions) of the species (R).}*® Term 1 in
equation 3.9 represents transport due to diffusion, and term 2 represents transport

dueto convection.!®

Fick’s first law (equation 3.10) explains that when a concentration gradient is present,

a species will diffuse from an area of high concentration to an area of low
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concentration.’’ The rate of diffusion is defined by the diffusion coefficient, D, which

is unique to the particular species and solvent of interest.’

dc
S TV +tu-Ve=R 3.9
e i e
1 2
J = —DVc 3.10

The stationary simulations carried outin thischapter were completed at a single time
. . . . d
point with fully developed flow. This allows the time dependent term a—i to be

removed from equation 3.9. The simulation investigates movement of oxygen in a
closed system, so no oxygen can be created or destroyed and R = 0. Hence, COMSOL
Multiphysics® uses equation 3.11 to calculate oxygen concentration in the fluids

modelled by the Creeping Flow interface.'®

V-]+u-Vc=0 3.11

3.3 Results

First, the Reynolds number for fluid flow in the channels was calculated using
equations 3.1 — 3.3. The working shown below is based on the channel dimensions
specified in Chapter 1 (Figure 2.9), a flow rate of 100 uL/hour and the density and
viscosity of water as defined in the COMSOL Multiphysics® Material Library.'*®

2(w x h) 0.3mmx 1mm
= = ( )=0.5mm=5><10‘4m

H™ w+h) ~ “\03mm+ 1mm
Q 100 uL hour™* 2.8 x10711m3s71 _ _
YEAT T 03 mmE 3 X 1077 m? = 9.3 X107 m 57

_puDy  9982kgm™3x93Xx107>ms™' X5x107* m

= 0.05
U 0.001 kgm=1s-1

R,
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When the chip is used for cell culture applications, the solution flowing through the
system will be a cell culture medium. For the purposes of this simulation, it was
assumed that the properties of the media are approximately the same as those of
water. The simulation was set up with water flowing through the channel network.
The oxygen concentration in the water was set to 0% at one inlet and 21% at the
otherinlet. Flow rates of 25, 50, 100 and 500 pL/hour were applied at both inlets and
the oxygen concentration throughout the channelswas calculated. Further details on

the settings and parameters used are given in Section 3.5.

Figure 3.6 shows plots of the oxygen concentration throughout the channels at
various flow rates, with red indicating higher oxygen concentration and blue
indicating lower oxygen concentration. From examining the images, it is observed
that slower flow rates result in more uniform oxygen concentrations in individual
channels. For example, at 25 uL/hour the zoomed in image over channel 3 in Figure
3.6 A displays an even green colour across the bulk of the channel. Whereas at
500 pL/hour (panel D), the same area shows a gradient of oxygen across the channel,
with red at the top transitioning into blue at the bottom. At 100 uL/hour (panel C),
channel 3 shows a slight oxygen gradient with an orange/yellow colour towards the
top of the channel and a blue/green colour towards the bottom of the channel. At
50 pL/hour (panel B), there is a slight gradient at the left side of the channel that

evens out towards the right of the channel.

The profiles at 25 uL/hourand 50 uL/hour are discussed here in more detail since the
data presented in Figure 3.6 suggested more uniform oxygen concentrations across
channels 1 — 5 compared to the higher flow rates. Figure 3.7 shows the channel
positions that were studied to produce graphs in Figure 3.8 - Figure 3.11. Similar
graphs were also produced for data at 100 pL/hour and 500 pL/hour which are
providedin Appendix 1.
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B 50 pL/hour A 25 ul/hour

C 100 pL/hour

D 500 uL/hour

0% M - ) 1%

Figure 3.6: Plots of oxygen concentration through the channel network calculated
using COMSOL Multiphysics® 5.6. A, B, C and D show plots at inlet flow rates of 25,

50, 100 and 500 uL/hour respectively with a zoomed in image over channel 3.
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Figure 3.8 and Figure 3.10 show the calculated oxygen concentrations in channels
1-5at 25 uL/hourand 50 uL/hourrespectively. The data indicates that the solutions
mix in the chip at each flow rate to produce oxygen concentrations of approximately
0, 4, 10, 17 and 21% oxygen in channels 1 — 5 respectively. There are some
concentration gradients present in the channels, with channel 3 experiencing the
largest gradient, followed by channels 2 and 4, then no gradientin channels 1 and 5.

The gradients are larger at 50 pL/hour compared to 25 ulL/hour.

This trend is further emphasised by looking at the gradients across the beginning,
middle and end of channel 3 (left to right as displayed in Figure 3.7), as shown in
Figure 3.9 for 25 plL/hour and Figure 3.11 for 50 plL/hour. For each flow rate, the
gradientis largest atthe entrance to the channel and as the laminar streams progress
through the channel, oxygen diffuses down the concentration gradient and the

gradients become smaller.

Figure 3.7: Coloured lines show positions where data was collected from computation
results. Lines in the middle of each channel were used to produce the graphs in Figure
3.8 and Figure 3.10. The three lines across the channel 3 were used to produce the

graphs in Figure 3.9 and Figure 3.11.
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Figure 3.8: Oxygen concentrations in the centre of channels 1 — 5 with 25 ulL/hour flow
rate at both inlets. Channel coordinates go from the bottom, 0 mm, to the top, 1 mm,

of each channel as displayed in Figure 3.7.
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Figure 3.9: Oxygen concentrations at the left, middle and right of channel 3 with
25 uL/hour flow rate at both inlets. Channel coordinates go from the bottom, 0 mm,

to the top, 1 mm, of each channel as displayed in Figure 3.7.
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Figure 3.10: Oxygen concentrations in the centre of channels 1 — 5 with 50 uL/hour

flow rate at both inlets. Channel coordinates go from the bottom, 0 mm, to the top,

1 mm, of each channel as displayed in Figure 3.7.
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Figure 3.11: Oxygen concentrations at the left, middle and right of channel 3 with
50 uL/hour flow rate at both inlets. Channel coordinates go from the bottom, 0 mm,

to the top, 1 mm, of each channel as displayed in Figure 3.7.
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The results in Figure 3.6 show that faster flow means less time for oxygen diffusion
and steeper oxygen gradients. The same logic can be applied here; there is a larger
gradient in the middle channels because the flow through the middle of the chip is
faster than flow through the outer channels. This is confirmed by the velocity plot
calculated in COMSOL Multiphysics® and shown in Figure 3.12. Selected values from
the velocity plotarereportedin Table 3.2. These results are from the simulation with
a flow rate of 50 pL/hour at each inlet, however the trends in velocity are the same

for all flow rates studied.

x10> m/s

Figure 3.12: Plot of velocity through the channel network calculated using COMSOL
Multiphysics® 5.6. Flow rate was 50 ul/hour at each inlet.

Table 3.2: Velocity in channels 1 — 5 and in the diagonal channels leading in to

channels 1 -5 (top/bottom inlet channels). Flow rate was 50 ul/hour at each inlet.

Velocity (m/s)

Channel
Topinletchannel | Bottominletchannel | Main channel
1 NA 2.1 21
2 1.6 25 4.0
3 24 24 4.8
4 2.5 1.6 4.0
5 21 NA 2.1
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In the computation the flowrate at each inlet was set to 50 pL/hour, hence the flow
rate atthe outletis constantat 100 uL/hour. Equation 3.3 shows that flow rate, Q, is
dependent on velocity, u, and area, A.'** When two channels merge into one, the
cross sectional area of the output channel is half the size of the two input channels
combined. So in order to maintain a constant flow rate across the chip, velocity must
increase. The inverse is true when one channel splits into two. In this case the cross
sectional area of the output channels is double the size of the input channel and

velocity must decrease.

Following different paths from the inlets to the outlet, the fluid can encounter
different numbers of channel splittingand merging events. For example, Figure 3.13
shows paths from an inlet to channel 1 (panel A) and channel 3 (panel B). Fluid
following the path to channel 1 goes through three channel splitting events and so
experiences deceleration. Fluid following the path to channel 3 goes through 3 splits

and 3 merges, so the deceleration is less severe. Hence, the velocity is slower in

=
9 /@%
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<>

Figure 3.13: Paths of fluid flow from an inlet to channel 1 (A) and channel 3 (B). Green

channel 1than channel 3.

>

b
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diamonds indicate where a channel splits and red circles indicate where two channels

merge.



Another observation from the velocity plot (Figure 3.12) is that when the outer
channels split, fluid prefers to continue flowing through the outer channel rather than
flowing towards the centre of the channel network. Thistrend has been observed in
other microfluidic devices with branched networks for generating oxygen
gradients.’'® For channels 2 and 4, there is more fluid supplied from the inlet channel
coming from the middle of the network (velocity of 2.5 m/s) than the inlet channel

coming from the outside of the network (velocity of 1.6 m/s).

Thevariation in velocity also correlates with variationin shear stress, which is defined
as the mechanical stress caused by the horizontal movement of fluid parallel to the
cell surface.'***?°Shear stress, 7, is a function of the dynamic viscosity, u, velocity, u,
and distance between the surface and point of interestin the fluid, y, as described in
Equation 3.12.**' The values of shear stress in each channel are provided in
Appendix 2. The variation in shear stress has potential consequences for the cell

culture, as discussed more thoroughlyin Chapter5.

du 3.12
T= ﬂ@

The trend in velocty has an influence on oxygen concentrationsin channels 2 and 4,
where supply of fluid from the inlet channels is not 1:1. Figure 3.14 shows the
expected oxygen concentrations throughout the channel network if splitting and
mixing of fluid at each node was 1:1. It is observed that the concentrations in
channels 2 and 4 are different to those calculated in the simulation. The simulation
results showed oxygen concentrations of approximately 17% and 4%, whereas Figure

3.14 gives concentrations of 18% and 3% for channels 2 and 4 respectively.
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Figure 3.14: Oxygen concentrations (%) in channels with 1:1 mixing of solutions at

each junction. Concentration values correspond to the channel below.

Even though the fluid flow through the network is not as even as initially expected,
the results show that the device can generate a range of defined oxygen
concentrations in 5 different channels. In future work, the channel geometry could
be altered according to Murray’s Laws to produce even velocity and shear stress
throughout the channel network.'?? For example, increasing the width of channels
where velocity is currently observed to be high will reduce the flow rate and shear

stress inthose areas.

3.4 Summary

COMSOL Multiphysics® was used to study how flow rate influenced oxygen
concentration in the channel network designedin Chapter 2. First, the Creeping Flow
interface was used to model fluid flow through the channels. Then, the Transport of

Dilute Species interface was used to calculate oxygen concentration throughout the

modelled fluid.

Calculations were performed with flow rates of 25, 50, 100 and 500 uL/hour applied
at bothinlets. Results showed that higher flow rates resulted in steeper gradients of
oxygen concentration, particularly in the central channels. At 50 uL/hour, a gradient

was observed at the entrance to channel 3, which becomes more uniform towards
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the end of the channel. Channels 2 and 4 experience smaller oxygen gradients and

channels 1 and 5 display a uniform oxygen concentration.

The larger gradients in the central channels compared to the outer channels was
found to be a result of higher fluid velocity through these areas. The variation in
velocity through the channels is a consequence of the way in which the channel
network was designed. Different paths of fluid flow experience different sequences

of channel merging and splitting events that have an impact on velocity.

Going forward, the next chapter will build on these computational results by
measuring oxygen concentration in the chip system fabricated in Chapter 2 using

fluorescence microscopy techniques.

3.5 Methods — COMSOL Multiphysics® 5.6 Settings

Materials

Water was selected from the COMSOL Multiphysics® materials library. At 293.15 K,

the density was 998.2 kg/m? and the dynamicviscosity was 0.001 Pa s.'*®

Creeping Flow

The boundary conditions were defined as ‘fully developed flow’ for both inlets,
‘pressure’ for the outlet and ‘no slip’ for all channel walls. Flow rates of 25, 50, 100

and 500 pL/hour were applied at both inlets.

Transport of Diluted Species

The oxygen concentration of the solution at one inlet was 0.21 x 10 mol/m3(21%

partial pressure) and 0 mol/m? (0% partial pressure) at the otherinlet. The diffusion

coefficient used for oxygen in water at 293.15 K was 3.2Xx10° m?/s,108123
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Mesh

A fine size free quad mesh calibrated for fluid dynamics was created on the bottom
x,y face of the geometry then swept through the zheight. Convergence tolerance was

0.001.
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Chapter 4: Fluorescence Measurements of Oxygen Gradient

4.1 Introduction

The aim of the work in this chapter was to measure the oxygen concentrationin the

fluidicdevice designed and fabricated in Chapter 2, and compare theresults to those

obtained by computational methodsin Chapter 3.

There are many techniques for measuring oxygen concentration in microfluidic
devices presented in literature, as discussed in recent reviews by Grist et al.,
Azimzadeh et al. and Brennan et al.>*'2® A brief summary of key techniques

includingelectrochemical and optical sensingare given in Sections 4.1.1 - 4.1.3.

The technique selected for the work in this chapter was fluorescence imaging of an
oxygen sensitive dye, Ru(BPY)s. Gradients between 0—21% oxygen were set up in the
chip at flow rates of 25 pL/hour and 50 uL/hour. The oxygen concentrations were

calculated, analysed and compared to the computational results (Chapter 3), as

discussed in Section 4.2.

4.1.1 Electrochemical Sensor Example

Electrochemical approaches generally employ versions of a Clark-style
electrode, where reduction of oxygen at a working electrode produces a measurable
current.*?’7'%° Luo et al. presented a chip with a built in Clark-style electrode
positioned below a microfluidic channel, as shown in Figure 4.1.}%° This allowed

measurements of dissolved oxygen (0 — 8.1 mg/L) in the microfluidic channel in real

time.'?°
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Figure 4.1: Device made by Luo et al. for measurement of dissolved oxygen in a
microchannel using a Clark-style electrode.’?”® A Schematic representation of the
layers and materials used to make the device. B Image of the chip held together with
clamps. CE: counter electrode (gold), WE: working electrode (gold), RE: reference
electrode (Ag/AgCl), LTCC: low temperature co-fired ceramic, OPM: oxygen

permeable matrix. Reprinted from Luo et al. with permission from Elsevier.

4.1.2 Optical Sensing Techniques

Optical sensing methods involve measuring fluorescence of a dye (fluorophore),
usually a ruthenium or platinum based complex, that is oxygen sensitive.**!3%|n the
presence of oxygen, the fluorescence of the fluorophore decreases due to collisional

2.131 When a fluorophore collides with an

guenching, as summarised in Figure 4.
oxygen molecule, the energy involved in the relaxation of an electron from the
excited state to the ground state is not emitted as a visible photon but instead

transferred to the oxygen molecule.*®!
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Figure 4.2: Diagram of fluorescence and collisional quenching. An electron is
promoted from the ground state (Sp) to the excited state (S1) of a fluorophore by
energy (light source of appropriate wavelength). As the electron transitions back to
the ground state, energy is emitted as a visible photon (red arrow). Alternatively, in
the presence of a quencher, for example oxygen, the energy is transferred to the

oxygen molecule upon collision and no visible photons are produced (green arrow).**!

Therelationshipbetween fluorescence and oxygen concentration is described by the
Stern-Volmer equation (4.1, terms defined in Table 4.1).23° The equation can be
expressed in terms of fluorescence lifetime, t, or fluorescence intensity, I.

