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Abstract

The evolution of a new drug is initiated by testing new compounds in a preclinical
laboratory setting. The methods for discovering new drugs involve scrutiny of a
drug’s efficacy on a cell model of a disease. Current methods of creating these cell
culture models are highly dependent on consumables and manual time. New methods
such as high-throughput screening of drugs has progressed the ability to test multiple
drugs on cells. However, current high-throughput methods lack the ability to create
live cultures that are biologically relevant and can be manipulated non-invasively.
The research presented here furthers drug analysis technology by creating a
microfluidic instrument for the generation of individual reactions under lul in
volume. This is a continuous system that can create an unlimited amount of live cell
cultures. Validation of this system is both the identification of antibiotic resistance
and creating cancer models in microfluidic droplets and being able to monitor these
cultures non-invasively in real time. For biologically relevant models a new method
of forming 3D cell cultures within the microfluidic droplets is presented. These form
structures that are equivalent to micro-tumours within a 600nl reaction. A novel
aspect of this research is that breast cancer models are treated within the microfluidic
droplets and show the same gene expression signature as found in literature from
larger cultures. This demonstrates the integrity of the new method in reducing the
amount of cells and reagents required to perform reactions. The treatment and
monitoring of the cultures within a bench top instrument allows for thousands of
reactions to be evaluated for preclinical analysis.
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Chapter 1

Introduction

Drug discovery is initiated by creating a cell model of a disease. Cell culturing and
drug testing techniques have been the same for decades. Collectively, an estimated
$50 billion is spent each year by large pharmaceutical companies on drug discovery
(Paul et al., 2010). This investment has only been rewarded with 29 new drugs being
approved by the FDA in 2009, only 10 of which went to market (Paul et al., 2010).
Drug discoveries are instigated by having a disease or condition that is without
suitable medical products (Hughes et al., 2011). The strategy for new drug
development consists of phases. Initially drugs will undergo preclinical trials, which
is estimated to take 3-4 years (Lipsky and Sharp, 2001). If a drug shows sufficient
evidence that it can treat a disease in a laboratory setting on cells or animal models,
an application to the FDA is made to start clinical trials and these trials can take
approximately 5 years (Lipsky and Sharp, 2001). If the clinical trials are successful
in showing a positive change to a disease, the drug can begin to be commercialised.
The amount of drugs that are successfully commercialised is low, for example, only
5% of drugs with anticancer properties at preclinical phase are licensed (Hutchinson

and Kirk, 2011). To prevent 95% of drugs failing in the clinical trials, it is



imperative to have preclinical methods that are representative of in-vivo conditions.
Considerations in the design of experiments need to include in-vivo factors such as
the size of the cells, how they grow within the body (hard bone cells or soft tissue
cells) and the signals the cells will get naturally from their environment. The focus of
the research presented here is to develop a new preclinical method of testing drugs
on biologically relevant models. The preclinical phase encompasses identifying a top
drug candidate from experimental methods such as efficacy, pharmacology and
toxicology studies (Steinmetz and Spack, 2009). These systems require a living cell
model known as a cell culture. A cell culture model allows researchers to test at a

molecular level how a prospective drug will react.

To create a new preclinical test method, it is necessary to have a better understanding
of the cell culture process. Cells are the most fundamental part of the human body

and every organ within it. From a single initial cell division, the cell will begin to

Figure 1.1 Schematic of cell division from parent cells, mitosis forms two new cells



grow and divide to form all the organs within the body. Each organ functioning
correctly is dependent on all the cells working together. The fate of the cells and the
organs they become is determined by their internal communications, cell to cell
communications and the environment the cells grow in. The billions of cell
divisions that take place in the body each day work together to form a fully
functioning body. Cells will divide when they go through a process known as
mitosis. Mitosis is cell division where one cell will divide into two daughter cells
(Figurel.1l) and involves the division of the cell’s nucleus. Within a cell there are
many organelles for example, the nucleus, mitochondria and chloroplast which are
essentially the ‘little organs’ that determine the function of the cell. DNA is
encapsulated inside the cell’s nucleus. Once the cells have completed the mitosis
cycle, the daughter cells will then go through the cycle again and this process will
keep occurring. Cells will get signals internally to perform all of its processes
including mitosis and eventually will get a signal called apoptosis which is the signal
to die off. To understand at a molecular level what is occurring within the cell, gene

expression is used.

Drug response is analysed on living cell cultures through gene expression (O’Neill et
al., 2012). The rate of cell growth and the condition of a cell’s morphology is
dictated by its environment (Iloki Assanga, 2013), for example, a cell’s metabolisms
and growth rate are different in culture flasks, compared to in-vivo conditions (Shah
et al., 2011). For this reason, it is an essential requirement for a new preclinical

method to mimic in-vivo conditions as closely as possible.

Mammalian cells models provide information about many diseases such as cancer
(Neve et al., 2006), diabetes (Mathis et al., 2001) and lung disease (Eramo et al.,

2007). Presently, the most common type of preclinical cell culture is two
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dimensional (2D) (Zidtkowska et al., 2013). Preclinical cell culture is conducted on
plastic culture dishes and well plates, where the cells adhere to a surface in two
dimensions, whereas in the human body, the cell will grow in three dimensions (3D).
3D culture is more physiologically relevant than 2D culture (de Groot et al., 2016).
Currently, the most common way to test mammalian cells is to place cells on a 2D
cell culture flask and cover with growth media containing all the nutrients required
(Heath and Kiss, 2007). The cells are incubated and monitored by taking the cells
from the incubator and visually observing them under a microscope. This manual
interaction continues as the cells are washed, nutrients replaced, when the cells have

reached sufficient growth for testing, a drug is added. This is the process of setting

Figure 1.2. A schematic representation of growth factor receptors in 2D and 3D cell culture.
Images show the physical difference of breast cancer cells in 2D flat cells and 3D spheroid
culture

up a single 2D test and is repeated for each test required. Three dimensional culture
has the potential to bridge the gap between laboratory testing and human clinical

trials, which is currently being fulfilled by animal models. Recently, the emergence
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of organs on chips is providing a method of placing multiple cells together to act like
an organ on a microfluidic chip. This gives the ability to test what is happening to a
whole organ model and not just one cell type (Bhatia and Ingber, 2014). With 3D
culture being more biologically relevant characteristics such as viability,
morphology, proliferation, differentiation, response to stimuli, migration and
invasion of tumour cells into surrounding tissues and gene expression can be found
without using animal models (Antoni et al., 2015). The physical difference in 2D
and 3D cultures is demonstrated in Figure 1.2, where an image of MCF-7 breast
cancer cells that have adhered to a flask in 2D. Here it is clear, that the cells only
have the ability to communicate in 2D, as they lay flat on the plate. The artificial
polarity, which is the location of the receptors, is influenced by the 2D conditions,
where all the adherent cells receptors have attached to the plate while the growth
factor receptors are above the cell (Cukierman et al., 2001). The cells growth factor
and adhesion receptors will only be able to communicate with other cells at the edges
of the cells. Figure 1.2 demonstrates that the MCF-7 cells have formed a 3D
structure, where the dispersion of the receptors throughout the cell is evident. These
cells have communicated with each other to form a structure that is a representation
of a tumour model known as a spheroid (Fennema et al., 2013). Cell communication
is imperative because it signals to the cells when to divide and the conditions of the
environment around the cells. The receptors are important because they
communicate to the cell nucleus the status of the conditions around the cell and how
it should act. This informs the cell when the correct conditions to divide are present.
Currently, there are many trends in forming 3D cultures from hanging droplet,
scaffolds and extracellular matrix gels; and these can vary from batch to batch

(Breslin and O’Driscoll, 2013). Differences in cell behaviour, such as gene



expression and proliferation occur between 2D and 3D culture (Fischbach et al.,
2007). Proliferation rates are influenced by 3D culture (Pickl and Ries, 2008) for
example, where SKBR3 cells are treated with a drug (transtuzumab) in 2D and 3D
culture. The 2D culture demonstrates a slight reduction in proliferation, whereas a
48% reduction was recorded when cultured under 3D conditions. For this reason,
drugs that have been successful in 2D preclinical phase have failed when in the
clinical trial phase as the cells can react differently under different conditions. It has
also been shown that cancer cells treated with anti-cancer drugs respond completely
different when maintained in 2D or 3D culture (Tung et al., 2011). This highlights
how the specific environment and cell-cell communication can influence the action
of the cells. Sixty three percent of drug discovery cost is attributed to clinical trials
(Du et al., 2016) so it is imperative to have the correct drugs selected before this
stage. A better system is required to get drugs to market and this can be enhanced by
better scientifically relevant methods. Also, there are many limitations associated

with these current methods, for example:

l. Multiple tests cannot be performed rapidly,

2. There are many human interactions with each culture increasing the
possibility of human error,

3. Two dimensional culture is common practice,

4. 3D culture is expensive and relies heavily on the quality and batch specificity
of extracellular matrices and components,

5. The volumes of the cultures is in millilitres and with the high cost of drugs

this limits the amount of trials performed on cultures,



6. The current methods are not high-throughput as each experiment has to be on
an individual dish, each dish has to be incubated and to perform thousands of

tests could require many incubators.

In order to address the current preclinical shortcomings, high-throughput screening
has been developed. High-throughput screening is the ability to conduct hundreds of
experiments in parallel. This enables the researcher to do many experiments, analyse
results and find out what result each experiment will have on a disease. High-
throughput cell analysis has been used in investigations for diseases including
diabetes (Amin ef al., 2016) and cancer (Gupta et al., 2009). This allows libraries of
compounds to be tested on cells. However, most of these systems use well-plate
technology and this limits the amount of experiments from 384 (Desbordes and
Studer, 2013) to 1536 experiments per plate (Kang et al., 2008). Although these
methods do increase the amount of tests possible they are finite, which limits the
amount of data being generated. The cost is high to analyse libraries of drugs and
reducing the amounts of reagents by using a smaller volumes causes the evaporation
of reagents in the well plates (Du et al., 2016). Large compound libraries can contain
up to one million compounds, thus more efficient methods are required to analyse
these (Guo et al., 2012). Currently, the rise is microfluidics allows the reduction of
volumes to the nano-litre range (Teh et al., 2008) and consequently this reduction
allows the cost of each reaction to be decreased, therefore allowing for more

reactions to be created, yielding more results and data.

Microfluidics has emerged as a technology that can accommodate the demand for
increased throughput and reduced amounts of reagents. It utilises fluids in small
volumes under the microliter range (Whitesides, 2006) and encompasses many

disciplines, such as engineering, chemistry and as in this research is applied to a
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biological application. Many biological processes have been generated using
microfluidics including; biological bioreactors for PCR (Hayes and Dalton, 2015),
protein crystallization (Squires and Quake, 2005) and bio-sensing (Teh et al., 2008).
The advantage of microfluidics is the significant reduction in the amount of reagents
necessary to perform the assays (Ralf ef al., 2012). Using microfluidic technologies
allows the automation of the drug discovery process which not only reduces the user
time, but also decreases the error between tests. A current state of the art commercial
microfluidic culture instrument Callisto, produced by Fluidigm, consists of thirty
two wells for mammalian cell culture on one plate, allowing multiple cultures in
parallel. Steps can be pre-programmed by software, minimising the manual process
time. However, the Callisto system is limited to thirty two reactions per plate.
Another example of a microfluidic cell culture device is demonstrated in Figure 1.3,
where the CellASIC plate (Millipore) has four wells that are used for long term
culture. The microfluidics here allow the perfusion of nutrients to cultures for long

term culture, however as can be seen is limited to four parallel cultures.

Nutrient Supply wells

Cell reactions

!

Microfluidic plate cultures

Figure 1.3 Image of a commercially available long term microfluidic cell culture system
demonstrating the four plate culture region CellASIC ONIX (Millipore, 2016)



Microfluidics is also used for bacterial cell analysis as it provides a basis of
miniaturising the current processing methods. An example of a miniaturised
biological detection process is fluoresce detection. Fluorescence detection of bacteria
was first developed for the detection of fluorescent proteins within a sixty nano-litre
droplet (Martin et al., 2003). This paved the way for many other microfluidic
methods using fluorescence. Many of these methods still require additional
equipment such as microscopes and lasers (Mohan ef al., 2013). A system has been
developed using a florescence assay to test the metabolic activity levels and
antibiotic resistance using microfluidic droplets (Boedicker et al., 2008). More
recently, Mohan et al (2013) used a bio-sensing method of antibiotic treatment of
bacteria to successfully treat bacteria using green fluorescent protein. A multichip
microfluidic method was developed by Churski ef al 2012, where a microfluidic chip
was used to generate droplets and mix them with antibiotics. Sequences of
microfluidic droplets, containing various drug combinations, are incubated off the
chip in a tube. The droplets of bacteria are then added to a detection chip, where
fluorescent material is detected. Microfluidic techniques for mammalian cells have
been developed for the diagnosis of cancer, where a cell’s deformability was shown
to determine the cell’s health (Hou et al., 2009). Microfluidic systems have been
used for 3D cancer models. A 3D cell culture microfluidic chip was developed by
Yu et al (2010), where a droplet encapsulation system was used to create 3D
spheroids on a hydrogel. The droplets are then moved through a microfluidic chip
that has traps, this allow the alginate cultures to be maintained long term.
Ziolkowska et al (2013) created a long term culture chip, where 3D cancer spheroids
of HT-29 human colon carcinoma cancer cell were formed. Using the hydrophobic

properties of PDMS chips, the cells attach to each other in each well within the chip,



forming a tumour spheroid structure. Cells are evaluated on the chip using a
confocal microscope and fluorescent assay. Drugs were applied to the cultures and
the diameter of the cancer spheroid is measured after treatment. The result shows
dead cells detaching from the spheroid and thus reducing the size of the spheroid.
The limiting factor for this method is that the number of cancer spheroids on a chip
is dependent on the number of wells within the chip. Microfluidic methods are also
used for developing 3D cultures, which involves techniques such as cell
immobilisation using alginate (Yoon et al., 2013, Sakai et al., 2011) (Alessandri et
al., 2013) or extracellular matrix gels (Guo You et al., 2011). 3D spheroids are
generated using a microfluidic chip by aggregating the cells in one area (Ong et al.,
2008) and testing drugs on these cells. Although these methods have advanced drug
discovery research, a method that does not require additional florescent detection or
create 3D cultures without the addition of gels or immobilising agents, to the authors

knowledge, is currently not available.

The research introduced in this thesis investigates a method of cancer model
spheroid generation that is simplified to culture media and cells alone. This new
method generates individual bioreactors that are capable of being mixed with any
drug. The research here develops a novel method for 3D spheroid production. This
new method has the potential to provide high-throughput generation of miniaturised
3D cultures within individual reactions for drug analysis. Consequently it could
change how preclinical trials are performed by creating a system that is miniaturised,

more efficient and more effective in identifying new drugs.

There are two cell types investigated in this research; bacterial cells and mammalian
cells. Bacterial cells were chosen as the initial test on the instrument as they permit

rapid growth compared to mammalian cells. This will determine if the microfluidic
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instrument is capable of cell culture and is biocompatible. Providing that the
bacterial cultures are successful within the instrument, mammalian cell testing will
then be pursued. The mammalian cells being used are breast cancer cells, which
grow less rapidly than bacteria cells; it takes 18 hours for mammalian cells (ATCC)
to double, compared to 20 minutes for bacteria cells (Sezonov et al., 2007). Cancer
cells were selected for the microfluidic system as it a major area of medical research
that affects fourteen million people worldwide (Stewart, 2014). Diagnosis is
performed by taking a tissue biopsy and performing analysis to determine if it is
cancerous (Yu et al., 2014). It is necessary to be able to test cancer cells in-vitro in a
high-throughput manner to access more data rapidly. A system that is capable of
creating high-throughput cancer assays, while reducing the number of cells required,
as well as the volume of drugs necessary, could immensely improve the amount of
tests that can be performed, hence delivering more data about the disease. Specific
conditions are necessary to enable growth of the cancer cells and this will truly be
the determining factor to reveal if the microfluidic instrument is successful in

creating stable breast cancer models.

The development of a new system for cell analysis raises a number of engineering

challenges:

l. Miniaturising the cell treatment process into individual reactions. Each
reaction is required to be manipulated and this requires mixing the cell with

drugs or antibiotics.

2. The health of the biological samples must be maintained for the duration of

testing and cannot be compromised.
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3. The cells must have the correct atmospheric conditions, namely temperature

and CO; levels, which requires any system to be gas permeable and

isothermal.
4. The cell samples are required to be monitored in real time.
5. It must facilitate the reduction in the volume of the culture to create a high-

throughput system.

To address these challenges, a new method of cell culture and analysis is established
in this research. To create cell models, the desired situation is to mimic in-vivo cell
morphology, in a laboratory setting. The scale of microfluidics aims to provide an
environment closer to the cell’s own length scale, with the average culture flask
being in the scale of millimetres and the scale of the cells 10-100um in diameter
(Whitesides, 2006). The novel method proposed in this thesis shows how high-
throughput preclinical cancer models and bacteria cultures are formed using
microfluidics droplets. The instrument developed in this research uses continuous
microfluidic droplets as bioreactors. The microfluidic droplets are shown in Figure

1.4.

Microfluidic 7\
<> Oil

Droplets 1mm

PTFE' Tubing

Figure 1.4 Image of a Droplet microfluidic system where aqueous green droplets are carried
through the PTFE tubing with a transparent carrier oil. Droplets are approximately 1mm in
length.
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Each of these reactions can be varied in volume, size and content depending on the
requirements of the test. This variability gives the advantage of setting up many
experiments rapidly. This has the advantage that multiple droplets can be created and
tested on the system at the same time. As the droplets are contained within a tube
that is less than Imm in diameter, the surface to volume ratio is increased, compared
to current culture flask methods. This allows heat transfer and diffusion rates to be
shorter thus reducing reaction time (Teh et al., 2008). This research demonstrates an
innovative method where low volume samples are utilised to provide data for
preclinical analysis. To challenge the system, it is necessary to form biologically
relevant cell models and treat with drugs. The benefit of this is that a sample of the
cells from the initial biopsy could be taken and tested against a wide range of drugs
and combinations of drugs on a patient specific level. This could enable the clinician
to have more detailed data on how a patient could potentially react to a treatment and
also have the ability to test alternative treatments if a current treatment fails. This
instrument creates a high-throughput way of creating cultures and analysing them all
on a single platform. To the author’s knowledge, this is the first time 3D cultures are
created in gel free microfluidic droplets. A preclinical system that is continuously
creating cultures provides endless possibilities on the amount of reactions that can be

created and subsequently, the amount of data being generated.

The aim of this research is to develop an instrument that can create a robust system
for cell treatment. The uniqueness of this instrument is the miniaturisation of
bacterial cell cultures and creation of miniaturised three dimensional mammalian cell

cultures. The four main objectives of this research are:

l. To create an instrument that will generate cell models. This incorporates the

design and building of the instrument that will generate microfluidic droplets.
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2. To design a novel method of cell detection for bacterial cells that can

accurately evaluate the rate of growth of the cells.

