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ABSTRACT

Cancer is a very heterogeneous disease that effects millions worldwide. A common

challenge in drug efficacy trials is that widely used cancer models largely lack many

attributes that are needed to mimic in-vivo behaviour, which results in less relevant

results and slows the progression of drugs to clinical trials. These traditional models

commonly consist of two dimensional (2D) cultures in wells, flasks or plates, with no

environmental control and a lack of mechanical and chemical stimuli from other cells.

Consequently, it is widely accepted that the 2D models behave differently than three

dimensional (3D) in-vitro tumour models, which in turn behave differently compared to

cancer tumours in-vivo. In the context of this thesis, the work described concentrates

on improving the 2D cancer model by initiating drug resistant regions by incorporating

dissolved oxygen (DO) control and measurement.

One of the main known environmental differences between the tumour environment

in-vivo and the lab models is the DO environment. Low oxygen, or hypoxia, occurs

in cells in-vivo when oxygen usage exceeds influx. This imbalance can be such that

the concentration within the tissue becomes hypoxic over time and can contain as little

as 5 % of the oxygen usually present in healthy tissue counterparts. Hypoxic regions are

common in cancerous tissue in-vivo due to abnormally high cell-proliferation rates that

increases oxygen use where damaged or absent vasculature in the tumour core decrease

its supply. This leads to DO heterogeneity over hundreds of microns, a feature which

is not captured in common 2D cancer models. Incorporation of spatial DO control into

the lab model would be a significant step towards a more complete cancer model that

behaves in a more life-like manner, as hypoxia has a profound effect on the behaviour

of cells and on the efficacy of drugs. In general, hypoxia in-vivo is associated with

aggressive phenotypes, recurrence of disease, shorter lifespan before recurrence and drug

resistance. Therefore, it is crucial that oxygen be included as a controlled parameter

in 2D models of cancer during drug discovery and screening, so that the most relevant

results can be gathered before transition to the clinic.

In this work, DO concentrations were controlled in the cell-culture media in which

cells were cultured by a passive diffusion-driven process in an off-chip gas exchanger.

Oxygen measurement was facilitated by flow-through optical oxygen sensors and a flu-

orescent polystyrene (PS)-based fluorescent oxygen sensor substrate, with incorporated
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oxygen-sensitive fluorophore platinum(II) octaethylporphyrinketone (PtOEPK). This

550 nm thick PS/PtOEPK thin-film provided a cell-culture substrate with non-invasive

oxygen sensing capabilities. The microfluidic system was capable of exposing a 2D cul-

ture of cells of any type to a cross-stream DO gradient ranging from hypoxia (<4 mg/L)

to hyperoxia (>40 mg/L) for a maximum of three hours. The response of the cells to

the gradient was characterised with visible light microscopy, several types of cell via-

bility staining and immunostaining of the hypoxia activated factor hypoxia inducible

factor 1 (HIF-1)α. Culturing two cell lines on the PS/PtOEPK sensor film was found

to decrease cell viability in a cell-line dependant manner. Ishikawa cells were found to

have a lower viability than SKOV-3 after exposure to shear forces from perfusion in a

microchannel and SKOV-3 cells were found to decrease in viability more than Ishikawa

when exposed to controlled DO conditions. Additional to designing a chemical-free

DO measurement and control system, a novel method was developed to increase can-

cer cell adherence to the oxygen sensor substrate by air plasma exposure followed by

polyvinylpyrrolidone (PVP) treatment. This allowed the PS/PtOEPK film to be used

as a cell-culture substrate in-chip with continuous perfusion, and has never before been

used in this way.

The work presented in this thesis provides a step towards a 2D microfluidic cancer

model incorporating DO control and measurement towards adding in-vivo-like complex-

ity to the traditional 2D lab models. The presented platform provides a drug-screening

tool for the culture of cancer cells in an in-vivo-like microenvironment.
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1D One dimensional
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BRAF B-Raf proto-oncogene, serine/threonine kinase

BSA Bovine serum albumin

CA Contact angle

CAM Cell adhesion molecules
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DI Deionised

DIC Differential interference contrast

DMSO Dimethyl sulfoxide
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DO Dissolved oxygen

ECM Extracellular matrix

EGFP Green fluorescent protein

EGFR Epidermal growth factor receptor

EPR Electron paramagnetic resonance

ERK Extracellular signal regulated kinase

ETFE ethylene tetrafluoroethylene

FePDMS PDMS impregnated with iron filings

GA Gluteraldehyde
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LOC Lab-on-a-chip

lPR Laminated photoresist

MEM Minimum essential media

NA Numerical aperture
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PBS Phosphate buffered saline

PBST BSA in PBS with 0.1 % tween 20

PC2 Physical containment level 2

PDMS Polydimethylsyloxane
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PGMEA Propylene glycol monomethyl ether acetate

PIK3CA Serine/threonine protein kinase

PLL Poly-L-lysine

PR Photoresist
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PTFE polytetrafluoroethylene

PtOEP Platinum octaethylporphyrin

PtOEPK Platinum(II) octaethylporphyrinketone
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RT Room temperature
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Chapter 1

INTRODUCTION

1.1 OVERVIEW AND OBJECTIVES

Cancer research requires living analogues of tissues in order to test treatment tech-

niques. These models are constructed out of biological materials, or they can be virtu-

ally simulated. Tumours in-vivo, being 3D in nature, are extremely complex; however,

traditional culture techniques are 2D and simple in comparison as they lack many of

the biological features that characterise them compared to 3D tissues [1–5]. Culture

models come in varying degrees of complexity, from the very simple to extremely com-

plex depending on how many aspects of the real in-vivo tissue they embody and the

method by which they do so. It remains though, that most lab models in the last

10 years used simple 2D models for cancer drug trials. Drug responses have been found

to differ vastly in traditional 2D culture models compared to more modern 3D ones,

namely drugs are more effective on the simpler 2D lab model [6, 7]. Many theories

postulate the cause for this, such as oxygen and mechanical and chemical stimuli. This

thesis concentrates on the difference in oxygen environment in traditional 2D culture

compared to real 3D tumours [5, 8, 9].

One of the major differences between 2D and 3D culture is the oxygen environ-

ment, which is complex in cancer tumours in-vivo, and is simple and homogeneous in

traditional 2D in-vitro models [6, 7, 10]. One of the ways to bring traditional culture

into the present could be to incorporate oxygen control enabled with microtechnology.

Employing laminar flow on the microscale to provide a controlled DO environment for

2D cell-culture would allow one to expose traditional cancer models to an in-vivo-like

oxygen environment. This would enable investigation into the biological effects of the

added complexity on drug efficacy. The incorporation of DO control into the cancer

model could provide an invaluable tool in predicting which anti-cancer agent, or new

treatment mechanism, should progress to clinical trials and could lead to insights into

drug resistance.

The aim of the research presented herein is to contribute to the understanding

of the effect of oxygen availability on cancer cell behaviour and drug efficacy by us-
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ing microfluidic methods. This thesis describes the preparation, characterisation and

treatment of an oxygen sensor substrate for the long-term culture of cells, the design

of the accompanying on-chip and off-chip system for spatial DO environment control,

and subsequent biological analysis of cells exposed to a controlled oxygen microen-

vironment. Ultimately, the goal is to achieve 2D culture of cancer cells in a system

that is able to mimic the in-vivo cancer environment by incorporating DO control and

measurement.

1.2 THESIS CONTRIBUTIONS

The main contributions of this thesis to the field include the PVP-treatment of

PS/PtOEPK sensor films to improve cell-attachment in a microchannel. Additionally,

the culture of Ishikawa and SKOV-3 cells in microchannel on PS/PtOEPK sensor film

was performed in an on-chip system with DO control and measurement, neither of which

were supplied by chemical means, which are commonly relied upon in other systems.

Lastly, and perhaps most importantly, it was discovered that a cell-dependent decrease

in cell-viability is prevalent over time under perfusion conditions in a microchannel.

Cell viability is not always reported in the literature for these kinds of systems, but

the results presented in this thesis suggest that cell viability is linked to the residence

time under perfusion, as well as residence time in hypoxia. This decrease is also varied

depending on cell-type. These insights are significant for future work on systems where

cells are exposed to varied DO environments on-chip.

The following sections list the publications and presentations that have resulted

from this work.

Journal publications

Peer reviewed publications that are directly relevant to this work are as follows:

• L. Orcheston-Findlay, A. Garrill, V. Nock, “The expression of HIF-1α in an en-

dometrial cancer cell-line in a microfluidic varied dissolved-oxygen environment”,

in preparation.

• L. Orcheston-Findlay, A. Hashemi and V. Nock, “PVP treatment of PS/PtOEPK

Sensor Films for Improved Adherence of Cancer Cells”, International Journal of

Nanotechnology, in print.

• L. Orcheston-Findlay, A. Hashemi, A. Garrill and V. Nock, “A Microfluidic Gradi-

ent Generator for Simulation of Cellular Oxygen Microenvironments in Cancer”,

Micro Electronic Engineering, 195 (2018) 107–113.
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Conference presentations

The work in this thesis has been presented in the following forms at various conferences:

• Oral presentation, “A microfluidic gradient generator to simulate the oxygen

microenvironment for an improved cancer model”, 9th International Conference

on Advanced Materials & Nanotechnology, AMN-9 (Wellington, New Zealand,

February 2017).

• Oral presentation, “A microfluidic gradient generator to simulate the oxygen mi-

croenvironment for an improved cancer model”, Australia and New Zealand Nano

and Microfluidics Conference, University of Auckland (Auckland, June 2018).

• Poster presentation, “Microfluidic Tumour Oxygen Environment Generator”,

Medtech conference, University of Otago (runner up) (Christchurch, New Zealand,

December 2017).

• Poster presentation, “Microfluidic Tumour Oxygen Environment Generator” 43rd

International Conference on Micro- and Nanofabrication and Manufacturing,

MNE2017 (Braga, Portugal, September 2017).

• Oral presentation, “Cell viability on a PS/PtOEPK oxygen sensor film”, 8th In-

ternational Conference on Advanced Materials & Nanotechnology, AMN-8 (Queen-

stown, New Zealand, February 2017).

• Poster presentation, “Oxygen Microenvironment Manipulation Using Laminar

Flow for Cancer Therapy Resistance Analysis”, Fluids in New Zealand (Auckland,

New Zealand, January 2016)

• Poster presentation, “Controlling the Oxygen Environment in Two-Dimensional

Cancer Cell Monolayers on-Chip”, 7th International Conference on Advanced

Materials & Nanotechnology AMN-7 (Nelson, New Zealand, February 2015).

• Oral presentation, “Controlling the Oxygen Microenvironment in Cancer Cell

Monolayers on Chip”, Fluids in New Zealand FiNZ, (Christchurch, January 2015).

Other presentations

This work has been presented at the following various events and meetings:

• Oral presentation, “Cancer and Oxygen in Miniature, Thesis in 3 Competition

(University final competitor) (Christchurch, New Zealand, July 2017).

• Oral presentation, “A Microfluidic Gradient Generator to Simulate the Oxygen

Microenvironment in Cancer cell-culture”, School of Biological Sciences, Univer-

sity of Canterbury (Christchurch, New Zealand, October 2017).



4 CHAPTER 1 INTRODUCTION

• Oral presentation, “A Microfluidic Gradient Generator to Simulate the Oxygen

Microenvironment in Cancer cell-culture”, Departmental seminar, Dept of Elec-

trical and Computer Engineering, University of Canterbury (Christchurch, New

Zealand, October 2017).

• Poster presentation, “Oxygen Microenvironment Manipulation using laminar flow

for cancer therapy resistance analysis”, MacDiarmid Institute for Advanced Ma-

terials and Nanotechnology Symposium (Wellington, New Zealand, November

2015).

• Oral presentation, “Oxygen control and measurement in Microfluidic chips for

cancer cell-culture”, Canterbury Women Researchers Greater Christchurch’s Post-

graduate Network, University of Canterbury (Christchurch, New Zealand, Septem-

ber 2016).

• Oral presentation, “Oxygen control and sensing on chip”, MacDiarmid Insti-

tute for Advanced Materials and Nanotechnology Symposium (Christchurch, New

Zealand, November 2016)

• Oral presentation, “Tumour-on-a-chip”, University of Canterbury Postgraduate

Student Association Showcase (People’s choice winner) (Christchurch, New

Zealand, November 2016)

• Oral mock video interview, The Science Media Center NZ at 7th International

Conference on Advanced Materials & Nanotechnology AMN-7 (Nelson, New

Zealand, February 2015).

• Oral presentation, “Microfluidic devices that allow control of oxygen availability

for ant-cancer drug testing”, Canterbury Women Researchers Greater Christchurch’s

Postgraduate Network, University of Canterbury (Christchurch, New Zealand,

May 2015).

• Oral presentation, “Controlling the oxygen microenvironment in 2D cancer cell

monolayers on-chip”, Dept of Obstetrics & Gynecology research group meeting,

University of Otago (Christchurch, New Zealand, May 2015, June 2015, Octo-

ber 2015, March 2016, June 2016, June 2017, October 2017, July 2018).
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6 CHAPTER 1 INTRODUCTION

Figure 1.1: A graphical representation of the structure of this thesis.

1.3 THESIS STRUCTURE

To guide the reader through this thesis, the contents of each chapter are shown below.

Additionally, Figure 1.1 demonstrates the contents of each chapter graphically.

Chapter 2 — Background, presents theory relating to the biological and mi-

crotechnology aspects of this work, including fundamental information on how cells

live, die and are characterised. The theory of microscale fluids is also presented in the

context of fluid control, shear stress and diffusion of dissolved species. Following this,

a review of the genetic causes of cancer, the cancer microenvironment, mechanisms

of drug resistance and methods to improve the validity of cancer culture models is

presented.

Chapter 3 — Oxygen Sensor Film Optimisation, presents the theory behind the

oxygen sensing mechanisms used in this project, and the modification techniques used

to make the sensor a suitable cell-culture substrate. The characterisation of the oxygen

sensor is then described in terms of contact angle, measurement sensitivity and surface

roughness. The PVP treatment method is introduced.

Chapter 4 — Dissolved Oxygen Control On-Chip, presents the development pro-

cess of the microfluidic system for the generation of a cross-stream dissolved oxygen
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gradient. The quality and stability of the gradient-generator system is discussed in

terms of flow control and DO gradient measurement.

Chapter 5 — Oxygen Control and Measurement for Cell-Culture On-Chip, presents

the use of the microfluidic oxygen-control system in conjunction with the sensor film

substrate for the culture of two cancer cell-lines and a mouse muscle cell-line in a DO

gradient. Cell viability under different conditions is presented.

Chapter 6 — Thesis Conclusions and Future Work, presents the conclusions

resulting from this thesis and suggested future work.

Appendices — A presents the chemical structure and absorption/emission spectra

of PtOEPK. B gives the details of the atomic force microscopy imaging method used

to image topography of sensor films. C details the MATLAB scripts used to output

DO gradients for movies and a single graph of the mean, maximum and minimum

gradients respectively. Additional sections show the MATLAB code used to output

the intensity per unit area for immunostained HIF-1α images. D presents extra fitting

data of the spin-speed against thickness of spin-coated sensor films. E presents the

conversion tables used to calculate the oxygen concentration in cell-culture media. F

presents the fabrication and characterisation of the resistor heater that was developed

maintain a microfluidic chip at a set temperature. G presents the method of patterning

of the sensor film. H provides a URL to a video of exerts from an experiment with cells

and DO control and measurement on-chip.

ASSUMED KNOWLEDGE

A basic knowledge of biology and microtechnology is assumed, however, an overview

of basic cell biology and fluid dynamics on the microscale are overviewed in the next

chapter.





Chapter 2

BACKGROUND

This chapter gives a background on the complex biology behind the causes and treat-

ments of cancer. The definition of cancer and its causes are covered, the cell-cycle,

how organisms protect against cancer, as well as the effects of low oxygen on several

aspects of cancer behaviour, cancer treatment strategies and resistance mechanisms are

described. Technologies used to improve on current models used to represent cancer in-

vitro are then introduced, followed by key microfluid dynamics concepts. More specific

literature reviews regarding what has been done related to each subsequent chapter are

included in their relative introductions.

2.1 CANCER

Cancer is a large number of diseases whereby a population of cells are able to contin-

uously proliferate within a host organism. The cells that give rise to cancer are able

to survive even when their deoxyribonucleic acid (DNA) is damaged, and by natural

selection, these cells progress into tumours. Furthermore, tumour cells are able to in-

vade areas of the body occupied by cells different from that of the original tissue of

origin [11].

Cancer is a major health issue in many parts of the world and is becoming more

prevalent as people continue to live longer over time. Even though cancer is the most

common cause of death in New Zealand and a major cause of hospitalisation [12], there

has been a gradual stabilisation in the number of cases throughout New Zealand in

recent years [12] and the cancers that traditionally carry poor prognoses have seen

a decline in deaths [13]. This improvement is likely due to the decrease in smoking,

increase in early detection [14] and the sustained research effort towards the under-

standing of those cancers and the discovery of new effective therapies.
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2.1.1 The main types of cancer

The main types of cancer include carcinomas, sarcoma, melanoma, lymphoma and

leukaemia, each of which can be divided into subtypes [11] where the type is assigned

by the tissue of origin. Carcinomas, for example, are cancer of the epithelial cells that

originate in the skin or tissue linings. Sarcoma is cancer of the connective or support

tissue. Lymphoma and melanoma are cancers of the immune system and leukaemia is

that of the blood [11].

All cancers share the common property of uncontrolled cell proliferation, however,

it is possible for the body to produce populations of uncontrollably proliferating cells

that are not able to invade and metastasise and these are called benign tumours [11].

These can originate in various tissues in the body analogous to malignant cancers,

i.e. tumours that are able to metastasise to other tissues in the body. Since cancer

originates from vastly different tissues, each cancer can exhibit varying characteristics.

Even though this is the case, cancers share some specific hallmark capabilities at the

cellular level that make it recognisable and are discussed in the next section.

2.1.2 The hallmarks of cancer

Cancer is an extremely diverse collection of diseases such that a framework of hallmarks

was devised to aid in disease characterisation. These six major hallmarks of cancer

describe distinct capabilities that drive the progression of cancer and include continued

proliferation, avoiding growth suppressors, resistance to death, immortality, inducing

angiogenesis, invasion, and metastasis to other sites [15,16]. Not all of these are present

in every type of cancer but are all driven by genetic or epigenetic instability [11].

Continued proliferation is one of the main hallmarks of cancer. Sustained pro-

liferative signals prevents an organism from maintaining cell numbers for the proper

function of constituent tissues. These sustained signals lead to tumourigenesis. Some

cancerous cells are even able to produce their own growth factors that are subsequently

received and acted upon by the cell that produced them. Similarly, receptor numbers

are often increased on the surface of cancer cells. Alternatively, mutations can cause the

activation of pathways downstream of inactive pathway initiators leading to increased

proliferation. Subsequently, continued proliferation drives further DNA damage leading

to manifestation of additional cancer hallmarks [15,16].

Another major hallmark, resisting cell death, is common in cancer cells and is

enabled by a loss in function of the p53 tumour suppressor gene, the increase of an-

tiapoptotic regulators or the increase of those of survival [11, 15, 16]. Additionally,

cancer cells are able to prevent their telomeres from degrading to avoid replicative

senescence [11]. Cancerous cells can also avoid contact inhibition where cancerous

cells organise into a single layer in in-vitro culture to prevent the signaling of apopto-
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sis. Diseased cells can also redirect cell-death pathways towards the activation of the

epithelial-to-mesenchymal transition to avoid the initiation of apoptosis [15].

Another mechanism to promote cancer cell survival and evade death is autophagy,

where the cell is able to recycle intracellular materials to provide energy [11, 15, 16].

This process may also play a role in drug resistance. Certain cytotoxic drugs have been

shown to increase autophagy whereby treatment with stress-inducing drugs actually

promoted cancer cell survival [15,16].

Metastasis is the most deadly and least understood multifaceted process by which

cancers progress. Cells must first break adhesive bonds with neighbouring cells and

become mobile in the bodies circulatory system, then invade other tissues [11]. The last

stage of the process, invading into new healthy tissue, is the most difficult and results

in the death of most of the invading cancer cells. As little as one in a million may settle

and thrive, however, giving rise to a secondary tumour that may lay dormant for many

years after the cells at the original site were eradicated.

Predominantly, cancer is a genetic disease that progresses gradually from a single

cell. It and its daughter cells rapidly collect increasing numbers of genome alterations

that result in uncontrolled proliferation. Ultimately this gives rise to immortal cells

that are capable of continued growth, division and invasion of other tissues in the

body [11]. The next sections explain the normal cell-cycle, the checkpoints for avoiding

the continual proliferation of abnormal cells, cell death mechanisms and the ways in

which cancerous cells avoid these.

2.1.3 The cell-cycle

The cell-cycle is a cyclic process whereby cells grow, the genetic information within a

cell is copied and the parent cell divides into two daughter cells [17]. Phase 1 (G1 phase)

mainly involves cell growth and is usually the longest phase for most cell types. Syn-

thesis of proteins and production of organelles are ongoing in this phase [17]. Phase 2

(S phase) involves replication of the DNA where each chromosome produces two at-

tached sister chromatids. This is the phase where replication mistakes may be made

in the daughter DNA that has the potential to lead to cancer. Phase 3 (G2 phase) is

the second phase of growth where the newly replicated DNA is prepared for mitosis

(cell division) by coiling to occupy less volume. Tubulin production is increased in this

phase, so that microtubules can assemble and form the spindle (a tubulin structure

eventually used to separate the two daughter cells from each other) before division.

Phase 4 (Mitosis) is the phase where the replicated chromosomes are pulled to either

side of the cell by the spindle into the new daughter cells. Phase 5 (cytokenesis) is

the final phase where the microtubule spindle contracts and pinches the cell membrane

in half, splitting the cytoplasm and allowing formation of the two individual daughter

cells. These last three phases are shown in Figure 2.1 [17], which are the last phases of
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mitosis and cytokinesis, the latter being sometimes visible in cells cultured in-vitro.

Regulation of the cell-cycle is extremely important to prevent cancer development

in an organism so that suitable processes can be initiated to prevent the formation of

life-threatening tumours. There are several ways that a cell can successfully regulate

the cell-cycle and several checkpoints where death or repair pathways can be triggered.

2.1.3.1 Cell-cycle regulation

Regulation of the cell-cycle is important to prevent cancer development in an organ-

ism. There are several points in the cell-cycle where intervention can occur if potentially

damaging mistakes have been made. These errors can include DNA breaks or DNA

replication mistakes between the old and newly formed DNA. As shown in Figure 2.2,

the interventions can occur at the end of the G1 phase (called G1/S checkpoint) before

DNA replication, at the end of G2 (called G2/M checkpoint) before the replicated chro-

mosomes pull apart, and at the spindle checkpoint before the daughter cells physically

separate.

The first one is the main checkpoint at G1/S [17, 18]. If the DNA is damaged in

some way and is repairable, the cell-cycle is paused at this checkpoint until repair is

complete. If the damage cannot be fixed, the cell is programmed to die by apopto-

sis (see Section 2.1.5). The second G2/M checkpoint is important because once a cell

has passed it, there is no way to abort mitosis. Its purpose is to assess the quality of

DNA replication and has the ability to stall the continuation of the cell-cycle if appro-

priate [17]. The purpose of the third and final checkpoint, the spindle checkpoint, is to

check that the chromosomes have assembled correctly along the spindle before mitosis

begins and completes the cycle before G1 phase begins again.

The cell-cycle is not always ongoing, however, since changing environmental con-

ditions may prevent a cell from dividing due to lack of resources. Cancer cells are

especially equipped to survive situations with low resources, as described in the next

section.

2.1.4 Cell senescence

There is an additional phase that cells may exist in, G0, that is a phase not included

in the active cell-cycle. Cells enter this phase, called quiescence or senescence, usu-

ally when there are limited resources for proliferation, such as oxygen, and associated

absence of growth factors [17, 18]. There are many different types of growth factors

and multiple are needed to initiate proliferation in a quiescent cell. Cells need growth

factors to begin the initiation of proliferation and the cell does not pass the G1/S

checkpoint until certain growth factors are present [17]. It is therefore crucial that cells

are given serum supplemented media in in-vitro culture or senescence will occur, which
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Figure 2.2: Cell-cycle interruptions can occur if mistakes need repair [17]. The G1/S
checkpoint assesses DNA replication mistakes, the G2/M checkpoint checks the repli-
cated chromosomes, and the spindle checkpoint checks the formation of chromosomes
at the spindle before the final stage of mitosis [18]. Permission to reproduce requested
13/08/18.

could confuse any senescence initiated by hypoxia under experimental conditions in a

microchannel in the present work.

Other initiators of senescence include high oxidative stress (an imbalance between

free radicals like reactive oxygen species (ROS) and their neutralisation), and certain

oncogenes and DNA damage by external or internal factors [19]. Once the DNA damage

is repaired the cell can continue the cell-cycle from the phase that it left, or if this is

not possible, apoptosis is initiated.

ROS are either free radicals that contain oxygen or non-radical oxygen-containing

molecules that are reactive. The radical ROS has one or more free electrons in the

valance band, and the non-radical ROS has a full outer shell but is nevertheless re-

active and can be converted into a free radical version [20]. Examples of free radical

ROS found in biological systems are nitric oxide, superoxide and hydroxyl radicals.

Examples of those of non-radical nature are ozone, hydrogen peroxide, peroxynitrate

and hydroxide [20]. Reactive oxygen species are needed for cell signaling, enzyme and

protein regulation, and are involved in inflammation, but in large numbers are damag-

ing [20,21].

2.1.5 Cell death

Cells can die in one of two main ways, by trauma or by programming. Death by trauma

can occur due to permeabilisation of the cell membrane and release of the cell contents

into the interstitium. To prevent this from happening in cells that need to be culled for
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Figure 2.3: Cell death by apoptosis. Left: A healthy cell. Right: An apoptotic cell
where the membrane bound apoptotic parts, that have yet to be taken up by other
cells, can be clearly seen ballooning out from the centre of the cell [24].

the health of the organism, such as those that have suffered irreparable DNA damage,

a specialised process exists to prevent this: programmed cell death, or apoptosis [22].

Apoptosis is a natural part of the function of an organism and in particular occurs as a

necessary part of development in embryos. In adults, however, it only occurs as a result

of some kind of trauma or mutation; therefore, apoptosis is the first line of defense, if

DNA repair fails, against the development of uncontrolled cell proliferation caused by

mutation i.e. cancer [18].

Apoptosis is carried out by proteins synthesised within a cell, which signal the

initiation of the cell death process, DNA breakdown [18, 22], breakup of the cell into

many small membrane-bound fragments (see Figure 2.3) and finally the signaling of

the uptake of these fragments by other cells [22]. This prevents possible toxic contents

within the apoptotic cell from being released into the interstitium [22]. Apoptotic

cells in-vitro can be seen to divide into many membrane-bound apoptotic parts during

apoptosis, as seen in Figure 2.3. Recently, an alternative iron dependent cell death

mechanism called ferroptosis has also been discovered [23]

Necrosis, or cell death by trauma, is an unregulated cell death process where the

contents of the dead cell are released into the interstitium through the ruptured cell

membrane [22]. In contrast to apoptosis, this is likely to cause an inflammatory response

around the damaged site.

Recently, two new types of necrosis that are actually purposefully induced by the

dying cell have been discovered, called necroptosis and pyroptosis [25]. They are both

processes where the cell membrane is ruptured and cell contents are released purpose-

fully after receiving signals for the cell to do so [15,25]. These cell death processes are

identical to necrosis once the membrane rupture is initiated, which makes these pro-

cesses difficult to distinguish from actual necrosis. However, there are a specific set of
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Figure 2.4: The consequences of having a normal and abnormal p53 gene when DNA
damage occurs. In a cell with healthy p53 gene, the cell is culled via apoptosis, whereas
in the cell with a mutated p53 gene, the cell becomes a cancer cell [17]. Permission to
reproduce requested 13/08/18.

molecules that are used to initiate both necroptosis and pyroptosis [25,26]. Either one

of these death mechanisms could be identified in in-vitro cell-culture, as small floating

fragments and remains of the broken-up cells are visible.

2.1.6 Breakdown of cell-cycle regulation

There are several ways that the cell-cycle checkpoints do not work as intended when

a cell’s DNA is damaged. One of the genes commonly mutated in many cancers, p53,

is responsible for activating apoptosis in irreparably damaged cells (especially at the

G1/S checkpoint). If p53 is inactive or mutated, the resulting proliferation of the

cells containing faulty DNA can cause oncogenesis (the initiation of cancer), as seen in

Figure 2.4 [15,17]. The cell-cycle is also usually dependent on mitogens, a type of growth

factor, in healthy cells to pass the G1/S checkpoint, assuming sufficient substrate-

attachment and cell-cell contact. Cells will only grow inside or outside the body when

mitogen is present, they have a surface to attach to — the natural extracellular matrix

(ECM) or a substrate constructed often out of PS — and they are not overcrowded1.

In order to culture cancer cells outside the body, these factors work in favour of

keeping the cell-cycle active in-vitro. Growth factors can be added to the minimum

essential media (MEM) to further ensure that the cell-cycle continues to operate and

produce viable cancer cells for study [22]. An overview of the genetic causes of cancer,

including more detail of the p53 gene, is given in the next section.

1Some cell-lines cease to grow, and become quiescent when they have occupied 100 % of the cell-
culture vessel that they are being cultured in in-vitro.
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2.1.7 The genetic causes of cancer

Many genes are not essential for the normal function of an organism, and at least one

new mutation is expected in the DNA in a dividing cell during each round of chromo-

somal duplication [27]. These mistakes often go unnoticed as the mutation is either in

nonessential DNA and does not affect cellular function, or other allotropes that encode

the same protein are still intact. Furthermore, it is normal for somatic mutations to ac-

cumulate with age and to contribute to the natural ageing process [27]. Contrarily, the

expression of some genes are known to cause the initiation of cancer; proto-oncogenes

make up approximately 2 % of the human genome and are known, when mutated, to

cause oncogenesis [28,29]. Genes responsible for survival and proliferation in particular

are dangerous when mutated. The extracellular signal regulated kinase (ERK) pathway

is a series of reactions that start with an extracellular signaling molecule binding to a

receptor on the cell membrane. This starts a cascade of reactions resulting in a change

in cell behaviour related to the cell cycle in the case of ERK [30]. A mutation in the

Ras→Raf→MEK→ERK pathway, an important pathway involved in proliferation

and signaling shown in Figure 2.5, is extremely common in many cancers [31,32].

Ras is a protein family, the members of which regulate the molecular pathways that

orchestrate cell growth in normal cells. They were one of the first major protein families

to be found to play a significant role in cell growth and the transition to cancer [33]. It

has been shown that 20 % of all human cancers are known to have a mutation relating

to one of the Ras proteins [33] along the Erk pathway for cell-signaling [34]. K-Ras

mutation is common in endometrial cancer [35] and there are drugs that target the Erk

pathway due to this oncogene [31].

B-Raf proto-oncogene, serine/threonine kinase (BRAF) is a RAF protein kinase

found in the cytoplasm [35] also involved in intracellular signaling along the Ras-Erk

pathway [31, 34–37]. It is also involved in tumour growth pathways [38] and there is

some evidence that BRAF is involved in oncogenisis in the endometrium [35], where

an endometrial cancer cell-line was the main cancer model used in the present work.

Serine/threonine protein kinase (PIK3CA) is involved in growth factor signal-

ing [39], cell proliferation and apoptosis pathways [2] and migration [40]. In endometri-

oid endometrial cancer (type 1), common mutations that occur are AKT1 [41] and

K-ras, and p53 in the case of non-endometrioid carcinoma (type 2) [34,41].

Other genes are also known to initiate pathways that lead to oncogenesis more

indirectly, for example, by altering the microenvironment leading to oncogenesis [42].

Furthermore, there are genes that suppress the growth of tumours such as PTEN [42]

which is crucial in regulating the cell-cycle and is a tumour suppressor gene [2] and is

also thought to be involved in metastasis [43]. This is the case with Type I endometrial

cancer [34, 41] where PTEN is very commonly mutated. It usually intervenes at the

G1/S checkpoint of the cell-cycle to enable damaged cells to continue proliferating [34].
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Figure 2.5: The Ras-Erk cell signaling pathway for proliferation and cell survival is
one of the most commonly mutated pathways promoting survival of cancer cells [31].
Permission to reproduce not required.



2.1 CANCER 19

Conversely, recently it has been suggested that epigenetic mutations, which are

abnormalities in gene expression without changes in the genes themselves, significantly

contribute towards carcinogenesis [44]. Lastly, mistakes in the DNA repair process

itself, caused by gene inactivation or mutation of certain genes such as BRCA1 and

BRCA2 [27,42] — both involved in transcription, DNA repair and cell-cycle control [45]

and act as tumour suppressors [46] — can trigger the initiation of cancer [27, 42]. In

ovarian cancer, both of these are the case where epigenetic alterations of BRCA1 and

BRCA2 are present in the majority of cases [46].

The most dangerous outcome of these mutations or repair mistakes is uncontrolled

cell proliferation, the main hallmark of cancer, which is thought to cause approxi-

mately 90 % of all cancer cases [27, 44]. Furthermore, the p53 gene, a tumour sup-

pressor, is one of the most common genes to mutate in all human cancers [15, 23] and

in 50 % of ovarian cancers [46]. The p53 gene is responsible for many cell functions;

it is activated upon DNA damage and is capable of culling cells via the activation of

apoptosis, or initiation of cell senescence and DNA repair mechanisms. It can also alter

cell metabolism, its ability to differentiate and cull cells through ferroptosis [23]. In

light of this, it is clear why the mutation of this gene could result in oncogenesis.

Although a frequent factor, it is not only expression or genomic changes in the

cancerous tissue itself that facilitate the continued growth of diseased tissue once it

has been initiated. It was recently found that the tissue surrounding tumour cells, the

so-called stroma, participates in ongoing communication with the adjacent cancerous

tissue. This results in morphology and growth factor secretion changes in the stroma

that support and encourage growth of the cancerous tissue into the surrounding healthy

tissue and ECM [11,47]. Consequently, the stroma varies in size and composition and

provides a niche environment encouraging each tumour to grow [11]. On a positive

note, this partnership between stroma and tumour could discourage metastasis to other

sites [11] and stroma characteristics could provide insightful indicators for the prognosis

of patients [48].

With regards to reducing the impact of cancer on the health of a population,

modifiable environmental factors remain the main way to reduce genetic mutations

that cause deaths from cancer. Not smoking, low alcohol use, high consumption of

fruit and vegetables, and activity that prevents obesity are the main factors that are

statistically proven to translate to lower cancer occurrence [49,50]. Once carcinogenesis

has occurred, the tools used to prevent death are less versatile and are potentially

ineffective. Not to mention the difficulties that face the diagnosis of cancers, but that

is beyond the scope of this thesis.
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It is imperative that the drugs currently used to treat cancer, once it has already

been initiated, are tested in a way that is valid and provides conclusions that help to

decide which drugs should be trialed in the clinic. This thesis addresses one of the

ways that this could be possible by the design of a drug testing system that involves

an environment that is biologically closer to the cancer environment in-vivo.

2.1.8 Cell-lines vs primary culture

There are two main classifications of cells that can be cultured in-vitro. If the cell or

tissue is taken directly from a patient it is called a primary culture, and these cells

are unique to the patient; therefore, results between patients, especially in the early

stages of drug testing, are difficult to compare. To combat this difficulty, cell-lines

were isolated, which are cells that have been immortalised by culturing them from one

cell so that their genome is preserved over many cell-cycle iterations. This means that

subsequent generations of cells contain the same genetic makeup and can be compared

between experiments and research groups.

Comparing drug responses between cell-lines is the current norm for drug screening,

but this method is not without disadvantages. Since cancers are genetically unstable,

new behaviour-altering mutations may occur over many passages. Additionally, and

since the inception of cell-lines, there have been mistakes in identifying these cells, as

well as the contamination of cell-lines. This subsequently effects the validity of studies

using them.

Mistaken identity comes from both contamination of cell-lines and the lack of their

verification. Contamination of cell-lines can occur when cells other than the desired

cell-line contaminate the same culture vessel by mistake. If the contaminant cell is

of a faster growing or more robust nature, they can outcompete the desired cell-line

by making more replications of themselves and occupying more of the vessel. Over

several passage cycles the faster growing cells take over and none of the original cell-line

remains. The researcher remains unaware of such contamination if no direct verification

of the cells is done.

To combat these problems, in the early 1960s the American Type Culture Collec-

tion, among others [51], was formed to attempt to bring some uniformity and control to

cell-lines [52,53] and to reduce the number of misidentified cell-lines [53]. Over 30,000

reports still exist using misidentified cells from just one very commonly contaminated

cell-line in 2010 (HeLa cells) [54], so this problem is prevalent [51]. There has not been

an update of this number since. Literature on the topic of cell misidentification can

still be found, however, and is a prominent problem especially in China, where even

important anti-cancer drug trials have been conducted with misidentified cells [55].

The cell-lines used in the present work are discussed in the next section.
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2.1.8.1 Cancer cell-lines used in this work

Ishikawa and SKOV3 cell-lines were used in this thesis and are from cancerous endome-

trial and ovary tissue respectively. Ishikawa cells have PTEN and p53 mutations [2]

and are human endometrial endocarcinoma cells extracted almost 40 years ago from an

Asian female named Ishikawa [56]. Endometrial cancer is the most common endometrial

carcinoma in the West and can either be defined as endometrioid or non-endometrioid

carcinoma. The less common (representing around 20% of cases) non-endometrioid

type usually represents a more serious carcinoma with a worse outcome compared to

the endometrioid type [57].

SKOV-3 cells, a human ovary epithelial adenocarcinoma cell-line [58] have mutated

PIK3CA and p53 [59]. They were recently characterised with 39 other ovarian cancer

cell-lines and found to be more representative of the endometrioid subtype ovarian

cancer [60, 61]. Nevertheless, SKOV-3 cells have been commonly used as a model for

ovarian carcinoma, the 5th most deadly illness in women [62–64]. SKOV-3 cells were

extracted in 1973 from the ascites of a Caucasian female with adenocarcinoma of the

ovary [65,66].

The human endometrium is very dynamic tissue as they progress through the

various stages of the menstrual cycle, giving it the characteristics by which it is known

- cyclic breakdown and proliferation [67, 68]. Cultured Ishikawa cells are known to

behave very similarly to cells of the endometrium [68–70], so are a well-regarded cell-

line for use in-vitro to represent cancer of the endometrium and are not regarded as

being affected by misidentification [51].

2.1.9 The cancer environment

The tumour environment is unique in its heterogeneity of constituent cell-type [10,71–

74] and oxygen concentration [9, 75, 76]. The latter of which results mostly from the

rapid proliferation that initially gives rise to a tumour in the first place. Shear stresses

from interstitial fluid and hypoxia cause therapy resistance and encourage tumour

growth, while vascularangiogenesis and lymphangiogenesis subsequently provide outlets

for metastasis. These environmental factors that drive progression and metastasis are

discussed in this section.

2.1.9.1 The tumour physical environment

Due to the high metabolism and proliferation rates present in cancer cell populations,

solid tumours form faster than blood vessels, resulting in an environment where oxygen

transport is predominantly by diffusion (provided there are no vortices or eddies in the

flow). As shown in Figure 2.6, abnormal vasculature growth exhibits common abnor-

malities including fragile rupture-prone walls, abnormal connections between veins and
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Figure 2.6: The common differences between vasculature in a) normal tissue and b)
tumour tissue. In normal tissue vasculature is hierarchical and supplies sufficient oxygen
to all cells. In cancer tumours the vasculature contains various defects and cannot
deliver sufficient oxygen to cells thereby causing regions of hypoxia [78]. Reproduced
with permission from Springer Nature Limited.

arteries, narrow regions and dead ends. Hypoxic areas are subsequently created that

trigger an increase in vascular endothelial growth factor (VEGF) secretion — one of

many altered growth factors in cancer cells. VEGF promotes the growth of new vascu-

lature [77] and is also a useful factor in characterising tumours in-vivo and in-vitro [6].

In a similar fashion, cancer tumours often prompt growth of lymph vessels that

connect them to the lymphatic system, from which it is known that they metastasise,

so this alone is an indication of a poor patient prognosis. In addition to this, the defec-

tive blood and lymph vessels can cause pressure imbalances between the interstitium,

blood and lymph, which enables a number of advantageous mechanical changes to be

choreographed by the tumour tissue. Firstly, cancer tissue is known to recruit lym-

phatic vessels that drain the interstitial fluid at a higher rate than in normal tissue,

which increases the shear force from lymph drainage. Secondly, shear forces drive the

stiffening of the stromal extracellular matrix (ECM), which is thought to decrease the

immunity of the stromal tissue towards the invading cancer [79]. This knowledge has

led to an effort to characterise how forces affect the behaviour of different types of

cancer. It is exciting new area of research especially because microfluidics is more than

capable of supplying mechanical stimulation in a variety of ways. The work in this

thesis does not investigate shear, but studies could feasibly be done quite simply with

our system and hence this is discussed in Chapter 6.
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Figure 2.7: A cross-section of a spherical tumour that shows the state of the cells and
the corresponding oxygen state. Anoxia (lack of oxygen) causes cells to die. Hypoxia
(insufficient oxygen) causes cells to become quiescent. Normoxia allows cells to function
as normal and participate in the cell cycle. Modified from [81].

2.1.9.2 The Tumour Chemical Environment

The chemical environment of a tumour is closely linked with the physical since dam-

aged or absent microvasculature and overactive metabolism generates a heterogeneous

environment in glucose, pH, waste products and oxygen over hundreds of microns [9,

48, 76, 80]. Tumours, therefore, often contain normoxic cells close to the vasculature,

surrounded by regions of hypoxic, quiescent cells and necrotic, anoxic cells, as show

in Fig. 2.7 [81–83] and 2.8 [80]. Previously published work reports the effect of varied

glucose and oxygen in cell-culture, but the present work focuses on oxygen. The next

section covers the relevant theory of oxygen in normal biological tissues and cancer.

2.1.10 Oxygen in biological tissues

Oxygen is essential for life and aerobic respiration; it is the second most common

constituent of cells and governs many aspects of cell behaviour by its effect on gene

expression [45]. Furthermore, virtually every tissue in the body is constrained by

oxygen availability [84].

Hypoxia occurs in cells when oxygen consumption exceeds delivery, usually causing

apoptosis [75,85] and is commonly caused by an interruption of the blood supply [18].

Hyperoxia (excess of oxygen) occurs when delivery exceeds use, and anoxia is the

complete absence of oxygen. Cancerous cells often have mechanisms to survive and

even proliferate far from blood vessels in regions of hypoxia [75]. This can give rise to

populations of diseased tissue that are difficult to treat with traditional intravenously-

administered drugs [7]. Furthermore, it has been known since the 1950s that hypoxia
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Figure 2.8: The structure of a solid cancer tumour showing anoxic, hypoxic and nor-
moxic regions and blood vessels around a functioning blood vessel. Adapted from [80].

negatively affects the efficacy of radiotherapy [86]. Therefore, it is important that the

modern lab model is able to mimic the oxygen environment that causes drug resistance,

so that effective therapies can be designed and tested using a relevant model. This is

unfortunately not commonly the case at present. Conventional cancer models used

for drug screening are typically composed of 2D cell-cultures grown in atmospheric

conditions where the bioavailability of drugs is ensured [87].

Oxygen concentrations vary between tissues, organs, and even patients [9, 88].

The healthy brain contains 90–110 mmHg (12–14 %) O2, bone marrow contains 27–49

mmHg (3.6–6.4%) [88], and the endometrium contains 19-20 mg/L [89]2. Hypoxia can-

not be defined universally as it varies between tissue types; the metabolism of oxygen

is not constant for all tissue types as their oxygen needs are variable. The only com-

mon attribute of cells in hypoxia is that the cells would be under stress and exhibiting

increased expression of genes that respond to hypoxia. The average measured DO con-

centration in multiple types of healthy and cancerous tissue is shown in Table 2.1 [78].

This shows that diseased tissue can contain as low as 5% the oxygen of their healthy

counterparts, even when the whole tumour oxygen environment containing regions of

anoxia, hypoxia and normoxia is averaged. Compared to the approximately 10 mg/L

of DO in air equilibrated deionised (DI) water at sea level3, healthy prostate tissue is

the only tissue type able to be cultured in 2D in atmospheric conditions with the ex-

clusion of all cancerous tissue types shown. However, doing so would still not capture

2These values are presented in different units because it is not trivial to convert between units of
DO; they are written here in the unit used in the source from which they were taken.

3Based on measurements with a fiber optic oxygen sensor. Results presented in Chapter 5
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Table 2.1: Oxygen concentration in diseased and healthy tissue. Data compiled
from [78,89,92,93].

Tissue type Median O2 (mg/L) Difference (%)
Healthy Cancerous (cancerous/healthy)×100

Head and neck 6.9 2.0 29
Lung 5.1 1.0 20
Pancreatic 6.9 0.4 5.8
Cervical 6.9 0.4 5.8
Prostate 7.0 2.7 39
Endometrial 19–20 1–1.5 5.0–7.9
Ovarian 1.9* 0.1 † 5.2

†Converted to 0.1 mg/L from 2 mmHg at sea-level and room temperature for comparison.
Measured in a 12 mm diameter human ovarian carcinoma xenograph in a nude mouse [92].
* Converted from a mean of 59.8± 9.8µM at the surface of an ovarian follicle between 20 rab-
bits, bearing in mind that the oxygen tension is inversely proportional to follicle size, whereas
ovarian blood contains 102.0± 3.4 mmHg (3.3 mg/L) [93].

the presence of spatially varying DO concentration regions present within a tumour

in-vivo.

Oxygen levels in cells are kept in balance by homeostasis and if oxygen varies

from normal levels, a host of biological processes are triggered, some of which are

damaging. Production of ROS is increased by both hypoxia and hyperoxia, increasing

the probability of DNA damage inside the cell [82]. Additionally, hypoxia alone can

directly cause a reduction in ATP production by making oxygen-dependent generation

pathways impossible [90,91], although cancer is capable of overcoming this.

The transcriptional changes in different types of cells with different DO concen-

trations has been well investigated. The response of cells to hypoxia and hyperoxia

ultimately involves the transcription factor4 HIF-1, which is responsible for the expres-

sion of hundreds of genes [91]. This factor has been shown to be expressed, for example,

in a cervical cancer line HeLa at 1 % and 0.02 % oxygen [9]. HIF-1 is produced from

individual HIF-1α and HIF-1β subunits, of which HIF-1α is normally continuously

produced and subsequently broken down when oxygen is present. Therefore, as there

is an increase in HIF-1α in hypoxic conditions, which allows increased linkage with

HIF-1β, resulting in increased HIF-1 levels. This causes increased transcription of the

genes that HIF-1 controls [90, 91], resulting in the activation of pathways that assist

survival in hypoxia by invasion, metastasis and angiogenesis [80].

Even though cancer cells respond to hypoxia by acting to increase oxygen lev-

els, by increasing VEGF secretion among others [20], cancer cells utilise additional

other methods to survive. They are capable of surviving in low oxygen environments

by replacing their usual oxygen-dependent adenosine triphosphate (ATP) production

mechanism with glycolosis. This allows cancer cells to survive lower oxygen levels that

4A protein required for DNA transcription to ribonucleic acid (RNA) (see Section 2.1.3)
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other cells in the body [20], as discussed in the next section.

2.1.11 The Warburg effect

The catabolism process in healthy cells involves taking glucose, oxidising the carbon

component and excreting most of this as CO2. This process is performed whilst in

normal oxygen conditions, where aerobic respiration can be used for energy production.

Almost all types of cancer cells have been shown to switch to glycolysis as a means

for energy production [94], which allows their survival in hypoxia. This, however,

has also been shown to occur even in normoxic conditions and take place at a rate

as high as 100 times that of aerobic respiration in neighbouring healthy cells [11, 75].

This is referred to as the Warburg effect. When cells switch to this energy production

regime, glucose is converted into ATP to fuel the cell. A large surplus of carbon

produced during glycolysis, usually converted to waste products in healthy cells, is used

to produce building blocks for continued cell proliferation [11]. This is crucial because

this alternative way of producing energy and cell components is oxygen independent.

The Warburg effect is therefore one of the ways that cancer cells are able to survive

hypoxia and are even able to continue to proliferate where other cells have become

quiescent while unable to produce energy [11].

Despite this, cancer cells can still become quiescent in hypoxic conditions until oxy-

gen conditions become favourable again, as they can still die when exposed to complete

anoxia [11,81]. In fact, solid tumours are usually composed of a large proportion of dead

cancer cells where the growth rate exceeds the death rate only marginally. Because of

this, tumours may double in size over many individual cell doubling times [11].

2.1.12 Cancer Treatment Strategies

The options available to clinicians to treat a patient with cancer include surgery, anti-

cancer drug therapy, radiotherapy, a combination of treatment strategies, or a combi-

nation of individual drugs. The choice of strategy often depends on the cancer stage,

which itself is determined by the disease extent, i.e. whether it has spread to lymph

nodes or to sites far from the original [95]. The following sections present each treat-

ment strategy and their mechanisms of action relevant to this work.

2.1.12.1 Drug therapy

Many anticancer drugs work by targeting highly proliferative cells [75, 96]. They can

also target nucleic acid synthesis, DNA and associated enzymes, the tubulin in micro-

tubules, inhibit kinases that control proliferation, modulate hormone function and act

via radical species. Tumour cells have greatly increased vascularisation, growth and

proliferation, which is the basis for the selectivity of most drugs [42].
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More specifically, antimetabolites interfere with the production of nucleic acid by

blocking active sites or altering them via interactions with allosteric sites on essential

enzymes. These then bind to DNA and trigger apoptosis, which is weakly selective

towards highly proliferative cancer cells. Hormones can induce tumour growth, which

is why there is a type of anti-tumour drug that inhibits some types of hormone. Al-

ternatively, drugs that interact with DNA usually set off a series of events that lead

to apoptosis by first intercalating with DNA. Drugs that target microtubules either

prevent their formation or make them stable so they cannot depolymerise, preventing

mitosis and inducing cell death. Kinase inhibitors target any of the many oncogenes.

There are also existing drugs that treat drug resistance [42].

Doxorubicin and cisplatin are common drugs used to treat endometrial and ovarian

cancer. Doxorubicin is an agent that inhibits topoisomerases, which are enzymes that

release torsional stress on the DNA while it is being replicated [97]. It is used to treat

leukaemia, breast, stomach, ovarian and lung cancer and soft tissue sarcoma [98]. Cis-

platin is commonly used to treat endometrial cancer and its anti-tumour activity is due

to its platinum complexes and it crosslinks DNA [99]5. It is also used to treat ovarian,

testicular, lung and bladder cancer, myeloma and melanomas. Dose limiting side-effects

include neurotoxicity, nephrotoxicity, and ototoxicity. Many platinum-based drugs have

made it to clinical trials, but more than half of these have failed to progress further

because of their side-effects or poor efficacy [42]. This highlights the importance of

systems able to accurately predict efficacy in human trials to avoid ineffective ones. It

also highlights the need and importance of personalised medicine, where drug screening

with a patient’s own cells can be done to discover if an effective dose can be reached

without detrimental side-effects.

2.1.12.2 Hypoxia activated drugs

The present state of cancer treatment is advancing towards exploiting the hypoxic

nature of the tumour environment. Hypoxia-selective cytotoxic pro-drugs are bio-

inactive compounds that can be metabolised to form a drug when exposed to oxygen

levels below a certain threshold; therefore, they activate only when they encounter

the hypoxic — and therapy resistant — part of the tumour. There are areas of the

body where physiological hypoxia occurs. However, the vast majority of tissues do

not possess any hypoxic regions, so this type of treatment would not affect healthy

tissue [83]. Hypoxia-specific gene therapy is also being developed, whereby enzymes

are transcribed onto pro-drugs in order to trigger metabolites into toxins. Bacterial

spores are also being genetically engineered to germinate only in hypoxic sites within

tumours, which can subsequently metabolise pro-drugs into toxins [78]. The most

5DNA cross-linking results in the formation of abnormal chemical bonds in DNA preventing sepa-
ration preceding transcription. These are highly toxic to the cell [100].
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promising hypoxia-activated pro-drug at the moment has a strikingly different affect

in-vitro compared to in-vivo; the selectivity of targeting hypoxic cells over normoxic

cells is 50-300 in-vitro and 3-5 in-vivo [7]. This strongly suggests that hypoxia-activated

drug development would benefit significantly from a more in-vivo-like test environment

that allows better predictions of drug behaviour in early development. The microfluidic

systems in this thesis have the potential to provide such tools.

2.1.12.3 Radiation therapy

Ionising radiation causes damage to DNA, proteins and lipids, in the presence of oxygen,

by free-radical ROS. Further interaction with the produced free radicals subsequently

produces more ROS that consequently raise oxidative stress and contribute to the ox-

idative damage that leads to cell death [75, 101]. This is, therefore, not possible if

oxygen levels are low. Not only is this ineffective in hypoxic regions, but it is common

that cells exhibit radiation resistance after initial receptivity, similar to induced drug re-

sistance [9]; therefore, the need for a life-like in-vitro cancer model is also advantageous

in identifying the mechanisms that cause induced radiotherapy resistance.

2.1.12.4 Alternative methods

Other methods exist that can be used as complementary to traditional drugs and

radiation therapy. An alternative strategy of cancer treatment uses drugs to mimic

an increase in cellular oxygenation [102]. This has the effect of causing a decrease

in the mechanisms employed by cells in a hypoxic environment that aid survival by

simulating a higher oxygen environment. This also further makes cells more susceptible

to subsequent radiotherapy or chemotherapy [75].

Traditionally, hyperbaric oxygen therapy was used to re-oxygenate previously hy-

poxic cells, and it is still a promising radiosensitiser [83] and complementary therapy

when used with other treatment mechanisms [80]. Figure 2.9 b) shows treatment suc-

cess under hypoxic and normoxic (aerobic6) conditions [78].

Chemoprevention is another alternative therapy defined as any measure that op-

poses the progression of cancerous disease, or more specifically, disrupts or delays

one of the pathways at initiation, promotion or progression of disease [44, 103, 104].

Common chemoprevention agents include non-steroidal anti-inflammatory drugs which

can inhibit initiation [104] and metastasis [44, 105]. These types of agents are called

blocking-agents. Similarly, suppressing agents inhibit the later carcinogenesis stages

by inactivating carcinogens [44], acting as free radical scavengers and inducing DNA

repair [104].

6The term aerobic is used for the metabolic state of the cell in normoxic conditions, where it would
be metabolising normally. The terms normoxic and anaerobic are used interchangeably within the
scope of this thesis
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The common treatment mechanisms — targeted exposure to ionising radiation

and intravenously delivered anti-cancer agents — are all affected by hypoxia as they

utilise free radicals produced only in the presence of oxygen [73]. Decreased prolifera-

tion caused by hypoxia also affects drugs that target highly proliferating cells [75]. A

discussion of these and other mechanisms of resistance to therapy follow.

2.1.13 Mechanisms of therapy resistance

Different types of cancer can be placed in the category of broadly resistant or sensitive

because when they are resistant to one type of drug with many mechanisms of action,

e.g. doxorubicin, they are usually resistant to other drugs [106].

The difficulty in treating cancer cells in-vivo, apart from the fact that it is difficult

to target the diseased cells and leave healthy tissue unharmed, is mainly due to acquired

drug resistance and the diffusion limited nature of drug and oxygen transport, which

leads to other complications. This, coupled with the distance of cancer cells from blood

vessels, causes cancer cells to be resistant to drugs and radiotherapy [7].

2.1.13.1 Vasculature and hypoxia

Cells in tumour cores are physically far from the blood vessels into which intravenous

drugs are administered, and the vasculature that does exist is poor [83]. This makes it

very difficult to deliver drugs to diseased cells.

The oxygen concentration decreases as a function of distance from the edge of a

blood vessel in all tissues, and not just in cancer tissue, as shown in Figure 2.7 [107].

This leads to regions of hypoxia, which produces areas of reduced proliferation, in turn

decreasing the efficacy of drugs that target highly proliferating cells [75, 96]. This,

however, is not the only negative affect of hypoxia.

Hypoxia is a significant contributor to drug resistance in 3D cancer tumours both

in-vitro and in-vivo [76,78,82,83,85,107–111]. Hypoxia directly causes down-regulation

of DNA repair [83] and cell death pathways [112,113], up-regulation of genes responsible

for resisting drugs [78,83], promotes angiogenesis [82], metastasis [82,85] and invasive-

ness [82], and increases genomic instability in general [107]; therefore, it is unsurprising

that there is a correlation between hypoxia and the development of aggressive pheno-

types, shorter life span before recurrence (especially at the original disease site), and

poor patient prognosis [48,76,85,107]. This direct and strong link between hypoxia and

so many mechanisms of drug resistance has prompted this research and many other

efforts to incorporate oxygen control into the cancer model.

As previously discussed, some radiation damages DNA in the same way as some

chemotherapy drugs; therefore, hypoxia related resistance occurs with both therapies.

As shown in Figure 2.9, exposing DNA to ionising radiation under normal oxygen
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Figure 2.9: a) A simplified diagram showing the affects of ionising radiation on
a living cell in hypoxic conditions compared to normoxic (aerobic) conditions. b) A
graph showing the negative slope of the relationship between cell survival and radiation
dose for both anaerobic and hypoxic tissue. The horizontal dotted line shows the dose
for hypoxic and normoxic cells that was used to kill the same number of cells [78].
Reproduced with permission from Springer Nature Limited.

concentrations is more effective than under hypoxia. Hypoxia does not allow oxidation

of DNA, which would usually have the potential to cause double DNA strand breaks

leading to cell death. As shown in Fig. 2.9a), it instead causes reduction in damage

and restoration of cell function.

2.1.13.2 Acquired drug resistance

Many types of cancer often show initial receptivity to certain chemotherapy drugs but

acquire drug resistance over time [114]. This means that even a few surviving cells can

give rise to drug resistant populations that become increasingly difficult to treat. It is

therefore essential for the continued progression of effective anti-cancer therapies that

cancer drugs are tested in an environment indicative of the in-vivo environment. The

anti-cancer drug testing environment should encompass as many of the behaviours that

mimic the in-vivo environment as possible.

It is increasingly difficult to design cancer drugs that are effective at killing cancer

cells while leaving healthy tissue unharmed; resistant hypoxic cancer cells are also often

quiescent as well as far from blood vessels. In future, drugs would ideally target hypoxic

cells and be able to be administered at a high enough dose to reach hypoxic areas

while leaving surrounding healthy cells unharmed; therefore, a high level of specificity
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is needed [9]. This leads to the need for a complex research model, i.e. the cancer

model needs to contain at least some of these difficult to overcome attributes of cancer

tumours, of which one of the important attributes is the oxygen environment. Some

strategies to do this are outlined next.

2.1.14 Methods for improving the validity of the cancer model

A gradual evolution of cell-culture practices towards incorporating aspects of the com-

plex 3D environment has given rise to techniques that are becoming more commonly

utilised and could be integrated into current drug discovery practices. These include

culturing cells in 3D with [72,115] or without [115,116] a support scaffold, and cultur-

ing cells in 2D accompanied by a microfluidic system for environment control. In this

work, we opt for the culture of cancer cells using 2D culture methods in a microfluidic

system providing spatial DO control.

Whether a 2D or 3D approach to cell-growth is employed, the cell-culture media

helps to mimic the in-vivo environment by providing cells with physiologically relevant

quantities of proteins, growth factors, pH and soluble factors. The growth method, 2D

or 3D, provides cell-cell interactions and the substrate or 3D matrix provide cell-matrix

interactions. The additional useful characteristics provided by microfluidics include

the high speed at which reactions and changes in temperature or reagents can take

place, opening up possibilities in point-of-care diagnostics, diagnoses and treatment. An

important and overlooked attribute, however, is DO control. This cannot be provided

by the cell-culture media alone or simply the method of cell-culture. Along with the

cell-culture media, several strategies can be employed to mimic different aspects of the

in-vivo environment for cancer cell-culture.

2.1.14.1 Three-dimensional cell-culture

3D culture yields a tissue-like conglomeration of cells [71,115,117] and is usually formed

in a temperature and CO2-controlled incubator by preventing the attachment of cells

to a substrate. This can be done by coating the substrate [118,119], or by suspending

cells in a droplet [115]. 3D cellular conglomerates can also be grown by encapsulating

cells in a manmade matrix of collagen [57,120], basement membrane MatrigelTM [121],

or a natural cell-secreted ECM scaffold [36]. Three dimensional tumour spheroids are

being increasingly used in the literature because they allow morphological and func-

tional differentiation not seen in 2D, and the development of drug resistance, which

has been found to be influenced by many factors including the ECM [36], cell adhesion

proteins [118, 122], quiescence [118] and oxygen concentration [123]. However, differ-

ent cell-lines produce different density microspheroids of varying sizes that are difficult

to reliably produce [6, 115], making the comparison with in-vivo tumours inaccurate
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in some cases, and affecting the drug availability and oxygen microenvironment re-

producibility also. Furthermore, 3D microtumours still lack many attributes that are

present in-vivo [118]. Apart from these disadvantages and the inability to decouple

them to study a single attribute in a microtumour, other disadvantages of using 3D

microtumours exist. These include the inability to observe hypoxic cells at the tu-

mour centre until the tumour has been fixed and sectioned, and the diffusion of oxygen

through very dense hydrogels can be slower than in tissue [8]. This is the main advan-

tage that 2D culture in microchannels allows, along with the ability to choose single

environmental attributes to incorporate into the engineered microenvironment. On-

chip 3D cultures have been achieved, for example, by encapsulating cells in hydrogel

beads [124], by filling channels with hydrogel [125], and even more complex vascularised

systems [126], but these 3D culture technologies suffer from the same disadvantages as

3D culture techniques off-chip.