To Iy

=—=1+ quo[Oz] =1+ Kq [02] 4.1
Tlo,]  ljoy)

Table 4.1: Definition of terms in the Stern-Volmer Equation.**°

Term Definition
[0,] Oxygen concentration
To Lifetime of the excited state when no oxygen is present
T[0,] Lifetime of the excited state at a specified oxygen concentration
I Fluorescence intensity when no oxygen is present
Lio,] Fluorescence intensity at a specified oxygen concentration
k, Quenchingrate coefficient
K, Quenchingconstantequalto k, X 7
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Lifetime is the length of time that a fluorophore spends in the excited state and
intensity is the total amount of light emitted by a fluorescent sample.’*! Both are
dependent on oxygen concentration as when more oxygen is present, the likelihood
of collision between the fluorophore and oxygen molecule increases. This reduces
the amount of time that a fluorophore will spend in the excited state and reduces the

overall amount of light emitted by a sample.**

Intensity measurements can be collected from standard fluorescence microscope
set-ups. The fluorophore is excited by a light source, and light emitted from the
sample is collected at a detector. The image produced is an array of pixels, where
brighter pixels represent higher fluorescence intensity.*! Measurements are
dependent on fluorophore concentration, as a higher concentration of fluorophore
means more light emitted by the sample as a whole. This can result in inconsistencies
in intensity measurements due to background effects and non-uniformities in the

sample.'®

One approach to improve reliability of intensity measurements is ratiometric
fluorescence. In this technique, intensity measurements from two (or more)
fluorophores in the same environment are collected, where one fluorophore is
oxygen sensitive and the other is not.'?® Variation in intensity measurements for the
oxygen-insensitive fluorophore can then be used to correct for variation in the

background and other sample non-uniformities.*?®

Measurements of fluorescent lifetime can be achieved by different methods
including fluorescence lifetime imaging microscopy (FLIM) and time-correlated
single-photon counting (TCSPC).1** FLIM is based on measuring the rate of decay of
fluorescence intensity over very short time scales, which can in turn be used to
calculate the average length of time that the excited state was populated.'3* TCSPC
is based on measuringthe time between excitation of the sample with a light source
and emission of individual photons.*3! Lifetime measurements are independent of

fluorophore concentration and fluorescence intensity which helps to achieve more
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consistent measurements throughout a sample compared to intensity
measurements.'*? Techniques to measure fluorescent lifetime are more accurate and
more robust than intensity measurements, however, they require expensive and

advanced equipment.'®

4.1.3 Integration of Optical Sensors into Microfluidics

Literature examples show optical sensors being incorporated into microfluidic chips
as micro/nanoparticles, fluorescent films and liquid solutions.***?® Ando et al.
described a technique to incorporate microparticles loaded with an oxygen sensitive
ruthenium dye and a reference dye into a microfluidic cell culture system, as
illustrated in Figure 4.3.1%° Ratiometric fluorescence imaging was then used to
measure oxygen concentration in solution during cell culture experiments.'®
Ungerbrock et al. and Grist et al. presented a similar concept, but instead of using
microparticles an oxygen sensitive platinum based dye and reference dye were

incorporated in a polystyrene sensor layer at a cell culture interface, as illustrated in

Figure 4.4.%7133
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silica microparticle

@ (w/ O4 sensor)
M PDMS

;MCF—7
(e]ejejejeojelolSloc]aje]e]

collagen | coated glass

Figure 4.3: Silica microparticles loaded with Ru dye and Nile blue dye (reference) are
embedded in PDMS layer on the pillar. Oxygen concentration in solution over the area
of the pillar can be measured with ratiometric fluorescence. Reprinted from Open

Access article (Creative Commons CC BY) by Ando et al.*%’
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Figure 4.4: PtTFPP dye and Macrolex Fluorescent Yellow dye (reference) incorporated
in polystyrene to form sensor layer. Oxygen concentration was measured by
ratiometric fluorescence. Reprinted from Open Access article (Creative Commons CC

BY) by Ungerbréck et al.**

Zirath et al. also used optical sensing to measure oxygen concentrations inside a
microfluidic chip, shown in Figure 4.5.1** The authors coated microparticles in an
oxygen sensitive platinum-based fluorophore and the sensors were dried in small
spots within the device. Instead of microscopy, the sensor spots were monitored with
fibreoptic probes and an optical oxygen meter.'3* This technique requires precise
positioning of the delicate fibreoptic probes and may not be compatible with all styles
of device. However, the equipmentis smaller and more portable than a microscope

and can be used for longterm in situ monitoring of oxygen concentration.
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Figure 4.5: Sensor spots made from dried microparticles coated in a platinum based,
oxygen sensitive fluorophore. Oxygen concentration was measured by optical sensing
by the optical fibre and read out system. Reprinted from Open Access article (Creative

Commons CC BY) by Zirath et al.**
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A popularand simple approach to measuring oxygen in microfluidicchannelsis to fill
the device with an oxygen sensitive ruthenium based dye, such as Ru(BPY); (Figure
4.6), and measure the fluorescence intensity. This has been carried out in a number
of different devices where oxygen has been controlled by gas flow, cellular oxygen
consumption or chemical oxygen scavenging.!081261357139 A |though the literature lists
disadvantages to thistechnique (discussed in Section 4.1.2), it also suggests that it is
versatile and capable of measuring oxygen concentration in the range of interest
(0-21%). The key advantage compared to electrochemical, optical
nano/microparticles and optical films, is that it requires no special adaptation or
modification to the device itself. Hence, thisis the technique that was utilised for the

work in this chapter.

.2Cr
-6H,0

Figure 4.6: Structure of ruthenium tris(2,2’-bipyridyl) dichloride hexahydrate,
Ru(BPY)s.
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4.2 Results

Results from the computational experiments in Chapter 3 showed that slower flow
rates produced more uniform oxygen concentrations in channels 1 — 5. In this
chapter, fluorescence experiments were carried out at flow rates of 25 uL/hourand
50 puL/hour at both channel inlets. Oxygen gradients were set up with 21% oxygen
solutioninthe top inlet (channel 1 side) and 0% oxygen solution in the bottom inlet
(channel 5 side) (more detail in Section 4.4). The experiment at 50 uL/hour was
repeated twice, and the two sets of results are referred to as data set 1 and data

set 2.

Before conducting any gradient measurements, the quenching constant, K, in the
Stern-Volmer equation was calculated from control measurements, as described in
Section 4.4. The chip system was assembled as shown in Chapter 2, Figure 2.15 and
the chip was secured onto the microscope stage with magnetic clips. The chip was
purged with solutions of Ru(BPY)s controlsolutions at 0% and 21% oxygen to measure
Iy and Io,; respectively before each experiment. The flow rate of solutions at each

inlet was 25 pL/houror 50 pL/hourto match the flow rate used in the experiment.

The fluorescence intensity — reported as mean gray value (MGV) — of each solution
flowing through the chip was measured in multiple fluorescence images of channels
1 -5 over 30 minutes. The measurements for each channel were used to calculate
an average MGV across the chip at multiple time points, as shown in Figure 4.7 for
the experiment at 50 uL/hour (data set 1). The graph highlights that there is a
difference of approximately 10,000 units between the solutions at 21% and 0%
oxygen. An average of all MGV measurements recorded for each solution were used

as Iy and I ;o) to calculate K, for each experiment, as reported in Table 4.2.
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Figure 4.7: Average mean gray value of 0% and 21% oxygen control solutions over
channels 1 — 5 at 50 uL/hour (data set 1). Plotted points are average and standard

deviation of 45 measurements (9 measurements for each of 5 channels).

Table 4.2: Average 1y, I[o,1and K, values for each experiment. Averages and standard
deviations included measurements from all time points in channels 1 — 5. Errors for K,

were calculated by error propagation from standard deviation values for 1y and I,

Experiment Average I Average I g, Calculated K,
25 pul/hour 28175 + 303 18693 + 333 0.024 £ 0.001
50 pL/hourdataset 1 29540 + 454 18998 + 244 0.026 + 0.002
50 pL/hour data set 2 28912 + 351 19985 + 281 0.021 + 0.001
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After measuring fluorescence of control solutions and calculating K, the chip was
set up with an oxygen gradient. Graphs showing MGVsin channels 1 -5 over time at
25 ul/hour, 50 puL/hour data set 1 and data set 2 are shown in Figure 4.8, Figure 4.9
and Figure 4.10 respectively. At 25 pL/hour and 0 minutes, there is a large standard
deviation for the value reported for channel 3 because there was still an oxygen
gradient present in the channel from flushingthe solutions through at a higher flow
rate. As time progresses and the flow rate stabilises, the MGV in channel 3 becomes
more uniform, however the MGV in channels 3 — 5 decreases (oxygen concentration

appearstoincrease).

At 50 pL/hour, the MGVs show some variation over time in each channel, however
the trends are different compared to 25 pL/hour. In data set 1 (Figure 4.9), the MGVs
in channels 3 — 5 initially decrease as the flow rate stabilises, but then gradually
increase again over time. In data set 2 (Figure 4.10), the MGVs in channel 5 are
relatively stable but the values in channels 1 — 3 increase over time. The increasing
MGVs implied that the oxygen concentration was decreasing, however, it is unlikely

that oxygen is leaving the system.
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Figure 4.8: Mean gray value (AU, arbitrary units) in solution in channels 1 — 5 at
25 ul/hour (both inlets) over 45 minutes. Data points show average and standard

deviation of 9 measurements per channel.
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Figure 4.9: Data set 1. Mean gray value (AU, arbitrary units) in solution in channels

1-5 at 50 uL/hour (both inlets) over 180 minutes. Data points show average and

standard deviation of 9 measurements per channel.
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Figure 4.10: Data set 2. Mean gray value (AU, arbitrary units) in solution in channels
1-5 at 50 uL/hour (both inlets) over 240 minutes. Data points show average and

standard deviation of 9 measurements per channel.

The differences in trends between data set 1 and data set 2 suggest that there may
be other factors causing variation in the MGVs. It is possible that the chip position
changed as a result of the moving microscope stage. The chip was secured into a
microscope slide sized slot, however the chip did not fit tightly so there could have
been slight movements in the x, y direction over time. The stainless steel tubes also
made the set up very rigid. It is possible that the rigid tubing was forcing the chip to
tilt slightly as the stage moved backwards and forwards between channels despite
securing with magnetic clips, which could have caused inconsistency in the imaging

depth.

Normalisation was used on the data set to remove fluctuations in the trends
potentially caused by experimental factors. Normalisation was also required to
remove negative values which could arise when the average I, from the 0% control
solution was lower than intensity values measured in the gradient set-up. In theory,

the control I, is measured at 0% oxygen and should have the highest MGV. However,
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because it was an averaged value, it was possible for measurementstaken during the
gradient set-up to have higher MGV than the control solution. Using these values in

the Stern-Volmer equation resulted in negative oxygen concentration, which is not

realistically possible.

There were two potential approachesto normalisingthe data. One approach wasto
normalise over the whole data set. In this case data from all time points would be
normalised with respect to one maximum and one minimum value for the whole date
set. Alternatively, the subsets of data at each time point could be normalised
independently of the rest of the data set. In this case the data for channels1 - 5
would be normalised with respect to the maximum and minimum values recorded at

the same time point, regardless of the values recorded at other time points.

Figure 4.11 shows oxygen concentrationsin channels1—5 at 25 uL/hour normalised
overthe whole data set and Figure 4.12 shows the concentrations normalised at each
time point. Figure 4.13 and Figure 4.14 show oxygen concentrations normalised per
time point in channels 1 -5 at 50 puL/hourin data sets 1 and 2 respectively. For the
data sets at 50 uL/hour, the data was normalised from 30 minutes onwards to focus

on theresults after the flow rate was stable.

Normalising the data removed fluctuations potentially caused by experimental
factors. However, Figure 4.11 and Figure 4.12 show that the approach used to
normalise the data hasa biginfluence on the results at 25 uL/hour. When normalised
over the whole data set, the oxygen concentrationin channels 4 and 5increases over
the 45 minutes window, suggesting a potential leak of oxygen into the system.
However, when normalised over the whole data set, the distribution of oxygen is as

expected and there is no evidence of oxygen gettinginto the system.
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Figure 4.11: Oxygen concentrations in channels 1 —5 at 25 uL/hour (both inlets). Data

points show average and standard deviation of 9 measurements per channel.

Concentration was normalised over all time points.
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Figure 4.12: Oxygen concentrations in channels 1 —5 at 25 uL/hour (both inlets). Data

points show average and standard deviation of 9 measurements per channel.

Concentration was normalised at each time point.
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Figure 4.13: Data set 1. Oxygen concentrations in channels 1 — 5 at 50 ulL/hour (both

inlets). Data points show average and standard deviation of 9 measurements per

channel. Concentration was normalised at each time point.
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Figure 4.14: Data set 2. Oxygen concentrations in channels 1 — 5 at 50 ul/hour (both

inlets). Data points show average and standard deviation of 9 measurements per

channel. Concentration was normalised at each time point.
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Since the variation in MGVs for both raw data sets at 50 pL/hour don’t indicate
oxygen gettinginto the system, it seems reasonable to assign the fluctuations in these
results to experimental factors as discussed above. However, for the data set at
25 pl/hour it is plausible that there was a slow oxygen leak into the system and the
flow rate was slow enough to allow oxygen to accumulate in the solution. Whereas
doublingthe flow rate to 50 uL/hour allowed the fluid to move faster, preventing any

accumulation of oxygen.

A possible source of the suspected oxygen leak is the acrylic material used to make
the chip. Although the oxygen permeability of PMMA is low (5 cc - mm/m? - 24 hr
- Bar) compared to other materials such as PDMS (4500 cc - mm/m?- 24 hr - Bar) and
polycarbonate (117 cc - mm/m? - 24 hr - Bar), it is still slightly permeable.?®125140
Oxygen is also solublein PMMA to a degree, so oxygen can be stored in the bulk
PMMA and leach out over time, especially in the presence of a concentration

gradient.!?

Table 4.3 provides a summary of the oxygen concentrationsin each channel for each
data set alongside the computational data obtained in Chapter 3. When normalised
at each time point, the three data sets show a consistent range of oxygen
concentrations in each channel. Comparing the computational and normalised
fluorescence data, there is clear agreement between the predicted and measured

values of oxygen concentration in each channel.
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Table 4.3: Average oxygen concentration per channel at 25 ul/hour and 50 ul/hour
(data sets 1, 2 and computational results). Average and standard deviation for
fluorescence experiments taken over all time points greater than 20 minutes for each
channel. Average and standard deviation for computational results taken over all

values from the middle of each channel (Figure 3.7 and Figure 3.10).

Oxygen Concentration (%)

Channel 50 ul/hour 50 ul/hour Computational
25 pl/hour
Data Set 1 Data Set 2 50 uL/hour

1 19.7+0.9 20.4 + 0.5 195+1.1 21.0+0.0

2 186+ 1.4 179+14 171 +1.7 17.14+04

3 11.5+19 10.3+ 2.6 9.6 +24 104+ 0.7

4 45+13 28+1.1 40+1.0 3.8+04

5 0.7 +0.7 0.9+0.7 0.7+0.4 0.0+0.0

The computationalresults discussed in Chapter 3 showed that at 50 uL/hour, oxygen
gradients were presentin channels 2 — 4. The gradient was steepest at the entrance
to channel 3, but reduced down the length of the channel (Figure 3.10 and Figure
3.11). The datais presented again herein a slightly different way. Instead of plotting
concentration across the width of the channel as in Chapter 3, it is plotted down the

length of the channel as shown in Figure 4.15 and Figure 4.16.
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Figure 4.15: Coloured lines show positions where data was collected from

computation results. The three lines in the middle channels 2 —4 were used to produce

the graph in Figure 4.16.
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Figure 4.16: Oxygen concentration down the length of channels 2, 3 and 4 from

simulations in COMSOL Multiphysics® with flow rate at 50 uL/hour. Lines are plotted

from the top (T), middle (M) and bottom (B) of each channel as shown in Figure 4.15.
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The gradients in channels 2 — 4 were also studied using the data collected from the
fluorescence experiments, to compare to the computationresultsin Figure 4.16. The
9 individual measurements of MGV in each channel were labelled A—1 as shown in
Figure 4.17, so that changes in oxygen concentration between the top and bottom
and left and right of the channel could be studied. Results for channels 2, 3 and 4
(data set 1) are shown in Figure 4.18, Figure 4.19 and Figure 4.20 respectively. The
discussion below focusses on data set 1, but similar values and trends were observed
in data set 2. Tabulated results for channels 1 — 5 from both data sets 1 and 2 are

given in Appendix3.

Top

Bottom

Bottom

Figure 4.17: A 3 x 3 image with each individual image labelled A — I. White dashed
lines indicate the outline of each image and the solid white scale bar is 100 um.

B Image of channels indicating orientation and position of images within the channel

network.
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Figure 4.18: Oxygen concentrations in panels A — | for channel 2 from 50 ul/hour, data
set1, at 60, 120 and 180 minutes. L, M and R refer to the left, middle and right of the

channel.
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Figure 4.19: Oxygen concentrations in panels A — | for channel 3 from 50 ul/hour, data

set1, at 60, 120 and 180 minutes. L, M and R refer to the left, middle and right of the

channel.
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Figure 4.20: Oxygen concentrations in panels A— | for channel 4 from 50 ul/hour, data
set 1, at 60, 120 and 180 minutes. L, M and R refer to the left, middle and right of the

channel.

For channels 2, 3 and 4, oxygen concentrations are consistent over each of the time
points at 60, 120 and 180 minutes. Thereis a gradient of oxygen observed in each
channel which is larger on the left of the channel than the right. This can be seen as
the oxygen concentrationon the topside of the channel (panels A, Band C) decreases
from left to right. It is unclear why the oxygen concentration at the bottom side of

the channel does not increase at the same rate, as observed in the computational

resultsin Figure 4.16.