3. To validate this instrument using bacterial cells for the identification of

antibiotic resistance.

4. The final objective is to validate the microfluidic droplets as bioreactors for

mammalian cancer cell models.

This introduction has given an outline of the issues associated with current methods
of developing high-throughput drug discoveries. Understanding cell reactions
provides a method of drug screening for diseases. Microfluidics has provided a way
of improving the process of cell preparation for analysis. The microfluidic droplet
method provides a means of forming discreet reactions; however, they currently rely
on florescence and laser equipment for the evaluation of the cells. Having reviewed
the current methods and outlining the microfluidic methods, a great insight has been
gained into the shortcomings of the current state of the art methods of cell analysis.
This has shown a need for one complete high-throughput system that can create
individual cultures that are biologically relevant, incubate the cultures and find a
response to drugs; all on one system. Throughout this thesis, the development of a
‘proof of concept instrument’ will be discussed and how this instrument has the
potential to establish cancer models, as well as a system that can rapidly detect
antibiotic resistance in bacterial culture models, is demonstrated. Droplets are also
generated to produce 3D breast cancer cell models. This high-throughput system has
the potential to give more information about a disease, thus making this a new

method of preclinical analysis.
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The remainder of this thesis is divided into 6 sections:

Chapter 2: Biological Methods

In this chapter the biological processes required for general cell health are
introduced. These include detailed descriptions of current cell culture methods for

both bacterial and mammalian cellular analysis.

Chapter 3: Instrument Design

The design and development of the microfluidic instrument is described here. This
includes the design of the fluidics and the temperature control of the cultures. The
optical units integrated into the instrument for real time analysis of the cells are

established.

Chapter 4 :Instrument Optimisation and Pre-Testing.

In this chapter the microfluidic instrument is optimised for bacterial and mammalian
cell tests. Aspects such as temperature control, the number of cells within the
droplets and where the cells will reside within the droplets are analysed here. The
visual monitoring system of the cells is optimised and pre-testing of the cells within

the droplets is conducted.

Chapter 5: Bacterial Validation.

Initial testing of droplets as bacterial bioreactors is introduced here. The method of
microfluidic droplets as a viable alternative for bacterial culture is demonstrated. The
microfluidic system is then optimised for the droplets in terms of droplet volume and
velocity. The characterisation of bacterial growth, as well as the identification of

antibiotic resistance is demonstrated in this chapter.
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Chapter 6: Mammalian Validation.

This is split into four sections The first section verifies the droplet environment is
capable of creating healthy cell bioreactors. The second section shows how long the
cells will survive within the droplets. The third section shows the development of
individual 3D cell cultures within the droplets and the final section demonstrates that
with a miniaturised process cancer cells can be treated and a gene expression

signature can be found using the microfluidic droplets.

Chapter 7: Conclusions and Recommendations.

This section reviews the whole thesis with recommendations made for future work.
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Chapter 2

Biological methods

A main objective of this thesis is to validate the microfluidic instrument for cells and
the identification of antibiotic resistance. Cell culture is necessary in biological
applications as it provides an in-vitro model of cells and allows their examination
under selected chemical and physical conditions. Cell models provide a system for
understanding cells reactions to treatments such as antibiotics. From the limitations
of current methods outlined in chapter 1, the focus of this research project is on the
miniaturisation of the cell culture process into microfluidic droplets. The techniques

to prepare the cells for testing on the new device are explained in this chapter.

Bacterial and mammalian cells follow the same trend in growth as in Figure 2.1. The
cell cultures will begin to grow in lag phase. This is where the cells are getting
accustomed to the environment. Once the cells have adhered to the flask or are
settled in suspension they will begin to proliferate. Cell proliferation occurs at an
exponential rate and this is known as the log phase. The log phase is where the cells
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uptake most of the nutrients from the growth medium causing the cells to divide and
multiply. The log phase provides the optimum conditions to examine the effects of
how a drug will influence further growth or inhibition of the cells (Iloki Assanga,
2013). It is at this stage that testing or sub culturing should take place as the cells are
at their most active. The time for each phase is defined by the cell type. Some
bacterial cells will take hours to go through the growth cycle while mammalian cells
can take days. Once the cells have reached capacity within the flask, they enter a
plateau called the stationary phase. The plateau phase is where the cells remain
healthy but do not divide anymore and equilibrium is achieved. After the cells have
expedited all the nutrients at the stationary phase the cells begin to die and this is

called the death phase.

Figure 2.1 Representation of growth curve of mammalian and bacterial cells

There are two types of mammalian cell culture, adherent where the cells will need to
attach to a surface or flask to proliferate an example of adherent cells are bone cells.
The second cell type are known as suspension culture where cells do not require an
adherence signal to proliferate in suspension such as blood cells. Sample preparation

is different depending on the cell type, with a procedure to detach the cells from the

18



adherent surface necessary for cell maintenance. Maintenance of the cells consists of
providing the correct nutrients for growth of the cell and removing waste from the
cells when in culture. Throughout this chapter the fundamentals of cell culture will

be explained and procedure for maintenance detailed.

Genes within the cell will dictate how it will react to a drug or an antibiotic. Gene
expression is used to quantify if there is a change in the expression level of a
particular gene between treated and untreated cells (O’Neill et al., 2012). Genes
encode the proteins within a cell and this in turn will dictate the cells function. The
gene expression process is demonstrated in Figure 2.2 where DNA consists of a

double strand of nucleotides and this forms a double helix shape. The p

Figure 2.2 Clancy and Brown (2008) schematic of gene expression from transcription of the
DNA to a single strand of mRNA translation of mRNA by the ribosome and hence the
generation of polypeptides which form proteins.

rocess of gene expression consists of two steps transcription and translation.
Transcription is the process of RNA synthesis. RNA is synthesised by unwinding

the double helix to form a single strand. (Berg JM, 2002) This creates a template
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known as messenger RNA (mRNA) that transcribes the information from the DNA.
For the cell to perform a function the mRNA is required to be translated. The
ribosomes function is to translate the mRNA information to polypeptides which form
amino acids.(Clancy, 2008) The folding of the amino acids will dictate the function
of the protein and hence the function of the gene. Analysing gene expression allows

a snapshot in time of a particular cells state.

Figure 2.3 A. The antibiotic attached to a target protein to treat a disease. B. A target protein
that has mutated which has prevented the antibiotic from reaching its target gene.

Cell resistance to drugs occurs at a molecular level where antibiotics bind to a
specific protein. Figure 2.3 A depicts where an antibiotic will bind to a gene target.
Once the antibiotic reaches the target this will signal to the cell how to react.
However, these genes can mutate and this will inhibit the antibiotic from being
effective. In Figure 2.3 B it is demonstrated how a mutation to the target gene site
will prevent the antibiotic from reaching the target site. During infection there are
large population of pathogens and if a single point mutation occurs within a gene
this can prevent the gene to carry out its normal function and can confer resistance

(Blair et al., 2015). This is what causes antibiotic resistance. Understanding gene
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expression can gives a better understanding of the disease. The instrument developed
through this research creates a system to form cell culture in microfluidic droplets
and also allows the identification of antibiotic resistance within the droplets. Cancer
cell models are developed within the microfluidic droplets and gene expression is
examined. This gives an insight into conditions within a cell’s molecular and
physical reactions. Gene expression is quantified using real time quantitate
Polymerase Chain Reaction (RTq-PCR). RTq-PCR amplifies DNA to a detectable

level. The procedure for RT-qPCR is demonstrated in this chapter.

The remainder of this chapter details the biological methods for the growth,
maintenance, quantification and treatment and gene expression of the biological cell

samples.

2.1 Cell selection

The initial validation of the instrument in terms of biocompatibility is undertaken
using bacterial cultures. Escherichia coli (E.coli) (BL21 L1191, Promega) is selected
as the bacteria as it is well characterised in microfluidics (Wang et al., 2010) and
grows relatively quickly with a doubling rate of every 20 minutes (Sezonov et al.,
2007) compared with 38 hours for MCF-7 cells (ATCC) mammalian breast cancer
cells. With the aim of treating bacteria effectively and identifying antibiotic
resistance a second bacterial strain was required. An E.coli strain that is resistant to
ampicillin is used in the identification of antibiotic resistance. This is used to
potentially determine if the droplets could identify a specific treatment plan on a

patient specific level.

Selection of mammalian cell models was focused on breast cancer cells. Breast

cancer models were chosen as they are widely studied and understood. Previous
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studies have focused on the development of 3D models (Kenny et al., 2007, Gong et
al., 2015) of breast cancer cell lines, MCF-7 cells were selected as the model to base
this on. MCF-7 cells are human carcinoma cells and are characterised as adherent
cells. They are different to normal breast cells as they express oestrogen and
progesterone receptors. These cells have been used in many characterisation studies
of cancer (Hou et al., 2009, Oleksowicz et al., 1995). MCF-7 cells are typically
10um in diameter and the scale of microfluidics (>1mm) will challenge the cells at

the same scale as the cells.

A second breast cancer cell model was used for gene expression analysis. Treating
the cells within the droplets and evaluating the gene expression allows the system to
be verified as a viable alternative to current techniques. BT474 breast cancer cell
line was selected as a breast cancer model to reproduce a study performed by O’Neill
et al 2012. BT474 cells are human breast cancer cells that are epidermal growth
factor receptor (EGFR) and human epidermal growth factor receptor (Her2) positive.
Once the cell selection was completed, the processes of maintenance and treatment

were initiated using conventional methods discussed below.

2.2 Bacterial Culture

2.2.1 Luria-Bertani preparation

Luria-Bertani (LB) is the culturing media for bacteria and contains the nutrients for
the healthy growth of E.coli. LB was prepared under sterile conditions to prevent
contamination from other bacterial sources. LB is a solution that is prepared in
deionised H,O containing NaCl, Tryptone and Yeast extract (table 2.1). NaCl

contains sodium ions for osmotic balance.
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Table 2.1 LB preparation concentrations

H20 S00ml
NaCl Sg
Tryptone S5g
Yeast extract 2.5¢

Tryptone contains the proteins and amino acids that aid in the cells growth and
repair. Yeast contains the vitamins required by the bacteria to proliferate. The
solution is mixed until all constituents are dissolved in the solution using a magnetic
stirrer. This LB is then sterilised within an autoclave at 121°C for 20 minutes. After

sterilisation the solution is ready to be used as growth media for the E.coli.

2.3 E.coli Culture Techniques
Traditional culture methods were used to form the seeding cultures for the droplets.

E.coli proliferation follows the same trend as in Figure 2.1. To prepare the E.coli a

LB E.coli

Figure 2.4 An image of translucent LB which contains no E.coli and cloudy LB which indicates
the presence of E.coli
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streaking from the frozen stock of BL21 cells is taken and placed within a centrifuge
tube containing Sml of LB. All steps are carried out beside an open flame to maintain
sterility. The E.coli mixture is then placed within an orbital shaker incubator and
incubated at 37°C at 200rpm for 16 hours. Proliferation of the E.coli over the 16
hours is evident in Figure 2.4 where the LB on the left remains translucent and the
addition of E.coli on the right has a cloudy appearance after culture. Due to the
change in colour this indicates growth. Optical density (OD) readings are used to
quantify growth where the change in absorbance of light through the sample is
monitored. The theory behind the optical density measurements is discussed in
chapter 3. Suspensions of E.coli to LB were made and seeding OD was obtained

taking readings at the beginning of each test to monitor growth thereafter.

2.4 Mammalian Cells

2.4.1 Laminar flow hood requirements

Cell models are influenced by atmospheric conditions (Iloki Assanga, 2013) and it is
necessary to keep all material around the cultures sterile as to not affect the
conditions of culture and introduce contaminants. Cells were prepared under sterile
conditions in a laminar flow hood (figure 2.5). This hood is initially sterilised with
70% ethanol applied to all surfaces and materials entering the laminar flow hood. To
prepare the cells the hood should be switched on for 10 minutes prior to culture to
ensure the pressure within the hood is slightly higher than the room pressure. This
will make sure that all the flow of air through the HEPA filter will not be
contaminated by anything within the cell culture laboratory. The equipment used to

culture the cells is also required to be sterile. The laminar flow hood (figure2.5)
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should contain individually wrapped serological pipettes, pipette controller cell and

culture flasks. To dispose of cell culture waste Virkon (Sigma Aldrich) disinfectant

Serological
Pipettes

Figure 2.5 A working laminar flow hood with sterilised equipment for cell culture procedures

is diluted with water and all pipettes and waste are added to this after use. Once
disinfected, all plastic waste and used pipettes are placed in an autoclave. The
autoclave will sterilise the waste by heating to 120°C to kill all contaminants within
the plastic ware and this can then be disposed of. After culture is complete a UV
light within the laminar flow hood is switched on and used to prevent contamination
for the next use. Once every item is prepared the laminar flow hood is ready for use

with cell cultures.

2.4.2 Mammalian cell culture

Cells will respond physiochemically (nutrients around the cell) and physiologically
(physical environment the cell is contained in i.e. plastic dish or gel matrix) to their
environmental conditions (Iloki Assanga, 2013). They are visually monitored daily
using an optical microscope to track the growth and determine if the cells are

confluent within the flask. Figure 2.6 A shows MCF-7 cells that are sparse within a
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flask while in Figure 2.6B the cells that are confluent within the flask. Cell growth
is dependent on cell to cell interactions and will grow at a slower rate if there is too
much room for the cells (Nelson and Chen, 2002). The cells will also be prevented
from growth if there is not sufficient room for growth, consequently, it is important
to have the correct area for the cells to grow in the flasks. When cells are sub-
cultured they are placed in a larger flask or split into two flaks. If cells are not sub-

cultured they will be depleted of nutrients and begin to die.

A.Sparse Cells B.Confluent Cells

Figure 2.6 A. A 10x microscope image of MCF-7 cells sparse within a flask. B. A 10X
microscope image of MCF-7 cells confluent within a flask

In general, cells are used in experimentation when the flask is 70% confluent and the
cells are in their log phase. The rate at which the cells will reach all the phases is
dependent on each individual cell line and this can be obtained from the cell line
supplier. The growth rate for each cell line is quantified as the amount of time it
takes for the cells numbers to double. The population doubling time for MCF-7 cells
is 38 hours (ATCC) and these are required to be sub-cultured every 2-3 days. Each
time the cells are sub-cultured and the passage number increases this allows the
monitoring of the amount of times the cells have been manipulated. The steps for
sub-culturing both cell models are similar with slight differences in the media

preparation of the cells.
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2.4.3 Media Preparation

The media that the cells are maintained in contains all the growth factors, proteins
and nutrients for the cells to thrive and grow. Each cell type will have recommended
media for the optimum growth of the cells and each media is supplemented
accordingly. For MCF-7 and BT-474 cells Dulbecco's Modified Eagle's medium
(DMEM, Sigma Aldrich) is used. DMEM is supplemented with 10% Fetal Bovine
Serum (FBS) 1% Penicillin-Streptomycin and 1% L-gluatmine the BT474 cells were
also supplemented with 1% Sodium Pyruveate. FBS provides proteins, amino acids
and growth factors for cell growth. L-glutamine and sodium pyruvate provide energy
to the cells while penicillin-streptomycin is an antibiotic to prevent the cells from
becoming bacterially contaminated. If the cells become contaminated they are no
longer suitable for use and new cells from stock need to be cultured. DMEM also
contains phenol red as an indicator of pH, if the media becomes pink it is an
indication of a basic solution while if it becomes yellow it is an indication of an
acidic environment. If the pH changes it can affect and reduce the growth of the cells
(Mackenzie et al., 1961). Once all the constituents are mixed this is used for all
mammalian cell tests. Media is pre heated to 37°C before application on the cells to

avoid a sudden temperature change for the cells.

2.4.4 Cell Storage

Cells can be stored long term for future use by cryopreservation. To store the cells a
freezing media is required. All cell samples used in this study originated from this
process. This freezing media is made in a 10ml solution containing Sml FBS, 4ml
DMEM and Iml Dimethyl sulfoxide (DMSO Sigma-Aldrich). DMSO is a cryo-

protectant for the cells, it slows the freezing of the cells so that ice crystal formation
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Supernatant

Cell Pellet _—7

Figure 2.7 Two centrifuge tubes containing a pellet of cells at the bottom of the tube while a
supernatant remains above the cells.

is slow within the suspension as this could damage or rupture the cells. To freeze the
cells the following procedure was performed; Cells incubated in a flask are taken
from the incubator. Cells health is monitored by microscope by visually seeing that
the cells had adhered to flask (cell death is visually indicated by floating cells in the
flask). The cells are washed with phosphate buffer saline (PBS) solution and a 3ml
trypsin is used to detach the cells from the flask. The trypsin is neutralised by adding
the equivalent amount of media to the mixture and then centrifuged at 1000 rpm for
5 minutes. A pellet is formed (figure 2.7) at the bottom of the centrifuge tube and the
supernatant is removed from the cells. Freezing media is added to the cells and the
mixture is aliquoted into 1ml tubes and immediately put on ice. The cells are then
placed in a -80°C freezer within a polystyrene container to make sure the freezing
process is slow enough to not affect the cells. The cells are preserved in a freezer and

thawed as required.

