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ABSTRACT

Faculty of Medicine

Cancer Sciences

Inertial Microfluidic Circuits for Investigating Receptor Activation Dynamics

Marios Stavrou

The ErbB family of receptor tyrosine kinases members comprises epidermal growth factor
receptor (EGFR), ErbB2, ErbB3 and ErbB4. These receptors recognize external cues
(ligands) and subsequently undergo signal transduction that direct the downstream
activation of other proteins such as GRB2 and Shc in the signalling cascade and ultimately
direct cell fate. Ligand binding induces conformational changes, receptor dimerization and
autophosphorylation. Current techniques lack the temporal resolution required to observe
receptor activation dynamics that occur over sub-second timescales. Traditionally, quench
flow analysis has been used. However, this approach involves turbulent flows that disrupt
the cell membrane. Microfluidics involves gentle, laminar flow and has been used for rapid
whole cell quench flow analysis to reveal new insights into EGFR autophosphorylation
dynamics (Chiang Y. and West J. Lab Chip, 2013, p.1031). In my PhD, | have developed
a novel platform based on inertial microfluidics coupled with Dean flow principles. High
velocities (m/s) transport within microfluidic channels was used to focus cells to lateral
positions within the ligand streams in less than a millisecond (0.5 ms), followed by a curved
incubation channel where Dean forces drove cells to a common position, to produce a
uniform cell velocity and thus uniform incubation times (CV = <5%). The cells were
transported to a second inertial focusing channel and were laterally focused into a quench
buffer in order to preserve the receptor intermediates for analysis by multiplexed flow
cytometry. The novel microfluidic device successfully monitored the early dynamics of
EGFR signalling (25-2000 ms) and unravelled new information on the phosphorylation of
two important tyrosine residues, Y1068 and Y1173, found on the EGF receptor. The Y1068
was characterized by high levels of phosphorylation compared to the levels of Y1173 in the
sub-second time window. These findings can be used for identifying potential therapeutic

targets.
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Definitions & Abbreviations

Akt
APC
ATP
AREG
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BTC
CHO cells
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DLD
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ERK
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MAPK
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Protein Kinase B
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Epidermal growth factor

Epidermal growth factor receptor
Extracellular signal-regulated kinases
Extended range proteomic analysis
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Fluorescence lifetime imaging
Fluorescence resonance energy transmission
Guanidine hydrochloride

Growth factor receptor bound protein 2
Human epidermal growth factor 2
Human epidermal growth factor 3
Human epidermal growth factor 4
c-Jun N-terminal kinase
Mitogen-activated protein kinase

Median fluorescence intensity
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MS Mass spectrometry

PBS Phosphate-buffered saline
PDMS Polydimethylsiloxane

PE Phycoerythrine

PFA Paraformaldehyde

PFF Pinched flow fractionation

Pl Propidium iodide

PI3K Phosphoinositide 3 kinase

PLA Proximity ligation assay

PTB Phoshotyrosine-binding

PVDF Hybond p polyvinylidene fluoride
Re Reynolds number
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SDS Sodium dodecyl sulfate

SSAW Standing surface acoustic waves
STE Stream thinning elements

TBS Tris-buffered saline

TBST Tris-buffered saline Tween
TGF-a Transforming growth factor alpha

TIPY-MS Tandem immunoprecipitation-mass spectrometry

VEGF Vascular endothelial growth factor
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Chapter 1

1. Introduction

The ability of cells to communicate and interact with the environment is a
fundamental process in biology. Receptors reside on cell surfaces in order to receive
external signalling molecules called ligands. Signal transduction initiates upon
ligand interaction with the binding domain of the receptor, subsequently leading to
conformational and biochemical changes that initiate signalling pathways that
control cell fate such cell growth and apoptosis. Structural biology (e.g. X-ray
crystallography) provides ultra-high resolution protein shape information. However,
it does not provide any information on the intermediate states during signal
transduction and cannot be used to characterize entire membrane-tethered
proteins. Resolving the dynamics and mechanisms of receptor signal transduction
requires the development of new high speed processing techniques that can

manage membrane-tethered receptors.