For channel 3, the concentrationsinthetop (A, B, C), middle (D, E, F) and bottom (G,
H, I) are more spread out compared to channels 2 and 4. In channels 2 and 4, the
concentrations in the middle and bottom of the channel are close together, then
there is a larger difference between the middle and the top of the channel. The
computational resultsin Figure 4.16 show a narrower range of concentrations in each
channel with an smooth and even oxygen gradient centred around the middle of the

channel. It is possible that the microscopy results do not show as smooth and
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consistent gradients because of variation in imaging depth due to movement of the
chip duringimaging or subtle inconsistencies in channel depth acquired during the

fabrication process.

4.3 Summary

Oxygenated and deoxygenated solutions of Ru(BPY)s; were used to create gradients
in the chip at 25 plL/hour and 50 plL/hour. The solutions were imaged using a
fluorescence microscope and the oxygen concentrations in the channels were

calculated based on the measured MGVs and the Stern-Volmer equation.

It was found that there was some variation in the MGVs over time due to
experimental factors such as potential movement of the chip during imaging, but
these artefacts could be removed by normalisingthe data. The results at 25 uL/hour
suggested a potential leak of oxygen into the system, but there was no evidence of

oxygen gettinginto the system when the flow rate was increased 50 uL/hour.

The normalised results at 50 pL/hour showed trends in oxygen concentration in the
chip that were similar to those produced by the calculations in COMSOL
Multiphysics® discussed in Chapter 3. The agreement between the two data sets
provides sufficient evidence that oxygen gradients can be created and maintainedin

the chip for time periods of a few hours.

Overall, the combination of computational and fluorescence techniques to measure
oxygen concentration was effective. The fluorescence microscopy technique used
was relatively easy and did not require any special modification to the chip as it had
been designed in Chapter 2. The computational results aided understanding of the
microscopy results and shed light on how gradients developed within the channels,
which may have been more difficult to conclude from the microscopy experiments

alone.

The next step was to culture cancer cells in the chip and study their responses to the

different oxygen conditions. Thisis discussed in Chapter5.
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4.4 Materials and Methods

44.1 Experimental Set-Up

Chip system

The chip system was assembled as shown in Chapter 1, Figure 2.15 and washed
through with 70% ethanolthen water before filling with Ru(BPY)s. Both syringes were
fitted onto the dual syringe pump (Harvard Apparatus, 11 Plus, 70-2212) during flow
experiments. The chip was secured onto the microscope stage with magnetic clips

during measurements.

Ru(BPY)s Solutions

Solutions of Ru(BPY)s; (4 uM) were prepared in PBS. Control solutionsat 21% oxygen
were equilibrated under atmospheric oxygen. Control solutions at 0% oxygen were
prepared by dissolving Na,SO; (50 mg/mL). Solutions at 0% oxygen for gradient

measurements were prepared by bubbling with nitrogen gas for 1 hour.

Control Measurements for Kq Calculations

Two syringes of 21% control solution were connected to chip system. The system was
washed through with solution then flow rate was set to same flow rate as used for
the experiment (25 or 50 pL/hour) for both syringes. Measurements were taken in

each channel 10 minutes apart for 30 minutes. This process was repeated for the 0%

control solution.

Gradient Measurements

One syringe filled with 21% solution and one syringe filled with 0% (nitrogen bubbled)
solution were connected to chip system. The 21% solution was connected to the top
inletand the 0% solution was connected to the bottom inlet of the chip as displayed
in Figure 4.21. The system was washed through with a small amount of solution to

displace the previous sample and then the flow rate was gradually reduced to the
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desired flow rate. Measurements were taken every 15 minutes using the settings
described in section 4.4.2. The total experiment time for the experiment at

25 plL/hour was 45 minutes, for the first experiment at 50 pL/hour was 180 minutes

and for the second experiment at 50 puL/hourwas 235 minutes.

44.2 Imaging

The chip wasimaged usinga Nikon Ti2 Live Imaging microscope with x40 air objective
(CFI Plan Apochromat Lambda) and LED light source (Lumencor SPECTRA X Light
Engine). The excitation and emission wavelengths for Ru(BPY)3; are approximately
450 nm and 630 nm, hence a CFP (cyan fluorescent protein) excitation filter
(414 nm—462 nm) and a TxRed (Texas red) emission filter (566 nm — 716 nm) were
used.'™ The exposure time was 170 ms and the light power was 10%. Large images
were compiled from 3 x 3 individual images for each channel, as shown in Figure 4.21.
The Nikon Elements 5.1 software was used to automate image acquisition. Imaging
positions were saved on the software so that images were taken from the same

positionsin each channel at each time point on the set timing profile.

Arepresentative image produced using the settings detailed in Section 4.4.2 is shown
in Figure 4.22. ImageJ was used to measure the mean gray value in the centre of each
individual image, as shown by the black boxes. Data was collated and analysed in

Origin.
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Figure 4.21: Image of channel network showing approximate position of 3 x 3 images
in channels 1 —5. Arrows indicate 21% oxygen solution feeding into the top inlet and

0% solution feeding into the bottom inlet for gradient generation in the chip.

Figure 4.22: Representative 3 x 3 image produced using settings detailed in Section
4.4.2. One 3 x 3 image is taken for each of channels 1 — 5 at every time point. White
dashed lines show the outline of each individual image. Each individual image is
approximately 300 um x 300 um giving a total imaged area of approximately
900 um x 900 um in each channel. Black boxes show 68 um x 68 um area in the centre

of each image where data is collected from. Solid white scale bar is 100 um.
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4.4.3 Data Analysis

Calculations ofK,Z

The average mean gray value measured over all channel and time points was
calculated for 21% and 0% oxygen control solutions. The values are then assigned as
follows: I is the average value for the 0% solution, I,; is the average value for the
21% solution and [0,] is 21%. These values are then used in the Stern-Volmer

equation to calculate K.

Calculations of Oxygen Concentration

The oxygen concentration for each MGV measurement (9 measurements per channel
per time point) was calculated using the average I, value from the 0% oxygen control
solution. For data collected at 25 pL/hour, oxygen concentrations overall time points
were normalised 0:21. For data collected at 25 puL/hour and 50 pL/hour, the subsets
of oxygen concentrationsfor each time point were normalised 0:21. Then the average
oxygen concentration and standard deviation was calculated for each channel at each

time point.
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Chapter 5:In-Chip Cell Culture

5.1 Introduction

The aim of the work in this chapter was to investigate how to culture cells in the chip
(fabricated in Chapter 2) under an oxygen gradient (characterised in Chapters 3 and
4). Culturingcellsin the chip is different to standard cell culture methods using flasks

and well platesin two major ways.

First, in standard cell culture the media is static (not moving), whereas media flow
over the cells is required in the chip system to maintain the oxygen gradient. This
imposes an additional stress on the cells and is given further considerationin Section
5.1.1. Second, cell culture systems are generally open to allow gas exchange between
the air in the flask and the air in the cell culture incubator (5% CO;), which is
important for buffering the cell culture media at a physiological pH. However, the
chip system s closed, which makes gas exchange between the contained cell culture

media and the atmosphere not possible. Thisis discussed furtherin Section 5.1.2.

Survival of two prostate cancer cell lines, PC3 and DU145, and one liver cancer cell

line, HepG2/C3A, were tested in the chip. Theresults are presented and discussed in

Section 5.2.

5.1.1  Culturing Cells with Media Flow

In standard cell culture methods, cells are grown in flasks, petri dishes or well plates
with media on top and stored in incubators such that the fluid does not constantly
move around on top of the cells. However, the design for the chip presented here

required constant media flow over the cells to maintain the oxygen gradient.

In some scenarios, media flow over the cells can be advantageous because it is a
phenomenon that cells experience in vivo. Systems have been developed to
investigate growth of cells under physiologically relevant shear stress, for example
epithelial cells, cancer metastasis and lung models.***"*> Constant media flow can

also be beneficial for replenishing nutrients and removing waste in the culture.®*%



However, if the flow rate is too high, it can cause damage to cell membranes and

resultin detachment of adherent cell lines.'*’

There are various examples of cancer cells grown under shear stress reported in
literature, some are summarised in Table 5.1. HepG2 cells have been reported to
grow well under shear stress, with studies generally investigating shear stress levels
below 1 dyn/cm?. No examples of prostate cancer cell lines being cultured under
shear stress were found during the course of this project. However, a paper by Liu et
al. shows PC3 cells being cultured in a microfluidicdevice and becoming detached at

shear stress levels over 1 dyn/cm?.*#’

Table 5.1: Literature examples of cancer cell types grown under shear stress.

Organ Cell type Shear stress (dyn/cm?) | Reference

Lung A549 0.145 Wang et al.**®

Cervix Hela 0.145 Wang et al.**®

Liver HepG2 0.7 Liu et al. 1#°

Liver HepG2 1.7x10°-6.2x10° | Keetal™®

Liver HepG2/C3A | 0.02 -0.06 Baudoin et al.}*®
Endometrium | Ishikawa 0.03 Orcheston-Findlay et al.”®

Calculations of shear stress in the channels in the chip designed in Chapter 2 were
performed in COMSOL Multiphysics® based onresults from the fluid flow calculations
in Chapter 3. The calculated levels of shear stressin channels 1 — 5 with flow at both
inlets at 50 pL/hour were between 0.0028 —0.0065 dyn/cm? (Appendix 2). These
levels are well below those reported in Table 5.1 (with the exception of the paper by
Ke et al.) which suggests that it should be possible to maintain cancer derived cell

linesin the chip with flow, particularly hepatocytes.
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5.1.2  Culturing Cells without CO;

In mammalian cell cultures, pH has to be regulated to a physiological level (usually
around 7.2 — 7.4) to maintain cell healthand function.'** In two of the most common
cell culture media types for mammalian cells, DMEM (Dulbecco’s modified eagle
medium) and RPMI (Roswell Park Memorial Institute) 1640 medium, the pH is
controlled by a carbonate buffer system, as described by equation 5.1.>>"* Cells are
usually cultured under an atmosphere of 5 — 10% CO, and media is supplemented

with sodium bicarbonate such that there is a sufficient supply of both CO, and

bicarbonate to buffer the system.!*271>*

CO, + H,0 = HCO; + H* 5.1

However, the chip system described in this work has been designed to be
impermeable to oxygen and is, therefore, also impermeable to carbon dioxide. This
means that the traditional carbonate buffer media system will likely be ineffective at
maintaining a physiological pH because carbon dioxide cannot get into the system.

Hence, alternative media that are not reliant on carbonate buffer were investigated.

L-15 (Leibovitz) medium and CO;-Ind (carbon dioxide independent) medium both use
phosphate buffer system to maintain physiological pH.*****® Monobasic and dibasic
phosphate ions (H,PO4” and HPO4*) are supplemented into the media as potassium
or sodium salts and equilibria between the protonated and deprotonated phosphate
ions forms the buffer system.*>*>® Additionally, L-15 is supplemented with 17 free
base amino acids, of which L-arginine, L-histidine and L-cysteine in particular have

been reported to contribute to pH regulation.*>’**°
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5.2 Results

5.2.1 In-Chip Cell Culture - PC3 Cells

Media and Protein Screen

As explainedin Section 5.1.2, the common cell culture media (DMEM and RPMI) rely
on equilibration at 5-10% CO, so that the carbonate buffer can maintain a
physiological pH. However, CO, equilibration is not possible in the chip because gases
from the atmosphere are unable to permeate into the system. To investigate

alternative media that rely on phosphate bufferinstead of carbonate buffer, culture

of PC3 cells was tested without CO, in CO,-Ind and L-15 media.

For in vitro cell culture of adherent cell lines on plastic and glass materials, it is
common to coat the surface with an extra-cellular matrix (ECM) protein to help the
cells attach and grow on the surface. In this short screening experiment, cells were
also seeded on two different proteins, collagen and fibronectin, to see if the cells

performed better on either coating.

Experimental details of the screen are given in Section 5.4.3. The cells were seeded
on 4 different surfacesin CO;-Ind and L-15 media; glass cover slip coated in collagen,
glass cover slip coated in fibronectin, control glass cover slip soaked in water or PBS
and the plastic tissue-culture treated well plate surface (no cover slip). Triplicate
samples of each condition were prepared and the cells were incubated without CO,
for 3 days. Representative images of the cells in CO,-Ind media and L-15 media are

shown in Figure 5.1 andin Figure 5.2 respectively.

The cells in both CO,-Ind media (Figure 5.1) and L-15 media (Figure 5.2) appeared to
attach and grow on all surfaces tested. However, the cells in CO,-Ind media showed
even confluence whereas the cellin L-15 media showed patchy confluence with some
areas much more densely populated than others. It is unlikely that the patchy
confluence is due to quality of the protein coatings, as this trend was also observed

inthe control cover slip and well plate. This suggested thatthe cells preferred CO,-Ind
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medium to L-15 medium, but the cells showed no strong preference over collagen or

fibronectin.

A Well plate B Coverslip with water

Figure 5.1: PC3 cells in CO,-Ind media. A Blank well plate control. B Cover slip with
water control. C Cover slip coated with 100 ug/mL collagen. D Cover slip coated with
17 ug/mLl fibronectin. Allimages taken on Motic AE200 microscope with x4 objective,

scale bar is 150 um.
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C Coverslip with collagen B Coverslip with PBS A Well plate

Cover slip with fibronectin

D

Figure 5.2: PC3 cells in L-15 media. Representative images of areas with low (left) and

high (right) cell density are shown for each condition. A Blank well plate control.
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B Cover slip with water control. C Cover slip coated with 100 ug/mL collagen. D Cover
slip coated with 17 ug/mL fibronectin. All images taken on Motic AE200 microscope

with x4 objective, scale bar is 150 um.

Seedingin Chip

Since PC3 cells were shown to survive without CO,, seeding them into the chip was

attempted. This work was carried out earlier in the project and the first iteration of

the acrylic chip system was used as described in Section 2.2.3.

Full details of the seeding process are given in Section 5.4.4. Briefly, the chip was
coated with collagen and PC3 cells were seeded into the chip in CO»-Ind medium. The
cells were incubated at 37° C for 3 hours, which was observed to be sufficient time to
allow the cells to attach to the surface of the chip. A representative image is shown
in Figure 5.3 A. The cells were then returned to the incubator and media flow was
started by setting the syringe pump to withdraw at 30 uL/hour. After 30 minutes, it
was observed that the cells had become detached from the surface (Figure 5.3 B).
The cells were thenincubated fora further 1 hourto see if the detached cells would
recover and reattach to the surface. However, after the cells remained detached as

shownin Figure 5.3 C.

This result was unexpected as 30 puL/hour was considered a slow flow rate that would
impose minimum shear stress on the cells in the chip. However, the experiment was
repeated and similar results were obtained. Over the course of this project, no
literature examples of adherent PC3 cells being cultured under media flow were
found. From these experiments, it was concluded that PC3 cells are very sensitive to
shear stress and could not be cultured in this system and so other cancer cell lines

were investigated.
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Figure 5.3: PC3 cells in chip after A 3 hour incubation, B 30 minutes flow at 30 uL/hour
and C 1 hour incubation post flow. All images taken on Motic AE200 microscope with

x10 objective, scale bar is 100 um.

5.2.2  In-Chip Cell Culture - HepG2/C3ACells

Unlike PC3 cells, human hepatocyte cell lines have been grown under flow in
microfluidic devices and it has been demonstrated that they can survive moderate
levels of shear stress, as discussed in Section 5.1.1. Therefore, HepG2/C3A cells were

selected as the next cell type to try to seed in the chip.

Media Screen

First, HepG2/C3A cell survival was tested in CO,-Ind and L-15 media. Approximately
1.2 x 10° cells were seeded in T25 culture flasks in each medium and incubated at
37° Cand 0% CO.. After 1 day, the cells in L-15 were all dead but the cells in CO5-Ind

were still alive.
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Sometimes cells can take time to adapt to a new media. One approach to make the
transition easier, is to gradually dilute the original media with the desired media at
each cell passage. This was tried with HepG2/C3A cells and L-15. During a passage of
the main culture, 1.2 x 10° cells were seeded in a T25 culture flask with 50% DMEM
and 50% L-15 and placed in the incubator with 0% CO,. However, the cells were again

observed to be dead after 24 hours.

The cellsin CO,-Ind media were still alive and so were harvested and counted after 3
days. The cell density had increased from 1.2 x 10° cells to 1.5 x 10° cells. In the main
DMEM culture, cell numbers approximately triple over 3 days. So although the cells
do survivein CO-Ind and 0% CO,, proliferationis much slower thanin DMEM and 5%

CO..