2.1.14.2 Substrate modification

Cells in-vivo are subjected to a varied physical environment depending on their spatial

location and type of neighbouring tissue. Culturing cancer cells on a flat polystyrene

cell-culture substrate provides a physical environment very different from what they

experience in-vivo. Several strategies exist that attempt to combat this problem and

produce a more life-like environment for cells and increase the validity of results. Coat-

ing a 2D substrate with ECM proteins is a common strategy. As such, collagen [127],

fibronectin [121, 122], laminin [121] and PLL [8, 128] have all been used alongside cell-

culture to promote cell-substrate attachment by providing a more in-vivo-like environ-

ment.

Additional to the chemical properties, it has been postulated that the physical

structure of the substrate may influence the behaviour of cells. To investigate the

relationship between substrate topography and cell morphology and expression, regular

geometric 3D structures and 3D imprints of cells have been fabricated into cell-culture

polystyrene. The topography can heavily influence the morphology of cells cultured on

regular lines and dots [129], and bioimprints influence the behaviour and expression of

non-cancerous cells [130], as well as the drug response of endometrial cancer cells [131].

The effect of surface morphology could be investigated alongside DO control using the

presented system and this is discussed in Chapter 6.

2.1.14.3 Cell co-culture

The in-vivo environment is complex, and consists of many cell phenotypes over short

distances. This knowledge has led researchers to develop systems where more than one

type of cell is cultured alongside the cell of interest [8]. This is increasingly pertinent in

cancer, since it has recently been found that the stromal tissue is so crucial to cancer
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progression [11, 47]. As such, studies have investigated the migration of cancer cells

through a live epithelial cell layer [132] and even maintained co-culture in a controlled

DO environment on-chip [132,133], which is discussed further in Chapter 5.

2.1.14.4 Environment control off-chip

One additional way of making the in-vitro environment more in-vivo-like is to control

the environment itself in terms of dissolved species, proteins and environment structure.

The following sections give some examples of systems in use that have successfully

controlled the dissolved species environment around cells. They do not include the

kind of environment control seen in work using 3D scaffolds mentioned earlier, as the

mechanisms driving the modified cell behaviour are beyond the scope of this work.

Solute and reagent control can be done in off-chip wells and flasks, but with limited

control. The most common way of dissolved gas control is by culturing cells in vessels

placed in a cell-culture incubator with a modified gas environment, or by chemically

altering the dissolved oxygen environment in the cell-culture media [134]. This does

not allow for defined DO regions and is also not ideal because when using a gas-

controlled incubator, a process such as changing the cell-culture media becomes much

more complex. The new media must be pre-equilibrated to match the culture conditions

and the culture vessels must also be handled in a controlled environment. Similarly,

using chemical means for gas control is disadvantageous because the effect of such

chemicals on cell proliferation, expression and viability are unknown in most cases.

The ability to observe cells at all times in microchannels is an advantage over large

traditional culture vessels, as is the ability to expose different areas of one cell mono-

layer to different dissolved species concentrations using laminar flow. This provides

possibilities to observe the cell-cell interactions stream boundaries and any migration

or morphology changes.

2.1.14.5 Environment control on-chip

A number of studies have used microfluidic systems to culture cells with environment

control in 2D [132] and 3D [135–137], co-culture cells in 2D [128, 138] and 3D [139],

and perform drug testing in 2D [108, 140] and 3D cultures [139]. Two-dimensional

culture methods allow the real-time imaging of cells, while the microfluidic system

provides aspects of the 3D microenvironment. An additional advantage is the level of

environment control and the ability to exclude or incorporate certain attributes of the

3D environment, which is not possible with 3D culture techniques.

Oxygen environment control can be done by using oxygen scavenging/generating

reactions that take place in the cell-culture media [108] or in gas channels separated

from culture media by a thin membrane, which has been done in 2D [140, 141] and
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3D [142]. Oxygen measurement can be done with dissolved oxygen sensitive dyes [140],

or solid-state fluorescent films [143,144] that act as cell-culture substrates. These dyes

have an unknown effects on drug response, cell viability, proliferation and metabolism

when dissolved in cell-culture media. In contrast, oxygen-sensitive substrates are fab-

ricated by encapsulating a sensing compound in a solid-state matrix, of which just the

surface of the substrate comes into contact with cells. For this reason, a solid-state

oxygen sensor was used in this work to prevent adding another attribute that reduces

the system to a less in-vivo-like system.

2.1.14.6 Combination strategies

The cell-culture environment can be made ever more complex and controlled by using

a number of different approaches simultaneously. Protein deposition is very common

and has been paired with co-culture [8, 126, 128], microfluidic environment control in

2D [145], in 3D [125] and more [8].

These examples are the most simple examples of the use of multiple strategies to

improve the validity of in-vivo systems. Increasingly, there are systems being used

that pair microfluidic systems [146] with co-culture in 3D [139, 147]. These, however,

are hindered in the same way as microtumour cultures are. Nevertheless, combined

strategies present an attractive solution to incorporating increasing complexity into

the cancer model towards eventually using patient’s own cells for personalised drug

trials in-vitro.

2.2 THE CURRENT, WIDELY USED DRUG SCREENING

PROCESS AND ENVIRONMENT

One problem that is facing the drug screening industry today is the fact that the

systems in place, i.e. monolayer cell-line culture in plates, wells, or flasks without

environmental control, lack many of the physical and chemical attributes that make

up the 3D cellular environment in-vivo [3]. The degree of validity of these systems

is unknown but widely accepted as below par [3]. This is especially troubling when

regarding the dissolved gas environment, which is homogeneous and unregulated in

traditional techniques, as hypoxia causes many mechanisms of therapy resistance [148],

as previously discussed, and drugs are being developed specifically to target these areas.

Furthermore, cell-lines are commonly used, which are generic and may not be directly

applicable to every patient. This is a fact that all researchers without access to primary

cells face, however.

An additional problem is throughput. systems that are currently used are labour

intensive and slow — numerous drugs are tested just to discard inactive drugs [87].

After that, the dose dependence of each active drug is determined, where there is not
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much opportunity for throughput increase or automation. Additionally, false positives

and negatives are likely [149].

Microfluidics has the potential to address both of these problems. The visibility

of 2D cultured cells in microchannels could allow quick assessment of drugs without

lysing, or sectioning and staining processes necessary to view all but the outer layer of

3D cultures. Additionally, microfluidic devices in general are small, fast and able to

be scaled up for high-throughput experiments. Therefore, their use could considerably

reduce the duration of drug screening processes. Ideally a patient’s own cancer cells

would be used to conduct personalised screening processes, but for the present, the field

is only just beginning to incorporate DO control [132,150–153] and co-culture [125,132,

133,142] using microtechnology.

2.3 MICROTECHNOLOGY

Microtechnology has been around since the 1980s, and silicon wafers with micro-

structures have been used for applications other than microelectronic chips beginning

soon after their invention [154]. Microfluidics is a term used for fluids and their associ-

ated behaviour on the microscale. A lab-on-a-chip (LOC) is a device that is designed

to perform sample preparation, experimentation and/or analysis in miniature, which

usually involves the use of microfluidics. Microchannels are usually of square or rect-

angular cross-section with height in the order of 10-1000µm. The commonly used term

LOC can be used interchangeably with the term ‘microfluidic chip’ or even just ‘chip’.

Similarly, the term (µTAS) implies the same notion of performing an experiment in

miniature on a single chip [87,155].

It is very common for modern microfluidic systems to be more of a ‘chip-in-a-lab’

in actuality. This implies that the microfluidic chip itself is supported by a macroscopic

pump, microscope, and other off-chip components in order to perform its purpose. This

is common in prototype and proof-of-concept devices because such things as pumps

and gas exchangers can be miniaturised once the system progresses past the prototype

stage. The system developed in this thesis is indeed currently a chip-in-a-lab system,

but many of the off-chip components could be miniaturised, and this is discussed where

appropriate.

The microfluidic chip part of a LOC system are very commonly fabricated with

nanofabrication techniques in a clean-room facility. A mould is usually formed on which

a liquid polymer is cast and lifted off to form microchannels in a flexible, transparent

and biocompatible material, usually PDMS [156], a flexible, transparent, biocompatible

polymer that is able to be bonded to a glass substrate with oxygen plasma treatment.

When the substrate is brought into contact with the PDMS channels, this forms the

substrate, walls and ceiling of a microfluidic channel. The fact that LOCs are generally
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made from plastic, their moulds reusable, and typically made of Silicon (Si), makes

their fabrication low-cost, easy and fast to prototype.

Even though PDMS is still the most common material of choice because of its

suitable properties, microfluidic chips are being moulded from and constructed out of

materials other than PDMS moulded from Si in recent years. For example, Si alone [157]

and aluminium [158] have been used to mould PDMS chips where the channels in Si

are formed by wet etching and in aluminium by micro-milling. All glass [159] and

glass/Polytetrafluoroethylene (PTFE) [160] microfluidic chips have also been made by

photolithography.

The most important and useful feature of fluids on the microscale is the ability to

control aspects of the fluidic environment due to the inherent physics at this scale, as

described in the next section. The wide variety of uses for LOC systems has led to a

rapid increase in the use of microfluidics for biomedical research. The following sections

outline the principals of microfluidics and the associated advantages for bioengineering.

2.3.1 Flow regimes and shear stress in microchannels

The fluids bound by microchannels are governed by micro-fluid mechanics, which is

a simplified framework based on the Navier-Stokes equation. Laminar flow is void of

turbulence and any dissolved species transport perpendicular to the flow direction is by

diffusion only [161]. Laminar flow compared to turbulent flow is shown in Figure 2.10,

where the degree of turbulence increases as the Reynolds number increases. In a liquid

that is behaving in an entirely laminar fashion, all fluid molecules flow parallel to the

walls of the microchannel and have low inertia [74, 161]. This is why microfluidics is

so useful for spatial control of dissolved species. The degree of laminar flow can be

determined by calculation of the Reynolds number, which itself is a ratio of the inertial

forces to viscous forces, as shown in Equation (2.1);

Re =
inertialforces

viscousforces
=
ρvl

µ
=
vl

ν
, (2.1)

where ρ is the fluid density, v is the fluid velocity, l is the characteristic length

scale of the system (the channel width in the case of microfluidic channels), ν is the

inertial viscosity of the fluid and µ is the kinematic viscosity of the fluid. The smaller

the Reynolds number, the less turbulence occurs, so the smaller the channel and the

slower the fluid flows, the less turbulence will occur and the more control the user has

over the system.
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Figure 2.11: A schematic showing the standard microfluidic T-junction used to gen-
erate a stream of uniform droplets in a continuous flow using two immiscible fluids.

Figure 2.10: The Reynolds number system; how the Reynolds number represents
the degree of turbulence in a fluid stream [74,161]. Permission to reproduce requested
24/04/18.

2.3.1.1 Continuous and discrete microfluidics

Continuous microfluidics is the conventional form of microfluidics where the microchan-

nels are filled with fluid and the system is operated with an external pump. Discrete,

or droplet microfluidics, involves (most simply) a primary and a secondary fluid that

are immiscible, e.g. oil droplets in water. The immiscibility of the fluid pair allows

droplets of one fluid to be formed and distributed in the other fluid, providing many

micro-reactor droplets for experiments [111,116,162,163]. The simplest way of forming

droplet trains is by using a microfluidic T-junction, an example of which is shown in

Figure 2.11 [111]. The droplets are usually formed by pushing a small amount of water

into the continuous flow of oil, where each drop is then cut off by shear forces applied

by the continuously flowing fluid and the droplet then travels down the main channel.

When the ongoing flow speed of both fluids is optimised, many droplets of a precise

volume can be generated per second. The formed droplets can be highly uniform with

a coefficient of variation of less than 5 % [124].
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The microfluidic system developed in this thesis is based on the idea of a number of

continuously perfused channels guiding separate streams into a main channel, as shown

in Figure 2.12. Laminar flow from the inlet streams allows these streams to remain

separate as they merge into a main channel, where cells can be cultured on the channel

base and the environment can be controlled. The simplest of this design is a Y -shaped

microchannel, where two laminar inlet streams are used to manipulate the distribution

of dissolved species in a main channel by control of the inlet flow rates, as shown in

Figure 2.13 [161].

(a) (b)

Figure 2.12: a) Overall view of the microfluidic chip. b) A close view of the five
merging channels. Flow is laminar so that the inlet streams remain individual even
when the dividing walls are absent. Modified from [163].

Figure 2.13: A schematic of the dependence of stream geometries on individual inlet
stream flow rate Q, when entering the main channel of a ‘y’ shaped microchannel with
width d [161]. Reproduced with permission from Cambridge University Press.
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2.3.1.2 Cross-stream diffusion

When aiming to control the spatial distribution of dissolved species using multi-stream

laminar flow, diffusion must be considered because generating a cross-stream species

gradient inherently allows diffusion to create equilibrium over time. The diffusion

equation for dissolved species in a liquid can be derived by describing diffusion as a

set of random displacements of the solute dispersed in the solvent driven by Brownian

motion and inertia (and the law of increasing entropy). The flow of the solute then is

proportional to the density gradient of the solute in the solvent [164, 165]. From this

consideration the flow of solute in one dimension is described by Fick’s law such that

Jdiff, x = −Ddna
dx

, (2.2)

where Jdiff, x is the diffusive flow rate of solute across the channel width (one

dimensional (1D)), D is the diffusivity or diffusion constant in m2s−1 of the solute in

that particular solvent, and dna
dx is the rate of change of solute density in the same

direction [165]. In three dimensions this can be expressed as in Equation 2.3 [161];

~Jdiff = −D∇ci, (2.3)

where ~J is the resultant flux vector for a certain solute i with concentration ci.

The diffusion coefficient is a quantity that helps to define the macroscopic behaviour

of underlying microscopic processes [165] and can be measured by observing the rate of

diffusion of a particular solute in a particular solvent [166]. The diffusion coefficient can

be expressed in terms of the dimensions of a microchannel resulting in the formulation

D =
L2

4 t
, (2.4)

where x is the distance a solute has traveled perpendicular to the flow direction

in time t. Even though diffusion is crucial in this project since the objective is to

produce a cross-stream oxygen gradient and such a gradient will drive diffusion. The

most important fluid property that will affect cell-culture in a microchannel is arguably

the shear exerted on the channel boundaries.

2.3.1.3 Fluid dynamics of shear

Shear-stress considerations must be made when planning to expose fragile cell mem-

branes to continuous perfusion by a fluid. With regards to the shear exerted on the

channel walls due to fluid flow, it can be assumed that the fluids used in this project

are Newtonian and incompressible. This allows the strain rate to be set as proportional
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to the stress applied. The stress is related to the dynamic velocity of the fluid and the

viscosity by Newton’s law of viscosity

τ(y) = µ
δu(y)

δy
, (2.5)

where τ(y) is the shear stress at height y above the channel bottom, µ is the

dynamic viscosity in Pa.s, u(y) is the dynamic velocity of the flow at height y in mm/s,

and t is the time. Because the flow in microchannels is laminar with a parabolic flow

profile, the shear stress depends on the rate of change of the velocity at height y above

the channel wall.

To estimate the shear-stress at a channel base, Equation 2.5 can be simplified by

applying the no slip condition at the channel walls. This allows the shear-stress to be

expressed in terms of the velocity at the channel centre, umax, and its height, h [167,168]

τ(y) = µ
∆u

∆y
, (2.6)

= 2µ
umax
h

, (2.7)

A linear flow speed in m/s, that takes into account the average of the flow profile

across the channel can be calculated from the volumetric flow rate such that

v =
Q

A
, (2.8)

=
Q

60wh
, (2.9)

where v is the average linear flow velocity in mm/s, Q is the volumetric flow rate

in µL/min, w is the width of the channel and h is the height of the channel in mm.

The factor of 60 is used to convert between the unit of min−1 into s−1. In the case of

the 100µm high and 1000µm (0.01 cm) wide channel used in this work, Equation 2.9

becomes V = Q/6 mm/s so a flow of 10µL/min is equivalent to an average linear

velocity of 1.7 mm/s.

Considering 5 Pa (commonly referred to in dyn/cm2 in the field of biology) as the

upper limit for the design of a Y-shaped microchannel due to expression changes in

endothelial and epithelial cells [169], using Equation 2.7 in the form umax = τ(y)h/2µ, a

channel-height of 100µm and a viscosity of 10−3 Pa.s [170] (approximately that of water

at 20◦C [170]) gives the maximum flow rate of 25mm/s,7 or 41.7µL/min. A maximum

flow rate of half this was adhered to over the length of this project to protect cells from

such transcriptional changes observed in other work [169].

7The flow in the unit of mm/s makes the linear flow speed simple to visualise.
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2.3.2 The advantages of microfluidic technology for bioengineering

This prevalence of laminar flow on the microscale, as shown in Figure 2.12, means

that a Y -shaped LOC can be used to provide varying environments in each region

below each flow stream. With each stream remaining separate (minus the effects of

diffusion), resistant to perturbations and allowing a high level of control of dissolved

species in each stream means that this kind of platform is ideal for cell-culture in varied

environments. Microfabricated devices provide the opportunity to manipulate liquid on

the scale of micro-litres, which presents endless possibilities for biological applications.

Additionally, low volumes of reagents, low numbers of cells, low-cost and short time

scales are all advantages in cell-culture [74].

2.4 SUMMARY

This chapter discussed the biology behind the formation and progression of cancer and

the effect of hypoxia on the tumour environment, leading to drug resistance by many

different mechanisms. Furthermore, currently used strategies to improve the culture

environment were discussed. This chapter also provided a background of the relevant

microfluid mechanics.

The following chapter discusses oxygen sensing, the theory of fluorescent sensing,

the use of solid-state oxygen sensor films in the literature and the characterisation of

the sensor used in this work in terms of Contact angle (CA), sensor sensitivity and

surface morphology. The next chapter also presents a novel surface treatment used to

improve cell attachment [150] not reported previously.





Chapter 3

OXYGEN SENSOR FILM OPTIMISATION

In order to develop a system able to control the spatial distribution of DO concentration

for cancer cells in culture, it is necessary to integrate a mechanism for oxygen mea-

surement. This chapter describes the fabrication and optimisation of the PS/PtOEPK

sensor film used as a cell-culture substrate in Chapter 5. Multiple reagents were used

for the modification of the sensor so that it was suitable as a substrate specifically for

cell-culture. Several treatments necessary to make the film suitable for cell-culture are

introduced and characterised in this chapter, the novel one of which has been published

in a peer review journal [150]. The effects that these treatments have on cells and the

development of a novel treatment technique that enables cell attachment on the sensor

substrate are discussed in Chapter 5.

3.1 OXYGEN MEASUREMENT METHODS

Many methods exist to measure the DO concentration in a liquid [171]. The three most

common methods are electron paramagnetic resonance (EPR) oximetry [172,173], the

Clark oxygen electrode [174], and fluorescent assays [175]. Electron paramagnetic reso-

nance oximetry uses resonance of a paramagnetic material with naturally paramagnetic

molecular oxygen to measure DO concentration and can be used for biological sam-

ples both in-vitro and in-vivo [171, 172]. Electron paramagnetic resonance oximetry

is ill suited to the present project because the bulky probe itself would need to come

into contact with the cells being cultured, which would present engineering challenges

on-chip.

The Clark oxygen electrode uses an oxygen membrane between an anode and

a cathode suspended in an electrolyte, and can be miniaturised for use on the mi-

croscale [176]. It provides lower resolution than the fluorescence method, however. As

oxygen is consumed, the current produced at the cathode is proportional to the DO

concentration in the liquid, but the consumption of oxygen is a major disadvantage.

Additionally, this method is invasive and slow to respond to changes in DO and the

proportion of oxygen used by the measurement process increases when the setup is
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miniaturised [177].

Fluorescent measurement of DO uses a fluorescent probe that is quenched by oxy-

gen, where the fluorophore is chosen such that the emission intensity is directly pro-

portional to the oxygen concentration in the range of interest. Fluorescence is a type

of luminescence, whereby light is absorbed and reemitted at a longer wavelength [178].

The theory of how fluorescence works is important for understanding not only the

PS/PtOEPK oxygen sensor used in this thesis, but also the mechanisms behind im-

munofluorescence (IF) discussed in Chapter 5.

According to quantum mechanics, electrons in atoms can only occupy certain dis-

crete and specific energy states in an arrangement particular to each element. These

electrons can be excited to a higher energy state via the absorption of a photon of the

correct energy, i.e. with a wavelength appropriate to give the electron enough energy

to reach an available higher energy state. The energy and wavelength of the photon

required to do this are related by

Eexcited − Eground = hν (3.1)

= h/λ, (3.2)

where Eexcited−Eground is the difference in the excited and ground state energies in

J (and the energy of the photon required), h is Plank’s constant (6.626× 10−34 m2kg/s),

ν is the frequency in s−1 and λ is the wavelength in nm. The excited energy state is not

energetically favourable or sustainable, so the excited electron relaxes to a lower energy

state, in between the ground and excited state, after a certain time τ (the fluorescence

lifetime). The energy lost is emitted as a photon of equivalent wavelength as in Equa-

tion 3.1, which is of lower energy and longer wavelength than the original excitation

photon. This phenomenon is utilised as a measurement tool by capturing the emitted

photons with a suitable filter and camera. Since the excitation photons are a differ-

ent wavelength to emitted photons, emitted photons can be easily captured without

interference from excitation photons. This is the basis of fluorescence microscopy and

IF.

With respect to the fluorescence measurement of oxygen using oxygen quenching

of a fluorophore, as shown in Figure 3.1, as an atom of fluorophore absorbs a photon

of the correct energy, an electron is excited into a higher energy state. These excited

electrons then relax into the ground state after a certain time (τ0). When ground state

oxygen is present, and able to collide with fluorophore molecules, the energy that would

otherwise be emitted as a photons is utilised by converting the ground state oxygen to

an excited singlet state oxygen. Thus, the more oxygen present, or more specifically

the more that is able to come into contact with the fluorophore, the fewer the emitted

photons. This is the basis of the sensing capability of PtOEPK where a decrease in
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Figure 3.1: The processes of excitation and emission that occur in oxygen quenched
phosphorescent molecules. Si denotes the states or energy levels of the electrons in the
molecules, hν is the energy of a photon of frequency ν (h is Boltzmann’s constant), k0

is the rate constant of emission where k0 = 1/τ0. The alternative route to the ground
state S0 by quenching is through the conversion of ground state oxygen to excited single
state oxygen, where the rate constant of this reaction is kq. Adapted from [180].

emission intensity corresponds to an increase in oxygen. The efficiency of a fluorophore

can be defined as the ratio of the number of emitted photons to the number of absorbed

photons such that

φ =
photons emitted

photons absorbed
. (3.3)

In order to extract information on the concentration of oxygen present from the

brightness, the relationship between the emission intensity and quenching by collision

is used. The so called Stern-Volmer relationship [178,179] can be defined as

I0

I
= 1 + kqτ0Q

= 1 +KDQ, (3.4)

where I and I0 are the fluorescent intensity with and without oxygen in arbitrary

units (a.u.) respectively, kq is the biomolecular quenching constant, τ0 is the lifetime

of the fluorophore without oxygen, Q is the present concentration of oxygen and KD =

kqτ0 is the Stern-Volmer constant. As can be inferred from Equation 3.4, the DO

concentration can be calculated either from intensity [175, 181] or lifetime [175, 180]

measurements. The intensity method relies on the collection of the emitted photons at

a detector, and comes with certain disadvantages, which are discussed in Section 3.1.3.

The lifetime method requires different specialised equipment and involves exposing the

fluorescent indicator to a quick pulse of LASER light. The time that the fluorophores

remain in their excited state is then recorded, i.e. the time interval between when the

light was incident on the sample and the response of photon emission (τ0) [175].



46 CHAPTER 3 OXYGEN SENSOR FILM OPTIMISATION

Many different compounds exist that have oxygen sensing qualities of this type,

the best of which are those with high photostability, and those for which the excited

state is unstable, such that the sensing mechanism is reversible. Additionally, in order

to be used with cell-culture, toxicity/biocompatibility have to be taken into account.

Nevertheless, there are many fluorescent molecules that satisfy these criteria, enabling

them to be used as oxygen-sensing molecules in cell-culture environments [177]. For

example, ruthenium tris(2,2’-dipyridyl) dichloride hexahydrate (RTDP), is a common

soluble oxygen-sensitive dye that can be used for the study of diffusion behaviour in

microchannels [182] by simply adding it directly to cell-culture media [133,140,183,184]

or into immiscible droplets [111]. This type of dye, however, is not ideal for direct use

with cells because even though it is not cytotoxic and the intensity measurement is

non-invasive, its effect on cell viability and expression are largely unknown. This is one

of the main reasons for encapsulating the sensing compound in a cell-culture substrate,

as the next section describes.

3.1.1 Oxygen sensitive fluorophore encapsulation

Encapsulation of a fluorescent dye into a permeable matrix material works well with

many fluorescent sensor dyes. Ruthenium tris(2,2’-dipyridyl) dichloride hexahydrate

[108], PtOEPK [144,151] and a myriad of other oxygen quenched metalloporphyrins [185]

have been encapsulated into porous matrices for sensing applications. The permeable

matrix serves to trap the sensing molecules and prevents them from entering cells,

unlike in the case of RTDP, while still providing access for DO molecules. The vast

majority of the matrices mentioned here are applied to a substrate as thin-films that

together also act as cell-culture substrates. The main advantages of a fluorescent assay

encapsulated within a matrix are that the sensing molecule can be positioned close to

the biological sample. The DO concentration can still be measured in a non-invasive

way with often a better signal-to-noise ratio than with a dissolved dye.

3.1.2 The PS/PtOEPK sensor film

PtOEPK was chosen as the DO sensing molecule in the present study because it is

photostable compared to common alternatives, such as platinum octaethylporphyrin

(PtOEP) [177] for example, with a ratio of emission to excitation wavelength of λex/λem =

592/760 nm. PtOEPK also has a larger Stokes shift1 [175] than PtOEP, but a lower

quantum yield at room temperature (RT) [186]. Additionally, it has also been shown to

be sensitive enough to measure the oxygen concentration within individual cells [187,

188], so is well suited to the proposed applications of this project. The molecular

1The Stokes shift is the energy gap between ground state and excitation energy levels of a fluo-
rophore.
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Table 3.1: A comparison of PS/PtOEPK sensor films fabricated for biomedical appli-
cations including those fabricated in the Nock lab [144,188] and used in this work [150]
(highlighted in grey). Films are ordered in increasing percentage of PS and all were
fabricated using spin-coating unless otherwise stated.

PS Thickness PtOEPK System Source
conc. conc.

(mg/mL)

4 % w/w 480 nm 0.025-0.4 in atmosphere, [195]
% w/w no cells

7 % w/w 550 nm 1.0 microchannel & cells [150]

7 % w/w 600 nm 1.0 native [144]

7 % w/w 600 nm 1.0 native (post [188]
reactive ion etching (RIE))

10 % w/v 2 - 4µm† 1.0 microchannel [193]

25 % w/v 2000 rpm, 30 s* 1.0 microchannel [142]

35 % w/w 75µm 1.0 microwell [194]

35 % w/w 100µm 0.5 microchannel [192]

†Drop-casting involves dispensing the solution onto a substrate and waiting for the solvent to
evaporate without spinning.
*2000 rpm for 30 seconds for a 7 % w/w solution of PS/PtOEPK would produce a 900µm thick
film, so it follows that this one would be thicker than 900µm if spun at the same rate with a
solution of higher PS content.

structure of PtOEPK and the excitation/emission spectrum [175] are presented in Ap-

pendix A.

The first substrate using a polymer matrix with encapsulated PtOEPK in the form

of a thin-film was fabricated in 1995 [186]. The same formulation was then patterned

for use as a substrate alongside microfluidics in the Nock lab in 2008 [144]. For use

as a cell-culture substrate in biological applications, PS as the matrix material is a

logical choice since it is biocompatible. Polystyrene has been used as a cell-culture sub-

strate since the 1950s [189] and has become the standard control material. Polystyrene

provides a highly permeable support matrix with an oxygen permeability coefficient of

0.88× 1015 mol/s N [123], ensuring that DO can easily reach the encapsulated PtOEPK

fluorophore by diffusion, providing maximum sensitivity of the sensing system [190].

Because of these advantages, the PS/PtOEPK matrix/sensor pair has previously been

used to support oxygen measurement for microfluidic systems using 2D [144, 191–193]

and 3D [142] cell-culture, and has also been used on a larger scale to provide non-

invasive sensing in microwells [194, 195]. Various characteristics of the films used in

previous studies are presented in Table 3.1 for comparison.
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3.1.3 Sensor film disadvantages

Even though the ability of the PS/PtOEPK sensor film to conduct non-invasive mea-

surements in-situ makes it suitable this work, there are some disadvantages of using

this film for biomedical applications. Firstly, it is expensive at 27.10 USD per mg and

0.40 USD per sample, which could restrict its use. Secondly, the byproduct of the oxy-

gen quenching reaction is singlet oxygen [180], which is a higher energy state of the

more common triplet state of oxygen and a highly reactive ROS. In large numbers, as

discussed in Chapter 2, ROS can cause DNA damage, mutations and cell death. As

ROS can be used to treat cancer [190], there is an inherent degree of phototoxicity

resulting from the use of any type of oxygen quenched fluorescent sensor. Another

disadvantage to the production of singlet oxygen is that it causes photobleaching of the

sensor itself [180], which causes it to become dimmer and less responsive over time.

In contrast, the presence of cells on the fluorescent sensor can also cause damage to

the sensor film. Live cells, and associated metabolic processes, in direct contact with

the substrate leads to biofouling of the film [194]. In addition, the presence of cells is

thought to actively effect the sensor readout because cells may metabolise the oxygen

before it reaches the film [196].

There are also some disadvantages regarding intensity-based measurement. The

most important of which is that measurement intensity can be effected by dye inho-

mogeneity within the matrix [175]. It is therefore important to reduce this effect by

dispersing the fluorescent dye within the matrix as evenly as possible during fabrica-

tion. Additionally, inhomogeneity in the intensity of the excitation source, as well as

ambient light interference and scattering can also effect the measurement of the flu-

orescent intensity [175, 179]. These disadvantages are discussed, with respect to the

quality of the sensor used in the presented work, in the results section of this chapter.

Even though these disadvantages are known, oxygen-dependent fluorescent quenching

for sensing is widely used in biological applications in-vitro [180].

3.2 THIN-FILMS

Spin-coating is a standard fabrication method used to form thin-films with high repro-

ducibility and uniformity [197]. Films are deposited in this way by rotating a substrate

at a certain angular frequency and depositing a volatile solution onto the spinning

substrate. The centrifugal acceleration exerts a shear force on the liquid, ejecting a

proportion of it, and forming the remaining liquid into a uniform layer. This layer

subsequently thins and solidifies as the solvent evaporates over time. This is either

done at RT or on a hot plate at a higher temperature for a shorter period of time,

usually finalised by annealing at a high temperature.

It is well known that the parameters that effect the final thickness of a spin-coated
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Figure 3.2: A theoretical model of the thickness against the angular velocity of spin-
coated polymer dispersion on a log-log scale. C denotes the concentration, where
C1 > C2 > C3 in this case. Adapted from [197].

film are the solution viscosity, the concentration of the dissolved component (in the

case of this work, PS and PtOEPK), and the rotation rate of the substrate. Other

parameters such as the rate of solution deposition and length of spin time have little

or no effect on the film thickness [197].

The solution viscosity and concentration are very closely related in a polymer/sol-

vent solution, and an increase in either, with the exclusion of all the other parameters,

results in a shift in the thickness, no matter the rotation rate. As shown in Figure 3.2,

the angular velocity against thickness for polymer/solvent solutions is linear but de-

pendant on the solution viscosity and polymer concentration.

The theoretical relationship between thickness and angular velocity shown in Fig-

ure 3.2 has been experimentally verified with the PS/toluene polymer/solvent pair

up to 4000 rpm [198] and with other polymer/solvent pairs up to 2500 rpm [199] and

5000 rpm [200]. The form of this relationship is widely accepted to have the form

t = kωα, (3.5)

where t is the thickness in µm, ω is the angular frequency in rad/s and k and α

are dimensionless constants unique to the solvent/polymer pair and dispersion/sub-

strate interactions. This power law, when plotted on log axes, produces a straight

line so that the values of k and α can be determined from experimental data for any

polymer/solvent pair.

For many spin-coating apparatus, the angular frequency is commonly expressed in

units of revolutions per minute (rpm) [153, 195, 201], but the International System of

Units (SI) unit of rotation rate is radians per second (rad/s). To that end, Equation 3.5
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can be modified to

t = k(
2π

60
ω)α, (3.6)

so that ω in rpm can be used to calculate the thickness t, and α is a constant unique

to the solvent/polymer/substrate group and is usually in the vicinity of -0.5 [197]. This

model will be used to determine the value of α for the PS/PtOEPK/toluene solution

in the Results and Discussion section of this chapter.

3.3 SURFACE MODIFICATION

For the PS-based sensor film to be usable as a substrate in a microfluidic channel, it

needs to enable cell-substrate adhesion, or be suitable for coating with cell-attachment

proteins. It was initially found that native2 PS/PtOEPK sensor films were highly

hydrophobic so they did not serve the application of a cell-culture substrate. Previous

work in the Nock group found that PS/PtOEPK sensor film islands could be used as

active sensors beneath cells, but these cells were dead and were not characterised [151,

188]. Additionally, in light of a continuous substrate of PS/PtOEPK being unsuitable

for cell-attachment, these cells most likely were attached to the glass between the

sensor patches. A host of surface treatments were thereafter explored in the presented

work to identify the most appropriate treatment to render the PS film suitable as a

cell-culture substrate. Some background information for each surface treatment used

is presented in the following sections. The motivation for experimenting with these

surface treatments was to make the sensor film more suitable for cell-culture, whilst

keeping in mind that the foremost purpose of the substrate is to be an oxygen sensor.

To that end, the behaviour and characterisation of the substrate are discussed in the

Results section from the point of view of its ability to measure DO and the associated

behaviour of the cultured cells with each surface treatment is discussed in Chapter 5.

3.3.1 Air plasma

Plasma has been used to alter the surface properties of substrates for many years and is

used to treat cell-culture PS before use as a cell-culture substrate [189]. The potential

uses of plasma were first suggested by a Danish engineer named Verner Eisby and it

was later used to modify the surface energy of a plastic surface to allow better surface

wetting of inks. Air plasma-treatment, brought about by a corona discharge,3 works on

PS by accelerating electrons towards the surface, breaking the polymer chains of PS,

2The term native is used for films that are spin-coated and annealed with no further treatment.
3Corona occurs when the potential gradient of an electric field is strong enough to cause a small

conductive region, but not strong enough to cause the breakdown of a gaseous dielectric and arc towards
ground unless an object is brought into that conductive region.
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exposing open-ended bonds at the surface and producing ozone as a byproduct. Increas-

ing the number of open-ended bonds at the PS surface improves the surface interaction

with water, hence increasing wetting, the surface energy, and the hydrophilicity [202].

Even though air plasma requires exposing PS/PtOEPK surfaces to high energy elec-

trons that could potentially effect the sensitivity of the films due to photobleaching,

it was a logical first choice in increasing the hydrophilicity of the surface to encour-

age cell-attachment. Chemical modification was done by utilising the dangling bonds

created at the surface by plasma-treatment. These are discussed next.

3.3.2 Chemical modification

Collagen is the most abundant protein in mammals, as discussed in Section 5.1.2,

and is also a common additive for in-vitro cell-culture substrates in wells [10, 203]

and microchannels [132, 204]. It has previously been coated onto sub-cellular sized

PS/PtOEPK sensor patches, successfully enabling cell adhesion and growth. Although

it was not confirmed that the cells were adhered to the collagen-coated PS/PtOEPK

film patches or the exposed glass in between [151].

Poly-L-lysine is a synthetic, polyamino acid and adsorbs easily onto many solid

substrate materials [205]. It promotes cell-adhesion via electrostatic interactions where

anionic sites on the cell membrane are electrostatically attracted to the cationic sites

on the PLL surface. The adhesion can be so strong between PLL and a cell-membrane

that, once attached, a cell can be ripped apart by shear forces and the inside surface

of the remaining section of the cell-membrane can be examined [206,207]. This strong

adhesion can be an advantage, but PLL has also been shown to perforate the cell

membrane to allow small molecules to leak out and into a cell attached to PLL [205].

PVP is a water soluble polymer that has both hydrophilic and lipophilic4 tenden-

cies. Its chemical structure is shown in Figure 3.3. It contains a polar amide group

within the pyrrolidone ring and apolar groups within the pyrrolidone ring as well as

within the backbone of the molecule. The oxygen of the amide group is free to re-

act and the nitrogen end is buried under the apolar groups. The PVP chains have a

strong polarity and therefore interactions between PVP and charged PS groups is pos-

sible, so that the negative oxygen atom is exposed to the aqueous environment [208].

Polyvinylpyrrolidone is usually used to make the plasma-treatment, and associated hy-

drophilic modification of PDMS more permanent [209]. It was discovered in this work

that it can also be used to make the hydrophilic change in PS more permanent to

promote cell-substrate adhesion.

4Just as hydrophilic indicates an affinity to water, lipophilic indicates the same with fat.
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Figure 3.3: The molecular structure of PVP when adsorbed onto polystyrene [208].
Permission to reproduce not required.

3.4 FILM CHARACTERISATION

The characterisation methods that were used to quantify the affects of the surface

modification strategies discussed earlier are presented in this section. Initially, the

theory of hydrophobicity, hydrophilicity and surface tension are discussed. Following

that, the theory behind the main methods used to probe film CA, surface nanofeatures

and fluorescent behaviour are presented.

3.4.1 Surface tension, contact angle and surface energy

Fluids exist as condensed, ordered states of matter where the molecules attract each

other equally in the bulk [164]. The molecular interactions at the liquid-gas interface,

however, are weaker than the intermolecular attraction between the liquid molecules

in the bulk, resulting in higher energy at the surface [164]. Considering a droplet on a

solid surface and surrounded by an arbitrary gas, the surface tension of the fluid at the

liquid-gas interface is defined as the energy per unit area as the droplet system tends to

the lowest energy state allowed by its surroundings. It does so by minimising its surface

area by tending to reduce the number of molecules that make up the surface [210]. In

terms of the work (δW ) needed to increase the surface area of a liquid by an amount dA,

the surface tension can be defined as

γ =
δW

dA
, (3.7)

where γ is the surface tension in Jm−2. The surface tension is a force because it

is defined as work per unit area and it can be measured by stretching a thin liquid

membrane by applying a force over a certain distance.
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Figure 3.4: A droplet with a low contact angle on a surface with high wettability
where θ= contact angle. Adapted from [213].

The surface energy of a solid is the same concept as surface tension of a fluid. It

takes energy to create a surface, be it a thin-film or otherwise, so the surface molecules

gain the energy that was lost during their formation. Therefore, the surface energy

is defined as the excess energy available at the surface compared to that of the bulk.

A change in surface energy of a solid surface can be inferred by a change in CA of a

droplet at rest on that surface.

The CA of a surface is the angle measured between the solid-liquid interface and

the tangent to the liquid-gas interface where it meets the solid-liquid interface, as shown

in Figure 3.4. It can be measured by imaging a droplet in profile and using specialised

software to output the CA. In reality the CA is not well defined for a particular system

because it varies between the advancing and receding CAs present when the liquid

droplet is increasing or decreasing in volume. The stationary equilibrium CA lies

between these two advancing and receding values. The CA of DI water is commonly

used to compare between materials in order to define them as hydrophobic (a high CA,

above 90◦) or hydrophilic (a low CA, below 90◦), and is used in the present work to

characterise the CA behaviour of the PS/PtOEPK thin-films over time.

With regards to polymers in general, they typically have poor wetting5 and a high

water CA, so they are are commonly hydrophobic [211,212]. This is because there tend

to be few open-ended bonds on the surface due to the very nature of a polymer —

consisting of crosslinked monomers [202] — and this allows for few interactions with

water molecules, preventing the formation of the hydrogen bonds required for water to

spread on the surface. This is true of PS in its native state [127,211].

Since the objective of this work was to culture cells on the PS/PtOEPK sensor film

in a microchannel, it is advantageous for the substrate to have a high surface energy

(and good wettability) so that cell-culture media, composed largely of water, is not

5Wetting — the ratio of the surface energies of the liquid and the solid, where water spreads on a
surface with high wettability.
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repelled from the surface. It is additionally important that a biofilm is able to form

on the surface of the substrate, the constituents of which are present in the culture

media, so that cells are able to chemically attach. The assumption that a hydrophilic

cell-culture substrate is required for successful cell adherence does not consider effects

to biofilm formation that also govern cell attachment, but the inherently hydrophobic

PS surface was made hydrophilic to enhance cell-attachment as much as possible nev-

ertheless. Preferential surface chemistry, for example, could enable cells to adhere to

a surface with a less ideal CA, but the specifics of this are beyond the scope of this

thesis.

3.4.2 Surface Morphology

Atomic force microscopy was used to resolve the nanostructure of the PS/PtOEPK

sensor films with each type of treatment applied. These insights are discussed with

regard to cell-behaviour in Chapter 5, while in this chapter the surface morphology

is investigated from a surface characterisation perspective only. A description of the

operation of an atomic force microscopy (AFM) for surface characterisation is presented

in Appendix B.

In view of the above, the objectives of this chapter are to present relevant charac-

terisation data of the sensor film. The following sections describe the methods used to

fabricate, treat and characterise the PS/PtOEPK films.
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3.5 METHODS AND MATERIALS

In the following sections, the methods for sensor film fabrication, modification and

characterisation are presented. Firstly, the sensor film recipe and spin-coating method

of deposition, then the methods for modification of the sensor film are described. The

characterisation protocols for surface morphology and sensor behaviour are then re-

ported. Lastly, the details of image acquisition and processing are presented.

3.5.1 Fabrication of the Oxygen Sensor

PS/PtOEPK sensor solution was prepared and spin-coated onto glass substrates (Lab-

Serv 25 mm× 75 mm× 1 mm, LBs2950RC). The sensor solution was prepared by dis-

solving PS pellets (Sigma, MW 280000, 182427-500G) in toluene at a concentration of

7 % w/w, firstly in an ultrasonic bath for 15 minutes at RT and secondly by resting at

RT for > 24 hours in a closed dark container in an extraction fume-hood. This allows

the PS pellets to dissolve and disperse throughout the solvent solution. Crystalline

PtOEPK (Frontier Scientific, O40969) was added at a concentration of 1 mg/mL and

dispersed evenly by ultrasonic bath for 15 minutes at RT.

Prior to sensor solution deposition, standard 25×75 mm glass slides were dehy-

drated at 180 ◦C for 24 hours, then cleaned in 100 % oxygen plasma (Emitech, K1050X)

for 10 minutes at 100 W. Film deposition was performed with a spin-coater (Headway

Research, Inc., PWM32) with a two stage spin program: (i) 4000 rpm for five seconds

(1000 rpm/s ramp) and (ii) 8000 rpm for 55 seconds (500 rpm/s ramp). The sensor so-

lution was dispensed by pipetting 200µL onto the centre-of-rotation of each glass slide

during stage (i). The films were exposed to atmosphere in an extractor fume-hood for

24 hours at RT allowing the solvent to fully evaporate in a dark container. Finally,

films were annealed on a hot plate at 100 ◦C for 90 seconds while protected from light.

The annealed films were stored in the dark before use.

3.5.2 Sensor Modification

The native sensor film was treated in several different ways to prepare it for cell at-

tachment. These included treatment with collagen, corona treatment, corona treat-

ment with subsequent PVP-treatment, and corona treatment with subsequent PLL-

treatment. Henceforth, for clarity, both PVP- and PLL-treated films are referred to as

such, without the mention of the corona treatment prior.

3.5.2.1 Collagen treatment

Collagen (SigmaAldrich, C3867) was purchased as a solution of 20 mM in acetic acid.

Several coating strategies were employed to coat PS/PtOEPK substrates in collagen
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because initial attempts were unsuccessful. Firstly, PS/PtOEPK substrates were sub-

merged in collagen solution in a standard well plate (ThermoFisher, omnitray 165218)

for 5 minutes, then dried at RT overnight before use. Secondly, approximately 5 mL

of collagen solution was pipetted onto each PS/PtOEPK substrate in increments of

1 mL. However, due to the hydrophobicity of the native films, a large amount of colla-

gen/acetic acid solution was needed to cover the entire film surface. This led to corona

treatment being used to lower the CA of the PS surfaces so that less liquid was needed

to cover the surface.

3.5.2.2 Corona treatment

To treat the native light-sensitive PS/PtOEPK sensor films with air plasma, an insulat-

ing surface in a darkened room was sterilised with 70 % ethanol and dried thoroughly.

This was used instead of the sterile conductive fume-hood surface so that the plasma

would not preferentially arc around the glass, as it would do to reach ground through

the metallic bench. Corona treatment was performed by slowly moving a handheld

corona wand (BD-20A, Electro-Technic Products) over the sensor film surface at a

height of approximately 2 mm. Care was taken so that the arcing plasma was evenly

spread. This could be controlled to some extent by making sure that the wand filament

did not sway as it was moved across the substrate surface. Once treatment was com-

plete, the underside of the glass substrate was sterilised with 70 % ethanol and moved

into a laminar fume-hood for cell-culture or further treatment in sterile conditions.

The duration of air plasma-treatment varied throughout the project. For initial

plasma-treatment, as long as 10 seconds was used. Towards the end of the project,

where plasma-treatment was being used only to facilitate the spread of other aqueous

solutions, the duration of treatment was reduced to approximately four seconds.

3.5.2.3 PVP treatment

Polyvinylpyrrolidone solution was prepared by adding 2.2 g of PVP (Sigma Aldrich,

02286-500G) to 10 mL of sterile DI water and mixing thoroughly with a pipette tip

until dissolved (approximately one minute). Corona-treated PS/PtOEPK substrates

were coated by dispensing approximately 2 mL of PVP solution onto the surface and

leaving it to stand for one minute in a dark laminar fume-hood. The surface was then

rinsed with sterile DI water, air-dried in the dark and stored at RT.

3.5.2.4 PLL-treatment

For PLL treatment, a rectangular border of approximately 3 cm2 was first defined on

each sensor film with a wax pencil. This ensured that the PLL solution and future cell

suspensions were confined to an area beneath where the microfluidic channels would
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be placed. This also ensures that the liquid was prevented from reaching the edge of

the PS/PtOEPK layer, reducing the chance that it would delaminate from the glass

substrate and peel off over time.

PLL was purchased from Sigma Aldrich (P8920-100ML) in a 0.1 % w/v concen-

trated solution in DI water and was then diluted to 1:10 v/v in sterile DI water.

Approximately 100µL was added to each confined area on each sensor film and was

left to stand for five minutes in a dark laminar fume-hood. Each film was then rinsed

by pipette with sterile DI water then placed in large plate containers in groups of two

or three and covered with aluminium foil. To remove excess water, the containers were

incubated for at least 2 hours at 37 ◦C before use, or stored for longer periods at 4 ◦C.

3.5.3 Sensor characterisation

Characterisation of the sensor films was carried out to assess the thickness homogeneity,

wetting properties and surface morphology of native, plasma-, PVP- and PLL-treated

PS/PtOEPK sensor films. The characterisation of the deposition thickness of the native

sensor solution against spin-speed was first carried out by measuring film thickness with

a surface profilometer. The wetting properties were investigated by characterising the

CA and the sensitivity of the sensor film was described by measuring the Stern-Volmer

relationship by exposure to 0 %, 21 % and 100 % gaseous oxygen. Lastly, the surface

roughness of the films was investigated with AFM.

3.5.3.1 Sensor film thickness

The film thickness against spin-speed was characterised by coating three glass slides

with PS/toluene. This was done without PtOEPK for economical reasons and because

it did not make any discernible difference to the sensor film solution viscosity. The slides

were scratched parallel to the shortest edge four times with a scalpel. It must be noted

that these measurements were not compared with a control, i.e. a scratched bare glass

slide. If this was done, there may be a small difference to each measurement, but the

overall trend would be the same. The film thickness was measured across the scratches

with a stylus profiler (DEKTAK 150, Bruker) at least 3 times per scratch. The stylus

profilometer exported images of the scalpel scratch profile, which were imported into

image processing software. Lines were drawn to aid in lining up the top of the film with

the scale. All measurements were completed in triplicate and the mean was calculated.

3.5.3.2 Surface Energy

The water CA was used to measure the surface wettability of PS/PtOEPK surfaces and

the stability of any modifications to surface wetting behaviour brought about by any of

the surface treatments. The CA was hence measured immediately after each treatment
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and every 24 hours for several days afterwards. To measure CA, small volumes of

DI water manipulated using a 1 mL syringe (HAMILTON, AU-HM 101-250) capable

of dispensing µL volumes attached via flexible tubing (MASTERflex, 06404-13) to

a needle (TERMO, 0.90×25 mm) with a metal tip. The originally tapered metallic

needle tip was filed flat so that the water droplets would exit the needle equally in all

directions. The needle was vertically clamped above the stage of a Surface Tension

Meter (KSV Instruments), and was used to dispense small DI water droplets onto the

surface of interest. The droplet was photographed as it spread out on the surface of

interest by a dedicated camera (BASLER, acA640-120um).Ten images were taken in

one second intervals on hydrophobic films, while a shorter interval of 100 ms was needed

for the faster spreading characteristics of water droplets on hydrophilic films. After

image acquisition, the software required the user to mark the substrate surface (visible

because of the reflection of the droplet profile) and select the region of interest (ROI)

used to calculate the CA on each side of the droplet. The ROI included the majority

of the droplet profile but excluded the region where the pipette contacted the droplet.

This prevented the algorithm from trying to model the shape of the warped droplet

edge near the pipette. The software then calculated and displayed the CA for both sides

of the droplet for that frame. This was done for every frame with the option to exclude

frames from the final spreadsheet of data. Exclusions were made when the droplet edges

spread outside the field of view or the droplet was asymmetrical. The former means

that hydrophilic surfaces are much more difficult to measure as the droplet remains

in the field of view for a shorter time, so much so that sometimes measurement was

impossible. Exclusions were also made if the droplet was very asymmetrical, which was

an indication that a part of the droplet meniscus was trapped on a part of the needle

or the needle edge was not flat. Three films were prepared per surface type and at

least 3 locations were measured per film. Each droplet at each location was imaged in

multiple frames as the droplet was dispensed.

3.5.3.3 Atomic Force Microscopy

An atomic force microscope (Digital Instruments) was used to image the topography of

native and plasma-, PVP- and PLL-treated PS/PtOEPK sensor films. This was done

in tapping mode over three areas of 5µm2 on three surfaces of each treatment type.

The gain and other settings were adjusted every time a new surface was loaded onto

the stage, or a new AFM tip was used. Atomic force microscopy software (Gwyddion,

v2.51) was used to display the data gathered as images and to calculate the root mean

square (RMS) roughness for each surface treatment types. Root mean square roughness

is a measure of the surface roughness as it square-roots the mean of the squares of the
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height over an area of a surface where

RMS =

√
(

∑N
n=1(heightn)2

N
). (3.8)

This gives an estimation of the surface roughness, but also takes into account the

distribution of roughness.

3.5.3.4 Stern-Volmer relationship

The Stern-Volmer relationship was plotted for each PS/PtOEPK surface modification

type to assess the effect of each surface treatment on the quality and sensitivity of the

films as oxygen sensors. Each film was calibrated with nitrogen (BOC, 0 % oxygen), air

(approximately 21 % oxygen), and nitrogen-free oxygen (100 % oxygen), and the result-

ing film intensity was plotted against oxygen percentage. To do this, nitrogen (BOC,

oxygen free) and oxygen (BOC, industrial) gases were purchased in D sized cylinders

holding approximately 2.5 m3 of gas. Nitrogen was first passed over the PS/PtOEPK

surface with a direct tubing line from the gas cylinder. A camera mounted directly

above the objective, either a mercury or an LED light source (Excelitas Technologies,

X-Cite 120 LED boost), and a custom filter cube (Chroma EX575-615, DM620, EM735-

785) were used to expose the films to their excitation wavelength and to interpret the

emission. Software (HCImageLive) was used to automatically define the exposure time

such that a maximal bright image with no over-exposed regions was produced. The

software was used for subsequent measurements at the same exposure time as oxygen

gas was passed over the film, and for subsequent samples. Even though the fluorescent

lifetime of PtOEPK is short, the films were allowed to recover for a few seconds in

ambient air between measurements. The third and final calibration measurement was

taken in atmospheric oxygen.

Three locations were measured in this way on each of at least three seperate films

of each treatment type. The intensities of the films when exposed to nitrogen (I0)

and oxygen (I100) were subsequently used to calculate the value of I100/I0, which is a

measure of the sensor sensitivity; as shown in Equation 3.4, I100/I0 is a measure of the

capability of each film to measure the entire range of interest.6

Visible light and fluorescent images were recorded using a digital camera (ORCA-

Flash4.0 V2, Hamamatsu) attached to an upright microscope (10x/0.30, ECLIPSE

80i, Nikon). HCImage Live software was used to capture each 64-bit image and image

sequence in greyscale. Every image, as an array of pixels with a discrete intensity value,

could be analysed using ImageJ (v1.51) and the image processing toolbox in MATLAB

(V2017a, Mathworks). A custom MATLAB (V2017a, Mathworks) script, shown in

6I100 refers to the intensity when exposed to 100 % oxygen and I0 when exposed to 0 % oxygen at
the same exposure time. An intensity ratio of > 3 is considered to be a useful sensor [214].
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Appendix C, was written and used to plot the Stern-Volmer plot with error bars and

the value for I100/I0 for each treatment type. The average fluorescent intensity for a

defined ROI was extracted by way of a graphical user interface (GUI) that prompted

the user to select the ROI. The MATLAB code then computed the intensity of each

pixel across the x and y directions and output the mean intensity for the entire ROI.

This program cycled through the images and output a Stern-Volmer plot for each group

of PS/PtOEPK film for each treatment type.
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3.6 RESULTS AND DISCUSSION

The following sections discuss the characterisation of the PS/PtOEPK films in terms

of their physical properties and ability to sense oxygen. Technical issues with the

treatment methods are also discussed. The effects of each type of film treatment (native,

plasma, PVP and PLL) on the quality of the films in terms of the intensity ratio

I0/I100 and fluorescent signal variance are then given, which are discussed with respect

to previous published results. The best treatment type is discussed purely within the

context of the film properties and desirable characteristics presented in this chapter.

3.6.1 Fabrication issues

Attempts to create the thinnest film possible resulted in some technical problems,

because the thinest films were the most difficult to fabricate. The main issue with

the fast rotation speeds required for this was that the glass slides were secured to the

spinner stage with a rubber O-ring and an applied vacuum. If the vacuum seal was

not strong enough, or the rectangular slide was not placed centrally on the spinner

chuck, the slide could be launched off the spinner either before it reached 8000 rpm, or

a few seconds into the 8000 rpm stage of the spinning process. 8000 rpm was the speed

at which more than 90 % of the slides (n>100) were successfully spin-coated without

damaging slides, or breaking them completely, thus wasting the PS/PtOEPK/toluene

solution. This was thus chosen as the spinning speed for film fabrication.

This was important because the maximum rotation created the thinnest film possi-

ble, which reduced the volume-to-surface area ratio and hence raises the signal-to-noise

ratio [181]. This is because the film works by allowing diffusion to carry oxygen through

the film, contacting the PtOEPK sensing molecules that subsequently produce an in-

tensity proportional to the oxygen concentration. The thicker the film, and hence the

larger the volume-to-surface area ratio, the further the oxygen has to travel through

the film to disperse throughout the whole sensor volume. This led to a variation in

oxygen concentration throughout the film itself, especially when the oxygen concentra-

tion is changing on a timescale much faster than the time it takes for oxygen to diffuse

throughout the film. In the case of the presented work, the signal-to-noise ratio would

be better for a thinner film, where the time it takes for oxygen to disperse throughout

the film volume is shorter, giving a more accurate signal that is more responsive to

quick DO changes.

3.6.2 Sensor Film Thickness and sensing sensitivity

The thinnest possible film fabricated with the fastest possible spin rate of 838 rad/s,

after curing and annealing was 550 nm±10 nm (n=4). Films fabricated with the same
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protocol were used for all subsequent experiments. A full characterisation of the thick-

ness for a range of rotation rates from 10–838 rad/s (100–8000 rpm) is shown in Fig-

ure 3.5a. It is clear that the thickness does not decrease as linearly with increasing

rotation rate as previously thought [215]. However, the thickness against spin rate

more closely matches the power law in Equation 3.5 when the same data is plotted

on a log scale in Figure 3.5b. It seems as though the thickness approaches a lower

limit at the highest rotation rates shown in Figure 3.5. This could not be verified,

however, as it was not possible to produce films using above 838 rad/s with the equip-

ment available. Other work has shown PS/toluene characterisation but between 500 to

4000 rpm [198], but to the authors knowledge, characterisation of higher speeds have

not been published.

In order to fit Equation 3.5 to the data presented in Figure 3.5, a least-squares

minimisation was carried out between the measured data and the model with certain

values of k and α using MATLAB. The script was modified to include or exclude parts

of the dataset when calculating k and α so that Equation 3.5 could be fit to different

sections of the data seperately.

As shown in Figure 3.6a, Equation 3.5 cannot be used as a model for the entire

dataset, but it does appear to apply for the range of rotation rates that were more

relevant to this work, i.e. those that result in the thinnest and most sensitive oxygen

sensing films. After running the least-squares minimisation MATLAB script for the

entire dataset, it was run additional times taking into account the the range of thickness

data produced from 157–838 rad/s (1500-8000 rpm) and 314-838 rad/s (3000-8000 rpm).

The resulting model parameters and model curves show that over the 157–838 rad/s

(1500-8000 rpm) range, the PS/PtOEPK/toluene/glass system adheres to the model of

t = kωα where k = 3.342 and α = -0.2608. The fit of the model to the dataset with

these values of k and α is shown in Figure 3.6b, where the model is shown in green and

the inset shows the model fit to the experimental data at the higher end of rotation

rates (300-800 rad/s). When the model was run with the data range from 314-838 rad/s

(3000-8000 rpm), the value of k reduced to 1.8538 and α increased to -0.1681, and the

model fit within the experimental data.

The value of α is usually in the vicinity of -0.5 [197], but as shown in Figure 3.6,

although portions of the entire set of experimental data fit the model (black line), the

model best fits when applied to separate sections of the data. This may be why other

workers have only reported small ranges of spin speed [198–200]. When applied to the

range of 314–838 rad/s α = -0.17, and when applied to 157–838 rad/s α = 0.26. These

values are 0.33 and 0.24 higher than a previously reported value of α [197] respectively,

but the model adheres to the data collected in each partial set of results. Additionally,

when the model was run with only k as a parameter (α was set to -0.5), the model

does not fit the data. This is discussed in Appendix D, where the data is shown that

suggests that PS/PtOEPK does not fit the assumption that α is approximately -0.5.
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(a)

(b)

Figure 3.5: The thickness change with spin-coating rotation rate where the error
bars show the standard deviation and n = 3. a) Characterisation of the rotation rate
against PS/PtOEPK film thickness. b) A log log graph of the same data, showing the
approximate exponential relationship.
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(a)

(b)

(c)

Figure 3.6: The thickness and rotation rate data and the model in Equation 3.5 (black
line). a) k (282.0975) and α (-1.3406) calculated with the full range of thickness data.
b) k (3.3420) and α (-0.2608) calculated with the thickness data between 157 and
838 rad/s (1500–8000 rpm). c) k (1.8538) and α (-0.1681) calculated with the thickness
data between 314 and 838 rad/s (3000–8000 rpm). The insets show the fit of the model
at the range of the most relevant thicknesses spun at 300-800 rad/s. The error bars
represent the standard deviation (n = 3).
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3.6.2.1 Film thickness variance

As Figure 3.5 and Figure 3.6 show, there is a decrease in the standard deviation of

the thickness with increasing rotation rate. At 10 rad/s (100 rpm), the standard de-

viation is 5.7µm, which represents a variation of 1 % in the film thickness between

and within samples. Whereas, at 31 rad/s (300 rpm), the standard deviation drops to

0.2µm (0.04 %), and in the most important range for the film applications in this the-

sis, the standard deviation has decreased to around 0.04µm (0.007 %). This represents

a set of films with a very uniform thickness, which is advantageous because the film

thickness can affect the variance in the film intensity, and hence the DO measured.

3.6.2.2 Film characteristics comparison

To highlight comparisons of the characteristics of sensor fabricated in this work with

other similar sensors, either fabricated in the Nock group or others used in biomedi-

cal applications, Table 3.2 presents multiple comparable characteristics. The physical

characteristics of such films, such as the type of porous matrix material, the concen-

tration of matrix material, the concentration of PtOEPK, the film thickness and the

intensity ratio I100/I0 (for comparison between films fabricated in the Nock lab) are

shown. The application or type of system where the film operates is also listed.