1.1 Receptor Biology

Receptors are usually composed of an extracellular, a transmembrane and an
intracellular domain. Ligands bind the extracellular ligand-binding domain of the
receptor and cause direct changes on the intracellular domain of the receptor. These
changes induce activation of downstream signalling cascades that lead to cellular
responses.® Such signalling mechanisms are important for normal cell processes
such as growth and development. However, abnormal activation leads to a variety

of diseases, most notably cancer.1820

1.1.1 EGFR

Epidermal growth factor receptor (EGFR, HER1) is a tyrosine kinase and cell-
surface receptor that belongs to the ErbB receptor family. EGFR activation is
involved in normal cell functions. Findings from knockout animal models revealed
the importance of EGFR in the development of different organs. Null mutations of
EGFR are embryonic lethal due to malfunction and developmental abnormalities of
lungs, pancreas and the central nervous system.?! As well as controlling lung
development, EGFR activation leads to upregulation of genes associated with
goblet cell differentiation and mucin production in airway epithelial cells in vitro.??

Abnormal expression of EGFR and EGF-like ligands leads to carcinogenesis and

12



Chapter 1

progression of various types of carcinomas via different mechanisms (inhibition of

apoptosis, activation of angiogenesis, cell proliferation).?324

EGFR was discovered in 1975 by binding *?°I-labelled EGF to the surface of
fibroblasts.?®> EGFR is a transmembrane 170-kDa protein and is heavily N-
glycosylated to promote protein-protein interactions (ligand-receptor interactions),
while also affecting the 3D configuration feature that is essential for signal
transduction. The human EGFR gene is ~200kb and is composed of 28 exons and
27 introns. It is found on chromosome 7 (7p12). The extracellular domain is encoded
by exons 1-6, exon 17 encodes for the transmembrane domain and exons 18-28
encode for the intracellular domains. The tyrosine kinase domain is encoded by
exons 18-24 while exons 25-28 encode for the cytoplasmic domain of the receptor

where the tyrosine residues are located (Figure 1).%°

EGF binding EGF binding ™ Tyrosine kinase Autophosphorylation
[ | [ | | |
Exon 2 5 7 13 16 17 | 18-21 ! 22-24 28

Mutations associated
with drug resistance

T790M (50%)*

D770_N771 (ins NPG)
D770_N771 (ins SVQ)
D770 N771 (ins G). N771T
V760L

D761Y 5768l

(<1%) N (5%)

688
728
729
824
875 ./

823

[(s}
~

761

Exon 18 Exon 19 Exon 20 EOERE,
(nucleotide-binding loop) (activation loop)

Figure 1. EGFR structure with the important tyrosine residues and the most common

mutation sites. Adapted from Sharma et al., 2007.%°

The ErbB receptor family is composed of four different members: EGFR, HER-2,
HER-3 and HER-4 (Figure 2). The intracellular tyrosine kinase domain is highly
conserved in the majority of ErbB receptors (EGFR, HER-2, HER-4). However,
HER-3 lacks tyrosine kinase activity due to substitutions of important amino acids
and therefore, it is unable to autophosphorylate. The extracellular domains of the
ErbB receptors are less conserved indicating that they have different ligand binding

specificity.?6 27
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Chapter 1

1.1.2 HER-2

HER-2 is a major partner of EGFR for the formation of heterodimers. Heterodimer
complexes EGFR-HER-2 are more stable at the cell surface compared to
complexes containing other ErbB members (EGFR-HER-3 or EGFR-HER-4). HER2
is not able to accept any ligand (Figure 2).2 However, when it is in complex with
EGFR, it causes decreased ligand dissociation. This leads to longer activation of
the EGFR associated signalling pathways. Another feature that characterizes
EGFR-HER-2 heterodimers is the ability to remain on the cell surface for longer
periods of time and subsequently undergoing endocytosis at slower rates than the
EGFR homodimers.?® In addition, EGFR-HER-2 heterodimers are recycled to the
cell surface. However, this is not observed with the EGFR homodimers that are

degraded by the cell.?®

1.1.3 HER-3

HER-3 is a protein composed of 1342 amino acids (aa). Neuregulins are the ligands
that bind this receptor in order to activate it. The lack of an active kinase domain is
due to the evolutionary divergence at important amino acid residues of the kinase
domain leading to an inactive conformation. However, HER-3 acts as an allosteric
activator and signalling substrate after dimerization with the other members of the
ErbB family. 2°

The 14 tyrosines found in the C-tail of HER-3 serve as docking sites for PTB and
SH2 binding proteins which are involved in various intracellular signalling pathways
(e.g. PI3K and Akt signalling pathways). The formation of HER-3 heterodimers
grants oncogenic capabilities to the other ErbB kinase active members, which can
exploit this activity for survival. Therefore, HER-3 heterodimers are associated with
resistance to HER-2 and EGFR inhibitors in HER-3 driven breast cancer and lung

cancer, respectively.3°

14



Chapter 1

1.1.4 HER-4

HER-4 is a member of the ErbB receptor tyrosine-kinase family and a partner of
EGFR in the formation of an EGFR-HER4 heterodimer. HER-4 has an important
role in the development of cardiovascular and nervous system. HER-4 knock-out
mice survived until their embryonic day 10.5 because of abnormalities in the
hindbrain and their cardiac trabeculae. HER-4 had been found to be upregulated in
30% of the breast cancer patients causing increased proliferation, migration and

metastasis.3!