Since the cells survive in CO;-Ind media, it was carried forward to use for seeding cells
in the chip. In future work, optimisation of the media would be carried out to
investigate the addition of nutrients, growth factors or additional buffers to sustain

cell health and proliferation.

Seedingin Chip

Seeding of HepG2/C3A cells in the chip was carried out using the second iteration of
the chip system as described in Section 2.2.4. The seeding process was similarto the

process described for the PC3 cells and full details are given in Section 5.4.5.

In the first experiment, HepG2/C3A cells were seeded in a collagen coated chip and
visually observed to be attached after 5 hours incubation, as shown in Figure 5.4 A.
The cells were incubated without flow overnight (Figure 5.4 B) and it was observed
that this resulted in a deterioration in cell health. Although some cells remained
attached to the surface with characteristic cell morphology, many had become
rounded and detached from the surface. Since there was still some live cells in the
chip, media (21 % oxygen) flow through the chip was carried out at 50 uL/hour (both

inlets) for 4 hours. Figure 5.4 Cand D show cell quality was patchy after exposure to
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media flow. In some areas there were live and attached cells (Figure 5.4 C), but other

areas showed a higher proportionof rounded cells (Figure 5.4 D).

Figure 5.4: HepG2/C3A cells in chip after A 5 hour incubation B overnight incubation
without flow C and D after 4 hours with flow. All images taken on Motic AE200

microscope with x10 objective, scale bar is 100 um.

The presence of live cells indicated that it could be possible to culture HepG2/C3A
cells in the chip under flow with some further optimisation of the process. It was
hypothesised that the deterioration of cell health during the overnight incubation
with no media flow may have been due to depletion of oxygen and nutrients in the
small volume of media in the local environment of the cells. Hence, the experiment
was repeated butthe cells were incubated overnight with media flow at 50 uL/hour

(bothinlets).

Theresultsin Figure 5.5 show images of the cells after 5 hours of incubation without

flow to allow the cells to attach to the surface (Figure 5.5 A) and after media (21%
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oxygen) flow overnight at 50 pL/hour (Figure 5.5 B). The image in panel B shows that
there were many live cells remaining after the period of flow. Cell health appeared
improved compared to the overnightincubation without flow (Figure 5.4 B) as there
were more attached cells with characteristic morphology and fewer rounded cells.

The cells were also more consistent throughoutthe chip.

The same cells were then exposed to hypoxic media flow at 50 puL/hour overnight.
Media was deoxygenated as described in Section 5.4.6. As shown in Figure 5.5 C, the
cells also appeared healthy and alive, demonstrating that the HepG2/C3A cells can

be cultured in the device under flow for up to 2 days and can survive in hypoxic

conditions.

To confirm that the cells that appeared healthy and attached to the surface were
indeed alive, they were stained with Trypan blue. Trypan blue is a dye that cannot
permeate live cell membranes but can accumulate in dead cells. Cells in the chip were
stained by first removing all tubing and attachments, then pipetting 1:1 solution of
CO,-Ind:Trypan blue into the channels. The image in Figure 5.5 D shows most cells
have excluded Trypan blue, and appear lighter against the blue background of the

solution, whereas dead cells are highlighted as dark blue circles.
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Figure 5.5: HepG2/C3A cells in chip after A 5 hour incubation B overnight incubation
with 21% O, media flow C overnight incubation with 0% O, media flow and D stained
with trypan blue. All images taken on Motic AE200 microscope with x10 objective,

scale bar is 100 um.

5.2.3  In-Chip Cell Culture - DU145 Cells

Following on from the successful method developed to culture HepG2/C3A cells in
the chip, the same protocol was tested with an alternative prostate cancer cell ling,
DU145. The cells were tested in the chip using a similar method as was used for the
HepG2/C3A cells (Section 5.4.5) to see if the DU145 cells were more resistant to shear

stress compared to the PC3 cells.
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Media Test

The DU145 cells were seeded in a T25 culture flask at a density of 0.5 x 10° cells/mL
in CO,-Ind medium and incubated without CO,. After 3 days, the cells were harvested

and counted and the cell numbers had increased to 0.7 x 10° cells/mL.

Similarto the HepG2/C3A cells, the DU145 cells grow slowly in CO>-Ind medium. The
medium is sufficient to culture cells without CO, and should be suitable for testing

culture of the cells under media flow in the chip.

Seedingin Chip

The cells were seeded in a collagen coated chip at a density of 2.7 x 10° cells/mL and
the cells appeared attached to the surface after 5 hours, as shown in Figure 5.6 A.
The cells were exposed to media flow of 50 puL/hour at each inlet and cells were
observed to be rounded and detached after 1.5 hours, as shown in Figure 5.6 B. The
same cells were incubated in the chip overnight withoutflow and appeared to still be
alive and reattached to the surface (Figure 5.6 C). The cells were exposed to media
flow of 50 uL/hour at each inlet for 3 hours, but again the cells became rounded

(Figure 5.6 D).
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Figure 5.6: DU145 cells in chip after A 5 hour incubation B 1.5 hours of media flow C
overnight incubation without media flow and D 3 hours of media flow. All images

taken on Motic AE200 microscope with x10 objective, scale bar is 100 um.

5.3 Summary

The experiments in this chapter tested the ability of two prostate cancer cell lines,
PC3 and DU145, and one liver cancer cell line, HepG2/C3A, to survive inside the chip

with media flow and without CO,.

The ability of the cells lines to grow without CO, in CO;-Indand L-15 media was tested
usingstandard cell culture flasks or well plates. PC3 and HepG2/C3A cells were shown
to prefer CO,-Ind over L-15 medium, however, growth of HepG2/C3A and DU145 cells
was shown to be slower thanin DMEM and RPMI respectively with 5% CO,. Despite
the slow growth, CO,-Ind media was used to seed each cell type into the chip and test

cell survival under flow.
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Thein-chip experiments demonstrated that both prostate cancer cell lines were very
sensitive to shear stress and could therefore not survive the media flow inside the
chip.Onthe otherhand, HepG2/C3Acells did survive the flow and could be kept alive
in the chip with media flow at 50 pL/hour for 2 days, including 24 hours with media

at 0% oxygen.

Although CO,-Ind media kept HepG2/C3A cells alive in the chip, the slow growth in
the culture flask media tests suggested that the cells were not as healthy as they
could be. This is something that could be investigated further in future work. For
example, adding additional buffering agents, growth factors or proteins to the
medium could make the environment even more suitable for maintaining cell health

and proliferation.

Culture of HepG2/C3A cells in the chips is continued in the next chapter, where

expression of hypoxia dependent proteins in the cells under hypoxic gradients is

investigated.

5.4 Materials and Methods

5.4.1 Cell Culture Materials

All materials used for cell culture are listed in Table 5.2. DMEM, RPMI, L-15 and
CO,-Ind media were all supplemented with 10% FBS and 1% pen-strep (v/v) and
CO;-Ind medium was also supplemented with 5% L-glutamine (all v/v). All cell types

were gifted from colleagues at the University of Edinburgh.

5.4.2 Routine Cell Culture

HepG2/C3A were cultured in DMEM and DU145 and PC3 cells were cultured in RPMI.
Cells were maintained in flasks in cell culture incubators at 37° C, 95% humidity and
5% CO,. Cells were fed as required and passaged when the flasks reached
approximately 80% confluence. TripLE™ Express Enzyme was used to detach cells

during passaging.
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Table 5.2: Materials and Sources for Cell Culture

Material Supplier Product code
CO; Independent Medium Gibco (Thermo Fisher Scientific) | 18045088
Collagen, Type 1, Rat Talil Corning 354249
Corning Costar Tissue Culture (TC)- | Merck CLS430641U,
Treated Flasks CLS430372
Corning Costar Tissue Culture (TC)- | Merck CLS3513

Treated Multiple Wells Plates

Dulbecco’s modified eagle | Gibco (Thermo Fisher Scientific) | 31885023
medium (DMEM)

Dulbecco’s phosphate buffered | Sigma-Aldrich (Merck) D8537

saline (PBS)

Fetal Bovine Serum Sigma-Aldrich (Merck) F7524

Fibronectin, bovine plasma Sigma-Aldrich (Merck) 341631

Geltrex™  LDEV-free  reduced | Gibco (Thermo Fisher Scientific) | A1413201
growth factor basement

membrane matrix

Leibovitz L-15 medium Gibco (Merck) L1518
L-Glutamine Gibco (Thermo Fisher Scientific) | 25030081
Millex-GP 0.22 um syringe filter Millipore (Merck) SLGP0O33R

Penicillin-streptomycin (pen-strep) | Gibco (Thermo Fisher Scientific) | 15140122

Roswell Park Memorial Institute | Gibco (Thermo Fisher Scientific) | 21875034
(RPMI) 1640 medium

TripLE™ Express Enzyme (1X) Gibco (Thermo Fisher Scientific) | 12605-010
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5.4.3 PC3 Media and Protein Screen

Coverslips (18 mm) were sterilised in 70% ethanol and rinsed three times with water
or PBS. Nine cover slips were placed into each of two 12-well plates; three were
covered with fibronectin solution (17 pg/mL in PBS), three were covered with
collagen solution (100 pg/mL in PBS), three were covered with water (CO,-Ind well
plate) or PBS (L-15 well plate) and the remaining 3 well were left empty. The plates
were refrigerated at 4° C overnight then rinsed twice with PBS. PC3 cells were seeded
atapproximately 100,000 cellsin 1.5 mL mediain each well. CO,-Ind media was used
for one well plate and L-15 media was used for the other. Cells were incubated at
37° C,95% humidity and 0% CO; for 3 days then imaged on a Motic AE200 microscope

with x4 objective.
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5.4.4 Seeding PC3 Cells into Chip

The first iteration of the acrylic chip system was used as described in Section 2.2.3.

An image of the system from Figure 2.12 C is shown again here in Figure 5.7.

Figure 5.7: Image of first iteration of acrylic chip system (repeated from Figure 2.12 C).
The image shows the chip sealed with glass cover slip inside the incubator, needles
are attached at each inlet to the chip and inserted through septa into foil pouches
containing media. The longer tube is connected to the chip outlet and a syringe which

sits on the syringe pump outside of the incubator.

All components of the system were sterilised with 70% ethanol and washed with PBS.
The channels of the chip were filled with 100 pg/mL collagen, refrigerated at 4° C
overnight, washed with PBS and then washed with CO,-Ind medium. Tubing and
needles were filled with PBS and attached to the chip, the system was washed
through with CO,-Ind media via a syringe attached to the outlet tube. Foil pouches
were then filled with CO;-Ind medium and inlet needles were inserted through the
septa. Cells were cultured in RPMI and resuspended in CO;-Ind medium before
injectinginto chip. A suspension of 3 x 10° cells/mLwas injected into the system by a
syringe on the outlet tube. This syringe was then swapped for a syringe containinga

smallamount of media and the chip was incubated at 37° C for 3 hours.
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Images of the cells inside the chip were taken with a Motic AE200 microscope with
x10 objective. The chip was then returned to the incubator andthe syringe pump was
set to withdraw media through the system at 30 pL/hour for 30 minutes. The cells
were imaged, returned to the incubator for 1 hour without flow and then imaged

again.

5.4.5 Seeding HepG2/C3A Cells in Chip

The second iteration of the acrylicchip system was used as described in Section 2.2.4.

An image of the system from Figure 2.15 A isshown again here in Figure 5.8.

Figure 5.8: Image of second iteration of acrylic chip system (repeated from Figure 2.15
A). The image shows the chip sealed with a thin acrylic sheet, tubing is attached at
each inlet to the chip and then connected to glass syringes which sit outside the
incubator on a dual syringe pump. A needle is connected to the chip outlet and

insertedthrough septa into a foil pouch which collects the outflow.

Tubing, needle, pouch and chip were sterilised with 70% ethanol and washed with
PBS. Glass syringes and septa were sterilised by autoclave. The channels of the chip
were filled with 100 pg/mL collagen, refrigerated at 4° C overnight, washed with PBS
and then washed with CO,-Ind medium. Tubing/needles were filled with PBS and
attached to the chip, the system was washed through with CO»-Ind media via two
syringes connected to the inlets. The foil pouch was then filled 5-10 mL PBS and the

outlet needle was inserted through the septum. Cells were cultured in DMEM and
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then resuspended in CO,-Ind medium before injecting into the chip. Approximately
0.5 mL cell suspension (4.0 x 108 - 4.5 x 10° cells/mL) was injected into the system
through each syringe. The syringes were then swapped for syringes containing media
and the chip was incubated at 37° C for 5 hours. Flow was set on the dual syringe
pump at various flow rates for various lengths of time as specified in the main results

text (Sections 5.2 and 6.2).

5.4.6  Preparation of Deoxygenated Cell Culture Media

An RBF and septum were sterilised by autoclave and a magnetic stirrer bar was
sterilised in 70% ethanol and rinsed with PBS. In a sterile tissue culture hood, the
desired volume of media was placed in the RBF with magnetic stirrer bar and sealed
with the septum. Two sterile needles (21G, 4.75”) were inserted through the septum
and capped with 0.22 um syringe filter. The RBF was then removed from the hood
and placed on a stirrer plate. The solution was gently agitated and the needles were
positioned above the level of the fluid. One needle was attached to a flow of nitrogen

gas for approximately 1 hour.

The flow was then stopped, a balloon of nitrogen gas was attached over one filter
and the other needle was removed. The RBF was placed back in the sterile tissue
culture hood and syringes were filled with deoxygenated media. To confirm that the
media was effectively deoxygenated, remaining media was decanted into a beaker
via syringe and the oxygen level was measured using the Hach HQ40d Multimeter

LDO Probe as described in Section 2.4.3.
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Chapter 6: Immunofluorescence Staining of Hypoxic Markers

in Cells In-Chip

6.1 Introduction

In Chapter 5, it was shown that HepG2/C3A cells can survive under flow in the chip
at 21% oxygen and 0% oxygen. In this chapter, the aim was to culture HepG2/C3A
cells in the chip under gradients of oxygen and then measure a metabolic marker to
show that the cells in the hypoxic areas of the chip behave differently to the cells in

the normoxicareas of the chip.

There are many established approaches for investigating and measuring cellular
hypoxia in vitro, as summarised in a recent review by Godet et al.®> Examples of
techniques which involve direct measurements of intracellular oxygen, formation of
oxygen dependent protein adducts, measurement of nitroreductase activity and

detection of protein targets upregulated by hypoxia are discussed in Sections

6.1.1-6.1.4.

The approach chosen for the work in this chapter was to examine expression of two
different proteins, HIF-1a and carbonic anhydrase 9 (CAIX), in cells in the chip using
immunofluorescence (IF) staining. These markers were selected because HIF-1a
accumulates in the nucleus and has a fast response to hypoxia, whereas CAIX is
membrane associated and may take longer to accumulate. The hypothesis was that
expression of both proteins should increase as oxygen concentration decreases

across the chip.

6.1.1 Intracellular Oxygen Measurements

Fluorescent probes can be used to measure the intracellular oxygen concentration,
using the same principles as discussed in Section 4.1.2. An oxygen sensitive
metal-based complex is added to the cell culture, where it accumulates in the cells

by crossing the cell membrane and is then imaged using fluorescence microscopy.



Where oxygen is present, fluorescence is quenched, therefore, higher fluorescence

intensity/lifetime is used to identify hypoxic cells.***¢°

Zhangetal. showed thataniridium based complex could be used to identify hypoxic
environments of less than 5% oxygen in live in vitro cell cultures as shown in Figure
6.1.1%% Cell culture lines tested were Chinese hamster ovary (CHO), human cervical
cancer (Hela), mouse squamous cell carcinoma (SCC-7) and human glioblastoma

(U251).

Figure 6.1: Iridium based fluorescent probe in CHO, Hela, SCC-7 and U251 cells at 20%
and 5% oxygen. Reproduced from Zhang et al. with permission from the American

Association for Cancer Research.

There is also a commercially available range of intracellular oxygen probes, Image-IT
Red and Green Hypoxia Reagents by Invitrogen. The red option is reversibly
fluorescent and can be used to image oxygen concentration in real time. The green
option is irreversible and fixable such that any cells that have been hypoxic can be
identified, even if they become re-oxygenated.!®! Both red and green probes have
been shown to be effective for measuring oxygen concentrations of less than 5% in

bone (U20S), lung (A549) and cervical (HelLa) cancer cell lines.*®!
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6.1.2 Hypoxia Dependent Protein Adducts

Hypoxyprobe™ is a well-established commercially available product for measuring
hypoxia in cells thathas beenin use for over 20 years.*® The hypoxia dependent agent
is pimonidazole, which enters the cells and becomes reduced (NO; to NH,) when
oxygen concentration islow. The reduced pimonidazole can then bind to thiol groups

inamino acids viatheimidazolering, as shown in Figure 6.2, and the resulting adduct

is stained with a fluorescent antibody.*®?