2.4.5 Cell Culturing.

Initially, cells were thawed in a manner to ensure that the maximum amounts of cells
are recovered after freezing. The frozen cells are placed in a water bath at 37°C and

remain there until they begin to thaw. Once the thawing process is in progress and
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there is a small amount of ice left in the vial it is then moved to a laminar flow hood.
The cells are transferred to the t-25 flask and 5ml of complete DMEM media is
added. The flask is placed in an incubator at 37°C, 5% CO; and 95% humidity. After
24 hours of incubation and when the cells have attached to the flask the cells are
washed with PBS and new media is added to the flask. The new media is added to
remove the DMSO. DMSO can be toxic to cells and to minimise this effect the cells
must be sub-cultured before use in testing. As the cell growth becomes confluent
within the flask it is then sub-cultured into larger flasks t-75 and t-125 which have
75cm? and 125cm? growth area respectively. For optimum experimentation cells that
are most active within the log phase of growth are required. Sub-culturing the cells at
70% confluency and replacing growth media ensures that the cells will remain in this
phase. To sub-culture the cells MCF-7 and BT474 cells were prepared in a t-75 flask.
Initially the culture media is taken from flask. After this the culture is washed with
PBS, by applying 3ml of buffer to the cells covering all the cells and immediately
removing the PBS. Cells are separated from the flask by using 3ml of trypsin EDTA
(Sigma Aldrich) and incubating at 37°C, trypsin is an enzyme to separate the cells
from the flask. The enzyme is neutralised by adding equal amounts of culture media
to the cells. The suspension of cells and trypsin is then added to a centrifuge tube and
placed in the centrifuge and rotated at 1000 rpm for 5 minutes. This will form a
pellet of cells at the end of the centrifuge tube and a supernatant above the cells. The
supernatant is then discarded as it contains the trypsin. The cells are then suspended
in new culture media and quantified using trypan blue exclusion assay. The cells are
then placed in a flask and incubated or frozen for the process to begin again as

required.
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2.5 Cell quantification

2.5.1 Trypan Blue

Correct quantification of cells is required to know how many cells are being sub-
cultured and also for the addition of treatment to the cells. For this research it is
necessary to know the amount of cells needed to form 3D cultures and for the
synthesis of cDNA. To quantify the cells trypan blue (Sigma-Aldrich) is added in
equal concentration to the cell suspension usually 50ul cells suspension to 50ul
trypan blue. Trypan blue is an exclusion assay that excludes dead cells and is used to
indicate cell viability. It works by a dye infiltrating the cells that are dead with a
blue dye as they have damaged cell membranes. The live cells have intact cell
membranes and the dye cannot enter these cells (Strober, 2001). These cells are
visually monitored using an inverted microscope and can quantification is carried out
using a haemocytometer. A haemocytometer Figure 2.8A is a grid that provides a
way to determine a concentration of cells in 1ml from a 10ul sample and was used to

determine all concentrations of cells for testing. Figure 2.8 B shows live cells are

Cells

Figure 2.8 A 10x microscope image of a haemocytometer grid. B A 10x image of live cells on 4x4
haemocytometer grid after application of Trypan Blue exclusion assay.

bright and where dead cells present they would have turned blue. To count the cells,
the number cells within two of the 4x4 grids are added together this value is then

multiplied by 10,000 and this gives the concentration of cells per ml. Once the

30



amount of cells is verified, concentrations can be prepared for further testing. This
type of exclusion will also give an indication of cell health as the amount of dead

cells within a culture can be verified.

2.5.2 Cell Viability and Cytotoxicity

Cell health and viability is measured in terms of cytotoxicity. To continuously
monitor the cells health alamar blue assay (Life Technologies) is used. As trypan
blue is an end point assay, and is toxic to cells, it is not sufficient for ongoing
monitoring of the cells continuously. A viability indicator is necessary in these

cultures and alamar blue allows the measurement of the metabolic and proliferation

A.Alamar blue B. Alamar blue
indicating no indicating cells
cells

Figure 2.9 Two microcentrifuge tubes containing 10% Alamar blue, the left tube contains h no cells
indicated by the blue/purple colour, live cells are indicated in the right tube as a pink colour is
indicated

rate as it can be applied and monitored over a number of days without affecting the
cells health. This method is used to measure the viability of cells within the droplets
cultures and indicate if the cells are thriving within the droplets. Alamar blue
indicator is measured by florescence on a microplate reader in a 96 well plate.
Microfluidic droplets containing 10% Alamar blue and 90% cell culture mixture
were incubated at 37°C and 5% CO,. The cells were incubated over a number of
days and when sampled, 5-10ul of the cell sample is mixed with 90-95ul cell culture

media and then fluorescence at 540nm excitation and 590nm was measured. When
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introduced to the cells the assay is blue as it contains resazurin which is a cell
permeable compound. When cells are viable this compound will convert reazurin to
resorufin or from blue to red. Resorufin is red fluorescent and this acts as an
indicator of viable cells. Cells that are not viable will not convert to resorufin and
remain blue. Figure 2.9 shows two samples incubated for 24 hours, on the 2.9A it is
clear that the sample is blue and contains no cells while 2.9 B the suspension has
been converted to red. This assay has allowed the cell health to be evaluated without

influencing the cells growth patterns over time.

2.6 Cell Staining

Confocal microscopy gives a higher resolution and contrast that is not possible using
a standard inverted microscope. This allows the imaging of three dimensional
structures of the cultures and also determine the viability of the cells. Confocal
microscopy provides a mechanism for the fluorescent stained cells to be imaged.
MCF-7 cells are the cells investigated using this process as they can form three
dimensional spheroids. Staining of the cytosol and cell nucleus is used to
demonstrate the cells structure. Cells are incubated in droplets for 24 hours and then
placed on a glass slide. The cells are left for 45 minutes to adhere to the glass slide.
To fix the cells at a specific time point the cells are covered in Paraformaldehyde 4X
concentration for 1 hour. The cells membrane is then made more permeable by
adding 1ml PHEM buffer (0 mM Pipes, 25 mM Hepes, 5 mM EGTA, 1 mM MgCl,
pH 6.9) and 1ul TritonX100 and left to cover the cells for 11.5 minutes. 500ul goat
serum mixed with 9.5ml of PHEM is used to cover the culture to prevent nonspecific
staining. The cells were placed in a humid environment that was dark as the stains
were fluorescent. The antibody is then added, Iml PHEM-goat serum mixture is

mixed with 1ul Phalloidin and 3ul Hoechst and this is left for 45 minutes. Hoechest
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stained the cytosol red and Phalloidin stained the nucleus of the cell blue. The cells
are then washed for 20 minutes in PHEM to remove excess stain from outside the
cells. Heated vinyl is used opposite each cells structure to mount them on the large
glass slide. This is then covered and left at 4°C overnight and are then ready for
imaging. Imaging was performed on Zeiss LSM 710 microscope. A laser to excite
the staining causes fluoresces of the cells. Zen software 2008 LSM was used to
process the images of the culture. Specific images of the cytosol and the nucleus
could be achieved individually or in composite. This is used to give an indication if

the cells were able to form a spheroid structure within the droplets.

2.7. Gene Expression Sample preparation

To perform gene expression a copy of the DNA is required. The DNA will give a
reading of the genetic configuration of the cell. When treated with a drug the level of
expression of some genes can change and this can be an indicator of the cells

response to the drug. To copy the DNA, complementary DNA (cDNA) is used.

Figure 2.10 Schematic of process from droplet generation to gene expression
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cDNA is a copy of the messenger RNA within a cell. To synthesise the cDNA Life
Technologies kit Cells-to-cDNAIii is used. Samples from both drug treated and
untreated cells are used to make cDNA. After incubation the droplet cell samples are
centrifuged at 1000rpm for 5 minutes. The supernatant is taken from the samples and
PBS is used to wash the cells. The cells are then centrifuged again at 1000rpm for 5
minutes. The PBS is taken from the sample and 100ul of ice cold cell lysis buffer is
added to the suspension and the sample was incubated on a thermocycler at 75°C for
10 mins. Cell lysis buffer will open up and rupture the cells membrane to allow RNA
to be released from the cell. After this the sample is placed on ice 2ul DNase and is
then added to the 100ul sample and then the sample is incubated at 37°C for 15
minutes. DNase will degrade the genomic DNA and this will ensure that the RT-
gPCR step will amplify cDNA only to detectable levels as genomic DNA will be
indistinguishable from those amplified from cDNA. This DNase is then inactivated
by heating to 75°C for 5 minutes. At this stage the cDNA will be released in the
sample and the next step is to amplify this cell lysate to a detectable level using RT-

qPCR.

Relative quantification by real time PCR (RT-qPCR) is the process of amplifying
DNA to a detectable level. The method of reverse transcription is performed by
adding 10ul of cell lysate, 4ul ANTP mix 2ul oligo(dT) primers and 16ul nuclease
free water. This is incubated for 3 minutes at 70°C and then the sample is placed on
ice. Next, 2ul of reverse transcription buffer, 1ul M-MLV reverse transcriptase and
lul RNase inhibitor are mixed together by centrifugation for 1 minute. RNase
inhibitor is used to purify the samples. The sample is then incubated for 20 minutes
at 42°C and then at 95°C for 10 minutes to inactivate the reverse transcriptase. The

samples are then amplified to a detectable level. Amplification isundertaken using

34



TagMan (Life Technologies) reagents via the Life Technologies PCR instrument
AB7900HT. Tagman gene expression assays is set up in triplicate for statistical
evaluation. Each sample contains 2.5ul TagMan gene expression master mix 0.5ul
cDNA from the prepared cell sample, 1.75ul RNase-free water and 0.25ul gene
assay of interest. Gene assays were selected to replicate a previous study by O’Neill
et al (2012). Each of the 5ul samples were pipetted into a 384 well plate. No
template controls (NTC) which contain H,O in place of the cells are also included in
each experiment. The NTC ensures that there is no contamination from the
preparation of the samples. The well plates are loaded into the AB7900HT. PCR is
performed at 95°C for 5 minutes this is to denature the bond in the DNA strand. The
next step is 95°C for 15 seconds and 60°C for 1 minute this makes a replicate of the
cDNA and amplify each signal. This process is repeated for 40 cycles. The threshold

was set at 0.2, where the expression above the threshold was evaluated.

E treated (CT gene of interest—C housekeepe gene)

2.1)

B E untreated(CT gene of interest—CT housekeepe gene)

The data was analysed using the AACt method (REST software) which represents
the fold change difference between treated and untreated cells. The AACt method
gives a relative change in gene expression of the treated and untreated cells in terms
of genes of interest against a house keeper gene. REST software used equation 2.1
where a relative quantification ratio gives a fold change between samples (Pfaffl et

al., 2002). This method was used for all gene expression analysis for this research.

2.8 Chapter Closure
The focus of this chapter is to establish the methods that are used in the analysis of
cells in microfluidic droplets. The cell growth cycle forms the basis of understanding

when to sample the cells for testing. The selection of cells based on the application
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within the microfluidic droplets were E.coli for bacterial culture and breast cancer
models of MCF-7 and BT474 cells are selected. The nutrient media for both cultures
were outlined and these will maintain the cells. To quantify the cells concentration
trypan blue a live/dead assay is used. Viability assay alamar is used to examine the
cells. Three dimensional biologically relevant cultures are developed within the
droplets and to examine the structure of the cells, confocal microscopy and cell
staining was required to visualise this. The ultimate test of this system is treatment of
cells with anti-cancer drugs. To show these are effective, gene expression analysis
was necessary. To perform gene expression cDNA was required and the method for
synthesis is described here. The REST software analysis method is outlined for the
quantification of fold change. These methods are necessary to prepare the cells and
provide this droplet system with validation. The next chapter will discuss the design

of the instrument to perform the biological analysis.
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Chapter 3

Microfluidic device design

3.1 Introduction

This chapter describes the design of the microfluidic instrument used to perform all
biological investigations. The conditions for cells to grow are outlined here and these
are the most imperative factor in the whole device design. The cells will be
processed in microfluidic droplets and the physical conditions that the cells will be
exposed to are demonstrated. It is necessary to individually mix the droplets with
drugs and the internal circulations within the microfluidic droplets are described in
this chapter. Once the physical conditions are established the material components
are justified to prevent adversely affecting the cells. The final part of this chapter
details the whole design, from droplet generation to processing of the cells. This
device is used for all testing for both mammalian and bacterial cells throughout the

rest of this thesis.
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3.2 Mammalian Cell Culture Environment

The critical consideration for cells is the environment they need to survive in. Cells
respond to their physical and chemical environment(Iloki Assanga, 2013) and this is
provided by the microfluidic droplets. It is imperative to mimic the cells in-vivo
environment as closely as possible to maximise the growth of the cultures. The
atmospheric conditions required for cell health are 5% carbon dioxide and 70%
relative humidity to maintain a pH of 8.5. These conditions provide the most
efficient cell growth, as 5% CO, allows the metabolism of nutrients which maintains
the pH of the cells. Physical conditions such as the mechanical stimuli to the cells
can determine how the cells will develop (Lim et al., 2006). In-vivo conditions
where the cells form structures within the body (organs) require both atmospheric
and physical conditions working together in order to function correctly. The size of
the mammalian cells used in this research is in the microscale ranging approximately
10-20um in diameter. Creating a platform that can mimic the cells own dimensions
will allow cell division, cell to cell communication and consequently allowing

lineage in an appropriate scale for preclinical analysis.

3.3 Microfluidic Droplets
Microfluidic droplets are used to create the growth environment for the cells. The
most vital condition for the cells is that they remain healthy and avoid

contamination.
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1-2mm

Cells

<1mm

Figure 3.1 A schematic of a microfluidic droplets containing cells maintained within permeable
tubing with oil carrier fluid.

The goal is to design microfluidic droplets as demonstrated in Figure 3.1. This shows
the microfluidic droplet within a circular cross section tubing less than Imm in
diameter. Microfluidic droplets provide a robust environment for the cells conditions
such as, viscosity, temperature, volume and atmosphere. Each droplet is a unique
and discrete reaction that can be created continuously. This gives the advantage that
a large number of reactions can be created without the addition of bigger equipment
for example multiple incubators (Teh ef al., 2008). The advantages of microfluidic
droplets are that heat, mass transfer times and diffusion distances are shorter,
creating shorter reaction times (Kaminski et al., 2016). Consequently, microfluidic
droplets have been used for microbiology applications where yeast, algae and
bacteria (Kaminski et al., 2016) have been investigated. Microfluidic droplets have
also been used for the manipulation of mammalian cells from single cell analysis to

complete cell culture (Barbulovic-Nad et al., 2010).

Microfluidic droplets are two phase liquid-liquid flow. The two phases are
immiscible with an aqueous phase for the bio-reactor droplets and an oil phase
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carrier fluid. Due to the two phase flow the interfacial tension between the aqueous
phase and oil phase will affect the flow and determine if the droplets will stay as
complete droplets or break up (Gu et al., 2011). The flow regime is determined by
inertial forces divided by the viscous forces which are a dimensionless parameter
known as the Reynolds number. The Reynolds number is calculated by equation 3.1
where the oil carrier phase density(p), u is the fluid velocity, d is the diameter of the

tube and p is the viscosity of the carrier fluid.

_ pud
Re= (3.1)

Typically, due to the dimensions of microfluidics, the Reynolds numbers are so low
the flow is laminar as the velocity is low. Viscosity will determine the type of carrier
fluid used as it is desirable to have a low viscosity fluid to reduce viscous effects in
the flow. As the viscosity of the fluid plays a significant role in the flow and the
dimensions of the capillaries are so small the interfacial tension between the fluids

needs to be considered using the Capillary number.

_ou
Ca=" (3.2)

The capillary number gives a ratio of the interfacial forces to the viscous forces and
is defined in equation3.2, where vy is the surface tension (N/m) between the carrier oil
and the aqueous phase. A low capillary number indicates that the flow is dominated

by capillary forces.
We=ReCa (3.3)

The Weber number is used to evaluate if droplet breakup occurs within the
microfluidic tube. The Weber number represents the ratio of disruptive

hydrodynamic force to stabilizing surface tension force (Nomura et al., 2001). At

40



low Weber numbers the inertial affects will be negligible while above a critical
Weber number (We=1.1) droplets will begin to distorted an break up (Nomura et al.,
2001). This illustrates that it is important to know the physical conditions of the

fluids before cells are exposed to this environment.

3.3.2 Film Thickness

An advantage of continuous droplets is that each droplet is fully wrapped in oil
allowing each droplet to be an individual reaction. (Kashid et al., 2005). Fully
wrapped droplets are not affected by the tubing or the carrier fluid. An oil layer is
required to surround the microfluidic droplets and wraps them fully to form unique
individual reactions. This oil layer is known as a film around the droplet. The
capillary pressure to viscous drag forces determines the film thickness around the
droplet (Baroud et al., 2010). The capillary number also influences the film thickness
(h) and is defined by Bretheron law (Kashid et al., 2005) (equation3.4) where r is

the radius of the tube.
h=1.34rCa** (3.4)

For stable droplets the film surrounding the droplet needs to remain undisturbed. A
length to diameter ratio to show the development of stable films around the droplets
found that film thickness of L/d=1.89 forms an uniform film around the droplets
(Mac Giolla Eain et al., 2013). If the film breaks down this would cause wetting of
aqueous phase with the capillary and could be a cause of contamination of the

droplets.
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3.3.3 Internal Circulations and Mixing
Droplet movement through the system occurs throughout every process on this

instrument. Internal circulations happen within the microfluidic droplets as they

Figure 3.2 Baroud ef al 2010 schematic of flow patterns in two phase flow within a microfluidic
channel. Internal circulations indicated within the green droplets with separate circulations at
the cap ends. Oil circulations are demonstrated in orange

move through the tubing. Circulations occur in the aqueous droplets as they will
never move at the same velocity as the carrier fluid. This causes the droplets to
move in a ‘treadmill belt’ fashion through the system with constant rotation. As the
biological samples are cells, and as that are alive within the droplets it is necessary to
understand the condition of cell within the droplets. Issues such as shear forces can
negatively affect cells (Zhong et al., 1994) and it is essential to reduce this to limit
damage to the cells. Shearing of cells occurs when two cells move past each other.
The shear force applied to each of the cells on each other can cause the cells to
rupture. Internal circulations within the flow will cause the cells to move within the
droplets and it is vital that this does not negatively affect the cells in terms of

increasing the amount of shear between the cells.

Figure 3.2 shows a representation of two phase flow, here Baroud et al (2010)
represent the oil phase with orange and the aqueous droplet in green. Figure 3.2 also
shows the regions of circulation within the droplet. Within the droplets there are two

regions of circulation the middle region where the contents are constantly being
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circulated and the leading and trailing cap end region, where two regions of
circulation reside. An advantage of internal circulations is the mixing of fluids within
a droplet. Tice et al (2003) show that the droplet length influences the circulation
within the droplets and also shows that smaller droplets require a smaller travel
length to achieve full mixing. One full circulation requires a droplet to move a length
that is 4.5 times the diameter of the tube for perform complete mixing (Tice et al.,
2003). Once full mixing is achieved the droplets will continue to recirculate. Longer

droplets can take longer to achieve full circulation.

The physical attributes of the droplet such as size and velocity determine how

mixing occurs within a droplet. Wang et al (2015) conducted CFD studies into the

Main body

Capend

Figure 3.3 Wang ef al (2015) CFD study of velocity profile of droplets of different lengths
Where recirculation is demonstrated at the cap ends and within the main body of the droplet.

internal circulations within microfluidic droplets. Figure 3.3 shows the velocity
profile of droplets of varying length in a straight cross-section. Two regions idetified
within a droplet where the main body of the droplet and the leading and trailing cap

ends of the droplets demonstrate recirculation (Wang et al., 2015, Kurup and Basu,
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2010) Figure 3.3 shows that the cap ends region is decreased with increased length
of droplet. The increased velocity shows a decrease in the length of the cap end
region of circulation. The internal circulation may impact the location of the cells
within a droplet. Knowing the circulation pattern within a droplet can aid in the
design of experiments as it is essential to have sufficient movement within the
droplet to provide circulation of nutrients to the cells. This will be achieved by
having droplets that will move at least five times the diameter of the tube to ensure
full internal mixing occurs. This will determine the size of the droplets reactions.
Internal circulations within microfluidic droplets are verified experimentally by
Kashid et al 2005. Particle image velocimetry (PIV) was performed on microfluidic
droplets and compared to a CFD model of the same conditions. The PIV
measurements are characterised and show internal circulations within the droplets at
increasing velocity while at low velocity the particles remain stagnant within the
flow. This shows that the system will have to have a velocity that will induce
internal circulations and ensure that the cells do not remain stagnant within the

droplet.