Each of the ligands associated with the ErbB receptors induce different biological
potencies in a cell by preferential recruitment of different signalling molecules
(Figure 2). For example, the ligands involved with HER4 can induce similar level of
tyrosine phosphorylation compared to the ligands involved with the other ErbB

members. However, phosphorylated tyrosine residues in the receptor differ with

wefo Be \Q 'b

binding ——

each ligand.

HER-2/HER-4
Heterodimer

; 4
- - ;‘! D D
-, - /
; s
. / \
Tyrosine / @
kinase V e
domain 5
’,f"’ \I
v}-‘
y
s

<D
Cytoplasm - J
—mm — w—— , Ne— @R
— 7 v v Y —
- -Proliferation ~ a
’ -Motility
Nucleus -Invasiveness
Transcription | s =, -Resistance to apoptosis
o NN -Angiogenesis

Figure 2. ErbB family members with their associated ligands stimulate or inhibit the
downstream signalling pathways. HER-2 does not have an associated ligand and HER-3
does not have a tyrosine kinase domain. HER-2 heterodimers promote cell proliferation,
motility, invasiveness and resistance to apoptosis. EGFR signalling is associated with
increased production of proangiogenic factors and VEGF in tumours. Adapted from Burgess

et al., 2003. 13
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Chapter 1
1.1.5 Epidermal Growth Factor Receptor (EGFR) structure

EGFR is composed of an extracellular ligand-binding domain, a hydrophobic
transmembrane domain and a cytoplasmic tyrosine kinase domain.?® 32 The
extracellular region of EGFR is composed of four different domains (DI, DII, DIlI,
and DIV). Domain | and Il are essential for the binding of the ligand to the receptor.
Domains Il and IV are cysteine rich domains that have disulphide-bonded modules
essential for the formation of the dimerization arm with another EGFR monomer
(homo-dimerization) or monomers from the other members of the ErbB family
(hetero-dimerization). Dimerization activates the kinase domain and subsequently
autophosphorylates multiple tyrosine residues found on the C-terminal (~190 a.a) of
EGFR (Figure 3).2 It is well known that the tyrosine residues of a monomer are trans-
phosphorylated by the tyrosine kinase of the receptor pair subsequently, leading to
the phosphorylation of the cytoplasmic proteins required for the activation of the
downstream signal transduction cascades e.g. ERK/MAPK pathway, Akt and JNK
pathways are associated with DNA synthesis and cell proliferation.®® These
pathways control phenotypes such as cell migration, adhesion and proliferation
(Figure 4).2 %4 35 The role of these tyrosine residues had been found to be
fundamental for the regulation of receptor activation and signal transduction.?®
However, the sequence of events (e.g. autophosphorylation) that occur during
receptor activation that drives signal transduction are poorly understood due to the
low temporal resolution that characterize these events and the limitations of the

conventional techniques to capture them.
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Phosphorylated sites
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Figure 3. Proteins associated with specific tyrosine residues on phosphorylated
EGFR. These proteins use the tyrosine residues as docking sites in order to become
phosphorylated and subsequently induce downstream signalling cascades. From
Shostak and Chariot, 2015.2
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TRENDS in Molecular Medicine

Figure 4. The most important signalling pathways and associated biomolecules that are
activated upon EGFR dimerization and autophosphorylation. These pathways are involved
in several cell processes (e.g. proliferation, angiogenesis, survival and invasion). From
Shostak and Chariot, 2015.2
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1.1.6 Ligands of the ErbB family