Firstly, as shown in Table 3.2, the sensor fabricated and used in the present thesis

is composed of only 7 % PS in toluene, which is as much as 80 % less that what others

use [142, 192, 194]. As a result, the sensor solution used in the Nock lab with 7 % PS

produced a less viscous solution in comparison, which would produce a thinner film

than those with a higher percentage of PS, if using the same spin-speed [144,150,188].

The use of a thinner film was suitable in this work partly because it was not required to

be moved onto a new substrate once spin-coated and cured. Such moving was required

in other studies [142], which called for a thicker film to make it stable enough to pick up

and move. It is also clear from Figure 3.5a why Oppegard et. al. (2013) [142] chose to

increase the concentration of PS rather than decrease the spin-speed to lower than the

2000 rpm used as a slower spin-speed would result in a less consistent film thickness.

Unfortunately, the useful intensity ratio parameter is not always stated in others

work. The sensitivity of the film produced in this work could only, therefore, be com-

pared to previous work produced in the Nock lab. Such films with a thickness of 550 nm

have an intensity ratio of I100/I0 = 19.1 [150], which is 2.8–4.7 times higher than those

of 600 nm thickness reported with I100/I0 = 6.8 [144] and I100/I0 = 4.1 [188].

Compared to previous PS/PtOEPK films fabricated in the Nock lab, the film in this

work demonstrated a 50 nm thickness drop and consequent 2.8- and 4.7-fold increases

in I100/I0. This could be attributed to the fact that the film with the lowest intensity

ratio (I100/I0 = 4.7) was measured after patterning it with RIE [188], which involves
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Table 3.2: A comparison between sensor films fabricated in the Nock lab [144, 188]
(highlighted in light grey), those used in this work [150] (highlighted in dark grey), and
others in the literature. Films are ordered in increasing percentage of PS and all were
fabricated using spin-coating unless otherwise stated.

Matrix Thickness PtOEPK I100/I0 System Source
conc. conc.

(mg/mL)

PS (4 % w/w) 480 nm 0.025-0.4 in atmosphere [195]
no cells

PS (7 % w/w) 550 nm 1.0 19.1 native [150]

PS (7 % w/w) 600 nm 1.0 6.8 native [144]

PS (7 % w/w) 600 nm 1.0 4.1 native, post RIE [188]

PS (10 % w/v) 2 - 4µm† 1.0 — microchannel [193]

PS (35 % w/w) 75µm 1.0 — microwell [194]

PS (35 % w/w) 100µm 0.5 — microchannel [192]

PS (25 % w/v) 2000 rpm, 30 s* 1.0 — microchannel [142]

†Drop-casting involves dispensing the solution onto a substrate and waiting for the solvent to
evaporate without spinning.
*2000 rpm for 30 seconds for a 7 % w/w solution of PS/PtOEPK would produce a 900µm thick
film, so it follows that this one would be thicker than 900µm if spun at the same rate with a
higher weight percentage solution.

exposure to ambient light as well as the etching plasma itself, and could result in some

photobleaching, which would cause an overall decrease in the sensitivity of the film.

Based on this, a higher sensitivity could be achieved by thinning the film even more, but

a film of 550 nm already poses technical problems, as previously stated. In summary,

the PS/PtOEPK sensor film produced in the present work was the most sensitive and

the thinnest yet in the Nock Lab.

3.6.2.3 Sensor film treatment types: technical difficulties

Several treatments for the PS/PtOEPK sensor films were used with the aim of in-

creasing cell-substrate adhesion when the first experiments saw the cells were forced off

the substrate due to shear forces from perfusion in a microchannel. Collagen, oxygen

plasma, PVP and PLL were used. Collagen often resulted in the sensor films being

delaminated from the glass beneath. This problem was later reduced by applying a wax

pencil border that was used to confine liquid solutions on the top surface of the sensor.

This successfully reduced the likelihood of liquid permeating between the sensor film

and the glass substrate, but the film would still swell and crack when the solvent evap-

orated. Additionally, on the rare occasion that a collagen-coated film was produced

without tearing, cells were found to grow under the film on several occasions. As an

alternative, collagen solution was applied to the films by perfusion in a microchannel.

However, the drying process post-treatment produced cracks over the entire visible film.
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This impacted the use of the film as a sensor because the fluorescent signal contained

many small black lines where the film had split, affecting the profiles extracted during

analysis using MATLAB.

The main issue with treating the films with oxygen plasma is the danger of contam-

ination. The fact that the treatment had to be performed on an insulating bench-top

meant that treatment had to be performed outside a laminar fume-hood. It may be

possible to sterilise the plasma wand so that it could be used inside the laminar fume-

hood where the films could be put on an insulating surface, but this was not attempted.

The main reason for this is that if any ethanol was left on the electrode, it could catch

alight, and if an unsterilised object was brought into the hood, this could contaminate

the hood, jeopardising subsequent experiments for anyone using it. However, no bac-

terial or fungal contamination on PS/PtOEPK films treated with any of the treatment

methods was actually observed throughout this project.

3.6.2.4 Sensor film sensitivity

A fluorescent oxygen sensor is considered sensitive enough to discern different oxygen

concentrations when it has an intensity ratio larger than three [214]. The native sensors

fabricated for this project clearly satisfy this condition with I100/I0 = 19.1 [150], as do

the other native sensors produced in the Nock lab even after reduced sensitivity due

to exposure to RIE. As shown in Figure 3.7, the Stern-Volmer relationship of native

PS/PtOEPK films suggests that the most sensitive film is the native film, followed by

the PLL-treated, plasma and PVP-treated variations. The standard deviation for each

measurement of I100/I0 was found by computing I100/I0 for each treatment type four

times, once for each quadrant of the image. The standard deviation is, therefore, a

measure of the variance in I100/I0 over the area of each film, rather than between each

film.

As shown in Figure 3.7, the gradient of the Stern-Volmer relationship decreases

compared to native PS with each treatment type, signifying a reduction of the intensity

ratio. However, all film types remain legitimate oxygen sensors based on the I100/I0 > 3

benchmark. In terms of the quality of the films with respect to the intensity ratio,

after plasma-treatment, I100/I0 was reduced by 26% to 14.3, which is to be expected as

duration of the initial plasma-treatment alone was 10 seconds compared to the quicker

four second treatment used to facilitate liquid spreading prior to further treatment in

the case of PVP and PLL. After the quicker five second plasma-with-PVP-treatment,

I100/I0 was reduced to 12.1, 63.6% of the native value. This represented a significant

reduction in sensitivity, but the resultant film remained usable as a DO sensor.

It is unclear exactly which aspect of the treatment process caused this reduc-

tion in sensitivity, because the five second plasma-treated films were not measured
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Figure 3.7: Quality of native (dotted orange), plasma (dashed purple), PVP (PVP)
(solid black) and PLL (dash-dotted yellow) (n = 3 in all cases) treated PS/PtOEPK
films in terms of Stern-Volmer relationship. Error bars represent the standard devia-
tion.

as a seperate version of the films7. This means that the total reduction in intensity

ratio is a summation of the unknown individual contributions from the plasma and

PVP-treatments. Similarly, the treatment with PLL was performed after a five second

exposure to plasma, which resulted in a reduction in the intensity ratio to 15.0, 78.6 %

of the native value. The effect of the PLL alone cannot be determined for the same

reason as with PVP. Nonetheless, it is clear that out of all the treatment types, the

intensity ratio was reduced by a maximum of 36 % (after PVP-treatment), which still

resulted in a film 4× more sensitive than the minimum usable sensor and 1.8× more

sensitive than the second best film produced by the Nock group [144]. These, although

promising results, are all observations made when considering the mean intensity over

a certain visible area, and does not take into account any spatial inhomogeneities in

the sensor brightness over that area. The next section further discusses these possible

variances in brightness.

3.6.2.5 Variance in sensor film brightness

When the first PS/PtOEPK sensor films were fabricated in this work and characterised

with fluorescence microscopy, it was found that the films contain an amount of undis-

7Three PS/PtOEPK films were needed to characterise the behaviour of five second plasma-treated
films. Because these films would not be sterile after measurement, this films were not characterised so
as to not waste the films.
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solved or undispersed PtOEPK particles, giving the films a speckled appearance with

varying brightness. This appears to have also occurred in other published work [192].

However, in most of the cases that this type of film is used, the appearance of the

film when fluorescing is not shown, so it is not known if additional other researchers

have had this same issue. It is likely that this was not observed in the Nock lab in

earlier uses of the same films [144, 188] because the lower resolution and sensitivity of

the previously used camera system.

The variance in brightness would not have effected the I100/I0 comparisons with

literature since the averaged intensity over an entire section of sensor film, even if

brighter with the presence of these speckles, provides part of a ratio of the brightness

using the same region with the same speckles. This does not, however, affect the

comparison between native and other treated films before filtering was added to the

protocol, because comparisons were only performed between films fabricated in the

same fashion.

It is possible that the presence of undispersed particles was due to the fact that

the sensor solution was not always put in an ultrasonic bath immediately prior to spin-

coating, so there were instances when there was a period between original PtOEPK

dispersal in PS/toluene and spin-coating any stored solution. The conglomerated parti-

cles were reduced in number by loading sensor solution into a syringe (BD 1 mL luer-lok,

DGW139701) and passing it through a 0.45µm mesh filter (Sartorius Minisart, 16555)

and sonicating before every application onto glass. As shown in Figure 3.8, a fluorescent

intensity image taken with identical exposure times of two PS/PtOEPK sensor films

with and without sensor solution filtration prior to spin-coating. The sensor solution

was either filtered prior to spin-coating, or this stage was skipped in order to compare

the resulting appearance of the film. The effect of speckles on the DO gradient profile

extracted from fluorescent images was more effectively reduced by implementing noise

reducing post-processing tools in MATLAB, which are discussed in Chapter 4.

3.6.3 Photobleaching

It is important to not only characterise the sensitivity of the film as a whole, but

to also to probe the sensitivity to changes in DO. The film was subjected to quick

changes in gases, switched between 100 % nitrogen and 100 % oxygen to assess the

reactivity of the film and its consistency when conditions are rapidly changing. Also,

the photobleaching characteristics of the native PS/PtOEPK films were investigated

by exposing films to the excitation wavelength at 100 % intensity over 18 hours. This

gives insight into the longevity of the films, how long they are able to be used for with

continuous illumination and how they are capable of capturing rapid DO changes.

All fluorophores deal with a reduction in intensity caused by constant illumination

over time due to photobleaching. The exceptions to this are examples that use dis-
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(a) (b)

Figure 3.8: Fluorescent images of a PS/PtOEPK sensor film spin-coated a) without
and b) with filtering of the sensor solution.

solved fluorescence dyes that are continuously perfused in flowing liquid [111,140,216],

so are not illuminated for extended periods, or solid-state sensors that specifically do

not photobleach [175, 217]. Photobleaching and ways to combat it are not often men-

tioned in literature using fluorescent sensor films for oxygen measurement, and even the

methods for characterising photobleaching are described but results not reported [187].

A group that do mention photobleaching of a sensor film have reported a 10 % intensity

decrease over 40 minutes with microfluidic chip and cells attached [216], corresponding

to a decrease of 0.25 %/min.

Comparatively, the characterisation of the photobleaching of the PS/PtOEPK sen-

sor film used in the present work, as shown in Figure 3.9 with no chip or liquid present,

demonstrated a decrease of 20 % over 30 minutes, or 0.67 %/min. The 0.42 %/min

increase in photobleaching rate in the sensor film used in the present work compared

to Lou et. al. (2014) [216] may be simply because no chip or cells were attached act-

ing to scatter the light and provide less illumination and less photobleaching. The

PS/PtOEPK sensor film may also be thinner, increasing the rate of photobleaching.

It is unclear if the thickness or measurement conditions do indeed contribute to an

extra decrease of 0.42 %/min, however, without more investigation. The rate of pho-

tobleaching was not measured with cells and the chip attached due to the fact that

there was no way to decrease the photobleaching any further during experiments, after

already preventing illumination between each image every 10-15 minutes and keeping

the sample in the dark during experiments.

Although the overall intensity of the PS/PtOEPK sensor film decreased in this

study more than others films reported over the same time period, a similar intensity

trend has been seen elsewhere [153]. This reported a rapid decrease in fluorophore

intensity [153] and even suggests to pre-photobleach the sensor so that subsequent
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Figure 3.9: The trend of decreasing intensity of a PS/PtOEPK sensor film with 100 %
exposure over 18 hours. The trend used to estimate the lifetime of this film after the
measured period (with 100 % exposure) is shown as a dotted line. The boxes show the
intensity of the field of view at the 0, 8 and 16 minutes with the contrast increased so
a difference can be seen in print.

photobleaching during experiments occurs at a slower rate. However, the sensor film

characterised for photobleaching in other work decreased to 63 % of its original in-

tensity [153], compared to 33 % in this work after a shorter time period. After the

period of measurement shown in Figure 3.9, if the approximately linear trend shown

was to continue for ward in time, the films used in this work would be completely

photobleached in 35 hours. However, it would retain a higher intensity for longer if the

illumination used to collect these data had a lower intensity, or was not continuous as

it is in this example. Compared to other work, this is a shorter sensor life compared

to a completely photobleached film after around 480 hours [153]. This was albeit for

a sensor with a 100µm thickness, providing more fluorescent molecules, increasing the

lifetime of the sensor.

From the first hour of photobleaching, as shown in Figure 3.9, the decrease in

intensity over time can be approximated as linear. This means that a recorded signal
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could be normalised to account for photobleaching over times up to an hour with a

linear interpolation. That way, without the effect of photobleaching, the signal from

the sensor film can be converted to DO in mg/L. This kind of calibration could not be

done before experiments with cells because there was no way to prevent the rest of the

film from being exposed to light and being photobleached, making the film less sensitive

before experiments. Calibration was attempted with various methods, described in the

next section.

3.6.4 Calibration

Calibrating the sensor films was done in a variety of ways, firstly with gases, which is

how the Stern-vomer plots were generated. A liquid droplet of oxygen-depleted (with

sodium sulfite) media was also used to calibrate the film with multiple calibration points

over time. It was found that this presented some complications due to photobleaching

and the behaviour of the DO concentration over time in a droplet is not linear. This

is shown in Figure 3.10a where a sodium sulfite oxygen-depleted droplet of cell-culture

media was dispensed on the PS/PtOEPK with the intention of calibrating the film with

this. Calibration was more difficult with a droplet than with gas, however, because

the response was not linear. This is most likely due to photobleaching, and could

be normalised, but this was not done since it would not be feasible to do for every

film before starting an experiment with a sensor film due to the risk of contaminating

biological samples. Instead, photobleaching was minimised by imaging the film less

frequently and doing so in the shortest possible time of a few seconds while keeping the

shutter closed in a dark room for the remaining time.

Calibrating the films with liquid in a microfluidic channel, although possible using

graphs like those shown in Figure 3.10a and 3.10b, was not done because it was found

that cells had to be cultured on the sensor film before adding the PDMS chip (details

of this are presented in Chapter 5). This meant that a chip could not be sealed to the

sensor film for calibration as taking the chip off for cell-culture would most likely mean

pealing the sensor film off the glass substrate beneath. For this reason, measurement of

the DO was conducted off-chip instead using the flow-through optical oxygen sensors

before the media reached the microfluidic chip. This measurement was performed

approximately 10 cm before entering the chip, and the tubing between was of low gas

permeability. In the next sections, the CA behaviour of each surface treatment is

described and discussed with the assumption that high contact angle is favourable for

cell-culture.

3.6.5 Contact Angle Reduction and Longevity

The CA of films was measured no more than 30 minutes after annealing in the case

of native films, or final treatment in the case of plasma-, PVP- and PLL-treated films.
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(a)

(b)

Figure 3.10: Calibration of the PS/PtOEPK sensor film by dispensing an oxygen
depleted droplet onto the sensor film and measuring dissolved oxygen (DO) and in-
tensity simultaneously. a) A graph of intensity against time where an oxygen-depleted
droplet of cell-culture media was placed onto the sensor film and its equilibration to
the atmosphere was viewed over time with the needle sensor. b) The same droplet with
the intensity measured by the PS/PtOEPK sensor film over 10 minutes.
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(a) (b)

Figure 3.11: (a) A photograph and a screenshot of the water droplets on native
hydrophobic PS/PtOEPK sensor film during contact angle measurement. (b) A pho-
tograph and a screenshot of the water droplets on a plasma-treated (10 seconds) hy-
drophilic PS/PtOEPK sensor film during contact angle measurement.

As shown in Figure 3.12, the CA (on day zero) of the sensor films after plasma-, PVP-

and PLL-treatment is reduced compared to the native film. Subsequent measurements

were made every 24 hours to measure the recovery of hydrophobicity over four days

when films were stored in atmosphere. It is clear that the effect of plasma-treatment

alone is not permanent on the PS films — the CA of plasma-treated films increased by

28% over four four days — similar as for PDMS. However, the rate at which the origi-

nal hydrophobicity is regained for the PS/PtOEPK system is much slower to PDMS.

The latter regains full hydrophobicity with a CA of over 100◦ in as little as 10 min-

utes [218]. It is also evident that the CA of PS does not appear to regain its original

level of hydrophobicity, but begins to stabilise after four days to a level that can still

be considered hydrophilic. This deterioration of hydrophilicity has been characterised

in detail on pure PS, and the PS/PtOEPK films also follow this pattern where the CA

increases rapidly in the first few days, then plateaus to a value lower than its origi-

nal [218]. This is to be expected as the concentration of PtOEPK to PStoluene is low

at 1 mg/mL. Since the density of toluene is 867 kg/L, the weight of 1 mL of toluene/PS

is 0.867 g since PS was added by weight, making the PtOEPK component only 0.1 % of

the total weight. A discussion of the CA characteristics of each film type follows and

is summarised in Table 3.3.

Native PS/PtOEPK films were found to have a CA of 110◦, indicating a highly

hydrophobic surface, as was expected [45, 218]. The presence of PtOEPK could have

effected these results, as could the imperfect dispersion of PtOEPK, or the presence of

rough areas on the surface. This, however is not important for the continuation of this

work because the interest lies in the reduction of the initially high CA of PS for a more
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Figure 3.12: CA recovery of native (dotted orange, n = 1), plasma (dashed purple,
n = 3), PVP (solid black, n = 3) and poly-L-lysine (dash-dotted yellow, n = 3) -treated
PS/PtOEPK films immediately after treatment and every 24 hours for four days. The
error bars represent the range.

cell-culture-friendly substrate.

On the initial day of treatment for the native films (day zero), the average CA of

PS/PtOEPK was reduced after corona treatment to 29◦ (a 74 % reduction) compared

to previous work where the CA was reduced to 13◦ from 90◦ (an 85 % reduction) [218].

This discrepancy could be due to the method used or the duration of plasma-treatment.

In this case a handheld corona wand was used for 10 seconds compared to an RIE as

the plasma source with an exposure of 20 seconds [218]. At this point, however, the

plasma-treatment serves its purpose by facilitating the sterile coating of aqueous PVP

and PLL solution onto the now-hydrophilic PS/PtOEPK surface.

Previous work on PVP-treated PDMS has shown that PVP increases the dura-

tion of the increase in hydrophilicity brought about by plasma exposure [209]. Evi-

dently, PVP-treatment does not prevent the hydrophobic recovery of PS after plasma-

treatment to the same extent as it does on PDMS. As shown in Figure 3.12, however,

it does slow the recovery down. The CA of PVP-treated PS begins to plateau earlier

and at a lower level than plasma-treated PS, so the treatment was a success from a

wettability point-of-view.

More specifically, on day zero the CA of PS was reduced to 16◦ (a 94◦ reduction)

after PVP-treatment and recovered by 11% to a mean of 28◦ over four days. This was

to be expected because of what is known about the mechanisms of action of PVP. Even
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though the exact workings of the hydrophobic recovery of PDMS are unknown, it is

thought that surface reorganisation on a molecular scale is the cause of hydrophobic

recovery, whereas the addition of PVP is thought to anchor the hydrophilic groups made

by plasma exposure to the surface [209]. Similarly for PS, oxidised surface molecules

are thought to be reorganised into the bulk material, hence becoming more hydrophobic

over time, and PVP may prevent this from occurring [219]. The presence of the near-

logarithmic increase in the CA of PVP-treated PS could, therefore, be attributed to

the fact that not all the bonds at the surface are originally broken, making the surface

hydrophilic. Furthermore, not all broken PS molecules are subsequently anchored to

the surface by the addition of PVP. This means that some bulk-surface reorganisation

can still take place after PVP-treatment as the bare plasma-treated surface regains its

hydrophobicity, finally settling at an equilibrium after around four days.

As far as the author is aware, PLL-treated PS has not previously been studied with

respect to its CA. Poly-L-lysine treatment reduced the CA of native films from 110◦ to

41◦ (a 54 % reduction) and films recovered by 21 % to an average of 64◦ after four days

in atmosphere. Poly-L-lysine-treated films gave the highest CA of the treated films

throughout the measurement period and PVP produced the lowest. The hypothesis

that better surface wetting indicates that cells would more readily attach to those

surfaces, i.e. those with low CA, is certainly true of PLL compared to bare glass [220],

but does not seem to be the case when comparing the CA of polymers. These results

suggest that it would be more difficult for a biofilm to form on PLL than on PVP,

and hence make it more difficult for cells to adhere. This, along with other aspects

governing cell-attachment, is explored further in Chapter 5 where cells are applied to

these films in wells and microchannels and their attachment behaviour is compared.

The CA of cell-culture PS from standard culture plates (ThermoFisher, omnitray

165218) was measured so that a common cell-culture substrate could be compared

to the PS/PtOEPK films produced for cell-culture purposes in a microchannel. Cell-

culture PS was found to have a mean CA of 60◦, agreeing with what has been previously

measured [221]. This also provides evidence against the hypothesis that a lower CA is

preferential for attaching cells. This will be discussed with respect to cell behaviour in

more detail in Chapter 5.

Finally, the variance of the CA data in Figure 3.12 should be noted, which was

ranked by the summation of the standard deviations of each of the data points for each

treatment type. The least consistent of all treatment types was the PLL-treatment,

followed by the plasma and PVP-treatments. It is not clear why this is the case

and is discussed in Chapter 6. The shorter plasma-treatment time could make the

hydrophobicity more variant over the surface, which could lead to a varied attachment

of PLL, but this could also do the same for PVP.
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Table 3.4: The RMS roughness, increase in roughness with respect to native films, the
highest feature height, and the increase in highest feature height with respect to native
films. Native (n=6), plasma-treated (n=8), PVP-treated (n=5) and PLL-treated (n=3)
films are shown.

PtOEPK RMS RMS increase Highest Highest feature
treatment (nm) w.r.t. native feature increase w.r.t.

(nm) (nm) native (nm)

Native 0.312 — 2.2 —

Plasma 1.019 0.707 (320 % increase) 9.4 7.2 (330 % increase)

PVP 0.643 0.331 (110 % increase) 1.7 -0.5 (20 % decrease)

PLL 0.362 0.040 (10 % increase) 6.3 4.1 (190 % increase)

3.6.6 Surface Morphology and Roughness

Atomic force microscopy was used in tapping mode to image the surface morphology

of PS/PtOEPK films on the nanoscale with each surface treatment. These scans,

examples of 1× 1µm squares of which are shown in Figure 3.13, were used to compare

the RMS roughness, and was measured over an area of 5× 5µm in a location near the

centre-line of the film lengthwise, where cells were likely to be attached on films used

for cell-culture. This was done for each of three samples treated with each treatment

method. The RMS was measured with the image processing software Gwyddian, the

results of which are shown in Table 3.4. The increase in RMS roughness with respect

to the native films is shown as well as the highest feature on each and the increase in

the highest surface feature with respect to the native films. The highest feature gives

a measure of the range in heights even if the lowest point is not comparable between

treatment types.

Native PS/PtOEPK films are extremely flat, as shown in Figure 3.13a. The RMS

roughness is 0.312 nm with a highest surface feature of 2.2 nm. This is not surprising

because spin-coated films made from low viscosity polymer solutions generally produce

a very uniformly flat film. As shown in Figure 3.13b, the plasma-treatment of native

films results in a 3.3× increase in the highest feature measured and a 3× increase in

RMS roughness, which is in agreement with previous work using pure PS films [219].

The problem with comparing the highest feature, however enlightening, is that the total

thickness of the treated films has not been measured, so the thickness of the plasma-,

PVP- and PLL-treated films in these examples are unknown.

Subsequent PVP-treatment of plasma-treated films results in a decrease in RMS

roughness to approximately two thirds of that of plasma-treated films and approxi-

mately twice that as native films. As shown in Figure 3.13c, the surface morphology

of the PVP-treated films, which appears to be much rougher than native films, but

according to the RMS calculation, the roughness is only twice that of native films.

The highest feature of the PVP-treated surface is actually 20 % lower than that of the
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native film and 82 % lower than the plasma-treated film, which appears to suggest that

the PVP has filled in the troughs in the plasma-treated film with a thickness of PVP

to the height of up to approximately 8 nm. The height of the PVP molecule is 0.1 nm

and it has been shown that PVP molecules do lie flat on plasma-treated PS, so the

added 8 nm could be due to the addition of 80 layers of flay-lying PVP or fewer layers

of upright molecules [208]. It is also known that the adsorbed thickness of PVP is

dependant on the molecular weight of the PVP [208], but since the molecular weight

used in the present work was a mixture of molecular weights [222], these data cannot

be compared to theory.

Poly-L-lysine-treatment, subsequent to plasma-treatment of films, resulted in a

smoothening of the surface of the films in terms of RMS roughness down to approxi-

mately a third of that of plasma-treated films and equal to the native films. Similarly

to PVP-treated films, as shown in Figure 3.13d, there is a difference in morphology of

two films that were measured to have the same RMS roughness. The PLL films appear

to have a smaller number of higher peaks, but these do not increase the RMS roughness

of the whole area significantly. The highest feature of all the films measured is 6.3 nm

high on PLL-treated films, and although this is 33 % lower than on plasma-treated

films, it is 190 % higher compared to native films.

It is worth noting that the RMS uses the average height of each pixel in a square

area in each image, so that even though the PLL film appears smoother than plasma-

treated PS with respect to the RMS, it has peaks that are 6 nm higher than the highest

feature on plasma-treated PS, as shown in Figure 3.13d. It is also important to note

that the zero height of these surfaces, or the vertical position of the original height of

the native PS surface, cannot be kept constant throughout the treatment processes, so

the extent to which the thickness of each PS film changes with PVP- or PLL-treatment

is not known. This could be measured by removing select areas of each film with

acetone, and subsequent thickness measurement, but this was not done.

3.7 SUMMARY AND CONCLUSION

From the perspective of reducing the CA of the native PS/PtOEPK films towards

making cell-culture possible on these films in a microchannel, the most suitable treat-

ment type appears to be plasma combined with PLL-treatment. The Stern-Volmer

characteristics suggested that this treatment would produce the most sensitive film,

second only to native films. Contrastingly, the CA of PLL-treated films was reduced

the least compared to native films, forming the most hydrophobic film of all the treat-

ment types. Comparatively, PVP-treatment results in the most hydrophilic film, but

reduces the intensity ratio the most. From a roughness point of view, PVP-treated

films were approximately twice as rough as both native and PLL-treated films. How-

ever, the variance in height was low. Having said this, the ideal surface treatment for
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(a) (b)

(c) (d)

Figure 3.13: False-colour atomic force microscope images of a) native, b) plasma-,
c) PVP- and (d) PLL-treated PS/PtOEPK films over a 1× 1µm area. The height
scale was dictated by the highest feature over all the substrates measured — 15µm on
PLL-treated PS/PtOEPK. Note that b) was cropped to a 0.9× 0.9µm area because of
a high defect on the scan.
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PS/PtOEPK films to be used as cell-culture substrates may differ. This is discussed in

more detail Chapter 5.

Primarily, the novel PVP treatment developed in this work [150] was compared to

the other treatment types used investigated in terms of wetting, Stern-Volmer relation-

ship and surface morphology. The spin-coating behaviour of the PS/PtOEPK/toluene

solution was also fitted to Equation 3.5 to assess the applicability of the model.

In this chapter, the theory of oxygen measurement was discussed along with PS/

PtOEPK sensor film modification methods and characterisation techniques. Further-

more, the thickness of spin-coated films was fully characterised over a range of spin-

speeds and the wetting properties were characterised immediately following treatment

and up to four days after. Surface morphology and roughness characteristics were then

discussed, and while not taking into account cell behaviour, PVP-treatment was found

to be the most appropriate surface treatment for PS/PtOEPK sensor films. Whereas

PLL-treatment was deemed the most suitable when considering a favourable CA for

cell-attachment. The following chapter presents the development of the LOC system

in which the sensor films fabricated and characterised in this chapter are used. The

device and off-chip system for the generation of cross-stream DO gradients on-chip are

presented as well as a review of relevant literature.





Chapter 4

DISSOLVED OXYGEN CONTROL ON-CHIP

4.1 INTRODUCTION

This chapter introduces the gas control system used to provide defined DO concentra-

tion to cells. The next sections give an overview of the theory relating to dissolving

gases in liquids, a review of current literature concerning control of solute concentra-

tion in general, the control of dissolved gas concentration on-chip and the design of

existing chips and off-chip components. The fabrication of the microfluidic devices and

substrate-chip sealing techniques used in this work are then discussed. Subsequently,

a description of the iterative process that resulted in the complete off-chip gas control

components used in this project is presented. Flow control and shear considerations

are also discussed in this chapter in preparation for the culture of cells in varied oxy-

gen environments in Chapter 5. Finally, the ability to maintain a controlled oxygen

microenvironment is presented and discussed, along with the method of converting in-

tensity data from the PS/PtOEPK sensor into oxygen data, ending with a consideration

of temperature control.

4.1.1 Theory of gas solubility

In order to control or predict and control the concentration of oxygen and nitrogen

(solutes) dissolved into cell-culture media (solvent), the physics of solvent and solute

interactions must be understood. In its most simple form, when a liquid of a certain

temperature comes into contact with a gas, some of that gas is passively dissolved into

the liquid in a quantity that is at equilibrium with the free gas. The partial pressure of

the free gas determines the quantity of dissolved gas present in a body of solvent. The

pressure of water vapour in the atmosphere and the temperature of the water are also

factors that affect the dissolved concentration of gaseous solutes at equilibrium [223].

Henry’s law, in the case of oxygen and water, describes the linear relationship between

oxygen solubility and the partial pressure of oxygen such that

cO2 = k × pO2 , (4.1)
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where pO2 is the partial pressure of oxygen, cO2 is the mole fraction of the solute

in the solvent and k is the Henry’s law constant for the specific case of oxygen and

water [224]. The Henry’s law constant can be defined as

k = lim
cO2
→0

fLO2

cO2

at constant T, (4.2)

where fLO2
is the fugacity of the solute in the liquid phase [225]. Henry’s law is

only applicable at low concentrations of gas, which is a vague premise, but Henry’s

law requires adjustment to take temperature, salinity and solubility into account in the

cases where high concentrations of solute are present [225]. It is logical to assume that

these adjustments would be needed when working with hypoxia and hyperoxia, as is

the case in the present thesis, and to also account for the salts contained in cell-culture

media.

This incorporation of salinity is crucial, since the commercially available flow-

through oxygen sensors used in this work do not account for the salinity of cell-culture

media. In fact, they perform measurements of the oxygen assuming that the salinity

is zero. The incorporation of the effects of salinity on solute solubility into Henry’s

equation is not a simple relationship. The salinity against solubility is approximately

linear, but the gradient changes with changing temperature. In most cases though, an

increase in salinity will decrease the solubility of a solute. Similarly, the relationship be-

tween solubility and temperature is not linear and the relationship varies with changes

in salinity. In most cases, however, an increase in salinity decreases the solvent’s ability

to hold solutes in solution. The reason for this is that the total possible solubility of a

medium is finite, so any previously dissolved species decreases the remaining capacity

to dissolve additional species [225].

To account for salinity, conversion tables can be used to find the concentration of

oxygen in water at a known temperature and pressure, with a known salinity [223,226].

This can also be done by using the Stechnow equation, which incorporates salinity into

Henry’s law, such that

ln
[O0

2]

[O2]
= lnγ(O2) = ksm, (4.3)

where [O0
2] is the solubility of oxygen in DI water in µmol/kg, [O2] is the solubility

of oxygen in salt solution, γ is the activity coefficient, m is the molality (the mass of

oxygen per unit mass of water) and ks is the salting coefficient.

Appendix E shows the solubility of oxygen in water with different salinities, as

well as the salt constituents of cell-culture media. This was used to calculate the DO

solubility in cell-culture media. As shown in Table E.1, the solubility of oxygen in

DI water is 9.1 mg/L at 20◦C and 8.3 mg/L at 25◦C at a pressure of 760 mmHg. In
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seawater with a salinity of 35 g/kg, the solubility is 7.2 mg/L at 20◦C and 6.6 mg/L at

25◦C. As shown in Table E.2, the salinity of Earle’s salts MEM is 9837 mg/L (28 % of

seawater) and Hank’s salts MEM is 9096 mg/L (26 % of seawater). This information

aided in converting DO measurements measured off-chip to those applicable to the

environment that cells were exposed to, the details of which are given in the Results

section of this chapter. The next section outlines various existing strategies for the

control of solutes on-chip.

4.1.2 Solute control on-chip

A general overview of the type of technology that currently exists for environment

control was presented previously. With respect to the hardware needed, however, a

more in-depth review of gas control methods in microfluidic devices will be discussed

in the subsequent sections. From the point of view of the system design and methods

required, the control of non-gas solutes and gas solutes are discussed separately. The

behaviour of cells with respect to dissolved gas control is discussed in Chapter 5.

4.1.2.1 Control methods for non-gaseous solutes

Solute control is not only possible spatially, but also temporally, and there are many op-

tions when it comes to solutes that are biologically relevant. For example, spatial [145]

control of glucose can be achieved with a series of mixing microchannels, and tempo-

ral [227] control of glucose or multiple analytes [228,229] can be achieved with multiple

mixing channels and a series of microfluidic valves and pumps. A cross-stream spatial

concentration gradient of the fluorescent compound fluorescent dextran has been cre-

ated with laminar flow and cross-stream diffusion in a microchannel designed for 3D

cell-culture [230], similarly to the system developed in this project for the cross-stream

gradient of oxygen.

4.1.2.2 Chemical control of gas solutes

A common method of gas microenvironment control in microfluidics is through chemical

reactions within the liquid media that act to reduce or increase the presence of a certain

dissolved gas. Very commonly, sodium sulfite is used as an oxygen scavenger in cell-

culture media to manipulate the DO concentration for hypoxia experiments [108, 125,

182]. Sodium sulfite molecules react with the oxygen in the media to produce sodium

sulphate [108] and can be used to reduce oxygen levels to hypoxic levels. One of the

disadvantages of this, however, is that the flow-through and needle sensors used in this

work would not be able to detect the difference between oxygen and sodium sulphate,

and so this method cannot be used in this work. Despite this, in other work, sodium

sulfite powder has been dissolved into liquid media to reduce the DO concentration to
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near-zero in water droplets in a droplet microfluidic device [111], as seen in Figure 4.1a,

and to hypoxic levels in straight channels of cell-culture media [108,125,182].

Similarly, in a straight microchannel, a cross-stream oxygen gradient can be gen-

erated from chemically-derived oxygen-depleted media by simply passing the media

through a PDMS microchannel and allowing oxygen to back-diffuse through the gas-

permeable channel walls continuously [108], as shown in Fig 4.1b. This creates a

smooth, symmetrical bell-shaped cross-stream DO gradient, where the width of the

hypoxic region in the centre is dependent on the flow speed of the stream. The faster

the flow rate, the wider the hypoxic area and the steeper the gradients on either side

since the residence time is reduced. The fact that the gradient shape, a crucial part of

environment control, is not able to be de-coupled from the flow speed, is a disadvantage

because different types of cells can withstand differing shear stresses, as the results in

Chapter 5 will show, and this same disadvantage is apparent in the system developed

in this work. As a result, it may not be possible to expose the same DO gradient to a

cell type more sensitive to shear stresses brought about by perfusion of media.

The concept of using chemical control of oxygen can be taken further by design-

ing chambers in such a way that a different maximum oxygen concentration can be

generated in different parts of a device [108], as shown in Figure 4.1c. Another dis-

advantage of chemically controlling DO concentration for cell-culture is that the effect

of sodium sulfite and other gas control chemicals on cells is unknown and could affect

cell viability, proliferation and metabolism. Additionally, any DO gradient produced

in a Y-shaped microchannel is not able to be precisely controlled as the gradient profile

depends on the flow speed. This also means that the shear stress exerted on cells at

the channel base and the cross-stream gradient profile cannot be uncoupled. The same

disadvantages to the use of chemical control apply, but more sophisticated spatial con-

trol of oxygen is possible. Chemical gas control was not used in this work in favour of

gas-exchange methods that are more complex from an engineering point of view, but

do not have these disadvantages.

Oxygen control by gas-exchange, the method used in the present work, uses Henry’s

law (Equation 4.1), where the amount of gas dissolved in the liquid media is controlled

through the partial pressure of the surrounding gas. Simple gas-exchangers that utilise

this concept have been used previously [166,181,231], as well as in this work [150].

4.1.2.3 Dissolved gas control by gas-exchange

Controlling the concentration of a dissolved gas species by gas-exchange has been

achieved in a variety of ways and this approach is capable of producing the same

gradients possible with sodium sulfite oxygen-depleted media in a straight microchan-

nel [150, 166, 181, 231]. As the following sections show, more flexibility of control can

be offered by non-chemical gas control in a straight channel. It is also worth noting
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(a)

(b)

(c)

Figure 4.1: a) Sodium sulfite generated oxygen depleted micro-droplets being gen-
erated and measured in a single microfluidic device [111]. b) The DO concentration
gradient generated using continuous flow of one stream with reduced oxygen by sodium
sulfite, and the gas permeability of PDMS [108]. c) A device able to create range of DO
concentrations across several cell-culture chambers each with a different DO maximum
whilst using only two inlet streams of differing DO concentration [108]. Reproduced
with permission.
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the possibility of temporal control of dissolved species [153]. This is possible with the

system developed in this thesis, and any other using gas-exchange [232], but was not

investigated and as such is discussed further in Chapter 6.

Multiple strategies have been used to effectively provide dissolved gas control in

the form of a cross-stream gradient. These methods fall into the broad categories of

on-chip, off-chip and as a separate chip (see Figure 4.2 for examples of each). On-

chip control of dissolved species is commonly done by fabricating microchannels for

flowing gas on either side of the main channel carrying the liquid phase. This is shown

in Figure 4.2c. In this case the control of dissolved species and the generation of

a gradient are performed simultaneously by passive diffusion through a thin PDMS

membrane between gas filled channels adjacent to a liquid filled channel. Over time,

this system reaches an equilibrium once a linear gradient across the channel forms. This

method works in a similar but reverse way to the chemical control method shown in

Figure 4.1b. This kind of dissolved gas control has been used to orchestrate controlled

gas conditions for the culture of cells in 2D [125,193] and the culture of 3D tissue-like

constructs in a gel [142].

It is also possible for gas filled channels to be placed either under the liquid chan-

nel [132, 152, 192], or under and on either side of the liquid channel [153]. It is con-

ceivable, in theory, to implement this method of gas control into the microfluidic chip

architecture used in this thesis, but the addition of extra inlets and outlets for multiple

gas channels would make the setup cumbersome with the use of the chip-holder, for

which extra inlet/outlet holed would be required, so this approach was not considered.

Among alternatives to the on-chip gas-exchange option are off-chip gas-exchangers,

examples of which are shown in Figure 4.2a. These methods of gas-exchange allow the

user to control how much gas is dissolved into each of any number of separate streams,

which are then brought together in a Y-shaped microchannel similar to that shown in

Figure 2.12. This method is capable of providing any number of different cross-stream

gradient morphologies by first controlling the dissolved species concentration in any

number of streams, then combining those streams together to orchestrate a controlled

environment. The gradient profile could range from a sharp stepwise format where a

high flow rate is needed, to a linear one if and when diffusion has smoothed out the

species gradient further downstream. The specifics of each morphology are dependent

on the channel geometry and the flow rate of each of the streams.

The principal behind the gas-exchange for each stream itself is similar to the on-

chip gas-exchange method, with the important difference that this method can support

a continuity of DO between two or more distinct dissolved gas concentrations. In

contrast, the on-chip version can only support two distinct concentrations when the

dissolved species control and gradient formation occur simultaneously. In the off-chip

macroscale gas-exchanger shown in Figure 4.2a, the fluid is passed through a length
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of gas-permeable tubing in a bottle containing the desired gas mixture. The duration

needed for gas saturation, or any other target concentration, is dependent on the liquid

flow speed, the cross-sectional area and gas permeability of the tubing, and the pressure

of the gas to be dissolved (as per Henry’s law in Equation 4.1). Each flow stream

entering the microfluidic chip is directed through its own gas-exchanger to provide

it with the desired solute concentration before the stream is merged with others and

becomes a part of the overall dissolved species environment. This type of gas control

system was used in the present thesis because it suits the hardware, the chip-holder

system and flow control system, and it does not require modification of the chip-holder.

The final alternative gas control method discussed here is gas-exchange in a sep-

arate gas-exchanger chip [166], as shown in Figure 4.2b. This concept uses the same

principles as the on-chip method, but on a dedicated separate gas-exchanger chip. It is

designed to allow gas to transverse through a gas-permeable layer separating the liquid

and gas phases to allow it to dissolve in the liquid. Similar to the off-chip gas-exchanger,

a gas-exchanger LOC is placed in the fluid circuit of each inlet stream, so that each

can be controlled before becoming a part of the final dissolved gas environment when

the streams are connected. This kind of system has been fabricated previously by the

Nock Lab, however, it consists of a complex branching network of microchannels of

diminishing width stationed above an identical gas channel network with a thin PDMS

membrane in between. This iterative splitting of the channels effectively increases the

surface area of liquid exposed to gas in the channel below to allow quicker gas-exchange,

but makes the chip increasingly difficult to fabricate and requires at least 4 cm2 of area.

For that reason, this gas-exchanger LOC was not used in this project, but the incor-

poration of such a gas-exchanger is discussed in Chapter 6 towards transitioning the

system from a chip-in-a-lab to a true LOC.

The main advantage of the off-chip bottle-style gas-exchanger option is that, even

though it includes sometimes bulky off-chip apparatus, fabrication difficulties are, in

theory, avoided. The macroscale off-chip option is capable of generating the same linear

cross-stream gradients as the on-chip option, and both can be used to easily expand

the system to include any number of separate streams, providing the opportunity for

culturing cells and testing anti-cancer drugs in many different DO environments.

4.1.3 Substrate bonding considerations

In the following sections, the specifics of the different types of bonding methods for

sealing PDMS to substrates are discussed. Commonly, PDMS microfluidic chips are

irreversibly sealed to a glass or PDMS substrate in order to allow PDMS microchannels

to withstand fluid pressure. In the case of this work, however, permanent bonding was

not preferable because substrate removal for access to cells is essential in order to make

immunofluorescent staining at high magnification and AFM imaging possible. Never-
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(a) (b)

(c)

Figure 4.2: Methods and platforms for dissolving oxygen in a liquid. a) The off-chip
gas-exchanger manufactured with gas permeable tubing inside and gas impermeable
tubing outside the bottle used in this work. b) A gas-exchanger on a separate multilayer
chip consisting of a vertical stack of two layers of channels, one gas and the other liquid,
where passive equilibration occurs through the thin PDMS membrane [166]. c) On-
chip gas control provided by pressurised gas channels either side of the channels holding
liquid [140]. Reproduced with permission.
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theless, other methods were considered and the following sections present the theory

behind various irreversible and reversible mechanisms for sealing a chip/substrate pair.

4.1.3.1 Irreversible Bonding

Microfluidic devices using PDMS and a substrate of PDMS or glass are often sealed irre-

versibly by exposing the to-be-bonded surfaces to 100 % oxygen plasma for one minute,

then pressing them together with light pressure and heat [163, 231, 233–235]. The

plasma creates ozone, which in turn creates reactive groups on the surface of both

materials, SiOH groups in the case of PDMS and OH, COOH and RC(=O)R’ groups

in the case of glass. These, when brought into contact immediately after plasma expo-

sure, form strong covalent bonds [212,233].1 The main advantage of this method is its

strength. A microchannel network sealed in this way would be able to withstand high

fluid pressures and consequently allow high flow rates [233]. A disadvantage of this

method is that once covalent bond formation is complete, there is no way of accessing

the substrate for AFM imaging or immunofluorescence with high magnification unless

an inverted microscope can be used to view through the glass/PS substrate.

Because the oxygen sensor used in this work is a fluorescent PS/PtOEPK thin film,

such irreversible sealing is possible only by removing the sensor-film from everywhere

but the channels, so that the glass beneath the sensor is available for treatment with

plasma [166]. This adds another fabrication step, affects the sensor sensitivity by

exposing it to light and plasma during treatment [188], and cannot be done under

sterile conditions. Even so, irreversibly sealing the PDMS chip to the substrate is not

desirable, since the substrate and cells need to be accessible after exposure to a DO

gradient.

4.1.3.2 Reversible Bonding

Reversible PDMS-substrate bonding capable of withstanding fluid pressure is possible

because PDMS is able to form Van-der-Waals bonds with smooth surfaces [212]. This

is especially advantageous because PDMS chips can be reused if reversibly sealed and

this does not limit possibilities for the substrate material in the same way as plasma

bonding does2. Even though in the present work there were issues with delamination of

the sensor film, the main advantage of a reversible sealing method is the ability to sep-

arate the cells and substrate from the PDMS chip. This allows a higher magnification

1Until recently, the plasma bonding process was thought to the irreversible, but it is possible to
de-bond the connection by placing hydrofluoric acid (HF) around the PDMS/glass interface of a plasma
treated interface. The PDMS will then come free from the substrate after approximately two minutes.
This, however, is irrelevant in this case because cells would not survive exposure to HF.

2Plasma treating PS/PtOEPK sensor-films causes the PS in the film to oxidise, as is used to make
the film more hydrophilic. It does not, however, have the same effect as plasma treatment on glass
or PDMS [209, 219, 233], which creates reactive groups that, when brought together, form a strong
adherence between chip and substrate.
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objective with a smaller focal length to be used when imaging cells after fixation and

PDMS removal. This would not be possible without an inverted microscope. Removal

of the PDMS also allows other microscopy techniques to be used that are impossible

for an irreversibly sealed chip, such as AFM.

Reversible seals have been previously reported between a PDMS chip and different

kinds of substrate with a mechanical clamp [236], a magnetic clamp [236], and by

applying negative pressure [237] to the channels where it is usually positive, i.e. the

fluid is pulled rather than pushed. Sealing the chip to the substrate by applying a

vacuum requires the channel and off-chip components to be designed specifically to

allow for negative pressure, and additionally requires a vacuum pump to achieve a seal.

An alternative to clamping methods that require external hardware is magnetic

sealing. This can be achieved by adding iron filings to PDMS to create PDMS impreg-

nated with iron filings (FePDMS) in a few subtly different ways, then placing strong

magnets on the reverse side of the substrate. This is able to exert sufficient pressure to

withstand positive fluid pressure. The main methods of sealing by using FePDMS in-

volve filling cavities in the PDMS body with FePDMS [238], or FePDMS can be firstly

added around the mould of the channels, partially cured, then additional PDMS is cast

on top. This has been done with microchannels of 1500µm width and has been shown

to withstand a flow up to 70µL/min [239], which is faster than what would be needed

for most biological applications where shear forces are a limiting factor of cell-viability.

FePDMS itself has advantages over bulky mechanical clamps because it may better

enable microscopy by creating a thinner chip assembly. This only applies if strong

magnets are available that are both strong and small. This method is also cheap to

incorporate into conventional PDMS casting techniques. The disadvantages, however,

are that the magnetic components themselves can be bulky and hinder the use of

microscopy, and they need to be of high strength, which can make them expensive,

counteracting any savings from cheap incorporation with replica moulding techniques.

The choice of a reversible sealing technique for this project was a commercially

available clamp that doubles as a casting station from the Microfluidic ChipShop.

Iron-PDMS was only found to be unsuccessful due to the weak magnets that were pur-

chased. The clamp successfully minimised leaks between the PDMS and PS/PtOEPK

sensor-film, and leaks between PDMS and the tubing adapters were almost non-existent

because the PDMS was cast around the inlet ports during the casting step with the

casting station (explained further in the methods section).

4.1.4 Evaporation control

A common problem in microfluidics experiments is the evaporation of media [134,153]

and this project is no exception. The combination of slow media flow rates and the

need to maintain a temperature of 37◦C for biological experiments means that the
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cell-culture media can evaporate rapidly through the gas-permeable PDMS walls and

ceiling of a microchannel [153]. This problem can be prevented by providing a source

of humidity as a barrier between the warm cell-culture media and the atmosphere-

equilibrated PDMS. To this end, additional channels are commonly placed either side

and parallel to the cell-culture channel that continuously harbour flowing liquid, for

example, sterile water [153]. These anti-evaporation channels effectively humidify the

PDMS surrounding the cell-culture channel, diminishing the concentration gradient

that drives evaporation in the important cell-culture channel. Any evaporation that

does occur is then isolated to the less-important anti-evaporation channels, through

which liquids can also be flowed at high speed to ensure these also do not evaporate.

This strategy could be implemented in the system developed in the present work,

which is further discussed in Chapter 6, but was not done for the same reasons as

adding gas-exchange channels; the chip-holder ceiling would need to be modified, hence

rendering it not suitable as part of the casting station setup. The strategy employed to

reduce evaporation in this work was to properly characterise the temperature controller

used to make sure the temperature didn’t exceed 37◦C and to increase the flow rate of

the media. These options are discussed further in the methods and results section.
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4.2 METHODS AND MATERIALS

The following sections describe the methods used in the design, manufacture and sealing

method of the microfluidic chip to the PS/PtOEPK substrate used in the present work.

The setup of the off-chip components involved in the flow control and gas control

systems are then discussed. Descriptions follow of the iterative design process used for

the interface between the commercial oxygen sensors and the flow circuit. The methods

of data acquisition is then presented, followed by a description of the MATLAB script

used to interpret the acquired fluorescent images to convert them to oxygen data.

Lastly, methods for temperature control are mentioned.

4.2.1 Microfluidic Chip Manufacture and sealing techniques

To manufacture the microfluidic devices used in this work, standard photolithography

and replica moulding in PDMS were used. Photographs of some of the main stages

of fabrication is shown in Figure 4.3, and the entire process in detail in Figure 4.4.

Firstly, channel designs were designed in L-Edit (Tanner Tools, v15.16) software and a

dxf file was exported and loaded onto a mask writer (µPG, 101 Heidelberg). The design

was then exposed onto a blank glass/chrome/photoresist (PR) plate with a resolution

of 400 nm. The mask was developed by immersion in developer (AZ 326 MIF) for

60 seconds to remove the exposed PR and subsequent immersion in Chrome Etch for

60 seconds revealed the mask pattern, as shown in Figure 4.3a.

In parallel to the mask processing, a silicon wafer (WaferPro) was dehydrated at

185 ◦C for > 24 hours, then cleaned in oxygen plasma at 100 W for 10 minutes (Emitech,

K1050X). The silicon wafer was then laminated (Sky 335R6, DSB) with a sheet of

negative-tone dry film PR (SUEX SU-8) with a thickness of 100µm or 250µm, or spin-

coated (Laurell, WS-400B-6NPP-LITE) by dispensing approximately 5 mL of negative-

tone liquid PR (SU-8, 2100 MicroChem) with a rotation rate of 3000 rpm for 60 seconds

(ramp 1000 rpm/s). The PR was then exposed to 675 mJ/cm2 of ultraviolet (UV) light

(MA-6, Suss Microtec) for an appropriate exposure time in denominations of 10 seconds

with 60 seconds allowed between cycles. The power per unit area was calculated by

the liquid/solid PR data-sheet and a measurement of the UV lamp power output.

The areas of the PR that were exposed through the mask were activated during

exposure. During the post-exposure bake, the wafer was placed on a programmable

hot plate (Alphatech) at 65 ◦C with a 100◦C/hour ramp for 5 minutes, then 95 ◦C

for 10 minutes after a ramp of 100◦C/hour. The wafer was then cooled to RT with

a ramp of 15◦C/hour. After the baking step, the unexposed areas of the PR were

selectively dissolved during the development stage by immersion in propylene glycol

monomethyl ether acetate (PGMEA) developer for 10 minutes. The wafer was then

rinsed with acetone and isopropanol alcohol (IPA) and then dried with nitrogen.
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This process produced a negative master mould, as shown in Figure 4.3b. The last

step of master mould fabrication was to prepare the wafer surface for PDMS casting

and liftoff. To do this, trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (PFOTS) (Sigma-

Aldrich, 448931-10G) was coated onto the wafer by placing the wafer and a few drops

of PFOTS into a vacuum chamber (SP Scienceware) for one hour. Following that,

each mould was then used to produce multiple casts of the microfluidic chip in PDMS

using several different methods of PDMS casting. Iron-PDMS was cast onto the mould

directly, or unaltered PDMS was poured on the mould with or without a casting station

(Microfluidic Chip Shop, 07-0460-0000-00).

To cast unaltered PDMS without the casting station, the mould master was first

placed on a polyetheline (PE) sheet (OfficeMax, OHP transparency film) followed by a

malleable rubber mat and a flat metal plate. A thin metal ring was then placed on the

silicon wafer, around the mould patterns, to confine the liquid PDMS during curing.

Liquid PDMS was prepared by mixing pre-polymer (Dow Corning, Sylgard 184 silicon

elastomer base) with curing agent (Dow Corning, Sylgard 184 curing agent) at a 10:1

(w/w) ratio and degassing the mixture to remove the majority of air bubbles (> 1 hour).

It was then poured over the preprepared master mould. A heavy metal weight was

placed on top of the metal ring and the entire stack was degassed again for one hour

and placed onto a hot plate (Stuart Scientific, SH1D) at 80◦C for two hours for partial

curing. The PDMS was removed from the mould by firstly tracing a scalpel (Swann-

Morton, 3) through the PDMS around the inner surface of the metal ring and lifting

it off from the mould. The PDMS was then placed between two PE sheets and curing

was finalised by baking for a further two hours at 80◦C. Lastly, inlet/outlet ports

were cut with a 1.5 mm inner diameter (ID) handheld dermal punch (Elveflow, 1.5 mm

ID) and the excess PDMS was cut to the correct dimensions (25 mm× 75 mm) for the

chip-holder (Microfluidic Chip Shop, MicCell support 07-0456-0000-00), as shown in

Figure 4.3c.

Similarly to unaltered PDMS, FePDMS chips were prepared without the casting

station and exclusion moulding was used to exclude the opaque FePDMS from the

channels so that the channels remained transparent when viewed from above. 20 g

of PDMS pre-polymer was mixed with curing agent as before, then 1:10 and 1:10,

2:10 and 1:2 w/w ratios of iron filings (Sigma-Aldrich, 209309-500G) were added to

approximately 2 mL of PDMS mixture that was separated from the bulk. The pre-

cured FePDMS was degassed and poured onto the mould, which was again placed on

a plastic sheet, rubber mat and metal plate, and bordered by a metal ring. With

the aid of another plastic sheet covering the FePDMS mixture, the magnetic PDMS

was excluded from the tops of the PR microchannel patterns by pressing down on the

patterns with the back of a scalpel or similar blunt, flat object. This stack was baked

on a hotplate for one hour at 80◦C with a heavy metal disk weighing down on the

channel patterns, or with a malleable rubber sheet in between. The top plastic sheet
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was then peeled off and the remaining clear PDMS was poured on top and further

baked for one hour. The whole chip was then peeled off of the mould and baked for

two hours at 80◦C between two plastic sheets to complete the curing process. Before

use, the chip was cut to size with a scalpel and inlet/outlet ports were cut as described

before. To seal the chip to a substrate, numerous magnets were placed on the underside

of the substrate on either side of the main cell-culture channel. The magnets exerted

a squeezing force on the substrate and PDMS, thus sealing the channels.

To cast non-magnetic PDMS with the casting station, as shown in Figure 4.3d, the

mould was firstly prepared so that it fitted snugly in the recess of the casting station.

This was done by carefully measuring and scoring the outline with a diamond tip (with a

bespoke scoring device developed in-house) and cleaving the wafer along the scores. The

casting-station was then assembled and the screws tightened.3 Next, approximately

4 mL of PDMS was prepared as before and poured into a 5 mL syringe (TERUMO,

SS+05L), secured vertically in a small glass beaker, and degassed in a vacuum chamber

for >1 hour. A syringe tip, accompanying the casting-station kit with an approximate

1 mL capacity, was fitted to the syringe luer lock and used to inject the PDMS into

the casting station via a small hole in the ceiling plate. The PDMS was smoothly

injected until it reached the far side of the casting station and started to exit through a

second hole in the casting station ceiling plate, or once all bubbles had been extruded.

The whole casting station, wafer and PDMS were then baked on a hot plate at 80 ◦C

for four hours. After curing, the PDMS chip and casting station were disassembled,

producing a chip with ready made inlet/outlet holes with no need for cutting to size.

The casting station ceiling was transferred straight to the chip-holder base plate with

pre-prepared substrate. This chip-sealing technique was used for the majority of this

project. In the next sections, the chip and holder will be described in the context of

the wider experimental setup.

4.2.2 Microfluidic Experimental Setup

The experimental setup in its entirety consisted of the microfluidic chip and cell-culture,

flow control and measurement components, gas control and measurement components

and temperature control apparatus. A flow controller (Elveflow, OB1) and flow-through

sensors (Elveflow, 2-80µL/min) provided controlled fluid pressure appropriate for the

required flow rate. The gas-exchangers, gas cylinders, gas pressure control compo-

nents, flow-through oxygen sensors (PreSens, flow though cell and Needle sensor) and

PS/PtOEPK film provided dissolved species control and measurement. Rigid Ethy-

lene tetrafluoroethylene (ETFE) tubing with 1/16” ID (Kinesis, IDEX Health and

Science, 1517XL), flanges and connectors (Microfluidic ChipShop) compatible with

3Firstly, the four screws on the casting-station were tightened by hand. This did not provide
enough squeezing pressure to prevent leaks, however, so the finger grips were removed and a screw-
driver (Philips) was used to manipulate the screws.
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(a) (b)

(c) (d)

Figure 4.3: Photographs of four fabrication steps involved in manufacturing microflu-
idic devices. a) A complete mask plate. b) A completed silicon mould master. c) The
chip-holder gasket and chip. d) Interface tubing connected to the chip via adapters.
The white dotted lines indicate the edges of the channel patterns at each stage.
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Figure 4.4: The soft-lithography method used for manufacturing microfluidic channels
in PDMS in this work. A .dxf file was firstly written onto a blank mask. During mask
writing a silicon wafer was spin-coated or laminated with photoresist. This photoresist
was exposed to UV light through the mask and developed revealing the mask patterns
in photoresist. This master mould was used to cast a PDMS cast, which was cured,
peeled off to reveal microchannels and cut to the size of the substrate before its use.
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the chip-holder ceiling plate provided interfacing between components, and the bubble

traps (Kinesis, 006BT-HF) and flow restriction tubing (Kinesis, 240µm ID) reduced

the occurrence of bubbles and flow rate inconsistencies.4 A diagram illustrating where

each of these components was incorporated into the system is shown in Figure 4.5. The

proceeding sections describe each series of components grouped in terms of purpose in

more detail.

4.2.2.1 Flow control

Flow control was carried out in each of the two streams by a pairing a port on the pres-

sure driven flow controller to a flow sensor. The flow rate was set in the accompanying

software (Elveflow SDK, v3) and read by the flow sensor at a frequency specified in the

software (usually 10 Hz). Suitable changes in pressure were automatically orchestrated

by the software every time the current flow rate was read to be higher/lower than the

required flow rate. This method of flow control is advertised to maintain a set flow rate

between two and 80µL/min over extended periods of time.

The change in pressure brought about by a discrepancy between the measured

flow rate and set flow rate can also be controlled to some degree by a pair of editable

parameters displayed in the software. The lowest values of these parameters were

chosen so that the flow rate overshot the set flow rate as little as possible. This was

crucial because it was found that large discrepancies in the flow can lead to a feedback

loop forcing the flow further from the set flow. This could occur mainly because the

two streams incident on the microfluidic chip met on-chip via the Y-shaped connection,

and an overly reactive pump could result in a violently oscillating flow rate.

4.2.2.2 Oxygen control

As stated previously, DO control in each stream was provided by an off-chip bottle-

style gas-exchanger. Two of these were constructed from screw-top plastic bottles with

plastic lids. Two holes were drilled in each of the lids to allow two sections of the

rigid ETFE tubing to pass through to provide the gas-exchanger inlet and outlet. An

approximately 0.5 m length of tubing with high gas permeability was connected to the

two sections of rigid tubing inside the gas-exchanger, then wound around some flexible

wire, which was itself wound and placed inside the bottle, as shown in Figure 4.6a.