[X\ NO \S \gl\{% NH

OH - OH
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=

Figure 6.2: Structure of pimonidazole (left) and reduced pimonidazole bound to thiol

group (right). R represents amino acid/peptide/protein.'%162

Recent examples by Kang et al. and Ando et al. show Hypoxyprobe™ being used in
2D cultures of primary hepatocytes and human breast cancer cells (MCF-7)
respectively.'®%° Both examples show that Hypoxyprobe™ can identify hypoxia

below approximately 1.3% oxygen. 19107109

6.1.3  Nitroreductase Activity Probes

In hypoxiccancer cells, the metabolicswitch to glycolysis resultsin a more reductive
intracellular environment and accumulation of nicotinamide adenine dinucleotide
(phosphate) NAD(P)H.'%%1%* Reductase enzymes, such as nitroreductase, are also

upregulated and can catalyse the reduction of nitroaromatic compounds by

NAD(P)H .19,164,165
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Hence, fluorescent probes with nitroaromatic structures have been developed to
detect hypoxic cells indirectly. The probes enter the cell in a non-fluorescent form,
where they are reduced by nitroreductase and NAD(P)H to generate a fluorescent
product in hypoxic cells. Higher fluorescence correlates to increased levels of

nitroreductase and a more hypoxicintracellular environment. 1916416

This method has an advantage over the others, as these probes can detect larger
ranges of hypoxia and can be used in live cells (as opposed to fixed cells). Fan et al.
demonstrated the use of a novel probe which detected nitroreductase activity in
cervical cancer (Hela) cellsat 1, 5,10 and 20% oxygen.'®® As expected, nitroreductase

activity increased as oxygen concentration decreased, as shown in Figure 6.3.1%¢

20% 10 % 5% 1%

30 4
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Figure 6.3: Hela cells stained with a novel nitroreductase probe. Panels | — L show
merged fluorescence and bright field images of the cells at 20, 10, 5 and 1% oxygen
respectively. Panel M shows the mean fluorescence intensity in each fluorescence

image. Reprinted from Fan et al. with permission from the Royal Society of Chemistry.
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There is a diverse range of this style of probe presented in the literature and thereis
also a commercially available nitroreductase sensitive probe, Hypoxia Red, developed
by Enzo.'®*%7 Jing et al. used Hypoxia Red to effectively monitor development of

hypoxia in lung cancer cells (A549) over time (6 hours).'®*

6.1.4 HIF-1a and Downstream Protein Targets

As discussed in Section 1.1.3, HIF-1a is stabilised in hypoxic cells resulting in
transcription of many downstream protein targets that aid cancer cell survival and
tumour growth. Many analytical techniques are available for looking at specific
protein levelsin cells including western blotting and flow cytometry.®8%° However,
immunofluorescence staining (IF) is a more appropriate technique for examining cells
in microfluidic devices because the cells can be fixed (preserved) and stained in situ

without removingthem from the device.

Specific proteins within the cells can be stained by selective fluorescent antibodies,
and then imaged using fluorescence microscopy.*’® Expression of the protein of
interest can then be correlated to oxygen conditions within the cell. For example,
Ando et al. used IF stainingto observe an increase in GLUT-1 expression in MCF-7
cells cultured in a microfluidic device where hypoxia was generated by cellular
consumption of oxygen.!% Additionally, Kang et al. observed an increase in HIF-1a in
hepatocytes cultured in a microfluidic device after only 2 hours exposure to hypoxic

conditions generated by oxygen scavenging chemicals.*®’

6.1.5 Statistical Analysis

In this chapter,immunofluorescence images of cells stained for HIF-1a or CAIX were
acquired. The mean gray values of the cells were analysed and compared when cells
were exposed to hypoxic and non-hypoxic conditions. Statistical tests were
performed on the data collected to highlight any significant differences between the

cells in different environments.
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Common methods used to mathematically compare the means of normal (Gaussian)
distributionsare t-tests (for two distributions) and analysis of variance (ANOVA) (for
more than two distributions). ANOVA can identify statistically significant differences
within a set of samples, but cannot report on which two samples are statistically
different to each other. To do this, post-hoc analysis - usually a Tukey test - is done

to compare each pair of samples.!’?

These methods consider the mean, sample size and standard deviation to determine
if the distributions being compared are the same or different. Each test assumes a
null hypothesis that the distributions are the same. The distributions are
mathematically compared and a probability value (p) is reported between 0 and 1. If
pis1, the null hypothesisistrue and distributions are considered the same. However,
if p falls below a certain threshold, usually 0.05, the hypothesis is rejected and the
distributionscan be considered statistically different. Another way of phrasingthisis
if p < 0.05, the chance of observing a difference between the means when the

distributions are the same is < 5%. So when p is very small, it is more likely that the

distributionsare truly different and the null hypothesis can be rejected.*”*

ANOVA and t-tests make some assumptions about the data sets, including that the
sample sizes are similar and the distributions are Gaussian. However, these
assumptions were not always true for the data presented in this chapter. The
nonparametricequivalent to a t-testis the Mann-Whitney test and the equivalent to
ANOVA with post-hoc Tukey test is the Kruskal-Wallis with post-hoc Dunn’s test.
These tests use mathematical methods to compare population medians and results
are reported as p values. These nonparametric tests work best if the distribution of
populations being compared is similar, although they make no assumptions about
what that shape is. They are also more appropriate for comparing populations of

different sample sizes.'’*

In general, Mann-Whitney and Kruskal-Wallis tests are less statistically powerful

compared to t-test and ANOVA, which means that the mathematical methods may
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be less effective at identifyingtrue differences. However, they are used for the results
presented in this chapter because the basic assumptions are more appropriate for

the data sets.'”*

6.2 Results

6.2.1 HIF-1a and CAIX Screen

A short screen was carried out to investigate expression of HIF-1a and CAIX in
HepG2/C3A and DU145 cells. It is known that HIF-1a and CAIX are expressed by
prostate cancer and hepatocyte cell lines, however, this experiment tested if
increases in protein levels could be measured by IF staining after a few hours of
exposure to hypoxic conditions.’>"Y’> The results of this screen were then used to
inform which protein to look for to measure aresponse from the cells cultured under

different oxygen conditionsin the chip, as discussed in Section 6.2.2.

To do the screen efficiently, cells were cultured on a 96-well plate and exposed to
CoCl; (a hypoxia mimetic) for 3 hours. Treated and untreated samples were then
stained for HIF-1a.and CAIXand the cells were imaged using fluorescence microscopy
asdescribed in Section 6.4. Representative images of HIF-1a stained samples for each
cell type are shown in Figure 6.4. One image was taken per sample (three samples
per condition and stain) and the mean fluorescence intensity of all the cells in each
image was measured using Imagel. The mean gray values across all images for each
conditions were combined into a single histogram, as shown in Figure 6.5. The figure
shows that the combined histogram reflects the shape of the distributions from the
individual images. The histograms for HepG2 cells and DU145 cells are plotted in
Figure 6.6 and Figure 6.7 respectively. Since all of the histograms show a
non-Gaussian distribution, Mann-Whitney tests were used to compare treated and

untreated sample distributions (Appendix5).

Both cell types showed an increase in HIF-1a after treatment with CoCl,. However,
the MGVs for the HepG2/C3A cells are lower suggesting thatin general, HepG2/C3A
cells express less HIF-1a than DU145 cells. The HepG2/C3A treated and untreated
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cells showed similar CAlX expression over the short period of hypoxia. The untreated
DU145 cells showed higher expression of CAIXin the untreated sample compared to

the treated sample, which is the opposite of the hypothesised trend.

Untreated Treated

HepG2/C3A

DU145

Figure 6.4: Representative images of HepG2/C3A cells (A and B) and DU145 cells (C
and D) untreated (A and C) or treated with 400 uM CoCl, for 3 hours (B and D). Scale

bar is 50 um.
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Figure 6.5: Histograms (bin width 150) of cells in three samples (S, one image per
sample) and the same three histograms combined into one. All of the histograms

show a similar shape, with the peak on the left side of the distribution and a longer

tail to the right.
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Figure 6.6: Histograms of HepG2/C3A cells treated (T) with 400 uM CoCl; or untreated
(UT) and stained with for HIF-1a or CAIX. Control samples (Cont) were not incubated
with a primary antibody but were stained with Alexa Fluor® 488. Histograms (bin
width 300) show combined results from three samples, red line labelled with asterisk
indicates the median. Differences between each set of treated and untreated
distributions were significant (p < 0.0001) by a two-tailed Mann-Whitney test. Full

statistical results are tabulated in Appendix 5.
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Figure 6.7: Histograms of DU145 cells treated (T) with 400 uM CoCl;, or untreated (UT)
and stained with for HIF-1a or CAIX. Control samples (Cont) were not incubated with
a primary antibody but were stained with Alexa Fluor® 488. Histograms (bin width
450) show combined results from three samples, red line labelled with asterisk
indicates the median. Differences between each set of treated and untreated
distributions were significant (p < 0.0001) by a two-tailed Mann-Whitney test. Full

statistical results are tabulated in Appendix 5.
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Inthe standard IF stainingtechnique, the cell membrane s disrupted (permeabilised)
to allow antibodies and staining agents to enter the cell and tag onto the protein of
interest. However, CAIX is a membrane-associated protein so it is possible that the
protein could become damaged during this step. The screen was repeated but the
membrane permeabilisation step of the staining protocol was skipped for a subset of
the CAlXsamples. The results for the HepG2/C3Aand DU145 cells are shown in Figure
6.8 and Figure 6.9 respectively.

The trends for HIF-1laand CAIX expression were reproduced in both cell types. Trends
in CAIX expression in both cell types were the same regardless of whether the
membrane was permeabilised or not. Since the results showed a reproducible
difference in HIF-1a expression between hypoxicand non-hypoxic conditionsover 3

hours, HIF-1a was carried forward to study cells in the chip.
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Figure 6.8: Histograms of HepG2/C3A cells treated (T) with 400 uM CoCl, or untreated
(UT) and stained with for HIF-1a or CAIX. For one set of samples stained with CAIX,
the cell membranes were not permeabilised (NP). Control samples (Cont) were not
incubated with a primary antibody but were stained with Alexa Fluor® 488.
Histograms (bin width 150) show combined results from three samples for HIF-1ae and
two samples for all others, red line labelled with asterisk indicates the median.
Differences between each set of treated and untreated distributions were significant
(p < 0.0001) by a two-tailed Mann-Whitney test. Full statistical results are tabulated

in Appendix 5.
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Figure 6.9: Histograms of DU145 cells treated (T) with 400 uM CoCl; or untreated (UT)
and stained with for HIF-1a or CAIX. For one set of samples stained with CAIX, the cell
membranes were not permeabilised (NP). Control samples (Cont) were not incubated
with a primary antibody but were stained with Alexa Fluor® 488. Histograms (bin
width 400) show combined results from three samples for HIF-1a and two samples for
all others, red line labelled with asterisk indicates the median. Differences between
each set of treated and untreated distributions were significant (p < 0.0001) by a two-

tailed Mann-Whitney test. Full statistical results are tabulated in Appendix 5.
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6.2.2  HIF-1a Expressionin HepG2/C3A Cells In-Chip

The experiments discussed so far have shown thatitis possible to culture HepG2/C3A
cells in the chip under a flow rate of 50 puL/hour for up to 2 days. HepG2/C3A cells
also show an increase in HIF-1a in a standard well plate in response to hypoxic
conditions imposed by CoCl,. Thus, the aim of the experiments discussed in this
section was to grow HepG2/C3A cellsin the chip, expose them to a gradient of oxygen
and measure a higher HIF-1a expression in cells cultured in areas of the chip with

lower oxygen concentration.

Experiment1

The cells were seeded in the chip as described in Section 5.4.5 and then incubated
overnight with a media (CO»-Ind, 21% oxygen) flow rate of 50 uL/hour at each inlet.
Syringes were arranged with oxygenated medium (21% oxygen) feeding into the
channel 1 side of the chip and deoxygenated medium (0% oxygen, prepared as
described in Section 5.4.6) feeding into the channel 5 side of the chip, as shown in
Figure 6.10. The flow rate was set to 50 pL/hour, exposing the cells to the oxygen
gradient overnight. The cells were then stained for HIF-1a as described in Sections

6.4.1 and 6.4.4.

21% > C\ _/\
- ﬁ C\ :/ﬁ/i /\/ O
7 =@
\_.

0%93

Figure 6.10: Channel network showing inlet arrangement of oxygenated (21% oxygen)

and deoxygenated (0% oxygen) media with respect to numbered channels.
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Five images of cells were taken in each channel, then the mean fluorescence intensity
of every cell was measured using Imagel. The mean gray values across all images
were combined into a single histogram, as shown in Figure 6.11. The figure shows
that the combined histogram reflects the shape of the distributions from the
individual images. The histograms for each channel are plotted in Figure 6.12. Since
all of the histograms show a non-Gaussian distribution, Kruskal-Wallis tests were

used to statistically analyse the distributions.

It was expected that as hypoxia increased from channel 1 through to channel 5 the
expression of HIF-1a would increase. The results do generally show this trend. The
median MGVincreases from channel 1to 5 indicatingincreased expression of HIF-1a
with the exception of channel 3. The Kruskal-Wallis and post-hoc Dunn’s test
indicated a significant difference between the distributions in channels 1 and 5, which
suggests that the cells may be respondingto the different levels of oxygen. However,
the unexplained dip in the trend in channel 3 and the relatively small differences
between the median MGVs with respect to the range of the distributions indicates

that the results may be down to chance.
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Figure 6.11: Histograms (bin width 300) of cells in five images (Im) of channel 1 and
the same five histograms combined into one. All of the histograms show a similar

shape, with the peak on the left side of the distribution and a longer tail to the right.
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Figure 6.12: HIF-1a expression in HepG2/C3A cells cultured in the chip and exposed to
an oxygen gradient for 24 hours. Images were taken with 5 s exposure and 80% light
power. Histograms (bin width 350) show combined results from five images per
channel, red line labelled with asterisk indicates the median. Differences between all
channels were statistically significant (p < 0.05) except for differences between
channels 1 and 3 and channels 4 and 5. Full statistical results are tabulated in

Appendix 6.
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Experiment 2

Experiment 1 was repeated but the cells in the chip were exposed to a gradient of
CoCl; instead of a gradient of oxygen. It was thought that the CoCl; gradient may

resultin a larger differencein HIF-1a in cells across the chip since it has been shown

to work in the well plate control experiments.

The experimental process was the same as for Experiment 1 except the deoxygenated
medium was replaced with medium supplemented with 100 uM CoCl,. A well plate
control experiment was conducted to show that HepG2/C3A cells experience an
increase in HIF-1la after incubation with 100 uM CoCl; overnight, as discussed in
Appendix 4. The results, shown in Figure 6.13, show higher median MGVs for
channels 1 and 2 compared to channels 3, 4 and 5. The results suggest that the cells
in channel 1 (0 uM CoCl;) show higher expression of HIF-1a compared to the cells in
channel 5 (100 uM CoCl;). The difference was statistically significant (p = 0.014),
however, it contradicts the hypothesised result that cells in more hypoxic regions

(higher CoCl,) would show higher HIF-1a expression.
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Figure 6.13: HIF-1a expressionin HepG2/C3A cells cultured in the chip and exposed to
a gradient of 0 uM (channel 1) - 100 uM CoCl; (channel 5) for 24 hours. Images were
taken with 5 s exposure and 80% light power. Histograms (bin width 400) show
combined results from five images per channel, red line labelled with asterisk
indicates the median. Differences between all channels were statistically significant

(p < 0.05) except for differences between channels 3, 4 and 5. Full statistical results

are tabulated in Appendix 6.
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One potentialreason that the differences between channels are small and the trends
are notasexpectedisthatthe cells are experiencingshear stress, which is causingan
increase in HIF-1a unrelated to the hypoxic conditions. It may be possible that the
cells do experience an increase in HIF-1a as a result of low oxygen or CoCl,, but that
this increase is small compared to the increase in HIF-1a as a result of shear stress

Therefore, the difference in HIF-1a due to oxygen concentration is overwhelmed by

the increase due to shear stress.