The EGF receptor has seven different ligands. As we know, EGF receptor exists
primarily as a monomer. The binding of a ligand cause the receptor to undergo a
substantial conformational change allowing dimerization with a second EGFR
monomer. The seven ligands can be divided based on their affinity for the ErbB
family members. EGF, TGF-a, AREG and epigen bind only to EGF receptor. BTC,
heparin-binding EGF and epiregulin bind ErbB4. The EGF, TGF-a, BTC and
heparin-binding EGF have affinities of 0.1-1 nM. On the other hand, AREG,
epiregulin and epigen exhibit affinities 10-100 fold lower than the previously
mentioned ligands. It shows clearly that there is a variation in receptor affinity and
specificity. In addition, these different ligands have been found to induce different
biological effects. A study in 32D myeloblast-like cells expressing the EGFR showed
that TGF-a and AREG induce higher levels of cell proliferation compared to EGF
and heparin-binding EGF.3¢ Also, EGF stimulation of human fibroblasts leads to cell
migration by involving p70%%. TGF-a causes cell migration through phospholipase
C. Furthermore, CHO cells expressing only EGF receptors showed maximal
tyrosine phosphorylation within 2 min of stimulation with the four different ligands
(EGF, TGF-a, BTC and AREG).%® However, only the EGF, TGF-a, and BTC
stimulated twice as much phosphorylation as AREG. The phosphorylation was
transient because it got dephosphorylated 5 min after ligand stimulation. On the

other hand, phosphorylation caused by AREG declined slower.
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1.1.7 Epidermal Growth Factor Receptor (EGFR) signal transduction

Monomers of EGFR are found in a closed, tethered auto-inhibition state, with dimers
found in an untethered open state and with conformational changes that are
modulated by ligand binding. Various ligands can bind and promote EGFR
activation. These include epidermal growth factor (EGF), amphiregulin, transforming
growth factor a (TGF-a), heparin binding EGF and epiregulin.®” The binding of EGF
and EGF-like ligands to the extracellular domain of the EGF receptor initiates the
dimerization of homo- or hetero-dimers of the receptor and leads to the stabilization
of the conformation of the extracellular region of the receptor to induce activation of
the tyrosine kinase domain for asymmetric intermolecular (trans)
autophosphorylation.'® This process is illustrated in Figure 5 and involves the
phosphorylation of several tyrosine residues on the cytoplasmic tail of the receptor.*
There are ~10 tyrosine residues that become phosphorylated after receptor
dimerization.®® The phosphorylated tyrosine residues have an important role as
docking sites for proteins (e.g. PISK, GRB2) that contain Src homology 2 (SH2) and
phosphotyrosine binding (PTB) domains (Figure 5).32 These interactions are
necessary to elicit downstream signalling cascades such as the MAPK, Akt, and
JNK pathways that are involved in DNA synthesis and cell proliferation via up-
regulation of transcription factors.®® Furthermore, it should be mentioned that the
phosphorylation of several tyrosine residues (e.g. Tyr974 or Tyr1045) could have a
negative regulatory effect on EGFR, by induction of EGFR endocytosis and EGFR
ubiquitilation, respectively. In addition, HER2 overexpression had been found to
alter the phosphorylation patterns and favors receptor stability and sustained
signalling. This happens when high levels of HER2 block the tyrosine sites (Y1045
and Y1068) on the EGFR which serve as docking sites of c-Cbl and GRB2,
respectively. This promotes phosphorylation of Y1173, a docking site of
phospholipase C gamma and Gab adaptor proteins. HER2’s ability to alter the
autophosphorylation pattern on itself and its heterodimerized partner (EGFR)
causing an increase on ErbB associated signalling pathways, cell transformation

and tumorigenic potency and resisting endocytosis and receptor degradation.*0 4!

20



Chapter 1

EGFR Monomer EGFR Dimer

EGFR !

T S

Inactive
kinase
acceptor
kinase
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Figure 5. EGFR conformational stages pre-/post-activation by ligand binding followed by
ATP hydrolysis, phosphorylation of the receptor tyrosine residues that lead to signal
transduction and activation of downstream signalling pathways. Four different domains
comprise the extracellular domain of EGFR. Binding of ligand between domain | and
domain Il induce conformational rearrangements and stabilizes the extended conformation
of the extracellular region of the receptor. Subsequently domain Il is responsible for the
formation of a dimerization arm with another monomer of the receptor. Adapted from

Yewale et al., 2013.4
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1.1.8 Early phosphorylation events of Epidermal Growth Factor
Receptor (EGFR)