Nitrogen and oxygen D sized cylinders were fitted with a standard regulator and

a fine pressure gauge allowed precise control of the pressure applied to liquid filled

tubing within the gas-exchangers. A rigid tubing line with a secondary stop-valve

was connected directly from each gas regulator to one of two gas flow meters (Dwyer,

4Bubble traps were initially used, but were removed from the setup for the final design, as they
turned out to cause additional technical issues, such as leakage, and incompatibility with negative
pressure driven flow.
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Figure 4.5: The components that make up the fluidic system and their position in each
tubing circuit. Fluidic connections are solid black, gas are dotted grey and electrical
connections to the oxygen sensors, computer and pump are shown in dotted black.
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0-1000 cc/min and 0-4 L/min), then to each gas-exchanger via one of the two short

sections of flexible tubing extruding from the gas-exchanger top, as also shown in Fig-

ure 4.6a. The other section of tubing was fashioned into the gas outlet by attaching

a long section of gas impermeable tubing in order to combat back-diffusion of oxy-

gen/nitrogen from the atmosphere. The internal volume of each gas-exchanger was

approximately 75 mL, so the flow of gas was first set to 100 cc/min to ensure that all

the air was being displaced out of the bottle and to reduce the chance of back-diffusion

from the outlet.

To start the flow of gas through the gas-exchangers, firstly the gas master valves

on the regulators, then the secondary valves were opened. Each regulator was then

set to 20 kPa and the flow meter to 100 cc/min. Approximately every 15 minutes, the

level of gas left in each gas bottle, the pressure and the flow rate were checked. The

incorporated of the regulator and flow meters into the setup is shown in Figure 4.6b.

To begin the control of DO, MEM cell-culture media with Hank’s balanced salts

(Sigma-Aldrich, M5775) was heated to 37◦C in a bead bath, and degassed with a large

syringe. Degassing was done by fitting a 3-way valve onto the luer lock of a 50 mL

syringe, filling it with 15 mL of warm media, and holding the syringe extended for

10 seconds with a syringe pump (NEW ERA, NE-4000), applying negative pressure

to the liquid, driving dissolved gasses out of solution. The pressure was released and

repeated 20 times. The media reservoir for the nitrogenated stream was filled with the

degassed MEM, the oxygenated stream was filled with non-degassed media, and this

was driven through the respective fluid circuits with high pressure, resulting in a flow

rate of more than 80µL/min. Once the tubing was full, the pressure was reduced and

the software was used to enable control of flow using the flow sensors.

4.2.3 Evaporation control

The commonly used method of evaporation control — the addition of two or more

channels either side of, or above/below, a liquid filled channel — was limited by the chip-

holder ceiling architecture, which would have needed to be modified to accommodate

four more inlet/outlet ports. This was not done because once a chip-holder ceiling was

modified in this way it would no longer be useful for its original use (the ceiling plate

for the PDMS casting station). It could have been possible to re-plug these added

inlet holes with cured PDMS prior to casting of a PDMS chip, but this option was not

explored since evaporation was not as limiting as expected, possibly due to continuous

perfusion of media inside the channel.

4.2.4 Characterisation of fabricated moulds and channels

Characterisation of each fabrication step used for manufacturing PDMS chips was

carried out using an optical surface profilometer (Profilm3D, Filmetrics). This was
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(a)

(b)

Figure 4.6: Photographs showing the apparatus used to control flow and dissolved
oxygen. a) Gas-exchangers made from screw top bottles with holes drilled for inter-
facing with tubing. Tubing with very little gas permeability on the bottle exterior
transfers to gas permeable tubing inside, where the fluid can equilibrate with the gas
mixture. b) Gas-exchangers incorporated into the experimental setup along with other
gas control components.
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done so that the volume of the channel was known, which would effect the 1D flow

rate inside the channel with a certain volumetric flow rate, as well as the DO gradient

with any variation in channel height [215]. The height of PR with each fabrication

method (dry and wet PR) was also characterised to determine which method produced

channels that were closest to what was intended.

To measure the height of mould patterns and the depth of PDMS channels, the

mould master or PDMS chip was placed on the stage of the optical profilometer. Before

measuring the height of the features using the device, the surface was first brought into

focus using the autofocus function, or by hand by raising and lowering the objective

assembly. Bringing a surface into focus created straight light interference patterns on

the surface appearing as symmetrical bright/dark bands. These patterns were perfectly

straight and parallel on a flat silicon wafer, but were slightly curved and not perfectly

parallel on the surface of PDMS, which was not completely flat or uniform. Two stage-

control nobs were turned until the interference patterns were vertical, then secondly as

wide as possible. This allowed the user to adjust the stage pitch along two axis so that

the sample was as flat as possible. When measuring a feature on the master mould

expected to be 100µm high, the backscan was set to 25µm and the scan length was

set to 125µm. With features expected to be 250µm high, the scan length was set to

300µm.

When imaging PDMS, the flattest areas around the PR patterns were focused

on, so the backscan needed to be set to a value higher than the depth of the PDMS

channels. Focusing on PDMS often produced warped interference patterns due to the

imperfect, slightly curved nature of the surface. This could be because the PDMS is

flexible, and since it was placed upside down to image the channel depth, the top surface

of the PDMS may not be uniform, causing some bending of the bottom surface, even

though it was flat. In the case of 100µm deep channels, the backscan and scan length

settings were both set to 125µm, since the backscan could not exceed the scan length.

For features expected to be 250µm high, both scan and backscan settings were set to

300µm. Before scanning each new substrate or location, the surface was auto-exposed

to ensure maximum contrast between light and dark interference fringes, and the scan

was performed, saved, flattened and outliers removed. This was done for liquid PR of

100µm and 250µm high features, with dry PR of the same heights and with PDMS

cast off of each of these to assess the loss of feature height for each. For each sample,

the start, middle and end of each cell-culture region was imaged.

4.2.5 Sterilisation

For gas control experiments without cells, the experimental equipment was sterilised.

This was done because, even though cells were not present and thus were in no danger

of being contaminated, the cell-culture media could still be, which would increase the
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likelihood that in future experiments the media could become contaminated. To begin

sterilisation, the tubing setup was detached from the chip-holder so that the tubing

ends and adapters could be accessed and moved into a laminar fume hood overnight

under UV light. Following this, the media reservoirs were filled with ethanol and a high

pressure was selected in the control software to drive the ethanol through the system at

a high flow rate, typically higher than the 80µL/min measurable with the flow sensors.

This was done to attempt to dislodge and flush out any dirt/dust/cell particles from

previous experiments.

4.2.6 Oxygen measurement

Several different methods were used to measure DO at different intervals in the fluid

circuit. The PS/PtOEPK sensor-film substrate provided a non-invasive method to

resolve the shape of the cross-stream oxygen gradient directly above the cultured cells,

while other methods were employed to measure the oxygen concentration before the

media entered the chip. Additionally, the fluorescent dye RTDP was used as a first test

of the gas-exchangers. These methods are described in the following sections.

4.2.6.1 Dissolved RTDP oxygen sensitive dye

RTDP is commonly used to chemically measure oxygen concentration as an oxygen

quenched fluorophore soluble in cell-culture media [179, 183, 184, 216], and was used

in this work while testing the gas-exchangers as an oxygen indicator by dissolving the

powdered RTDP dye (Sigma-Aldrich, 544981) into water at a 1:10 w/v ratio. The

setup, in this case, consisted of a syringe pump, gas-exchangers, and microfluidic chip

with glass substrate. This oxygen measurement method was used in the initial testing

of the cell-culture media only. Although it has been used with cells [183, 193, 216], it

was not used in this work in favour of the solid state PS/PtOEPK sensor for reasons

previously discussed in Section 4.1.2.2.

4.2.6.2 Commercially available oxygen sensors

In the final version of the oxygen control setup, as shown in Figure 4.5, the DO con-

centration in each stream was measured before the oxygenated/nitrogenated media

streams reached the microfluidic chip. The choice of sensor and the manner of inter-

face with the liquid was finalised after an iterative process of testing and subsequent

modification. A single-use flow-through sensor (PreSens, flow-through cell) was first

trialed, then a needle sensor (PreSens, NFSG-PSt8) with various interfacing techniques

discussed presently was used for the remainder of the project. The signal given by the

sensors was measured using a handheld measurement unit (PreSens, Microx 4 trace)

in Torr, mg/L and %, since the unit used in literature is not universal and conversion
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is dependent on the conditions during measurement. Both streams were measured by

alternating between the fibre-optic connections between the sensors stationed in each

stream. These measurements were used as the basis for converting the intensity signal

from the PS/PtOEPK into mg/L.

The first flow-through sensor trialed consisted of a T-junction with three female

luer lock ports, with a detachable optical oxygen sensor fitting. The sensor consisted of

a male luer lock fitting with a PtOEPK sensor patch that, when screwed in to the third

inlet/outlet of the T-junction, was positioned in the path of the liquid to be measured.

The advantage of this, even though single-use, was that the measurement mechanism is

optical, as with the PS/PtOEPK film, non-invasive and did not consume oxygen. The

sensor patch is advertised as single-use, but the fibre optic cable used to interface the

T-junction sensor with the handheld measurement unit was reusable. Additionally, the

removable T-junction part of the flow-through sensor was retained after the single-use

sensors were either discarded after use, or found to leak (very commonly), and were

used to interface with another type of sensor, the needle sensor.

The needle sensors are reusable and consist of a fragile fibre-optic cable housed in

a protective needle casing with a patch of PtOEP at the fibre optic tip. The needle

tip was interfaced with each liquid stream by way of the T-junction fitting part of the

flow-through sensor, with several different interfacing methods, to position the sensor

tip in the path of the liquid to be measured. Again the measurement mechanism was

optical so the only disadvantage of this sensor is the difficulty in interfacing it with a

fluid stream. The first method used to integrate the sensor, as shown in Figure 4.7a,

was to extend the sensor tip into the stream via the third connection of the T-junction

fitting via another commercially-bought fitting with an ID slightly bigger than the

needle outer diameter (OD). This was not sufficiently watertight to be used as a long-

term solution, however, because a large amount of plumbers tape was needed to reduce

the flow of media leaking out of the needle casing and between the needle and fitting.

The second iteration of the needle-T-junction sensor fitting is shown in Figure 4.7b.

The needle (with sensor retracted) was pierced through a small core taken from a

rubber bung. The bung was then compressed into the third inlet/outlet of the T-

junction fitting to provide a seal. The fibre optic sensor was then extended into the

fluid stream. The bung interface with the T-junction was effective, water-tight and

also reduced the dead volume inside the T-junction fitting. Conversely, the needle

intermittently leaked after long periods of time under fluid pressure, as media was

pushed through the inside of the needle and out where the needle was push-sealed onto

the syringe body.

The flow-through and needle sensors needed no calibration before use, as they were

purchased with a quick response (QR) code that was read by the measurement unit,

which loaded the two-point calibration data unique to each sensor. The calibration was
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(a) (b)

(c)

Figure 4.7: The modification steps for the needle sensor interface as it progressed
towards a usable system that could withstand fluid pressure. a) The first iteration of
the needle sensor interface with a luer lock fitting (shown without plumbers’ tape).
b) The second iteration of the needle sensor using a small core of a rubber bung to
successfully seal the T-junction/needle fitting. c) The needle sensor connected to the
rest of the flow circuit.
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repeated, however, as the sensors can deteriorate over time, but since the T-junction

flow-through cells were single-use, this was not necessary for them, but periodic cal-

ibration with both air-saturated and nitrogenated water for the needle sensors was

performed. Furthermore, neither of the sensors are designed to take salinity into ac-

count, so a conversion factor was devised using salinity tables and linear conversions

so that the oxygen reading given by the measurement unit could be converted into the

value for cell-culture media, taking into account a salinity of approximately a third

of seawater (9.1 g/kg for Hanks formulated MEM). These sensors were used to cali-

brate the PS/PtOEPK sensor film as other calibration methods have disadvantages, as

previously discussed.

4.2.6.3 PS/PtOEPK sensor-film imaging and analysis

Once the gas bottles were connected to the gas-exchangers via the gas meters, the

measurement unit was used to measure the DO concentration of each stream with the

needle sensors over time. Simultaneously, the signal from the PS/PtOEPK sensor-film

was recorded by taking images at regular intervals with an exposure determined by the

auto-exposure function on the first image. The best contrast was therefore achieved

with no over-exposed regions. These images were taken every second in some cases so

that any short-term or rapid changes in the oxygen gradient were recorded. In later

experiments when the duration of experiments was increased, imaging was reduced

to once every 10 or 15 minutes to reduce photobleaching as well as the time taken

to run the custom MATLAB program (see Appendix C.2) used to apply flow-through

sensor readouts to the intensity images recorded from the sensor film. The cross-stream

intensity profile had to be therefore extracted from each of the images taken over the

course of an experiment.

The MATLAB script initially creates a directory list of all the .tiff images in the

working folder with a defined prefix. The script then defined the number of images for

processing, which was be either hard coded or set to the number of .tiff images so that

all the images with the correct prefix in the folder were be used. A number of phrases

were displayed throughout the program to notify the user what command the program

was currently executing.

Each image in the directory was cycled through, its name extracted and saved into

an array. Next, the ROI was defined by assigning the x and y coordinates of each of

the four boundary points of the channel separately. The ROI was then defined as a

poly2mask, which took the coordinates and created a black and white image equivalent

to an array of ones and zeroes.

MATLAB imports and handles images as arrays of numbers and a variety of func-

tions are available. Every pixel in each greyscale image recorded from the PtOEPK

became a field in each image array where the number represents the greyscale intensity.



108 CHAPTER 4 DISSOLVED OXYGEN CONTROL ON-CHIP

The degree of sensitivity of the image as a whole and hence of this data acquisition

technique, is related to the size of the image. The software used when saving images

automatically saved images as 16 bit files, which gave each pixel an available 216 shades

of grey to represent the fluorescent signal.

To produce a cross-sectional graph of intensity against position, the vector repre-

senting the spatial co-ordinate of the cross-section was definedA conversion factor in

pixels/mm was then used to convert the spatial co-ordinates from pixels to mm and an

offset was added such that the co-ordinates coincided with the distance of the cross-

section being extracted from the start of the cell-culture channel (which was defined as

0 cm). This produced a series of graphs illustrating the cross-sectional gradient, that

once plotted, were loaded into imageJ and exported as a movie file. A similar MATLAB

program shown in Appendix C.3 determined the average, maximum and minimum in-

tensity cross-sections from each image series by calculating the sum of the components

of each cross-section and ranking these. The minimum, maximum and mean gradient

were then extracted from these and plotted on the same graph.

The cross-sectional profiles extracted from images represent the oxygen concen-

tration with their intensity, that intensity was converted into values of DO using the

measurements made with the needle sensor prior to the media entering the chip. These

values were used to calculate the average DO concentration entering the channel and

this was matched with the average intensity in the centre of each stream in the channel.

The delay between the measurement of DO in each stream and the time when that me-

dia reaches the chip was taken into account by calculating this time and transforming

the oxygen measurements by this time.

4.2.6.4 Diffusion coefficient measurement

The microfluidic chip and PS/PtOEPK sensor film were used to calculate the diffusion

coefficient of oxygen in cell-culture media with Hanks salts. This was done by flowing

hypoxic and air-saturated media through the Y-shaped microchannel and acquiring im-

ages every 5 mm along the main channel length as media was flowing continuously. This

provided a succession of cross-sectional profiles along the channel length that were used

to calculate the distance perpendicular to the flow that oxygen had diffused between

each imaged location. To find L, the diffusion length, the cross-stream concentration

profiles were plotted on the same graph and the gradient of the linear part of the plot

was extrapolated to zero concentration for each. L was read from this and the diffusion

coefficient was then calculated using

L = 2(Dt)
1
2 , (4.4)

where t is the residence time, calculated from the distance between cross-section
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location and the flow speed. Equation 4.4 was modified from that which has been used

previously [166]. It is predicted that the diffusion coefficient of oxygen in cell-culture

media would be lower than that in water since the solubility of oxygen would be reduced

when higher levels of salt are present.

4.2.7 Temperature control strategies

Two different temperature control strategies were employed to maintain the chip, cells

and chip-holder at 37◦C. The development of a chip-heater made in-house is presented

in Appendix F, the temperature of which was measured using a temperature sensor

positioned at different locations in drilled holes in the chip-holder base. The second

heater option explored was a repurposed microscope stage heater, the temperature char-

acteristics of which was measured with a digital infra-red thermometer (320/380/530

Series).

The microscope stage heater was used for cell experiments and was placed under

the microfluidic chip and chip-holder assembly to provide temperature control. The

temperature consistency provided superior control compared to the in-house made tem-

perature control system. To determine whether the stage-heater set-point was reliable,

the chip-holder and PDMS chip were placed on the stage heater and both were mea-

sured at four set-points between 30 and 45◦C, and at two locations. The two locations

were set at the start and end of the cell-culture channel. The temperature was mea-

sured in two locations because the stage-heater was designed so that its own internal

temperature sensor was adjacent to the heating element, so there was a possibility that

the edge furthest from the heating element would be maintained at a cooler temper-

ature than the set point. For this reason, the heating element was positioned closest

to the inlet channels and the start of the cell-culture channel so the most accurate

temperature control could be applied to the most important location in the channel.



110 CHAPTER 4 DISSOLVED OXYGEN CONTROL ON-CHIP

4.3 RESULTS AND DISCUSSION

The following sections report the quality of the microfluidic chip replication process,

the accuracy of the flow control used to generate controlled laminar flow environments

and the quality of gas control and measurement made possible in microchannels by the

developed system. Lastly, the temperature control system characterisation is presented

in preparation for the addition of cells to the system, which is presented in Chapter 5.

4.3.1 Photoresist mould and PDMS channel reproducibility

The depth of the microfluidic channels used in the final cell-culture system were de-

signed to be 100µm high, however, some variation in this height was expected from

both types of PR used. Associated losses in height/depth were also expected after

channels were cast in PDMS. It is important, therefore, to investigate the variation

in height/depth of the channel patterns, as well as the loss in height/depth, when the

final PDMS chip is cast.

The height/depth of the channel features in PR and PDMS with laminated photore-

sist (lPR) and spin-coated photoresist (sPR) was measured with optical profilometry,

the results of which are shown in Table 4.1. The 250µm high master moulds that

were not used in cell experiments were made using spin-coated SU-8 but they were not

replicated in lPR, but are shown here to assess if there is a difference in height loss

for PDMS cast from higher moulds. They were tested but not used because a 100µm

heigh channel was thought to be too low to provide sufficient media to maintain the

cells when the flow-through method of cell seeding was used. The liquid PR master

moulds, while there were no issues with their use, were not used because the new PR

laminated films were quicker to fabricate and reduced the fabrication and preparation

time of PS/PtOEPK films.

As shown in Table 4.1, overall the sPR produced moulds that were a mean of 4.2 %

lower than expected, and PDMS casts that were 6.1 % lower than expected. Laminated

photoresist produced moulds that were 10.7 % higher and PDMS casts that were 3.5 %

higher than expected. Laminated photoresist therefore produced a PDMS cast that

were closest to the desired depth, but had the highest variation. Spin-coated photoresist

exhibited the lowest variance in height at 100µm, but this increased for the 250µm

features.

For PDMS, the channels cast from lPR, were 104.9±1.8µm high. If the same

percentage loss of height occurs in all cases at this thickness (5.2 %), if the lPR was

exactly 100µm high, it would produce channels of 94.8µm height in PDMS. If loss of

height was to be compensated for, this is possible when using sPR by simply adjusting

the spin-speed when coating silicon, but not possible with lPR. In the case of 250µm
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thick films, the spin-speed would have to be decreased. This kind of adjustment cannot

be done for lPR since only discreet PR heights are available.

Table 4.1: The height of one sample of solid photoresist (sPR) and liquid photore-
sist (lPR) on silicon and the depth of one PDMS chip cast from each. The standard
deviation shown represents the variation in the thickness out of 10 height/depth mea-
surements from one optical profile image and so shows the height/depth variation over
a square area of approximately 2 mm2 of one mould.

Replication Expected Height of the main channel (µm)
stage height (µm) start middle end mean

Silicon (sPR) 250 238.2±1.3 234.6±1.1 236.3±0.9 236.4±3.3
Silicon (sPR) 100 99.5±0.3 109.9±0.2 106.1±0.8 105.2±1.3
Silicon (lPR) 100 104.8±0.5 117.3±0.3 110.1±0.8 110.7±1.6

PDMS (sPR) 250 233.3±2.1 229.9±2.7 235.9±1.2 233.0±6.0
PDMS (sPR) 100 99.9±0.6 109.2±0.2 105.5±1.0 104.9±1.8
PDMS (lPR) 100 105.2±1.0 107.1±3.6 98.2±1.3 103.5±5.9

These variances in height in the PDMS channels would affect the 1D flow rate that

cells were exposed to as well as alter the shear stresses cells were exposed to when

cultured in each stream. The DO concentration would also be altered by a changing

channel height, where a lower channel reduces the concentration of DO [215]. The

PDMS chips cast from lPR have a smaller standard deviation in their height, so lPR

is the more suitable choice from this perspective. Even if sPR was used, however, the

standard deviation in the PDMS channel height is similar at each location measured and

only represents a variation of 0.9 % of the channel height, and considering previously

shown results demonstrate that the DO gradient can vary as well, this is of little

consequence.

4.3.2 Chip-substrate sealing

Throughout this work, several substrate-PDMS sealing techniques were trialed. During

preliminary experiments, using the chip-holder to pressure seal the chip proved prob-

lematic as the chip-substrate interface intermittently leaked. An additional glass slide

was often used beneath the PS/PtOEPK sensor-film substrate to allow for a stronger

squeezing force to be applied. This successfully reduced leakage between the PDMS

and sensor-film, but intermittently caused breakage of the glass slides if the chip holder

screws were not tightened slowly or evenly enough. Additionally, the thumb-grips were

removed so that a screwdriver could be used to tighten the chip-holder more strongly

and precisely by quarter turns. This, however, resulted in squeezing the chip and sub-

strate together too much in some cases, which made removing the PDMS very difficult

without delaminating the PS/PtOEPK film from the glass beneath. This was an issue

when it came to preventing sensor film and attached cells sticking to the PDMS and
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ripping away from the glass substrate, preventing further imaging of cells, which is

further discussed in Chapter 5.

The chip/tubing adapters also leaked often, so several different types of threaded

adapter were trialed. The chip-holder ceiling plate inlet/outlet ports were drilled out to

allow the ETFE tubing to be inserted directly into the PDMS itself. This was initially

successful, but leakage would eventually occur. The problem was solved through the

use of threaded adapters with an unmodified chip-holder ceiling plate, with plumbers’

tape.

Pressure sealing was attempted with FePDMS as an alternative to the chip-holder

before a final solution was found for the leaking chip-holder. This was unsuccessful

largely due to the fact that the magnets purchased were not strong enough to provide

sufficient force to seal the channel and cost was a barrier to purchasing more.

Another option for preventing leakage that was not attempted in this work is the

permanent bonding of glass to PDMS by plasma treatment of the glass substrate and

underside of PDMS. This could have been attempted had the patterning of the sensor-

film to remove it from all areas except from the channel area. The process of using RIE

to remove the PS/PtOEPK sensor-film from everywhere but the channel areas were

not successful, so subsequent plasma bonding of the exposed glass was not attempted.

Details of the RIE process used to pattern films are shown in Appendix G.

4.3.3 Shear forces

The flow rate used for experiments with cells varied from > 80µL/min if sterilising

the system with ethanol, to 10µL/min when protecting cells from high shear rates.

In reality, however, the flow rate fluctuated over time due to unreliabilities in the flow

control system. At a consistent flow rate of 10µL/min, the shear stress on the culturing

cancer cells at the base of the channel would be 5 dyn/cm2, a stress that has been shown

to cause some changes in expression in endometrial cells [169]. In reality, the flow rate

fluctuated around the set flow rate when cells were being cultured. The degrees of

possible flow control with the system are discussed in the next sections.

4.3.4 Flow control

If a maximum shear of half that shown to cause expression changes [169] is to be

adhered to, i.e. 2.5 Pa, the flow control system must be capable of reliably protecting

cells from the equivalent flow rate. The following results show the quality of flow control

and associated issues. Firstly, the ability of the flow control system was evaluated at

a high flow rate to assess the stability of each flow stream and the associated effect

on the DO gradient. As shown in Figure 4.8, the flow rate over time for a typical

experiment using the gas and flow control systems was close to, and oscillated around,
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Figure 4.8: The flow rate in the hypoxic (blue solid) and hyperoxic (orange dotted)
streams at each stage of the experiment compared to the set flow rate (yellow dashed)
for both streams. 50µL/min was used for rapid gas-exchange without cells, 20µL/min
was used as an intermediate between 50µL/min and the last stage of 10µL/min where
the cells and PS/PtOEPK sensor film were added to the system.

the set flow rate (yellow dashed line). In this case, the nitrogenated stream (blue) and

the oxygenated stream (orange) were both set to 50µL/min while the oxygen levels

were being adjusted by the gas-exchanger. 20µL/min was used when the flow rate was

being reduced and allowed to settle. The flow was then reduced again to 10µL/min

where the gradient shape was recorded for 30 minutes to assess the system’s efficacy.

Even though the flow control system was able to produce the flow rates of 50,

20 and 10µL/min, with an unnoticeable transition between, the flow rate oscillated

above and below the set flow rate. This is to be expected knowing that communication

between the flow sensor signal and pump response is not instantaneous. Appropriate

adjustments to the media reservoir pressure could overshoot the set flow rate in some

instances until the pump received another signal to reduce the flow. These oscillations

can be seen in Figure 4.8 and have an approximate average amplitude of 10µL/min for

a set flow of 50µL/min, 7µL/min for a set flow rate of 20µL/min and 5µL/min for a

set flow rate of 10µL/min. This translates to an average amplitude of 20 %, 35 % and

50 % of the set flow rate in oscillations. Additionally, these oscillations can be seen for

the flow rate of 15µL/min in Figure 4.10.

To solve this problem, a sensor that is designed for slower flow rates could be
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Figure 4.9: A graph of flow rate in hypoxic (blue) and hyperoxic (orange) over time
with lengthened flow-restrictor tubing showing that increasing the length of the flow
restricting tubing decreases the regular oscillations in the flow rate. The set flow rate
is shown in dashed yellow.

used, but was not available from Elveflow. Instead, the resistance of the system was

increased by adding longer sections of flow-restrictor tubing, as shown in Figure 4.9,

which dampened the oscillations in the flow rate in the nitrogenated stream to around

0.5µL/min, but was ineffective against the oscillations in the oxygenated stream, which

remained at an amplitude of approximately 3µL/min. This equates to an oscillation

amplitude of 5 % in the nitrogenated and 30 % in the oxygenated stream. This sug-

gests that increasing the length of the flow restrictors has the effect of reducing the

oscillations in the flow, but the oxygenated stream requires a longer section of tubing

than the nitrogenated stream. This could be due to the sum of discrepancies of tubing

lengths between the two tubing circuits, or a difference in the resistance inside the

gas-exchangers due to a difference in the coiling of the tubing.

Even after accounting for the regular oscillations in the flow rate, there were a

number of additional high, short-lived spikes recorded in the flow rate that occur at

seemingly random intervals, and of random height or depth. These kinds of spikes

previously occurred when bubbles of air passed through the flow sensors, but in the

example in Figure 4.8 and Figure 4.9, no bubbles were actually seen in the tubing and

these peaks are still present when no bubbles were observed traversing the channel.

These flow spikes occurred in the majority of experiments, the only exceptions were if

the flow system had been running for over eight hours, as in Figure 4.10, where the flow

was consistently within the vicinity of the set flow rate, in this case 15µL/min. It is

possible that the control system required time to acclimatise to the many components

connected to it.

As mentioned previously, the flow oscillations with the flow control system may be

due to the fact that the two inlet streams were linked through the Y-shaped microchan-

nel. Additional issues were encountered however, that may or may not be caused by

the same issue, that are discussed here. Two of these additional problems that were

encountered in the same experiment are shown in Figure 4.11. The blue trace from
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Figure 4.10: The flow rate in the hypoxic (blue) and hyperoxic (orange dotted)
streams when the flow control system had been running for eight hours prior with a
set flow rate of 15µL/min (yellow dotted).

the hypoxic stream shows a slow increase/decrease in the maximum/minimum of flow

oscillations over time. This is an issue because the shear is not constant in this channel,

the width of the stream and by extension the boundary between streams would not be

constant as a result. Overall, the media reservoir connected to this stream would be-

come depleted quicker. It is possible that the oscillations measured here are dampened

by the flexible tubing in the gas-exchangers to some extent and these oscillations are

not present, or at least are diminished, in the channel itself.

An additional issue with the flow data, shown in Figure 4.11, is that the flow rate

is consistently approximately 1.8µL/min faster than the set flow rate of 10µL/min.

This is also a problem due to fact that these random events cannot be reproduced

or predicted. Additionally, the hyperoxic stream would be thicker in this case when

entering the main channel, which would result in a larger area of cells being exposed

to hyperoxic conditions.

Despite these disadvantages, for the purposes of this project, the flow control sys-

tem provided adequate control to resolve a cross-stream DO gradient between hypoxia

and hyperoxia. There was never any evidence of a pulsing flow rate in the data collected

from the PS/PtOEPK sensor film caused by the random oscillations. It is possible that

the pulses were small and rapid enough to be absorbed by the flexible tubing in the

gas-exchangers or the dead volume in the T-junction/needle sensor assembly. It is not

possible to compare the flow characteristics in this system with other work because the

flow rate over time is not something commonly reported in the literature [108,240].
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Figure 4.11: A flow rate trace from the pump control software showing an increasing
instability in the hypoxic stream (blue) and a consistent higher flow rate than the set
flow rate in the hyperoxic stream (orange).

4.3.5 Dissolved oxygen control

Even though DO control and measurement are closely linked, since DO needs to be

measured in order to evaluate the quality of its control, the results for control and

measurement of DO are presented here separately. This is done so that all the different

mechanisms of measurement, i.e. various flow-through sensor configurations and the

PS/PtOEPK sensor-film can be discussed with the relevant results. Prior to that

though, a comparison of results from DO control and predicted DO is presented, then

oxygen control and measurement results are discussed.

4.3.5.1 Gas control model

It is important to remember that the flow-through sensors are not able to distinguish

low salinity from high, so that cell-culture media is measured as if it has a salinity

of 0 g/kg. The prediction of oxygen solubility in cell-culture media discussed in Sec-

tion 4.1.1 is evaluated here because this data was used to devise a conversion factor for

adjusting DO measurements using the flow-through sensors to take into account the

salinity and temperature of cell-culture media during experiments.

The average of the DO, temperature and atmospheric pressure throughout three

control experiments were used to compare to predictions using known values of DO

in DI water and seawater, as shown in Table E.1. This data was used to interpolate

the DO for a solution of intermediate salinity between DI water and seawater, then

temperature and pressure conversions were conducted to account for the conditions

measured in experiments.
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Throughout the three control experiments, atmospheric pressure was

766±0.4 mmHg, room temperature was 22.1±0.7◦C and the microchannel/media tem-

perature was 35.6±0.7◦C over a total of seven hours. As shown in Table E.1, using

known values of DO solubility at various temperatures and at 760 mmHg (1 atm) and

1520 mmHg (2 atm), the values for solubility at a temperature of 22.1◦C and 35.6◦C

were interpolated at 0 (DI water) and 35 g/kg (seawater) salinity. These values were

then used to interpolate the DO solubility for a salinity of 9.1 g/kg, i.e cell-culture

media with Hanks salts complete MEM. The calculated values, along with known sol-

ubilities at a pressure of 1520 mmHg, were lastly used to calculate the slight increase

in DO at the pressure of 766 mmHg measured during experiments compared to those

in the conversion table (reported at a pressure of 760 mmHg).

With this method, at 9.1 g/kg solubility, a temperature of 22.1◦C and a pressure

of 766 mmHg, the DO was predicted to be 9.2 mg/L at room temperature in the flow-

through sensors and 6.6 mg/L at 35.6◦C in the channel. These values can be used to

devise two conversion factors, the first accounting for the salinity at each temperature to

convert the measurements at the flow-through sensors to convert to a value accounting

for salinity. The second conversion factor can be applied to convert the measurement

at the flow-through sensors into a value that applies in the microchannel. Doing so

allows the actual DO concentration in the channel from measurements gathered from

the flow-through sensors to be calculated.

As shown in Table 4.2, the conversion factor to account for salinity at each temper-

ature is approximately 0.95. To account for the temperature difference between room

temperature and that in the channel requires a factor of 0.72 to be applied. Therefore,

to convert measurements of DO taken at room temperature in the flow-through sensors

to that in the channel, the measured value was multiplied by 0.72.

At 22.1±0.7◦C, the DO over the three control experiments was 9.8±0.4 mg/L. The

model provided a prediction of 9.2 mg/L, which is 0.2-1 mg/L, or 2-9.8 % outside the

range of measured values. Table 4.2 can therefore be used to convert the measured

DO concentration to one that is relevant in the channel to an accuracy of 98.0 % at

best and 91.2 % at worst. With respect to the conditions within the channel, while

at 35.5◦C, the model predicts that the media contains 7.1 mg/L of DO when 9.8 mg/L

was measured at the flow-through sensors. Various other values of DO calculated in

the channel based on various measured values at the flow-through sensors are shown

in Table 4.3. The discrepancy in measured compared to predicted values could be a

consequence of heating the cell-culture media before it enters the chip, and hence not

knowing the exact temperature of the media as it enters the gas-exchangers a time

afterwards, or as it is measured by the flow-through sensors. Nevertheless, this can be

fixed by measuring the media in the transparent T-junctions with the infrared sensor

and taking this into account during conversions.
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Table 4.2: Table of DO solubility along with predictions for values at the pressure
and temperature experienced in the cell-culture media during control experiments.

Pressure 760 mmHg

Temperature Salinity Salinity Conversion factor Salinity

(◦C) 0 g/kg 9.1 g/kg for salinity 35 g/kg

20 9.1 8.6 0.946 7.2

22.1 8.8 8.5 0.948 7.0

25 8.3 7.9 0.947 6.6

30 7.6 7.2 0.949 6.1

35 7.0 6.6 0.948 5.6

35.6 6.9 6.6 0.948 5.5

Pressure 766 mmHg

Temperature Salinity Salinity Conversion factor Salinity

(◦C) 0 g/kg 9.1 g/kg for salinity 35 g/kg

22.1 9.2 8.7 0.946 7.3

35.6 7.0 6.6 0.950 5.6

Pressure 1520 mmHg

Temperature Salinity Salinity Conversion factor Salinity

(◦C) 0 g/kg 9.1 g/kg for salinity 35 g/kg

20 18.2 17.2 0.946 14.4

22.1 17.5 17.1 0.976 15.9

25 16.5 15.6 0.948 13.2

35 14.0 13.3 0.950 11.3

35.6 13.9 13.2 0.949 11.2

Table 4.3: Table of DO solubility predicted by the model at various measured values.

Measured DO at flow- DO converted to 35.6◦C

through sensors (mg/L) and 766 mmHg (mg/L)

10 7.2

9 6.5

8 5.8

7 5.0

6 4.3

5 3.6

4 2.9

3 2.2

2 1.4

1 0.7
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Table 4.4: Table of the displacement time that oxygen measurements were adjusted
by in order for images to line up with DO measurements. The inner volume of the
tubing between the flow-through sensors and the chip is 200µL.

Flow rate Residence time in 200 µL
(µL/min) tubing (minutes)

10 20
15 13
20 10
40 5

4.3.5.2 Time-displacement of oxygen measurements

Since there was a section of tubing connecting the needle sensor assembly and the chip

itself, there was a delay in the measured media reaching the chip. Consequently, the

time it took to traverse the intermediate tubing was calculated for a range of flow rates

so that the oxygen measurements could be displaced by the appropriate time. A range

of flow rates and the time it took for the media measured in the needle sensor assembly

to reach the chip are shown in Table 4.4. These sections of tubing were subsequently

cut in half so that the residence time could be decreased. A length of 15 cm was the

shortest possible while the entire 3 cm long channel could still be observed, resulting in

a residence time of 51 minutes at the flow rate of 10µL/min. Even though some graphs

are shown with longer displacement times, the oxygen measurements were displaced

appropriately for each experiment.

The fact that the oxygen measurements are displaced from the fluorescent oxygen

sensor in this work is a disadvantage compared to the systems using dissolved dyes [111,

140, 216]. The use of dye enables measurement of the DO concentration in real time

and at the location that is imaged, which is possible with the system in this work,

but it requires post-processing of the data. However, the calibration of RTDP dyes

and other fluorescent dyes prior to use is still required, and in a system that is being

used with cultured cells, this presents its own technical challenges in replicating the

conditions in which to use as a control, i.e. incorporating cells with the same salinity

media and temperature. The calibration, of course, is also not commonly mentioned

in the literature.

4.3.5.3 Gas control setup iterations

Overall, the DO concentration in cell-culture media was successfully controlled using

the bottle-style gas-exchangers continuously filled with 100 % nitrogen or oxygen. There

were, however, a few additions to the gas control method over the course of the project

before settling on the final successful setup. These will be discussed in the following

section along with the issues that these changes addressed.
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Initially, there was no control of the gas pressure inside the gas-exchangers while

only the gas bottle regulators were used to regulate the pressure supplied. This led to a

high pressure being used, which is a possible reason for large bubbles appearing in the

gas-permeable tubing inside the gas-exchangers. These then filled the channel with gas

bubbles and were difficult to see before this stage since experiments were conducted in

a dark room. The solution to this problem was to install gas flow meters between the

gas bottles and the gas-exchangers. This allowed the flow of gas into the gas-exchangers

to be set very precisely compared to using the gas bottle regulators and made sure that

the pressure was the lowest possible.

The second alteration to combat this problem was to degas the cell-culture media

prior to filling the media reservoirs. This was done because while decreasing the gas

pressure in the gas-exchangers reduced the instances of bubbles, the time it took to

achieve hypoxic levels increased from approximately three hours with highly pressurised

gas-exchangers to over six hours with a lower pressure. When using degassed media,

the hypothesis was that the media in the nitrogenated gas-exchanger would become

hypoxic quicker since oxygen did not have to be displaced before it was replaced by

nitrogen.

Finally, the flow rates shown in Figure 4.10 were modified so that the flow was

constant rather than starting at a higher flow rate. This was done because when flow

was started at 50µL/min then decreasing to 10µL/min, bubbles appeared in the tubing

inside the gas-exchanger after around an hour. This was equivalent to bubble formation

after around 600µL had passed through the gas-exchanger tubing at a flow rate of

10µL/min. These bubbles could have entered the tubing because of the reduction in

positive pressure at the component junctions due to a decreased flow rate, or by the

reduction in positive pressure in the gas-exchanger tubing itself. It took an hour or so

for these bubbles to firstly form in the gas-exchanger tubing then to travel to the chip

and become visible, again taking longer because of the reduced flow rate. Reducing the

flow to a constant 20µL/min ensured that if the gas-exchanger pressure was too high

and bubbles formed, this would be observed before cells were present and therefore

were less likely to be killed by shear forces exerted by the passing bubbles.

Since the volume of the gas-exchanger tubing was approximately 1 mL, and that

of the tubing from the gas-exchanger to the channel was 200µL, at a flow rate of

10µL/min, an arbitrary plug of fluid would take 1200/(10× 60) = 2 hours to reach the

channel from the start of the gas-exchanger. Since it takes approximately one hour for

bubbles to be seen in the channel, if bubbles did indeed originate in the gas-exchanger, it

took a minimum time of approximately 1−(500/(10×60)) = 0.17 hours, or 10 minutes,

for bubbles to form in the gas-exchanger before entering the tubing between the gas-

exchanger and chip. If the bubbles were originating in the component junctions or

at the adapter/PDMS interface, it is difficult to know where this occurred unless it

can be observed directly. This is a problem as experiments were performed in a dark
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room where cells, and sensitive PS/PtOEPK sensor-films, were added when the flow

was decreased. Whatever mechanism for bubble formation, to combat this problem

the flow rate was kept low throughout experiments. As detailed earlier, however, the

speed at which oxygen was dissolved into the media was reduced in order to do this.

4.3.5.4 Oxygen control results

In this section, the concentration of DO is shown over time while accounting for pres-

sure, temperature and salinity changes using the conversion factors mentioned pre-

viously in this Chapter and Chapter 3. As examples of different methods and setups

that were utilised, three graphs of DO concentration against time measured at the flow-

through T-junctions with the needle sensors are shown in Figure 4.12. Each measure-

ment was taken by the flow-through needle sensor at room temperature and converted

to account for salinity only.

Three examples of DO measurement are shown in Figure 4.12 with subtle differ-

ences between the experimental setup. The concentration of DO in the cell-culture me-

dia over time in each stream without pre-degassing the media and flowing at 80µL/min

is shown in Figure 4.13e. The flow of gas at this stage was controlled by the nitro-

gen/oxygen regulator, which was set to 20/40 kPa. The DO concentration increas-

es/decreases smoothly over approximately one hour, then the hyperoxic stream began

to decrease and the hypoxic stream began to increase. In this case, the media was

flowing at 80µL/min, but this should cause the dissolution of oxygen/nitrogen to be

slower as the time that the media spends in the gas-exchangers is shorter compared to

slower flowing media.

This may be explained by the fact that the media was initially heated to 37◦C to

increase the temperature of the media when it entered the gas-exchangers, so the solu-

bility would be reduced. This would subsequently mean that when this media entered

the heated channel, there was no excess DO that could form bubbles once the solubility

fell as the temperature increased. This initial heating meant that the media inevitably

cooled down after being present at room temperature during the gas-exchange phase

taking multiple hours. Nevertheless, as Figure 4.13e shows, the gas-exchangers suc-

cessfully increase/decrease the concentration of DO in the hyperoxic/hypoxic streams

at a high flow rate of 80µL/min.

The concentration of DO in each stream with pre-degassing the media, but with a

slower flow rate of 20µL/min and over a longer time is shown in Figure 4.12b. Com-

paring this to Figure 4.13e, it is clear that degassing the media caused both hyperoxic

and hypoxic streams to begin with approximately half the DO compared to when me-

dia was not degassed. Also, a similar initial DO increase in the hypoxic stream was

again seen in the first 30 minutes. After 2.5 hours, the DO became somewhat turbu-

lent in the hyperoxic stream until around eight hours. At eight hours, the media in
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the 15 mL tubes was almost depleted, so the flow was stopped and more media added.

This resulted in the decrease in DO seen just after eight hours because flow had to be

paused, taking approximately 5-10 minutes and allowing more time for a plug of media

to remain in the gas-exchangers. The DO quickly returned to approximately 5 % DO

shortly afterwards, however, and subsequently continued to decrease.

The DO concentration over time is shown in Figure 4.12c where the yet-to-be

hyperoxic media was not degassed and the yet-to-be hypoxic media was degassed prior

to passage through the gas-exchangers. This was done partly so that a greater space

was available in the syringe used to degas the media, which enabled a larger negative

pressure to be applied with the syringe pump. This was also useful because the yet-to-

be hyperoxic media did not need to be degassed since oxygen was readily dissolved. It is

clear that oxygen was successfully removed from the hypoxic media prior to loading into

the media reservoir, as shown by the starting concentration of DO of approximately

half that of the atmospherically-equilibrated media. With respect to the hyperoxic

stream, the atmospherically equilibrated media behaved similarly as before, except the

DO concentration started at approximately 40 mg/L. This could be a consequence of

the initial filling of the tubing prior to gas-exchange, which was done at a speed higher

than what is measurable by the system (> 80µL/min). It is possible that this initial

burst of fluid flow expanded the flexible tubing inside the gas-exchangers and when the

flow was decreased, this expansion reduced, driving fluid flow at a faster rate than what

was shown on the flow sensors and for an additional unknown time. This could have

driven media that was in the hyperoxic gas-exchanger to the flow-through sensors ahead

of time, appearing to very rapidly gain approximately 30 mg/L of DO instantaneously.

This equates to an increased flow rate to 17µL/min in the tubing with 1 mL capacity

(starting half-way through the gas-exchanger tubing) or a flow rate of 25µL/min in

the tubing with 1.5 mL (starting at the start of the gas-exchanger tubing). Either way,

this change in DO in the hyperoxic stream is of less consequence since the hyperoxic

stream is of more interest. It does however, shed light on a possible explanation for the

initial increase in DO in the first 30 minutes prior to the decrease. This expansion and

contraction of the flexible gas-exchanger tubing could also be driving an increased fluid

flow through the nitrogenated gas-exchanger, meaning that the first plug of media was

occupying the gas-exchanger tubing for a shorter time than had been planned. This

could cause a slower decrease in DO, or an increase following an initial pause in flow

followed by any flow driven by the contracting flexible gas-exchanger tubing.

The short-term increase in the hyperoxic stream up to one hour is of consequence,

however. This could be due to the fast filling of the tubing before gas-exchange was

started. For a time, after the tubing was filled, a plug of degassed media was located

in the gas-exchanger while it was in atmosphere. This could have been stationary for

long enough to allow back-diffusion of oxygen into the media, which took one hour to

traverse the tubing. At 10µL/min, a volume of 600µL could pass through the tubing,
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which is 60 % the volume of the gas-exchanger tubing.

Nevertheless, degassing the media was successful as the trend was still decreasing

after five hours in Figure 4.12c. Degassing did not, however, decrease the time it

took to produce hypoxic media. This is unexpected, since it seems trivial to assume

that if dissolved gasses are removed, a proportion of oxygen will be removed, effectively

speeding up the deoxygenating process. Despite that assumption, this does not seem to

be the case, and it took five hours to reach relevant levels below 2 mg/L in Figure 4.12c

and consistently took around this time in all other experiments.

Overall, this system is somewhat changeable and the exact moment that the time

it takes to reach the level of pancreatic, cervical and prostate carcinoma is not precisely

reproducible. These kinds of detailed traces showing characteristics of the DO progres-

sion over time are, however, not commonly discussed in the literature. The maximum

and minimum values of DO achieved can, in contrast, be compared with other work. In

previous work from the Nock lab, with a Y-shaped chip, hydrodynamic flow focusing

was used to define three streams with DO concentrations between 0, 8.6 and 34 mg/L

with defined, sharp gradients between streams [166,181,191]. These systems, however,

are not comparable to the one in this work as they required flow rates between 0.1 and

0.5 mL/min [181] and higher [191]. These rates are 5–25× the flow rate used in this

work and correspond to a shear rate above the limit defined for the present work. As

such, high flow rates allow steeper gradients between streams of differing DO concen-

trations, but it would not be possible to expose cells to them. Furthermore, using much

more complicated chip geometries, it is possible to define different DO concentrations

in multiple chambers ranging from 0 to 42 mg/L [193] and 0 to 9 mg/L [123]. Neither

of these systems, however, maintain a DO gradient, just several separate channels at

differing DO concentrations. The concentrations of hypoxia seem to be below what are

possible in the present work, but exposing cancer cells to complete anoxia was not a

goal of the present work at the outset.

With respect to other devices capable of DO gradients in one channel, a device

using specially confined chemical reactions in channels either side of a main straight

cell-culture channel is capable of supporting a DO gradient between 0.4 mg/L and

5.2 mg/L using a flow rate of 10µL/min [140]. Not only is this a gradient between two

hypoxic values of DO, this system was also used to expose cells to a gradient between

9 mg/L and 22 mg/L, but not used to expose cells to a gradient between the maximum

22 mg/L and minimum 0.4 mg/L. An advantage of this kind of system is that the RTDP

dye used indicated a smooth intensity trace with little noise, unlike the system in the

present study, although no mention of any signal post-processing, or signal-to-noise

ratio was reported [140]. The signal to noise ratio of such a measurement system would

be higher than a solid film used in the present work since the thickness of the sensing

material is equal to the height of the channel, i.e. 75µm [140] compared to 550 nm

in the case of the PS/PtOEPK film. Another published system has been shown to
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(a)

(b)

(c)

Figure 4.12: Graphs of dissolved oxygen (DO) over time in the hypoxic (blue) and
hyperoxic stream (orange) over time. a) DO over time at the rates shown in Figure 4.8.
b) DO over time at a flow rate of 20µL/min. c) DO over time at a flow rate of 20µL/min
with media degassed prior to gas-exchange.
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be capable of maintaining a DO gradient between 9 mg/L and 37 mg/L [125] using a

homemade clamp system similar to the one used in the present work, neither of which

values are hypoxic to endometrial nor ovarian cells [92,93]. The DO gradients reported

in the literature and this work are discussed in more detail and with respect to the cells

cultured in these systems in Chapter 5.

4.3.6 Fluorescent Dissolved Oxygen measurement

Taking into account the imperfections in the flow control system, the DO cross-stream

gradient measured using the PS/PtOEPK sensor-film can be properly characterised

while knowing the limitations of the flow system. In this section, firstly, a DO gradient

is shown that was generated using media flowing at 80µL/min to demonstrate how the

system performed at the upper limit of flow sensor capability. Secondly, the same is

shown when a flow rate of media at slower speeds suitable for cell-culture. A discussion

of the stability of the gradient and analysis is presented throughout.

For media flowing at 80µL/min, the fluorescent signal from the PS/PtOEPK

sensor-film at the start (zero hours) and end (one hour) of this experiment is shown

in Figure 4.13a and 4.13b. The associated 3D cross-sectional graphs detailing the

minimum, mean and maximum cross-stream gradient over that hour are shown in Fig-

ure 4.13f. Finally, the DO measurements feeding each stream from the same time period

are shown in Figure 4.13e. These graphs firstly show that at such high flow speeds, it is

possible to generate a steep concentration gradient across the channel. This, however,

is not feasible when considering cell-culture, since the flow rate far exceeds the shear

limit of 2.5 dyn/cm2.

As can be seen in Figure 4.13a and 4.13b, a cross-stream intensity gradient existed

over the time period that was measured. It is clear that the gradient is well defined

in the sense that the interface between the hypoxic and hyperoxic streams is clearly

visible. However, that interface between streams was in a different location after the

elapsed time and had migrated towards the hyperoxic stream, which suggests that the

hyperoxic stream has decreased in flow rate or the hyperoxic stream increased. This

can also be seen in Figures 4.13c and 4.13d, which show the cross-stream gradients for

the images in Figures 4.13a and 4.13b.

The concentration of DO entering each stream is shown in Figure 4.13e and the

maximum, mean and minimum cross-stream intensity gradient profile over the time

measured is shown in Figure 4.13f. This demonstrates the most convincing evidence

that the cross-stream gradient is not stable at these flow speeds and over this timescale

since the boundary between streams does not maintain its position over time. The

reason for this variation in time is unclear because the pressure driven flow controller

claims to be capable of fine control [241], and even if the resistance in each stream is

unmatched, the pressure system should be able to compensate for this. This may also
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indicate a limitation of the pump and control system when used at the upper limit of

its flow control range.

At flow rates suitable for the culture of cells in a microchannel with a cross sec-

tion of 100µm×1000µL, at 10-20µL/min, the flow control system is more stable.

Although calculations involving the shear limit of 5 dyn/cm2 suggest an upper limit

around 40µL/min for these dimensions, an upper limit of 20µL/min was used for this

work. This was done to protect the cells since a shear of 5 dyn/cm2 has been shown to

produce changes in the expression of HIF-1α measured with immunofluorescent stain-

ing, and both cell-lines used were found to not withstand shear particularly well, which

is discussed in detail in Chapter 5.

Even though the flow maximum was set to half that of the maximum upper limit

to reduce shear-induced changes in protein expression, the fluorescent signal from each

stream shows a clearly visible gradient both at the start and end of 2.25 hours with a

flow rate of 20µL/min (Figure 4.14). The corresponding cross-stream gradient profiles,

the DO measurements over time and the maximum, mean and minimum cross-stream

gradients over the time measured are also shown. The intensity profiles were less

defined in Figure 4.14a and 4.14b than in Figure 4.13, because diffusion has been able

to act over a longer time and over shorter length scales at a slower flow rate. This

is also evident from the cross-stream profiles in Figure 4.14c and 4.14d. As shown in

Figure 4.14e, the DO concentrations varied more than the experiment conducted with

a flow rate of 80µL/min, which may be because this was done over a longer time.

The maximum, mean and minimum cross-stream profiles at 20µL/min vary less than

at 80µL/min, as shown in Figure 4.14f, demonstrating that the flow system is more

stable at this slower speed. Also shown in Figure 4.14f is the fact that the PS/PtOEPK

sensor-film is photobleaching over time, which is to be expected since the thin film was

exposed to its excitation wavelength for a long period of time.

With respect to the cross-stream gradient shape, others have also reported more of

a linear gradient between maximum and minimum concentrations [125,153,216], since

the flow rate is reduced for the culture of cells. Where cells were not used, the gradient

can be steeper [181,191].
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(a) (b)

(c) (d)

(e) (f)

Figure 4.13: Raw and interpreted signals from the sensor-film with a flow rate of
80µL/min, 1 cm from the start of the cell-culture channel. (a) The raw signal from
the PS/PtOEPK sensor-film at 0 hours. (b) The raw signal after one minute. (c)
Six cross-sectional profiles of the oxygen gradient at 0.8 mm to 1.8mm from the start
of the cell-culture channel at 0 minutes. (d) Six cross-sectional profiles of the oxygen
gradient at 0.8 mm to 1.8 mm from the after one minute. (e) The oxygen measurements
of each stream entering the channel over the same one minute time period. (f) The
mean, maximum and minimum cross-sectional oxygen measurements over the same
one minutes time period. The data seems to pass below zero because photobleaching
decreased the intensity of the received light over a long exposure time of 2.5 hours.



128 CHAPTER 4 DISSOLVED OXYGEN CONTROL ON-CHIP

(a) (b)

(c) (d)

(e) (f)

Figure 4.14: Raw and interpreted signals from the sensor-film with a flow rate of
15µL/min, 0.5 cm from the start of the cell-culture channel. (a) The raw signal from
the PS/PtOEPK sensor-film at 0 hours. (b) The raw signal after 2.5 hours. (c) Six
cross-sectional profiles of the oxygen gradient at 0.4 mm to 0.5 mm from the start of
the cell-culture channel at 2.5 hours. Six cross-sectional profiles of the oxygen gradient
at 0.4 mm to 0.5 mm after 2.5 hours. (d) The oxygen measurements of each stream
entering the channel over the same time period. The mean, maximum and minimum
cross-sectional oxygen measurements over the same time period.
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Figure 4.15: Cross-sectional profiles of oxygen measured at 0, 0.5, 1, 1.5, 2.5 and 3 cm
along the main channel of a Y-shaped microchannel with a flow speed of 40µL/min at a
temperature of 25.2±0.3◦C. The gradient measured at 2 cm did not lie between those at
the locations either side, so it was not used to calculate D. D = 3.1±2.6×10−5 cm2/s.
The inset shows the location of a 3.0 cm measurement. Scale bar 250µm.

4.3.7 Diffusion coefficient measurement

The diffusion coefficient of oxygen in cell-culture media with Hanks salts was measured

by plotting the diffusion profiles between aerated media and nitrogen saturated me-

dia. One such set of cross-stream profiles is shown in Figure 4.15, where the diffusion

coefficient was determined to be D = 3.1 ± 2.6 × 10−5 cm2/s. In all three of these

experiments, the standard deviation of the calculated value of D was the same order of

magnitude as the mean, and the mean value of D varied by several orders of magnitude

between these experiments. The results shown in Figure 4.15 gives the closest result

to that of water, which is what was expected since the cell-culture media is made up

largely of water. In conclusion, this measurement technique was largely unsuccessful.

Previous measurements of the diffusion coefficient of oxygen in water are shown

in Table 4.5. The order of magnitude of D measured using Figure 4.15 in cell-culture

media matches that of previous work, although it is between 46 % and 55 % higher than

the measurements previously reported. This suggests that oxygen diffuses through cell-

culture media faster than in water by 0.5-1.1 cm2/s, which disagrees with the hypothesis

that a medium with a larger salt content would decrease the speed of diffusing species.

Another publication reports the diffusion coefficient of oxygen in saline solutions

of salinity 6 g/kg and 32 g/kg. Interpolating this to a salinity of cell-culture media

with Hanks salts gives a diffusion coefficient of D = 1.5 × 10−5 cm2/s at 20◦C [166],

making the result gathered in the present work at 25◦C twice that of what is predicted

at 20◦C. The change in temperature likely does not account for this, and neither does
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Table 4.5: Diffusion coefficients of oxygen in various solvents measured via various
methods.

Water

D (cm2/s) Measurement Temperature Source
method (◦C)

Flow rate of [166]
2.6× 10−5 0.5 mL/min in Not stated

2 mm microchannel

Diffusion coil 25.3 [242]
1.96× 10−5

Sulfate static method 20.0 [243]

Salt solution with salinity 6 g/kg

Sulfate static
1.44× 10−5 method 20 [243]

Cell-culture media with salinity 9.096 g/kg

Flow rate of
3.1± 2.6× 10−5 40µL/min 25.2±0.3 This work

1 mmmicrochannel

Salt solution with salinity 32 g/kg

Sulfate static
1.46× 10−5 method 20 [243]

the different salt constituents in Hanks salts cell-culture media.

The reason for the inability to accurately measure the diffusion coefficient of oxygen

in media could be due to the slow flow rate at which it was measured. D for oxygen in

water has been previously calculated in the Nock lab. However, as previously mentioned

this was done with a camera considerably less sensitive than the one used in the present

work so any undissolved PtOEPK is not visible and the gradient is more defined at

a higher flow rate. A higher flow rate could not be used because the pump used

for this experiment was equipped with pressure ports of -1000–1000 mbar instead of

the 0-2000 mbar that was used in other experiments using flow rates higher than 10-

20µL/min.5

A factor in reducing the accuracy of D measurements could also be the oscillations

in the flow of each stream. These made it difficult to identify the interface between

streams in each subsequent image because at each location the boundary changed

slightly depending on the oscillation amplitude and frequency of the location of the

stream boundary. As shown in Figure 4.15, the cross-stream profiles are not smooth,

although those peaks produced from undissolved particles of PtOEPK were reduced

and the background intensity subtracted before the gradients were extracted. These

and other issues with measuring the cross-stream gradient of DO are discussed next.

5The pump with lower pressure capabilities was used due to a fault with the higher pressure pump
and these experiments were performed during its repair.
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Figure 4.16: Three cross-stream intensity profiles from a period of two hours while
bubbles were periodically entering and exiting the region of view.

4.3.8 Sensor-film measurement issues

Bubbles have been an issue that has limited the collection of results throughout this

project, and as previously discussed, for most researchers studying microfluidics. When

measuring oxygen using the flow-through sensors, bubbles have little effect as the fibre

optic sensor tip was never completely surrounded by gas. Conversely, when using the

PS/PtOEPK sensor-film, bubbles are detrimental to the measurement process, as well

as the cells being cultured in the channel. On the occasion when bubbles move through

the channel, periodically becoming stationary then subsequently moving on, the cross-

stream intensity profile was rendered useless. As shown in Figure 4.16, the intensity

from the oxygen gradient was dwarfed by other intensity changes brought about by the

presence of bubbles.

A challenge faced in the presented work and also mentioned previously is pho-

tobleaching. The effect of photobleaching while doing flow experiments is shown in

Figure 4.17. A circular darkened region is clearly visible after only 10 minutes of con-

tinuous illumination at 100 % intensity. The effect of photobleaching cannot be avoided,

but thickness of the films could be increased so that more fluorophore would be avail-

able, hence slowing down photobleaching. Alternatively, as previously suggested [153],

the films could be pre-bleached to slow subsequent deterioration of the signal. An in-

crease in thickness would increase the signal-to-noise ratio, however, but it is possible

to reduce the translation of the intensity data due to photobleaching by closing the mi-

croscope shutter between measurements and by keeping the general area dark, hence

decreasing the total illumination time.

Another issue that has caused significant difficulty during experiments was the
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Figure 4.17: A top-down view of the PS/PtOEPK sensor-film after an area was
exposed to the excitation wavelength at maximum intensity for 10 minutes. The region
that was illuminated is visibly darker due to photobleaching.

uneven illumination of samples during imaging of both the PS/PtOEPK sensor film

and the fixed cells stained with the HIF-1 α antibody. The antibody staining will be

discussed in Chapter 5. For the sensor film, as shown in Figure 4.18, 200 cross-sectional

profiles comprising an entire field of view at one point in time demonstrates the uneven

illumination of the field of view. It clearly visible that there is higher illumination

intensity in the centre of the field of view. Clearly, the intensity gradient caused by the

PS/PtOEPK sensor film can nevertheless still be identified, but is much less obvious.

Since the intensity profiles shown over the course of this work were taken over small

sections of the centre of each image, the problems presented from uneven illumination

has been diminished somewhat. Nevertheless, the incidence of uneven illumination was

managed at the post-processing stage by adding a few lines of code into the MATLAB

script used to render the cross-section intensity graphs. This effectively subtracted a

blank background image from each of the images in the series being used. This darkened

each of the images somewhat, but successfully evened out the incidence intensity and

the cross-stream intensity gradients were still visible.

4.3.9 Temperature control

Since the solubility of DO depends on temperature, the method used for temperature

control was thoroughly characterised so that the conversion factor for DO could be

determined with much accuracy as possible while an appropriate temperature was

maintained for cell-culture. Once the homemade resistive heater was replaced by the

microscope heater, characterisation of temperature control was performed during three
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Figure 4.18: A series of cross-sectional profiles across an entire field of view showing
the uneven illumination of the Nikon ECLIPSE 80i microscope. The Y-shape of the
channel inlets meeting the main channel can be clearly seen from the small spikes in
the intensity.