As discussed in Chapter 3 (Section 3.3 and Appendix 2), channels 1 and 5 experience
the lowest shear stress (0.0028 dyn/cm?) followed by channels 2 and 4
(0.0055 dyn/cm?) and channel 3 (0.0065 dyn/cm?). So, if the hypothesis that shear
stressincreases HIF-1a istrue, a trend with a peakin HIF-1a expression for channel 3
would be expected, but this is not observed. Perhaps the variation in shear stress
between the channelsisinsignificant—given that the values are all of the same order
of magnitude —compared to the average level of shear stress experienced across the

chip.

Feng et al. and Wu et al. have reported an increase in HIF-1a in human endothelial
cells as a result of shear stress, but no reports of this occurring in cancer cells were

found in literature over the course of this project.!’®”

Experiment 3

In this experiment, the time that the cells were exposed to flow was reduced to
minimise exposure to shear stress. Also, an additional protein coatingwas added on
top of the cells to try to give them extra protection from the flow. The cells were
coated with Geltrex™, which isa basement membrane matrix that contains proteins
commonly found in the ECM including collagen, laminin and entactin.'’® Rather than
incubatingthe cells overnight with the flow, the cells were then exposed to a gradient
of CoCl; for 3 hours directly after seeding and coating with protein. The CoCl,

concentration wasincreased from 100 uM to 400 uM so thatthe concentration and
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time of exposure matched the conditions used for the screening experiments

discussed in Section 6.2.1.

The cells were seeded as before, and after 3 hours, the channels were filled with a
solution of 0.3 mg/mL Geltrex™ in CO,-Ind media. The cells were incubated for a
further 1 hour to allow the proteins to settle into a thin layer on top of the seeded
cells. As in Experiment 2, normal CO»-Ind medium was inserted via the inlet close to
the channel 1 side of the chip and medium supplemented with 400 uM was inserted
viathe inlet close to the channel 5 side of the chip. The flow was set to 50 pL/hour at
both inlets, exposing the cells to the gradient for 3 hours before fixing, staining for

HIF-1a and imaging.

The results are shown in Figure 6.14 and this time there is a slight increase in MGV
from channel 1 (0 uM CoCl;) to channel 5 (100 uM CoCl;), indicating the cells in
channel 5 have higher HIF-1a expression than the cells in channel 1. Differences
between all channels were significantly different (p < 0.0001) except differences
between channels 1and 2and channel4and 5. Theresults follow the expected trend,
however, the difference is still relatively small compared to the range of the
distributions, so this result could still be down to chance. The results suggest that
reducing the amount of time the cells are exposed to flow and coating them with
extra protein could be helpful for identifying differences in expression of HIF-1a due

to hypoxicconditions.
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Figure 6.14: HIF-1a expression in HepG2/C3A cells cultured in the chip and exposed to
a gradient of 0 uM (channel 1) - 400 uM CoCl, (channel 5) for 3 hours. Images were
taken with 5 s exposure and 10% light power. Histograms (bin width 250) show
combined results from five images per channel, red line labelled with asterisk
indicates the median. Differences between all channels were statistically significant

(p < 0.0001) except for differences between channels 1 and 2 and channels 4 and 5.

Full statistical results are tabulated in Appendix 6.
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Experiment4

To build on the conclusions from Experiment 3 and try to increase the difference
between the hypoxic and non-hypoxic regions of the chip, the time that cells were
exposed to flow in this experiment was reduced further from 3 hours to 1.5 hours.
The cells were seeded in the same way as described for Experiment 3 with the
0.3 mg/mL Geltrex™ coating. The gradient was set up with 0 uM CoCl, feeding into
the channel 1 side and 400 uM CoCl; feedinginto the channel 5 side of the chip.

It was expected that the cells in channels4and 5 exposed to higher concentration of
CoCl; would have higher expression of HIF-1a than cells in channels 1 and 2 where
the concentration of CoCl; is zero. However, the results in Figure 6.15 show the
opposite, with channels 1 and 2 showing slightly higher median MGVs than cells in

channels4 and5.

This experiment concludesthat reducingthe time that the cells are exposed to media
flow was not helpful for increasing the difference in expression of HIF-1a in cells
across the CoCl; gradientin the chip. It is possible that the expected trend in HIF-1a
expression was not observed here because the time of exposure to the gradient was
reduced too far. The cells may require 3 hours as a minimum, as used in well plate
experiment and Experiment 3, to respond to hypoxic conditions and significantly

increase levels of HIF-1a.
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Figure 6.15: HIF-1a expression in HepG2/C3A cells cultured in the chip and exposed to

a gradient of 0 uM (channel 1) - 400 uM CoCl; (channel 5) for 1.5 hours. Images were

taken with 5 s exposure and 10% light power. Histograms (bin width 150) show

combined results from five images per channel, red line labelled with asterisk

indicates the median. Differences between channels 1 and 2 and channels 3, 4 and 5

were not significant. Differences between channels 1 or 2 and channels 3, 4 or 5 were

significant (p < 0.0001). Full statistical results are tabulated in Appendix 6.

144



Interestingly, these results do support the hypotheses that exposure to shear stress
increases HIF-1a expression in HepG2/C3A cells. The cells in Experiment 3 were
exposed to 50 plL/hour flow for 3 hours and showed median MGVs of around
9000 - 11,000, whereas the cells in Experiment 4 were exposed to 50 uL/hour flow
for 1.5 hours and showed medain MGVs of around 6000 — 7000. So it appears that
reducing the time that cells are exposed to flow may reduce HIF-1a expression
produced as a response to shear stress. Unfortunately, these experiments cannot be
directly compared to Experiments 1 and 2 because the light power used for imaging
was higher. There may be contributionsto the MGV in Experiments 1and 2 from the

longer exposure to flow but also the higherlight power used for imaging.

Experiment5

In this experiment the time that cells were exposed to the flow was increased back
to 3 hours, but the flow rate was reduced from 50 pL/hour to 30 ulL/hour. The
experimental set up was consistent with those described for Experiments 3 and 4

with the Geltrex™ coatingand 400 uM CoCl; gradient.

The results in Figure 6.16 show a similar trend to Experiment 4, with the median
MGVs in channels 4 and 5 slightly lower than the median MGVs in channels 1, 2 and
3. Again, thisis the opposite of the anticipated trend and the reason, if not chance, is
unclear. The largest difference in median MGV between the channels in this
experimentandin Experiment 3 — which did show an increase in median MGV from
channel 1 to channel 5 — is approximately 2000 units. So, if the results of this

experiment are down to chance, then it is also likely that the trend observed in

Experiment 3 is down to chance even though it agreed with the hypothesised trend.

The median MGVs over the experiment range from around 7500 — 9500, which
overlaps with ranges reported for Experiment 3 (50 uL/hour, 3 hours, median MGVs
9500 — 11,000) and Experiment4 (50 uL/hour, 1.5 hours, median MGVs 6000 - 7000).
It was expected that the reduction in flow rate would reduce levels of shear stress in

the chip and that, if the hypotheses that shear stress increases HIF-1a expression is
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true, then median MGVs in this experiment would be lower than those for
Experiment 3 at 50 uL/hour. Thevalues are slightly lower, but reducingthe time that

cells were exposed to flow appeared to have a larger impact than reducing the flow

rate.
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Figure 6.16: HIF-1a expression in HepG2/C3A cells cultured in the chip and exposed to
a gradient of 0 uM (channel 1) - 400 uM CoCl; (channel 5) for 3 hours with flow rate
of 30 ul/hour. Images were taken with 5 s exposure and 10% light power. Histograms
(bin width 200) show combined results from five images per channel, red line labelled
with asterisk indicates the median. Differences between channels 1, 2 and 3 and

channels 4 and 5 were not significant. Differences between channels 1, 2 or 3 and
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channels 4 or 5 were significant (p < 0.0001). Full statistical results are tabulated in

Appendix 6.

Experiment 6

To further study the impact that media flow was having on cells in the chip, the next
experiment was to culture cells in the chip but without any flow. Cells were seeded
in 4 individual chips and coated with Geltrex™ as described previously but without
any inlet tubing. A pipette was used to transfer solutions into the channels and luer
lock stoppers were used to seal the chip. After seeding and protein coating, the
medium was replaced in all chips but the medium for two chips was supplemented
with 400 uM CoCl,. The chips were then incubated for 3 hours, as shown in Figure
6.17, before fixing, staining for HIF-1a and imaging. Since this experiment did not
require any flow, it was also completed with DU145 cells (seeding density 2.3 x
10° cells/mL) for comparison. It was expected that cells in chips with CoCl, would

show higher HIF-1a expression than those in chips without CoCl..

Figure 6.17: Image of 4 chips in a cell culture incubator with inlets sealed with luer

lock stoppers and outlet connected to foil pouch via stainless steel needle.

147



The results for HepG2/C3A and DU145 cells are shown in Figure 6.18 and Figure 6.19
respectively. The median and range are plotted for each channel in multiple chips on
the same graph to make visual comparison between the chips easier. Full histograms
for each channel are shown in Appendix 7. In well plate experiments, both cell types
had shown an increase in HIF-1a when treated with CoCl,, however, here the cells
show ssimilar levels of HIF-1a expression in chips with and without CoCl,. This may be
because the cellsin the chips without CoCl; also experience hypoxia during the 3-hour

incubation due to depletion of oxygen from the available media by cellular

consumption.

In the example by Ando et al. (Figure 3.2 and Figure 4.3), breast cancer cells
consumed oxygen quickly such that a hypoxic environment was created within only
10 minutes of culture in the device.'® Hepatocyte cell lines are also known consume
oxygen quickly due to their high metabolic rate.!’® Zirath et al. showed that lung
cancer cells consume oxygen from available mediaover 3 hours when the cell density
is high.** However, when cell density is lower, oxygen depletion is less severe.'** So
if this experiment was to be repeated, it may be more successful to seed the cells at
a much lower density to prevent cells in the ‘non-hypoxic’ chips from experiencing

hypoxia.

148



E 1 ® 2 A 3 v 4 & 5

25000
20000 ~
15000 ~ | T
10000 -~

50004 | a | I L S

0 T T T T
Untreated Untreated Treated Treated

Mean gray value (AU)

Figure 6.18: HIF-1a expressionin HepG2/C3A cells in chips without media flow. Chips
were incubated with media (untreated) or media supplemented with 400 uM CoCl,
media for 3 hours (treated). Images were taken with 5 s exposure and 10% light
power. Each data point shows the median and range of three combined images per
channel, full histograms are shown in Appendix 7. Full statistical results for each chip

are tabulated in Appendix 6.
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Figure 6.19: HIF-1a expressionin DU145 cells in chips without media flow. Chips were
incubated with media (untreated) or media supplemented with 400 uM CoCl, media
for 3 hours (treated). Images were taken with 5 s exposure and 10% light power. Each
data point shows the median and range of three combined images per channel, full
histograms are shown in Appendix 7. Full statistical results for each chip are tabulated

in Appendix 6.

The intention for this experiment was for the cells in each chip to show consistent
HIF-1a across all channels, since there were no oxygen/CoCl, gradients or media flow
involved. However, the results show a high degree of variability in HIF-1a expression
in HepG2/C3A cells. The trends in HIF-1a expression across channels 1 — 5 varies
between each chip and in each pair of untreated and treated chips, there is one chip
with a slightly higher range of MGVs than the other. The variability observed here
confirms that any trends observed in previous experiments are likely not real and

produced by chance.
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Experiments7and 8

These final two experiments continued to investigate the effects of flow on HIF-1a
expression in HepG2/C3A cells by increasing the flow rate to 100 uL/hour
(Experiment 7) and 150 plL/hour (Experiment 8). The cells were seeded with Geltrex™
as described previously and then the cells were exposed to flow of COz-Ind medium
(21% oxygen and no CoCl;) from both syringes for 3 hours. Results at 100 pL/hour

and 150 pL/hourare shown in Figure 6.20 and Figure 6.21 respectively.

Since there were no oxygen or CoCl; gradients used in this experiment, MGVs should
be consistent across the channels. However, even at high flow rates with no
gradients, variability in median MGV between the channel is still observed. The
unpredictable nature of the trends throughout the experiments could be down to
chance, or due to a subtle experimental feature, such as slight variation between

individual chips.
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Figure 6.20: HIF-1a expression in HepG2/C3A cells cultured in chips and exposed to
flow rates of 100 uL/hour at each inlet for 3 hours with normal COz-Ind medium and
no gradient. Images were taken with 5 s exposure and 10% light power. Histograms
(bin width 300) show combined results from three images per channel, red line

labelled with asterisk indicates the median. Full statistical results for each chip are

tabulated in Appendix 6.
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Figure 6.21: HIF-1a expression in HepG2/C3A cells cultured in chips and exposed to
flow rates of 150 uL/hour at each inlet for 3 hours with normal CO;-Ind medium and
no gradient. Images were taken with 5 s exposure and 10% light power. Histograms
(bin width 300) show combined results from three images per channel, red line
labelled with asterisk indicates the median. Full statistical results for each chip are

tabulated in Appendix 6.
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The graph in Figure 6.22 shows a comparison of the MGV distributions over all
channels in each chip at the various flow rates tested. One hypothesis discussed
throughout this set of experimentsisthat differencesin HIF-1a induced by gradients
of oxygen or CoCl, were beingobscured by increases in HIF-1a expression caused by
shear stress across the chip. The data in the graph shows that there is a statistically
significant (p < 0.0001) increase in HIF-1a from 0 — 100 pL/hour, which supports the
hypothesis. However, the results at 150 puL/hour drop down to a similar level to the
results at 50 uL/hour, spoilingthe trend, which could mean that the trend is not real

and was observed by chance.

It is possible that the trend is real but non-linear if HIF-1a expression in HepG2/C3A
cells peaks at around the levels observed at 50 — 150 pL/hour. In general, the MGV at
higher flow rates (50 — 150 plL/hour) are higher than at the lower flow rates
(0 =30 pL/houror 50 puL/hour for a shorter time). Variation in each subset of cells at
the lower and higher flow rates could be due to natural variation between the

individual samples.

Itis notappropriate to make conclusive statements from this series of experiments
because there was only one sample per experiment. The experiments were limited
to one chip at a time as there was only one dual syringe pump available. Thisis a big
disadvantage of the designed system and should be taken into consideration for

future designs.
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Figure 6.22: HIF-1a expression in HepG2/C3A cells cultured in chips at various flow
rates. All experiments exposed cells to flow for 3 hours, except 50* which was 1.5
hours, and cells were imaged with the same microscope settings (5 s exposure and
10% light power). Histograms (bin width 250) show combined results from channel
1-5 from each experiment, red line labelled with asterisk indicates the median.
Differences between chips at all flow rates were statistically significant (p < 0.0001)
except between 0 and 50* uL/hour and 50 and 150 ul/hour. Full statistical results for
each chip are tabulated in Appendix 6. O ul/hour: Experiment 6, 30 ul/hour:
Experiment 5, 50* ulL/hour: Experiment 4, 50 ul/hour: Experiment 3, 100 and
150 ulL/hour: Experiment 7.
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6.3 Summary

The aim of the work in this chapter was to culture HepG2/C3A cells in the chip under
gradients of oxygen and show that the cells in the hypoxic areas of the chip behave
differently to the cells in the non-hypoxicareas of the chip by measuring expression

of a hypoxia dependent protein.

An experiment was carried out to see if hypoxia dependent proteins HIF-1a.and CAIX
were upregulated in HepG2/C3A and DU145 cells after a shortincubation with CoCl,
(hypoxia mimetic). It was found that HIF-1a was upregulated in both cell types,
however, CAIXwas not upregulatedin HepG2/C3A cells. It is possible that HepG2/C3A
cells require longer incubation before increases in CAIX can be measured. In DU145
cells, the cells incubated with CoCl, showed lower expression of CAIX compared to
the cells incubated with normal medium. This was an unexpected result that was

reproduced in a repeat experiment butis not well understood.

The results from Chapter 5 showed that of the 3 cell types studied, HepG2/C3A cells
were the most suitable for culturing in the chip. So, in the final set of experiments,
HepG2/C3A cells were seeded in chips, exposed to gradients of oxygen or CoCl, and
then the cells were fixed and stained for HIF-1a. The series of experiments is

summarisedinthe Table 6.1.
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Table 6.1: Summary of in-chip experiments conducted with HepG2/C3A cells in

Section 6.2.2.