Moehren and Khololenko in 2002 were the first to study the early phosphorylation
events of EGFR and immediate downstream signalling.! They were able to examine
EGFR phosphorylation by placing the cells into vials with a Teflon stirrer and
maintaining the temperature at 37 °C in a water bath. EGF was added by pipetting
in order to stimulate the cells’ receptors and preserving the reaction by the addition
of the quench buffer. The cells were then analysed by Western blotting. They were
able to observe that the tyrosine phosphorylation of the receptor reached saturation
in 5 s following ligand addition. This was followed by the phosphorylation of
downstream signalling proteins (Shc, PI3K and PLC-y) in 10 s (Figure 6), to infer

the sequence within the signalling pathway.
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Figure 6. Total phosphorylation of EGFR and its interacting partners at 37 °C.
Phosphorylation of EGFR reaches saturation 5 s after stimulation, followed by activation of
Shc and then PLC-y and PI3K. From Moehren et al., 2002.1
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It was the first time that early phosphorylation of EGFR events were recorded in the
temporal resolution of a few seconds (1-10 s) and it gave information on the
downstream signalling pathways. However, the time required to achieve
homogenization of the large volume of reagents (ligand and quench) using a
magnetic stirrer is of the order of few seconds. Hence, the stimulation and quench
of cells takes longer time to occur, reducing the actual incubation time and the
overall temporal precision. This was also confirmed by an experiment using the
same mixing methodology. 10 pL of red dye mimicking the ligand were added into
1.25 mL of water, immediately 3 volumes of water were added to mimic the quench
buffer. The time required for complete homogenization of the ‘ligand’ and the water
was in the order of few seconds (3-4 s, Figure 7). In larger volumes, complete
homogenization requires longer time scales. Nevertheless, the research by
Moehren and Kholodenko demonstrates the value of temporal control for
understanding signalling pathways, while also highlighting the need for faster
processing techniques with much greater (millisecond) temporal resolution to

investigate receptor activation mechanisms.!
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Figure 7. Macroscopic mixing mimicking the methodology used by Moehren and
Khololenko, 2002.! Red coloured dye (‘ligand’) was added into water. It took more than
3 s to achieve complete homogenization. When the volume of the water was increased

(‘quench’), the complete homogenization took even longer. Adapted from Chiang Y.Y.*
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In 2007, Dengjel and colleagues examined the early phosphorylation events of
EGFR by replacing the conventional mixing of cells with the ligand and the quench
buffer with the use of a continuous quench flow system. This involved syringe pumps
with a so called T-mixer junction for the union of cells with ligands and following
incubation in tubing of defined length, a second T-mixer to combine the quench
buffer to arrest phosphorylation and preserve reaction intermediates.® The
stimulation and quenching time were manipulated by altering the length of the
incubation tubing. Quantitative mass spectrometry involving the SILAC method
showed that the phosphorylation of three of the tyrosine residues (Y1092, Y1172,
Y1197) found on the EGFR c-tail occurs within 5-10 s after the stimulation of cells
(Figure 8). These data shows that the phosphorylation rate compared to the ones
obtained by Moehren and Kholodenko is slower.! However, on closer inspection of
the supplementary data it is evident that only a small fraction (1:10 ratio) of the cells
are stimulated (Sl fig2).> To understand this, the experiment was replicated with the
same bore tubing and flow conditions using red dye to observe the laminar, non-

turbulent streams (Figure 9).

At these large scales, it is evident that the cells were not mixed with the ligand and
the quench buffer because the mixing was diffusion-dependent due to the laminar
flow that occurs within the tubing. Therefore, only a small portion of the cell
population was stimulated and quenched, and for many at sub-saturation ligand
concentrations due to diffusion. Both methods were important for the study of EGFR
phosphorylation events. However, they are not capable of achieving sub-second
time resolution and they lack incubation control because of the asynchronous
stimulation and quenching approaches. Also, they do not have uniform incubation

velocities due to the velocity parabola in laminar flow systems.
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Figure 8. Continuous quench flow system set up that had been used to investigate
early cell signalling events (QPACE) (A). Western blotting analysis was used to
examine the phosphorylation of various tyrosine residues on the EGFR and
downstream signalling partners e.g. Shc and PLCy (B). Mass spectrometry was used
for the analysis of the samples collected from the qPACE. Shc phosphorylation was
found to occur at the same time as the phosphorylation of the tyrosines on the EGFR,
5 s after stimulation with the EGF (C). From Dengjel et al., 2007.1°
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Figure 9. Laminar flow observed in a bore tubing with Re # = 17 (A) to replicate the
experiment of Dengjel et al., 2007.% Mixing is only limited by diffusion in the space where

the two laminar flow streams meet.

1.2 Conventional techniques for investigating EGFR signalling

There are a number of methods for studying EGFR activation and each method can
reveal different types of information. For example, Western blotting analysis can be
used to obtain information on the molecular weight of proteins, complexes and
activated states and also to identify post-translational modifications such as
phosphorylated residues. The conventional techniques such as X-ray

crystallography, Mass spectrometry, FRET & FLIM will be discussed in this chapter.