Table 4.6: The set-point of the stage-heater controller compared to the measured
temperature at two positions, at the start and end of the cell-culture channel. The
mean room temperature during these measurements was 21.8◦C (n = 3).

Temperature (◦C)

Setpoint Channel Channel PDMS PDMS
(0 cm) (4 cm) (0 cm (4 cm

30 31.1 31.2 33.0 32.6
35 37.3 37.3 39.0 37.4
40 38.5 38.7 39.7 37.8
45 39.7 40.8 44.3 42.3

experiments without cell cultures present. Temperature measurement was done using

an infrared thermometer. It was initially unclear if this sensor was able to measure

the temperature of the transparent PDMS or semi-transparent media-filled channel.

However, the temperature reading when directing the measurement beam through the

PDMS was lower compared to directing it on the stage-heater beneath, which suggests

it was capable of measuring a temperature difference in the PDMS chip.

The temperature of the stage-heater and the PDMS at the two locations measured

at several set-points is shown in Table 4.6. The start of the cell-culture channel was an

average of 0.9±3.4◦C warmer than the set temperature, and the end of the cell-culture

channel, positioned farther away from the heating element, was 0.7±1.5◦C colder than

the set temperature.

Interestingly, the temperature of the stage was higher than the set temperature

when set to 30◦C and 35◦C, but was lower than the set temperature when set to

40◦C and 45◦C. As expected, the end of the cell-culture channel was cooler than the
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Table 4.7: The set-point of the stage-heater controller and the measured temperatures
at the start of the cell-culture region. The mean room temperature during these mea-
surements was 21.8◦C and these measurements were normalised using this temperature
(n = 3).

Temperature (◦C)

Setpoint PDMS channel,
(0 cm, filled with media)

33 34.7
34 35.9

34.5 36.3

start by an average of 1.2◦C. Overall, the PDMS was 2.8±2.1◦C warmer than the set

temperature at the start of the cell-culture channel and 1.3±2.3◦C warmer at the end.

These data suggest that a set-temperature between 30◦C and 35◦C in a dry channel

would be ideal for cell-culture. Filling the channel with media was expected to alter

these temperatures slightly, since when the channel was filled with perfusing media,

that liquid would transport energy away. The channel and volume of perfusing media

was so small however, that the temperature difference would likely be negligible. In

conclusion, this experiment identified a suitable range for the set temperature for the

temperature controller for cell experiments. Using a linear conversion of the data in

Table 4.6, a set temperature of 33.3◦C was calculated as a starting point for temperature

characterisation with perfusion of cell-culture media.

With this 33◦C set temperature, experiments with continuously perfusing media

were run on the microscope stage with the stage-heater. The average temperature of

the PDMS chip at the start of the cell-culture channel over three experiments run with

a set temperature of 33, 34 and 34.5◦C is shown in Table 4.7. The set-temperature was

increased because the measured temperature of the PDMS was lower than expected. As

the table shows, the average temperature 0 cm along the cell-culture channel, with a set

temperature of 34.5◦C, was 36.3±0.7◦C, and this was used for subsequent experiments

so that there was less chance of exposing cells to a higher temperature than the ideal

37◦C.

With respect to previously published work, it is common to regulate temperature

and carbon dioxide by conducting experiments with microfluidic chips in cell-culture

incubators [145, 216, 230], and subsequently perform analysis in-atmosphere or in a

microscope with an in-build incubator [244]. Cells can also be incubated in standard

incubators in between steps performed on-chip [245]. This was not possible during this

work because a dedicated incubator was not available due to financial constraints.
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4.4 SUMMARY AND CONCLUSION

In summary, this chapter discussed the development of the microfluidic device and

off-chip system used to facilitate DO control in cell-culture media prior to cell exper-

iments. It covered the fabrication of the chips, the chip sealing options, DO control

and measurement and temperature control. From the point of view of the control com-

ponents, the developed system can successfully act as an environment control system

for the culture of cells in a continuously perfused, defined DO microenvironment. In

conclusion, this chapter outlined the design and use of the system used to maintain

an oxygen controlled environment into which cells are introduced in Chapter 5. The

next chapter presents cell-culture experiments where Ishikawa and SKOV-3 cells were

exposed to defined DO environments on-chip, neither of which have been studied in

such conditions previously.





Chapter 5

ENVIRONMENT CONTROL FOR CELL-CULTURE
ON-CHIP

5.1 INTRODUCTION

This chapter covers the use of the PS/PtOEPK oxygen sensor films and microfluidic

oxygen control system developed in Chapters 3 and 4 for the culture of cancer cells

in a controlled DO environment. Part of this chapter is published in a peer reviewed

journal [246]. Background information is firstly presented detailing how cells behave

in in-vitro culture of different types. The theory of cell-adhesion is then covered. A

literature review follows that discusses and compares the drug responses of cultured

cells off-chip and on-chip with and without DO control. The shortcomings of recent

studies using microfluidic DO control are then discussed.

Treatment methods used to render the PS/PtOEPK sensor film suitable for cell-

culture introduced in Chapter 3 are then fully characterised with respect to cell-

behaviour by culturing cells both on treated films in wells and in microchannels, on

which Ishikawa and SKOV-3 cells have never before been cultured. The different meth-

ods used in the present work for seeding cells in a microchannel are presented, along

with the technical reasons for rejecting each, ending on the method used for experiments

involving cells. Finally, the methods and results of characterisation of cell morphology,

viability and protein expression in different DO environments on Ishikawa and SKOV-3

cells are presented.

5.1.1 Behaviour of cells cultured in 2D and 3D

Since the system developed in this work was designed to mimic the 3D DO cell-culture

environment, it is important to first understand the differences in cell behaviour be-

tween 2D and 3D cell-culture. It is additionally important to understand that cell-lines

can exhibit different morphology, expression and growth characteristics due to differ-

ences in the tissue of origin or genetic background. The following sections describe

which behaviours may vary depending on cell-type in 2D and 3D cell-culture in-vitro

and will assist in understanding the behaviour of cells during experiments.
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5.1.1.1 2D cell-culture

Cells that are cultured in 2D in-vitro begin as a suspension of cells in cell-culture media,

which is dispensed onto a surface. The cells subsequently sink, attach and proliferate

outwards from the initial site of each seed-cell, until a flat, continuous monolayer of cells

is produced, which is referred to as 100 % confluency. This 2D behaviour occurs even

in cell-lines that are able to form compact 3D spheroids when suitably directed. As

long as there are appropriate quantities of flat space and nutrients, the correct pH, and

DO and carbon dioxide levels are within physiological levels, cells proliferate into a 2D

monolayer in this way. Despite these general observations, a few behaviours can vary

depending on the cell-line used [2, 6, 247]. Some cell-lines are capable of proliferating

over a flat space only until they have occupied all the space that is available, then they

begin to apoptose. Others are able to grow into multilayered structures on top of the

initial monolayer [6]. An example of the variation in appearance of three 2D-cultured

endometrial cancer cell-lines Ishikawa (containing PTEN and p53 mutations), RL95-2

(containing PTEN mutation and p53 deletion) and KLE (containing PTEN wild-type,

p53 mutation) is shown in Figure 5.1a [2]. The differences in growth rate of these

cell-lines over eight days of cell-culture is also shown in Figure 5.1b [6].

Trypsin has a varied effect on different cell-lines also. Trypsin does not easily

break the cell-cell adhesion between Ishikawa cells, but disperses sheets of RL95-2

and KLE in a shorter time period than for Ishikawa [6]. This suggests that there are

differing adhesion proteins and receptors expressed in varying amounts by each cell

type. Furthermore, the strength to which cells attach to a substrate in a microchannel

may vary between cell-lines. This is crucial for this project, where Ishikawa cells were

cultured on hydrophobic, native PS/PtOEPK films and were not able to withstand the

continuous shear forces from perfusion of media in a microchannel as well as SKOV-3

cells. However, Ishikawa cells do seem to have the strongest cell-substrate adhesion

to PS cell-culture flasks compared to SKOV-3 cells and other cell-lines investigated

previously [6].

5.1.1.2 3D cell-culture

Cells cultured in 2D are relatively straightforward to grow and maintain, but do not

provide an in-vivo-like environment. This has led to a research effort to improve the 2D

culture environment by incorporating additional attributes from the 3D environment.

Three-dimensional spheroids have a tissue-like structure containing cells and ECM

components. They are able to support higher functionalities than cell sheets [2, 8, 111,

136] and consequently may produce more accurate results in drug assays. It is only

possible to produce spheroids in-vitro with cancer cell-lines because they are capable

of continued proliferation when not adhered to a surface [11].
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(a)

(b)

Figure 5.1: The growth characteristics of three common endometrial cancer model
cell-lines. a) Ishikawa, RL95-2 and KLE endometrial carcinoma cell-lines grown us-
ing 2D and (bottom) 3D cell-culture methods showing the differing morphologies in
both [6]. b) A graph showing the cell-number against time in 3D culture [6]. Repro-
duced with permission.
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With respect to DO in 3D culture, ideally cells located at the spheroid centre are

entirely surrounded by other cells and this produces a diffusion-limited distribution of

DO and drugs similar to the environment in-vivo [81]. It has been shown that the

optimum diameter, when the DO concentration within the tumour is no longer consis-

tent with the media surrounding it, is approximately 500µm [81]. Three dimensional

spheroids require the same growth conditions as 2D cultures, but a more involved pro-

cess is needed for their fabrication and for the analysis of cells in the inner areas. The

latter point is the biggest disadvantage in the use of spheroids to investigate hypoxia-

induced drug resistance.

3D cell-culture is achieved by promoting cell-cell adhesion and inhibiting adherence

to other surfaces, i.e. the culture vessel. A common example of this is the hanging drop

method [117,248,249], where cells are subjected to ’micro-gravity’ within a hanging drop

of culture media, which promotes aggregation and cell-cell attachment. However, this

method requires laborious work to dispense the grown spheroids and to subsequently

separate individual populations [117]. The products are of varying size and compactness

depending on the cell-line used, as shown in Figure 5.2 [6]. This means that the access

of nutrients, DO and drugs varies depending on the cell-line. Nevertheless, multiple

groups report a resistance to drugs in 3D cell-cultures compared to 2D cell-cultures [2,

112, 250], even though the DO environment is uncontrollable and not comparable to

other cell-lines of differing compactness. This highlights a major advantage of the

system developed in the present work, where any cell-line could be used to form a

monolayer and exposed to the same DO gradient, even if they would form different

density spheroids with different DO gradients generated in 3D culture.

There is also evidence that compact spheroid formation, and hence diffusion-limited

transport of DO and drugs to the spheroid centre, are more likely to produce an invasive

phenotype [251]. This is possibly due to the lowered bioavailability of drugs in the

spheroid centre brought about by their compactness. The 3D and 2D environment also

differs because of the presence of ECM in 3D cultures, the composition and significance

of which is discussed in the next section.

5.1.2 The extra-cellular environment

When cells are in their natural environment they are generally supported on all sides

by other cells and the ECM by bonds via cell adhesion molecules (CAM)s to other

cells, and integrin bonds to the ECM. The ECM is a collection of proteins excreted

by mammalian cells [11] and is especially changeable in endometrial cells — the main

focus of this work — due to their cyclicly regenerating and degrading nature [67].

Common constituents of the ECM include collagen (of which there are 40 known types

currently [11]), elastin, fibronectin, vitronectin, laminin, heparan sulphate proteogly-

cans and other glycoproteins [68]. Proteoglycans are proteins, with small sugar chains
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Figure 5.2: Stained sections of tumour spheroids showing the expression of proliferat-
ing cell nuclear antigen (green) in Ishikawa, RL95-2 and KLE cell-lines after exposure
to 2µM doxorubicin and 20µM cisplatin. Nuclei are stained blue [6]. Reproduced with
permission.
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attached, that form a protective layer over the cell surface. Fibronectin, for example, is

a glycoprotein that bonds to ECM proteins and cell-membrane integrins to adhere the

cell to the ECM [17]. It is consequently a commonly used protein for coating substrates

for cell-culture to promote attachment [68]. Type I collagen is the most common pro-

tein in the human body and is prevalent in not only the ECM, but also in connective

tissue, bone and skin [127]. Three-dimensionally cultured cells excrete ECM, but cells

cultured in 2D do not. This is significant because ECM proteins are commonly used to

improve cell-substrate adherence, which was a significant obstacle in the present work.

5.1.3 Cell adhesion

It is important to understand how cells attach to surfaces and other cells so that an

appropriate environment can be prepared for cells so that they can be cultured under

shear stresses in a microchannel. When in-vivo, cells adhere to neighbouring cells and

to the ECM via multiple types of junctions, depending on the type of transmembrane

protein present on the cell surface [17]. Cell-cell junctions can anchor actin filaments

or intermediate filaments between cells, close gaps between cells, or allow the passage

of molecules between cells. Several types of cell-ECM junctions also exist that adhere

the ECM to proteins on the substrata [11] and hence can be used to anchor cells to

artificial surfaces.

Cell-cell attachment is mediated by cadherins, a superfamily of trans-membrane

proteins organised into two categories of classical and non-classical cadherins. Classical

cadherins link actin filaments to classical cadherins in a neighbouring cell making an

adherins junction. Non-classical cadherins link intermediate filaments to desmoglein

and desmocollin on a neighbouring cell making a desmosome junction [11]. The most

understood type of cell-cell junction links the cytoskeleton of one cell with that of

another.

Members of the cadherin family mediate cell-cell adhesion and cytoskeleton organ-

isation, but only in the presence of calcium ions, which in-vitro are provided by the

cell-culture media [252, 253]. Cadherins are a large family with multiple subgroups

and are over 700 amino-acids in length. E-cadherins occur in adult endothelial cells,

N-cadherins in neural and muscle tissue, and P-cadherins in placental and endothe-

lial cells. The constituent 700 amino-acids are tissue specific and can differ up to

60 % between tissues [254]. Additional cell-cell junctions are tight junctions formed

by claudins and occludins, and gap junctions formed by connexins. These molecules,

although important for understanding the adhesion mechanisms between cells for 3D

culture, cannot used to improve cell-substrate interactions.

Junctions that link a cell to the ECM consist of actin-linked cell-matrix junctions,

which link the ECM to actin filaments and hemidesomes, which link intermediate fila-

ments to the matrix [11]. Linking the cytoskeleton to the ECM allows interactions with
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the matrix to influence cell behaviours, such as migration, cytoskeleton organisation

and gene expression [17]. These types of cell-ECM adhesion junctions are mediated

by integrins, a large family of trans-membrane proteins [11] that are each receptive to

certain ECM proteins [11,254,255].

Integrins are heterodimers of loosely bonded α and β subunits and are organised in

subgroups according to each one of the eight β subunits. Each β subunit can be bound

to more than one of the 18 α subunits giving rise to 24 possible combinations, although

an increasing number are being discovered [254]. The currently known combinations

and their integrin interactions are shown in Table 5.1, where most integrins bind to

more than one ligand [254,256,257].

Ishikawa cells, the main cell type used in this work, are known to express the same

integrins as normal endometrium [258], with the exception of the fibronectin receptor

α4β1 [259] and the fact that as tumour grade increases, the expression of integrins

is decreased [259]. The α2β1 collagen-laminin receptor, and α3β1 and α6β4 laminin

receptors are the main integrins expressed in Ishikawa cells, although the additional

α1 subunit has been induced in Ishikawa cells after treatment with progesterone [259].

Compared to Ishikawa, SKOV-3 cells have been found to adhere to type I collagen and

laminin [260] and secrete fibronectin, collagen and laminin in-vivo [251]. This suggests

that a substrate coated with collagen or laminin would be suitable to encourage cell-

substrate adhesion to PS/PtOEPK sensor films. Consequently, as previously discussed,

collagen was found to crack the sensor films when dried, as discussed in Chapter 3.

Other strategies were tried such as PVP and the synthetic polymer PLL and since PVP

decreased the sensor sensitivity, as discussed in Chapter 3, PLL was used for perfusion

experiments. Poly-L-lysine works by utilising the electrostatic attraction between the

net positive charge of the attachment proteins present on each cell membrane surface

and the negatively charged substrate by adding negatively charged sites on the culture

surface [207]. Poly-L-lysine is commonly used, so this suggests that matching the

receptor-protein pairs does not seem to not play a crucial role after all.

Cell attachment to a substrate in-vitro is mediated by a combination of attractive

electrostatic, van der Waals as well as receptor-ligand forces. Cells may not secrete

suitable ECM proteins in in-vitro culture, so a suitable coating is usually provided for

the cells on which to adhere, or the surface must utilise one of the other mechanisms

of cell-substrate attachment to enable adherence.

With respect to electrostatic forces, cells possess a net negative charge overall,

which repels other cells in solution and any negatively charged surfaces [261]. As a cell

approaches a surface, water is forced out of the small space between cell and surface,

which induces a repulsive force, but as the cell gets close enough for cell attachment

proteins to be warped, attractive Van der Waals forces and receptor-ligand interactions

come into play to overcome this repulsion [261]. This demonstrates why the composition
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Table 5.1: Integrin subunit organisation [11,254,255].

Subunit organisation Ligands

α1 β1 Collagens, Laminins
α2 Collagens, Laminins, Echovirus 1, Fibronectin
α3 Laminins, Fibronectin, Thrombospondin, Epiligrin

Invasin, Thrombospondin
α4 Fibronectin, vascular cell adhesion molecules (VCAM)-1, Invasin
α5 Fibronectin, denatured collagen, Fibrinogen

Invasin
α6 Laminins , Invasin, Sperm fertilin
α7 Laminins
α8 Fibronectin, Cytotactin, Tenascin-C
α9 Tenascin, Cytotactin, Tenascin-C
α10 Collagens
α11 Collagens
αv Fibronectin, Vitronectin

αL β2 immunoglobulin superfamily counter-receptors (ICAM)-1,2,3,4,5
αM Fibronectin, ICAM-1, iC3b, Factor X

Neutrophil inhibitory factor
Fibrinogen

αX Fibronogen, iC3b
αD VCAM, ICAM

α1b β3 Collagens
α11b Collagens, Fibronectin, Vitronectin, Plasminogen

Fibrinogen, Thrombospondin, Decorsin, Disintegrins
Thrombospondin, von Willebrand factor

αv Fibronectin, Vitronectin, Cytotactin, Tenascin-C
Fibrinogen, Thrombospondin, Disintegrins, Osteopontin
Laminin, HIV Tat protein, Matrix metalloproteinase-2
Prothrombin, Thrombospondin, von Willebrand factor

α6 β4 Laminins

αv β5 Vitronectin, Fibronectin, HIV Tat protein

αv β6 Fibronectin, Tenascin, Cytotactin, Tenascin-C

α4 β7 Fibronectin, VCAM-1, MAdCAM-1
αE E-cadherin

αv β8 Collagens, Laminins, Fibronectin
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of the surface is so important, even though gravity provides the close proximity needed

for attractive force needed to actually drive physical attachment in the case of static

2D culture.

Since the ECM composition could affect the expression and behaviour of cells, this

may mean that the way that the different substrate treatment methods discussed in

Chapter 3 may influence the cytoskeleton or gene expression in the cultured cells in the

presented work. Investigating this is beyond the scope of this thesis, however, especially

since one substrate treatment was chosen for subsequent perfusion experiments (PLL).

Therefore, any changes due to the PLL surface are considered equal for all the cells

cultured on each substrate, and comparisons thereof are legitimate.

5.1.4 How shear forces effect cells

The dynamics of shear and its effect on cells is closely related to cell-attachment and

is important to understand so that an environment can be created where cell-substrate

bonds are able to withstand shear forces exerted due to perfusion in a microchannel.

The physiological range of shear stress in blood vessels, for example, is 1-70 dyn/cm2

when at rest and up to 100 dyn/cm2 during exercise (1 dyn/cm2 = 0.1 N/m2). The cells

lining blood vessels have evolved to not only withstand, but require such shear stress to

direct their organisation into blood vessels. The shear stress can be raised even higher

than this in blood vessels around a tumour due to inflammation [204], so the shear that

cells in-vivo in general are exposed to is clearly varied and situational. Shear stress

also may be higher in cancer in-vivo than in healthy tissue, possibly suggesting that

higher shear in the environment in-vitro may be tolerated by cells and could reproduce

any effects present in-vivo. Ishikawa are epithelial-like cells, therefore they are likely to

be able to withstand high shear stresses, since their counterparts may experience high

shear in the blood vessels. However, the current estimate of shear in the peritoneal

cavity is below 5 dyn/cm2 [262], so the limit of 2.5 dyn/cm2 [169] is appropriate from

this perspective.

In contrast, the usual interstitial flow found in tumours exerts a shear force on cells

of a few Pascals [263], where 1 Pa = 10 dyn/cm2, so the limit for mimicking the environ-

ment in a tumour, if shear forces were to be taken into account, would be well beyond

the limit for cells such as mesenchymal stem cells, for example (0.3 dyne/cm2 [264]).

Nevertheless, if the in-vivo environment is to be mimicked, this includes initiating any

expression changes compared to well cultures as consequences of the tumour environ-

ment. Shear force can be simply applied to cells in 2D or 3D with continuous perfusion

in a microchannel. It has been found that continuous perfusion-driven shear forces in

the physiological range actually provide a favourable environment for Ewing sarcoma

(bone tumour) cells, shown by increased viability and proliferation [3]. This is likely

because shear is a naturally occurring parameter in the bone marrow, and it a common
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feature in a tumour. Furthermore, an environment with constant shear was found to

induce resistance to drugs in these bone carcinoma cells [3]. Considering this knowl-

edge, it would be relevant to investigate any changes in expression in Ishikawa cells

with increasing shear, and any subsequent drug efficacy changes with or without the

DO control system. As such, this is proposed in Chapter 6. To decrease the likelihood

that cells would be detached from the PS/PtOEPK sensor film surface during continu-

ous perfusion, a limit of 2.5 dyn/cm2 was imposed during experiments presented in the

present work.

To calculate the shear forces exerted on cells during experiments, the 1D flow

speed and the dimensions of the channel were used, as previously shown in Chapter 2.

The maximum flow that should not be exceeded, based on the 2.5 dyn/cm2 limit, was

calculated to be 20.85µL/min. This was done without considering the possible increase

in shear stress in tumours due to inflammation, and without considering the known

fluctuations in the flow rate shown in Chapter 4. Using Equation 2.7, at a flow rate

of 10µL/min (1.67 mm/s), less than 3.34×10−3 dyn/cm2 of shear is applied to cells.

This is well within what is considered an acceptable range for adherent cells [169,264].

In the next sections, methods for visualising cells and intracellular components are

discussed.

5.1.5 Visualisation of cell components: Immunofluorescence

Cells can be visualised by visible light microscopy because they are translucent and

are approximately 50µm in diameter [17]. However, a lot of the contents of a cell are

not resolvable with visible light alone and are not distinguishable from other cellular

components and wavelengths smaller than the object being resolved must be used.

Antibodies are a very useful tool when endeavouring to resolve a particular protein in

a cell. They can be used to make certain proteins visible by attaching visible fluorescent

antibodies, making the spatial distribution of that protein observable with fluorescent

microscopy in exclusion of all others [17].

Antibodies belong to a class of large proteins called immunoglobulins that are pro-

duced by the immune system of a living organism in response to a foreign antigen [17].

They are Y -shaped symmetrical molecules that have a binding site for a specific anti-

gen at the end of each arm, as seen in Figure 5.3 [17]. Antibodies can be produced

commercially by injecting a target antigen into rats, rabbits or goats and the resulting

antibody is extracted and purified. When the antibody is attached to a fluorescent

molecule, that antibody becomes visible and can be bound to an antigen of a similar

epitope, i.e. the protein of interest, in an in-vitro culture [17]. Fluorescence microscopy

can then be used to capture the fluorescent signal that indicates the spatial distribution

of the fluorescent antibody, and hence it can be used to infer the concentration and

distribution of the target protein. This method is called direct IF.
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Figure 5.3: A schematic of an antibody on the surface of a B-cell (the cell that secretes
antibodies) and the binding sites [17]. Permission to reproduce requested 13/08/18.

Indirect IF is performed by first targeting a non-fluorescent antibody to a protein

of interest. This antibody is then targeted by a secondary antibody, with attached

fluorophore, where several secondary antibodies can bind to one primary antibody.

This method contains more steps, but allows for a stronger signal and a better signal-

to-noise ratio since more fluorescent molecules may bind to each protein molecule of

interest. The fluorescence is imaged and the distribution of the targeted protein inferred

in the same way as for direct IF.

5.1.5.1 Protein lifetime

It is important to understand the lifecycle of proteins in order to understand the use of

antibodies for staining proteins in this chapter. Proteins do not last indefinitely inside

the cell within which they were assembled. The concentration of any particular protein

within a cell at any one time is determined by the balance between its breakdown and

formation [39]. This means that measuring proteins can be difficult because their levels

can change quickly.

The protein formation process begins with a signal. This signal initiates transcrip-

tion of the appropriate genetic code into messanger-RNA, which via translation, forms

a protein. Transcription factors are usually able to respond to external factors rapidly,

so that the associated genes can be transcribed causing the cell to behave accordingly

quickly. These transcription factors have consequently short half-lives so that they

can play their part in transcription, then subsequently degrade to make way for the

next wave of transcription factors in response to present external stimuli. Consequen-

tially, proteins are crucially balanced for the normal function of a cell and its host

organism [39].

The breakdown of the proteins themselves is orchestrated by the ubiquitin protea-

some system by a process called ubiquitination [39]. Ubiquitin itself is a large protein

that exists in all cells in all eukaryotes. It is involved in targeting not just transcription

factors, but also influences growth modulators, cell-cycle regulators and tumour sup-
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pressors for degradation [39]. Proteins tagged with ubiquitin are marked to be cleaved

into amino acids by the cell [265], so any measurement of proteins must be rapid or

the cell must be chemically fixed so that a snapshot of the proteins inside a cell can be

measured.

5.1.6 Drug types and mechanisms

In order to conduct drug trials on the cultured cells, the different mechanisms of action

of the many available drugs must be understood so that an appropriate choice can be

made. A drug that is known to be effective on endometrial and cervical cancer was

used so that it may be possible to initiate some drug resistance by exposing cells to

hypoxia as part of a controlled DO microenvironment.

Two commonly used drugs in cancer research are doxorubicin and cisplatin. Dox-

orubicin is used to treat endometrial, ovarian, breast, stomach, ovarian and lung cancer

in-vivo and works in the nucleus and cytoplasm of the cell. If it enters the nucleus, it

acts as an inhibitor of topoisomerase II, an enzyme that acts to compact the DNA in

the nucleus while preventing damaging superhelical twists and turns caused by repli-

cation and transcription [97, 266, 267]. It also functions to detangle daughter DNA

strands after replication [98]. Doxorubicin stabilises the topoisomerase II complex

preventing DNA double strand breaks, which are part of the normal action of the

topoisomerase II enzyme while preventing torsional stress [97,266,268]. This interferes

with functions involving DNA replication leading to abnormally coiled DNA structures

and cell death [97,267].

In the cytoplasm, doxorubicin is oxidised, then reduced, producing ROS [268].

Because of this in particular, doxorubicin is a suitable candidate to assess the effect

of hypoxia on drug efficacy since it requires oxygen for one of its main mechanisms of

action. The main dose-limiting side effect of doxorubicin is cardiotoxicity [268], which

is why it is commonly used in combination with other drugs, such as cisplatin.

Cisplatin is used to treat endometrial, ovarian, testicular, lung and bladder cancer,

myeloma and melanomas [42]. It is also commonly used to treat endometrial cancer

after remission has been achieved with other drugs [269]. Its anti-tumour activity is due

to the platinum complexes that crosslink1 DNA, preventing repair and subsequently

driving apoptosis [99, 106]. Cisplatin may be relevant to study in hypoxia because it

has been shown to become less effective in hypoxic cultures of an ovarian carcinoma

cell-line (A2780) [92].

Dose-limiting side effects of cisplatin include nephrotoxicity, neurotoxicity, and oto-

toxicity. Many platinum-based drugs have been investigated in clinical trials, but more

than half of them have failed to progress further because of their side effects or poor

1Crosslinking DNA causes the formation of abnormal chemical bonds preventing separation preced-
ing transcription. Crosslinkers that effect DNA are highly toxic to the cell [100].
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efficacy [42]. Cisplatin alone is not curative for advanced endometrial cancer [270],

hence its common use after remission has been achieved with other drugs. To fur-

ther remedy this, a multidrug approach is often used to combat the reduced effect of

cisplatin in-vivo compared to in-vitro experiments. For example, paclitaxel in combi-

nation with cisplatin and doxorubicin has been shown to increase overall survival in

women with advanced or recurring endometrial cancer, but the treatment is associated

with increased risk of peripheral nervous system damage [270]. Better prediction of

clinical efficacy enabled by a more representative model for drug testing such as the

system developed in this thesis could reduce the need for multi-drug use and reduce

the incidence of multiple side effects as a consequence.

Along with cisplatin, some less known drugs that have shown some promise against

endometrial cancer cell-lines were investigated as a part of this thesis, to enable com-

parison with more traditional anticancer drugs. Pterostilbene (PTS) is a drug used to

treat ovarian cancer and is being studied against other types [271]. It has long been

known as an antioxidant and a chemopreventive agent and exhibits a dose-dependent

suppression of cell viability and induced apoptosis. Additionally, PTS has been found

to decrease proliferation in Ishikawa cells, but in relatively high concentrations of 25

to 100µM over 24 hours [272]. Lastly, FR180204 — an ERK pathway inhibitor — has

gained some attention in recent years in the treatment of endometrial cancer, so this

was investigated in the developed system in-vitro with microfluidic DO control.

Ishikawa cells have been shown to be sensitive to cisplatin [106,273,274], especially

in comparison to other type-1 endometrial cancer cell-lines, where the concentration

needed to reduce proliferation to half its initial value (the IC50 value) in Ishikawa cells

is 23µM compared to 384µM (a 16.7× increase) for MFE319 cells [273]. This may be

due to the specific mutations in Ishikawa cells. The Wellcome Sanger Institute gives

cisplatin a sensitivity score of 0.047 [275]. This score is an index based on the efficacy

of cisplatin on Ishikawa cells compared to all other drugs in their database, and is

shown in Figure 5.4 with cisplatin, FR180204 and doxorubicin highlighted [275] (PTS

was not available in the database).

Ishikawa cells are sensitive to other drugs such as paclitaxel [276,277], resveratrol

(anti-proliferative effect) [278], and lapatinib [277]. They are somewhat sensitive to

gefitinib (an epidermal growth factor receptor (EGFR) inhibitor) in-vitro with a sensi-

tivity factor of 0.032 [275,279]. Cisplatin, PTS and FR180204 were investigated as they

represent commonly used drugs as well as new options, are readily available in the Nock

lab and have not been investigated under hypoxic conditions previously. SKOV-3 cells

are sensitive to doxorubicin and somewhat sensitive to cisplatin and FR-180204 [280],

as shown in Figure 5.5. In the next sections, previously published work is discussed in

the context of drug responses off-chip and on-chip.
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Figure 5.4: The sensitivity indexes against Ishikawa cells with doxorubicin, cisplatin
and FR180204 highlighted. Ishikawa cells are most resistant to doxorubicin as a stan-
dalone drug. Pterostilbene was used in this work, but the source did not present a
sensitivity index for it. Adapted from [275].

Figure 5.5: The sensitivity indexes against SKOV-3 cells with doxorubicin, cisplatin
and FR180204 highlighted. Adapted from [280].
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5.1.7 Drug responses off-chip

The differences between lab models compared to a clinical setting is well known to be

an issue in the drug discovery and research phases of drug development. Consequently,

numerous studies look to improve on the traditional 2D model, and a few have compared

the efficacy of cancer drugs on 2D-cultured cells with the efficacy on multicellular

spheroids. This 2D/3D comparison has been carried out with breast cancer primary

cells and cell-lines [281], thyroid cancer and gliomal cell-lines [250], a colon cancer cell-

line [282] and Ishikawa cells [6]. It has been found that there are significant differences

in response to drug treatment in 2D and 3D models of Ishikawa, compared to other

endometrial cancer cell-lines [6]. Additionally, it has been shown that human ovarian

cancer xenorafts in mice showed a marked resistance to cisplatin when hypoxic [92].

This suggests that both the Ishikawa and SKOV-3 cell-lines are suitable choices to

attempt to illicit a change in drug efficacy by controlling DO in a microchannel.

5.1.8 Drug responses on-chip

Three-dimensional culture of cells for cancer drug screening is a current area of great

interest, since it is one of the most recent advances in the in-vitro model used for

drug screening. More recently, the 3D culture model in dishes and flasks, although

effective [1, 283], has been improved by incorporating microfluidics, some of which are

capable of high-throughput drug screening [72, 115, 245]. Droplet microfluidics has

been used to encapsulate single cells in hydrogel beads [124] or within liquid media

alone [245] or incorporating multiple compounds [163]. The growth of 3D spheroids

has also been controlled either by seeding on collagen islands [284], or by trapping cells

in untreated [139] and chemically treated microwells [136]. Additionally, 3D hydro-

gels or scaffolds can also be used to fill microchannels and encapsulate 3D cultures of

cells [47, 285] and have been shown to improve the predictions of drug efficacy trial

outcomes [81]. Three-dimensional microfluidic models have even been developed that

incorporate stromal [286] and endothelial [287] tissue in order to investigate migration

and drug efficacy of co-cultured cancer cells [286,287], taking this one step further still.

It has been shown that co- and tri-culture of cancer cells with other relevant cell types

has a strong influence on gene expression which could influence drug response, although

microfluidic models of this type have not yet progressed to drug screening [138]. Fur-

thermore, drug resistance has also been observed in 3D microtumours in microfluidic

devices compared to a conventional 2D model [124].

These models continuously add to the evidence that a more in-vivo-like environ-

ment is needed to provide more relevant models for cytotoxicity drug screening. This

has been achieved somewhat by the use of spheroids, but the main disadvantage of

using spheroids to screen drugs is that background apoptosis can be high, which can

affect the results from drug screening assays. This may suggest that an oxygen gradient
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in the system developed in the present work may be a disadvantage, because it could

result in higher background apoptosis [249].

While many of these methods are 3D, these studies have not attempted to mimic

the in-vivo DO environment as such, but they do utilise an uncontrolled, size-dependant

oxygen gradient inside each microtumour. Despite the present opportunity to probe

the effect of DO, the oxygen inhomogeneity is still uncontrolled in 3D microtumours.

Additional challenges to 3D culture include that the microtumour size reproducibility

can be poor [247], and if one is interested in the DO environment, it is difficult to

visualise the inner hypoxic areas until after the microtumour/3D scaffold has been

fixed and sectioned, or the cells lysed. This is why if DO is of interest, a 2D approach

that allows cells and gradient to be more visible is more suitable. The next section

details the existing studies researching drug responses on-chip with DO control.

5.1.9 Cancer drug responses on-chip with oxygen control

With respect to 2D culture of cancer cells in a 3D-like environment, there are nu-

merous options for incorporating DO control into a microfluidic 2D model of cancer.

In this section, the details of previously published systems are given along with some

shortcomings of each study with respect to the cells themselves. Previously, a system

has been developed capable of exposing cells to a smooth, bell-shaped DO gradient

generated by flowing oxygen-depleted media through a straight PDMS channel [108].

This work shows the use of sodium sulfite to produce a central region with a minimum

of 0.5 mg/L DO [108]. Crucially, this concentration is not suitable for the lung and cer-

vical carcinoma cell-lines that were used in the system; 0.5 mg/L is approximately 30 %

higher than what is found in lung carcinoma in-vivo and approximately 70 % higher

than what is found in cervical cancer (using the data presented in Table 2.1). This

does not mean that the cells cannot react to the DO gradient, however. To demon-

strate this, the cells exposed to the most hypoxic region of the bell-shaped DO gradient

showed a marked change in drug response compared to hyperoxic areas. This is the

case because the drug being screened was designed to be activated by hypoxia, and the

goal was not to characterise drug resistance in hypoxia, but to provide a testing device

for hypoxia-activated drugs [108]. This means that the minimum DO concentration is

a parameter set by the threshold of drug activation rather than hypoxic threshold of

the cells.

Similarly, an S-shaped cross-stream gradient can be produced by passive diffu-

sion from one [133] or two [140, 288] confined adjacent channels occupied by oxygen

scavenging/generating reactions, as previously presented in Chapter 3. This type of

system has been shown to be effective at producing a cross-stream gradient between

0 % and 12 % DO [140, 288] and from 1.9 % to 19 % DO [133]. Lung endocarcinoma

cells exposed to 0 % DO in a channel become more susceptible to tirapazamine (TPZ),
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which is another hypoxia-activated drug [140, 288]. Lung cancer is known to contain

as little as 1 mg/L, or 4 %, of DO (compared to 5 mg/L or 8 % in healthy lung tissue,

as shown in Table 2.1), which means that this system was able to expose these cells

to a relevant environment found in-vivo. Unfortunately, any hypoxia-induced drug re-

sistance was not characterised, but if there was any, it could not be observed using a

hypoxia-activated drug that has no effect in normoxic conditions.

The effect of DO on metastasis and migration can also be investigated with mi-

crodevices utilising DO control in channels. For example, migration has been charac-

terised in a DO gradient on-chip, with the 2D co-culture of cells [132, 133], which is

important since hypoxia drives metastasis in-vivo. Mouse melanoma cells [133] and lung

carcinoma cells [132], have been shown to decrease in viability compared to normoxic

cells when exposed to hypoxia. Migration was also found to dramatically increased

in hypoxia and was increased again in hypoxia in co-culture with fibroblasts [133] or

endothelial cells [132]. Drug trials were not conducted in these studies, but they show

that behaviours seen in-vivo can be replicated using 2D culture when additional envi-

ronmental complexity is introduced [133].

Numerous studies have also been conducted with the culture of cancer on-chip in

3D with DO control. Migration studies have been performed on breast cancer cells in

a 3D gel flanked by gas channels forming a gradient between 4 % and 17 % DO using a

flow rate of 20µL/min for a 6 mm× 2 mm channel [125], where cells migrated further

in six hours in hypoxia compared to normoxia [125]. This again demonstrates that

typical in-vivo behaviours can be induced by introducing environmental complexity.

In the next sections, ways to analyse cell behaviour are discussed.

5.1.10 Analysis of cellular behaviour

After cells are exposed to a controlled DO environment in a microchannel, character-

isation of cell viability, protein levels, morphology, motility and other attributes are

possible. Viability, protein levels and morphology were selected for the present work so

that the change in behaviour of several cell-lines in hypoxia can first be characterised

without the presence of anti-cancer drugs confirming that cells are indeed hypoxic.

5.1.10.1 Hypoxia

As previously explained in Section 5.1.5, IF can be used to measure the response of cells

to hypoxia by staining a protein that has increased levels when a cell is maintained and

fixed in a state of hypoxia. In the present project, IF was used to investigate HIF-1α,

which is broken down at a slower rate in hypoxic cells. This provides a measure of

the cellular response to hypoxia. To allow direct measurement of the oxygen tension

inside cells, and to show that the DO concentration inside the cell does in fact mir-

ror the concentration measured by the PS/PtOEPK sensor, a cell-permeable dissolved
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oxygen sensor was used. This dye is a hypoxia-activated membrane-permeable fluores-

cent reagent, which is passively distributed throughout the cytoplasm, non-cytotoxic,

reversible, and gives a direct measurement of the DO level inside a living cell. The

image-iT dye (ThermoFisher, H10498) was used as it fluoresces if the oxygen con-

centration inside a cell is below 5 % of the atmosphere (1 % absolute, approximately

2 mg/L during experimental conditions), giving quantitative evidence that a cell is in

hypoxia. The excitation and emission wavelengths at 480 nm and 615 nm [289] of this

dye did not interfere with the excitation/emission of the PS/PtOEPK sensor film, so

both can be measured simultaneously.

5.1.10.2 Morphology and migration

Atomic force microscopy was used to investigate the features of the cell membrane.

Specialised preparation is needed where cells were fixed by immersion in Gluteraldehyde

(GA), which cross-links various constituents of the cells and subsequently renders them

rigid, thus preserving morphological features. This process typically involves both a

fixing step and a dehydration step. Fixative solutions are dispensed onto the live

cells for 30 minutes to 24 hours depending on the fixative used to allow sufficient

cross-linking. Gluteraldehyde was considered the best option for this work because

it only requires 15 minutes to fix cells [290]. Additionally, no dehydration step was

performed in this work, because cells were immunostained immediately after fixation.

Additionally, cellular morphology and migration can be analysed with visible light

microscopy with either still images or videos.

5.1.10.3 Cell-viability and metabolism

The ultimate goal of this project was to build a system for anti-cancer drug trials

incorporating spatial control of DO between hypoxia and hyperoxia. Characterisation

of the cells after exposure to experimental conditions can be performed in the simplest

way by measuring the proportion of live and dead cells, i.e. cell-viability. Viability

was analysed in this work with trypan blue, ethidium homodimer and crystal violet

assays. All of these can be performed on adherent or suspended cells, as the mechanism

of action is the same regardless. Cell metabolism was also investigated to assess the

metabolic activity of the cells that were live.
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5.2 METHODS AND MATERIALS

This section focusses on the methods for transferring cells onto PS/PtOEPK films of

different treatment types in wells and channels. This is followed by the methods for

testing cell and drug responses. Finally, the two methods used for the direct visualisa-

tion of hypoxia in the cell-culture media and IF measurement of HIF-1α are described.

The slightly different method of performing the trypan blue and ethidium homodimer

assays in a microchannel are also described.

5.2.1 Transfer of cells to a microchannel

Ishikawa human endometrial carcinoma cells and SKOV-3 cells were obtained from

Dr Kenny Chitcholtan at the University of Otago Medical School, Christchurch, New

Zealand. The cells were then passaged at between 70 and 90 % confluency by rinsing

with phosphate buffered saline (PBS) (ThermoFisher, 18912-014), adding 1× trypsin

(ThermoFisher, 59418C-100ML) until detached and were transferred to a conical tube

of 15 mL (ThermoFisher, 339650) or 50 mL (Corning, 430829) capacity. The cell sus-

pension was then centrifuged at 1500 rpm for 5 minutes (Eppendorf, 5702) and re-

suspended in 1 mL of complete MEM (Gibco, 11095-080). The cell suspension was

then added to a new flask of surface area 25 cm2 (Corning, .2µm vent cap, 3056 or

ThermoFisher, NUN163371) with a total volume of 3-5 mL or a 80 cm2 area flask (Ther-

moFisher, NUNC EasYFlask, NUN153732) with a total volume of 10-15 mL. This gave

the cells time to acclimatise to the new culture conditions. OVCAR-5 and additional

SKOV-3 cells were kindly provided by Elizabeth Dunn at the School of Biological Sci-

ences physical containment level 2 (PC2) laboratory, University of Canterbury. The

same acclimatisation period was provided for these cells.

5.2.1.1 Cell viability and proliferation assays

The alamarBlue, trypan blue and crystal violet assays are commonly used to measure

cell metabolism, proliferation and viability of a population of cells [291–293]. In ad-

dition, the Ethidium homodimer DNA-binding fluorophore was also used throughout

this project. Trypan blue live/dead stain (ThermoFisher, 15250061), when used on

suspended cells, was added to 100µL of a freshly pelleted and resuspended population

of cells at a ratio of 1:10 v/v. When appropriate, this mixture can be diluted 10× fur-

ther to reduce the counting time of dense dispersions of cells. A minimum of 5 minutes

were allowed for the trypan blue compound to penetrate any dead cell membranes and

stain the cell dark blue. A 100µL aliquat of the trypan blue/cell suspension was then

pipetted into each end of a hemocytometer (MARIENFELD). The live and dead cells

in each of the 10 squares of the hemocytometer were counted manually, averaged, and

multiplied by 104 to yield the number of cells per mL. The remaining cell suspension
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was then diluted to the number density appropriate for subculture, cell seeding, or

dispensing onto PS/PtOEPK films [291].

To perform the trypan blue assay on adherent cells in a microchannel, cell-culture

media was first aspirated from the microchannel. A mixture of 1:1 v/v complete cell-

culture media and trypan blue was then pipetted through the channel. Five minutes

were allowed for the trypan blue compound to stain dead cells, then the chip was

viewed through a light microscope (Nikon, ECLIPSE TS2) with the 4×/0.10 numerical

aperture (NA) lens and the cells counted, or images were acquired and counted later.

The difference between this procedure and the assay being performed on suspended

cells is that counting cells in images gives a count of the live/dead cells per unit area

instead of per mL, but the proportion of viable cells is still comparable to others.

The alamarBlue assay gives a measure of cell metabolism, and consists of a non-

fluorescent compound which, when metabolised by cells, becomes fluorescent [292].

The fluorescent intensity, either measured by the absorbance or fluorescence inten-

sity method using a plate reader (Molacular devices, Spectramax M5), is a measure

of the metabolic activity of cells. To begin the assay, alamarBlue solution (Ther-

moFisher, DAL1025) was added to the cell-culture media with the cells to be measured

(and a control) at a concentration of 10 % v/v. This was incubated at 37◦C and

7.5 % CO2 (Panasonic, MCO-19AIC) for 4 hours. The plate reader that measures the

intensity of the alamarBlue compound required the receptacle holding the media to

be a 96-well plate (ThermoFisher, 152038). If the cells being measured were cultured

in another type of reservoir, then the media/alamarBlue mixture was first distributed

into a sterile 96-well plate before measurement.

The 96-well plate was loaded into the machine and the fluorescence intensity of the

alamarBlue dye, or the absorbance, was measured. If using fluorescence, the sample was

measured at 530 nm and 590 nm and the resulting values exported as an Excel file were

compared to the control. When using absorbance, the sample was measured at 570 nm

and 600 nm, but a conversion is needed in order to compare results. In order to convert

the fluorescence intensity measurements into percentage of proliferation compared to

the control, the following conversion was applied

(O2 × A1)− (O1 × A2)

(O2 × P1)− (O1 × P2)
× 100 (5.1)

where O1 and O2 are the molar extinction coefficient of alamarBlue at 570 nm and

600 nm, respectively. A1 and A2 are the absorbances of the test wells and P1 and P2

are the absorbance of the control wells each at 570 nm and 600 nm, respectively.

The crystal violet assay was used to provide a quick viability estimate for initial

drug trials in wells. Crystal violet is a compound that binds to DNA. Therefore, it

can be used as a measure of cell-number. To perform the assay, crystal violet pow-

der (SigmaAldrich, C3886-25G) was added to 30 % ethanol (in DI water) with 3 %
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formaldehyde at a concentration of 0.5 % w/v. Cells were cultured in a 96-well plate,

the media was aspirated, then 30µL of crystal violet solution was added to each well for

10 minutes at room temperature. The cells were then washed five times by immersion

in DI water. Washing was done by filling a large container with DI water, then the

well-plate was tilted into the water. The excess water was then allowed to evaporate

for > 30 minutes.

Next, the cells were lysed to disperse the stained DNA throughout the well for

subsequent analysis by fluorescence. To lyse the cells, 200µL of 1 % sodium dodecyl

sulphate (SDS) (BIO-RAD, 161-0301) was added to each well for 20 minutes. To

disperse the cell contents throughout the solution in each well, the SDS/cell solution

was agitated with a pipette by aspirating and re-depositing five times (with the pipette

set to 100µL to avoid the formation of bubbles). The absorbance of crystal violet was

then measured with a plate reader at 595 nm. Cell viability was calculated from these

results relative to the controls using Microsoft Excel. This assay was replaced with an

ethidium homodimer assay in the three hour drug trial on adherent cells for a more

accurate measurement of cell viability, because of the short exposure to the drugs. This

three hour assay was done to provide a control for the drug trials on-chip where the

maximum duration of cell-culture was three hours, as discussed in the results section

of this chapter.

A fluorescent live/dead cell assay was done in a microchannel on adherent cells

with the oxygen and flow system attached. This was done at the end of an exposure to

shear forces brought about by continuous perfusion with and without a DO gradient.

These results were compared to control experiments that were performed with trypan

blue without the flow and DO control components attached. The fluorescent live/dead

stain used in these experiments, ethidium homodimer (ThermoFisher, E1169), was

made up to 2 mM in sterile water or complete MEM [294]. This was then loaded into

a 5 mL syringe and connected to the port usually used for GA fixative solution. In the

same way as GA, the ethidium homodimer solution was passed over the cells, allowed

to react with the DNA of dead cells for 10-15 minutes with no flow, then imaged with

excitation 550/25 nm2 and emission 605/70 nm and a Zeiss m.1 microscope using the

5×/0.15 NA or 10×/0.3 NA lens. Viability results were compared between cell-lines,

and for each cell-line between different experimental conditions, with a chi-square test

and chi-squared p-values where the level of significance was set at 0.05 with one degree

of freedom.

2Notation for filters presents the center frequency of the spectral trace, a forward slash, followed by
the bandwidth. This simply describes the attributes of any filter.
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5.2.2 Cell culture in PDMS wells

To investigate PLL-treated PS/PtOEPK films as a cell-culture substrate, the viability

and proliferation of cells on sensor films with various treatment methods were con-

ducted in wells. The most successful of these methods was then attempted using a

microchannel without DO control, finally proceeding to the full DO and flow control

setup. To do this, wells were constructed out of PDMS so that different microscope

slides, with different surface treatments, could be positioned under the wells to allow

cell-culture. Wells were constructed by firstly mixing approximately 25 g of 10:1 w/w

PDMS and curing agent and pouring it in a flat-bottomed cell-culture plate (Ther-

moFisher, Omnitray 165218). After curing, the 2.5× 7.5 cm× 1 cm PDMS slabs were

produced from each cast. Wells were cut by punching three approximately equidistant

holes of 1.5 cm diameter into each block of PDMS. Sensor films with differing surface

treatments were reversibly sealed onto these wells with light pressure, as previously

described in Chapter 3. Laying the PDMS on the substrate in this manner provided a

suitable enough seal to culture cells in the wells with approximately 200µL of media.

Cells were seeded in the wells at a concentration of 4000 cells per well. The viability

and proliferation were then measured with trypan blue and alamarBlue.

5.2.3 Cell culture in microfluidic channels

Cells were seeded onto the PS/PtOEPK sensor films in several different ways through-

out this work. The flow-through method was the first method used, which was per-

formed either with or without the aid of the flow control system. This method was

largely unsuccessful in producing cell-substrate bonds in >90 % of cases and led to

other methods being investigated. These involved using a PDMS stencil to control the

spatial distribution of cells, and a method where the entire substrate was coated in

cells and the chip was clamped down. Details of these methods are described in the

following sections.

5.2.3.1 Manual cell suspension flow-through

A schematic representation of the flow-through method is shown in Figure 5.6, where

a suspension of cells is passed through the channel, already pressure sealed to the

substrate, and allowed to sink, attach and grow. To begin the process, a cell suspension

was prepared by trypsinising and re-suspending a culture of cells at a confluency of

between 60 % and 80 % in a flask. This ensured that the cells were in a proliferative

phase that had not been slowed due to being near maximum confluency. The cells were

then counted and the microfluidic chip, screws, and chip holder were sterilised by UV

irradiation for at least two hours. The pre-treated substrate was then brought into

contact with the PDMS chip and screwed into place.
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(a) (b)

(c)

Figure 5.6: The flow-through method of seeding cells into a microchannel. Cells were
trypsinised, re-suspended and a) passed through the microfluidic channel, b) flow was
stopped and cells were allowed to sink, attach and spread before c) flow was resumed.

When the flow control system was not attached, the microchannels were filled with

cell suspension by directing a pipette through the second outlet port (the middle outlet

port that runs straight from the main channel) and 200µL of media was subsequently

filled into every in/outlet port. The in/outlet reservoirs were left open to the environ-

ment. To decrease the rate of evaporation, either the ports were covered with a glass

microscope slide, a small beaker of sterile PBS was placed next to the chip-holder, or

a stack of sterile filter paper saturated with milliQ (Mil) water or PBS. The entire

chip and holder were then placed in a partially sealed plastic container in a cell-culture

incubator for 24 hours, after which the media was changed by pipetting pre-warmed

media through the microchannels. The chip-holder assembly was removed from the

plastic container to facilitate imaging while covered with a sterile PE sheet or a glass

slide to preserve sterility.

5.2.3.2 Cell suspension flow-through via flow control system

The cell-loading methods with the flow control system utilised the same principle as

shown in Figure 5.6, but the cell-suspension was injected using the flow control setup.

The flow control system was assumed to be capable of slower and more consistent
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injection of the cell suspension than the manual method, and of applying a consistent

stationary flow. A schematic of the experimental setup for this cell seeding method

is shown in Figure 5.7. Before the flow setup and tubing were used with live cells,

everything was sterilised by flowing 70 % ethanol v/v in DI water through the system

for at least 10 minutes followed by DI water and UV radiation for at least 60 minutes.

The cell suspension was prepared by trypsinisation and cell pelleting as before, but was

then loaded into an Eppendorf tube (Labserve, LBSCN8MCT15) and connected to its

own pressure port supplied by the flow controller (see Figure 5.7). The pump was then

used to drive a flow of media through the tubing circuit, after which the flow switch

was used to redirect flow to the Eppendorf tube. The flow speed used for media was

80µL/min (the maximum possible with flow control) and 20µL/min was used for the

cell suspension. Once cells were seen moving through the microchannel through the

microscope (Nikon 80i) and camera (Hamamatsu, C11440 Orca-Flash4.0) using the

5×/0.15 NA objective, the flow was stopped and valves were turned off either side of

the microfluidic chip. This trapped the cells in the channel and reduce any residual

pressure-driven flow. The chip holder was detached at this stage and placed in a cell-

culture incubator to provide temperature and CO2 environment control, but this dried

out the channel within a few hours. The holder was instead placed on the repurposed

microscope stage heater described in Chapter 3. The cells were left to attach in these

conditions for as long as possible before bubbles started forming in the channel as the

media began to evaporate, typically taking a approximately two hours in static flow

conditions (n>10). The time allowed for cells to attach in microchannels in other work

is compared to this work in the results section.

5.2.3.3 Cell stencil

The second method used for managing the transfer of cells into a microchannel was the

stencil method. The principle behind this method was to allow cell-substrate bonds to

form without influence by the inevitable shear and flow of media in the channel. To

achieve this, cells were excluded from areas to be occupied by the flat PDMS. This was

done by manufacturing a PDMS stencil, as shown in Figure 5.9, which consisted of an

approximately 2 mm thick PDMS film with a cut-out in the shape and location of the

main cell-culture channel. To produce this stencil, photolithography with liquid PR was

used to fabricate a mould of the channel. The same exclusion moulding technique as

that used to cast FePDMS was used to produce a thin PDMS stencil of the channels.

First, a silicon wafer was spin-coated with a 270 µm thick layer of SU-8 2100, as

discussed in Section 4.2.1, then exposed to UV light through the mask, a schematic

of which is shown in Figure 5.8. The pattern was then developed as described before,

producing a mould master.

To produce the thin stencil of PDMS, exclusion moulding was used in the same way
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Figure 5.7: The flow setup needed to seed cells with the flow-through method using
the pressure-controlled pump. The two circuits usually used for media flow/oxygen
control were bypassed and an Eppendorf tube containing a suspension of cells was
connected to one of the remaining pressure outlets of the pump. This suspension was
then driven through the channel and the flow set to zero to allow attachment. Fluidic
connections are shown as solid black lines and electrical connections to the oxygen
sensors, computer and pump are shown in dotted black lines.
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Figure 5.8: The design of the exclusion mould for fabrication of the PDMS stencil
used to exclude the growth of cells from all areas except the channel. The curved
patterns around the straight channel pattern were designed to support the weight of
the heavy metal weight placed onto the photoresist (PR) to extrude the excess PDMS.
The gaps in this support pattern allowed this PDMS to flow away from the central
channel stencil.

as for FePDMS. The resulting PDMS stencil was cut to the size of the PS/PtOEPK sub-

strates so that the rectangular hole lined up with the cell-culture channel. A schematic

of the cell-seeding process using a stencil is shown in Figure 5.9, and photographs of the

same are shown in Figure 5.10. To culture cells using the stencil, the stencil was laid

onto a PS/PtOEPK sensor film and pressed down to seal it. A freshly re-suspended dis-

persion of cells was then dispensed onto the substrate-stencil assembly and immersed

in cell-culture media. The cells were allowed to sink, attach and proliferate in the

cell-culture incubator for 24 hours before imaging and peeling off the PDMS stencil.

5.2.3.4 Cell compression

The third method used to orchestrate the transition of cells to a microchannel was

the cell-compression method, where cells were cultured everywhere on a PS/PtOEPK

substrate, then compressed with the PDMS chip by the pressure exerted when the chip

holder screws were tightened. A schematic of this method is shown in Figure 5.11. To

do this, a flask of 50-80 % confluent cells was trypsinised, pelleted and re-suspended, as

previously described. Next, 2× 105 cells were added to a PS/PtOEPK substrate. This

was aided by the previously drawn wax border used to initially confine the PVP or PLL

solutions. This area was approximately 3-5 cm2. The cell-suspension was incubated for

between 48 and 72 hours after seeding to allow strong cell attachment before use. The

culture media was changed by pipette every 12-24 hours as needed.
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(a) (b)

(c) (d)

(e)

Figure 5.9: The experimental setup for transferring cells to a microchannel by using
a cell stencil to confine growth of cells to one area. a) The PDMS stencil fabricated
from the mask shown in Figure 5.8 was placed on top of a glass slide. b) A suspension
of cells was added to the stencil in a culture dish. c) The cells were allowed to sink,
attach and proliferate to populate the area of the glass slide left open by the stencil.
d) The stencil was peeled off leaving a precisely placed population of cells. e) The
microfluidic chip was aligned to the area of attached cells so that they lie beneath the
main channel.
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(a) (b)

(c) (d)

(e)

Figure 5.10: Photographs showing how the cell stencil was used to add cells to a
microchannel in a sterile laminar fume hood. a) The thin PDMS stencil was cut to
the size of a microscope slide using the guides in the stencil itself. b) The stencil was
lined up to a collagen-coated glass slide. c) A small (25 cm2) confluent culture flask of
cells was trypsinised and centrifuged to give a cell pellet. The pellet was resuspended
in media. d) The cells were added to the collagen-coated glass/stencil assembly in a
100 mm culture plate. e) One corner of the PDMS was detached with a razor blade
and pulled to take the stencil off the glass.
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Figure 5.11: The method of transferring cells to a microchannel by compressing a
cell covered glass slide with a PDMS chip. Cells are cultured in a plate containing
a substrate. The substrate is allowed to reach 60-70 % confluency. The substrate is
removed from media and clamped to the chip using the chip holder.

The prepared substrate, when it was between 50 and 80 % confluent with cells, was

placed on top of another sterile plain glass slide in the sterile chip-holder base plate.

Any excess media left over from media changes was left on the cells at this stage, so

it would act to fill most of the channel once it was brought into contact. A sterile

PDMS chip was then rested on top of the cell monolayer by slowly lowering it outlet

side first and bending it down until it was completely in contact. The screws of the

chip-holder were lightly tightened, then every other screw was tightened a quarter of

a turn until it was under sufficient pressure to compress cells and withstand fluid flow

without leaking. Care was taken not to trap large amounts of air between the PDMS

and the substrate. Screws were slowly and evenly tightened to extrude all leftover

media, providing a strong seal, but without cracking the glass substrate.

5.2.3.5 Preparation of the off-chip system

Before the substrate and adhered cells were attached to the PDMS chip and control

setup, the tubing, other components and PDMS were sterilised by UV irradiation for

at least four hours. Before exposure to cell-culture media, the tubing and components

were flushed with 70 % ethanol at high pressure. This was done by filling the media

reservoirs with 15 mL of 70 % ethanol and directing the two outlet tubes into a waste
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beaker. The pump was then set to provide the maximum pressure possible to the media

reservoirs, 2000 mbar. This produced a flow rate of around 3 mL/min which was too

high to measure by the 2-80µL/min flow sensors. This rate was maintained until the

ethanol was depleted and air was pushed out of the outlet tubes. This was also done

after every experiment.

5.2.4 Preparation of cells for oxygen control on-chip

As discussed later, the cell-compression method was used to load cells into the mi-

crochannel and expose them to a DO gradient since it was the only method that pro-

duced strong enough cell-substrate bonds. Therefore, to prepare the control system,

after the cells had been cultured on sensor substrates for 72 hours, the off-chip compo-

nents were UV irradiated for at least two hours and the oxygen gradient was set up as

described previously in Chapter 3. When the sensor measurements were satisfactory,

indicating that each of the streams were hypoxic/hyperoxic, the chip holder and cells

were plugged in.

While the pre-prepared cell monolayer was being exposed to the oxygen gradient,

images were acquired as previously described in Chapter 3. Likewise, DO measure-

ments were also taken in each stream. The main difference when operating the system

with cells was that visible light images were taken of the cells themselves, and the

measurement of the sensor film was done less frequently to minimise photobleaching.

Visible light images were acquired at the start of the exposure of cells to the gradient,

so that the cells could be seen to be non-apoptotic. The view was then switched to take

fluorescent images of the intensity gradient provided by the PS/PtOEPK film over the

entire period that the cells were exposed. Again, visible light images were taken at the

end of the exposure.