3.4 Material Choice

3.4.1 Selection of Tubing

As the droplets are formed from biological mixtures it is required to have materials
that will not adversely affect the cells physically or chemically. PTFE tubing of
circular cross section was selected as it is biocompatible (Chen et al., 2003),
hydrophobic with a contact angle of 108° (Zhang et al., 2004) and optically clear.
PTFE tubing is transparent and allows optical access for continuous monitoring of
cells throughout incubation and testing. Optical clarity is also required for optical

density readings and microscope imaging of the droplet cultures. This transparency
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also aids in verification of the droplet size as droplet length is measured through the
tubing using a Vernier callipers. Another advantage of this tubing is that it is
hydrophobic and this prevents the biological droplets from wetting the walls (Baroud
et al., 2010) of the tubing and hence, stops the cells attaching to the walls and using
this as an adherence signal for growth. A consequence of hydrophobicity is that
thousands of droplets can be formed within the same tubing without adversely
affecting each other and this allows the tubing to be used multiple times without
contamination. This reduces the amount of consumables needed compared to other
microfluidic culture methods where microfluidic chips have to be disposed of after
use (Fiorini and Chiu, 2005).The tubing is gas permeable to CO,; this gives the
cultures a standard culture atmosphere (ZEUS). This tubing was used for all

experiments using microfluidic droplets.

3.4.2 Selection of a Carrier Fluid

Oil is used as a carrier fluid and this forms a film around the microfluidic droplets..
To select appropriate carrier oil, characteristics like biocompatibility and fluid
properties such as density and viscosity have to be considered. The selection of PD5
(Momentive USA) silicon oil was chosen due to its advantageous characteristics.
Biocompatibility is required as the oil interfaces with the biological sample. PD5 oil
is biocompatible and will not adversely affect the growth of the cells. Silicon oil has
been shown to be biocompatible as it does not affect the adhesion or growth of the
cells (Malchiodi-Albedi et al., 2002). This oil is sterilized by filtering through a
0.22um polyethersulfone filter (Millipore). Hydrophobicity of the oil aids in the
encapsulation of the droplets and this creates a layer of oil around the droplets. The
encapsulation of droplets within the oil allows each droplet to be an independent

culture. PDS silicon oil is also optically clear and this aids in the monitoring of the
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cells. The viscosity of the oil is 4mPa.s this is close in viscosity to the biological
samples which 1mPa.s. The low viscosity oil aids in the mixing of droplets when
necessary as the oil around the droplets can breakdown when a mixing mechanism is
introduced. The oil is permeable to CO, which allows the cells to maintain the
required atmospheric conditions. Mammalian cells will not survive without a 5%
CO; environment and if the silicon oil is not permeable this will show that the
environment will not be conductive to cell growth. The density of the oil is also an
advantage as it is necessary for the oil to be less dense than the biological sample. It
is necessary to prevent the biological samples having contact with the atmosphere to
reduce exposure to contaminants. The lower density oil provides a layer above the
biological sample when creating the droplets and this prevents direct exposure to the
atmosphere. As the oil is a commercial product the density given by the
manufacturer is 920kg/m® and measured as 919 kg/m’. The second phase fluid is
aqueous based and predominantly cell culture media and the density is measured.
The density is measured by weighing 10ml of media and is repeated five times. The
density of 998 kg/m’ was found making it denser than the oil, this is required to

make sure the cells are always covered in oil.
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3.5 Device Design

3.5.1 Fluidic Control.

It was necessary to have a system for smooth delivery of continuous individual
bioreactors droplets within the carrier fluid. It is a requirement for the volume of
each reaction to be precise. This is the only way to generate consistent droplets that
are directly comparable to each other. To create the precise reactions a stable fluidic
system is essential. There are many methods available to control the fluidics and
these include a range of pumps from peristaltic pumps, syringe pumps to gear
pumps. The pumping system selected was a Harvard apparatus PHD 2000 syringe
pump. This pump has the capability to infuse and withdraw the fluid and this
function is used to take the samples from the tubing after incubation. The syringe
pump works under controlled pressure of the syringe and for this reason a glass
syringe was selected. A Hamilton gas-tight syringe was used as the syringe will not
deform as much as a plastic syringe under pressure. The precision in the pumping
system occurs with the control over the plunger of the syringe where it can infuse or
withdraw the fluid at a rate that is required. Tubing was connected to the syringe

pump using lure lock (Upchurch scientific) fittings.
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3.5.2 Generation of Droplets

The generation of droplets was performed using a dipping stage. The festo dipping
stage was mounted on a bread board and the tubing was held in place by a metallic
holder with a 1.3mm hole to allow the polyimide holding tube through. This holding

tube is glued in place and the microfluidic tubing is fed through. The holding tube

Figure 3.4 Schematic of droplet aspiration system where the aspiration tube is initially
positioned in the cell sample then back into oi I creating the induvial droplets

was incorporated to keep the microfluidic tubing straight. This will ensure that the
level of the tubing will always be controlled and that the depth of dipping will not
need to be changed between samples. The biological sample was held in a 384 well
plate. To maintain the dipping head in oil the 384 well plate was machined Smm
deep which allows oil to be placed above the biological samples at all times during
the droplet generation process. The oil prevents air ingress to the system. In the
interest of repeatability it is necessary to keep these plates at the same level for the
duration of the test as the level of sample within a plate or tube is one of the factors
that will determine the size of the droplet. Sample volume in the 384 well plate tube
is typically 30ul in volume and is overlaid with 50ul oil. The droplets were aspirated
into tubing of ID 584um, 1050pum OD creating droplets of the same size repeatedly.

Droplets are generated by moving the robotic stage holding the tubing into the cell
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sample (figure 3.4). An example of a typical droplet generation consists of the tubing
being immersed for the required time for example 2.25s at a flowrate of 15ul/min to
generate a 600nl droplet. The tubing is held in place on the system and a festo
robotic stage controller (figure 3.5). The stage is controlled by festo FCT software
that interfaces the stage with a PC. The droplets move through the instrument

demonstrated in figure 3.5and the droplets are then mixed with drugs or antibiotics.

Figure 3.5 Schematic of microfluidic droplet system from droplet aspiration where the syringe pump
is pulling a flow through the tubing the droplets are being generated by the movement of the robotic
stage . The droplets are then imaged by the microscope camera and mixing with drugs occurs within
the drop-off junction, when the droplets reach the aluminium heater plate they are maintained at
37°C

3.5.3 Droplet Mixing

Mixing comprises of combining two droplets together, one cell sample droplet and
one droplet containing a drug, antibiotic, or compound of interest. Mixing of droplets
is introduced so that the system can become multiplexed. It is important to have
precise mixing as premature fusion of the droplets will result in unreliable data (Teh
et al., 2008). Mixing for both bacterial and mammalian cells with drugs occurs in
this research. This research aims to validate the effectiveness of mixing in droplets as

an alternative to using individual flasks.

49



Drop-off Junction

Individual droplets containing
drugs and cells are formed

Droplets enter the drop off
junction

Droplets meet due to geometry
and fuse

One droplet containing cells and
drugs move on within the tubing

Cells

Drug

Figure3.6 A schematic of drop-off junction for mixing cells with drugs. Two droplets are generated one with cells and
one with a drug. The droplets reach the drop-off junction and move with their own velocity as they do not reach the
diameter of the tubing. Once the droplets reach each other instabilities in the film surrounding the droplets causes the
droplets to merge. B. Images of drop-off junction mixing system where the small drug droplet and the large pink cell
culture droplet are within a drop-off junction and merge once contact occurs.

The mechanism incorporated into this system for mixing was a drop-off junction
(McCarthy, 2015). The method of mixing is droplet fusion, where droplets merge
due to geometry of the tubing. Droplet fusion initiates when two or more droplets are
brought close to each other until a thin film of fluid forms connecting the interfaces.
This causes pressure to increase on the film and imbalance in the surface tension will
cause the film to rupture and the droplets to coalesce (Teh et al., 2008). The drop-off
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junction (figure 3.6A) takes advantage of the droplet geometry and physical
movement through increasing the diameter of the tubing. To mix, two droplets are
generated in tubing of 812um ID, a large droplet containing cells and a smaller
droplet containing a drug. The droplets move through the tubing as individual
droplets until they reach the drop-off junction. From here the droplets transitions
from tubing of diameter 812um to 900um for the mammalian cells and 812um to
1200um for the bacterial cultures. This transition is imaged in figure 3.6 where the
mixing occurs by the geometry of the droplets changing when they enter the larger
region. In this instance, both droplets are sub-spherical within the tubing due to
surface tension forces dominating and do not reach the diameter of the walls. The
flow rate of the droplets is no longer controlled fully by the set flow rate of the pump
and the droplets move through the tubing by convection. This works to the
advantage of mixing by allowing the larger cell droplet to move slowly through the
drop-off junction. The smaller drug droplet moves at a faster speed due to its
geometry than the larger cell droplet and this causes the droplets to meet and
coalesce within the tubing. The droplets meet within the tubing as the first droplet
that enters the tube will pause as the viscous drag forces are more than the force of
the pump pulling the flow within the tubing. The second droplet then meets this
droplet, and forms a larger volume making this new mixed droplet dominated by the
flow of the pump and moves through the tubing again (McCarthy, 2015). Figure 3.6
B shows two droplets in a tube the large pink droplet is the cell culture media and
followed the smaller drug droplet. The droplets then move onto incubation. This
juction allows mixing of any two droplets containg any cells and any compound of
interest. The drop-off junction can be incorporated at any point within the system

allowing for mixing pre or post incubation.

51



3.5.4 Droplet Incubation

To maintain cell health and for the cells to divide a stable temperature is required. It

Aluminium plate

f v

Thermocouple

Heater mat

N

AN
PTFE tubing containing

droplets

Figure 3.7 Aluminium heater pate with thermocouple attached to maintain the required temperature.

is necessary to keep both the bacterial and mammalian cultures at 37°C as it is body
temperature. This temperature will give optimal growth of the cells and is
representative of the temperatures the cells will experience in in-vivo conditions. To
keep the cells at this temperature an aluminium heating block was designed figure
3.7. This is a 210x140mm aluminium block. Aluminium was selected due to its
thermal properties as it is necessary to keep the cultures isothermal (Baroud et al.,
2010). Aluminium has a high thermal conductivity of 205W/mK and this will ensure
the samples remain at the desired temperature for the duration of incubation. A
serpentine channel of 1.3mm was machined into the plate this will allow the tubing
to be embedded within and ensures maximum surface of the tubing was heated and
also aids in mixing. A silicon mat heater (Radionics) was placed under the
aluminium plate to heat the plate, it was selected as it gave the maximum coverage

of the plate. The temperature was controlled by a PID (Eurotherm 2216E) controller.
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A T-type thermo-couple was installed to feed back the temperature to the PID
controller and this maintained a temperature within +£1°C for the duration of each

experiment.

3.6 Monitoring of Cells

Monitoring of the biological samples is necessary to confirm that the cells are held
within the droplets and to track the cells health over the incubation of the cultures.
Non-invasive visual access allows the same samples to be monitored meaning that
continuous monitoring is possible instead of end point analysis. There are two types
of monitoring system designed for this instrument, a visual monitoring unit using a

microscope and an optical absorbance monitoring system using a photo diode.

Visual monitoring is performed non-invasively through the PTFE tubing. The optical

unit design incorporates polycarbonate housing with glass slides 20 x 20mm top and

— ) ] . Microscope
Viewing point Tubing containing /Camera
droplets
Glass
slide
Qil
A B Droplet with cells
Tubina

Figure 3.8 A optical monitoring unit for microscopic visualisation of the cells. where a polycarbonate
housing has glass sides of visualisation of the cells .
allowing the cells to be visualised. B. A schematic side view of the microscopic visualisation unit this shows

the droplet passing through the tubing past the microscope within the unit.

bottom of the housing Figure 3.8A. Polyimide tubing is used to keep the droplet
tubing in place so that a small section is used for visualisation. Figure 3.8B shows a

schematic of the optical monitoring unit. The glass allows clear visual access to the
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samples. The tubing runs through this unit and has a diameter of 900um ID and OD
of 1100um. This tubing was selected as it has a lower wall thickness allowing more
visual access. The tubing is immersed in the PDS5 oil, this reduces the curvature
effect making imaging visually clear. The droplets move past the optical unit and can
be imaged statically or while moving. The optical block is placed at the lens of an
Olympus Inverted microscope CKx31 with a 10x lens is used to image the cultures.
An Image source CCD camera DFK31AUO3 is placed at the eye piece of the
microscope and is connected to a PC and allows the cultures to be monitored on IC

Capture at any point during the incubation without impacting on the cells.

As discussed in chapter two bacteria are approximately 1um in size and double in
population in 20 minutes this means that visual monitoring using a microscope is not
sufficient as they are so small. Another system for non-invasive monitoring of
bacteria is required. It is essential to have the ability to measure optical absorbance
within the system in real time without impacting the cultures. An optical unit was

designed for this system to continually monitor the cells. This has the advantage over

Figure 3.9 Image of Photodiode imbedded into the aluminium plate with the tubing over it. The
photodiode allows the detection of optical density of the droplets.

current methods as the same sample can be measured each time and not just from a
bulk sample. A second advantage is that these droplets can be maintained and used
for further testing or post processing. The mechanism developed here is an optical

density (absorbance) unit inserted into the aluminium heater plate. The absorbance
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mechanism includes a Smm cyan LED bulb of 505nm wavelength illuminating the
tubing at a point directly above a photodiode. A 505nm was chosen as E.coli can be
detected in the red light range from 400-700nm (Reller et al., 2009) Background
light was eliminated in experimentation by a box covering the light source and photo
diode at all times. The embedded photodiode underneath the tubing is demonstrated
in figure 3.9. The photodiode (Thorlabs FGAP71) receives light within the range of
150-550nm. When a droplet passes the photodiode it absorbs some of the light. The
photodiode changes the light signal to a voltage signal and this is amplified using an
operational amplifier £10v (Texas Insturments LM71) and the signal is monitored
using with National Instruments PXI-6224 data acquisition (DAQ) card mounted on
a PXI-1042 chassis. The National Instruments LabVIEW program monitors the
signal in voltage and writes it to excel where results are interpreted. The acquisition
of two readings per second allows for accurate monitoring of each droplet passing
the photodiode. Optical density can be calculated using Beers-Lambert law. The

transmittance of light is calculated by using equation 3.5

T=I/lo (3.5)

Where I is the light intensity of the sample and Io is the reference blank in this
system it was taken as the light intensity of the oil through the tubing. The optical

density has a logarithmic relationship with transmittance shown in equation 3.6.

OD=-InT (3.6)

The amount of bacteria within a droplet can then be evaluated using these equations.
The optical density measurements are used to monitor all cultures on this system.

Both methods provide non-invasive real time monitoring of cells.
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3.7 Process Flow

Following the selection of material and assembly of parts the flow of the process is

demonstrated in Figure 3.10. After sample preparation the droplets containing the

Figure 3.10 Process flow schematic of microfluidic instrument where the at 1. The droplets are
generated ,the droplets then move onto point 2 where the cell droplets are imaged through a
microscope. Droplet mixing occurs at point 3 using the drop-off junction. At 4 the droplets are
incubated within this heater plate at S OD is measured and the pump controlling the flow is at 6.

cells are generated. These droplets then visually monitored using a microscope or the
optical system at various stages through incubation. The droplets then move to
incubation on the heater plate here the cells are monitored optically using

absorbance. Finally the droplets are deposited or removed after incubation or testing.
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3.8 Chapter Closure

This chapter outlined the design of the preclinical microfluidic cell analysis
instrument. Each aspect of the design was identified and a solution was
demonstrated. The selection of biocompatible materials such as the PD5 oil and
PTFE tubing was justified here. The generation of the droplets is demonstrated
where each droplet is an individual bioreactor. The establishment of correct thermal
conditions for the incubation of both bacterial and mammalian cells is incorporated
into the design. Other design elements such as the mixing system are demonstrated.
The mixing system allows for multiplexed experiments to be prepared on this
system. To monitor these reactions visual analysis of the cells is incorporated. The
design of on-system optics is shown where a visual unit using a microscope is
designed for mammalian cells. Bacterial analysis is monitored using optical density
or absorbance measurements. The addition of the non-invasive absorbance readings
gives this a novel aspect, as it can measure the same sample as many times as
required and the sample can be used again for further analysis. This instrument forms
the basis for all biological analysis and optimisation and validation of this system is

discussed in the following chapters.
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Chapter 4

Initial Testing and Instrument Optimisation

4.1 Introduction

This chapter focuses on preliminary tests that optimise the microfluidic instrument.
Validation was performed to optimise the conditions for the biological samples. The
initial test was to establish the correct temperature conditions for the cells on the
instrument. Once this was verified, cell viability analysis was performed. This will
ensure that the cells within the microfluidic droplets are not adversely affected by the
new conditions. The optimisation of cell number within each droplet is investigated
here, with the most effective method found for consistent cell numbers in each
droplet. To validate this system for real time analysis the optical methods for light
absorbance measurements were tested. This will allow each droplet to be analysed
independently. From chapter three the internal circulations within the droplets are

established and the effect of flow rate on these is investigated to observe if they
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influence the cells orientation within a droplet. The optimisation of cells within the
droplets dictates the parameters used for future testing on the instrument. This

validation will ensure that the system will be sufficient for cellular analysis.

4.2 Temperature Optimisation

As it is necessary to test the cell samples at body temperature, temperature

Channel

Heater Plate

Figure 4.1 InfraRed temperature validation of the heater plate .Point measurements along each
section of the plate where the tubing is placed indicates a constant temperature of 37°C

measurements of the heater plate were required. The consistent temperature of 37°C
throughout the plate was confirmed by infra-red thermal imaging (Figure 4.1), where
points along the plate and in the channels demonstrate isothermal conditions of the

plate. The temperature was measured using a Flir thermal camera. The heater plate
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was switched on and allowed to settle for 1 hour. 100 images were taken and average
temperature was determined. Figure 4.1 shows a consistent temperature over the
channels within the plate. With a desired temperature from the channel being 37°C,
the average point temperature was found to be 37.05°C. This indicates that the

conditions are stable and at the required temperature for cell proliferation.

4.3 Cell Viability

To examine the cells viability within the droplets a live/dead assay was used. Cell

viability is the first indication in verifying if the droplets are possible bioreactors.