1.2.1 X-ray

In addition, X-ray crystallography had been used to examine EGFR structure with
atomic resolution, and infer conformational changes and the function of its domains
during the receptor’'s monomer and dimer state.*? 43 X-ray crystallography has also
been used to reveal information on how mutations of Leu834/Leu837 drive
overactivation of EGFR and how different inhibitors (e.g. gefitinib) act on the
receptor for treatment.** This allowed a great amount of data on EGFR to be
obtained. However, this method has some limitations. X-ray crystallography has
atomic resolution giving information only on the protein domains of the receptor
(crystal form). However, crystallization of the cell membrane is not achievable

therefore, it does not give any information on the dynamics of the receptor.
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1.2.2 Mass spectrometry

Mass spectrometry had been used to profile the phosphoproteome driven by EGFR
signalling in combination with affinity-purification, extended range proteomic
analysis (ERPA)* 46 or tandem immunoprecipitation-mass spectrometry (TIPY-
MS)4’ were able to identify the EGFR tyrosine residues.*® However, mass
spectrometry cannot be used to fully characterize EGFR phosphorylation due to the
varying stoichiometry and low abundance of the phosphorylation modification, and
the limitations of MS sensitivity.*® In addition, there is no method to instantly add
ligand and immediately stop the reactions. Nevertheless, mass spectrometry is a
good technique but need advanced sample preparation methods to allow reaction

intermediates, complexes and dynamics to be revealed.

1.2.3 Fluorescence Resonance Energy Transmission (FRET) &

Fluorescence-Lifetime Imaging Microscopy (FLIM)

The limitations of the techniques mentioned in section 1.2, 1.2.1, and 1.2.2 (Western
blotting analysis, X-ray crystallography and mass spectrometry) led to the
development of molecular labels for real time imaging such as fluorescence
resonance energy transmission (FRET) and fluorescence-lifetime imaging (FLIM).
These imaging methods were developed to quantify the biochemical and spatio-
temporal protein-protein interactions (e.g. conformational changes). FRET works
when a photosensitive chromophore (donor) transfers energy to a nearby acceptor
chromophore (Figure 10).5?

no FRET FRET
A) {\
% Protein-| protem
mteractxon

no FRET

Iow FRFI’

Blochemlcal

actlvrcy

Figure 10. Protein-protein interaction (donor and acceptor) lead to emission of a FRET
signal (A), Biochemical interactions can be studied using FRET when the donor and

acceptor are in close proximity (B).
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FRET involves the following factors: (i) the transfer of energy from the donor to the
acceptor is distance-dependent, (ii) the overlap between the donor emission and the
acceptor excitation spectra. The distance between the donor and acceptor is called
the Forster distance (Ro) and occurs between 2-8 nm (50% FRET).%° This method
is extremely promising. However, it cannot be used to study large molecule and
multiprotein complexes if the fluorescent tags are insufficiently close, because it will
emit no signal. In addition, FRET cannot provide the temporal resolution to study
the reaction intermediates due to the long exposure times required to obtain enough
photons to study the fluorescent decay of FRET using FLIM.>!

Fluorescence lifetime imaging microscopy (FLIM) is used to measure the lifetime of
the fluorescent event (e.g. the time required for the fluorophore to become excited
and then dropping to the ground state). For nearly all the fluorophores, the rate of
the energy transfer to the environment is depending on the concentration of the
various factors such as oxygen, ions, pH value and the proteins found in the cell
which are known as fluorescent quenchers.>? FRET/FLIM require the use of receptor
constructs that are fused with fluorescent peptides (e.g. GFP) which are prepared
by molecular cloning. These labels require sensitive detectors and long exposure
times. Therefore, they do not have the temporal resolution to examine these

millisecond scale intermediate reactions (e.g. EGFR autophosphorylation).

All the methods mentioned in section 1.2.1-1.2.3 are extremely promising and they
had been used for the study of biological reactions. However, they are not able to
immediately deliver ligands to cell surfaces hence, they are not able to achieve high
temporal resolution (sub-second time points). A method able to immediately deliver
ligands to cells, giving accurate control of cell incubation in the ligand, quench the
reaction and preserving the intermediate reactions (sub-second) for further off-line
analysis using techniques such as Western blotting analysis, fluorescence

microscopy, mass spectrometry and flow cytometry is essential.