After cells were exposed, they were fixed with GA in preparation for IF and AFM

imaging. This was done on-chip because detaching the PDMS chip beforehand could led

to delamination of the PS/PtOEPK sensor film as the PDMS was peeled off. To prevent

this, GA solution was firstly prepared by adding 2.5% GA v/v in PBS and loaded

into a 5 mL syringe. This was attached to the fluidic system as shown in Figure 5.7.

Gluteraldehyde was injected slowly through the channel and left for 15 minutes. The

tubing inlets and outlets were then detached from the chip holder and the chip moved to

an extraction fume-hood. A syringe containing GA was then reattached directly to the

middle outlet channel and positive pressure was applied while all the other outlets were

blocked with plugs. During this stage, the chip holder screws were loosened and the

PDMS chip was lifted off the substrate whilst positive pressure was still being applied

with the GA-filled syringe. This method, in more than 90 % of occasions (n>20),

confined the tearing of the film to around the channel area so that the cells exposed

to the gradient closest to the inlets were retained for IF and other characterisation
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methods. Since the cells were already fixed, the shear applied by the manual injection

of GA was assumed to not effect cells in any way unless any morphological changes

were viewed through the microscope during GA injection.

5.2.5 Cell characterisation methods

After the oxygen gradient described in Chapter 3 was applied to a substrate of cells,

the characterisation of cells could be performed. The reactions of cells to external

stimuli can be quantified by using a myriad of stains and antibody assays available

commercially. The methods used to characterise the appearance, behaviour and protein

levels of cells in this work are described in the subsequent sections.

5.2.5.1 Cell morphology

Cell morphology can be one of the most simply characterised parameters as a series

of images over time is sufficient for the trained eye to identify changes. Events such

as the appearance of vesicles, signs of apoptosis, necrosis and detachment of cells can

be observed. To allow scrutiny of morphology or behavioural changes during gradient

exposure by eye, while also imaging the sensor film, the cells were imaged with a

10×/0.3 NA lense (Nikon ECLIPSE 80i) periodically throughout experiments. These

were made into movies so that the time of gradient exposure could be viewed at a rate

faster than real time.

The morphology of cells having gone through different treatments was also char-

acterised by AFM. To do this, after a monolayer of cells was fixed with GA, several

points were marked with a permanent marker on the underside of the glass substrate to

guide imaging. Marking the underside of the channel was required because the quality

of the microscope available on the AFM was not suitable to resolve the boundaries of

the previously-present channel. These edges were usually visible using light microscopy

because the cells in the channel appear raised compared to the flat nature of the com-

pressed cells beyond the channel walls, and this created a visible boundary. Atomic

force microscopy was used as previously described in tapping mode to measure the 3D

morphology.

In each case, the marked points were found and an area was chosen that was

located in the hyperoxic or hypoxic region. The AFM was autotuned and the resonant

frequency of the cantilever and tip (300 kHz). Before a detailed image was taken, a

test image was acquired to check that there was no large debris in the current field

of view that would obscure the cells. To do this, the scan area was set to 100µm2

and the resolution set to the lowest possible. Once this scan was complete with no

obscuring debris, the resolution was set to the highest possible and the scan speed

to the lowest. The z-limit was also reduced to a value nearer the maximum height

measured on the low resolution image, so that the contrast was increased in the final
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image. Each image was imported into Gwyddion software and, as previously described

in Chapter 3, flattened, outliers removed and saved in the orange colour scheme.

5.2.5.2 Direct staining of oxygen: Image-iT assay

The hypoxia-activated stain Image-iT (ThermoFisher, H10498) was used with the in-

tention of identifying the level of DO inside cells located on the hypoxic side of the

microchannel. The reagent was added to cell-culture media at a concentration of 1 mM

in dimethyl sulfoxide (DMSO).10µL of this solution was subsequently added to each mL

of cell-culture media resulting in a 1 % DMSO concentration of DMSO in the final so-

lution. This is a high concentration of DMSO, double what is considered the upper

limit of safe levels, and could cause some toxicity to cells cultured with this sulution at

these concentrations as a result. The prospect of this is discussed in the results section

of this chapter.

Before the Image-iT assay was used on-chip, it was first carried out in a 6-well

plate to assess its efficacy. To do this, Ishikawa cells were allowed to attach in each

well of a PS 6-well plate for at least 12 hours. A PDMS plug 1 cm thick was fabricated

for each of the six wells with standard PDMS handling methods using a 6-well plate

as a mould. Two 4 mm diameter holes were punched through each PDMS plug to

allow for gas entry and exit. A 1 mL pipette tip was used to interface the nitrogen

gas outlet to the PDMS and minimise leakage. The PDMS plug was held in place

with electrical tape with a window cut for microscopy (Nikon ECLIPSE 80i) using the

5×/0.15 NA objective. The fluorescent signal was viewed with a filter cube allowing an

excitation/emission wavelength of 490/610 nm [289] and images were saved using the

HCImage Live software. Once the cells were imaged under hypoxia, the nitrogen flow

was stopped and the culture media was allowed to re-equilibrate with the atmosphere

whilst imaging.

Although the use of this reagent is not ideal since it permeates the cell cytoplasm

with unknown effects on cell behaviour, it was used in the microchannel with the

aim of verifying hypoxia inside the cells in the hypoxic region of the channel. In

six experiments, the assay was done by adding 1:10 v/v of the Image-iT reagent to the

cell-culture media in the media reservoirs. This was then passed over cells as part of

both streams and imaged, also using the 5×/0.15 NA objective.

5.2.5.3 Anti-HIF-1α immunofluorescence assay

Indirect IF was used in this work to resolve spatial distribution of the HIF-1α protein in

the channel. After cell fixation, the substrate with cells were first rinsed by immersion in

PBS three times for 5 minutes. Subsequently, the cells were permeabilised by immersion

in 5 mL of 0.2% Triton X - 100 (SigmaUltra, T9284-500ML) for 10 minutes to partially

perforate the cell membrane after fixation so that large protein molecules can enter
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the cell [295]. The cells were then again immersed in PBS three times for 5 minutes.

Any nonspecific binding of the antibody was reduced by immersing the substrate in a

blocking agent consisting of BSA in PBS with 0.1 % Tween 20 (PBST) for one hour.

The bovine serum albumin (BSA) is a mixture of 3 % BSA powder in PBS [192,296].

After blocking, the primary antibody staining step was performed, which consisted

of dispensing the anti-HIF-1α antibody (abcam, ab51608, goat anti-rabbit) over the

cells as 200µL of a 1:200 dilution in 3 % BSA at 4◦C for 12 hours, or alternatively

at room temperature for one hour. Three washing steps of 5 minutes each with fresh

PBST were then carried out to wash off any excess anti-HIF-1α antibody [192]. The

secondary antibody was then applied as 300µL of a 1:300 dilution in 3 % PBST at 4◦C

for 12 hours, or at room temperature for one hour. Unbound fluorescent antibody

was protected from ambient light driven photobleaching by wrapping the container in

aluminium foil. Finally, the slides were washed three times in fresh PBST, and three

times with milliQ water, protected from light before imaging, and stored at 4 ◦C.

5.2.5.4 Explorative drug assays

Before choosing a suitable drug to test the drug-screening capabilities of the cancer

model system with DO control, an efficacy assay was performed to determine which

drugs are effective on Ishikawa cells (this was not done on SKOV-3 cells). As sec-

tion 2.1.12.1 described, cisplatin, peclataxel and doxorubicin are commonly used drugs

to combat endometrial cancer, and FR180204 and PTS are emerging drugs of interest.

Drug efficacy assays were performed in 96-well plates with cisplatin, PTS and

FR180204 at concentrations of 0, 1, 2, 5, 10, 15 and 20µM. To do this, cells were

grown in three large 25 cm2 cell-culture flasks (Corning, 3056) until 80 % confluent.

Each was then trypsinised, pelleted and counted using a trypan blue assay. Then, cells

were seeded at a density of 2000 cells per well in a 96-well plate for the 72 hour assay

and incubated for 12 hours to adhere to the plate substrate. A 12 hour adherence

time was used since 12 hours [297] or 24 hours [298] is what is usually given in drug

assays the literature. There was also no need to emulate conditions for adding cells

to PS/PtOEPK films since the drug assay results were only used to determine if the

drugs were effective on Ishikawa cells.

Cisplatin in saline, paclitaxel in DMSO and FR180204 in DMSO were made up

in Eppendorf tubes and stored at 4◦C until use (no more than 24 hours). After the

cells had adhered, the existing cell-culture media was aspirated and new (pre-warmed

to 37◦C) media was provided for each well with the range of concentrations of each

drug with 3 repeats each and incubated at 37◦C. Three of these assays were completed,

each performed separately 24 hours after the previous, for the range of concentrations

for an incubation time of 3 and 72 hours [273]. The 72 hour assay was completed first

to assess which drug was the most effective at reducing proliferation and cell-number,
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then three hours as discussed in the results section, as this was the longest time cells

were cultured in a controlled DO microenvironment.

To assess drug efficacy after 72 hours, AlamarBlue and subsequent crystal violet

assays were performed so that cell proliferation and number could be compared against

drug concentration and type. The AlamarBlue assay was performed as previously de-

scribed. This time, however, absorbance was used instead of fluorescence, the intensity

of which was measured at 530 nm and 590 nm. This was done because the absorbance

of AlamarBlue can be directly compared to the control without any manipulation of

data. For the crystal violet assay, the AlamarBlue solution was first measured and

aspirated, then the crystal violet assay was performed as described previously. The

intensity data from both assays were analysed in Microsoft Excel.

For the three hour drug assay, 5×104 cells were added to 18 wells of a 24-well plate

with 1 mL of media. One advantage of cisplatin is that it is soluble in saline as well as

DMSO, so that high concentrations could be used without introducing toxicity caused

by DMSO. Three hours was chosen because this was the maximum amount of time that

the cells were able to be cultured on-chip with oxygen control before the experiment

was cut short by any one of several different issues that are discussed in the results

section. Since these drug assay results were to be compared to the results on-chip, the

cells were seeded in 24-well plates and allowed to attach and proliferate for 72 hours

to mimic the preparation of cells seeded on PS/PtOEPK films. The concentrations

of cisplatin used for this assay were 0, 20, 30, 50 and 100µM. When the drugs were

added, new media was dispensed in each well and the old media was discarded. After

three hours of drug exposure, however, the media that was aspirated from each well

was kept in Eppendorf tubes so that any dead cells that detached during drug exposure

would be counted as part of the dead population. After the media and dead cells were

aspirated and stored, 900µL of fresh media was added with 100µL of alamarBlue to

each well. The alamarBlue assay was performed after four hours, the media/alamarBlue

mixture discarded, each well was trypsinised with 500µL of Trypsin and then added

to an Eppendorf tube for the trypan blue assay. This ensured that no dead cells from

the period of initial attachment and growth, or dead cells that lifted off during the

alamarBlue assay, were counted as part of the dead population.

Statistical analysis of alamarBlue, crystal violet and trypan blue results was per-

formed in Prism (GraphPad, v8) with a two-way Anova Tukey test between concen-

trations and T-tests to compare the media control with the media plus drug buffer

control.

5.2.5.5 Immunofluorescence imaging

To image the anti-HIF-1α immunostained cells, a ZEISS Imager.M1 microscope was

used along with ZEN 2.3 pro software. Images were acquired with an HXP 120 V
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mercury lamp, an automatic stage and a ZEISS Axiocam 506 mono camera. Before

imaging, the channel settings were first set in the software. The green fluorescent pro-

tein (EGFP) and differential interference contrast (DIC) channels were selected. The

EGFP channel was selected for viewing the secondary antibody fluorescence because

it corresponded to the correct emission wavelength of 395 nm. The DIC channel was

used to record high quality bright field images.

The Shading Correction function was used with objective 5× or 10× DIC channel

to remove the dark circles around the images. This was invoked by adjusting the focus

until no features of the cells or sensor film could be seen, then pressing the Shading

Correction button. The region of view was then focused back to the cells and images

of the channel were acquired. The Tile function was used to enable high magnification

images of large areas, so that the entire microchannel area could be captured. With this

function, around 200 images could be taken at 20× magnification, which took around

10-15 minutes to complete and produced a high-resolution image of the entire channel.

The images were then stitched together automatically and exported as compressed .jpg

images. Images at 5×, 10× and 20× were acquired for each substrate and analysed

with MATLAB.

5.2.5.6 MATLAB quantification of immunofluorescence

The brightness of the IF stained HIF-1α protein was used as an approximation of

the concentration of HIF-1α within each cell. This means that, if the brightness per-

unit-area in each half of the channel widthwise were to be computed and compared,

this can provide evidence that the cells responded to the cross-stream DO gradient by

influencing the cellular levels of the HIF-1α protein. This comparison was done with

a MATLAB script, which is shown in its entirety in Appendix C. The script was used

to output the intensity per unit area of a user-defined number of adjacent sections in

a certain area along the channel length and to plot a graph of intensity per unit area

on both sides of the channel.

The script first prompted the user to input the name of the image to be analysed.

The user was then required to define the overall ROI and the number of times this is

divided into segments along the channel length, and the x and y coordinates of the

top-left starting point of the cell-culture channel. This allowed the script to divide the

length of the channel into two groups of ROIs, one in the hypoxic and the other in the

hyperoxic region. The coordinates were found by opening the working image with the

imtool command, from which the coordinates of the curser were extracted.

The script then converted the raw image into a greyscale image and displayed

it to be verified. The intensity per unit area was then calculated for each ROI in the

hyperoxic and hypoxic region, which sequentially extended downstream. For each ROI,

the image was first thresholded so that every pixel with an intensity lower than a certain
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value (defined as < 0.2) was set to zero. This excluded any ambient background and any

recorded light that originated from the PS/PtOEPK sensor film. After thresholding,

the mean intensity and the number of black pixels in each ROI was calculated and

stored in variables. After the number of non-black pixels was computed from the

number of black pixels using a predefined MATLAB function, the intensity per unit

area was computed for each pair of oxygenated and nitrogenated ROIs by dividing

the mean intensity by the number of non-black pixels. The intensity per unit area

of each ROI pair was then plotted on a graph against distance from the start of the

cell-culture channel, allowing the intensity difference between hypoxic and hyperoxic

cells to be identified, as well as the drop in the difference between regions in the two

streams as the ROIs extend downstream.
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5.3 RESULTS AND DISCUSSION

The following sections present the results gathered from the explorative drug assays off-

chip, the cell viability and morphology results on PS/PtOEPK sensor films of different

treatment types in wells and in channels, and the viability and protein level results of

on-chip assays with oxygen control.

5.3.1 Explorative drug assays

In order to choose a chemotherapy drug for use on Ishikawa cells on-chip with DO

control, a 72 hour drug assay was performed using a traditional 2D model in standard

cell-culture wells with cisplatin, PTS and FR180204. After 72 hours, alamarBlue and

crystal violet assays were performed in order to identify the drug that reduced the

metabolism and viability of Ishikawa cells the most effectively. These metabolism and

cell-number results are presented in the following as a percentage of a control containing

complete MEM and the drug buffer of either 0.9 % saline or DMSO.

The metabolic activity of the cells that were cultured in media, media plus saline (in

the case of cisplatin) or DMSO (in the case of PTS and FR180204), and 1, 2, 5, 10, 15 or

20µM of cisplatin, PTS and FR180204 for 72 hours is shown in Figure 5.12. Firstly, it is

important to note that the mean metabolic activity of Ishikawa cells in the media plus

DMSO control is reduced by approximately 50 % (P<0.0001) compared to media alone.

For the PTS/DMSO control, a 50 % (P=0.0004) decrease was observed and for the

FR180204/DMSO control, a 50 % (P=0.0030) was observed. This is not unexpected as

DMSO is cytotoxic [299], and 0.7 % of the volume in each well was DMSO/drug solution

for each concentration of PTS or FR180204. There was no statistically significant

reduction of proliferation of cells cultured in media with saline, which is also expected

as 0.7 % of the 200µL was replaced with saline solution, which equates to 1.4µL of

added saline and 0.0126 g of added sodium chloride. This has the effect of subtracting

1.4µL of media and adding 1.4µL of saline with salinity 0.063 g/kg, which is a change

of below 0.001 % for MEM cell-culture media with Hank’s salts formulation, so was

considered to alter the salinity negligibly.

As shown in Figure 5.12a, a statistically significant decrease in metabolism of 75 %

was measured with both 15µM (P=0.0010) and 20µM (P=0.0011) of cisplatin com-

pared to the control. At concentrations lower than 15µM, no statistically significant

changes compared to the control were observed. These results suggest that cisplatin is

effective on Ishikawa cells after 72 hours at concentrations higher than 15µM.

Other previously published work has reported that the IC50 value for cisplatin and

Ishikawa cells is 22µM [297]. In the present work, cisplatin produces an approximately

75 % (P=0.0011) reduction in proliferation with 20µM compared to the DMSO control.

This equates to a lower IC50 value that reported previously [297], suggesting that
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(a)

(b)

(c)

Figure 5.12: The alamarBlue assay results on Ishikawa cells in wells after exposure
to cisplatin a), PTS b) and c) FR180204 at concentrations of 1, 2, 5, 10, 15 and 10µM
for 72 hours. Data presented as mean ± standard error (n=3). Statistical significance
is at P<0.05 (*), P<0.005 (**), P<0.001 (***) and P<0.0001 (****).
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Ishikawa cells used in the present work are comparatively more sensitive to cisplatin.

This could be due to a lower passage of cells used in literature compared to that used

in the present work.

Pterostilbene exposure over 72 hours, as shown in Figure 5.12b, results in a sta-

tistically significant reduction in the mean metabolic activity of over 75 % (P<0.01) in

Ishikawa cells compared to control at concentrations above 10µM. However, the de-

crease in metabolic activity between 10µM, 15µM and 20µM are not statistically sig-

nificant. There is a statistically significant decrease of 37 % (P=0.0050) between 5 and

15µM, and 35 % (P=0.0053) between 5µM and 20µM. This suggests that 15µM is the

lowest concentration that is effective at reducing the metabolic activity of Ishikawa after

72 hours compared to both control and the other concentrations of PTS investigated.

The anti-proliferative effect of PTS has been previously investigated over 72 hours with

ECC-1 and HEC-1A cells [300], where it was found that PTS significantly decreases

cell viability at concentrations above 37.5µM in ECC-1 and HEC-1A cells [300]. For

Ishikawa cells, it has been found that a concentration of 25µM significantly reduces

the cell proliferation and induces significant cell death [272], but an AlamarBlue assay

at the low concentrations used in the present work was not completed so could not be

compared.

Additionally to endometrial cancer assays, PTS has been shown, at concentrations

of 10µM and 50µM, to produce a decrease in cell metabolism of approximately 65 %

and 80 %, respectively, in breast (MDA-MB-231), colon (HCT-116), and liver (Hep-

G2) carcinoma cell-lines [301]. The 75 % (P<0.01) decrease observed in the present

work with a 10µM concentration suggests that Ishikawa are more sensitive to PTS

and cisplatin compared to these other cell-lines.

FR180204, as shown in Figure 5.12c, produced a statistically significant reduction

in the mean metabolic activity of approximately 70 % (P<0.01) over 72 hours at con-

centrations above 10µM. There is no statistically significant change between 10, 15 and

20µM, however. This suggests that FR180204 is the least effective drug on Ishikawa

cells over 72 hours.

With respect to previously published work, there are very few studies that report

the efficacy of FR180204, and these do not use Ishikawa cells [302, 303]. Furthermore,

FR180204 has been reported to reduce the cell viability of colorectal cancer cells (DLD-

1) over 24 hours at a concentration of 10µM [302]. This could be seen to concur with

the decrease in alamar Blue with a concentration of 10µM FR180204 presented in

Figure 5.12 since the higher the viability of a population of cells, the more alamar

blue dye would be converted to the fluorescent compound. Furthermore, FR180204

has been reported to best suit the facilitation of efficacy increases of other drugs in

combination [303]. Considering the data presented in Figure 5.12, cisplatin is the drug

that is best able to produce a statistically significant reduction in the metabolic activity
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of Ishikawa cells while capable of being administered in a non-toxic buffer.

With respect to the crystal violet assay, the intensity of the dyed DNA of fixed

and lysed cells after 72 hours exposure to the three drugs, i.e. a measure of the cell-

number, is shown in Figure 5.13. Again, the results at each drug concentration are

expressed as a percentage of the control wells containing media plus saline or media

plus DMSO. As is shown in Figure 5.13, there is no statistically relevant effect of any

of the drugs except for an increase between 1 and 2µM of PTS shown in Figure 5.13b.

This contrasts with previous research which showed that 25µM of PTS over 24 hours

produces a reduction in viability in Ishikawa cells of approximately 15 % [272].

The presented results do concur, however, with additional published work which

reported that PTS does not produce a statistically significant reduction in viability at

concentrations below 37.5µM [300] on two endometrial cancer cell-lines (ECC-1 and

HEC-1A) or 100µM on a hamster ovary cell-line (CHO-K1) [304]. This also shows

that previously published work demonstrates conflicting results that are also cell-line

dependant.

In other previously published work using the crystal violet assay and cisplatin on

head and neck carcinoma cell-lines, a 10µM dose of cisplatin over 5 days was shown

to produce a reduction in cell-number of approximately 70 % [305]. This suggests that

the exposure time in the presented assay was too short to allow cisplatin to have an

effect. As far as the author is aware, there has not been a study measuring the effect of

FR180204 on cell number using crystal violet. Figure 5.13c shows that no significant

changes in cell number were observed with the treatment of FR180204 in Ishikawa cells

at concentrations of 1–20µM. This could mean that, as with cisplatin, the time allowed

was too short, or that the concentrations were not high enough to produce an effect.

The crystal violet assay is not possible in a microchannel because it requires the

cells in different conditions to be physically separate so that they can be stained, lysed

and the intensity of the dyed DNA measured for each cell population. The trypan

blue assay was performed on-chip instead to measure cell viability when subsequent

three hour drug assays were performed with cisplatin, as discussed later. The results

of this are discussed after evaluation of the cell behaviour off-chip.

5.3.2 Cell behaviour off-chip

Before culturing Ishikawa and SKOV-3 cells on unconventional surfaces, it is important

to investigate their behaviour on more commonly used cell-culture flasks in order to

compare the behaviour of cells on-chip under experimental conditions. This section

presents images of both cell-types and discusses their morphology and viability at

different passages on PS/PtOEPK sensor films with different surface treatments off-

chip.
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(a)

(b)

(c)

Figure 5.13: The crystal violet assay results after exposure of Ishikawa cells in wells
to 1, 2, 5, 10, 15 and 10µM of a) cisplatin, b) PTS and c) FR180204 for 72 hours. Data
presented as mean ± standard error (n=3). Statistical significance is at P<0.05 (*),
P<0.005 (**), P<0.001 (***) and P<0.0001 (****).
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For Ishikawa cells, there has been work previously published on the differences of

cultured primary endometrial carcinoma cells of low and high passage. The morphology

of primary endometrial cells is epithelial-like at low passage, and the cells have a polyg-

onal shape and grow in groups [56, 306]. The cells become more stromal-like as their

passage number increases, becoming larger and more irregularly shaped. This indicates

that they may undergo epithelial-mesenchymal transition at high passage numbers [56].

The epithelial-mesenchymal transition can be initiated by shear forces [307] in an ovar-

ian cancer cell-line due to fluid flow, but the endometrial cells used in this project

were always discarded after flow experiments, so any effect of shear forces would not

be present in subsequent experiments. It has been reported that the growth rate of

Ishikawa cells appears to increase towards higher passage [56] and it was also suggested

that cells that exceed passage 100 are not suitable for investigations where particular

cell characteristics are important [56].

Observations regarding cell morphology of low versus high passage Ishikawa cells

were made during the present work, since a large range of passages of Ishikawa cells

were used due to the availability of the cells. In this work, Ishikawa cells were observed

to proliferate faster and appeared physically smaller than those at higher passage, as

shown in Figure 5.14. This is in contrast to previously reported results using endothelial

cells where higher passage cells appeared smaller than high passage [308]. Ishikawa

cells also lost their contact inhibition at very high passage, which is a property thought

to contribute to controlling healthy cell numbers in-vitro [10] and is the first step to

metastasis in cancer [183].

SKOV-3 cells were observed to have a different morphology compared to Ishikawa

cells, as shown in Figure 5.15. Higher passage SKOV-3 cells appeared to have a more

regular shape than lower passage cells also, which suggests that these cells may not

have gone through epithelial-mesenchymal transition [36]. This may mean that the

SKOV-3 cells reach a higher passage than Ishikawa before they are able to metastasise.

Only medium–high passage (50–60) SKOV-3 cells were used for the SKOV-3 ex-

periments in this work due to cell viability and their use for less time than Ishikawa

cells. As far as the author is aware, there has not been any published research on

the changing behaviour of SKOV-3 cells at high compared to low passages. SKOV-3

cells are epithelial-like cells, and can have a different appearance compared to other

epithelial cells such as Ishikawas. Compared to Figure 5.14, it can be seen in Fig-

ure 5.15 that SKOV-3 cells had a less rounded shape, contained less vesicles and more

filopodia3. Observations suggested that SKOV-3 cells were more motile than Ishikawa

cells and had better contact inhibition, so produced only a single monolayer of cells

before apoptosing. SKOV-3 cells had more filopodia and vesicles than Ishikawa cells

in general and when under stress, and tended to require a higher minimum seeding

3Filopodia are finger-like structures where the cell-membrane of a cell is being stretched out in front
of the cell as it migrates across a substrate [230]
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(a) (b)

(c)

Figure 5.14: Ishikawa cells in PS culture flasks showing differing ranges of cell size
and clumping behaviour at a) 6, b) 30 and c) 90 passages. Scale bars 250µm.

density or they grew slower. Both cell-lines lifted off from the substrate and SKOV-3

cells also appeared to gain more filopodia when under stress. Apoptosis can usually be

observed via ballooning of the cell-membrane in both cases [309].

5.3.2.1 Cell morphology on sensor films off-chip

To assess the cell-substrate adhesion without the influence of shear forces associated

with culture on-chip, cells were cultured in wells with each substrate treatment tech-

nique described in Chapter 3, i.e. native, plasma-, PVP- and PLL-treated PS/PtOEPK

sensor films. Ishikawa cells were cultured in 1.5 cm diameter PDMS wells and the num-

ber of unattached and attached cells at 4 and 18 hours was counted to compare the

effect of each surface treatment on the number of attached cells after these times. As

shown in Figure 5.16, Ishikawa cells attached and spread in the wells on all native,

plasma-treated, PVP- and PLL-treated PS/PtOEPK sensor films. In wells, this may

be possibly due to the minimal movement of fluid compared to the shear forces applied

to cells in a microchannel.

During this investigation of adhesion, some cells amongst the attached and spread

cells remained rounded and appeared to occupy a larger volume compared to surround-

ing cells that were thinner and more spread. This could be seen through the microscope

by comparing rounded and spread cells and by observing the difference in focal distance
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(a) (b)

Figure 5.15: Bright field microscopy images of SKOV-3 cell-line on PS cell-culture
flasks at a) 50 and b) 70 passages. SKOV-3 appear to have more filopodia than Ishikawa
and a more consistent, albeit more irregular, overall shape. Scale bars 250µm.

between the substrate and the top of the spread and not spread cells. This indicated

that the thicker cells were not spread out on the surface and were not strongly adhered

to it. These cells were observed to be raised and loosely attached after 18 hours, which

suggests that any cells unable to properly attach in the first four hours were still unable

to do so after 18 hours. This suggests that the Ishikawa cells were capable of attaching

and spreading on all the treated films, although there is a percentage that did not do

so on each surface type. To investigate the percentage of attached versus unattached

Ishikawa cells to compare each substrate treatment type, cells were counted at 0, 4,

and 18 hours (Table 5.2). The attachment efficiency at 4 and 18 hours with respect

to 0 hours is defined as the number of attached and spread cells at 4 and 18 hours

as a percentage of the total number that were originally seeded. The attachment effi-

ciency with respect to 18 hours is the number of attached and spread cells at 18 hours

compared to the number of unattached cells at 18 hours. The efficiency with respect

to 18 hours accounts for the possibility that unattached cells may be washed away by

media changes between 4 and 18 hours, affecting the comparison between the number

seeded and those attached at 18 hours.

The data presented in Table 5.2 shows that the number of cells seeded onto films

at zero hours was within the same range for all treatment types. It should be noted

that the mean of the number of cells seeded on PLL-treated films was approximately a

third less than the others these films were investigated in a separate set of experiments

to the other treatment types. The comparisons of attachment efficiency can still be

compared, however, since the number of cells attached as a percentage of the original

number seeded was used to compare between treatment types.

With respect to the attachment efficiency at four hours, 55 % of the Ishikawa cells

attached to the PLL-treated sensor films, which is 27.5 × more than native films, 5.5 ×
more than plasma-treated films and 7.9 × more than PVP-treated films (in all cases

P<0.0001). This suggests that cells are able to attach the most rapidly on PLL-treated
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.16: Bright field microscopy images of the morphology of high passage, 2D-
cultured Ishikawa cells on a), b) native films, c), d) plasma-treated, e), f) PVP-treated
and g), h) PLL-treated PS/PtOEPK sensor films. The left column shows the morphol-
ogy after four hours and the right column after 18 hours. Scale bars 200µm.
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films and that it was the most suitable substrate treatment type if fast attachment of

cells is important, as it was in this work.

At 18 hours, the cells did not exhibit a statistically significant difference in at-

tachment efficiency on any of the film treatment types. This suggests that all the film

treatments resulted in similar ratios of attached versus unattached cells per unit area

at 18 hours. This could also mean that a similar number of unattached cells could

be detached on each type of treated film when exposed to shear in a microchannel.

Overall, these observations suggest that PS/PtOEPK films with all treatment types

are suitable for cell-culture in wells. In the next sections, the behaviour of cells while

seeding them in microchannels with different methods is discussed.

5.3.3 Direct hypoxia assay in wells

Before culturing cells on-chip, a direct hypoxia assay was performed with image-iT in

wells to demonstrate its operation under hypoxic conditions and to observe any visible

effects of hypoxia on cell morphology after three hours in culture wells. This hypoxia

assay was completed with Ishikawa cells in a 6-well plate before use in a microchannel.

This showed that the media became hypoxic very quickly as the nitrogen had only been

pressurising the cell-culture area for 20 minutes before the stain began to fluoresce.

The fluorescence intensity of the image-iT compound in a well under hypoxia is

shown in Figure 5.17, as the media re-equilibrated with the atmosphere. The cells

that were cultured in the well during the equilibration process can also be seen. The

intensity decreases in an exponential fashion, which was not necessarily to be expected

as the purpose of using the image-iT stain was to indicate that the level of DO had

decreased to below a certain threshold. The intensity of the stain was therefore not

necessarily proportional in some way to oxygen concentration above the threshold level,

or even below it.

Unfortunately, the image-iT compound could not successfully be used in a mi-

crochannel due to time constraints. Twelve attempts were made in total, however,

which all failed to progress to the point where the hypoxia was severe enough to enable

fluorescence of the dye. Bubbles, leakage and detachment of cells all rendered these

experiments invalid, meaning that the level of HIF-1α remains the main evidence for

cells being successfully cultured in hypoxia.

5.3.4 Cell behaviour on-chip

One of the main technical difficulties of this project resulted from the low attachment

efficiency on the PS/PtOEPK substrate. The following sections detail the behaviour of

cells added to a microchannel using various seeding methods, such as flow-through with-

out the flow circuit attached, flow-through using the fluid circuit, the stencil method
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(a)

(b)

Figure 5.17: a) The intensity over time of the image-iT after cell-culture media was
hypoxic enough to cause the compound to fluoresce. The trend shows the change in
intensity as the media was reintroduced to the atmosphere. b) The cells under white
light that were cultured in hypoxic media for 100 minutes.
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and the cell-compression method. Optical microscopy was the primary method used

to observe the cells throughout the adhesion process. Ishikawa cells were the only cell

type used with the flow-through and stencil methods due to cell availability. SKOV-3

and Ishikawa were both used with the compression method, since it retained the best

attachment efficiency when cells were transferred into channels.

5.3.4.1 Cell flow-through method without tubing circuit

Before plasma or PVP-treatment were used to improve cell attachment on PS/PtOEPK,

cells were seeded into microchannels by flowing a cell-suspension through the channel

and allowing time for the cells to sink and attach. The flow-through method was car-

ried out with glass and native, plasma- and PVP-treated PS/PtOEPK sensor films.

This method was chosen as it had been used in previously published work to seed

cells on various substrates [79, 108, 204, 310–312]. For example, on fibronectin-coated

glass substrates, only 30 minutes were needed for fibroblasts [310] or kidney cells [311]

to attach in static conditions on-chip without a flow-control system attached. Other

groups have allowed 72 hours until experimenting with kidney cells on-chip [204]. When

using human hepatocellular carcinoma cells and mouse fibroblast cells, one hour was

allowed before a pump system was used to replace media on-chip with a collagen-coated

glass substrate [312]. Another group using glial cells left the cell suspension overnight

(the specific time was not stated) to attach and proliferate into a monolayer on bare

glass before beginning experiments [216]. The longest incubation period of cancer cells

seeded in microchannels found was 12 hours using HeLa and lung endocarcinoma cells

on fibronectin-coated glass [108]. This suggests that cells are capable of attaching

strongly enough to withstand shear forces due to continuous perfusion in a microchan-

nel before the media was dried out or the nutrients depleted. Due to the fact that

cancer cells can naturally metastasise, migrate and withstand heightened interstitial

flow [79], these timeframes appear short considering that a mean of only 10± 5 % of

Ishikawa cells attached to PVP-coated PS/PtOEPK films after four hours in static

conditions in wells.

The first successful culture of Ishikawa cells on-chip was done on a glass substrate

and demonstrated that Ishikawa cells can be grown in a PDMS microchannel using the

flow-through method for cell-seeding. The appearance of a monolayer of Ishikawa cells

in a 500µm wide microchannel is shown in Figure 5.18 over 12 days. This suggests

that, with glass as a substrate, Ishikawa cells are able to be cultured in a microchannel.

Media was replaced using a pipette once the cells had adhered to the substrate, and

the pressure applied when exchanging media was low enough to not break the PDMS-

substrate seal.

These Ishikawa cells attached initially to glass, as shown in Figure 5.18, but they

did not grow as fast as cells cultured in standard PS culture flasks. Even though the
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growth rate of cells was not compared to glass plates, this gives an indication of the

reduced rate of cell-growth in a microchannel compared to standard culture methods.

Loss of cells was also observed over time in a glass/PDMS microchannel, and over

six days the cell sheet had approximately tripled in area. This was slower compared

to PS culture flasks where 100 % confluence was achieved over an area of 2.5cm2 after

a maximum of six days. The cells did not reach confluence over an area of 0.25cm2

after 12 days. Additionally, after 12 days, the cells appeared to detach and become

apoptotic. It is unclear if this was because the culture media was static and the volume

of media was not enough to support the level of confluence at 12 days, or the media

changes themselves were exposing the cells to too much shear.

Despite the possibility that Ishikawa cells may attach slowly to PS/PtOEPK sen-

sor films of all types compared to what is shown in other work [108, 204, 216], the

flow-through method was tested with Ishikawa cells. Immediately after injecting the

microchannel with a cell suspension with the flow-through method, cells were observed

on native, plasma-, PVP- and PLL-treated PS/PtOEPK films. On both native and

plasma-treated films, the cells did not immediately adhere to the substrate unless there

was a very slow passive flow, estimated to be < 5µL/min. This cell attachment was

possible, but technically difficult to achieve with no flow control. The larger the dif-

ference in the media volumes at each in/outlet [146], the longer each in/outlet took

to equilibrate with the others. Hence, more cells were washed out of the channel and

there was less time for them to attach once in static conditions before media evapo-

rated or the nutrients depleted. This effect may be reduced with the combination of a

long channel and large in/outlet wells that were filled entirely with media to combat

evaporation.

In contrast, on films treated with PVP, as soon as cells were seeded they started

to visibly adhere to the substrate even with a non-zero flow. However, the larger the

discrepancy between media volumes at the in/outlets, the faster the flow, and the

smaller the proportion of cells that attached. Filling just the channel with media was

attempted by removing the comparatively large volume of liquid filling the in/outlet

ports. This resulted in quicker evaporation in the channel, however, which dehydrated

the cells.4

Considering these observations and the fact that all substrates were suitable for

cell-culture in wells, the low success of cells attaching to the films in microchannels

was attributed to some aspect of the microfluidic system. Residual flow of media could

have been one reason for this since a mean of 98.3 % of a cohort of Ishikawa cells

were not able to attach in less than four hours on PS/PtOEPK films (see Table 5.2).

Unattached cells may have then been washed away during media changes. This slow

attachment may be a charachteristic of Ishikawa cells, as fewer integrins are expressed

4A trick that is most likely widely used, but never published, uses filter paper saturated with PBS
to keep the container humidified to reduce evaporation.
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(a) (b)

(c) (d)

Figure 5.18: A series of bright field images showing the progression of a 2D cancer
cell sheet in a straight channel with no perfusion of media at day a) 0, b) 2, c) 8
and d) 12 days. Scale bars 250µm.
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in higher grades of endometrial cancer [259]. Thus, Ishikawa cells may present an

additional challenge to adherent culture in microchannels compared to cell-types used

in other work that were seeded using the flow-through method [108, 310–312]. They

may, however, be better suited to 3D culture in microchannels instead.

An alternative reason to explain the lack of attachment of cells during the flow-

through method could be that the media was being used too quickly by the cells in

suspension, so their energy requirements in order to attach were not met before their

metabolism depleted the media. To improve reproducibility, and attempt better control

of zero-flow during the flow-through method, the flow-through procedure was repeated

with the use of the flow-control system.

5.3.4.2 Cell flow-through method using tubing circuit

As previous experiments demonstrated, media flow within the channel could not be

kept at zero without the flow-control system attached. The flow-through method of cell

seeding was therefore repeated with a flow-control system. Once the flow of media from

the media reservoirs passed through the chip, the flow was switched to an Eppendorf

tube holding the cell-suspension, as shown in Figure 5.7. This was then flowed through

until cells were observed through the microscope to be in the microchannel. The flow

was subsequently stopped. Despite the use of rigid ETFE tubing and stop-valves at

every inlet/outlet, the flow rate was not able to be reduced to zero and either a slow

oscillation or a slow continuous flow was seen as the cells moved across the field of view.

This flow could have been generated due to the flexibility of PDMS, or the stop-valves

were not able to stop the flow completely, but led to the cells not being able to sink

and attach to the substrate. As far as is known, there is no other published work

that describes similar issues, so other groups may have encountered similar problems,

or alternatively had no problems considering the number of studies utilising the flow-

through method. These results led to the third and fourth methods of cell-loading to

be used, the stencil and cell-compression method.

5.3.4.3 Cell stencil method

The stencil method has been used previously to directly seed epithelial cells [313]

and myotubes [314] onto a substrate. Stencils have also been used to pattern ECM

attachment proteins to direct the selective attachment of cells [315]. This method

was therefore used to selectively attach cancer cells to the area of PS/PtOEPK sensor

film beneath the channel. Cells were successfully cultured on the sensor film with an

attached stencil, but cells intermittently grew underneath the PDMS stencil, directly on

the PS/PtOEPK. Despite this, when the stencil was removed, the stencil delaminated

the PS/PtOEPK film. This could not be reliably prevented, so theis method was

replaced with a cell-compression approach.
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5.3.4.4 Cell-compression method

The cell-compression method was used with PLL-treated sensor films to improve the

adhesion of cells. This method allowed a much longer initial attachment period for cells

off-chip without disruptions from media changes, as was the case for the flow-through

method on-chip, and as a result was significantly more successful. As a direct result of

using the cell-compression method, fewer cells were lost during every media change and

a monolayer of cells with a morphology similar to that seen in conventional cell-culture

platforms was produced on PS/PtOEPK sensor films.

Optical images of 100 % confluent Ishikawa and SKOV-3 cells having been com-

pressed under a PDMS chip are shown in Figure 5.19. The cells under the PDMS were

compressed until flat and the PDMS was contacting the substrate, evidence for which

was observed by adjusting the focus showing that these cells were very thin. Addition-

ally, the cells inside the channel appear to be alive and not apoptotic. This can be

deduced from their morphology.

Even though the cell-compression method was the most successful method of load-

ing cells into a microchannel, some degree of caution was required. Even with the wax

border present, the PS/PtOEPK sensor film intermittently cracked and delaminated

from the glass surface. This was more likely to occur when the sensor solution had

reached the edges of the glass slide where the cell-culture media could work its way

underneath. This led, on one occasion, to cells growing on the glass slide beneath the

sensor film.

The second problem associated with the cell-compression method was the fact that

cells were likely to be cut in half if located on both sides of the channel wall. This can

inevitably led to the contents of ruptured cells flooding the channel. It is possible

that the remaining live cells inside the microchannel could instigate a response as if

a nearby cell had died due to necrosis. To reduce this response in the present work,

the media was mobilised through the channel a little over a minute after the cells were

compressed and any cell contents in the 1000µm× 100µm× 4 cm channel were washed

away in 24 seconds with a 10µL/min flow rate.

After implementation of the cell-compression method, the effect of the exposure of

the remaining live cells to debris of ruptured cells was investigated by measuring the

viability of remaining cells. The morphology and adhesion of cells to the PS/PtOEPK

sensor films of both Ishikawa and SKOV-3 cell-lines were also characterised on each

surface treatment prior to compression, after compression, and lastly after exposure to

various experimental conditions with continuous perfusion on-chip. These results are

shown in the next sections.
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(a)

(b)

Figure 5.19: A DIC image of a confluent population of a) Ishikawa endometrial cancer
cells and b) SKOV-3 cells on a poly-L-lysine (PLL) treated PS/PtOEPK sensor film
at one wall of a PDMS channel. The SKOV-3 cells appear to either have flattened and
attached to the substrate, or come to rest on the substrate without spreading. These
cells appear to have a larger volume, so that a proportion of the cells appear out of
focus since they do not all occupy the same focal plane. Scale bars 200µm.
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Table 5.3: The viability of Ishikawa and SKOV-3 cells 5 minutes after compression
with a PDMS chip. No DO gradient or perfusion of media (Earle’s salts) was present
and cells were cultured for 72 hours on PS/PtOEPK sensor films prior to being loaded
into each channel by the compression method. Statistical significance is at P<0.05 (*),
P<0.01 (**), P<0.001 (***), P<0.0001 (****).

After cell compression on-chip

Ishikawa

Mean viability in flasks (%) 89.8
Viability after compression (%) 63.1±31.9

Mean viability loss w.r.t flasks (%) 26.7

SKOV-3

Mean viability in flasks (%) 95.1
Viability after compression (%) 77.5±24.8

Mean viability loss w.r.t flasks (%) 17.6*

5.3.5 Cell behaviour minutes after seeding into the channel with the

compression method

To investigate whether compression of adjacent cells adversely effects cell viability or

morphology and to characterise the behaviour of cells in various experimental conditions

on-chip, it was necessary to characterise cells on PLL-coated PS/PtOEPK sensor films

immediately after the cells were compressed. First, cells were prepared by seeding

onto PLL-coated sensor films and allowed 72 hours to attach and spread. They were

then compressed with a PDMS chip. The viability of remaining uncompressed cells

resident in the channel was measured by flowing 10 % v/v trypan blue solution in

complete MEM through the channel to displace any cell fragments produced during

compression. Five minutes were allowed for the trypan blue to permeate dead cells

and images were taken at 0, 1, 2 and 3 cm along the channel length. These images

were used to count stained cells by marking cells on each image with image processing

software.

The initial viability of the Ishikawa cells in flasks before seeding onto the PLL-

coated films was 89.8±8.1 % (n = 3) and that of SKOV-3 cells was 95.1±2.1 % (n = 3).

This shows that the cells were of a satisfactorily high viability and were well suited to

be trypsinised and sub-cultured on PS/PtOEPK films. This kind of high viability is

expected from a culture of cells grown in a conventional flask, however, as the substrate

material and treatment are specifically designed for purpose. There was no statistically

significant difference observed between the viability of the two cell-lines cultured in

flasks. Any loss or gain in viability over the two days of culture on PLL-coated films,

immediately after compression, is shown in Table 5.3 for comparison.

As indicated by the data shown in Table 5.3, the viability of both cell-lines de-

creased after being compressed following culture on PS/PtOEPK sensor films for

72 hours. This was only statistically significant for SKOV-3 cells, however, where the
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decrease in viability after compression was 17.6 % (P=0.0423). In summary, these re-

sults suggest that the culture of Ishikawa and SKOV-3 cells on PLL-treated PS/PtOEPK

sensor films, as well as immediately after cell-compression, did not have a significantly

large effect on their viability.

After the cells were successfully sealed in the PDMS chip, the chip-holder assembly

was placed on a microscope stage heater which maintained the culture at a suitable

temperature. Before proceeding to discuss the cell behaviour on-chip after one hour of

perfusion on the stage heater, the characterisation of the temperature control system

is discussed.

5.3.6 Temperature control of cells during perfusion experiments

During perfusion experiments, a stage heater was placed onto the microscope stage to

enable temperature control of the cell culture on-chip. Fluctuations in temperature

were expected due to long periods of light being incident on the cells, as this would

transfer energy to the sample. This however, was not observed, or any differences were

small compared to the temperature control provided by the microscope stage heater.

The temperature of the PDMS surrounding the channel was recorded with a handheld

infrared temperature sensor every 15 minutes during perfusion experiments so that

temperature changes due to light exposure could be recorded. Before these experiments

were conducted however, the temperature control system was characterised so that a

suitable set-temperature could be determined so as to maintain the PDMS chip at

37◦C. The characterisation data are shown in Table 5.4.

Table 5.4: The mean temperature (and standard deviation) of the PDMS at different
set temperatures of the microscope stage heater over two hours of cell-culture and
continuous perfusion at 10µL/min.

Temperature (◦C)

Set PDMS Room Normalised PDMS

33 (n = 2) 35.5± 0.6 22.5± 0.5 33.0

34 (n = 1) 35.7± 0.6 21.2± 0.1 34.5

34.5 ( n= 1) 35.4± 0.6 22.0± 0.3 35.4

Overall, the microscope stage heater seemed to provide a sufficient temperature

control method to maintain cells near 37◦C. At a set temperature of 33, 34 and 34.5◦C,

the cells were successfully maintained at temperatures of 4, 2.5 and 1.6◦C lower than

in a cell-culture incubator, respectively. A set temperature of 34.5◦C was used for sub-

sequent experiments because room temperature had risen higher than 25◦C previously,

so under-heating cells was considered favourable over allowing possible overheating.

Overall, the temperature control of the PDMS was relatively consistent, only resulting
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in a standard deviation of 0.6◦C in all experiments involving continuous perfusion of

Ishikawa and SKOV-3 cells on-chip over two hours in duration (n>10).

5.3.7 Cell behaviour after exposure to one hour of continuous perfu-

sion on-chip

With respect to cell morphology, after one hour of continuous perfusion at 10µL/min,

cells were observed to physically flatten over time. This was visualised by focusing on

the substrate and the top of the cells in quick succession and the focal distance was

observed to decrease when the cells flattened. The flattening of cells and sporadic cell

detachment was observed both with Ishikawa and SKOV-3 cells, but the detachment

of cells due to perfusion is not commonly reported in the literature. Additionally,

neither of the cell-lines were observed to migrate during the one hour perfusion period,

which was expected of the SKOV-3 cells as they have comparatively more filopodia

that Ishikawa cells, but this was not the case. Using time-lapse videos, individual cells

were observed to detach from the substrate and wash away. This appears to occur for

those cells that were poorly attached before perfusion was started rather than due to

the shear forces detaching fully adhered and spread cells. Based on these observations,

it is possible to speculate that a degree of cell detachment is normal for these cell types,

as shear forces wash away the poorly attached cells.

The viability of Ishikawa and SKOV-3 cells after one hour of perfusion without

DO control is shown in Table 5.5 and compared to the viability in standard cell-culture

flasks as well as after compression. While there were populations of both Ishikawa and

SKOV-3 cells that were viable in the microchannel after one hour of continuous perfu-

sion, the overall viability of Ishikawa cells decreased by 48.6 % (P<0.0001) compared to

flasks. Meanwhile, there was no statistically significant change in viability observed for

SKOV-3 cells. The difference between viability after one hour between these cell-lines

is statistically significant, however. This shows that SKOV-3 cells are more viable than

Ishikawa because their viability is not affected by compression and one hour of contin-

uous perfusion on-chip, and Ishikawa cells decrease in viability in the same conditions.

Overall, this may suggest that Ishikawa are unsuitable for use in continuously perfused

microchannels and that atmospheric oxygen conditions could be more suitable for the

culture of SKOV-3 cells compared to Ishikawa cells. Alternatively, SKOV-3 cells could

be able to survive a comparatively higher shear.

SKOV-3 cells have been previously exposed to fluid shear of 0.14 dyn/cm2 over

three passages over a total of 96 hours in plates and a reduction in viability was ob-

served due to this shear [262]. The shear was applied by rotating the fluid in the

circular culture plate. This caused a 75–90 % reduction in viability of SKOV-3 cells.

These results are not directly comparable to the results presented in Table 5.5, where

a reduction of less than 50 % was observed after one hour in continuous perfusion ex-
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Table 5.5: The viability of Ishikawa and SKOV-3 cells estimated using ethidium ho-
modimer in a microchannel after one hour of exposure to continuous perfusion (Hank’s
salts MEM) at 10µL/min without DO (n = 3). The viability is compared to that of
these cells after compression and in cell-culture flasks (Earle’s salts MEM). Statisti-
cal significance is at P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 (****). The
negative sign denotes an increase in cell viability.

one hour on-chip without DO control

Ishikawa

Mean viability in flasks (%) 89.8
Mean viability after compression (%) 63.1
Viability after 1 h on-chip (%) 41.2±18.2

Mean viability loss w.r.t flask (%) 48.6****
Mean viability loss w.r.t after compression (%) 21.9****

SKOV-3

Mean viability in flasks (%) 95.1
Mean viability after compression (%) 77.5
Viability after 1 h on-chip (%) 85.1±11.8

Mean viability loss w.r.t flask %) 10.0
Mean viability loss w.r.t after compression (%) -7.6

erting 2.5 dyn/cm2 on-chip. The experiment performed in the presented work involved

a single passage and higher shear stress over a shorter period, where the literature

presents circular flow at a lower shear stress over three passages. This allows cells

to be preferentially selected to withstand the applied shear and allows these cells to

proliferate over several doubling times [262] — the doubling time for SKOV-3 cells has

been reported to be 19–35 hours [65].

Other studies reporting the exposure of cells to continuous shear forces have shown

decreases in viability for monkey kidney cells [204] and human embryonic kidney

cells [316], for example. An increase in viability for trophoblast cells [317] and car-

cinomic human alveolar basal epithelial cells [140] has also been observed under con-

tinuous shear. However, as far as the author is aware, shear studies have not been

attempted with Ishikawa cells. In the next section, DO-control is introduced and any

resulting change in morphology and any decrease in viability is discussed for both

Ishikawa and SKOV-3 cells.

5.3.8 Cell behaviour after exposure to continuous perfusion with oxy-

gen control

The following sections present the changes in cells as a result of being exposed to a

cross-stream DO gradient ranging from hypoxia to hyperoxia for 1–3 hours of perfu-

sion. Morphology, migration, viability and HIF-1α levels are discussed in relation to

conventional culture models.
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5.3.8.1 Morphology, migration and proliferation

During exposure to an oxygen gradient, Ishikawa and SKOV-3 cells were imaged in

bright field while the gradient was recorded using fluorescence microscopy. Time lapses

of these image sequences revealed how cells were behaving in response to the oxygen

gradient over 1-3 hours of exposure. For both Ishikawa and SKOV-3 cells, the mor-

phology in terms of physical shape did not appear to alter in any visible way over time.

In terms of their 3D appearance, however, the cells appeared to flatten and sometimes

elongate, possibly as a result of the shear stresses due to continuous perfusion. This

flattening is demonstrated in Figure 5.20a for Ishikawa cells (passage 60) that were

adhered to a sensor film in a microchannel with continuous perfusion at 10µL/min.

Even though the cells flatten, it is important to note that both cell-lines, when in a mi-

crochannel loaded by the cell-compression method, appear to retain the same shape as

they did in flasks, as previously shown in Figures 5.14 and 5.15. Ishikawa and SKOV-3

cells did not migrate in response to a DO gradient over three hours, which was surpris-

ing as SKOV-3 cells were expected to be more motile due to their increased number of

filopodia. This lack of observed migration could be due to the strong adhesion proper-

ties of PLL, which may not allow for cells to partially detach from the substrate to allow

migration across the surface as PLL provides such strong cell-substrate adhesion [11].

Other work has reported changes in morphology with shear forces on-chip, such as

alignment of endothelial cells with fluid flow as well as migration, but no flattening of

cell morphology was observed below 9 dyn/cm2 [236]. This suggests that Ishikawa and

SKOV-3 cells may be more sensitive to shear forces than the endothelial cells used in

other studies.

In addition to morphology changes during DO gradient exposure, cells were ob-

served to sometimes change appearence during the GA fixing process, as shown in

Figure 5.20c. In this case, due to rapid injection of GA into the channel, the shape of

the cells was altered. This was avoided by gentle injection of GA into the channel, and

additionally by purposefully loading some air into the syringe holding the GA, which

dampened any sharp movements in the syringe piston.

5.3.8.2 Viability after 1 hour in a DO gradient

After Ishikawa cells were cultured in the channel for one hour, cell viability was es-

timated either using trypan blue (n = 3) with temperature control, or Ethidium Ho-

modimer (n = 4) without temperature control. Several images of Ethidium Homodimer

stained low-passage Ishikawa cells on glass coverslips are shown in Figure 5.21. Some

areas of the cover slips had cells with low viability and others high. This demonstrates

that the ethidium homodimer assay successfully stains selectively for dead adherent

Ishikawa cells. It also indicates that the viability of Ishikawa cells could be inconsis-

tent over large areas independent of substrate type, which is similarly summarised by
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(a)

(b)

(c)

Figure 5.20: Bright field images, cells in a channel at several stages of the experimen-
tal process. a) A bright field image of Ishikawa cells adhered to the PS/PtOEPK sensor
film during exposure to continuous perfusion and image acquisition every second. b)
A fluorescent image of the same field of view as in a), at emission wavelength of the
PS/PtOEPK sensor film. The black line shows where the sensor film was scratched, so
no light was received from that area. c) A bright field image of the same field of view
as gluteraldehyde fixing is taking place. Scale bars 100µm.
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(a) (b)

Figure 5.21: Composite fluorescent and DIC images of Ishikawa cells cultured on
glass coverslips after being stained with ethidium homodimer cell viability assay where
the DNA of dead cells is stained red after the dye is able to pass through the perforated
cell membrane of a dead cell. Large areas of both a) live (grey) and b) dead (red nuclei)
cells can be seen in various areas of the same coverslip showing that the viability of
Ishikawa cells on glass slides is not homogeneous. Scale bars 100µm.

the data shown in Table 5.3. This behaviour observed on glass slides could be due to

part of the cell-culture media drying out, or media depletion over the 12 hours between

media changes.

The images shown in Figure 5.21 serve as a comparison with the ethidium homod-

imer viability assay performed on-chip after one hour of continuous perfusion with and

without a DO gradient in Figure 5.20. This was performed four separate times with

10µL/min flow of media without a DO gradient and without temperature control, then

three experiments were performed with a DO gradient between atmospheric oxygen and

hypoxia with temperature control, as shown in Figure 5.22.

In two-thirds of experiments, the cells were 0 % viable after one hour under con-

tinuous perfusion at 10µL/min with a DO gradient, an example of which is shown in

Figure 5.22b. Viability counts were extracted with imaging processing software from

composite images such as the example shown in Figure 5.22c. It can be clearly seen

that all of the cells in this case are stained orange and therefore dead in both streams.

This is one example that also shows that dead Ishikawa cells on PLL-treated sensor

films may not change their morphology to indicate death. This suggests that the cells

did not die due to apoptosis, but necrosis [17].

It should be noted that the cells used for viability assays on Ishikawa cells were of

very low passage compared to the cells used for the HIF-1α assay experiments, which

were of high passage. This was the case because of the availability of each of the

cell-lines. There were various differences in observed behaviour of these two types of

cells. To assess whether SKOV-3 cells had better viability compared to higher passage

cells, SKOV-3 cells were used with ethidium homodimer dye in the same conditions
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(a) (b)

(c)

Figure 5.22: Ishikawa cells were exposed in a microchannel to hypoxia and hyperoxia
for one hour and stained with ethidium homodimer to evaluate their viability. (a) A
graph of cross-stream DO gradients extracted from each of 10 images acquired over the
hour of exposure. (b) A composite image of DIC and red fluorescent signals from the
Ishikawa cells and ethidium homodimer dye (stained red nuclei) indicating that most
of the cells are dead. Scale bars 100µm.
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(a) (b) (c)

Figure 5.23: Composite images of ethidium homodimer and DIC images of Ishikawa
cells at a) 0 cm, b) 1 cm, c) 2 cm after exposure to one hour of continuous perfusion
without a dissolved oxygen gradient or temperature control. Scale bar 250µm.

over one hour in a microchannel with and without a DO gradient to assess if this

cell-line has better viability or adherence in a microchannel compared to Ishikawa.

Since the SKOV-3 cell-line exhibited a higher viability on PLL coated PS/PtOEPK

sensor films compared to Ishikawa, and after one hour of perfusion, it was hypothesised

that they would be more viable than Ishikawa cells under experimental conditions in

a microchannel.

The mean viability of SKOV-3 and Ishikawa cells after one hour of culture in

a microchannel with continuous perfusion at 10µL/min and a DO gradient ranging

from hypoxia to hyperoxia is shown in Table 5.6. The data shows that the viability

of Ishikawa and SKOV-3 cells reduced by 10.1 % (P<0.0001) and 35.1 % (P=0.0003),

respectively, due to the addition of DO-control to the chip. The difference between cell-

lines is statistically significant (P<0.0001), suggesting that even though Ishikawa cells

decrease in viability when in a microchannel with perfusion, the effect of the addition

of a DO gradient caused approximately 4× less cell death than for SKOV-3 cells. In

summary, this indicates that properly adhered and spread Ishikawa cells are able to

withstand shear forces better than SKOV-3 cells, and SKOV-3 cells can withstand a

DO gradient better than Ishikawa cells.

5.3.8.3 Viability after 3 hours in a DO gradient

The viability of Ishikawa and SKOV-3 cells after three hours of culture in a microchan-

nel under continuous perfusion at 10µL/min and a DO gradient is shown in Table 5.7.
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Table 5.6: The mean viability of SKOV-3 cells estimated using ethidium homodimer
in a microchannel after one hour of exposure to continuous perfusion at 10µL/min with
a DO gradient. Statistical significance is at P<0.05 (*), P<0.01 (**), P<0.001 (***),
P<0.0001 (****).

one hour on-chip with DO control

Ishikawa

Mean viability in flasks (%) 89.8
Mean viability after compression (%) 63.1
Mean viability after 1 h on-chip (%) 41.2

Viability after 1 h on-chip with DO (%) 31.1±25.6

Mean viability loss w.r.t flask (%) 58.7****
Mean viability loss w.r.t after compression (%) 32.0****

Mean viability loss w.r.t after 1 h on-chip (%) 10.1****

SKOV-3

Mean viability in flasks (%) 95.1
Mean viability after compression (%) 77.5
Mean viability after 1 h on-chip (%) 85.1

Viability after 1 h on-chip with DO (%) 50.0±25.1

Mean viability loss w.r.t flask %) 45.1****
Mean viability loss w.r.t after compression (%) 27.5*

Mean viability loss w.r.t after 1 h on-chip (%) 35.1***

For SKOV-3 cells, tripling the time on-chip with DO control resulted in a loss of vi-

ability of 27.6 % (P<0.0001) compared to a duration of one hour in the same DO

conditions. For for Ishikawa, tripling the duration of exposure to the dissolved oxygen

gradient resulted in a viability loss of 28.1 % (P<0.0001). The difference between cell-

lines is also significant, where SKOV-3 cells have a viability 19.4 % (P<0.0001) higher

than Ishikawa cells after three hours on-chip with a DO gradient.

Although these results also represent the effect of DO on the cell viability. It has

been previously shown that there is a decreasing trend in the viability of cells with

increasing time [316] for cells that initially decrease in viability with the application of

shear. In order to decouple the effect of the DO gradient on cell viability from the effects

of shear, the experiment could be repeated over three hours of continuous perfusion

without an applied DO gradient. There have not been any reports investigating if

viability for certain cell-types will decrease with time.