Figure 4.2 Flow chart of process of generating droplets to sampling the cells for live/dead analysis . Cells
are prepared in suspension and used to generate droplets. Once droplets are generated they are incubated
as droplets within the tubing in a standard culture incubator. After the droplets are incubated for the
desired amount of time they are taken from the tube and trypan blue is added within a well plate. Cells
are counted on a haemocytometer with a 10x microscope.

Trypan blue is a live/ dead assay used to determine cell viability by infiltrating the
membrane of dead cells (procedure chapter two).This is a standard dye used for the
establishment of cell concentration. It makes the dead cells appear as blue while
viable cells remain unchanged. The flow chart of the procedure (Figure 4.2) shows
that the cells are prepared into droplets and incubated as droplets within the tubing,

in a standard incubator. A standard incubator was used to keep atmospheric
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conditions the same for the cells at 5% CO, and 37°C. Once incubated for the
required period of time, these droplets were then taken from the incubator and the
cells were mixed with trypan blue. The cells were placed on a haemocytometer for
counting and imaged using an Image Source camera attached to the Olympus
microscope. To test the droplet conditions, 500,000 cells/ml concentrations of MCF-
7 cells were generated into 100 droplets. The cells were then incubated for 4, 24 and
48 hours. After incubation the droplets were dispensed into a 96 well plate. 20pul of
the cell samples were mixed with 20ul of trypan blue and 10ul of the resulting
samples were placed on a haemocytometer and imaged. Figure 4.3 shows the images
of the cells on the haemocytometer. It was clear that after 0 and 4 hours that the
cells remain separate and are healthy as there are no blue cells visible. After 24 hours
some of the cells accumulate together (Figure4.3). These accumulations of cells
impede the process of counting as it can be difficult to determine the exact number in
an accumulation. This makes cell counting inaccurate as it is not possible to
precisely count the number of cells in each structure individually. However, it is
clear that the cells remain healthy as they remain unaffected by the trypan blue.
Trypan blue is toxic to cells so it was not possible to process the cells further after
this is used. Figure 4.3 shows that at 48 hours there are some dead (blue) cells
visible and these show the point at which the droplets have reached their limits to
remain as viable bioreactors. The overall result from this verifies that counting cells
using a haemocytometer will not be sufficient in providing exact cell number for the
droplets. This test shows that cells are not adversely affected by the cell environment

within the droplets as it demonstrates the viability of the cells up to 48 hours.
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Live Cells

Cell accumulation

Dead Cells

Figure 4.3 Images of cells on a haemocytometer grid with a 10x microscope with trypan blue
exclusion assay over 0 hours shows all cells are alive at 4 hours the cells are still alive at 24
hours the cells have accumulated together and from a cell accumulation where all the cells are
alive and at 48 hours cells shows indication of live and dead cells within the cell accumulation
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4.4 Cell Counting

Over time when generating droplets it was noticed that the cells had were falling

from the suspension and formed sedimentation at the bottom of the well plate. To
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Figure 4.4 Variation in cell concentration measured using trypan blue exclusion assay using a
haemocytometer. After 50 droplets there is a decrease in concentration due to cells sedimentation at
the bottom of the sample container on the microfluidic instrument

address this, a count was conducted. As the cells are essentially a mixture with the
growth media it is a requirement to know when it was necessary to remix the
samples. A test that counts the cells at selected intervals was done to optimise the
amount of cells in a droplet. To look at the consistency 1,000,000 cells/ml
suspension was made of MCF-7 cells. Two hundred droplets were made and the
droplets were then sampled into four sections. The first 50 droplets were sampled
where 25ul of cell suspension was mixed with 25ul of trypan blue. The cells were
evaluated on a haemocytometer. Figure 4.4 shows the initial sample measurement of
just under 1,000,000 cells, at 990,000 cells/ml showing variation in counting. This
shows a reliability issue when using a haemocytometer. As this system is highly

manual human error can affect the count. If one cell is missed, the value is off by
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10,000 cells/ml and this is the case in the very first reading of the sample. The first
50 droplets (Figure 4.4) show that there is a slight drop in the number of cells with a
reading of 860,000 cells/ml counted. The drop in cell concentration is evident from
droplet 51 onwards. The fall in cell number is apparent for all droplet samples after
51 and this suggests that the sample is no longer homogenous. This shows that
variations can occur in the cell concentration within the droplets, if they are not
stimulated during testing. This also shows that it necessary to have samples that were

continuously mixed to provide equal distribution of the cells.

4.4.1 Sample Count Variation

As it was apparent that there is a difference in the amount of cells being counted
using a haemocytometer, it was necessary to investigate further the cell count

variation due to the haemocytometer. To demonstrate the variation in counting a
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Figure 4.5 Graph of the cell count variation in in one sample counting it six times using a
haemocytometer.
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single sample, a test was carried out where the one sample was mixed and counted
multiple times. A sample of MCF-7 cells of 1,000,000 cells/ml was made. A 50ul
sample was taken for each count and mixed with 50ul of trypan blue. The
haemocytometer was used for each count and 10ul of the mixture was displaced to
the haemocytometer. Six samples were taken and counted individually. Figure 4.5
shows the variation in the counting. Over the six counts there is a clear difference in
the amount of cells counted over the samples. The issue with these counts is the
standard deviation within the value of 131,098 cells. This is a 13% deviation in cell
count alone. Once the accuracy of the haemocytometer counting was found, it was
clear that this, although standard lab practice, it is not entirely accurate. Although the
variation found in Figure 4.4 over the droplets is high it is considerately higher than
the 13% found in Figure 4.5 and this proves that the change in the amount of cells in
the droplets is not solely due to the accuracy in the haemocytometer method but also

due to the cells not staying in suspension.

4.4.2 Magnet mixing

To test if continuous stimulation of the cells will create a mix that will maintain a
homogenous cell suspension, a magnetic mixing system was incorporated into the
cell sample. A magnet was rotated continuously in a micro centrifuge tube
containing the cell sample. The magnet was Imm in diameter and was rotated for the
duration of droplet generation. MCF-7 cells at a suspension of 430,000 cells/ml was
used. This concentration was used as it was a trial test and this was the amount of
cells available at the time of the testing. The sample was counted using a
haemocytometer. 120 droplets were generated and each was 500nl in volume. Once
all the droplets were made, they were distributed into 4 wells with 30 droplets in

each well. 10ul of each sample was mixed with 10ul of trypan blue. 10ul of sample
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was then displaced into the haemocytometer. To increase accuracy, four grids on the
haemocytometer were counted and divided by two. Figure 4.6 demonstrates that the

rotation of the mixture does not adversely affect the cells as over the 120 droplets
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Figure 4.6 Cell concentration variation over 120 droplets using a magnetic bead to constantly
rotate the cells.

that were generated and no dead cells were detected. Figure 4.6 shows that the first
30 droplets has the same amount of cells as the initial sample and this shows a
similar result as with no mixing (see Figure 4.4). It is clear that the cells do not stay
in suspension with magnetic mixer as the cell concentration reduces from droplet 30.
Mixing does change the concentration over all the droplets, as Figure 4.6 shows an
increase in concentration above droplet sixty however, it does not form consistent
suspensions of cells. This method was not further investigated but highlighted the
problem of equal distribution of cells in the droplets when using a spherical magnet

mixer.
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4.4.3 Surfactant Testing
As the cells will require an adhesion signal when in the mixture this may be
contributing to the cells attaching together and falling to the bottom of the sample

container. To investigate this, a surfactant was added to the mixture to form a barrier

100
90 -
80 -
70 -
60 -
50 -
40 -

cells/ml (x10,000)

30 -
20 A
10 A

sample Count 1 Count2

Figure 4.7 Graph of cell concentration after surfactant Pluronic F-68 mixing with cells shows
a decrease in cell concentration.

around the cells. The surfactant selected was Pluronic F-68 which was added at 1%
to the cells. Pluronic F-68 is nontoxic to the cells as it is used in large scale
mammalian cell culture (Gigout et al., 2008). 1,000,000 cells/ml suspension was
made and 60 droplets were generated. The consistency was counted using a
haemocytometer. 10ul of cells mixture (droplets pooled together) were mixed with
10ul of trypan blue. Two counts were conducted using the droplet samples. Figure
4.7 shows the final concentration of 260,000 cells/ml and 280,000 cells/ml this is
below the initial concentration. This shows that this type addition does not encourage
sufficient distribution of cells within the droplets. This method was not further

pursued as a method of cell suspension homogenisation.
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4.4.4 Manual Mixing

A test was undertaken to determine if manual mixing would provide a more
homogenous cell sample. Droplets of MCF-7 cells were generated, where the cell
sample was manipulated manually by a pipette after every five droplets. This
consisted of aspirating and depositing the cell sample ten times. The droplets were
formed and then monitored using a haemocytometer. A cell suspension of 1,000,000
cells/ml was made and 100 droplets were generated. Figure 4.8 shows that both
samples give the same cell concentration with a deviation of +4% . This shows that
an equivalent amount of cells are found in the sample and are within the limits of the
haemocytometer of +£13%. The manual mixing of the cells is the best method for
creating consistent cell concentrations within the droplets. This method was

implemented for the remainder of the tests.
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Figure 4.8 Cell count after mixing manually using a pipette after every 5 droplets were
generated. This shows that the droplet concentration remains constant.

4.5 Optical Detection of Droplets on the instrument
To test if the instrument was capable of detecting droplets, droplets of green food

dye were generated at 1400nl and moved past the photo diode system. Figure 4.9
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shows the voltage reading corresponding to each part of the droplet. The graph
shows initially the oil phase between the droplets. Figure 4.9 demonstrates the
leading and trailing cap ends of the droplet as a small peak with the centre of the
droplet being indicated as a larger peak. This shows that the instrument is sufficient
in identifying droplets and was used in the bacterial tests. Due to this monitoring
system being non-invasive, droplets can then be continuously monitored or used for

further analysis.

Body of droplets

Measured voltage t

L1

Cap-end of droplets

Oil between droplets

Time point

Figure 4.9 Measurements of optical density of droplets using the microfluidic system The
optical density can show the difference in light going through the cap ends and the body of the
droplets. Two measurements are taken each second.

4.6 Fluidic Conditions

The theoretical conditions within the microfluidic droplets are examined in Chapter
3. The flow regime dictated by the Reynolds number is displayed in Table 4.1. The
flow rates are low for this instrument 15-60ul/min or 0.99-1.92mm/s. The Reynolds
number indicates laminar flow which is highly dependent on inertial conditions and

the capillary number indicates the interfacial tension dominates over the viscous
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forces. This is indicative of the curvature at the cap ends of the flow. The Weber

number indicates that surface tension effects are dominant.

Table 4.1 Fluidic properties of microfluidic instrument

Flow rate ul/min | Reynolds Number | Capillary number | Weber number
15 0.0902 4.60E-05 4.15E-06
30 0.180 9.2E-05 1.66E-05
60 0.360 1.84E-04 6.62E-05

4.6.1 Particles Within the Droplets

The internal circulations influences where the cells will reside within the droplets
and this was outlined in chapter three. An investigation into if the internal
circulations has an influence on where the cells reside is conducted here. Initially,
silver powder 5-8um in diameter (Sigma-Aldrich 327093-10g) were selected to aid
clarity in visualisation and are approximately the same size as cells within a droplet.
0.05g of silver particles was suspended in 4.95g of H,O. Droplets of 1500nl were
created and imaged on the system using a microscope. The droplets were moved
through the tubing approximately 300mm and the criteria for full mixing was
satisfied. Three velocities that were used are 15ul/min 30pul/min and 60ul/min these
three velocities are the equivalent to 0.48mm/s 0.96mm/s and 1.92mm/s
respectively. Images were taken and analysed in Figure 4.10, it is clear from Figure

4.10 that the particles all move towards the rear of the droplet for all flow rates.
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15ul/min 30ul/min 60ul/min

Figure 4.10 Images of sliver particles within the cap ends of droplets at varying velocities from

15-60ul/min

The cap end is only occupied at the back of the droplet indicating that the negative
nature of the flow could be influencing the particle distribution. The second
observation that was made was that the size of the area occupied at the cap end is
reduced with increasing velocity. This demonstrates the same flow profile as the
CFD prediction (Kurup and Basu 2010). The accumulation of particles at the back of
the droplet could limit the droplets as bioreactors if the cells behave in the same way
as the silver particles. As the bacterial cells are approximately 1um in diameter and
are less dense than the silver particles they may act differently. An investigation into
E.coli where 1500nl droplets were generated was conducted. These droplets were
imaged in the same way as the silver particles ensuring full mixing. Droplets were
moved in the same fashion from 15ul/min to 60ul/min. The E.coli was in a dilution
of 1:100 with LB. Figure 4.11 shows the lowest flow rate of the E.coli. Whilst these
cells are difficult to image two regions are clear from Figure 4.11. The cells are
distributed throughout the droplet and a clear line where the droplets begin to curve
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shows a higher density of cells at the cap end. At the velocity of 30ul/min more cells
reside in the cap end of the droplets than at 15ul/min and at the highest velocity of

60ul/min shows that most of the cells are within the cap end. The 60ul/min sample

Figure 4.11 Images of E.coli within droplets at varying velocities . Red circles indicate the
centre points of the vortex that formed at the highest velocity within the cap end of the
droplet.

shows the cells are moving in two circulation regions within the cap end. These form
accumulations of cells shown in the red circles Figure 4.11. These accumulations of
cells are the centre of a circulation within the droplets. There are two rotations within

the cap ends agreeing with numerical simulations (Kurup and Basu 2010).

As mammalian cells will be used for analysis within this system it is necessary to
know how these cells will reside within a droplet As the cell accumulations in the
bacterial droplets at high velocities could limit the nutrients reaching the cells, it was
decided to also investigate the behaviour of mammalian cells. Cell to cell
communications exist within any cell environment and it was necessary to
understand how this could influence the cells within the droplets. As well as the
velocities, the concentrations of cells were varied to examine if this would influence
the location of the cells within the droplets. Mammalian MCF-7 breast cancer cells
mixed with DMEM media were used to generate droplets. The flow rate remained
the same as used for silver particles and bacterial cells 15-60ul/min. Each droplet
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was generated and allowed to flow past the microscope. The same droplet was used
for each flow rate to maintain consistency. Figure 4.12 shows at 100,000 cells/ml
suspension there are approximately 100 cells in each droplet. It is clear that the cells
do not act like particles as they are distributed around the droplet. The requirement
for the cells to find an adhesion signal may cause the cells to be attracted to each
other and this may dictate where the cell will reside. The cells are also less dense
than the silver particles which shows that they may not be as influenced by the

circulations within the flow.
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Figure 4.12 Images of MCF-7 cells in droplets at varying concentrations of cells and flow rates
taken at 10X on the microfluidic system. Cells remain spread throughout the droplet at all
concentrations and flow rates.

The flow rate does not affect the location of the cells at any velocity and is deemed
adequate for cell therapeutic coverage. The second concentration was used to access
if the increased concentration will influence where the cells will move to, within a
droplet. The droplet containing 500,000 cells/ml was tested at the same velocities
(Figure 4.12). From the initial droplet it is unclear that there were 565 cells/ droplet
however, the same droplet was used for all velocity analysis. More cells were
apparent at the higher velocities which may be due to the location of cells at the time

of imaging. This infers that it is not reliable to visually count cells within a droplet to
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determine cell concentration. The increased concentration of cells within a droplet
does not affect the location of cells within the droplets (Figure 4.12). At the highest
velocity the cells do not appear to be influenced by the same internal circulations as
the bacterial or particle flow. At 60ul/min the cells remain spread around the droplet
and are more influenced by where the other cells are. Accumulations of cells binding
together dictate where the cells will reside within a droplet. The accumulation of
particles at the rear of the droplets is due to the interplay between the cap vortices
and the internal vortices. Particles at the cap end of the droplet will remain there
because it is an independent, co-rotating vortex. As more particles collect in the cap,
the effective viscosity will increase, forming a stagnant region which, in turn, will
collect additional particles (Kurup and Basu, 2012). This does not occur with the
mammalian cells as the cells will remain within the main body of the droplet. This
makes the droplets ideal culture reactors as the cells are allowed to communicate

with each other.

4.7 Chapter closure

This chapter shows the optimisation of the microfluidic droplets. The physical
conditions of the droplets as bioreactors show that the droplets are capable of
creating a healthy environment for the cells. To have equal amounts of cells it is
necessary to mix the cell sample using a pipette. Consistent temperature is verified
for the heater plate using an IR camera. The optical capabilities of the instrument
achieved droplet identification as well as indicating the cap ends of each droplet and
also indicating the oil phase of the flow. The flow dictating the location of the cells
within the sample was demonstrated here where bacterial cells act like particles and
remain at the trailing cap end of the droplets and form rotations at higher flow rates.

The mammalian cells do not act like the particles or bacterial cells and remain spread
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out within the droplets for all flow rates. This chapter has found the optimum
conditions for generating droplets in terms of having consistent cell concentrations
and flow rates. The next chapter will discuss the bacterial reactions within the

droplets.
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Chapter 5

Bacterial Testing

5.1 Introduction

Bacterial infections that are resistant to antibiotics have become a worldwide
problem. The constant mutation of bacteria causes new strains to develop. These
strains mutate to become resistant to antibiotics (Andersson and Hughes, 2010). At
the moment, it is not possible to keep up with the mutating bacteria in terms of
developing new drugs. The issue in determining bacterial resistance is to identify the
bacterial strain. Broad spectrum drugs are prescribed as a ‘one size fits all’ treatment
when the specific bacteria are unknown. The bacteria then become resistant to these
drugs causing a need for more precise identification and treatment (Woodford and
Ellington, 2007). Currently, methods to culture bacteria include streaking of agar
plates with bacteria, incubating overnight and visually monitoring cells growth
(Sarkar ef al., 2015).  Figure 5.1A shows an empty agar plate with no bacteria and

Figure 5.1B shows an agar plate with bacterial growth. This is the method used to
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grow bacterial strains are and involves an overnight incubation with manual counting

of the colonies.

Figure 5.1 E.coli growth in a Petri dish (Sarkar et al., 2015) Where A is a agar plate with no
bacteria and B. demonstrates the colony growth of E.coli.

Figure 5.2 Disk dilution of antibiotics using a disk dilution method (Reller et al., 2009) Where
each sponge contains an antibiotic. The inhibition of bacterial growth is evaluated by size of the
diameter around the sponge where the bacteria have not grown, this inhibition is measured
against a control highlighted in yellow.