Experiment | Gradient Flow rate (uL/hour) | Time (hours)
1 0% oxygen — 21% oxygen 50 24

2 0 uM CoCl,—100 uM CoCl, | 50 24

3 0 uM CoCl,—400 uM CoCl, | 50 3

4 0 uM CoCl; —400 uM CoCl, | 50 1.5

5 0 uM CoCl, =400 uM CoCl, | 30 3

6 0 uM CoCl, =400 uM CoCl, 0 3

7 0 uM CoCl,—400 uM CoCl, | 100 3

8 0 uM CoCl, —400 puM CoCl, | 150 3

It was expected that the cells in the more hypoxicregions of the chips would show
higher expression of HIF-1a. However, none of the conditions tested produced a large
increasein HIF-1a in the hypoxicarea of the chip compared to the non-hypoxicareas
of the chip. Experiments 1 and 3 showed a statistically significant increase in HIF-1a
from non-hypoxicto hypoxicchannels of the chip, butthe differences were small with
respect to range of the distributions. The rest of the experiments showed variable
and inconsistent trends in HIF-1la expression across the chip and highlighted the
likelihood that the trends observed in Experiments 1 and 3 were down to chance.
Over all of the experiments, HIF-1a expression was found to be independent of the

imposed gradient.

It was proposed that the expression of HIF-1a increased across all cells in the chip
duetoshearstress. It may be possible that HIF-1a can beinduced in HepG2/C3Acells
as a result of hypoxic stress and shear stress, and that the impact of shear stress

overwhelms any more subtle differences induced by hypoxic stress. The results
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generally support this hypothesis, but it is not possible to make firm conclusions

based on the experiments conducted.

As discussed previously, shear stress is highest in channel 3. Therefore, if the
correlation between shear stress and HIF-1a expression is true, it would be expected
that channel 3 would also show higher HIF-1la expression compared to other
channels. This trend is not observed in the data, possibly because the differences in
shear stress between the channels is insignificant compared to the overall level of
shear stress. However, it is possible that the variation in velocity and shear stress

across the channelsis addingadditional complexity to the results.

A quantitative live/dead cell count for each channel may have been useful to highlight
inconsistencies in the chip and to help understand the relationship between shear
stress and HIF-1a. In future work, it would be beneficial to redesign the chip — as

suggested in Chapter 3 —to have consistent flow characteristics across the chip. This

would help to make the channels more consistent and comparable to one another.

6.4 Materials and Methods

6.4.1 Immunofluorescence Staining and Imaging

Staining

Anti-HIF-1a antibody (rabbit, ab51608), anti-carbonic anhydrase 9 (CAIX) antibody
(rabbit, ab184006) and Alexa Fluor® 488 (goat anti-rabbit, ab15007) were purchased

from Abcam.

Between each step of the staining process, cells were washed 3 times with PBS. Cells
were fixed with 4% formaldehyde for 10 minutes, permeabilised with 0.1% Triton
X100 (Sigma-Aldrich) for 30 minutes and then blocked with blocking buffer (5% FBS
in PBS) for 1 hour at room temperature. Cells were incubated with the primary
antibody, anti-HIF-1a or anti-CAIX diluted 1:500 in blocking buffer, at 4° C overnight
and then with Alexa Fluor® 488 diluted 1:200 in blocking buffer for 2 hours at room

temperature. Cell were washed 3 times with PBS and stored in PBS for imaging.
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Imaging

Stained cells were imaged usinga Nikon Ti2 Live Imaging microscope with x20 or x40
air objective (CFI Plan Apochromat Lambda) and LED light source (Lumencor SPECTRA
X Light Engine). The excitation and emission wavelengths for Alexa Fluor® 488 are
495 nm and 519 nm, hence a GFP (green fluorescent protein) excitation filter (448 -

500 nm) and a Cy3 emission filter (513 — 679 nm) were used.

6.4.2 Data Analysis

Fluorescence images of cells were analysed in Imagel. The ‘Analyse particles’ function
was used to select each fluorescent cell as a region of interest. The average and
standard deviation MGV in each cell was measured. The average MGV was measured
in 5 different small areas of background across the image. All values were recorded
and processed in Origin. The mean and standard deviation of MGV values for all cells

in each image was calculated and the average background MGV was subtracted.

Statistical analysis was performed in GraphPad Prism 9. Kruskal-Wallis tests were
used to compare the 5 channels in each chip, followed by a Dunn’s multiple

comparisons test. In experiment 6, a Mann-Whitney test was used to compare

populationsoftreated and untreated cells.

6.4.3 HIF-1a and CAIX Screen

Wells in two 96-well plates (Greiner bio-one, 655090) were coated with 100 pg/mL
collagen for 1 hourat 37° C then washed twice with PBS. HepG2/C3A and DU145 cells
were seeded in 18 wells (separate well plates) at a density of 20,000 cells per well in
200 pL of DMEM or RPMI medium respectively. Cells were incubated for 2 days and

then 9 wells were treated with 400 uM CoCl,in the respective medium for 3 hours.

In each set of the 9 CoCl, treated wells and 9 untreated wells, 3 were stained for
HIF-1a and 3 were stained for CAIX according to the protocol in Section 6.4.1. The

remaining 3 wells in each set were controls and went through the same staining
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protocol but were incubated with blocking bufferinstead of a primary antibody. Cells

were imaged with a x20 objective, 5 second exposure time and 10% light power.

6.4.4  Staining HepG2/C3A Cells in Chip

To prepare for staining, syringes were used to gently wash the system through with
PBS and to thefill the channels with 4% formaldehyde solution. After 10 minutes, the
system was washed through with PBS and the tubing was removed from the chip.
Staining for HIF-1a and imaging were completed as described in Section 6.4.1, using
a pipette to transfer the reagents into the channels. Images were taken with a x40

objective with 5 s exposure and 80% or 10% light power.
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Chapter 7: Summary

7.1 Conclusions

Microfluidictechnologies offer methods to design and create physiologically relevant
in vitro models of human tissues and organs. Often the designs can offer increased
complexity compared to standard 2D culture models by incorporating additional
features of the in vivo environment. However, the potential of microfluidics has not
been fullyrealised in radiotherapy research. As discussed in Chapter 1, hypoxiais an
important physiological feature of solid cancer tumours that is associated with
aggressive growth and resistance to radiotherapy and other treatments. Hence, the
aim of this project was to work towards developing a microfluidic model of tumour
hypoxia that could be used to study the relationship between hypoxiaand resistance

to radiotherapy and combinationtherapies.

The first objective for the project was to design and create a microfluidic chip that
was relatively simple to make and use. The final design for the chip was a branching
network of channels, such that a range of oxygen concentrations could be produced
from only two input solutions of different oxygen concentrations (Figure 7.1 A). The
chip was made from acrylic and the rest of the system consisted of stainless steel

tubes, glass syringes and an aluminium foil pouch, all of which were selected to

isolate the system from atmospheric oxygen (Figure 7.1 C).

Fluid dynamics and the distribution of oxygen in the chip were studied using CFD
simulations in COMSOL Multiphysics®. The simulations showed that mixing of
solutions at 21% and 0% oxygen produced a range of intermediate oxygen
concentrations across the chip. With a flow rate of 50 uL/hour at each inlet, the
concentrations in channels 1 — 5 were approximately 21, 17, 10, 4 and 0% oxygen
respectively (Figure 7.1 B). This provided an interesting range of values where
channels 1 and 2 were representative of oxygen concentrations used in standard cell

culture methods and channels 3 -5 represented oxygen concentrations found in well

oxygenated to hypoxictumour regions.



Figure 7.1: Oxygen gradient on a microfluidic chip. A Image of the chip made from
acrylic. Scale bar is 2 mm. B Oxygen profile in the chip with media flow from the inlets

at 50 ul/hour. € Image of full system.

Oxygen concentrations in the channels were also measured using fluorescence
microscopy. The channels were filled with solutions of the oxygen sensitive
fluorophore Ru(BPY); at 21% and 0% oxygen and fluorescence intensity in each
channel was used to calculate oxygen concentration. The normalised results
correlated well with the computational results and demonstrated a stable oxygen

gradient across the chip.

The next step was to culture cells in the chip. However, it was found that prostate
cancer cell lines PC3 and DU145 could not survive in the chip, likely due to the shear
stress imposed by the flowing culture media. Literature examples suggested that
hepatocytes were more resistant to shear stress, so the liver cancer cell line

HepG2/C3A was tested in the chip as an alternative. A successful method for seeding

162



HepG2/C3A cells in the chip was established and it was shown that the cells could

survivein the chip for up to two days with media flow.

The HepG2/C3A cells were then grown under gradients of hypoxia and stained for
the hypoxic marker HIF-1a. First, cells were exposed to a gradient of oxygen, but
differences in HIF-1a expression between hypoxic and non-hypoxic regions of the
chips were considerably small andinconsistent. Cells were then exposed to gradients
of the hypoxia mimetic agent CoCl,, which had been shown to induce HIF-1la
expression in well-plate control experiments. However, these experiments -

conducted at various flow rates — also did not produce consistent trends in HIF-1a

between areas of high and low CoCl; concentration.

It is known that HIF-1a can be stabilised by stresses and experimental factors other
than oxygen, therefore it was proposed that shear stress due to media flow was
causing an increase in HIF-1a across all cells in the chip. If true, this effect could be
overwhelming any more subtle differences in HIF-1a expression induced by the
hypoxic gradients. Each of the cell culture experiments with HepG2/C3A cells in the
chip was conducted only once, meaning that it is not possible to draw any firm

conclusions.

Overall, the design and fabrication method for the microfluidic device used in this
work present a potentially useful way to study ranges of hypoxia in human cancer
cells. The chip offers advantages over traditional monolayer cultures because it
enables arange of oxygen concentration to be studied at the same time and offers a
simpler and less expensive alternative to animal models. Spheroid models grow to
produce natural gradients of oxygen from the outer surface to the core of the sphere.
But correlating cell behaviour and oxygen concentration can be difficult in the 3D
environment and the cells cannot easily be separated and analysed according to their
oxygen content. Additionally, controlling the size and shape of spheroids is not
straightforward, resulting in sample inhomogeneity and challenging data analysis.

The chip can overcome some of these issues by allowing homogeneous cell
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monolayersto be studiedin individual channels with different oxygen concentrations

which can be analysed on-chip by fluorescence microscopy.

The development of human-based biological models is a rapidly expanding and
developing field. The examples presented in this work are sophisticated and show
that there is a balance to be reached between model simplicity and biological
complexity. Compared to the other devices presented, the chip designed in this work
was advantageous because it didn’t require clean room technology to make and the
design and system set-up were relatively simple. The chip offered a platform to study
cellsinisolated fluidic channels with different oxygen concentrations. This potentially
allows more straightforward correlation between oxygen concentration and
biological observation compared to the device by Orcheston-Findlay et al. with an
oxygen gradient across a single channel. The chip was more compact than the 96-well
plate device presented by Yao et al. and did not require bulky gas cylinders or
expensive gas control systems, like the devices presented by Menolascina et al. and

Rexius-Hall et al.

The oxygen profiles in the chip were created by controlling the dissolved oxygen
concentrationinthecell culture mediaandthe flow rate through the chip. This allows
for precise control of the oxygen environment in the chip without relying on
chemicals that could potentially be toxic to the cells, as used by Sun et al and
Sleeboometal. It isalso proposed that the gradients formed in the chip may be more
reliable and reproducible compared to gradients generated in chips by cellular
consumption of oxygen, for example in the device by Ando et al. The hypoxic
conditions in these devices are reliant on cell seeding density and cell type, so
although the gradients are formed naturally, they may be difficult to control and

reproduce between experiments.

7.2 Future Work

In order to unlock the full potential of the chip, further optimisationis required to

make the chip more suitable for culturing cells. Suggestions for future work include
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trying different protein coatings on the channel surface and testing different cell
lines. In the experiments presented in this work, collagen was used to coat the
channel surface and Geltrex was deposited on top of the cells to provide the cells
with extra-cellular matrix support and protect them from the media flow. It is
possible that alternative proteins, such as fibronectin or gelatin, or combinations of
proteins below and on top of the cells would optimise attachment to the channel
surface and prevent them from detachingunder flow. There is also variation between
eachindividual cancer cell line, different cell lines could be cultured in the chip to find
a cell type that can survive under the media flow and respond to the hypoxic gradient.
Suggestions of cell types that may be more compatible with culture in the chip are

fibroblast and epithelial lines, as these cell types are often exposed to shear stress

environmentsinvivo.

It was found that the cell types used did not grow as well in the CO,-Ind medium
without CO, used in the chip experiments as they did in normal DMEM or RPMI with
5% CO,. This could potentially be improved by adding growth factors or supplements
to the CO;-Ind medium to make it more suitable for the cells. Alternatively, the cells
could be cultured in the chip with DMEM or RPMI that is pre-equilibrated at 5% CO..
Medium at 21% oxygen could be prepared by equilibratingin a standard cell culture
incubator and deoxygenated medium could be prepared by bubbling with 95% N,

and 5% CO; rather than pure nitrogen gas.

The fabrication method for the chip should allow rapid prototyping of further
iterations of the design, allowing the chip itself to be optimised. In the current design,
there is variation in shear stress across the channels which may have introduced
complexity and inconsistency in the cell culture experiments. One approach could be
to adjust the geometry of the channels to produce constant velocity and shear stress
across the channel network, makingresults from individual channels more consistent
and comparable to one another. In future experiments, quantitative live/dead cell

countingin each channel may be helpful for understanding the relationships between
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cell health, flow rate and shear stress as well as highlighting any inconsistencies in

the chip culture.

A second approach could be to rearrange the structure and design of the chip to
isolate the cell culture from the flow. Two copies of the channel network could be
sandwiched together with a permeable membrane between them. This would allow
cells to be cultured in the bottom layer with static culture media and on the other
side of the membrane, oxygenated and deoxygenated solutions could be purged
through the channels to control the oxygen content of the static media below.
Alternatively, the same channel pattern could be made in a glass device, although
this would require a different fabrication method. Since glass is impermeable to
oxygen, it might be possible to use a very similar set-up but reduce the flow rate even
further to minimise shear stress on the cells and optimise cell growth and survival

whilst maintaining an oxygen gradient.
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Appendix

1 Computational Oxygen Measurements at 100 pL/hour and

500 pL/hour

Graph: Oxygen concentrationsin the centre of channels 1 — 5 with 100 uL/hour flow

rate at both inlets.
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Graph: Oxygen concentrations at the left, middle and right of channel 3 with

100 uL/hourflow rate at both inlets.
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Graph: Oxygen concentrationsin the centre of channels 1 — 5 with 500 pL/hour flow

rate at both inlets.
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Graph: Oxygen concentrations at the left, middle and right of channel 3 with

500 pL/hour flow rate at both inlets.
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2 Shear Stress in Chip

Table: Shear stress in channels 1 — 5 calculated based on fluid flow simulation at
various flow rates. Data points were collected from the base surface in the middle of

each channel.

Shear Stress (x 10* dyn/cm?)

Channel
25 pL/hour 50 pL/hour 100 pL/hour | 500 uL/hour
1 14 28 56 280
2 27 55 110 550
3 32 65 130 650
4 27 55 110 550
5 14 28 56 280
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3 On-Chip Oxygen Measurements via Fluorescence Microscopy

Table: Oxygen concentration (%) for 9 images (A-l) for channels 1 — 5 at 60 minutes

for dataset 1.

Channel
1 2 3 4 5
A 20.6 19.9 14.4 4.3 0.7
B 20.7 19.6 13.6 4.1 0.7
C 20.5 18.7 12.6 3.5 0.5
D 19.9 17.3 10.1 2.4 0.0
Image E 20.2 17.4 10.1 2.5 0.3
F 20.2 17.1 9.5 2.2 0.3
G 20.8 16.8 7.4 1.9 1.6
H 21.0 16.9 7.4 2.0 1.9
[ 20.7 16.6 7.2 1.8 1.8
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Table: Oxygen concentration (%) for 9 images (A-l) for channels 1 — 5 at 60 minutes

for data set 2.

Channel
1 2 3 4 5
A 21.0 20.0 13.7 5.5 0.8
B 21.0 19.7 12.9 5.3 1.2
C 20.7 18.5 12.0 4.8 1.0
D 18.6 17.0 9.7 3.2 0.0
Image | E 19.2 17.3 9.7 3.5 0.3
F 18.8 16.9 9.3 3.5 0.3
G 19.1 16.2 7.5 2.8 0.7
H 19.4 16.4 7.8 3.5 0.6
I 18.8 16.0 7.6 3.6 0.9
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4 HIF-1a Expression in HepG2/C3A Cells Induced by CoCl, and DFO

HepgG2/C3A cells were seeded on 25 mm collagen coated coverslipsin a 6 well plate
at a density of 1 x 10° cells per well in 1.5 mL of DMEM. Cells were incubated
overnight and then treated with media supplemented with 100 uM CoCl;, 200 uM
CoCl, 0or 300 uM DFO for 24 hours. The untreated sample was incubated with normal
DMEM. The cells were then washed, stained for HIF-1a and imaged as described in
Section 6.4.3. The images were taken with a x40 objective with 500 ms exposure and
50% light power. There was one sample per condition and 5images per sample were

combined into one histogram, as shown on the following pages. Red line labelled with

asteriskindicates the median.