Other researchers have reported an approximate 40 % decrease in endothelial cell

viability and an increase in migration in a hypoxic (30-40 mmHg of DO) region on-

chip [132]. Compared to the present work, this is a smaller decrease in viability as

well as a change across the channel width. In contrast, no change in viability has also

been reported for a lung cancer and an ovarian cancer cell-line in a hypoxic region in

a microchannel [108]. This suggest that the effect of a DO gradient on-chip may vary

between different cell-lines, which may be the case considering the range of different
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Table 5.7: The mean viability of Ishikawa and SKOV-3 cells estimated using ethidium
homodimer in a microchannel after three hours of exposure to continuous perfusion
at 10µL/min with a DO gradient (n> 3). Statistical significance is at P<0.05 (*),
P<0.01 (**), P<0.001 (***), P<0.0001 (****).

three hours on-chip with DO control

Ishikawa

Mean viability in flasks (%) 89.8
Mean viability after compression (%) 63.1
Mean viability after 1 h on-chip (%) 41.2

Mean viability after 1 h on-chip with DO (%) 31.1
Viability after 3 h on-chip with DO (%) 3.0±5.2†

Mean viability loss w.r.t flask (%) 86.8****
Mean viability loss w.r.t after compression (%) 60.1****
Mean viability loss w.r.t after 1 h on-chip (%) 38.2****

Mean viability loss w.r.t after 1 h on-chip with DO (%) 28.1****

SKOV-3

Mean viability in flasks (%) 95.1
Mean viability after compression (%) 77.5
Mean viability after 1 h on-chip (%) 85.1

Mean viability after 1 h on-chip with DO (%) 50.0
Viability after 3 h on-chip with DO (%) 22.4±15.5

Mean viability loss w.r.t flask %) 72.7****
Mean viability loss w.r.t after compression (%) 55.1****
Mean viability loss w.r.t after 1 h on-chip (%) 62.7****

Mean viability loss w.r.t after 1 h on-chip with DO (%) 27.6****

† This value was obtained from only one experiment, as the percentage of successful completions
of this experiment was low due to shear forces killing cells during continuous perfusion and
PS/PtOEPK film delamination.
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values of normoxia and hypoxia present in cells originating from different tissues in-

vivo [78, 89,92,93].

It is important to note that it was not possible to perform a viability stain with

ethidium homodimer or trypan blue while performing a HIF-1α immunostaining assay

after exposure to a DO gradient on the same sample. If Trypan blue was to be added

to the cell-culture media throughout the experiment, it would led to the death of

cells. Trypan blue could not be added before fixation with GA because the HIF-1α

protein would be degraded in around 30 minutes [318]5. It could also not be added

after fixation, since it would stain all of the fixed cells blue, with a further unknown

effect on the immunostaining process. Equally, ethidium homodimer could not be

added before or after fixation for the same reason. It could, however, be continuously

perfused through the microchannel with the cell-culture media. It would be possible

to image ethidium homodimer alongside the cells in bright-field and the fluorescent

sensor film, but the microscope that was used for PS/PtOEPK imaging did not have

a suitable filter cube. This was not done because a more suitable microscope was used

for higher magnification and higher quality images of cell viability, and a large amount

of ethidium homodimer would be needed to supply each 15 mL media reservoir for each

experiment. Since another microscope was used for ethidium homodimer, the time

taken for the 15 minute processing and imaging would give cells the opportunity to

regain normoxic levels of HIF-1α, making immunostaining after ethidium homodimer

less reliable.

It should also be noted that Ishikawa cells were used to measure HIF-1α after up to

three hours in a microchannel under shear and a DO gradient. In light of the discussed

viability results, the IF assay was performed on a population of cells with viability

as low as 3.0± 5.2 %. It is therefore possible that any cells that died in the process

of being exposed to shear or controlled DO, and were still adhered to the sensor film

when immunostained, could still be measured for HIF-1 using immunostaining. It is

also possible that some cells that died in response to the DO gradient detached from the

substrate, and were not fixed and stained. Due to this possible detachment, the cells

that were immunostained for HIF-1α could have had a higher viability than the mean

reported in Table 5.7. The IF staining of HIF-1α results are discussed after presenting

the technical issues associated with the measurement of cell viability.

5.3.8.4 Viability measurement issues

The main issue encountered when performing the trypan blue assay, and when cultur-

ing cells on sensor films in general using the cell-compression method, was that cell

suspensions dried out due to evaporation in the cell-culture incubator due to the tem-

perature. This was both a problem before and after the cells attached to films and

5Measured with Western Blot in an osteosarcoma cell-line [318]
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Table 5.8: The percentage of cell suspensions placed on PS/PtOEPK sensor films
that had remained hydrated before viability testing was conducted (n = 5).

Film location (mm) 1 2 3 4

Hydrated (%) 80 80 60 25

made certain locations on the films non-viable. The proportion of dried out regions in

the channels during the trypan blue assay on Ishikawa is shown in Table 5.8, indicating

that a mean of 61 % of the substrates were hydrated before cell-compression. It shows

that it is more likely that the cells at the end of the channel were dried out. This is

likely due to the fact that the orientation of the PDMS chip was specifically chosen so

that the cells that appeared the most healthy were placed towards the inlets where the

DO gradient was more defined. This led to a higher number of dead cells to be placed

downstream.

The degree of evaporation of cell-culture media was reduced by decreasing the

number of substrates in a container to 3 (from 5), because it was found that the

media on the surface was less likely to touch other substrates and pour off the surface.

When this was prevented, it allowed some evaporation to occur without the drying

out of adhered cells. Evaporation was decreased further by cutting thin strips of filter

paper and placing them alongside the substrates in large containers. These were filled

with sterile water or PBS by pipette every 24 hours. The cell-culture media was also

replenished at least every 12 hours. Both these measures were taken for all cultures of

SKOV-3 cells and the later cultured of Ishikawa cells on sensor films and no substrates

dried out with this method.

5.3.8.5 Measurement of HIF1-α levels

Since the goal of this work was to perform drug trials with a 2D culture of cancer cells

with microfluidic DO control, it had to be verified that the cells were responding to

the DO gradient. To do this, an IF assay was performed in order to image the spatial

distribution of HIF-1α inside Ishikawa cells with and without previous exposure to

a DO gradient. A 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI) assay was

also done after fixation and prior to immunostaining (n>3) to reveal that the fixed

cells survived the fixation process intact and that DNA was present in each cell nuclei.

An example of Ishikawa cells stained with DAPI is shown in Figure 5.24. This assay

showed that cells had not apoptosed upon fixing and the subsequent immunostaining

of HIF-1α was performed on cells that appeared to be live and intact.

Before presenting the results of IF, it is important to note several assumptions

that were made in the analysis of the IF images in the presented work. In order to

calculate the intensity of IF labeled protein per unit area, the assumption was made

that the average size of a cell is the same on both sides of the channel. This allowed



204 CHAPTER 5 ENVIRONMENT CONTROL FOR CELL-CULTURE ON-CHIP

Figure 5.24: An example of DAPI stained Ishikawa cells on a PS/PtOEPK sensor
film after exposure to a DO gradient for 30 minutes before measurement of HIF-1α by
IF. This DNA stain shows that the DNA is still resident in the cell nuclei, suggesting
that the cells are not apoptotic. The bright lines are from the wrinkled PS/PtOEPK
sensor film beneath the cells. Scale bar 50µm.

the intensity in a specific ROI to be divided by the number of pixels and used as a

comparison between the regions occupied by the streams of hypoxia and hyperoxia

previously present during perfusion.

Images such as the one shown in Figure 5.25 were gathered and a MATLAB script

was used to quantify the immunofluorescent intensity, as shown in Appendix C. This

extracted the intensity per unit area on the hypoxic and hyperoxic side of the channel

and plotted these against distance from the start of the cell culture channel.

HIF-1α has been characterised previously in a microchannel capable of creating

varied DO gradients and a threshold of HIF-1α activation was found to be at 2.5 %

absolute DO [232]. This is a lower concentration of DO than what was achieved in

the present work, due to the limits of the gas-exchanger system. Whereas the study

reportedly used a cell-culture microchannel with gas channels beneath for nitrogen and

oxygen [232]. This example of a threshold of HIF-1 at suggests that observing changes

in HIF-1α may not be possible in the present system. However, this threshold value

was found for a normal human endothelial cell-line (hCMEC/D3) cultured on gelatine-

coated PDMS to 80 % confluency and exposed to a linear DO gradient between 21

and 2 % DO for four hours. The change in the normalised HIF-1α per unit area was

measured as only 1.3× higher at the very edge, close to the channel wall, of the hypoxic

region [232] and the viability of these cells was not reported.

To first provide a control for HIF-1α, Ishikawa cells were exposed to shear in a

microchannel for three hours with aerated media flowing at 10µL/min in both streams.

The resulting intensity per unit area of HIF-1α in one of these control experiments is

shown in Figure 5.25. It was hypothesised that the concentrations of HIF-1α, i.e.

the intensity per unit area measured, would be constant along the 35 mm section of

both sides of the channel. As can be seen from Figure 5.25, the concentration of

HIF-1α was not entirely constant over the length imaged, but is comparable on either
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Figure 5.25: A graph showing the intensity per unit area of immunofluorescence (IF)
stained HIF-1α in Ishikawa cells cultured with continuous perfusion of aerated cell-
culture media at a flow rate of 10µL/min for two hours. The solid lines show the linear
regressions for the plotted data. Scale bar 250 mum.

side of the channel. The spike in the concentration in HIF-1α in one of the streams at

approximately 25 mm, shown in Figure 5.25, was likely due to a defect in the sensor film.

Trends resulting from fitting the data on each side of the channel demonstrated that

the concentration of HIF-1α was similar in each stream, and that all cells experienced

the same DO environment. The fact that the concentration of HIF-1α is decreasing

gradually over the channel length may be because cells upstream of those with more

HIF-1α have used a portion of the available oxygen, although from the linear regressions

shown, this was not significant.

For comparison with the control experiment with two aerated streams shown in

Figure 5.25, a population of Ishikawa cells was immunostained for HIF-1α after ex-

posure to a DO gradient ranging from hypoxia to hyperoxia for 3.5 hours. The IF

collected from one of these experiments is shown in Figure 5.26. As can be seen, the

HIF-1α concentration was higher in cells located in the hypoxic region compared to

those in the hyperoxic region. This is supported by the fitted line being consistently

higher for hypoxic cells for the entire section of the 8 mm of the channel measured,

limited due to film delamination. It is also important to compare the gradient of the

line fits on each side of the channel. On the hypoxic side, the decreasing nature of

HIF-1α with increasing distance from the start of the main channel can be explained

as diffusion increasingly equalises the DO gradient across the channel width. Because
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Figure 5.26: A graph showing the intensity per unit area of an HIF-1α over distance
extracted from an image of a substrate of Ishikawa cells fixed and anti-HIF-1α stained
after 3.5 hours of exposure to an oxygen gradient ranging from hypoxia to hyperoxia.
The solid lines show the linear and logarithmic regressions for the plotted data.

of the way that HIF-1α works, being produced continuously but being broken down

more slowly in hypoxic conditions, a decrease in HIF-1α with increasing DO concen-

tration is consistent with the measurements shown in Figure 5.26. Conversely, on the

hyperoxic side of the channel, the expectation would be for the concentration of HIF-

1α to rise, i.e. produce the opposite response to that on the hypoxic region, but this

was not evident in the experiment shown in Figure 5.26. This may have been due to

the concentration of DO anywhere in the channel not dropping to the level required

to increase the retention, or to decrease the breakdown of HIF-1α. This would mean,

however, that a constant concentration of HIF-1α would be expected, which is now

what was observed.

The decrease of HIF-1α observed within the cells in the hyperoxic stream would

mean that breakdown had overtaken synthesis while the DO concentration was decreas-
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ing. This did also not occur in a linear fashion, but with a polynomial or exponential

decrease. One explanation for this could be uneven lighting when the image was taken.

An image brightness correction was available for the DIC channel and not the channel

used for HIF-1α imaging. Unfortunately, the results shown in Figure 5.26 could not be

repeated since the percentage of experiments that progressed to the stage of measuring

HIF-1α were so few due to sensor delamination and shear forces destroying the cells.

Those that progressed to HIF-1α measurement either showed in no difference between

the two regions on either side of the channel, or the cells had been previously damaged

and sheared off the substrate. Consequently, those results had to be discounted.

Other researchers, using endothelial cells, have previously reported an increase in

levels of VEGF in cells in a hypoxic region (< 1 % DO) on-chip and cells were verified

to be internally hypoxic using an intracellular hypoxia assay [152]. Vascular endothelial

growth factor is a similar indicator to HIF-1α in that it increases in hypoxic conditions.

This work suggests that endothelial cells cultured in a microchannel responded to

hypoxia under continuous perfusion. It has been demonstrated in the present work that

IF can be performed on a population of cells previously cultured in a reversibly-sealed

microchannel, which to the authors knowledge has not been performed previously.

Furthermore, another microfluidic system has since been used to measure a change

in HIF-1α for endothelial cells in a DO gradient. In this case, the oxygen sensor used

was a 100µm thick PDMS/PtOEPK sensor substrate coated with 0.1 % gelatine to

promote cell attachment. Although this assembly was approximately 180× thicker

than the PS/PtOEPK sensor film used in the present work, no problems of the sen-

sor film delaminating during the experiments was reported. Additionally, even though

the signal-to-noise ratio was worse than the thinner sensor used in the present work,

changes of less than 1 % DO could be resolved [232]. The change in HIF-1α per unit

area was 1.3× higher for endothelial cells cultured in a hypoxic region on-chip com-

pared to a normoxic region after eight hours [232]. The viability of the endothelial

cells was not reported [232], however, and the present work has shown that cultur-

ing cells in microchannels under continuous flow may reduce viability over time. The

immunostained cells were also viewed at high magnification using a confocal LASER

microscope. This was not possible in the Nock Lab due to lab restrictions preventing

the use of the gas-control system in the confocal microscope suite.

With regards to previously published work involving anti-cancer drug assays, hu-

man lung (A549) and human cervical (HeLa) cancer cell-lines have been previously ex-

posed to a bell-shaped DO gradient between 20 and 7.5 % DO and treated with tirapaza-

mine and bleomycin at concentrations of 0, 25, 50, 75 and 100µM over six hours [108].

In real time, with a flow of 2µL/min, a dose-dependant decrease in viability was ob-

served, which increased two-fold in the hypoxic region of the channel for both cell-

lines [108]. Some cells detached from the substrate during six hours, as they did in the

present work over three hours, but this was more likely due to the presence of anoxia at
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the centre of the channel [108]. Similar as to in the current case, the cells that detached

could not be counted as part of the viability assay. It should be noted that both tira-

pazamine and bleomycin are hypoxia-activated, so the hypothesis in the above work

was not to observe drug resistance in hypoxia, but an increase in cell-death associated

with hypoxia-activated drugs [108]. This effective activation of the drugs in hypoxia

means that the drug does not require cells to divide in order to take effect, as was the

case in the present work. In conclusion, this suggests that the system developed as

part of this thesis could also be used to investigate hypoxia-activated drugs, since the

minimum residence time can be less than the cell doubling time required for cisplatin

to become effective. This was not the goal of this work, however, and hypoxia activated

drugs were not trialed as the primary aim was to observe hypoxia-induced resistance

to cisplatin on-chip.

5.3.8.6 HIF-1α measurement issues

One of the main reasons why a difference in HIF-1α across the channel width could

only be measured once was because of the sensor film repeatedly delaminating from

the glass beneath during liftoff of the the pressure-sealed PDMS chip. This meant

that from approximately 18 substrates that were able to be IF stained and measured,

only one produced a measurable difference in HIF-1α on opposite sides of the channel.

Whereas, for all other samples, sensor film delamination, an example of which is shown

in Figure 5.27b, prevented proper HIF-1α analysis. For this particular example, the

film was also scratched at an unknown stage in the experimental process.

Due to these reliability issues in relation to film delamination while cells were

attaching to the film and while the PDMS chip was being peeled off, PS/PtOEPK

sensor films had to be deemed unsuitable for use in a system such a the one developed

in the present thesis. To illustrate this, and to show the rate of success of the HIF-1α

measurement experiment in general, the number of films produced was compared to the

number of experiments performed with oxygen control, the number that progressed to

HIF-1α immunostaining and the number that translated into a measurable difference

in the intensity of IF stained HIF-1α. These comparisons are shown in Table 5.9. As

the data show, the percentage of experiments able to be progressed from DO exposure

of cells to a measurable difference in HIF-1α was 1/67 (1.5 %). Compared to the

estimated number of films produced for this purpose, this equates to a success rate of

1/120 (0.8 %).

5.3.9 Three hour drug efficacy assay in wells

Since preliminary evidence for cells responding to the oxygen gradient by retaining

larger levels of HIF-1α was observed, the next stage of development of the proposed

system towards drug screening would be to use it for drug efficacy assays. Three hours
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(a)

(b)

Figure 5.27: Fixed Ishikawa cells cultured in a microchannel for 1.5 hours in an
oxygen gradient between hyperoxia and hypoxia. a) Fixed and immunostained cells for
HIF-1α protein. This shows the curling and delamination of the PS/PtOEPK sensor
film to the right of this image, as well as a scratch to the left. The channel outline that
is no longer present is also shown. b) A DIC image of the same cells allowing the cell
morphology to be seen. Scale bars 500µm.

Table 5.9: The number of samples that progressed to each stage of the experimental
process towards measurement of differing HIF-1α levels on the hypoxic/hyperoxic side
of the channel for Ishikawa and SKOV-3 cells.

Sensor films DO cells IF stained HIF-1α
fabricated & cells fixed for HIF-1α difference observed

Ishikawa

120 67 26 18 1

SKOV-3

10 8 8 3 0
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Figure 5.28: The alamarBlue assay results on Ishikawa cells after exposure to cis-
platin at concentrations of 0, 20, 50 and 50µM for three hours. Data presented as
mean ± standard error (n=3).

was, however, the longest duration that cells were cultured in a microchannel. Since

this time was much shorter than the 72 hour drug assay performed in wells reported

earlier, the results collected from 72 hours of drug exposure would not be comparable to

any on-chip assays. To remedy this, a 3 hour drug assay with cisplatin, done three times

with three repeats as before, was performed in wells in order to provide a control for

the three hour assays on-chip with DO control. Cisplatin was chosen for the three hour

drug assay so that higher concentrations than the 72 hour assay could be used without

toxicity brought about by the toxic buffers of PTS and FR180204 drugs.

The concentrations investigated were increased to 0, 20, 30 and 50µM, but were

not increased to match the decrease in time, which was 24× shorter than the previous

72 hour assay. In the present work, concentrations were used so that the three hour

results using 20µM could be compared to the 20µM dose used over 72 hours. This was

also done to protect cells from high concentrations of DMSO and to prevent excessive

dilution of the cell-culture media by adding high volumes of drug and buffer. While

cisplatin concentrations were high compared to what would be used in-vitro6 [319],

other work has used similarly high concentrations, such as 25-300µM [274] and 0.05-

100µM of cisplatin [298].

AlamarBlue assay results shown in Figure 5.28 indicate that there was no significant

effect of cisplatin at these concentrations over three hours. This could be because the

concentrations were not high enough, or as discussed previously, the time frame was

not long enough for the drugs to have a significant effect.

The alamarBlue assay is not possible in a microchannel since a plate reader and

large amounts of media are needed (200µL per well with nine wells per investigated

concentration) to perform the assay with alamarBlue being exposed to cells for at least

6Dosing chemotherapy agents is not a simple task and is done in mg per m2 of body surface area [319].
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four hours, which exceeds the maximum time that the system has been used. It did,

however, indicate that cisplatin does not effect the metabolism of cells cultured in

well-plates over three hours.

With respect to cell viability after three hours in a well with cisplatin, as shown in

Figure 5.29, no statistically relevant effect on the viability of Ishikawa cells was observed

for the range of cisplatin concentrations investigated. There was however a significant

decrease (P=0.0305) between the media and media plus saline control. This contrasts

with the 72 hour assays where there was no significant difference observed between

the media and media plus saline control. This suggests that this short term effect

of saline may be prevalent at three hours but does not last until 72 hours. It could

have, however, also occurred by chance and this observation would warrant further

investigation in future.

The data presented in Figures 5.28 and 5.29 suggest that 50µM of cisplatin does

not reduce metabolic activity or kill cells over a three hour exposure. Since cisplatin

works by inducing DNA damage [106], there is likely to be a minimum time required

for any effect to be observed. Furthermore, it may be logical for cisplatin to be effective

only when a cell replicates its DNA during S phase.

The time taken for cisplatin to become effective could therefore be related to the

rate at which the cell-cycle occurs. This is usually characterised and compared between

cell-lines using the doubling-time, which represents the time it takes for a population

of cells to double in number, i.e. for each cell to divide at least once. For Ishikawa

cells the doubling time has been reported as 35-36 hours (at passage 9), 29 hours (at

passage 40), 27 hours (at passage 50) [320, 321]. Low passage Ishikawa were used for

the three hour assay, and high passage for the 72 hour assay.

Although the doubling time of Ishikawa is roughly 12 × longer than the maximum

residence time of cells in wells or in the channel, the cells were cultured on sensor films

for 48 hours before drug exposure started. This would have given the cells enough time

to double at least once [65,321], and thus increase the likelihood that some cells would

be entering S phase while the three hour drug assay was being performed.

Even if the DNA in some cells was crosslinked and damaged during the three hour

cisplatin exposure, the cell would then have to undergo apoptosis during the remaining

time to be detected by any viability assay. Since apoptosis has been shown to take

around 15 hours in prostate cancer cells, where apoptosis was induced using either

staurosporine or cisplatin [249], it is likely to take more than three hours for SKOV-3

cells to complete apoptosis brought about by cisplatin even if some live cells were in

S phase at the start of the three hour period. This further decreases the likelihood

that any effect on viability would be seen in the channel after three hours of cisplatin

treatment because of this.

Furthermore, the number of dividing cells was reduced in a microchannel compared
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Figure 5.29: The trypan blue assay results on Ishikawa cells after exposure to cis-
platin at concentrations of 0, 20, 50 and 50µM for three hours. Data presented as
mean ± standard error (n=3).

to wells due to the reduction in size. There was no effect on viability seen in wells at

these concentrations, so it is therefore unlikely to be measurable in the scaled down

microchannel. To treat Ishikawa cells with cisplatin in a microchannel, therefore, the

concentration would need to be increased, which is possible but presents other issues

mentioned previously. Alternatively, the assay time could be increased, which would

need to follow the improvement of the experimental system to allow longer residence

times for cells on-chip.

Originally, it was planned to expose Ishikawa cells to a concentration of 100µM of

cisplatin/saline resulting in a volume of 1.5 mL being added to 13.5 mL of cell-culture

media in 15 mL tubes, equating to 11 % saline and an increase in salinity. However,

the drug assays described above, as well as those over 72 hours, suggested that the

system developed in this thesis in its current format is not suitable as a drug-screening

platform, so these additional experiments were not performed.

Previously published work suggests that it is possible to measure a change in HIF-

1α over eight hours [232], and a drug response over six hours [108]. This means that

the residence time of cells in the system that has been developed would need to be

increased by a factor of at least two so that residence times and results collected are

comparable with the literature. Cisplatin drug trials spanning many cell doubling times

may be possible if the fittings and flow-through sensors were made leak-proof and if the

delamination of the sensor film could be overcome. While significant time was required

to develop an interface for the needle sensors, which themselves leaked until the ideal

setup was found, and considering the adherence and the flow spikes in the flow-control

system, the fact that these problems could be overcome means that there is promise

for future use of the system. It remains useful for studying the effects of hypoxia

under continuous perfusion and is versatile as it is detachable from the substrate.

Coupled with significant advances made in this work in relation to improving the cell

compatibility of PS/PtOEPK films, an improved version of the system would allow for



5.4 SUMMARY AND CONCLUSION 213

insight to be gained into cell biology related to oxygen availability.

5.4 SUMMARY AND CONCLUSION

This chapter covered previously published work that reported the exposure of cells in

microchannels to cross-stream gradients of DO, or gradients of other reagents. Cis-

platin, PTS and FR180204 were considered as options for use as anti-cancer agents in

a microchannel. Cisplatin was concluded to be the most suitable, as it is carried in

a non-toxic buffer, and is effective on Ishikawa cells over 72 hours. The attachment

efficiency of Ishikawa cells was presented for native, plasma-, PVP- and PLL-treated

sensor films and the morphology of Ishikawa and SKOV-3 cells was compared at low

and high passages. Furthermore, the effect of culturing both these cell types on PLL-

treated PS/PtOEPK sensor films on-chip on the cell viability was presented at various

stages of the experimental process. It was found that Ishikawa cells are not suitable for

culture in microfluidic channels with continuous perfusion above 20µL/min with DO

control over a duration of more than three hours. SKOV-3 cells were found to be more

viable than Ishikawa cells under the same conditions on-chip, but also decreased in vi-

ability with the addition of a DO gradient and a longer time under perfusion. Further

characterisation of cells after exposure to an oxygen gradient was presented with opti-

cal microscopy observations, DAPI staining and an IF measurement of HIF-1α levels.

No drug trials could be completed on-chip because the residence time of cells on-chip

was too short compared to the minimum time taken for the anti-cancer drugs to take

effect.

In summary, the results presented in this chapter show the first direct culture of

Ishikawa cells on a PS/PtOEPK sensor film on-chip. These results, along with those

of previous chapters show that the developed system is capable of modelling regions

of the 3D DO environment towards screening anti-cancer drugs on a population of

cells. The developed system would be suitable for long-term cell-culture in a 3D-

like DO environment given certain engineering improvements. The following chapter

presents an integral summary for this thesis and discusses some of the improvements

necessary. It also discusses selected possibilities for future work using the versatile

system developed in this thesis, including further assays and other possible options for

gradient controlled exposure for cell-cultures.





Chapter 6

CONCLUSIONS AND FUTURE WORK

This chapter summarises the achievements presented in this thesis and their novel

aspects. Possible avenues of future work are then discussed.

6.1 THESIS SUMMARY AND CONCLUSIONS

The work presented in this thesis contributes to the field of in-vitro microfluidic cancer

models by presenting a versatile, reusable, DO environment-control system for cancer

cell-culture and drug testing on-chip [246]. More specifically, a system was presented

that uses chemical additives for neither control or measurement of DO. Instead it uses

a solid-state oxygen sensor as a cell-culture substrate with off-chip DO control. From

this perspective, the goal of developing a system capable of mimicking the in-vivo DO

environment was met.

With regards to the novel PVP-treated sensor film [150] used for cell-culture on-

chip, the film was analysed with respect to thickness, sensor sensitivity, CA and surface

morphology and compared with plasma, PLL and native films. The PVP-treated film

was found to be the most suitable from a CA and sensor sensitivity perspective. The

PVP surface treatment is a novel way to promote cell-attachment on PS/PtOEPK films

and has never before been used in a microchannel or otherwise with cell-culture.

The developed system is also unique due to the reversible pressure mechanism

whereby the chip is sealed. This allowed IF imaging to be done at a magnification

of up to x40/0.75 (Zeiss.m1), which is 8× higher than what would have been possible

had the chip been irreversibly bonded to the substrate. This allowed higher resolu-

tion images of HIF-1α to be analysed with MATLAB, leading to a more complete

analysis of fluorescence stained HIF-1α compared to any other work known [246]. As a

proof of concept of the system, Ishikawa cells were successfully cultured on PLL-coated

PS/PtOEPK sensor films and HIF-1α levels were characterised. The results of this in-

dicated that there was a measurable difference in the levels of HIF-1α in the hypoxic

region on-chip in 5.6 % of successful IF experiments. From this perspective, the goal

of improving the cancer lab model by incorporating DO control and measurement was
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met.

Another cell-line, SKOV-3 human ovarian cells, were also successfully cultured on

PLL-coated PS/PtOEPK sensor films and exposed to spatially-controlled DO gradi-

ents. It was found that in general, Ishikawa are less suitable for culture on-chip in this

continuously perfused system as their viability decreased to approximately 20 % after

only one hour and to 0 % after three hours. In contrast, SKOV-3 cells proved more

suitable for culture on-chip as they retained approximately 50 % viability after one hour

in continuous perfusion and 20 % after three hours. These kinds of viability measure-

ments are not usually reported in the literature and are an important contribution. In

light of the observation that Ishikawa cells decreased in viability to virtually zero after

three hours under perfusion rates of 20µL/min, they are unsuitable for prolonged use

in such a system.

The initial goal of the work presented in this thesis was to characterise the drug

resistance initiated in hypoxic cells. The developed system is capable of doing so with

any cell-line capable of being cultured as a monolayer, which is an important advantage

of the system. Many immortalised cell-lines can form 3D spheroids with the potential

for internal DO gradients, but these are uncontrolled and vary between cell-lines. The

use of 2D culture in the developed system is therefore an important advantage. Any

cell-line capable of being cultured on the PS/PtOEPK sensor film could be exposed to

an identical DO gradient with the developed system.

Even though there is still the potential for comparisons between numerous cell-lines

cultured in controlled oxygen conditions, unfortunately anticancer drug assays could

not be conducted conclusively with the final system. This was mainly due to the resi-

dence time of cells in the channel, which was not maintainable for a long enough time for

cisplatin, the chosen drug, to become effective. Furthermore, recurring problems with

the sensor film adhesion also severely impacted repeatability and led to the ultimate

conclusion that direct culture of cells on PS/PtOEPK films may not be feasible.

The system in its present state could, if delamination issues were resolved, be used

to screen hypoxia activated cytotoxic drugs in a controlled DO environment with any

number of cell-lines, and this could reduce the instances of false positives or negatives

seen in early stages of drug development. Furthermore, if the system had less leaks and

more consistent flow control while using cell-lines that do not have decreased viability

over time under shear, it could be used as a drug screening platform with a more 3D-

like environment than traditional models. If this was the case, the developed system

has the potential to reduce false results during drug screening, helping effective drugs

to progress to use in the clinic faster.

Despite the many technical challenges that were overcome, this means that a large

amount of the work in this thesis may not be publishable. Thus, the next section

discusses more possibilities of future work that could result in further publications.
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6.2 SUGGESTED FUTURE WORK

The following sections present a selection of possible directions of future work using

the developed system.

6.2.1 Further biological assays with the current system and oxygen

control

Many biological assays are possible with a system capable of reliably maintaining a

cross-stream gradient between hypoxia and hyperoxia for long periods of time. The

versatility of such a system means that a gradient between any of many combinations is

possible and as as a result, future work could involve cancerous or healthy mammalian

cells, plant cells, bacteria, or fungi.

Assessing the behaviour of cells with differing oxygen concentrations could involve

the measurement of VEGF, which is expressed in cancer cells when in hypoxia as they

initiate vasculaturisation. Probing any changes in the ERK pathway in hypoxia could

also be of interest, as it is the pathway that commonly harbours the mutation in cancer

that causes cells to proliferate uncontrollably.

Moving beyond ways of characterising or probing biomolecular changes, there are

other interesting engineering based possibilities of future work. Bioimprints for in-

stance, are a technology briefly mentioned in Chapter 2, that could help contribute to

making the in-vitro environment more life-like towards producing more relevant results

in terms of drug trials. Incorporating bioimprints into the system developed in this

work at the base of the channel could provide some very interesting results. It is known

that cells receive mechanical cues from their environment in addition to chemical cues

and producing a 3D imprint of cells as a substrate would add another aspect of the 3D

cell environment to the developed system. This could be done by adding bioimprints to

the entire channel base, or in a patterned way to defined regions. Similar biomolecular

analysis techniques could be used to characterise cell behaviour, the only foreseeable

issue would be met when integrating the PS/PtOEPK sensor, or a PDMS/PtOEPK

sensor, to bioimprinted surfaces, unless the sensor could be integrated underneath gas

permeable bioimprints made of PDMS.

Work involving bioimprints in a different way could also be born out of this project.

Incorporating bioimprints into a format that is familiar to most biologists would make

them a lot more attractive to the people who could benefit from them. Bioimprints

could fairly simply be incorporated into such a format such as well plates. Oxygen

control could also be feasible in a well-plate format, but would need to be made from

PDMS with gas channels beneath the wells.
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6.2.2 Further system characterisation

Due to the complexity of the developed system, there are several parameters that

should be characterised more thoroughly. Firstly, the oxygen consumption of Ishikawa

cells has not been properly characterised in the literature. This could be characterised

by culturing Ishikawa cells on the sensor in one stream of a two-stream microchannel

which would produce a culture of cells alongside a portion of sensor without cells. The

oxygen environment could be maintained at one defined value with a gas exchanger

and split into the two streams before entering the device. The difference in sensor

intensity between the empty and culture stream could then be used to calculate the

rate of oxygen consumption for Ishikawa or SKOV-3 cells as well as other cell types

with yet unknown consumption rates.

6.2.3 Substituting gas impermeable materials

In future, if this system was to be used for other studies, it would be prudent to

exchange the permeable PDMS chip with a material that is impermeable to oxygen.

This could be done by milling a channel in a rigid material, or building out of dry-film

resist, then pressure sealing it to a PDMS/PtOEPK sensor film spin-coated on glass.

The PDMS-based sensor film would provide some flexibility so that pressure could be

applied to seal the chip to the substrate and the chip would allow better definition of

the oxygen gradient.

6.2.4 RIE treatment of sensor films

Using RIE to pattern the films so the PS/PtOEPK sensor film would only be present

beneath the channels would make the process of lifting off the PDMS channel much

easier to do and reduce the likelihood (very high with the film deposition over the entire

slide) that the film would peel off, taking the fixed cells with it.

6.2.5 Investigating shear

Shear forces are of particular interest recently as mechanical forces are being identified

as an important factor in cancer progression [3]. The effects of shear could be inves-

tigated by simply increasing the flow rate of the cell-culture media. This would effect

the cross-stream gradient, but the cells in each hypoxic and hyperoxic region would

still be comparable to an extent. In theory, the change in speed could be accounted

for by adjusting the gas mixtures in the gas-exchangers so that the cells on each side

of the channel were directly comparable while changing the shear rate.

In conclusion, the developed system is versatile in its future possible applications

and could be used to further knowledge associated with oxygen in biological systems. If
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engineering improvements were to be carried out, the system could be used to improve

on the current process of anti-cancer drug development and screening, working towards

decreasing the instance of false positives and speeding up the drug discovery process by

better mimicking the in-vivo environment. If this was to be done, effective drugs could

be taken to clinical trials quicker, translating to quicker treatment and potentially less

loss of life from cancer.
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A1

A PTOEPK PROPERTIES

The molecular structure of PtOEPK is shown in Figure A.1 and the excitation/emission

spectrum in Figure A.2 [175].

Figure A.1: The molecular structure of PtOEPK. Adapted from [322].

Figure A.2: The excitation and emission spectra of PtOEPK. Absorption is at 592 nm
and emission is at 760 nm. Adapted from [323].
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B SURFACE MORPHOLOGY MEASUREMENT

A schematic illustrating the mechanisms behind the tapping mode, the mode used in

the present work to image surface features of PS/PtOEPK films, is shown in Figure B.1.

Briefly, a cantilever with an attached tip oscillating at or near its resonant frequency,

is slowly lowered towards the surface of interest. This alters the amplitude of the

cantilever vibration and so changes the amplitude received at a detector. The position

of the detector is then modified in order to maintain a set oscillation amplitude in the

cantilever, which is approximately 95 % of the resonant amplitude. The topography

is inferred from the detector position as the cantilever and tip are traced across the

surface in adjacent, parallel straight lines. A 3D image with nanometer resolution is

subsequently produced, which is then post-processed to remove imaging artefacts and

add colour [324].

Figure B.1: An illustration showing the principals behind the tapping mode of an
atomic force microscope [324]. Permission to reproduce requested 24/10/18.
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C MATLAB SCRIPTS

In the following sections, the MATLAB scripts developed throughout this project for

analysing large stacks of images are presented.

C.1 Stern-Volmer plots

Below is the MATLAB code used to output Stern-Volmer plots of PS/PtOEPK sensor

films with different surface treatments.

1 % Analys i s o f F luore scence Images

2 % Disso lved O2 change o f I n t e n s i t y Tr ip l e Flow

3 % Louise Orcheston−Findlay

4 % PtOEPK Oxygen senso r layer , 5x , Nikon E c l i p s e 80 i , no ND inse r t ed ,

37 .4C

5 % 1300nm t h i c k n e s s

6

7 %c l e a r a l l ; %c l e a r matlab workspace

8 c l o s e a l l

9 cd E:\Data\2017\01−Jan\230117\ SternVolmer Native

10

11 di sp ( ’ S ta r t i ng NATIVE a n a l y s i s on 230117 data . . . ’ ) ;

12

13 d i r l i s t = d i r ( ’ ∗ . t i f ’ ) ; % c r e a t e a s t r u c t u r e d i r l i s t o f a l l . t i f

images in f o l d e r

14 conver s i on = 2048 ;

15 imageSize = 2048 ;

16 numLocations = 3 ;

17 numSubstrates = 3 ;

18

19 numMeasurements = numLocations ∗ numSubstrates ;

20

21 di sp ( ’ Extract ing images 230117 data . . . ’ ) ;

22

23 f o r x = 1 : l ength ( d i r l i s t )

24 a = char ( d i r l i s t ( x ) . name) ; % e x t r a c t image name from s t r u c t u r e

25 imageArrayNat ( x ) . name = a ; % c r e a t e s t r u c t u r e imageArray with

name = image name

26 end

27

28 %∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
29

30 %% s t a r t to d i r e c t the user to draw the ROI

31 % f o r the channel

32 message = s p r i n t f ( ’Draw a ROI box .\ nDouble c l i c k i n s i d e the box to

f i n i s h drawing . ’ ) ;
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33 uiwa i t ( msgbox ( message ) ) ;

34

35 s e t ( gcf , ’ Units ’ , ’ normal ized ’ )

36 hold on

37 imshow ( imageArrayNat (1 ) . name)

38 k = wa i t f o rbut tonpr e s s ;

39

40 ROI = rbbox ;

41 annotat ion ( ’ r e c t a n g l e ’ ,ROI , ’ Color ’ , ’ red ’ )

42 xBox = ROI(1) ; % lower l e f t corner

43 yBox = ROI(2) ; % lower l e f t corner

44 widthBox = ROI(3) ;

45 heightBox = ROI(4) ;

46 k = wa i t f o rbut tonpr e s s ;

47 i f k == 0

48 c l o s e ( ) % waits f o r the double c l i c k then c l o s e s the window

49 end

50 %% f o r the channel the ROI coo rd ina t e s IN mm???????????? are . . .

51 ROICoords . x1 = xBox ∗ conver s i on ;

52 ROICoords . x2 = (xBox + widthBox ) ∗ conver s i on ;

53 ROICoords . x3 = ROICoords . x2 ;

54 ROICoords . x4 = ROICoords . x1 ;

55 ROICoords . x5 = ROICoords . x1 ;

56

57 ROICoords . y1 = yBox − heightBox ∗ conver s i on ;

58 ROICoords . y2 = ROICoords . y1 ;

59 ROICoords . y3 = yBox ∗ conver s i on ;

60 ROICoords . y4 = ROICoords . y3 ;

61 ROICoords . y5 = ROICoords . y1 ;

62

63 xROI = [ ROICoords . x1 , ROICoords . x2 , ROICoords . x3 , ROICoords . x4 ,

ROICoords . x5 ] ;

64 yROI = [ ROICoords . y1 , ROICoords . y2 , ROICoords . y3 , ROICoords . y4 ,

ROICoords . y5 ] ;

65

66 bw1 = poly2mask (xROI , yROI , imageSize , imageSize ) ; % c r e a t e ROI mask

us ing boundar ies de f i ned be fore , numbers are he ight and width o f

image in p i x e l s

67

68

69 di sp ( ’ Mul t ip ly ing each image by the mask 230117 data . . . ’ ) ;

70 f o r x = 1 : l ength ( d i r l i s t ) %s e l e c t the images that are not

br i gh t f i e l d ( remove any from the working f o l d e r ) .

71 imageArrayNat ( x ) . imageNoBackground = imread ( char ( d i r l i s t ( x ) . name

) ) ;
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72 imageArrayNat ( x ) . imageMean = mean(mean( immult iply ( imageArrayNat (

x ) . imageNoBackground , bw1) ) ) ; % imageMean = mean o f image ∗
ROI

73 di sp ( ’ . . . ’ ) ;

74 end

75

76 NatRe l Intens i tyAi r = ze ro s ( numMeasurements , 2 ) ;

77 %d e f i n e s the R e l I n t e n s i t y matrix as a s e r i e s o f zeroes , th ree l i n e s

f o r each Air measurement

78 NatIntens i tyAi r = ze ro s ( numMeasurements , 2 ) ;

79 NatRelIntens ityN2 = ze ro s ( numMeasurements , 2 ) ;

80 %d e f i n e s the R e l I n t e n s i t y matrix as a s e r i e s o f zeroes , th ree l i n e s

f o r each Nitrogen measurement

81 NatRelIntensityO2 = ze ro s ( numMeasurements , 2 ) ;

82 %d e f i n e s the R e l I n t e n s i t y matrix as a s e r i e s o f zeroes , th ree l i n e s

f o r each Oxygen measurement

83

84 NatRe l Intens i tyAi r ( : , 1 ) = 21 ;

85 NatRelIntens ityN2 ( : , 1 ) = 0 ;

86 NatRelIntensityO2 ( : , 1 ) = 100 ;

87

88 %x = 1 ; %d e f i n e s the v a r i a b l e x , which i s e i t h e r 1 or 2 , the x

va lue s o f the R e l I n t e n s i t y matrix

89 z = 1 ; %d e f i n e s the v a r i a b l e z , which i s 1 , 2 , or 3 . I t d e f i n e s

which measurement , a i r , O2 or N2

90 y = 1 ; %d e f i n e s the v a r i a b l e y , which i s 1 to the number o f

images .

91

92

93 % from 10 to 18 −> N2 measurements

94 MeanIntensityN2 = 0 ;

95 di sp ( ’ Loading N2 i n t e n s i t i e s i n to v e c to r s 230117 data . . . ’ ) ;

96 f o r i = 1 : numMeasurements

% f o r each value

o f z : from 1 to number o f l o c a t i o n s measured

97 NatIntensityN2 ( i , 2 ) = imageArrayNat ( i+numMeasurements ) . imageMean

; % The r e l a t i v e i n t e n s i t y at 1 ,1 = at p o s i t i o n 1 in the

image l i s t % the

value o f oxygen i s a i r

98 NatRelIntens ityN2 ( i , 2 ) = NatIntensityN2 ( i , 2 ) / imageArrayNat ( i+

numMeasurements ) . imageMean ;

99 NatRe l Intens i tyAi r ( i , 2 ) = NatIntensityN2 ( i , 2 ) / imageArrayNat ( i )

. imageMean ; % The r e l a t i v e i n t e n s i t y at 1 ,1

= at p o s i t i o n 1 in the image l i s t

% the value o f
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oxygen i s a i r

100 NatRelIntensityO2 ( i , 2 ) = NatIntensityN2 ( i , 2 ) / imageArrayNat ( i+

numMeasurements ∗2) . imageMean ;

101 % The r e l a t i v e i n t e n s i t y at 1 ,1 = at p o s i t i o n 1 in the image l i s t

% the value o f oxygen

i s a i r

102 end

103

104 % c a l c u l a t e the mean o f each measurement

105 NatmeanAir = 0 ;

106 NatmeanO2 = 0 ;

107 % sum a l l the measurements

108 f o r i = 1 : numMeasurements

109 NatmeanAir = NatmeanAir + NatRe l Intens i tyAi r ( i , 2 ) ;

110 NatmeanO2 = NatmeanO2 + NatRelIntensityO2 ( i , 2 ) ;

111 end

112

113 % devide by the t o t a l number o f measurements

114 NatmeanAir = NatmeanAir / numMeasurements ;

115 NatmeanO2 = NatmeanO2 / numMeasurements ;

116 % the N2 measurement should always be 1

117 meanN2 = 1 ;

118

119 % c a l c u l a t e the min and max f o r e r r o r bars

120 airUpper = std ( NatRe l Intens i tyAi r ( : , 2 ) ) ; % f o r the range :

airUpper = max( NatRe l Intens i tyAi r ( : , 2 ) )−NatmeanAir ;

121 airLower = airUpper ; % f o r the range :

NatmeanAir−min ( NatRe l Intens i tyAi r ( : , 2 ) ) ;

122

123 O2Upper = std ( NatRelIntensityO2 ( : , 2 ) ) ; % f o r the range : max(

NatRelIntensityO2 ( : , 2 ) )−NatmeanO2 ;

124 O2Lower = O2Upper ; % f o r the range :

NatmeanO2−min ( NatRelIntensityO2 ( : , 2 ) ) ;

125

126 oxygenValues = [ 2 1 ; 0 ; 1 0 0 ] ;

127 NatmeanValues = [ NatmeanAir ; meanN2 ; NatmeanO2 ] ;

128 NatLowerValues = [ airLower ; 0 ; O2Lower ] ;

129 NatUpperValues = [ airUpper ; 0 ; O2Upper ] ;

130

131 %%

132 %∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
133 % d i s p l a y r e s u l t s f o r d i f f e r e n t oxygen concen t ra t i on s

134 %∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
135 di sp ( ’ Drawing f i g u r e s ’ ) ;

136
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137 f i g u r e (1 )

138 hold o f f

139 %plo t ( oxygenValues , meanValues , ’ or ’ )

140 hold on

141 e r r o rba r ( oxygenValues , NatmeanValues , NatLowerValues , NatUpperValues

, ’b . ’ ) ;

142 a x i s ([−10 110 0 2 5 ] )

143 f i t N a t i v e = f i t ( oxygenValues , NatmeanValues , ’ poly1 ’ ) ;

144 p lo t ( f i t N a t i v e , ’ : b ’ ) ;

145 x l a b e l ( ’ Percentage o f Oxygen [%] ’ )

146 y l a b e l ( ’ Re l a t i v e i n t e n s i t y [ I 0 / I ] ’ )

147 l egend ( ’ Native PS/PtOEPK ’ )

148

149 %Calcu la te I 0 / I 100

150 di sp ( ’ I0 / I100 = ’ ) ;

151 f o r i = 1 : numMeasurements

152 NatIntens i ty0 ( i ) = imageArrayNat ( i+numMeasurements ) . imageMean ;

153 NatIntens i ty100 ( i ) = imageArrayNat ( i +(numMeasurements ∗2) ) .

imageMean ;

154

155 I0 I100 ( i ) = NatIntens i ty0 ( i ) / NatIntens i ty100 ( i ) ;

156 end

157 average I0 I100 = ( I0 I100 (1 )+I0I100 (2 )+I0I100 (3 ) ) /3 ;

158 nat i v e I 0 I 100 = num2str ( average I0 I100 )

159 t ex t (20 ,2 , ’ y = 0.17 x + 1 .2 I 0 / I 100 = ’ ) ;

160 t ex t ( 7 0 , 2 . 2 5 , na t i v e I 0 I 100 ) ;

161

162

163

164 % Analys i s o f F luore scence Images

165 % Disso lved O2 change o f I n t e n s i t y Tr ip l e Flow

166 % Louise Orcheston−Findlay

167 % PtOEPK Oxygen senso r layer , 5x , Nikon E c l i p s e 80 i , no ND inse r t ed ,

37 .4C

168 % 1300nm t h i c k n e s s

169

170 cd E:\Data\2017\01−Jan\230117\ SternVolmer O2Plasma

171

172 di sp ( ’ S ta r t i ng O2 plasma a n a l y s i s 230117 data . . . ’ ) ;

173

174 d i r l i s t = d i r ( ’ ∗ . t i f ’ ) ; % c r e a t e a s t r u c t u r e d i r l i s t o f a l l . t i f

images in f o l d e r

175 numLocations = 3 ;

176 numSubstrates = 3 ;

177
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178 numMeasurements = numLocations ∗ numSubstrates ;

179

180 di sp ( ’ Extract ing images . . . ’ ) ;

181

182 f o r x = 1 : l ength ( d i r l i s t )

183 a = char ( d i r l i s t ( x ) . name) ; % e x t r a c t image name from s t r u c t u r e

184 imageArrayPlasma ( x ) . name = a ; % c r e a t e s t r u c t u r e imageArray with

name = image name

185 end

186

187 %

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

188

189 % use prev ious mask

190

191 di sp ( ’ Mul t ip ly ing each image by the mask 230117 data . . . ’ ) ;

192 f o r x = 1 : l ength ( d i r l i s t ) %s e l e c t the images that are not

br i gh t f i e l d ( remove any from the working f o l d e r ) .

193 imageArrayPlasma ( x ) . imageNoBackground = imread ( char ( d i r l i s t ( x ) .

name) ) ;

194 imageArrayPlasma ( x ) . imageMean = mean(mean( immult iply (

imageArrayPlasma ( x ) . imageNoBackground , bw1) ) ) ; % imageMean =

mean o f image ∗ ROI

195 di sp ( ’ . . . ’ ) ;

196 end

197

198 % from 10 to 18 −> N2 measurements

199 plasmaMeanIntensityN2 = 0 ;

200 di sp ( ’ Loading N2 i n t e n s i t i e s i n to v e c to r s 230117 data . . . ’ ) ;

201 f o r i = 1 : numMeasurements

% f o r each value

o f z : from 1 to number o f l o c a t i o n s measured

202 plasmaIntens ityN2 ( i , 2 ) = imageArrayPlasma ( i+numMeasurements ) .

imageMean ; % The r e l a t i v e i n t e n s i t y at 1 ,1 = at p o s i t i o n 1

in the image l i s t

% the value o f

oxygen i s a i r

203 plasmaRelIntens ityN2 ( i , 2 ) = plasmaIntens ityN2 ( i , 2 ) /

imageArrayPlasma ( i+numMeasurements ) . imageMean ;

204 p lasmaRe l Intens i tyAi r ( i , 2 ) = plasmaIntens ityN2 ( i , 2 ) /

imageArrayPlasma ( i ) . imageMean ; % The

r e l a t i v e i n t e n s i t y at 1 ,1 = at p o s i t i o n 1 in the image l i s t

% the value o f

oxygen i s a i r
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205 plasmaRelIntens ityO2 ( i , 2 ) = plasmaIntens ityN2 ( i , 2 ) /

imageArrayPlasma ( i+numMeasurements ∗2) . imageMean ;

% The r e l a t i v e i n t e n s i t y at 1 ,1 = at

p o s i t i o n 1 in the image l i s t

% the value o f

oxygen i s a i r

206 end

207

208 % c a l c u l a t e the mean o f each measurement

209 plasmaMeanAir = 0 ;

210 plasmaMeanO2 = 0 ;

211 f o r i = 1 : numMeasurements

212 plasmaMeanAir = plasmaMeanAir + plasmaRe l Intens i tyAi r ( i , 2 ) ;

213 plasmaMeanO2 = plasmaMeanO2 + plasmaRelIntens ityO2 ( i , 2 ) ;

214 end

215

216 plasmaMeanAir = plasmaMeanAir / numMeasurements ;

217 plasmaMeanO2 = plasmaMeanO2 / numMeasurements ;

218 plasmaMeanN2 = 1 ;

219

220 plasmaAirUpper = std ( p la smaRe l Intens i tyAi r ( : , 2 ) ) ; % f o r range : max

( p lasmaRe l Intens i tyAi r ( : , 2 ) )−plasmaMeanAir ;

221 plasmaAirLower = plasmaAirUpper ; % f o r range :

plasmaMeanAir−min ( p lasmaRe l Intens i tyAi r ( : , 2 ) ) ;

222

223 plasmaO2Upper = std ( plasmaRelIntens ityO2 ( : , 2 ) ) ; % f o r range : max

( plasmaRelIntens ityO2 ( : , 2 ) )−plasmaMeanO2 ;

224 plasmaO2Lower = plasmaO2Upper ; % f o r range :

plasmaMeanO2−min ( plasmaRelIntens ityO2 ( : , 2 ) ) ;

225

226 oxygenValues = [ 2 1 ; 0 ; 1 0 0 ] ;

227 plasmaMeanValues = [ plasmaMeanAir ; plasmaMeanN2 ; plasmaMeanO2 ] ;

228 plasmaLowerValues = [ plasmaAirLower ; 0 ; plasmaO2Lower ] ;

229 plasmaUpperValues = [ plasmaAirUpper ; 0 ; plasmaO2Upper ] ;

230

231 %%

232 %∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
233 % d i s p l a y r e s u l t s f o r d i f f e r e n t oxygen concen t ra t i on s

234 %∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
235 di sp ( ’ Drawing f i g u r e s ’ ) ;

236

237 f i g u r e (2 )

238 hold o f f

239 %plo t ( oxygenValues , meanValues , ’ or ’ )

240 hold on
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241 e r r o rba r ( oxygenValues , plasmaMeanValues , plasmaLowerValues ,

plasmaUpperValues , ’b . ’ ) ;

242 a x i s ([−10 110 0 2 5 ] )

243 f i tP lasma = f i t ( oxygenValues , plasmaMeanValues , ’ poly1 ’ ) ;

244 p lo t ( f i tPlasma , ’ : b ’ ) ;

245 x l a b e l ( ’ Percentage o f Oxygen [%] ’ )

246 y l a b e l ( ’ Re l a t i v e i n t e n s i t y [ I 0 / I ] ’ )

247 l egend ( ’ Plasma t r ea t ed PS/PtOEPK ’ )

248

249 %Calcu la te I 0 / I 100

250 di sp ( ’ I0 / I100 = ’ ) ;

251 f o r i = 1 : numMeasurements

252 p lasmaIntens i ty0 ( i ) = imageArrayPlasma ( i+numMeasurements ) .

imageMean ;

253 plasmaIntens i ty100 ( i ) = imageArrayPlasma ( i +(numMeasurements ∗2) ) .

imageMean ;

254

255 I0 I100 ( i ) = plasmaIntens i ty0 ( i ) / p lasmaIntens i ty100 ( i ) ;

256 end

257 plasmaAverageI0I100 = ( I0 I100 (1 )+I0I100 (2 )+I0I100 (3 ) ) /3

258

259 plasmaAverageI0I100 = ( I0 I100 (1 )+I0I100 (2 )+I0I100 (3 ) ) /3 ;

260 plasmaI0I100 = num2str ( plasmaAverageI0I100 )

261 t ex t (20 ,2 , ’ y = 0.13 x + 1 .3 I 0 / I 100 = ’ ) ;

262 t ex t ( 7 0 , 2 . 2 5 , plasmaI0I100 ) ;

263

264

265

266 % Analys i s o f F luore scence Images

267 % Disso lved O2 change o f I n t e n s i t y Tr ip l e Flow

268 % 12022008 , Volker Nock

269 % PtOEPK Oxygen senso r layer , 5x , Nikon E c l i p s e 80 i , no ND inse r t ed ,

37 .4C

270 % 1300nm t h i c k n e s s

271

272 cd E:\Data\2017\01−Jan\230117\SternVolmer PVP

273

274 di sp ( ’ S ta r t i ng PVP a n a l y s i s 230117 data . . . ’ ) ;

275

276 d i r l i s t = d i r ( ’ ∗ . t i f ’ ) ; % c r e a t e a s t r u c t u r e d i r l i s t o f a l l . t i f

images in f o l d e r

277

278 di sp ( ’ Extract ing images . . . ’ ) ;

279

280 f o r x = 1 : l ength ( d i r l i s t )
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281 a = char ( d i r l i s t ( x ) . name) ; % e x t r a c t image name from s t r u c t u r e

282 imageArrayNat ( x ) . name = a ; % c r e a t e s t r u c t u r e imageArray with

name = image name

283 end

284

285 %∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
286 % use prev ious mask

287

288 di sp ( ’ Mul t ip ly ing each image by the mask 230117 data . . . ’ ) ;

289 f o r x = 1 : l ength ( d i r l i s t ) %s e l e c t the images that are not

br i gh t f i e l d ( remove any from the working f o l d e r ) .

290 imageArrayPVP ( x ) . imageNoBackground = imread ( char ( d i r l i s t ( x ) . name

) ) ;

291 imageArrayPVP ( x ) . imageMean = mean(mean( immult iply ( imageArrayPVP (

x ) . imageNoBackground , bw1) ) ) ; % imageMean = mean o f image ∗
ROI

292 di sp ( ’ . . . ’ ) ;

293 end

294

295 % from 10 to 18 −> N2 measurements

296 PVPMeanIntensityN2 = 0 ;

297 di sp ( ’ Loading N2 i n t e n s i t i e s i n to v e c to r s 230117 data . . . ’ ) ;

298 f o r i = 1 : numMeasurements

299 % f o r each value o f z : from 1 to number o f l o c a t i o n s measured

300 PVPIntensityN2 ( i , 2 ) = imageArrayPVP ( i+numMeasurements ) . imageMean

;

301 % The r e l a t i v e i n t e n s i t y at 1 ,1 = at p o s i t i o n 1 in the image l i s t

% the value o f oxygen

i s a i r

302 PVPRelIntensityN2 ( i , 2 ) = PVPIntensityN2 ( i , 2 ) / imageArrayPVP ( i+

numMeasurements ) . imageMean ;

303 PVPRelIntensityAir ( i , 2 ) = PVPIntensityN2 ( i , 2 ) / imageArrayPVP ( i )

. imageMean ; % The r e l a t i v e i n t e n s i t y at 1 ,1

= at p o s i t i o n 1 in the image l i s t

% the value o f

oxygen i s a i r

304 PVPRelIntensityO2 ( i , 2 ) = PVPIntensityN2 ( i , 2 ) / imageArrayPVP ( i+

numMeasurements ∗2) . imageMean ;

305 % The r e l a t i v e i n t e n s i t y at 1 ,1 = at p o s i t i o n 1 in the image l i s t

% the value o f oxygen

i s a i r

306 end

307

308 % c a l c u l a t e the mean o f each measurement

309 PVPMeanAir = 0 ;
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310 PVPMeanO2 = 0 ;

311 f o r i = 1 : numMeasurements

312 PVPMeanAir = PVPMeanAir + PVPRelIntensityAir ( i , 2 ) ;

313 PVPMeanO2 = PVPMeanO2 + PVPRelIntensityO2 ( i , 2 ) ;

314 end

315

316 PVPMeanAir = PVPMeanAir / numMeasurements ;

317 PVPMeanO2 = PVPMeanO2 / numMeasurements ;

318 PVPMeanN2 = 1 ;

319

320 PVPAirUpper = std ( PVPRelIntensityAir ( : , 2 ) ) ;

321 % f o r range : max( PVPRelIntensityAir ( : , 2 ) )−PVPMeanAir ;

322 PVPAirLower = PVPAirUpper ;

323 % f o r range : PVPMeanAir−min ( PVPRelIntensityAir ( : , 2 ) ) ;

324

325 PVPO2Upper = std ( PVPRelIntensityO2 ( : , 2 ) ) ;

326 % f o r range : max( PVPRelIntensityO2 ( : , 2 ) )−PVPMeanO2;

327 PVPO2Lower = PVPO2Upper ;

328 % f o r range : PVPMeanO2−min ( PVPRelIntensityO2 ( : , 2 ) ) ;

329

330 oxygenValues = [ 2 1 ; 0 ; 1 0 0 ] ;

331 PVPMeanValues = [ PVPMeanAir ;PVPMeanN2;PVPMeanO2 ] ;

332 PVPLowerValues = [ PVPAirLower ; 0 ; PVPO2Lower ] ;

333 PVPUpperValues = [ PVPAirUpper ; 0 ; PVPO2Upper ] ;

334

335 %%

336 %∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
337 % d i s p l a y r e s u l t s f o r d i f f e r e n t oxygen concen t ra t i on s

338 %∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
339 di sp ( ’ Drawing f i g u r e s ’ ) ;

340

341 f i g u r e (3 )

342 hold o f f

343 %plo t ( oxygenValues , meanValues , ’ or ’ )

344 hold on

345 e r r o rba r ( oxygenValues , PVPMeanValues , PVPLowerValues , PVPUpperValues

, ’b . ’ ) ;

346 a x i s ([−10 110 0 2 5 ] )

347 fitPVP = f i t ( oxygenValues , PVPMeanValues , ’ poly1 ’ ) ;

348 p lo t ( fitPVP , ’ : b ’ ) ;

349 x l a b e l ( ’ Percentage o f Oxygen [%] ’ )

350 y l a b e l ( ’ Re l a t i v e i n t e n s i t y [ I 0 / I ] ’ )

351 l egend ( ’PVP and plasma t r ea t ed PS/PtOEPK ’ )

352

353 %Calcu la te I 0 / I 100
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354 di sp ( ’ I0 / I100 = ’ ) ;

355 f o r i = 1 : numMeasurements

356 PVPIntensity0 ( i ) = imageArrayPVP ( i+numMeasurements ) . imageMean ;

357 PVPIntensity100 ( i ) = imageArrayPVP ( i +(numMeasurements ∗2) ) .

imageMean ;

358

359 I0 I100 ( i ) = PVPIntensity0 ( i ) / PVPIntensity100 ( i ) ;

360 end

361 PVPAverageI0I100 = ( I0 I100 (1 )+I0I100 (2 )+I0I100 (3 ) ) /3

362 PVPI0I100 = num2str ( PVPAverageI0I100 )

363 t ex t (20 ,2 , ’ y = 0.096 x + 1 .3 I 0 / I 100 = ’ ) ;

364 t ex t ( 7 0 , 2 . 2 5 , PVPI0I100 ) ;

365

366

367

368

369 xText = 4 ;

370 % plo t a l l 3 toge the r

371 f i g u r e (4 )

372 hold o f f

373 % NATIVE

374 e r r o rba r ( oxygenValues , NatmeanValues , NatLowerValues , NatUpperValues

, ’b . ’ ) ;

375 hold on

376 f i t N a t i v e = f i t ( oxygenValues , NatmeanValues , ’ poly1 ’ ) ;

377 p lo t ( f i t N a t i v e , ’ : b ’ ) ;

378 t ex t ( xText , 2 0 , ’ y = 0.17 x + 1 .2 I 0 / I 1 0 0 = ’ ) ;

379 t ex t (50 ,20 , na t i v e I 0 I 100 ) ;

380

381 % Plasma t r ea t ed

382 e r r o rba r ( oxygenValues , plasmaMeanValues , plasmaLowerValues ,

plasmaUpperValues , ’m. ’ ) ;

383 f i tP lasma = f i t ( oxygenValues , plasmaMeanValues , ’ poly1 ’ ) ;

384 p lo t ( f i tPlasma , ’ :m’ ) ;

385 t ex t ( xText , 1 7 . 5 , ’ y = 0.13 x + 1 .3 I 0 / I 1 0 0 = ’ ) ;

386 t ex t ( 5 0 , 1 7 . 5 , plasmaI0I100 ) ;

387

388

389 % PVP trea t ed

390 e r r o rba r ( oxygenValues , PVPMeanValues , PVPLowerValues , PVPUpperValues

, ’ g . ’ ) ;

391 a x i s ([−10 110 0 2 5 ] )

392 fitPVP = f i t ( oxygenValues , PVPMeanValues , ’ poly1 ’ ) ;

393 p lo t ( fitPVP , ’ : g ’ ) ;

394 t ex t ( xText , 1 5 , ’ y = 0.096 x + 1 .3 I 0 / I 1 0 0 = ’ ) ;
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395 t ex t (50 ,15 , PVPI0I100 ) ;

396

397 x l a b e l ( ’ Percentage o f Oxygen [%] ’ )

398 y l a b e l ( ’ Re l a t i v e i n t e n s i t y [ I 0 / I ] ’ )

399

400 t ex t ( xText , 2 1 . 2 5 , ’ Native ’ )

401 t ex t ( xText , 1 8 . 7 5 , ’ Plasma t r ea t ed ’ )

402 t ex t ( xText , 1 6 . 2 5 , ’PVP tr ea t ed ’ )

403

404 l egend ( ’ ’ , ’ Native PS/PtOEPK ’ , ’ ’ , ’ Plasma t r ea t ed PS/PtOEPK ’ , ’ ’ , ’

PVP tr ea t ed PS/PtOEPK ’ )

405 a x i s ( [ 0 110 1 2 5 ] )

406

407

408 %%

409 %s t a r t i n g a n a l y s i s o f p o l y l y s i n e data

410 cd E:\Data\2017\06−Jun\190617\190617\190617\ Stern−V af t e rP o l y l y s i n e

411

412 di sp ( ’ S ta r t i ng POLY−L−LYSINE a n a l y s i s 190617 data . . . ’ ) ;

413

414 d i r l i s t = d i r ( ’ ∗ . t i f ’ ) ; % c r e a t e a s t r u c t u r e d i r l i s t o f a l l . t i f

images in f o l d e r

415 conver s i on = 2048 ;

416 imageSize = 2048 ;

417 numMeasurements = 27 ;

418

419 di sp ( ’ Extract ing images 190617 data . . . ’ ) ;

420

421 f o r x = 1 : l ength ( d i r l i s t )

422 a = char ( d i r l i s t ( x ) . name) ; % e x t r a c t image name from s t r u c t u r e

423 imageArrayPolyL ( x ) . name = a ; % c r e a t e s t r u c t u r e imageArray with

name = image name

424 end

425

426 di sp ( ’ Mul t ip ly ing each image by the mask 190617 data . . . ’ ) ;

427 f o r x = 1 : l ength ( d i r l i s t )

428 %s e l e c t the images that are not br i gh t f i e l d ( remove any from the

working f o l d e r ) .