The disk dilution method comprises of adding an antibiotic at a controlled
concentration (Reller ef al., 2009). Figure 5.2 displays a plate that has full growth of
bacteria where each disk has a concentration of antibiotics with one control
containing no antibiotics. It is clear from Figure 5.2 that some concentrations of the

antibiotics are more effective in treatment of the bacteria. Other methods include
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dilutions of broth with drugs (Mohan et al., 2013) and colony counts (Kiefer et al.,

2010). These methods are visual based and are highly user dependant (Kiefer et al.,

2010). A quantifiable bacteria method, that is based on absorbance of light is known

as optical detection (Reller er al., 2009). The bacteria grow at such a fast pace that

the media they grow in changes appearance from translucent to cloudy. This allows

the quantification by measuring the light that can go through the sample. Finding a

way of rapidly identifying a bacterial strain and subsequently a treatment for the

patient in a time effective way is an urgent requirement. Currently, the most common

method to culture bacteria is on agar plates and this can take over 18 hours to

identify a strain of bacteria (Reller et al., 2009) This chapter introduces the initial

testing on the microfluidic instrument for bacterial cultures. This chapter presents the

results of the bacterial experimental work in three main areas:

1.

The initial section will form a validation comparing the droplet cultures with
current suspension orbital shaker cultures. This shows the suitability of the
droplets as a new environment for bacterial analysis.

The optimisation of the bacteria within the droplets is discussed in the second
section. This section characterises the fluid mechanisms and their impact on
the bacteria. This includes the effect of the size of the droplet and increasing
volume and its impact on the growth of the E.coli. The effect of the internal
circulations within the droplets on the bacteria is shown here.

The final section in this chapter focuses on the application of treatment on the
E.coli. Being able to identify and treat the bacteria effectively will validate
this system as a practical alternative to current methods. The identification of

antibiotic resistance within droplets is demonstrated here. This study
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implements the application of antibiotics to the cultures and monitors their

response on the instrument.

5.2 Droplet Culture Vs. Current Suspension Methods.

To create bacterial cultures a seeding culture is required to be diluted with Luria-

Figure 5.3 Flow chart of bacterial culture measurements where a solution of bacterial culture was made and
split between droplet culture and orbital shaker incubator culture To measure the optical density a mixture of
the E.coli was mixed with LB and a 100pl sample was measured in a 96 wellplate on a microplate reader.

Bertani (LB) and the bacteria will grow over time. This method can be used to test
various antibiotics and determine if they are effective in treating the bacteria. The
microfluidic droplets are generated using the instrument described in chapter three.
A colony from E.coli cell line BL-21 is taken from an agar plate and suspended in
LB and incubated at 37°C for 16 hours in an orbital shaker incubator and rotated at
200 rpm. Figure 5.3 displays the flow chart of the experiment where a dilution of
E.coli:LB sample is split in two to make the droplets and the suspension culture.
500l of sample mixture was used for the production of droplets and placed in a

micro-centrifuge tube with a PD5 oil overlay. Sml of the initial sample was used for
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incubation in suspension in the orbital shaker incubator. The initial validation test
consisted of forming 615 droplets of 600nl volume in the microfluidic tubing and
incubating for 10 hours. The droplet culture is incubated at 37°C statically and they
were agitated once every two hours while they are being removed from the system.
100 droplets were sampled every two hours and three 10ul samples were mixed with
90ul LB for reading. In parallel the shaker flask samples are continuously agitated at
200 rpm throughout incubation at 37°C and also incubated for 10 hours. To monitor
the cultures absorbance readings were taken every two hour using a microplate
reader. To read the absorbance a 10ul sample from the shaker flask was mixed with
90ul LB and this was repeated three times, making three 100ul samples and each
was placed in an individual well of a 96 well plate. After incubation the droplets
were dispensed from the tubing and were pooled together. 10ul was added to each
well and mixed with 90ul LB. The samples optical density (OD) was measured using
a microplate reader at 600nm wavelength. A control sample of 100ul of LB was
measured each time to compare growth rates with culture media that contained no
bacteria. The optical density readings over 10 hours, of both cultures and the LB
control are demonstrated in Figure 5.4. All the cultures start at the same density of
0.02 at the initial reading and this shows that the dilution of the E.coli is
undetectably low for both shaker flask and droplet samples. The rate of growth is
slow, with it taking up to 6 hours before the cultures begin to go from their lag phase
to log phase growth (Figure 5.4). However, it is clear here that both bacterial cultures
grow over 10 hours. After six hours the difference in growth rate between the
droplets and the shaker flask culture are apparent. Figure 5.4 indicates that not only
are the bacterial cultures thriving within the droplets but actually there is a higher

rate of growth evident in the droplet cultures. The higher growth rates have been
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seen in other microfluidic systems (Churski et al., 2012) and this led to the
investigation of the optimum conditions for the bacterial cultures in microfluidic

droplets discussed later in this chapter.

Figure 5.4 A graph comparing growth rates of traditional E.coli shaker flask culture with E.coli
droplet cultures measured on a microplate reader. Droplet cultures show a higher growth rate
than orbital shaker cultures.

The error analysis was standard error of the mean and this was used for all cultures
investigated. The shaker flasks culture uses a larger volume than the droplets and this
was for two reasons, the micro-volumes would evaporate in the shaker flask
conditions due to the low volume and secondly to compare a typical volume used in
current culture methods. To test the viability of the droplet cultures after incubation
the bacteria was taken from theses droplets and re-incubated in 5Sml of LB in
suspension culture. This culture was incubated for 16 hours at 200 rpm, these
cultures continued to grow demonstrating that the cultures remain viable after
incubation and were used for subsequent testing if required. The constant agitation
within the shaker flask culture encourages diffusion throughout incubation. The

agitation within the droplets is in the form of the internal circulations, Figure 5.4

82



shows that these droplets are sufficient for providing growth of the E.coli. Minimum
amounts of agitation are required as full mixing will be achieved once the droplet
moves the equivalent distance of 4.5 times the droplet length (Tice et al., 2003). This
will be achieved many times by all the droplets throughout the testing as the droplets
are 1.6mm in length and move over 20cm within the tubing. Figure 5.4 presents two
outcomes, that the droplets grow at a higher rate than shaker flask cultures and that it

1s not necessary to continuously agitate the cultures for the duration of incubation.

To combat the initial low growth rate in all subsequent tests, concentrations of 1:10
instead of 1:100 E.coli:LLB were used and pre-incubated for two hours before droplet

formation.

5.3 Optical System For Monitoring Cultures

Once it was established that the conditions for growth of the bacteria were sufficient
within the droplet mechanism, the on-system optics were designed. These optics
measure the absorbance of light or optical density (OD), through the tubing and this
allows for the monitoring of the cultures throughout incubation without any
additional fluid handling steps. All culture tests were measured by the on instrument
optics minimising the need for additional microplate reading and additional fluid
handling steps. A limitation of the current methods is that to take to measure of the
optical density it is necessary to lose some of the sample for reading on the
microplate reader. The optical density unit allows non-invasive monitoring of
absorbance of light to each of the cultures in real time. Once the absorbance optics
were incorporated an initial test to verify if the photo diode system could read the

difference in optical density of droplets.
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5.3.1 Absorbance Detection in Droplets

To verify that the optical system is capable of distinguishing between the E.coli and
LB, a 9 hour test with 10 droplets of E.coli and 10 droplets of LB was conducted.
Droplets of 600n] were made of each sample and 10 droplets were chosen to give
more accurate statistical analysis. Figure 5.5 shows the optical density readings from
the E.coli droplets and the LB droplets incubated on the system. The bacteria sample
was mixed 1:10 E.coli to LB and pre incubated for two hours and a seeding density
of 0.02 was measured before droplets were generated. The reason for pre-incubation

was to have cells within the log phase growth so that analysis of growth could be

Figure 5.5 The photodiode system readings of E.coli droplets and LB droplets over 9 hours.

pursued rapidly. To measure the optical density, the droplets were moved past the
photodiode system each hour and remained at rest in between readings. The droplets
move forward and backwards in the tubing for monitoring and maintained at 37°C
which keeps the cultures isothermal while full mixing is also achieved. The average
optical density value of each droplet was found and error analysis of standard error

of the mean was evaluated. Figure 5.5 demonstrates that the LB has constant
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absorbance over the nine hours with very little error over 10 droplets. The
measurement reference blank was taken as the OD of the oil between the droplets.
The difference in optical density between the E.coli and LB is apparent after two
hours of incubation (Figure 5.5). The E.coli growth increases over the nine hours.
This increase in growth rate shows the same trend as found using the microplate
reader in Figure 5.4 verifying the ability of this instrument to sufficiently measure
the growth of bacteria. The obvious growth was measured here without sampling of
a bulk culture, which is required with microplate readings. As the readings were
taken every hour and can be taken as often as required proving this method as a real
time method of measuring OD non-invasively. The photodiode provides a novel
mechanism for real time analysis of the cultures. The results from the photodiode
system verify that this is a sufficient method for determining the growth of bacteria
non-invasively. Optimisation of the droplets is conducted to find the best conditions

of bacterial growth.

5.4 Contamination of Droplets

As with all experiments performed, it is necessary to provide conditions that will not
directly affect the cultures. Contamination of samples will render the results
unusable for analysis. As this is a new method of bacterial culture it was necessary to
show that the conditions within the microfluidic tubing are not adversely impacting
the cultures. If the droplets merge or wet the tubing wall this would cause
contamination and would make these droplets unreliable as bioreactors. As the
optical unit has sufficiently distinguished between bacterial and LB droplets this
system was used to verify if the droplets were contaminated or not. Keeping the
same method as the previous 10 droplets of LB, containing no bacteria, and 9

droplets containing E.coli were formed in the tubing. Optical density readings were
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taken each hour when the droplets were moved past the optical system. The droplets
were then moved backwards through the tubing again to their original point. This
was repeated each hour and from Figure 5.5 shows that there is no increase in OD of
the LB verifying that no contamination is apparent. Figure 5.6 shows typical hourly

voltage readings that are directly coming from the optical circuit after 6 hours of

incubation.
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Figure 5.6 An image of the voltage readings from the photodiode system. Each peak represents
a droplet where the first 10 droplets are LB followed by 10 droplets of E.coli readings taken
after 6 hours of incubation.

The oil phase is indicated by a flat line of approximate reading 6.36v and this is used
as the blank measurement point for all tests using the photodiode optical system. To
quantitate the optical density the change in voltage between the peak of the droplet
and the baseline is used. To visually demonstrate the difference in peaks of the LB
and the E.coli Figure 5.6 was generated. The first set of peaks in Figure 5.6 is the
control LB droplets where each peak is an individual droplet. The second set of

peaks are the E.coli droplets incubated for 6 hours and it is clear from Figure 5.6 that
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the peak is higher than the LB. The measurement of droplets after 6 hours was
chosen as it shows the obvious difference between LB and E.coli. The increased
peak is consistent over the 10 droplets which allow statistical analysis of multiple
samples at small volumes. All the readings here were taken at the same time and
each droplet can be monitored individually at any point during incubation. As the
droplets are moved past the optical monitoring system and then back again through
the tubing each hour, the LB droplets will have passed multiple times where the
bacterial droplets have passed. This shows that the conditions set up in this system
do not adversely impact the bacteria in terms of droplet to droplet contamination.
This also proves that the droplets are fully wrapped in oil. This means that there are
no bacteria available to the LB droplets and shows that each individual droplet is an
individual bioreactor. This verification allows all future tests to use the droplets as

robust bioreactors and can be used for mammalian cells.

5.5 Droplet Volume Effect on Bacterial Growth

Table 5.2 volume length properties of the droplets

Droplet Volume nl | Droplet Length mm
400 1.043095
600 1.429309
800 1.815523
1000 2.201737
1500 3.167272
2500 5.098342
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The conditions within the droplets influence the growth of the cultures. To find the
optimum conditions the volume of the droplet was examined. It was found in the
initial test (Figure 5.4) of bacterial suspension culture and the droplet cultures, that
there was a higher growth rate at a smaller droplet volume of bacteria. A test to
investigate if the volume at a microscale level will demonstrate the same trend is
shown here. To study this effect on the instrument, a range of droplet volumes of
400-2500nl were tested. The length and volume of each droplet within the tubing is
shown in Table 5.1. Each test was conducted individually with control droplets of
LB tested each time. Ten droplets of each volume were tested and optical readings
were taken every two hours over a period eight hours. The samples were 1:10 E.coli
to LB and these were pre-incubated for two hours before droplets were generated

and formed a seeding density between 0.06 and 0.08 OD.

Table 5.3 Droplet volume to slope

Droplet slope
volume nl

400 0.006555
600 0.006975
800 0.007818
1000 0.011024
1500 0.01199
2500 0.008728
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Figure 5.7 displays the log of optical density for all volumes studied over 8 hours.
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Figure 5.7 Monitoring the effect of variation of the droplets volume (600nl to 2500nl) on bacterial
growth over time. Results indicated that the optimum growth rate is achieved in 1500nl droplet
volume

The control in Figure 5.7 is the value for a 400nl LB droplet but as all LB controls
remained constant it was not necessary to graph each one for each droplet size. All
the E.coli growth patterns follow the same trend in Figure 5.7 and as they were all
conducted independently this is an example of the repeatability of the instrument.
Initially, similar optical densities for all droplets are observed, however the lowest
being the LB control. After two hours of incubation an increase in OD is noticed in
the droplets containing bacteria. This shows the consistency of rapid identification
by growth as previously demonstrated in Figure 5.6. At the 4 hour mark (Figure 5.7)
all cultures are distinguishable against the control and all have higher optical
densities. It is at the six hour mark that the difference in growth due to volume
becomes apparent. The droplets at 400nl, 600n]l and 800nl are stagnated in growth
and this may be due to the lack of nutrients in smaller droplets. At 1000nl and

1500nl the growth reaches the highest OD. Above 1500nl the effect on the growth
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of bacteria droplets are sub-optimal. The optimum volume is found at 1500nl as this
shows the highest growth rates over eight hours. The rate of each growth is
demonstrated by the slope of each line (Table5.2). The values of slope for each
sample also show that 1500nl had the highest growth rate. The higher growth rate
will allow more apparent recognition of the effects of antibiotic treatment when
examined later in this chapter. The increased length also means that the droplets will
take longer to mix as they will have to travel longer to achieve this (Tice et al.,
2003). The decrease in growth above 1500nl could be attributed to the increased
volume effect as seen in the initial test (Figure 5.4). The optimum volume was found

to be 1500nl and above this would not be recommended for growth of the bacteria.

5.6 Velocity effect on E.coli growth

The second condition that can be defined is the velocity of the droplet. The velocity
of the flow will determine the amount of internal circulations and also where the
cells will reside within the droplet. The velocity is dictated by the flow rate on the
pump and can be altered from test to test if required. The internal circulations within
the droplets can influence the diffusion of the nutrients into and out of the cells. A
test was conducted to look at the growth rate effects with increasing velocity. Ten
droplets of each E.coli velocity were made and each test was done individually. The
E.coli was pre-incubated for two hours before testing and a seeding density of 0.06-
0.080D was established for each culture. The control in this test again was LB
without any cells and the measurements shown in Figure 5.8 are for the static
culture. All controls remained stable for the duration of the tests and therefore were
not demonstrated on Figure 5.8. Measurements were taken every two hours using the
photodiode system within the instrument. The flow rates examined were 0-60ul/min

which is equivalent to Omm/s-1.93mm/s. Figure 5.8 shows that growth is apparent
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for all the cultures containing bacteria at all velocities however, after two hours it
becomes evident that the velocity influences the growth trend as at Oul/min the
growth rate lags behind all other velocities and this gap remains throughout all
testing in Figure 5.8. Here, it shows that the internal circulations have a more evident
influence on the growth of bacteria than the volume of the droplet as it is seen after
two hours that the difference in growth rate between the static culture and all the
rotated cultures is evident. The static culture grows but the internal circulations
within the droplet provide an increased growth rate. The growth rate for each culture
is demonstrated by the slope in Table 5.3. The increased growth rate is apparent in
all moving cultures however, this growth is impeded in flow rates above 30ul/min.
At 30ul/min it is apparent that cells go through lag, log and plateau phase within 8
hours. At 60ul/min the growth rate tapers after four hours of incubation and at this
point the optical density reading remains relatively static over hours 4-8 showing that
the cultures are still alive but are not growing as the cultures have reached their
plateau phase. The flow at 30ul/min indicates optimum growth as the E.coli growth

rate shows that the plateau phase is not reached until six hours.

Table 4 Slope of the velocity of the bacterial cultures

Flow rate | Slope
ul/min

0 0.016019
15 0.019411
30 0.021614
60 0.014766
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Figure 5.8 Monitoring the effect of dynamic conditions on E.coli growth within a droplet at varying
flow rates from 0-60ul/min. Increasing the flow rate increases the growth rate up to 30ul/min.

As shown previously in chapter 4 E.coli acts like particles in the flow and will
remain in the cap end of the droplet. If the length of the droplet is increased the
amount of cells within the droplet will increase. So cells at 1500nl although having
the best growth rate statically, will have more cells within the droplet than a 500nl
droplet. This means that more particles or bacteria will be available to occupy the
cap end of the droplet. The increasing velocity reduces the area at the cap ends
inhabited by the bacteria. Due to the cells being more compacted at the back of the
droplets there is a lack of availability of nutrients to the cells. This could be the
reason why the growth rate is decreased above 15ul/min. The rotations present in at
60ul/min (see Chapter 4) also coincide with the reduced growth within the droplets.
The rotations are only visually present at 60ul/min this increased rotational activity
may be causing shear effects on the cells. Shear has a negative effect on the cells
(Lange et al., 2001) by causing the rupturing of the cells and it has also been shown

that at higher concentration there is a decrease in cell viability when shear is
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introduced. This study shows that at 30ul/min and 1500nl droplets these are the
optimum conditions for bacteria proliferation within the droplet structure to give the
most effective reaction when tested against drugs at these conditions as they have the

highest growth rates over eight hours.

5.7 Antibiotic effect on E.coli.

The validation of the system as a practical alternative to current bacterial
identification methods will come in the reaction of the cultures to antibiotics. With a
worldwide increase in resistance to antibiotics it is necessary to easily identify the
bacterial reactions to specific antibiotics. Three tests were conducted where

antibiotics were introduced to the droplets:

1. E.coli mixed with two different antibiotics.
2. Bacteria grown to log phase and then mixed with a drug to show a response
to actively growing cultures

3. Identification of antibiotic resistance

These three tests give an insight into the potential of the instrument as a novel

method of bacterial treatment identification.