An interesting methodology was used by Reynolds and colleagues in 2003 to study
the lateral signal propagation of EGFR activation by stimulating MCF 7 breast
cancer cells using low or high density EGF-beads for 2 min.>3 The low-density EGF-
coupled beads were able to cause an increase in the phosphorylation tyrosine levels
of EGFR but only at the bead contact point. On the other hand, high-density EGF-

coupled beads were able to cause an increase of EGFR phosphorylation through
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the whole plasma membrane. This experiment showed that a density threshold of
EGF is required in order to reach phosphorylation propagation. Contact can be
confirmed by visualisation but the drawback is the low throughput (1 cell at a time)
and it is only involving focal/point stimulation so they observed receptor recruitment
and dimerization and its signalosome assembly which is driven by diffusion in that
particular area of the membrane. Therefore, this methodology cannot be used to
understand the phosphorylation activation dynamics of EGFR because it does not
have the temporal resolution required to transport the ligand in milliseconds, efficient
whole cell incubation and quench of the reaction.

In addition, cell-based assays using fluorescent lifetime on cells were able to reveal
information on the spatial changes of the receptor during its phosphorylation states.
Both immunoblotting and cell-based assays are incapable of capturing the dynamic
events of tyrosine kinase activation in a single cell that occur in millisecond-scale
range. The sequence of events, the mechanism, underpinning the activation of
EGFR has not been identified due to the low temporal resolution of conventional
methods for changing the biochemical environment around cell membranes. The
use of magnetic stirring can only attain mixing times of the order of a second, far
exceeding the millisecond-scale processes involved in receptor activation. Thus, the
development of new techniques with high temporal resolution are required to study
the biochemical, conformational and dimerization mechanisms involved in receptor

activation.

1.3 Investigating receptor activation dynamics with stopped
and quench flow dynamics

Biochemical kinetics were studied using stopped flow technology in order to rapidly
initiate chemical reactions such as polymerization or enzyme kinetics.>* °° Figure 11
shows how stopped flow technology works. Two syringes containing the samples
(e.g. enzyme and substrate) are driven at high velocity and mixed by turbulence in
a chamber. The mixture flows into an observation cell that is connected with a stop-
syringe. Optical recording begins when the stop-syringe is filled by the activation of
an acquisition trigger. The most common method to capture the optical signal is by

the use of photometric detectors such as UV/Vis or fluorescence detectors (more
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sensitive). In addition, circular dichroism had been used for the study of protein

folding obtained by the use of the stopped-flow method. These two methods had
been used for the study of lysozyme.>® Lysozyme was firstly denatured by guanidine
hydrochloride (GdnHCL) in order to induce unfolding of the protein. The backbone
secondary structure was measured by the far-UV circular dischroism band (222 nm)
and the side chain tertiary structure was measured by the near-UV circular
dichroism.5” The time resolution of this method is known as the dead time (the time
the reactant is added until the time the switch is triggered) with typical instruments

providing a dead time of 1-2 ms and more advanced systems providing 250 ys dead

times.
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Figure 11. Diagram of a stopped flow instrument (1), syringe A contains the enzyme and
syringe B the substrate. The syringes are driven by a syringe drive ram and the samples
are transported to a mixer at high velocity. The mixing of the samples stop when the
stopping syringe is filled and stopped by the trigger-switch (C). The fluorescent signature
of the reaction within the mixing chamber can be detected by adding a fluorescence
detector. Laboratory set up used for examining the kinetic resolution of a conformational
transition and the ATP hydrolysis step of a Dictyostelium Myosin Il mutant (2).° Adapted
from www.actin.aok.pte.hu (A), www.le.ac.uk (B), adapted from Wladimir Labeikovsky —
Flickr (C).

Quench flow analysis is an extension of the stopped flow technique when there is
an absence of a distinct optical signature for measuring reaction state and progress.

Quench flow analysis involves, like stopped flow analysis, high-speed turbulent
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mixing of reagents followed by introduction into a delay line, with the length and

velocity determining the incubation time, after which a second high-speed turbulent
mixing process is used to mix a quench buffer, to arrest the reaction. The preserved
reaction states are retrieved for off-line analysis using any number of techniques,
from mass spectrometry to antibody labelling. By using multiple runs, each with
different incubation times, the kinetics and dynamics of the biomolecular reactions
can be determined. However, stopped and quench flow techniques require turbulent
mixing and associated high Reynolds numbers (>10,000, see 1.4.3 section).
Turbulent mixing cannot be used to investigate reactions in whole cells, such as is
required to investigate receptor activation and signal transduction within the bilayer
membrane. Here, the high shear turbulent conditions tear the cell membrane and