Results demonstrated an increase in HIF-1a in all treated samples compared to the
untreated sample. The largest increase in HIF-1a was induced by DFO. Doubling the
concentration of CoCl; from 100 uM to 200 uM increased the expression of HIF-1a

onlyslightly.
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Histograms of HepG2/C3A cells stained for HIF-1a (bin width 25):
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Condition Sample count Median Mean Standard Deviation
Untreated 3485 830 866 237
100 uM CoCl; 1703 1027 1127 347
200 uM CoCl, 1208 1279 1387 444
300 uM DFO 1369 1592 1823 650

Differences between all conditions were significant by Kruskal-Wallis test (P < 0.0001)

and post-hocDunn’s multiple comparisons tests (P < 0.0001).
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Histograms of HepG2/C3A cells not treated with primary antibody (bin width 25):
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5 Statistical Analysis of Well Plate Control Experiments

The results of two-tailed Mann Whitney tests on distributions of MGV from cell samplesin well plates untreated or treated with CoCl; and

stained for HIF-1a or CAIX.

HepG2/C3A Cells Treated with 400 uM CoCl, and Stained for HIF-1a and CAIX

Stain CoCl, Sample count | Median | Mean Standard Deviation Significant? | P value
HIF-1a Untreated | 2356 6800 6944 1629 v <0.0001
HIF-1a Treated | 1597 3705 | 3798 1000 es '
CAIX Untreated | 2356 10364 11256 3119 Yes <0.0001
CAIX Treated 2745 10041 10760 2874
Unstained | Untreated | 3797 913 932 384 v <0.0001
Unstained | Treated | 4558 840 815 353 es '
DU145 Cells Treated with 400 uM CoCl; and Stained for HIF-1a and CAIX

Stain CoCl, Sample count | Median | Mean Standard Deviation Significant? | P value
HIF-1a Untreated | 572 7531 7480 1478 Yes <0.0001
HIF-1a Treated 1354 13384 14225 4131
CAIX Untreated | 603 21264 22188 6978 v <0.0001
CAIX Treated 1309 10639 | 11410 | 3292 es '
Unstained | Untreated | 1411 1165 1192 377

- Yes <0.0001
Unstained | Treated 1872 677 680 246




HepG2/C3A Cells Treated with 400 uM CoCl; and Stained for HIF-1a and CAIX, Repeated without Permeabilisation for CAIX Samples

Stain Permeabilised | CoCl, Sample count | Median | Mean Standard Deviation Significant? | P value
HIF-1a Yes Untreated | 3581 4529 4705 1258 Ves <0.0001
HIF-1a Yes Treated 3373 7237 7465 2035 )
CAIX Yes Untreated | 2964 4740 4987 1689 Yes <0.0001
CAIX Yes Treated 2639 4963 5122 1194
CAIX No Untreated | 2385 4110 4189 1246 y <0.0001
CAIX No Treated | 2670 3563 | 3715 1052 s '
Unstained | Yes Untreated | 9147 529 523 214

- Yes <0.0001
Unstained | Yes Treated 8328 526 524 236

DU145 Cells Treated with 400 uM CoCl, and Stained for HIF-1a.and CAIX, Repeated without Permeabilisation for CAIX Samples

Stain Permeabilised | CoCl, Sample count | Median | Mean Standard Deviation Significant? | P value
HIF-1a Yes Untreated | 261 10320 10479 2549 y <0.0001
HIF-1o Yes Treated | 792 18519 | 19584 | 5610 s '
CAIX Yes Untreated | 313 8732 8864 2011
Yes <0.0001

CAIX Yes Treated 563 4718 4775 1188
CAIX No Untreated | 354 6549 6803 2018 Ves <0.0001
CAIX No Treated 1247 4433 4690 1309
Unstained | Yes Untreated | 482 1332 1636 1007

- Yes 0.0078
Unstained | Yes Treated 1737 638 1064 888
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6 Statistical Analysis of Chip Experiments1 -8

For experiment 6, a Mann Whitney test between treated (2 chips) and untreated (2

chips) was carried out for each cells type. Thisis similar to the more commonly used

t-test for comparingtwo samples, butis more suitable for populations with different

numbers of samples and non-Gaussian distributions.

Details — Experiment 6 HepG2/C3A Cells Mann Whitney

Condition | Sample Median Mean Standard Significant? | P value
count Deviation

Untreated | 4328 6229 6732 2417 Yes <0.0001

Treated 1942 6901 7238 2744

Details — Experiment 6 DU145 Cells Mann Whitney

Condition | Sample Median Mean Standard Significant? | P value
count Deviation

Untreated | 1973 11,119 12,145 4286 No 0.2051

Treated 2824 11,061 11,997 4255

Kruskal-Wallis tests showed significant differences in each chip in experiments 1 — 8.

The tables show a summary of the values and post-hoc Dunn’s multiple correction

tests for each experiment.




Details — Experiments 1, 2, 3

Post-Hoc Dunn’s multiple comparison tests

Experiment | Channel | Sample | Median | Mean | Standard | Channels | Significant? | P value Channels | Significant? | P value
count deviation

1 1 675 11277 13000 | 5781 lvs?2 Yes <0.0001 2vs4 Yes <0.0001
1 2 619 13027 14077 | 4826 1lvs3 No 0.2188 2vs5 Yes <0.0001
1 3 735 10954 12787 | 6627 lvs4 Yes <0.0001 3vs4 Yes <0.0001
1 4 716 14373 15647 | 4999 lvs5 Yes <0.0001 3vs5 Yes <0.0001
1 5 679 14544 15639 | 5103 2vs3 Yes <0.0001 4vs 5 No >0.9999
2 1 758 17835 18680 | 5338 lvs?2 Yes 0.0123 2vs 4 Yes <0.0001
2 2 558 18200 20694 | 7771 lvs3 Yes <0.0001 2vs5 Yes <0.0001
2 3 683 15799 17307 | 5631 lvs4 Yes <0.0001 3vs4 No >0.9999
2 4 613 15691 17055 | 5235 lvs5 Yes 0.014 3vs5 No 0.3611

2 5 423 16602 17914 | 5699 2vs3 Yes <0.0001 4vs 5 No 0.0933

3 1 581 8665 9412 2909 lvs?2 No 0.3363 2vs 4 Yes <0.0001
3 2 674 9205 9740 3046 lvs3 Yes <0.0001 2vs5 Yes <0.0001
3 3 809 9755 10451 | 3216 lvs4 Yes <0.0001 3vs4 Yes <0.0001
3 4 830 10453 11401 | 3648 lvs5 Yes <0.0001 3vs5 Yes <0.0001
3 5 831 10520 11450 | 3843 2vs 3 Yes 0.0001 4vs 5 No >0.9999




Details — Experiments 4,5, 7, 8 Post-Hoc Dunn’s multiple comparison tests
Experiment | Channel | Sample | Median | Mean Standard | Channels | Significant? | P value | Channels | Significant? | P value
count deviation

4 1 564 6701 6907 1657 lvs?2 No >0.9999 | 2vs4 Yes <0.0001
4 2 457 6868 7205 2105 lvs3 Yes <0.0001 | 2vs5 Yes <0.0001
4 3 670 6214 6473 1711 lvs 4 Yes <0.0001 | 3vs4 No 0.0789
4 4 538 5997 6235 1680 lvs5 Yes <0.0001 | 3vs5 No >0.9999
4 5 543 6127 6482 1914 2vs 3 Yes <0.0001 | 4vs5 No 0.3819
5 1 451 9178 9565 2550 lvs2 No >0.9999 | 2vs4 Yes <0.0001
5 2 530 8975 9458 2614 lvs3 No >0.9999 | 2vs5 Yes <0.0001
5 3 639 8997 9527 2694 lvs 4 Yes <0.0001 | 3vs4 Yes <0.0001
5 4 809 7326 7796 2381 lvs5 Yes <0.0001 | 3vs5 Yes <0.0001
5 5 643 7315 7783 2314 2vs 3 No >0.9999 | 4vs5 No >0.9999
7 1 281 12368 13201 3996 lvs 2 Yes 0.0005 2vs 4 No >0.9999
7 2 266 13971 14649 4484 1vs 3 Yes 0.031 2vs5 No >0.9999
7 3 388 13245 14092 4130 lvs4 Yes 0.0001 3vs4 No >0.9999
7 4 522 13910 14567 4595 lvs5 Yes 0.0189 3vs5 No >0.9999
7 5 488 13396 13973 3862 2vs 3 No >0.9999 | 4vs5 No >0.9999
8 1 308 11600 12198 3464 1vs2 Yes <0.0001 | 2vs4 Yes <0.0001
8 2 370 10063 10598 3037 lvs3 Yes <0.0001 | 2vs5 No >0.9999
8 3 396 9877 10519 3219 lvs4 Yes <0.0001 | 3vs4 Yes 0.0008
8 4 501 8989 9771 3196 lvs5 Yes <0.0001 | 3vs5 No >0.9999
8 5 611 9883 10769 3188 2vs 3 No >0.9999 | 4vs5 Yes <0.0001
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Details — Experiment 6 HepG2/C3A cells

Post-Hoc Dunn’s multiple comparison tests

Condition Channel | Sample | Median | Mean | Standard | Channel | Significant? | P value | Channels Significant? P value
count deviation | s

Untreated 1 1 309 8351 8746 2533 lvs2 No >0.9999 | 2vs4 Yes <0.0001
Untreated 1 2 190 8276 8993 2922 lvs3 Yes <0.0001 | 2vs5 No >0.9999
Untreated 1 3 188 4749 5095 1630 lvs4 Yes <0.0001 | 3vs4 Yes <0.0001
Untreated 1 4 189 7074 7526 2064 lvs5 No 0.2276 3vs5 Yes <0.0001
Untreated 1 5 375 8753 9365 2874 2vs 3 Yes <0.0001 | 4vs5 Yes <0.0001
Untreated 2 1 877 5212 5422 1539 lvs2 Yes <0.0001 | 2vs4 Yes <0.0001
Untreated 2 2 717 5619 5978 1879 lvs3 Yes <0.0001 | 2vs5 No 0.3337
Untreated 2 3 472 6681 6992 1935 lvs4 Yes <0.0001 | 3vs4 No >0.9999
Untreated 2 4 408 6469 6917 2047 lvs5 Yes <0.0001 | 3vs5 Yes <0.0001
Untreated 2 5 603 5802 6087 1617 2vs3 Yes <0.0001 | 4vs5 Yes <0.0001
Treated 1 1 246 7386 8005 2454 lvs2 Yes <0.0001 | 2vs4 Yes <0.0001
Treated 1 2 197 6484 6675 2086 lvs3 Yes <0.0001 | 2vs5 Yes <0.0001
Treated 1 3 192 4540 4665 1421 lvs4 Yes <0.0001 | 3vs4 No 0.848
Treated 1 4 212 4229 4354 1174 lvs5 Yes <0.0001 | 3vs5 No >0.9999
Treated 1 5 101 4498 4761 1276 2vs 3 Yes <0.0001 | 4vs5 No 0.6595
Treated 2 1 225 8294 8898 2488 lvs2 Yes <0.0001 | 2vs4 No 0.1009
Treated 2 2 205 8599 8839 2379 lvs3 No >0.9999 | 2vs5 No >0.9999
Treated 2 3 142 6819 7216 2104 lvs4 No 0.1647 3vs4 Yes 0.0002
Treated 2 4 185 7810 8266 2322 lvs5 Yes <0.0001 | 3vs5 Yes <0.0001
Treated 2 5 237 8684 8880 2473 2vs 3 No >0.9999 | 4vs5 No 0.0613
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Details — Experiment 6 DU145 Cells

Post-Hoc Dunn’s multiple comparison tests

Condition Channel | Sample Median | Mean Standard Channels | Significant? | P value | Channels | Significant? | P value
count deviation
Untreated 1 | 1 216 10512 11219 3365 lvs2 Yes <0.0001 | 2vs4 Yes 0.0028
Untreated 1 | 2 231 11946 13213 4617 lvs3 No >0.9999 | 2vs5 Yes <0.0001
Untreated 1 | 3 213 10148 11157 3762 lvs4 No >0.9999 |3vs4 No >0.9999
Untreated 1 | 4 182 10688 11675 3893 lvs5 No 0.1216 3vs5 No 0.6978
Untreated 1 | 5 247 9834 10473 3428 2vs 3 Yes <0.0001 | 4vs5 Yes 0.0129
Untreated 2 | 1 191 13183 14516 4820 lvs?2 Yes <0.0001 | 2vs4 No >0.9999
Untreated 2 | 2 180 10790 12176 4416 lvs3 Yes <0.0001 | 2vs5 Yes 0.003
Untreated 2 | 3 134 10599 12032 4115 lvs4 Yes <0.0001 | 3vs4 No >0.9999
Untreated 2 | 4 171 10814 11618 3724 lvs5 No 0.1509 3vs5 Yes 0.0053
Untreated 2 | 5 208 11904 13633 4801 2vs 3 No >0.9999 | 4vs5 Yes 0.0004
Treated 1 1 250 11909 13781 5163 lvs2 Yes 0.005 2vs 4 Yes 0.04
Treated 1 2 259 11241 12205 4005 lvs3 No 0.2847 2vs 5 No >0.9999
Treated 1 3 238 11635 12848 4744 lvs 4 Yes <0.0001 |3vs4 Yes 0.0008
Treated 1 4 188 10189 11204 3909 lvs5 No 0.6912 3vs5 No >0.9999
Treated 1 5 230 11937 12830 4617 2vs 3 No >0.9999 | 4vs5 Yes 0.0002
Treated 2 1 294 12025 13454 4837 lvs2 Yes <0.0001 | 2vs4 No 0.2529
Treated 2 2 357 10425 11097 3810 lvs3 Yes <0.0001 | 2vs5 Yes 0.0005
Treated 2 3 328 9911 10807 3014 lvs4 Yes <0.0001 | 3vs4 No 0.8534
Treated 2 4 358 9772 10538 3345 lvs5 Yes 0.0137 3vs5 Yes <0.0001
Treated 2 5 322 11293 12180 3890 2vs 3 No >0.9999 |4vs5 Yes <0.0001
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Details — Flow rate comparison

Experiment | Flow rate Sample Median Mean Standard
(uL/hour) count deviation

6 0 4328 6229 6732 2417

5 30 3028 8332 8769 2680

4 50* 2772 6315 6638 1835

3 50 3725 9800 10595 3487

7 100 1945 13456 14137 4249

8 150 2186 10021 10667 3289

Post-Hoc Dunn’s multiple comparison tests — Flow rate comparison

Flow rate (uL/hour) Significant? P value
0 vs. 30 Yes <0.0001
0 vs. 50* No >0.9999
0 vs. 50 Yes <0.0001
0 vs. 100 Yes <0.0001
0 vs. 150 Yes <0.0001
30 vs. 50* Yes <0.0001
30 vs. 50 Yes <0.0001
30 vs. 100 Yes <0.0001
30 vs. 150 Yes <0.0001
50* vs. 50 Yes <0.0001
50* vs. 100 Yes <0.0001
50* vs. 150 Yes <0.0001
50 vs. 100 Yes <0.0001
50 vs. 150 No >0.9999
100 vs. 150 Yes <0.0001

* All flow rate experiments were run for 3 hours except 50* which was run for

1.5 hours.




7 Histograms for each Channelin Experiment 6

Each histogram shows combined results from three images per channel and red line

labelled with asterisk indicates the median.

HepG2/C3A Cells, Untreated Chip 1, bin width 250:
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HepG2/C3A Cells, Untreated Chip 2, bin width 150:

40 -
20 -
0 T T e T T P
40-
e MWWHMWM
U_ j % T y T f Bhee
7 3
+ 40 4
: m
U I T * T T T T T
1 4
40
N m
0 T T T s T
. 5
40-
e WWTWWWW
0_ , ! | | [0

* T T T 1 T T
2000 4000 6000 8000 10000 12000

Mean gray value (AU)

208



HepG2/C3A Cells, Treated Chip 1, bin width 150:
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HepG2/C3A Cells, Treated Chip 2, bin width 200:
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DU145 Cells, Untreated Chip 1, bin width 200:
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DU145 Cells, Untreated Chip 2, bin width 300:
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DU145 Cells, Treated Chip 1, bin width 350:
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DU145 Cells, Treated Chip 2, bin width 300:
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