5.7.1 Antibiotics and E.coli

The initial test adds two antibiotics, Ampicillin and Kanamycin to the E.coli. 10
E.coli droplets mixed with Kanamycin, 10 E.coli droplets with Ampicillin and 10
droplets with E.coli only were made. Mixing of the droplets took place on the
instrument using the drop-off junction where one 1000nl droplet containing the
E.coli was mixed with 500nl droplet of antibiotic forming a 1500nl droplet. The final
concentration of the antibiotics was 0.05mg/ml for Ampicillin and 0.15mg/ml

Kanamycin. The droplets were real time monitored using the photodiode system and
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measurements were taken each hour. These droplets were made in series and were
monitored at the same time. Figure 5.9 shows the cultures over nine hours. The
initial seeding density of 0.02 for the mixed droplets shows consistency as the E.coli
sample is the same for all three cultures. The only difference is that there are
antibiotics mixed with some droplets while the other droplets are just mixed with
LB. The LB was mixed with the FE.coli only droplets to maintain the same
concentration in each droplet. Figure 5.9 demonstrates that the E.coli containing the
Kanamycin and Ampicillin were prevented from growing while the E.coli mixed
with LB continued to grow. The error analysis is standard error of the mean and ten

droplets are analysed at each time point. The antibiotics effectiveness in prevention

Figure 5.9 The treatment of bacterial cultures within the droplets. Droplets of E.coli mixed with
ampicillin and E.coli mixed with kanamycin were monitored over time. Antibiotic treated droplets
are prevented from growing while the non-treated E.coli continue to grow

of growth being identified using the photodiode system shows that this instrument is
capable of sufficiently detecting a treatment for this type of bacteria. In this case two
options for treatment were identified. This in a clinical setting could also allow for
multiplexing the experiment by incorporating multiple combinations of drugs in the

system and looking for multiple targets. A concentration gradient of these antibiotics
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could also be mixed with the cultures to find the most effective amount of drug

required for the treatment of the bacteria.

The continuation of growth of the E.coli shows that the antibiotics are preventing the
other cultures from proliferation. A difference in growth was apparent after three
hours making this a rapid way of identifying if the treatment is sufficient to target the

bacteria.

5.7.2 Adding Antibiotics after the Establishment of Growth

The second investigation incorporating antibiotics allows the establishment of

Figure 5.10 E.coli droplets cultured for 6 hours with ampicillin and kanamycin mixed at 6
hours using the drop-off junction. The reaction is rapid as the reduction in cell growth is
evident after one hour of adding the antibiotics while the cells without antibiotics continue to
grow

growth of the bacteria before adding the antibiotics. Thirty 1000nl droplets of E.coli
cultures were generated and allowed to proliferate for 6 hours. After 6 hours the first
10 droplets were mixed with 500nl Ampicillin and 10 were mixed with 500nl
Kanamycin while the final 10 were mixed with 500n]l LB in the same concentrations
as the previous test. The droplets were incubated on the system and monitored each
hour. The seeding density is the same for all samples and the same growth trend is
apparent for all three samples showing consistency over six hours. Figure 5.8 shows

the 6 hour mark where the antibiotics are added to two of the cultures. After the
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drugs were incorporated, it was clear that the cultures treated with drugs have an
instant reaction. After one hour of treatment, the optical density has reduced showing
a direct effect on the cultures (Figure 5.10) while the culture that was mixed with LB
only continued to grow. The reaction within one hour of application of a drug shows
that the system is capable of treating the cells within the droplets and also that the
reaction is rapid. This has potential in a clinical setting as it allows the introduction
of any assay once the culture is in its log phase of growth and identification of
treatments on a personalised level. For example where a patient may present with an
unknown bacterial infection, a clinician could let the bacteria grow in droplet detect
it’s growth rate over a number of hours and then add drugs to the culture. If there is a
reduction in the growth after the drug has been introduced the bacteria is responding

indicating a potential treatment for a patient.

5.7.3 Identification of Antibiotic resistance

One potential issue with identification of treatment is the increasing incidence of

Figure 5.11 Identification of Ampicillin resistant E.coli droplets and ampicillin resistant E.coli
droplets were monitored over time with ampicillin mixed at time 0. The continued growth of the
resistant E.coli is evident while the non-resistant strain were prevented from growing

antibiotic resistance. Antibiotic resistance is becoming an increasing problem and

hence, a rapid detection of a bacterial culture reaction to a treatment could identify in
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a clinical setting the most appropriate treatment for a patient. The final bacterial
investigation uses Ampicillin resistant E.coli. For this test 30 droplets were made, 10
contained the same E.coli strain as used in all previous tests the next 10 contained
Ampicillin resistant E.coli and the final 10 contained LB. The droplets had a final
volume of 1500nl and Ampicillin concentration of 0.05mg/ml. All droplets were
mixed with ampicillin using the drop-off junction and optical density readings were
taken each hour using the photodiode system. Figure 5.11 demonstrates the cultures
over nine hours. It is clear from Figure 5.11 that the E.coli that is ampicillin resistant
continues to grow even though a drug has been applied to the culture. The E.coli that
is non-resistant is directly affected by the ampicillin as it does not proliferate.
Between hours one and two the distinction between resistant and non-resistant
bacteria is apparent. This graph shows the identification of a resistant bacteria and
the effective treatment of bacteria on the instrument at the same time. This test
shows that essentially two different bacteria are identified on the system at the same
time and that a treatment for one strain was identified while the resistance to
treatment was also identified. This method shows that after four hours the difference
in the resistant and non-resistant bacteria reaction to an antibiotic is apparent, clear
validation of this instrument as a new method of identifying antibiotic resistant

bacteria.

The identification of successful treatment of E.coli while identifying resistance to
ampicillin was done at the same time on the instrument. This gives the potential to
have an unknown bacteria identified as resistant to a drug and a potential treatment
identified within a number of hours with a quantitative evaluation compared to visual

petri dish methods.
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5.8 Chapter closure

This chapter has outlined the experiments into E.coli bacterial culture which will act
as a pre-test to ensure that the system is capable of maintaining biological samples.
The use of droplets as bioreactors for bacterial cultures was validated here. Initial
growth of the E.coli within droplets was compared to suspension methods and this
proved that the growth rate is higher in the droplets over conventional methods. This
shows that the droplets are biocompatible and provide a new environment for
bacterial cell culture. The incorporation of optical density absorbance capability
transformed this into a non-invasive instrument. Real time monitoring of all the
cultures individually without any additional fluid handling steps was performed. This
allowed each individual droplet to be monitored without being taken out of
incubation. The droplets were created, incubated and monitored in the tubing and the
difference between the LB and the E.coli prove that this system is capable of

recognising bacterial growth.

The optimising of the droplets to find the most progressive droplet conditions for
maximum cell growth was presented. To optimise the instrument the ideal volume
was found at 1500nl giving the best growth rates. The system also recognised that
above 1500nl droplets that there was a decrease in growth rate. A range of velocities
were investigated and found the best proliferation to be at 30ul/min. The velocity
will stimulate the internal circulations within the droplets and this can aid in the
diffusion of the media in and out of the cells. It can also sort the cells into distinct
patterns within the droplet and at higher flow rates than 30ul/min this reduces the

growth rate of the bacteria.

The final validation of the instrument was the introduction of antibiotics to the

bacteria. Mixing within the drop-off junction allows for the addition of antibiotics
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Ampicillin and Kanamycin to the cultures. Initially, the two antibiotics were mixed
with E.coli and it was clear that the cultures containing drugs were prevented from
growing. This was followed by establishing cultures in the droplets and adding
antibiotics after six hours of growth. The reaction of the cultures to the drugs was
instant with the decrease in growth evident one hour after addition of the antibiotics.
The final test was using the system to detect if antibiotics resistance is present.
Ampicillin resistant E.coli was mixed with Ampicillin, whilst the same non-resistant
E.coli was also mixed with Ampicillin and tested. The identification of the E.coli

resistance was established showing the multiplexing of the instrument.

This chapter shows the reduction of reactions to 1500nl with reduction of liquid
handling steps meaning that it is less user dependant than current methods. There
rapid identification of growth and reaction to treatment in a number of hours
compared with overnight incubation of using agar plate. This instrument is validated
as an alternative to current methods, and promotes the introduction of this instrument
in a clinical setting. This novel method can produce micro cultures of bacteria, add
antibiotics to the cultures and identify a reaction non-invasively allowing any
bacteria and any potential drug to be evaluated in a preclinical setting. With this
validation the system is deemed sufficient to test mammalian cells and this will be

discussed in the following chapter.
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Chapter 6

Mammalian Cells

6.1 Introduction

To challenge this system as a viable preclinical method, mammalian breast cancer
cells were analysed. Breast cancer is one of the most prevalent types of cancer
affecting 2600 people each year in Ireland (Society', 2016) This is caused by cells
mutating and forming masses within the breast. Uncontrolled growth of cells causes
abnormal changes to gene expression. One of the main issues with breast cancer is
the metastasis of cancer from one site in the body to another (Chambers et al., 2002).
Cells break off from a primary cancer site and move to a secondary site through the
blood stream or through the lymphatic system. This causes cancer in other sites of
the body for example, the bones and lungs (Aceto et al., 2014). At the moment the
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amount of information about why cancer cells travel is limited. A better
understanding of this could enhance how cancer is treated. Breast cancer is divided
up into four sub groups each indicative of receptors that are used to identify the type
of cancer Luminal A, Luminal B, Her2 positive and triple negative (Senkus et al.,
2013). The triple negative breast cancer has no known receptor used for the
diagnosis of the disease. It is for this reason that it is important to have methods of
investigating and diagnosing cancer. Currently in breast cancer diagnosis, if a patient
presents with an abnormal mammogram scan where a mass is detected, a biopsy is
taken and used to diagnose if cells are cancerous or benign. A course of treatment is
prescribed and regular scans are used to determine if the mass has changed size
(Senkus ef al., 2013). Included in the initial work up is the pathology review of a
biopsy and this will indicate if the cancer is positive for oestrogen or progesterone
receptors. This will point to the best treatment for the patient. The staging is a
clinical level of the progression of the cancer (Senkus ef al., 2013). The only
indication of successful treatment of disease is the reduction in size of a tumour. The
cost of treatment of cancers is also high (Liu ef al., 2010) and if the treatment is
ineffective, this can lead to the additional cost of a new treatment and also the cancer
progressing in the meantime. Personalised medicine where samples from a patient
are tested could provide a way of using the original patient biopsy and assessing if a

treatment is effective on a person by person basis.

This chapter introduces microfluidic droplets as bioreactors for mammalian cells.
The conditions within the droplets are analysed and the cell’s reactions to these
conditions will ultimately determine if the droplets are adequate as a new method for

preclinical cell analysis in terms of viability and health.
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There are four sections to this chapter, the first section focuses on how the cells react
within the droplets and this will include the quantification of the cells. The second
section discusses the health of the cells over longer periods. Cell concentrations are
small compared to current culture methods and initially standard lab methods such as
live/dead staining are used to evaluate the cells. Florescence based systems are used
to quantify where cells were below a detectable level using standard methods. The
third section will concentrate on the development of three dimensional cell cultures
within the droplets. As discussed in chapter one, three dimensional models give
more accurate reactions to drugs compared with two dimensional cell models. With
each individual droplet containing an individual culture, this means that it would be
possible to create many 3D cultures of breast cancer and have them examined on the
system at the same time. The 3D cultures are developed in the droplets and their

structure is analysed.

The final section in this chapter, demonstrates the treatment of the cells within the
droplets. A previous study by O’Neill e al (2012), where a gene signature for the
treatment of breast cancer carcinoma was found, was replicated in microfluidic
droplets. The novel aspect here is that the tests were conducted with considerably
less cells than current methods. The comparison of treated to untreated cells is used
to generate a gene signature. The comparison to O’Neill ef al 2012 is discussed here

to show how the droplet bioreactors are capable mimicking larger cultures.

The novel aspect of this whole system is demonstrated in this chapter by the
miniaturisation of the whole process from the generation of mammalian droplet cell
cultures, creating 3D cultures to treating the cells within the droplets. The use of
continuous droplets allows many cultures to be examined and minimised the amount

of reagents required to analyse precious samples.
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6.2 Cell Health

Figure 6.1 Process flow chart of Alamar blue assay from creating a cell sample from which droplets are
generated with 10% alamar blue . The droplets are incubated in a standard culture incubator and after
which are mixed with media and florescence detected on a microplate reader to florescence detection

The health of the cells for prolonged periods of time within the droplets was
analysed. This consists of monitoring the cells after incubation within droplets. This
method used a metabolic activity assay to measures the amount of cells in a sample
as well as determining the cells health over a 48 hours. Cell quantification and health
can also be obtained by measuring the viability of the cells. Here, Alamar blue is a
non-toxic assay used to quantify the cells using fluorescence of resazurin. Alamar
blue is metabolised by cells and changes the assay from blue to pink in colour when
the cells are viable. This process does not happen if the cell is not viable as it will not
be metabolised by the cell. As it was not possible to accurately quantify the cells
using a haemocytometer after incubation of the cells due to the cells accumulating
together (Chapter 4 Figure 4.3) the Alamar blue method was applied. The Alamar
blue analysis was used to determine if low concentrations of cells are quantifiable

within the droplets. The process of application of this assay was described in Chapter
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2. Figure 6.1 shows a flow chart of the process. MCF-7 cells were prepared at
various suspensions depending on the test and 10% Alamar blue was added to the
cells sample before the droplets were generated. There were two separate tests
conducted on this, initially to quantify the cell concentration of the droplets and
secondly to determine the health of the cells within the droplets over 48 hours. To
quantify cell concentration, droplets were generated from the cell sample containing
10% Alamar blue and incubated for 4 hours. To quantify the lower amount of cells a
range from 10,000 to 300,000 cells/ml concentration was selected. Figure 6.2 shows
the fluorescence readings over increasing concentrations. Figure 6.2 demonstrates
that there is a linear increase in florescence with increased cell concentrations. This
linear relationship shows that cell concentrations as low as 50,000 cells/ml up to
300,000 within the droplets can be detected. As larger cell concentrations are
necessary for further cellular analysis and cell sedimentation could have a larger
affect at higher cell numbers, it was essential to quantify larger cell concentrations.

Cells concentrations of 500,000 to 1,000,000 cells/ml were made with 10% Alamar
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Figure 6.2 Alamar blue florescence readings in low cell concentrations from 10,000
to 300,000 cells/ml.
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blue. These droplet cultures were incubated for four hours and florescence readings
were taken on the microplate reader. Each concentration was made separately with
individual counts on the haemocytometer to insure discrete results were found.
Figure 6.3 also shows the linearity of the cell concentration. It is shown here in a
separate graph as the concentrations are much higher than with the lower
concentrations. From both figures (6.2 and 6.3) it is clear that cell concentration
gives an increased cell florescence reading. This method therefore shows that it is

capable of determining cell number within a sample as low as 50,000 and cells up to
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Figure 6.3 Alamar blue concentrations for higher cell concentration

1,000,000 cells/ml concentrations within droplets.

The second investigation was the analysis of the cells health over 48 hours using
Alamar blue. From the trypan blue tests it was shown that the cells remain healthy
up to 48 hours (Chapter 4) and it was necessary to evaluate this quantitatively as it
was not possible to accurately count the number of cells in each concentration. Two

tests were conducted, one with low concentration of cells where the Alamar blue was
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added to the cells when the initial sampled, the second test with
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Figure 6.4 Cell viability over 48 hours for low cell concentrations demonstrating that there is an
increase in florescence at 24 hours for all concentrations while at 48 hours there is a decrease
for higher cell concentrations.

larger cell concentrations where Alamar blue was added to the cell concentrations
after incubation at 4, 24 and 48 hours.

Figure 6.4 shows the optical density for the lower concentrations of cells. The
concentrations were made of MCF-7 cells, where 10% Alamar blue was added to the
sample before droplets were made. The droplets were incubated for 4, 24 and 48
hours where a sample of the droplets was taken and the fluorescence was measured
in a well plate. Three samples were measured each time to ensure consistency. From
Figure 6.4 it is clear that there is an increase in fluorescence over 24 hours for all
samples. This shows that the cells are viable up to 24 hours as they are still alive. At
48 hours the only increase in optical density is clear from the 50,000 cells/ml sample.
There is a decrease in optical density for both the 100,000 and 200,000 cells/ml

concentrations shown in Figure 6.4 at 48 hours. This indicates a low amount of
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viable cells, however as the Alamar blue has been added to the cell sample from
which the droplets are made all of the Alamar blue may have been metabolised by
the cells previously. This shows that the cells are healthy cells up to 48 hours but
further analysis is required to determine if the cells are viable or if the Alamar blue

has been depleted by the cells.

To evaluate if the Alamar blue was being depleted if mixed in the sample before
incubation, a test was conducted where the droplets were incubated and Alamar blue
was added after the incubation. This test was also used to find the limits to the
amount of cells that can be held within the droplets where the cells remain healthy.

Figure 6.5 shows the cell concentrations of 500,000cells/ml to 1,000,000cells/ml.
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Figure 6.5 Cell viability measurements over 48 hours for cell concentrations (500,000-1,000,000 )
where Alamar blue is added at 4 hours before each time point reading,

Alamar blue at 10% (10ul) was added to the 90ul cell sample and incubated for 4
hours within a well plate. This was done to ensure that there was sufficient Alamar
blue available for the cells. Three samples were then measured on the microplate
reader. As with Figure 6.4, Figure 6.5 shows that for all the cultures there is an

increase in fluorescence over 24 hours and shows that all cells remain viable and
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healthy. As these concentrations are higher than the previous test this proves that it
was depletion in the Alamar blue in the previous tests that caused a decline in
fluorescence. Figure 6.5 shows that for cultures above 750,000cells/ml that the
viability begins to declines at 48 hours. The cells health is suboptimum beyond 24
hours. The only culture that remain fully viable up to 48 hours are at concentrations

of 500,000cells/ml.

This test shows that the cells are healthy and viable within the droplet up to 24 hours
and 48 hours for lower cell concentrations. All cell cultures up to 1,000,000 cells/ml
remain viable within the droplets for up to 24 hours. It was concluded that the
Alamar blue should be added to the droplets after incubation to have the most

accurate results.

6.3 3D cell culture

From finding the optimum conditions for the cells to thrive within the droplets
500,000cells/ml concentration was used to understand the cells structure within the
droplets. To evaluate the structure, MCF-7 cells were imaged using an optical light
microscope on the imaging block through the tubing integrated into the microfluidic
instrument. The droplets were held in an incubator and taken to the instrument for
imaging. The images in Figure 6.6 are all from the same droplet imaged over 48
hours at 10x magnification . It is clear from the images in Figure 6.6 that the cells
are initially dispersed throughout the droplet at time 0 hours. After 24 hours within
the same droplet the cells have accumulated together and formed one structure. This
structure circulates around the droplet while being moved through the tubing. This

does not disrupt the cells structural form. After 48 hours (Figure 6.6) the cell
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structure is closer together and appears tighter. However, to verify the true structure

of the cells further analysis is required.

1.6mm

0 hours

24 hours

48 hours

Figure 6.6 10x microscope images of MCF-7 cells at 0, 24 and 48 hours within the microfluidic
droplets images taken on the system through the tubing.
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Figure 6.7 Confocal Image of MCF-7 cells after 24 hours of incubation within a microfluidic
droplet Cells were stained with Hoechest and Phoilidin. A single cell is also represented imaged
to contrast the size in structure.