429 imageArrayPolyL ( x ) . imageNoBackground = imread ( char ( d i r l i s t ( x ) .

name) ) ;

430 imageArrayPolyL ( x ) . imageMean = mean(mean( immult iply (

imageArrayPolyL ( x ) . imageNoBackground , bw1) ) ) ;

431 % imageMean = mean o f image ∗ ROI

432 di sp ( ’ . . . ’ ) ;

433 end
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434

435 f o r i = 1 : numMeasurements

436 i f i < 9

437 Po ly In t en s i t y (1 , i ) = 21 ;

438 e l s e i f i < 18

439 Po ly In t en s i t y (1 , i ) = 0 ;

440 e l s e i < numMeasurements + 1

441 Po ly In t en s i t y (1 , i ) = 100 ;

442 end

443 end

444

445

446

447 % from 10 to 18 −> N2 measurements

448 PolyMeanIntensityN2 = 0 ;

449 di sp ( ’ Loading N2 i n t e n s i t i e s i n to v e c to r s 190617 data . . . ’ ) ;

450 f o r i = 9 : 17

451 % f o r each value o f z : from 1 to number o f l o c a t i o n s measured

452 Po ly In t en s i t y ( i , 2 ) = imageArrayPolyL ( i ) . imageMean ;

453 % The r e l a t i v e i n t e n s i t y at 1 ,1 = at p o s i t i o n 1 in the image l i s t

454 Po ly In t en s i t y ( i , 2 )

455 PolyMeanIntensityN2 = PolyMeanIntensityN2 + Po ly In t en s i t y ( i , 2 )

456 di sp ( ’ . . . ’ )

457 end

458 PolyMeanIntensityN2 = PolyMeanIntensityN2 / 9 ;

459

460 f o r i = 1 : numMeasurements

461 imageArrayPolyL ( i ) . r e l I n t e n s i t y = PolyMeanIntensityN2 /

imageArrayPolyL ( i ) . imageMean ;

462 end

463

464

465 % c a l c u l a t e the mean o f each measurement

466 PolyMeanAir = 0 ;

467 PolyMeanO2 = 0 ;

468 f o r i = 1 : numMeasurements

469 i f i < 10

470 PolyMeanAir = PolyMeanAir + imageArrayPolyL ( i ) . r e l I n t e n s i t y ;

471 e l s e i > 18

472 PolyMeanO2 = PolyMeanO2 + imageArrayPolyL ( i ) . r e l I n t e n s i t y ;

473 end

474 end

475 PolyMeanAir = PolyMeanAir / 9 ;

476 PolyMeanO2 = PolyMeanO2 / 9 ;

477 PolyMeanN2 = 1 ;
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478

479 PolyAirUpper = std

( [ 3 . 90824450982212 ; 3 . 12416593900888 ; 3 . 39124664307258 ; 4 . 28327509415191 ; . . .

480 4 .29358907150089 ;4 . 33999063951520 ;4 . 27404506142955 ;4 . 42798600223842 ; . . .

481 3 .85577815665321 ] ) ; % f o r range : imageArrayPolyL (8 ) . r e l I n t e n s i t y−
PolyMeanAir ;

482 PolyAirLower = PolyAirUpper ;

483 % f o r range : PolyMeanAir−imageArrayPolyL (2) . r e l I n t e n s i t y ;

484

485 PolyO2Upper = std

( [ 11 . 1554747028169 ; 12 . 4488047717002 ; 13 . 5913060566220 ; 15 . 1008879764383 ; . . .

486 16 .8217527485586 ;17 .0128336291194 ;15 .7380589996023 ;17 .1584032903614 ;15 .6600167231524 ] )

; % f o r range : imageArrayPolyL (22) . r e l I n t e n s i t y−PolyMeanO2

;

487 PolyO2Lower = PolyO2Upper ;

488 % f o r range : PolyMeanO2−imageArrayPolyL (20) . r e l I n t e n s i t y ;

489

490 oxygenValues = [ 2 1 ; 0 ; 1 0 0 ] ;

491 PolyMeanValues = [ PolyMeanAir ; PolyMeanN2 ; PolyMeanO2 ] ;

492 PolyLowerValues = [ PolyAirLower ; 1 ; PolyO2Lower ] ;

493 PolyUpperValues = [ PolyAirUpper ; 1 ; PolyO2Upper ] ;

494

495 %Calcu la te I 0 / I 100

496 di sp ( ’ I0 / I100 = ’ ) ;

497 f o r i = 1 :9

498 Po ly In t en s i ty0 ( i ) = imageArrayPolyL ( i +9) . imageMean ;

499 Poly Intens i ty100 ( i ) = imageArrayPolyL ( i +18) . imageMean ;

500

501 I0 I100 ( i ) = Po ly In t en s i ty0 ( i ) / Po ly Intens i ty100 ( i ) ;

502 end

503 PolyAverageI0I100 = ( I0 I100 (1 )+I0I100 (2 )+I0I100 (3 ) ) /3

504 PolyI0I100 = num2str ( PolyAverageI0I100 )

505

506 f i g u r e (5 )

507 hold o f f

508 % NATIVE

509 e r r o rba r ( oxygenValues , NatmeanValues , NatLowerValues , NatUpperValues

, ’b . ’ ) ;

510 hold on

511 f i t N a t i v e = f i t ( oxygenValues , NatmeanValues , ’ poly1 ’ ) ;

512 p lo t ( f i t N a t i v e , ’ : b ’ ) ;

513 t ex t ( xText , 2 0 , ’ y = 0.17 x + 1 .2 I 0 / I 1 0 0 = ’ ) ;
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514 t ex t (50 ,20 , na t i v e I 0 I 100 ) ;

515

516 % Plasma t r ea t ed

517 e r r o rba r ( oxygenValues , plasmaMeanValues , plasmaLowerValues ,

plasmaUpperValues , ’ms ’ ) ;

518 f i tP lasma = f i t ( oxygenValues , plasmaMeanValues , ’ poly1 ’ ) ;

519 p lo t ( f i tPlasma , ’ :m’ ) ;

520 t ex t ( xText , 1 7 . 5 , ’ y = 0.13 x + 1 .3 I 0 / I 1 0 0 = ’ ) ;

521 t ex t ( 5 0 , 1 7 . 5 , plasmaI0I100 ) ;

522

523

524 % PVP trea t ed

525 e r r o rba r ( oxygenValues , PVPMeanValues , PVPLowerValues , PVPUpperValues

, ’ gx ’ ) ;

526 fitPVP = f i t ( oxygenValues , PVPMeanValues , ’ poly1 ’ ) ;

527 p lo t ( fitPVP , ’ : g ’ ) ;

528 t ex t ( xText , 1 5 , ’ y = 0.096 x + 1 .3 I 0 / I 1 0 0 = ’ ) ;

529 t ex t (50 ,15 , PVPI0I100 ) ;

530

531 % Poly−L−l y s i n e t r ea t ed

532 hold on

533 e r r o rba r ( oxygenValues , PolyMeanValues , PolyLowerValues ,

PolyUpperValues , ’ kˆ ’ ) ;

534 f i tPo lyL = f i t ( oxygenValues , PolyMeanValues , ’ poly1 ’ ) ;

535 p lo t ( f i tPo lyL , ’ : k ’ ) ;

536

537 % Poly−L−l y s i n e I0 / I100 value

538 t ex t ( xText , 1 2 . 5 , ’ y = 0.15 x + 0.92 I 0 / I 1 0 0 = ’ ) ;

539 t ex t ( 5 0 , 1 2 . 5 , PolyI0I100 ) ;

540

541 a x i s ([−10 110 0 2 5 ] )

542

543 x l a b e l ( ’ Percentage o f Oxygen [%] ’ )

544 y l a b e l ( ’ Re l a t i v e i n t e n s i t y [ I 0 / I ] ’ )

545

546 l egend ( ’ ’ , ’ Native PS/PtOEPK ’ , . . .

547 ’ ’ , ’ Plasma t r ea t ed PS/PtOEPK ’ , . . .

548 ’ ’ , ’PVP tr ea t ed PS/PtOEPK ’ , . . .

549 ’ ’ , ’ Poly−L−l y s i n e t r ea t ed PS/PtOEPK ’ )

550 a x i s ([−1 110 0 2 5 ] )

551

552

553 t ex t ( xText , 2 1 . 2 5 , ’ Native ’ )

554 t ex t ( xText , 1 8 . 7 5 , ’ Plasma t r ea t ed ’ )

555 t ex t ( xText , 1 6 . 2 5 , ’PVP tr ea t ed ’ )
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556 t ex t ( xText , 1 3 . 7 5 , ’ Poly−L−l y s i n e t r ea t ed ’ )

557

558 saveas ( gcf , ’ Nat plas PVP PolyL . pdf ’ )

559

560 di sp ( ’ done ’ )

561

562

563 %s t a r t i n g a n a l y s i s o f Nat2ysine data

564 cd E:\Data\2017\06−Jun\190617\190617\190617\ Stern−Vb4Polylys ine

565

566 di sp ( ’ S ta r t i ng Poly−L−LYSINE a n a l y s i s 190617 data . . . ’ ) ;

567

568 d i r l i s t = d i r ( ’ ∗ . t i f ’ ) ; % c r e a t e a s t r u c t u r e d i r l i s t o f a l l . t i f

images in f o l d e r

569 conver s i on = 2048 ;

570 imageSize = 2048 ;

571 numMeasurements = 27 ;

572

573 di sp ( ’ Extract ing images 190617 data . . . ’ ) ;

574

575 f o r x = 1 : l ength ( d i r l i s t )

576 a = char ( d i r l i s t ( x ) . name) ; % e x t r a c t image name from s t r u c t u r e

577 imageArrayNat2 ( x ) . name = a ; % c r e a t e s t r u c t u r e imageArray with

name = image name

578 end

579

580 di sp ( ’ Mul t ip ly ing each image by the mask 190617 data . . . ’ ) ;

581 f o r x = 1 : l ength ( d i r l i s t ) %s e l e c t the images that are not

br i gh t f i e l d ( remove any from the working f o l d e r ) .

582 imageArrayNat2 ( x ) . imageNoBackground = imread ( char ( d i r l i s t ( x ) .

name) ) ;

583 imageArrayNat2 ( x ) . imageMean = mean(mean( immult iply (

imageArrayNat2 ( x ) . imageNoBackground , bw1) ) ) ; % imageMean =

mean o f image ∗ ROI

584 di sp ( ’ . . . ’ ) ;

585 end

586

587 f o r i = 1 : numMeasurements

588 i f i < 9

589 Nat2Intens i ty (1 , i ) = 21 ;

590 e l s e i f i < 18

591 Nat2Intens i ty (1 , i ) = 0 ;

592 e l s e i < numMeasurements + 1

593 Nat2Intens i ty (1 , i ) = 100 ;

594 end
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595 end

596

597

598

599 % from 10 to 18 −> N2 measurements

600 Nat2MeanIntensityN2 = 0 ;

601 di sp ( ’ Loading N2 i n t e n s i t i e s i n to v e c to r s 190617 data . . . ’ ) ;

602 f o r i = 9 : 17

603 % f o r each value o f z : from 1 to number o f l o c a t i o n s measured

604 Nat2Intens i ty ( i , 2 ) = imageArrayNat2 ( i ) . imageMean ;

605 % The r e l a t i v e i n t e n s i t y at 1 ,1 = at p o s i t i o n 1 in the image l i s t

606 Nat2Intens i ty ( i , 2 )

607 Nat2MeanIntensityN2 = Nat2MeanIntensityN2 + Nat2Intens i ty ( i , 2 )

608 di sp ( ’ . . . ’ )

609 end

610 Nat2MeanIntensityN2 = Nat2MeanIntensityN2 / 9 ;

611

612 f o r i = 1 : numMeasurements

613 imageArrayNat2 ( i ) . r e l I n t e n s i t y = Nat2MeanIntensityN2 /

imageArrayNat2 ( i ) . imageMean ;

614 end

615

616

617 % c a l c u l a t e the mean o f each measurement

618 Nat2MeanAir = 0 ;

619 Nat2MeanO2 = 0 ;

620 f o r i = 1 : numMeasurements

621 i f i < 10

622 Nat2MeanAir = Nat2MeanAir + imageArrayNat2 ( i ) . r e l I n t e n s i t y ;

623 e l s e i > 18

624 Nat2MeanO2 = Nat2MeanO2 + imageArrayNat2 ( i ) . r e l I n t e n s i t y ;

625 end

626 end

627 Nat2MeanAir = Nat2MeanAir / 9 ;

628 Nat2MeanO2 = Nat2MeanO2 / 9 ;

629 Nat2MeanN2 = 1 ;

630

631 Nat2AirUpper = imageArrayNat2 (8 ) . r e l I n t e n s i t y−Nat2MeanAir ;

632 Nat2AirLower = Nat2MeanAir−imageArrayNat2 (2 ) . r e l I n t e n s i t y ;

633

634 Nat2O2Upper = imageArrayNat2 (22) . r e l I n t e n s i t y−Nat2MeanO2 ;

635 Nat2O2Lower = Nat2MeanO2−imageArrayNat2 (20) . r e l I n t e n s i t y ;

636

637 oxygenValues = [ 2 1 ; 0 ; 1 0 0 ] ;

638 Nat2MeanValues = [ Nat2MeanAir ; Nat2MeanN2 ; Nat2MeanO2 ] ;
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639 Nat2owerValues = [ Nat2AirLower ; 1 ; Nat2O2Lower ] ;

640 Nat2UpperValues = [ Nat2AirUpper ; 1 ; Nat2O2Upper ] ;

C.2 Converting intensity to oxygen concentration

Below is the MATLAB code used to cycle through fluorescent images of the cross-stream oxygen

gradient designed to output 3D and 4D graphs.

1 % Analys i s o f F luore scence Images

2 % Disso lved O2 dynamic changing over time

3 % 120617 Louise Orcheston−Findlay , 060818

4 % PS/PtOEPK Oxygen senso r layer , 10x , Nikon E c l i p s e 80 i

5

6 % BEFORE YOU START

7 % f i n d a po int o f r e f e remce − what p i x e l number = what l o c a t i o n on

the graph ?

8

9 c l e a r a l l %c l e a r matlab workspace

10

11

12 di sp ( ’ S ta r t i ng ’ ) ;

13

14 % c r e a t e a s t r u c t u r e d i r l i s t o f a l l . t i f images in f o l d e r

15 d i r l i s t = d i r ( ’ IshiP45 9cm exp500ms0 ∗ . t i f ’ ) ;

16

17 conver s i on = 2048 ;

18 imageSize = 2048 ;

19 numImages = length ( d i r l i s t ) ;

20 l ength ( d i r l i s t ) ; % shows number o f images

21 % d e f i n e the number o f c r o s s s e c t i o n s to in c lude

22 sectionNumber = 10 ; % THIS NUMBER CAN’T EXCEED 10

23

24 di sp ( ’ Extract ing images . . . ’ ) ;

25

26 f o r x = 1 : numImages % was − l ength ( d i r l i s t )

27 a = char ( d i r l i s t ( x ) . name) ; % e x t r a c t image name from s t r u c t u r e

28 imageArray ( x ) . name = a ; % c r e a t e s t r u c t u r e imageArray with name

= image name

29 di sp ( ’ Extract ing Image : ’ )

30 di sp ( x ) ;

31 end

32

33 di sp ( [ num2str ( numImages ) ’ images found ’ ] )

34

35 s = input ( ’ Continue ? y or n : ’ , ’ s ’ ) ;

36
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37 i f s ˜= ’ y ’ && s ˜= ’Y ’

38 re turn

39 end

40

41

42 %

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

43 %d e f i n e x1 and x2 as the two x va lue s that encompass the channel

i t s e l f

44 x1 = 600 ;

45 x2 = 1850 ;

46 y1 = 850 ;

47 y2 = 1405 ;

48

49 xROI = [ x1 , x1 , x2 , x2 , x1 ] ; % make the ROI box

50 yROI = [ y1 , y2 , y2 , y1 , y1 ] ;

51

52 ROI = poly2mask (xROI , yROI , imageSize , imageSize ) ; % c r e a t e ROI mask

us ing boundar ies de f i ned be fore , numbers are he ight and width o f

image in p i x e l s

53 imshow (ROI)

54

55 di sp ( ’ Loading the p o s i t i o n v e c t o r s . . . ’ )

56 p o s i t i o n = [ 1 : 2 0 4 8 ] ; % p o s i t i o n ACROSS the channel

57 p o s i t i o n = p o s i t i o n / imageSize ;

58 f o r j = 1 : 2048

59 pos i t i onVec to r ( j , : ) = p o s i t i o n ; % make a p o s i t i o n array with

the p o s i t i o n vec to r repeated f o r 2048 rows ( f o r 3D p lo t

func t i on )

60 end

61

62 di sp ( ’ Loading the v e c t o r s f o r each s e c t i o n . . . ’ )

63 s e c t i o n S t a r t = x1 ;

64 sect ionEnd = x2 ;

65 s ec t i on Increment = ( sectionEnd−s e c t i o n S t a r t ) / sectionNumber ;

66

67 sect ionPx = ze ro s (1 , sectionNumber ) ;

68 f o r i = 1 : sectionNumber

69 sect ionPx ( i ) = s e c t i o n S t a r t +( sec t i on Increment ∗ i ) ;

70 end

71

72 %Round to the nea r e s t p i x e l

73 pxToMmConversion = y2−y1 ;

74 sectionMm = sect ionPx /pxToMmConversion ;
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75 sectionMm = f l i p l r ( sectionMm ) ;

76

77 % 1mm = how many p i x e l s 1 . e . the width o f the channel

78 pxToMmConversion = y2−y1 ;

79 sectionMm = sect ionPx /pxToMmConversion ;

80 %sectionMm = sect ionPx ∗pxToMmFactor ; % make t h i s i n to mm

from the i n l e t

81

82 f o r i = 1 : l ength ( sectionMm )

83 % f o r each c r o s s s e c t i o n

84 f o r j = 1 : 2048

85 % f o r each row in each c r o s s s e c t i o n vec to r

86 % make an array o f the same c r o s s s e c t i o n ve c to r s ( f o r the 3

D p lo t command)

87 s e c t i onVec to r ( : , j ) = sectionMm ( : ) ; % in mm from streams

merging

88 di sp ( j )

89 end

90 end

91

92 f o r i = 1 : l ength ( sect ionPx )

93 % f o r every c r o s s s e c t i o n p o s i t i o n in the image

94 currentMinMean ( i ) = 0 ; % vecto r o f z e r o e s the width and he i gh t s

o f the number o f x s e c t i o n s

95 currentMaxMean ( i ) = 0 ; % vecto r o f z e r o e s the width and he i gh t s

o f the number o f x s e c t i o n s

96 vectorPref ixMax ( i ) = 0 ; % changing MAX mean value f o r each

frame f o r each x s e c t i o n

97 vectorPre f ixMin ( i ) = 0 ; % changing MIN mean value f o r each

frame f o r each x s e c t i o n

98 % the y a x i s i s the number o f x s e c t i o n s , the re should only be

numbers in the top row

99 end

100

101 currentMax = 0 ; % one o f the v a r i a b l e s that changes with each

image

102 currentMin = 10ˆ10 ; % make sure i t ’ s b ig enough f o r the minimums to

be l e s s

103 % need a vec to r p r e f i x f o r min , max and mean f o r every x s e c t i o n

104

105 f i g u r e (1 )

106 hold o f f

107

108 O2Conversion = 1 ;

109
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110 di sp ( ’ Mul t ip ly ing each image by the mask ’ )

111 di sp ( ’ P l o t t i ng c r o s s s e c t i o n s ’ )

112 % f o r loops f o r a s s i g n i n g v e c to r s

113 f o r i = 1 : numImages % length ( d i r l i s t )

114 % f o r each image at each l o c a t i o n

115 f o r j = 1 : l ength ( sect ionPx )

116 % at l o c a t i o n

117 % put image name in f i r s t f i e l d

118 imageArray ( i ) . image = imread ( char ( d i r l i s t ( i ) . name) ) ;

119 % mult ip ly image by mask

120 imageArray ( i ) . ROI = immult iply ( imageArray ( i ) . image , ROI) ;

121 % the mean i n t e n s i t y o f the whole image

122 imageArray ( i ) . meanIntenst i ty = im2double ( imageArray ( i ) . ROI) ;

123 % make a three collumn array with three x s e c t i o n p o s i t i o n s

124

125 i f j == 1

126 i n t e n s i t y V e c t o r 1 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

127 i n t e n s i t y V e c t o r 1 ( : , i ) = i n t e n s i t y V e c t o r 1 ( : , i ) ∗
O2Conversion ;

128 e l s e i f j == 2

129 i n t e n s i t y V e c t o r 2 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

130 i n t e n s i t y V e c t o r 2 ( : , i ) = i n t e n s i t y V e c t o r 2 ( : , i ) ∗
O2Conversion ;

131 e l s e i f j == 3

132 i n t e n s i t y V e c t o r 3 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

133 i n t e n s i t y V e c t o r 3 ( : , i ) = i n t e n s i t y V e c t o r 3 ( : , i ) ∗
O2Conversion ;

134 e l s e i f j == 4

135 i n t e n s i t y V e c t o r 4 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

136 i n t e n s i t y V e c t o r 4 ( : , i ) = i n t e n s i t y V e c t o r 4 ( : , i ) ∗
O2Conversion ;

137 e l s e i f j == 5

138 i n t e n s i t y V e c t o r 5 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

139 i n t e n s i t y V e c t o r 5 ( : , i ) = i n t e n s i t y V e c t o r 5 ( : , i ) ∗
O2Conversion ;

140 e l s e i f j == 6

141 i n t e n s i t y V e c t o r 6 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

142 i n t e n s i t y V e c t o r 6 ( : , i ) = i n t e n s i t y V e c t o r 6 ( : , i ) ∗
O2Conversion ;
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143 end

144 di sp ( i )

145 di sp ( j )

146 end

147

148 end

149

150 writerObj = VideoWriter ( ’ GraphMovie . av i ’ ) ; % Name i t .

151 writerObj . FrameRate = 4 ; % How many frames per second .

152 open ( writerObj ) ;

153

154

155 % f o r loop f o r p l o t t i n g

156 f o r i = 1 : numImages % length ( d i r l i s t )

157 % f o r each image at each l o c a t i o n

158 f o r j = 1 : l ength ( sect ionPx )

159 % d e f i n e f i g u r e 2 and add to i t every i t e r a t i o n o f the f o r

loop

160 a = f i g u r e (1 ) ;

161

162 % 3D plo t the i n t e n s i t y o f each image at each c r o s s s e c t i o n

po int

163 i f j == 1

164 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

165 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 1 ( : , i ) )

166 e l s e i f j == 2

167 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

168 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 2 ( : , i ) )

169 e l s e i f j == 3

170 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

171 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 3 ( : , i ) )

172 e l s e i f j == 4

173 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

174 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 4 ( : , i ) )

175 e l s e i f j == 5

176 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

177 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 5 ( : , i ) )

178 e l s e i f j == 6

179 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )
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180 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 6 ( : , i ) )

181 end

182 x l a b e l ({ ’ Distance from s t a r t ’ ; ’ o f c e l l c u l t u r e channel ’ }) ;

183 y l a b e l ({ ’ Cross s e c t i o n s ’ ; ’ p e rpend i cu la r to f low ’ }) ;

184 z l a b e l ( ’ Oxygen (mg/L) ’ )

185 % make a movie frame o f each f i g u r e

186 hold on

187 di sp ( i )

188 end

189

190 ylim ( [ 0 . 4 0 . 7 ] )

191 z l im ( [ 6000 13000 ] )

192 view ([−130 −40])

193 s e t ( gca , ’ xd i r ’ , ’ r e v e r s e ’ )

194

195 fname=s p r i n t f ( ’ Graph%d . png ’ , i ) ;

196 saveas ( gcf , fname ) ; % one image f o r every frame i n c l u d i n g a l l

x−s e c t i o n s

197

198 % wri t e the cur rent c r o s s s e c t i o n as a movie frame

199 %frame = getframe ( gc f ) ; % ’ gcf ’ can handle i f you zoom in to

take a movie .

200 %writeVideo ( writerObj , frame ) ;

201 hold o f f

202 end

203

204 % enter the name o f the e x c e l f i l e c on ta t i n ing oxygen over time data

205 di sp ( ’Type the name o f the e x c e l f i l e c on ta t i n ing oxygen data . I f

you dont have one type n ’ )

206 s = input ( ’Name o f oxygen data f i l e : ’ , ’ s ’ ) ;

207

208 i f s == ’n ’

209 re turn

210 end

211

212 % As long as the user didn ’ t type ’n ’ or ’N’ they must type the name

o f the

213 % f i l e which w i l l be loaded in to a matrix and p lo t t ed

214 oxygenData = x l s r ea d ( s ) ;

215

216 time = oxygenData ( : , 1 ) ;

217 O2mgL = oxygenData ( : , 2 ) ;

218 N2mgL = oxygenData ( : , 3 ) ;

219 f lowulmin = oxygenData ( : , 6 ) ;
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220

221 a = f i g u r e (1 ) ;

222 p lo t ( time , N2mgL, time , O2mgL) ;

223 y l a b e l ( ’ Oxygen (mg/L) ’ ) ;

224 x l a b e l ( ’Time ( Minutes ) ’ ) ;

225 l egend ( ’ Nitrogen l i n e ’ , ’ Oxygen Line ’ )

226

227 saveas ( a , ’ OxygenvTime . jpg ’ )

C.3 Plotting DO cross-sectional gradients

The MATLAB code for outputting the mean, maximum and minimum cross-stream oxygen

gradient using a stack of images

1 % Analys i s o f F luore scence Images

2 % Disso lved O2 dynamic changing over time

3 % 120617 Louise Orcheston−Findlay

4 % PS/PtOEPK Oxygen senso r layer , 10x , Nikon E c l i p s e 80 i

5

6 % BEFORE YOU START

7 % f i n d a po int o f r e f e remce − what p i x e l number = what l o c a t i o n on

the graph ?

8

9 c l e a r a l l %c l e a r matlab workspace

10

11

12 di sp ( ’ S ta r t i ng ’ ) ;

13

14 d i r l i s t = d i r ( ’ ∗ . t i f ’ ) ; % c r e a t e a s t r u c t u r e d i r l i s t o f a l l . t i f

images in f o l d e r

15 conver s i on = 2048 ;

16 imageSize = 2048 ;

17 numImages = 10 ; %length ( d i r l i s t ) ; % shows number o f images

18

19 di sp ( ’Time passed = 1 minute ’ )

20

21 di sp ( ’ Extract ing images . . . ’ ) ;

22

23 f o r x = 1 : numImages % was − l ength ( d i r l i s t )

24 a = char ( d i r l i s t ( x ) . name) ; % e x t r a c t image name from s t r u c t u r e

25 imageArray ( x ) . name = a ; % c r e a t e s t r u c t u r e imageArray with name

= image name

26 di sp ( ’ Extract ing Image : ’ )

27 di sp ( x ) ;

28 end

29
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30 %

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

31 %d e f i n e x1 and x2 as the two x va lue s that encompass the channel

i t s e l f

32 x1 = 1 ;

33 x2 = 2048 ;

34 y1 = 550 ;

35 y2 = 1470 ;

36

37 xROI = [ x1 , x1 , x2 , x2 , x1 ] ; % make the ROI box

38 yROI = [ y1 , y2 , y2 , y1 , y1 ] ;

39

40 ROI = poly2mask (xROI , yROI , imageSize , imageSize ) ; % c r e a t e ROI mask

us ing boundar ies de f i ned be fore , numbers are he ight and width o f

image in p i x e l s

41

42 di sp ( ’ Loading the p o s i t i o n v e c t o r s . . . ’ )

43 p o s i t i o n = [ 1 : 2 0 4 8 ] ; % p o s i t i o n ACROSS the channel

44 p o s i t i o n = p o s i t i o n / imageSize ;

45 f o r j = 1 : 2048

46 pos i t i onVec to r ( j , : ) = p o s i t i o n ; % make a p o s i t i o n array with

the p o s i t i o n vec to r repeated f o r 2048 rows ( f o r 3D p lo t

func t i on )

47 end

48

49 pxToMmFactor = 0 . 4 4 6 7 ; % the f a c t o r f o r t h i s chip to convert px

in to mm FROM THE INLET ! ! ! !

50 % Lpx / 1070 = Lmm, 700/1070 + 0.4458 = 1 .1mm

51 % : Lpx/1070 + 0.4458 = 1 .1 mm = Lpx( [1+0.4458∗1070 ] /1070) =

conver s i on f a c t o r

52

53 di sp ( ’ Loading the v e c t o r s f o r each s e c t i o n . . . ’ )

54 sectionMm = [ 0 . 8 ; 1 ; 1 . 2 ; 1 . 4 ; 1 . 6 ; 1 . 8 ] ; % the vec to r f o r c r o s s

s e c t i o n s a c r o s s the channel

55 sect ionPx = [ 3 7 4 ; 430 ; 642 ; 856 ; 1070 ; 1284 ; 1 3 4 0 ] ;

56 % Lpx = (Lmm−0.4458) ∗ 1070

57 % 0.5 mm = 58

58

59 f o r i = 1 : l ength ( sectionMm )

60 % f o r each c r o s s s e c t i o n

61 f o r j = 1 : 2048

62 % f o r each row in each c r o s s s e c t i o n vec to r

63 % make an array o f the same c r o s s s e c t i o n ve c to r s ( f o r the 3

D p lo t command)
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64 s e c t i onVec to r ( : , j ) = sectionMm ( : ) ; % in mm from streams

merging

65 di sp ( j )

66 end

67 end

68

69 f o r i = 1 : l ength ( sect ionPx )

70 % f o r every c r o s s s e c t i o n p o s i t i o n in the image

71 currentMinMean ( i ) = 0 ; % vecto r o f z e r o e s the width and he i gh t s

o f the number o f x s e c t i o n s

72 currentMaxMean ( i ) = 0 ; % vecto r o f z e r o e s the width and he i gh t s

o f the number o f x s e c t i o n s

73 vectorPref ixMax ( i ) = 0 ; % changing MAX mean value f o r each

frame f o r each x s e c t i o n

74 vectorPre f ixMin ( i ) = 0 ; % changing MIN mean value f o r each

frame f o r each x s e c t i o n

75 % the y a x i s i s the number o f x s e c t i o n s , the re should only be

numbers in the top row

76 end

77

78 currentMax = 0 ; % one o f the v a r i a b l e s that changes with each

image

79 currentMin = 10ˆ10 ; % make sure i t ’ s b ig enough f o r the minimums to

be l e s s

80 % need a vec to r p r e f i x f o r min , max and mean f o r every x s e c t i o n

81

82 f i g u r e (1 )

83 hold o f f

84

85 O2Conversion = 5/20000;

86

87 di sp ( ’ Mul t ip ly ing each image by the mask ’ )

88 di sp ( ’ P l o t t i ng c r o s s s e c t i o n s ’ )

89 % f o r loops f o r a s s i g n i n g v e c to r s

90 f o r i = 1 : numImages % length ( d i r l i s t )

91 % f o r each image at each l o c a t i o n

92 f o r j = 1 : l ength ( sect ionPx )

93 % at l o c a t i o n

94 % put image name in f i r s t f i e l d

95 imageArray ( i ) . image = imread ( char ( d i r l i s t ( i ) . name) ) ;

96 % mult ip ly image by mask

97 imageArray ( i ) . ROI = immult iply ( imageArray ( i ) . image , ROI) ;

98 % the mean i n t e n s i t y o f the whole image

99 imageArray ( i ) . meanIntenst i ty = im2double ( imageArray ( i ) . ROI) ;

100 % make a three collumn array with three x s e c t i o n p o s i t i o n s
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101

102 i f j == 1

103 i n t e n s i t y V e c t o r 1 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

104 i n t e n s i t y V e c t o r 1 ( : , i ) = i n t e n s i t y V e c t o r 1 ( : , i ) ∗
O2Conversion ;

105 e l s e i f j == 2

106 i n t e n s i t y V e c t o r 2 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

107 i n t e n s i t y V e c t o r 2 ( : , i ) = i n t e n s i t y V e c t o r 2 ( : , i ) ∗
O2Conversion ;

108 e l s e i f j == 3

109 i n t e n s i t y V e c t o r 3 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

110 i n t e n s i t y V e c t o r 3 ( : , i ) = i n t e n s i t y V e c t o r 3 ( : , i ) ∗
O2Conversion ;

111 e l s e i f j == 4

112 i n t e n s i t y V e c t o r 4 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

113 i n t e n s i t y V e c t o r 4 ( : , i ) = i n t e n s i t y V e c t o r 4 ( : , i ) ∗
O2Conversion ;

114 e l s e i f j == 5

115 i n t e n s i t y V e c t o r 5 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

116 i n t e n s i t y V e c t o r 5 ( : , i ) = i n t e n s i t y V e c t o r 5 ( : , i ) ∗
O2Conversion ;

117 e l s e i f j == 6

118 i n t e n s i t y V e c t o r 6 ( : , i ) = double ( imageArray ( i ) . ROI ( : ,

sect ionPx ( j ) ) ) ;

119 i n t e n s i t y V e c t o r 6 ( : , i ) = i n t e n s i t y V e c t o r 6 ( : , i ) ∗
O2Conversion ;

120 end

121 di sp ( j )

122 end

123 di sp ( i )

124 end

125

126 writerObj = VideoWriter ( ’ GraphMovie . av i ’ ) ; % Name i t .

127 writerObj . FrameRate = 4 ; % How many frames per second .

128 open ( writerObj ) ;

129

130 zlimMax = 25 ;

131

132 % make an array o f the c e l l images

133 cd ’E:\Data\2017\08−Aug\150817\Fluo \10 ulpm 0 . 5 fp s \Cel lswGraphInset ’
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134 d i r l i s t 2 = d i r ( ’ ∗ . t i f ’ ) ;

135 f o r i = 1 : numImages % was − l ength ( d i r l i s t )

136 a = char ( d i r l i s t 2 ( i ) . name) ; % e x t r a c t image name from s t r u c t u r e

137 imageCel lArray ( i ) . name = a ; % c r e a t e s t r u c t u r e imageArray with

name = image name

138 imageCel lArray ( i ) . image = imread ( char ( d i r l i s t 2 ( i ) . name) ) ;

139 di sp ( ’ Extract ing Image : ’ )

140 di sp ( i ) ;

141 end

142 % put back to prev ious d i r e c t o r y

143 cd ’E:\Data\2017\08−Aug\150817\Fluo \10 ulpm 0 . 5 fp s ’

144

145 l i n eTh i ckne s s = 2 ;

146 % f o r loop f o r p l o t t i n g

147 f o r i = 1 : numImages % length ( d i r l i s t )

148 % f o r each image at each l o c a t i o n

149 f o r j = 1 : l ength ( sect ionPx )

150 % d e f i n e f i g u r e 2 and add to i t every i t e r a t i o n o f the f o r

loop

151 a = f i g u r e (1 ) ;

152 % 3D plo t the i n t e n s i t y o f each image at each c r o s s s e c t i o n

po int

153 i f j == 1

154 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

155 z l im ( [ 0 zlimMax ] )

156 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 1 ( : , i ) , ’ l i n ew id th ’ , l i n eTh i ckne s s )

157 e l s e i f j == 2

158 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

159 z l im ( [ 0 zlimMax ] )

160 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 2 ( : , i ) , ’ l i n ew id th ’ , l i n eTh i ckne s s )

161 e l s e i f j == 3

162 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

163 z l im ( [ 0 zlimMax ] )

164 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 3 ( : , i ) , ’ l i n ew id th ’ , l i n eTh i ckne s s )

165 e l s e i f j == 4

166 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

167 z l im ( [ 0 zlimMax ] )

168 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 4 ( : , i ) , ’ l i n ew id th ’ , l i n eTh i ckne s s )

169 e l s e i f j == 5

170 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

171 z l im ( [ 0 zlimMax ] )
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172 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 5 ( : , i ) , ’ l i n ew id th ’ , l i n eTh i ckne s s )

173 e l s e i f j == 6

174 xlim ( [ sectionMm (1) sectionMm ( length ( sectionMm ) ) ] )

175 z l im ( [ 0 zlimMax ] )

176 p lo t3 ( s e c t i onVec to r ( j , : ) , po s i t i onVec to r ( i , : ) ,

i n t e n s i t y V e c t o r 6 ( : , i ) , ’ l i n ew id th ’ , l i n eTh i ckne s s )

177 end

178 view (−160 ,−10)

179 x l a b e l ({ ’ Distance from s t a r t ’ ; ’ o f c e l l c u l t u r e channel ’ }) ;

180 y l a b e l ({ ’ Cross s e c t i o n s ’ ; ’ p e rpend i cu la r to f low ’ }) ;

181 z l a b e l ( ’ Oxygen (mg/L) ’ )

182 % make a movie frame o f each f i g u r e

183 hold on

184 di sp ( i )

185 end

186 fname=s p r i n t f ( ’ Graph%d . png ’ , i ) ;

187 saveas ( gcf , fname ) ; % save one image f o r every frame i n c l u d i n g

a l l x−s e c t i o n s

188

189

190 hold o f f

191 end

192

193 %c l o s e ( wr iterObj ) ; % Saves the movie .

194

195 view (−160 ,−10)

196

197 di sp ( ’REMEMBER TO SWAP THE X AXIS VALUES AROUND − TO THE RIGHT IS

TOWARDS THE INLETS ’ )

C.4 MATLAB code for quantifying immunofluorescence

Below is the MATLAB code used to output graphs of intensity against position in the channel

after immunostaining.

1 % MATLAB code f o r t h r e s ho l d i n g immunof luorescent images

2 % Louise 200318 , 120418 , 080618

3

4 c l e a r a l l % c l e a r a l l v a r i a b l e s

5 c l o s e a l l % c l o s e a l l f i g u r e s

6 workspace ; % workspace i s showing

7

8 di sp ( ’ Reading image ’ ) ;

9 % read in t i f f image and convert i t to double format
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10 rawImage = imread ( ’ I sh iP39 noGradient1 . 5

h GA150418IF160418 highQ c1 cropped . jpg ’ ) ;

11 di sp ( ’ Image read ’ ) ;

12 di sp ( ’ Converting to double ’ ) ;

13 image = rgb2gray ( rawImage ) ;

14

15 %disp ( ’ Showing image . . . ’ ) ;

16 %imshow ( image ) % d i s p l a y the image as a double

17

18 % Enlarge f i g u r e to f u l l s c r e en .

19 s e t ( gcf , ’ un i t s ’ , ’ normal ized ’ , ’ o u t e r p o s i t i o n ’ , [ 0 0 1 1 ] ) ;

20 drawnow ;

21 % Get the dimensions o f the image . numberOfColorBands should be =

3 .

22 [ rows , columns , numberOfColorBands ] = s i z e ( image ) ;

23

24 % perform th r e sh o ld i ng by l o g i c a l index ing

25 % a l l p i x e l s l e s s than 0 .2 are s e t to zero and are excluded from the

26 % c a l c u l a t i o n s

27 imageThresholded = image ;

28 imageThresholded ( image<0.2) = 0 ;

29

30 % d i s p l a y r e s u l t

31 f i g u r e (1 )

32 subplot ( 1 , 2 , 1 )

33 imshow ( image , [ ] )

34 t i t l e ( ’ o r i g i n a l image ’ )

35 subplot ( 1 , 2 , 2 )

36 imshow ( imageThresholded , [ ] )

37 t i t l e ( ’ th re sho lded image ’ )

38

39 f i g u r e (2 )

40 imshow ( imageThresholded )

41

42 % make the p i x e l s that are used in the c a l c u l a t i o n black and the

ones that

43 % are not black , make them white

44 f i g u r e (5 )

45 imageInverted = imageThresholded ;

46 imageInverted = uint8 (255) − imageInverted ;

47 imshow ( imageInverted )

48

49 % open the f l u o r e s c e n t image in Paint and note l o c a t i o n o f ROI

v e r t i c e s ( p i x e l s )
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50 % d e f i n e two r e g i o n s o f i n t e r e s t , one f o r O2 stream and one f o r N2

stream

51 di sp ( ’ Def ine ROIs ’ )

52 xStart = 0 ;

53 widthInPixe l s = 16700; % f i n d t h i s by opening the image in c o r e l

draw or pa int ( i f smal l enough )

54 numberOfROIs = 100 ;

55 incrument = widthInPixe l s /numberOfROIs ;

56

57 x1 = ze ro s (1 , numberOfROIs ) ;

58 x2 = ze ro s (1 , numberOfROIs ) ;

59

60 x1 (1 ) = xStart ;

61 x2 (1 ) = xStart + incrument ;

62 f o r i = 1 : numberOfROIs

63 x1 ( i ) = xStart + ( ( i −1)∗ incrument ) ;

64 x2 ( i ) = xStart + ( i ∗ incrument ) ;

65 end

66

67 y1 = 1350 ;

68 y3 = 7900 ;

69 y2 = y1 + ( ( y3−y1 ) /2) ;

70

71 % i n i t i a l i s e the v a r i a b l e s that need length ( x2 )

72 sumIntensityO2 = ze ro s ( l ength ( x2 ) , 1) ;

73 sumIntensityN2 = ze ro s ( l ength ( x2 ) , 1) ;

74 numNONblackO2 = ze ro s ( l ength ( x2 ) , 1) ;

75 numNONblackN2 = ze ro s ( l ength ( x2 ) , 1) ;

76 IperUnitAreaO = ze ro s ( l ength ( x2 ) , 1) ;

77 IperUnitAreaN = ze ro s ( l ength ( x2 ) , 1) ;

78 I n t e n s i t y D i f f e r e n c e P e r c e n t = ze ro s ( l ength ( x2 ) , 1) ;

79

80 f o r i = 1 : l ength ( x2 )

81 pixTot1 = ( x2 ( i ) − x1 ( i ) ) ∗( y2 − y1 ) ;

82

83 xROI1 = [ x1 ( i ) , x1 ( i ) , x2 ( i ) , x2 ( i ) , x1 ( i ) ] ; % make the ROI

box 1 − top − oxygenated − dim HIF−1a

84 yROI1 = [ y1 , y2 , y2 , y1 , y1 ] ;

85

86 ROI1 = poly2mask (xROI1 , yROI1 , rows , columns ) ; % c r e a t e ROI mask

1

87

88 pixTot2 = ( x2 ( i ) − x1 ( i ) ) ∗( y3 − y2 ) ;

89
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90 xROI2 = [ x1 ( i ) , x1 ( i ) , x2 ( i ) , x2 ( i ) , x1 ( i ) ] ; % make the ROI

box 2 − bottom − n i t rogenated − br i gh t HIF−1a

91 yROI2 = [ y2 , y3 , y3 , y2 , y2 ] ;

92

93 ROI2 = poly2mask (xROI2 , yROI2 , rows , columns ) ; % c r e a t e ROI mask

2

94

95 di sp ( ’ Drawing ROIs ’ )

96 f i g u r e (3 )

97 imshow (ROI1)

98 f i g u r e (4 )

99 imshow (ROI2)

100

101 % mult ip ly the th r e sho ld image by each mask

102 di sp ( ’ Mult ip ly image by ROIs ’ )

103 imageThresholdROI1 = immult iply ( imageThresholded , ROI1) ;

104 imageThresholdROI2 = immult iply ( imageThresholded , ROI2) ;

105

106 %f i g u r e (5 )

107 %imshow ( imageThresholdROI1 )

108 %f i g u r e (6 )

109 %imshow ( imageThresholdROI2 )

110

111 % CHECK THIS IS THE CORRECT WAY AROUND! ! ! !

112 % export sum of i n t e n s i t y f o r each ROI

113 sumIntensityO2 ( i ) = mean(mean( imageThresholdROI2 ) ) ;

114 sumIntensityN2 ( i ) = mean(mean( imageThresholdROI1 ) ) ;

115

116

117 % CHECK THIS IS THE CORRECT WAY AROUND! ! ! !

118 % get the percentage o f ROI that i s NOT black

119 numNONblackO2( i ) = sum( imageThresholdROI2 ( : ) ˜= 0) ;

120 numNONblackN2( i ) = sum( imageThresholdROI1 ( : ) ˜= 0) ;

121

122 % I n t e n s i t y per un i t area

123 IperUnitAreaO ( i ) = sumIntensityO2 ( i ) /numNONblackO2( i ) ;

124 IperUnitAreaN ( i ) = sumIntensityN2 ( i ) /numNONblackN2( i ) ;

125

126 % Display percentage that area 2 was b r i g h t e r than area 1

127 IperUnitAreaO ( i )

128 IperUnitAreaN ( i )

129 I n t e n s i t y D i f f e r e n c e P e r c e n t ( i ) = ( ( IperUnitAreaN ( i ) −
IperUnitAreaO ( i ) ) /( IperUnitAreaO ( i ) ) ) ∗100

130 end

131
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132 di sp ( ’ F in i shed ’ )

133

134 r e s u l t s M a t r i x . x1 = x1 ;

135 r e s u l t s M a t r i x . x2 = x2 ;

136 r e s u l t s M a t r i x . IntensityPerAreaO2 = IperUnitAreaO ;

137 r e s u l t s M a t r i x . IntensityPerAreaN2 = IperUnitAreaN ;

138 r e s u l t s M a t r i x . N2br ighterPercent = I n t e n s i t y D i f f e r e n c e P e r c e n t ;

139

140 % how many p i x e l s per mm in these images ?

141 %1024px per mm

142 pxPerMm = 1024 ;

143

144 f i g u r e (10)

145 hold o f f

146 p lo t ( x1/pxPerMm, I n t e n s i t y D i f f e r e n c e P e r c e n t )

147 x l a b e l ( ’ Po s i t i on along the channel l ength (mm) ’ )

148 y l a b e l ( ’ Percentage i n c r e a s e in HIF1−a on hypoxic s i d e o f the channel

’ )

149

150 % try to f i t an exponent i a l to the data

151

152 x1 = x1/pxPerMm ;

153

154 f i g u r e (11)

155 p lo t ( x1 , IperUnitAreaO , ’ ko ’ , x1 , IperUnitAreaN , ’ bo ’ )

156 hold on

157 x l a b e l ( ’ Po s i t i on along the channel l ength (mm) ’ )

158 y l a b e l ( ’ I n t e n s i t y per un i t area o f HIF1−a ’ )

159 l egend ( ’ Oxygenated stream ’ , ’ Nitrogenated stream ’ )

160 %f = f i t ( x1 , y1 , ’ exp1 ’ ) ;

161 %f2 = f i t ( x1 , y2 , ’ exp1 ’ ) ;

162 %plo t ( f , x1 , y1 )

163 %plo t ( f2 , x1 , y2 )
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D FITTING OF SPIN SPEED AND THICKNESS DATA

In Chapter 3, the thickness versus spin speed were plotted and the values of K and α in

Equation 3.6 were computed. It was found that α = −1.3406 when the entire dataset was

computed, which is lower than the expected value of -0.5 that was reported to be the typical

value of α [197]. Figure D.1 shows the model (black line) when the value of α was set to -0.5

as suggested in the literature. This resulted in a model that more closely represents the higher

spin speeds measured. In the range 314-838 rad/s (3000-8000 rpm), when α was not restricted

to -0.5, the value of α was computed to be -0.1681.

Figure D.1: The thickness of PS/PtOEPK plotted against rotation rate. The model
is shown by the black line where α was restricted to be -0.5. K was calculated to be
15.919 in this case so that t = 15.919ω−0.5.

This suggests that either this model is not correct over large ranges of rotation rate, or the

toluene/PS/PtOEPK solvent/polymer pair does not adhere to this model. It seems more likely

that the range of rotation rates investigated is too large for this simple model, as the model

appears to become more accurate as the range in data decreases.

According to Norrmann et. al. (2005), the difference in α observed for the toluene/PS/PtOEPK

solvent/polymer pair could be due to fluid inertia and is more pronounced for some solvent-

polymer pairs [197]. It is possible to expand the model used in this work to include other aspects

of the solvent/polymer system. Including these is beyond the scope of this thesis, however.
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E SOLUBILITY OF OXYGEN IN WATER AND CELL-CULTURE

MEDIA

As shown in Table E.2, the composition of MEM culture medium with either Earle’s salts or

Hank’s salts. The Earle’s salt formula contains a combination of salts that when combined with

the controlled CO2 environment in a cell-culture incubator, maintain the correct physiological

pH required for the maintenance of mammalian cells. Minimum essential media with the Hank’s

salts formula, due to its altered salt content, can be used when cell-culture is carried out in

atmospheric CO2 conditions (<1 % rather than 7.5 % in the cell-culture incubator). Both types

contain what is needed for cells to survive including growth factors etc., the main difference

being their difference in calcium and sodium concentration and differences in the buffer. These

two types of cell-culture media are needed in this work since the cancer cells were first cultured

in a cell-culture incubator with CO2 control then transferred to a microchannel in atmospheric

conditions. It is also worth mentioning that the oxygen gradient will not affect this pH balance,

even though the cell-culture media is designed for use in atmosphere, as the CO2 content is the

only gas that has a bearing on the pH of the media.

As shown in Table E.2, the salinity of Earle’s salts MEM is 9837 mg/L and Hank’s salts

MEM is 9096 mg/L. It is worth noting that in Table E.1, solubility is measured in g/kg and in

Table E.2 it is measured in mg/L. Considering that the cell-culture media is mostly composed

of water, these units can be treated as equal, so that the salinity can be divided by 1000 to

compare to the salinity of fresh water and seawater. Taking this into consideration, the salinity

of Earle’s salts MEM (9.837 g/L) is 28 % of seawater and the salinity of Hank’s salts MEM

(9.096 g/L) is 26 % of seawater. Consequently, Hank’s salts MEM will be able to hold more

oxygen because of its slightly lower salinity. This is an advantage as Hank’s salts MEM is the

type of media that will be used to hold controlled amounts of gasses during exposure of the

cells to a DO gradient on-chip, but only on the hyperoxic side.



E2 BIBLIOGRAPHY

Table E.1: A table showing the solubility of oxygen in DI water (salinity = 0 g/kg)
and seawater (salinity = 35 g/kg). Reproduced from [226].

Solubility of Oxygen in Fresh Water - Salinity ∼0

Pressure abs

mmHg 760 1520 3040
psi 14.7 29.3 58.7
bar 1 2 4
kPa 101.1 202.2 404.3

Temperature Solubility
◦C ◦F µM mg/L mL/L µM mg/L mL/L µM mg/L mL/L

0 32 457 14.6 10.2 913 29.2 20.5 1823 58.4 40.9
5 41 399 12.8 9.1 798 25.5 18.2 1595 51.1 36.4
10 50 353 11.3 8.2 705 22.6 16.4 1411 45.1 32.8
15 59 315 10.1 7.5 630 20.2 14.9 1260 40.3 29.8
20 68 284 9.1 6.8 568 18.2 13.7 1137 36.4 27.3
25 77 258 8.3 6.3 517 16.5 12.6 1034 33.1 25.3
30 86 236 7.6 5.9 473 15.2 11.8 947 30.3 23.6
35 95 218 7 5.5 436 14 11 872 27.9 22.1
40 104 202 6.5 5.2 404 12.9 10.4 808 25.9 20.8
45 113 189 6 4.9 375 12 9.8 751 24 16.9
50 122 177 5.6 4.6 355 11.3 9.3 710 22.7 18.7

Solubility of Oxygen in Fresh Water - Salinity ∼35

Pressure abs

mmHg 760 1520 3040
psi 14.7 29.3 58.7
bar 1 2 4
kPa 101.1 202.2 404.3

Temperature Solubility
◦C ◦F µM mg/L mL/L µM mg/L mL/L µM mg/L mL/L

0 32 349 11.2 7.8 699 22.4 15.7 1399 44.8 31.3
5 41 308 9.9 7 616 19.7 14.1 1233 39 28
10 50 275 8.8 6.4 550 17.6 12.8 1099 35.2 25.6
15 59 248 7.9 5.9 495 15.9 11.7 991 31.7 23.4
20 68 225 7.2 5.4 450 14.4 10.8 901 28.8 21.7
25 77 206 6.6 5 413 13.2 10.1 826 26.4 20.2
30 86 190 6.1 4.7 381 12.2 9.5 761 24.4 18.9
35 95 176 5.6 4.5 353 11.3 8.9 706 22.6 17.9
40 104 165 5.3 4.2 329 10.5 8.5 658 21.1 16.9
45 113 154 4.9 4 308 9.9 8 616 19.7 16.1
50 122 146 4.6 3.8 292 9.4 7.7 585 18.7 15.4
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Table E.2: The salt constituents of cell-culture MEM with either a Earle’s salts or
Hank’s salts formulation. Adapted from [252].

Inorganic salts Concentration Concentration
in Earle’s (mg/L) in Hank’s (mg/L)

Calcium chloride (CaCl2) (anhyd.) 200 140
Magnesium sulfate (MgSO4) (anhyd.) 97.67 98

Potassium chloride (KCl) 400 400
Sodium bicarbonate (NaHCO3) 2200 350

Sodium chloride (NaCl) 6800 8000
Sodium phosphate monobasic (NaH2PO4-H2O) 140 60

Sodium phosphate dibasic (Na2HPO4) anhydrous 48

Amino acids

L-Arginine hydrochloride 126 126
L-Cystine 2HCl 126 126

L-Glutamine 31 31
L-Histidine hydrochloride-H2O 292 292

L-Isoleucine 42 42
L-Leucine 52 52

L-Lysine hydrochloride 73 73
L-Methionine 15 15

L-Phenylalanine 32 32
L-Threonine 48 48

L-Tryptophan 10 10
L-Valine 46 46

Vitamins

Choline chloride 1 1
D-Calcium pantothenate 1 1

Folic Acid 1 1
Niacinamide 1 1
Riboflavin 0.1 0.1
i-Inositol 2 2

Others

D-Glucose (Dextrose) 180.0 1000
Phenol Red (pH indicator) 376.4 10

Total 9837 mg/L 9096 mg/L
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F RESISTIVE CHIP HEATER

A homemade chip heater was fabricated in order to maintain a physiologically relevant tem-

perature throughout bench-top experiments. Further fabrication, testing and theory details

are given in Appendix F as this version was not used in oxygen control experiments or for

experiments with cells. The final incubator setup utilised two resistors (4 kΩ) to provide heat,

proportional to the current passed through them, and a circuit board (Arduino, R1) was used

as the controller. Because this option ultimately resulted in many additional wires and com-

ponents connected to the chip-holder, this option for heating the chip was not used and was

discarded in favour of a simpler and better approach in the form of a repurposed microscope

stage heater.

The heater arrangement operates on the simple principle that heat is expelled when current

is flowed through a resistor (4 kΩ). The amount of heat is proportional to the voltage applied by

the relation P = V 2/R. This allows the temperature of an object coupled to the heating resistor

to be kept constant by controlling the incident power, which is done via a microcontroller and

a temperature sensor.

The set-point is defined as the goal temperature and the error as a function of time (e(t))

is defined as the difference between the actual temperature as a function of time (T (t)) and the

set-point so that e(t) = sp−T (t). There are several types of control which can be used in order

to maintain the system at the set-point. The most simple is a ’bang-bang’ approach, where the

resistors are either on or off. i.e. the power supplied is zero or maximum once the temperature

exceeds or falls below the set-point. This type of control produced a temperature profile as

shown in Fig.F.1, which contains substantial variation, although the average temperature is

satisfactorily close to typical body temperature.

Other types of control that replace bang-bang are proportional, integral and differential

type control. Proportional control applies power to the resistors that is proportional to the

difference in the temperature error e(t). In other words, as the actual temperature becomes

closer to the set-point, the power is reduced accordingly. The power in this case is defined as

P (t) = C × e(t), where C is a constant to be determined. Proportional control was found to

be sufficient for the level of control desired for this project. An offset was, however, needed to

prevent the heater from cooling down too quickly once the actual temperature exceeded the

set-point. In Equation F.1. KP , KI and KD are constants to be found, e(t) is the error i.e.

e(t) = set− point−T (t)), and T (t) is the temperature measured by the sensor as a function of

time. The power is then given by

P (t) = 3 +KP e(t) +KI

∫ t

0

e(t)dt+KD
de(t)

dt
(F.1)

In case of this project there were two 10 kΩ resistors coupled to the aluminium underside

of the chip holder. They were coupled by applying an adhesive heatsink (Epoxi-Patch, Dexter

Corporation Speciality Materials) and baking at 60◦C for two hours. The resistors were then

connected and controlled by an Arduino (uno, R2). During testing a sensor was positioned in

the aluminium, in the PDMS and out in the ambient air.
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Figure F.1: The temperature measured at the temperature sensor against time whilst
testing the resistive heater using bang-bang control. The inset shows one wavelength
of the temperature oscillation caused by the temperature control method.
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G RIE PATTERNING OF SENSOR FILMS

To facilitate plasma bonding of PDMS to glass, the PS/PtOEPK sensor film was patterned

using existing method, shown in Figure G.1 developed in the Nock lab [144]. The results were

not satisfactory however, as shown in Figure G.2, where the PS/PtOEPK film etched past the

desired point so that some of the patterns disappeared entirely and others were distorted. This

over-etching while using the same machine settings as previously [144] could be due to ageing

of the machine, particular conditions that are not reproducible such as the running of certain

etching programs before our program was used, or changing matching characteristics due to

use with other materials over the years since. Figure G.2 also shows the comparison of the etch

with the intended shape of the patterns, indicating the total disappearance of the triangular

patterns.

Figure G.1: Reactive ion etching of PS/PtOEPK sensor films via a previously re-
ported method [144].
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Figure G.2: A PS/PtOEPK sensor film patterned with arbitrary geometric shapes
showing inconsistent etching and jagged pattern boundaries. Black lines indicate in-
tended pattern boundaries.
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H VIDEO OF CELLS AND OXYGEN GRADIENTS

Numerous videos were produced throughout this project. The most notable were observations

of cells in bright field over time in the channel, the fluorescent signal from the PS/PtOEPK

sensor film and the DO gradient extracted from these images. Examples of these videos can be

found at the links shown in Table G.1.

Table G.1: A link to a youtube video.

Data type URL to video

An overview of the

chip design, sensor film https://goo.gl/37akd7

signal and 3D graphs
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