To examine these cell structures and verify that the cells can form representative
cancer tumour models, confocal microscopy with cell staining was used. MCF-7
cells were prepared in a sample at a concentration of 500,000 cells/ml. After it was
found that the cells were at their healthiest at 24 hours, a sample of droplets were
taken at this time point. The cells were then incubated within the droplets and as with
Figure 6.7 cells formed a 3D structure. To examine this structure it was necessary to
dye the cell’s nucleus blue and the cytosol red. The dyes used were Hoechst and
Pholilidin. The confocal procedure was carried out as outlined in Chapter 2. The
droplets were placed on a glass slide and allowed to attach to the slide. One difficulty
that was experienced when forming these cultures was that there was typically one
culture per droplet, with multiple washing steps it was difficult to verify if any of the
cultures had adhered to the glass slide. Careful preparation of the cultures is
required. Once the cells adhered to the glass slide and the dye applied, the cells are
examined using the confocal microscope. These dyes are excited by a laser and are

fluorescent. The resulting image from the 100x magnification confocal is shown in
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Figure 6.7. This is a composite image of the two dyes showing the relation of the
cytosol to the nucleus within the cell structure. The image (Figure 5.7) shows the
spherical nature of the structure and the cells have formed a single culture with a
blue nucleus and a red cytosol. As these are breast cancer cells this structure is a
replication of the mass like structure shown previously by Kenny et a/ 2007. This
mass like structure is described as colonies formed in a round structure and have
disorganised nuclei and filled colony centres. As these structures formed within the
droplets are showing the same trend in cell structure formed as in the ECM study this

verifies that this structure is a 3D spheroid and is equivalent to a tumour model.

The ability to form 3D structures that are biologically relevant, with a minimum
amount of cells and within 24 hours demonstrates a novel aspect of these droplets.
For a typical 650nl droplet there are 325 cells. This gives the opportunity in small
volume reactions to establish spheroids that can be tested as individual bioreactors
with any substance making this a high-throughput generator of 3D cancer tumour

models.

6.4 Treatment of Breast Cancer

As the droplets have been established as bioreactors in generating stable three
dimensional cultures the next verification is to treat the cells within the droplets. The
application of drugs to the cancer cells within the droplets was investigated. Gene
expression was used to evaluate these droplets as reactors for the analysis of cancer
cells. The investigation here replicates a study performed by O’Neill ef al (2012)
where conventional cell culture methods (10cm petri dishes) were used. O’Neill et a/
investigated the treatment of BT474 cells with Lapatinib. Lapatinib is an approved

treatment for breast cancer and is an inhibitor of the epidermal growth factor
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receptor (EGFR) pathway. As BT474 cells are EGFR positive this treatment directly
impacts the signalling pathway within the cancer cells and prevents them from
proliferating further. O’Neill et al 2012 investigated a range of genes to evaluate if
there was a change in gene expression by the treatment. It was found that a range of
genes were differentially expressed when treated. The aim in this section is to
replicate the treatment of the cells in microfluidic droplet platform. Here initially
BT474 cells were mixed with Laptinib using the drop off junction on the
microfluidic system. Droplets of 600nl were generated with a cell concentration of
1,000,000 cells/ml. 1,000,000 cells/ml concentration was selected as the treatment is
only required for 12 hours and this concentration of cells will remain healthy up to
24 hours within the droplets. Laptainib of final concentration of 1uM was mixed
with each droplet. One 400nl cell droplet was mixed with 200nl drug droplet. The
control droplets contained a mixture of the cells from the same source of as the
treated droplets where 400nl of cells mixed with 200nl of media onl . 150 droplets
of Laptinib treated cells and 150 droplets of cells mixed with media only were made
all at the same time using the same cell sample. The droplets were incubated in a
standard incubator for 12 hours of treatment. After treatment, the droplets were
pooled together and the oil overlay was removed from the cells. The cells were
analysed for gene expression. It was necessary to pool the droplets together as 80ul
was required to have enough DNA for the post treatment analysis at a detectable
level. This was a requirement of the kits used and the detection capabilities of the

instrumentation used for the analysis.

6.4.1 RNA quantification

In most PCR processes it is necessary to quantify the amount of cDNA in a sample.

To quantify the amount of cDNA used in the process it is usually necessary to
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quantify the amount of RNA in a sample. Due to the low number of cells required
within the droplets the detection of small amounts of RNA was required. The
extraction of the RNA was performed using the Quiagen RNEasy Mini kit. This kit
allows for up to 100pg of RNA to be prepared. To examine this, BT474 cells were
cultured in a flask and counted using a haemocytometer. As using 80ul of droplets
will give a maximum amount of 53,000 cells a representative test on the Nanodrop

system three concentrations 10,000, 50,000 and 100,000cells/ml were made. This

25 -

20 A

15 -

ng/ul

10 A

10000 50000 100000
cells

Figure 6.8 Nanodrop RNA concentrations of RNA

was done to test if the Nanodrop has the ability to detect low levels of RNA. The
Quiagen protocol consists of many washing steps which is not desirable to maintain
the levels of RNA from small sample volumes. The RNA was extracted and 1ul was
placed on the Nanodrop for detection. The Nanodrop detects absorbance in 1ul of
RNA at wavelengths of 230nm to 260nm. These results indicate that the Nanodrop
is not sensitive enough to analyse the samples as no peak is present. More sensitive
equipment is required to determine the integrity of the RNA. These peaks do not
give definitive RNA quality for any of the concentrations however, figure 6.8shows
a graph of the amount of RNA measured on this Nanodrop from the samples and

there is an increase from 10,000 to 100,000 cells showing that increased cells have
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increased RNA. As this method is not sensitive enough and as more sensitive
equipment for RNA analysis was not available a second kit, cells-to cDNA ii kit was

used.

6.4.2 Cells-to-cDNA

A second method for the synthesis of cDNA was required and the cells-to cDNA kit
was selected. The cells-to-cDNAIii kit does not use include an RNA step so this
could not be quantified. Four genes were examined at three different cell
concentrations in droplets. To determine if the amount of cells within a droplet
sample will influence the critical threshold (ct) value found using this kit a qPCR
experiment was undertaken. The ct value is the critical threshold where the
fluorescence signal has reached above a selected level and in this case it is 0.2. The
higher volume of cells should give a lower ct value if there is more DNA available to
be amplified (Schmittgen and Livak, 2008). This means that if there is a variance in
the amount of cDNA in a sample (i.e not the same number of cells) the ct value will
be different. BT474 cells were cultured in droplets in increasing concentrations to
make sure the same amounts of cells are in the sample. Table 6.1 shows the
concentrations of cells used. 80ul of each sample was used and these droplets are

mixed 2:1 cells to drug making final concentrations Table 6.1.

Table 6.1 Cell concentration in 80ul mixed droplets

Cell concentration (cell/ml) Cells in 80ul
500,000 26,000
1,000,000 52,000
4,000,000 240,000
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To identify the ct value, four genes were investigated using qPCR. The genes B2M,
PPIA, PGK1 and GAPDH were used for all samples. These genes were selected as
they are housekeeper genes and remain stable when treated. 150 droplets of 600nl of
each concentration were made. After the droplets were generated they were
dispensed into a tube where they were centrifuged at 1000 RPM for 5 minutes and
the cells remained as a pellet at the bottom of the tube. These cells were then used
for the cells-cDNAIi kit. Once the cDNA was synthesised PCR was performed on a
Life Technologies ABI7900. Figure 6.9 shows the ct value for each concentration
over the 4 genes. As expected, the lower ct values were found using higher numbers
of cells this shows that higher amounts of cDNA are made from higher cells
concentrations. This shows a direct correlation to cell number and ct value. It also
shows that there is increased cell number in droplets with higher cell concentrations.
This will also be sufficient for the quantification of fold change within treated and
untreated cells. Figure 6.9 validates that if there are different cell numbers between
the treated and untreated cells that the ct value will not be the same. All genes show
a higher ct for the lowest amount of cells. GAPDH shows very little change between
500,000 and 1,000,000 cells. As all genes were examined from the same cell sample
more than one endogenous control should be used to identify an increase or decrease
in gene expression as there is such little change in GAPDH. This method shows that
for cell numbers as low as 26,000 cells from 80ul are detectable without the

requirement of using the Nanodrop method.
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Figure 6.9 Gene expression ct of 500,000 to 1,000,000 cells over four genes . 6.4.3 Selection of
housekeepers for gene expression

For any real time polymerase chain reaction (RT-PCR) endogenous controls or
housekeeper genes are required to be used as a control within an experiment.
Housekeeper genes are genes that will not change expression when treated compared
to untreated cells. In the case of O’Neill et al/ (2012) it was found that a range of
genes change over the course of the treatment and GAPDH was used as the
housekeeper gene. As the Cells-cDNA kit was sufficient in detecting ct values for
low concentrations of cells using qPCR this method was used for all subsequent
tests. Although the aim is to replicate previous treatment of BT474 cells by O’Neill
et al 2012 it is recommended that all q-PCR tests use stable housekeeper genes
(Vandesompele et al., 2002). As the previous Figure 6.9 has shown it is important to
have a gene that does not change expression when treated so that a stable control is
found. In repeating the study by O’Neill et al only one housekeeper gene was used
where it has been shown that the use of more than one endogenous control can give
more accurate results (Liu ef al., 2015). A range of genes that have previously been

used as housekeeper genes were selected GAPDH (O’Neill et al., 2012), PPIA(Liu et
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al., 2015) and PGK1(Obermayr ef al., 2010) to test these genes 150 droplets of 600nl

in volume were generated.

31 1 o PGK1 [
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GAPDH
27 -
@ Untreated
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21
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Figure 6.10 Gene expression of House keeper genes to demonstrate no variation in expression between
untreated and untreated samples.

Table6. 5 Standard deviation of housekeeper genes

GAPDH PPIA PGK1

Standard Deviation 0.304091 0.194623 0.34902

A concentration of 1,000,000 cells/ml of BT474 cells was mixed with Laptinib using
the drop off junction. Once the reference genes were determined the target genes
were examined for up regulation or down regulation as a result of Lapatinib
treatment. Figure 6.10 shows that there is little variation between treated and
untreated genes. It has identified that each of the genes can be categorised as
housekeeper genes for this type of analysis. Figure 6.10 has also identified GAPDH

as a housekeeper gene as found by O’Neill et al 2012. GAPDH is used as a single
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reference gene in 40% of breast cancer studies (Liu et al., 2015) The standard
deviation error bars are incorporated on the graph as they are so small the deviation
is not apparent. Table 6.2 shows the values of the standard deviation for the genes
shows little variation between treated and untreated. The ct values are less than 0.4 ct
in standard deviation and this shows that the ct values are consistent for both treated
and untreated samples. These genes are all deemed good controls and will be used

for gene analysis.

Once suitable housekeeper control genes were found and the cells have been treated
with Lapatinib further gene expression analysis was explored. A selection of genes
were chosen from the O’Neill et al study, ERBB3, CCND1 AND FOXO3. ERBB3
i1s a member of the epidermal growth factor receptor group and hence is affected by
Lapatinib treatment. CCNDI1 is from the cyclin family and this is associated with
tumour suppressor proteins. FOXO3 is involved in tumour genesis. 1,000,000
cells/ml concentrations were used to evaluate the treatment of cells. 150 treated
droplets and 150 untreated droplets were generated. 80ul of these droplets was used
for post evaluation. Figure 6.11 shows the gene expression found using one house
keeper gene as used by O’Neill et al 2012. Using the AACt method on REST
software the fold change was found. REST is used to identify if the treated and
untreated samples have a statistically significant gene expression. This calculates the
variance of gene expression both within groups and between groups. (Jurcevic et al.,
2013) This is a commercial tool that calculates a stability value for each gene. Figure
6.11 shows dysregulation in all three genes with ERBB3 and FOXO3 being

upregulated and CCNDI1 being down regulated.
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Figure 6.11 Gene expression lapatinib treated MCF-7 cells in droplets
using one housekeeper gene.

A comparison of the results is found by using droplet culture which used traditional
petri dish culture shown in Figure 6.12. It is clear that from a sample containing
52,000 cells that it shows the same expression signature as the conventional culture
containing 8,000,000 cells. This trend shows that treating the cells within the
droplets is sufficient in finding a gene expression equivalent to found by O’Neill et

(2012).

Figure 6.12 Comparing gene expression in O'Neill ef al study to the microfluidic device method
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As there is such small amount of cells required per droplet to do gene expression
analysis, this gives the ability to do much more tests. One such test is looking at gene
expression using all the housekeeper genes found from the analysis as a control for
the genes of interest. Figure 6.13 shows that using all controls PGK1, PPIA and
GAPDH, only FOXO3 is the only significant up regulated gene. This also reaffirms

that it is necessary to have more than one control gene for analysis.

N
1

[y
1

Fold Change

o

ERBB3 CCND1 foxo3

Figure 6.13 Gene expression of lapatinib treated mcf-7 cells using three housekeeper genes GAPDH
PPIA and PGK1 showing low levels of expression for each of the genes.

From this section it is clear that the ct value is directly related to the amount of cells
within a sample. It also shows the small amount of cells have the ability to identify,
as well as current methods, the dysregulation of genes. This confirms that the
droplets are capable bioreactors for the treatment of cancer cells to form a gene

signature.
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6.5 Chapter closure

This chapter has analysed mammalian cells within the microfluidic droplets. The
capability of the droplets to act as miniaturised bioreactors is demonstrated here. The
integrity of the droplets in shown as cells remain viable within the droplets for up to
48 hours. The optimum amount of cells within the droplets were found with
1,000,000cells/ml surviving up to 24 hours while 500,000cell/ml will remain viable

up to 48 hours.

Three dimensional cultures are developed within the droplets. It gives the ability to
create biologically relevant models within each droplet. 3D breast cancer models
were generated in each droplet and structurally identified using confocal microscopy.
This shows that individual 3D culture could be created with a low amount of cells
and the structure verified. This proves that this system has the ability to create

relevant cell models for preclinical analysis.

This droplet system has the ability in small volumes to do processes such as show
that the ct value can be directly affected by the concentrations of the cells and used
to identify housekeeping genes. It shows that the same gene signature can be found
using 52,000 cells compared with 8,000,000 cells used in the comparison study. This
could allow samples such as biopsy samples to be cultured and analysed as such few
cells are necessary to give an indication of cell reaction. The ability within a 600nl
droplet to treat, culture and generate a gene signature that agrees with literature is
unique to these droplets. The capability of the droplets shows that a cell can be
seeded and generated in a 3D culture and treated on a continuous microfluidic
system giving the ability to do thousands of tests at any time on the system. This

system sufficiently decreases the volume of each culture to create biologically
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relevant models and due to this brings the capability for high-throughput

experimentation.
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Chapter 7

Conclusions and Recommendations

The main objective of this work is to contribute a new microfluidic method to
address preclinical cell analysis. The aim is to provide a high-throughput, continuous
system that will not affect the cells and allow them to proliferate as closely as they
would in the body as possible. This chapter is in two sections the first draws
conclusions form the body of work presented in the previous chapters and the second

gives recommendations for future work.

7.1 Conclusions

e From reviewing the literature it was concluded that a system for preclinical
bacterial and mammalian cell culture in one instrument that is high

throughput is not currently available

¢ A microfluidic device for the generation of individual droplet bioreactors was

developed
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o Real time monitoring of the cultures was developed through visual
microscopic imaging of the cultures and optical density absorbance
measurements

o Mixing of individual droplets was facilitated using the drop-off
junction. This allows any combination of drugs with any culture
droplet

o Droplets can be retrieved from the system for further analysis if
necessary

The optimum conditions for droplet analysis found that visual methods of
Trypan blue live/dead assay was not sufficient in counting cultures once they
have formed accumulations of cells

The most effective way of forming consistent cell numbers within the
droplets is by using a pipette to distribute the cells after every 5 droplets
generated

The internal circulation velocity will determine where the cells will reside
within a droplet. The internal circulations within the droplets shows that the
bacterial cells act like particles and move to the cap end of the droplet while
the mammalian cells are more evenly distributed around the droplets.

The bacterial cells grow at a faster rate than the traditional method of an
orbital shaker flask culture.

Bacterial growth rate can be detected in real time by the photodoiode system
incorporated into the instrument.

The optimum conditions for bacterial cell growth within the droplets was

found at a droplet volume of 1500nl and continuous circulation at 30ul/min

124



The microfluidic droplet instrument is sufficient in identifying if an antibiotic
for treatment has the ability to effectively stop the growth of the bacteria. The
mixing system is sufficient in adding a treatment to the droplets individually
and at any point during testing

Antibiotic resistance can be detected using the microfluidic droplet
instrument also showing that many experiments can be done at the same time
on the system in series. This exhibits the instruments capability of being a
multiplexed instrument with high throughput capability without impacting
other culture

The mammalian cell concentration can be verified using a metabolic activity
assay showing mammalian cells can survive in droplets up to 48 hours where
up to 24 hours is the optimum

Biologically relevant 3D models are developed within the droplets and these
are verified by confocal microscopy showing the same structure as 3D
cultures formed using current methods. This shows that spheroid tumour
models are formed within the droplets

The instrument shows the ability to treat breast cancer models within 12
hours. These cells show the same trend in gene expression comparable to
study by O’Neill et al 2012.

This study shows that when more than one house keeper gene is applied as a
control that the fold change in the genes of interest are not as significant as
when using only one control house keeper gene

This instrument has the ability to create cell models and detect a reaction to

treatment making it a viable preclinical system of evaluating new drugs.
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7.2 Recommendations for future work

Design an optical system incorporating a multi wavelength LED or have the
ability to measure florescence within the droplets to have the ability to real
time monitor the amount of cells in each droplet

Design a stage that can move in the x and y axis that will allow dipping head
to be move to any position within a well plate precisely allowing any mixture
of cells and drugs to be achieved

Make co-cultures of more than one cell type in 3D structures within the
droplets to investigate if these provide better examples of cell to cell
interactions within the body

Validate the bacterial concentration in terms of a multi-drug approach. As
current treatment sometimes requires multiple antibiotics to target a
particular bacterial strain. Multiple drugs could be mixed on the system with
the implementation of either three way mixing or optimising the drop-off
junction

Identification of bacterial strains can be achieved using genetic analysis. A
PCR evaluation of the droplets could be implemented after incubation and
detect at a gene level the specific strain of bacteria.

Add rare bacteria types to the droplets and find out if these will survive
within the droplet environment

Add more optical system photo diodes to have a continuous system of
generating and monitoring cultures reducing need to move the droplets

forward and back over the photo diode.
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Design a system that could separate droplets where, once a droplet of interest
is identified this could then be progressed for further testing while other
droplets could be discarded.

As it is desirable to have more sensitive detectable devices for RNA to ensure
the same concentration is used for all gene expression tests. Design a more
sensitive detection method for this.

Add different cancer types to the droplets to analyse if the system is as

consistent for other types of cancer
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