damage associated processes.%®

A quench flow device was developed and used for rapid mixing and freezing of cells
with millisecond range time resolution and dead time of ~30 ms in order to study the
synchronous exocytosis in paramecium cells. A biological event that was not easy
to examine due to the short life-time and the low frequency of membrane fusion
events. Paramecium tetraurelia is a ciliated protozoan that have >1000 secretory
vesicles on its plasma membrane. These secretory vesicles were rapidly stimulated
with aminoethyldextran and immediately freezed with liquid propane (< -180 °C) to
fix the dynamic events that occur in millisecond range scale (~30 s membrane
fusion). Cell damage induced by this procedure (quench flow) is avoided due to the
use of Paramecium tetraurelia which has a ragged waxy pellicle that prevents cell
damage in turbulent flow.>® This characteristic tough outer wall (pellicle) protects
against the strong shear forces that occur during quench flow compared to the
delicate bilayer membrane of mammalian cells that cannot withstand these forces.
Therefore, in order to study the dynamics of mammalian receptors, a gentle cell
handling approach is required in order to prevent cell membrane disruption but must
also allow rapid interactions between cells and ligands and the rapid arrest of the
reaction. For the study of the biological reactions that occur within a few
milliseconds, time precision is a major issue. Conventional techniques in the lab
such as pipetting or mixing are not sufficiently rapid to provide the temporal control.
Therefore, breakthrough technologies such as microfluidics have the potential to be

applied to the challenge.
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1.4 Microfluidics

Microfluidics is the science and technology of precise manipulation and processing
of small volumes of fluids (pL, nL and pL) using channels with dimensions of tens to
hundred micrometres and giving laminar flow. The microfluidic systems are mainly
replicated in the polymer- polydimethylsiloxane (PDMS). The absence of
conventional techniques that can manipulate and analyse single cells is a drawback
for science. However, this is where microfluidics can be used as a powerful tool for

scientists worldwide in order to accomplish these tasks.®!

1.4.1 Active Methods

Droplet microfluidics have been used to mix reagents within milliseconds.!
Convective mixing occurs inside the moving droplet and it is in the order of ~ 2 ms
(Figure 12 A).*! For processes that do not have fluorescent reporters this approach
is currently unfeasible for those requiring absorbance or Raman sensing. In addition,
complex reactions, such as receptor activation in membranes, a continuous
quenched flow approach is required. One of the most common characteristics of
droplet microfluidics is the use of surfactant to stabilize the oil-water interface to
avoid destruction of the droplets by shear forces while they are rapidly transported.
However, the use of surfactants prevents the fusion of the droplets. Thus, it makes
quench reactions for preserving any biological reactions impossible. Ignoring the
use of surfactant, it allows droplet fusion by either altering the surface energy
patterns (e.g. a part of the channel is hydrophilic allowing droplet fusion. However,
it should be mentioned that having hydrophilic and hydrophobic regions in the same
device is hard to fabricate (Figure 12 B).1¢ The time required to fuse two droplets is
~7 ms. The high throughput and the absence of surfactant lead to the formation of
fragmented droplets. The use of surfactant combined with electrical field
(electrofusion) has been used to resolve these issues but the electric field may not
leave the cell membrane intact (destabilize cell membrane and cause pore
formation, Figure 12 C) and this is technically highly demanding.'’” Therefore, a new
method where the cells will be displaced into the ligand and the quench buffer in the
order of a few milliseconds is essential. As mixing of cells with the ligand and the
quench buffer is not efficient under laminar flow conditions, cell displacement (i.e.

displacement into neighbouring streamlines) can be used as an alternative way to
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initiate and arrest cellular processes under laminar flow conditions in a few

milliseconds. %2

water
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Figure 12. Shear vortices allows rapid mixing of the reagents within the droplets (~2 ms)

(A). From Song and Ismagilov, 2003.1! Fusion of droplets can be achieved either in a

hydrophilic area of the chip (B). From Fidalgo et al., 2007 or by applying an electric field

to the droplets in order to fused droplets that contain cells and photosensitizer with viability

assay agents (C). From Cho et al., 2013.%/
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Dielectrophoresis (DEP) is an active microfluidic technique that has been used to
manipulate cells and particles. The cells are placed in a non-uniform electrical field
where a net force is applied on them leading to cell movement. DC or AC currents
can either be used to generate an electric field. DEP can be classified as a positive
(pDEP) and negative (nDEP) based on the direction of the cell movement towards
or against the high electric field current and the value of the Clausius-Mossotti factor
(fem) (Figure 13). Cell migration is influenced by the electrical permeability of the
cells and the fluid. The cells with higher permeability than the fluid migrate towards
the field maxima (Positive DEP). The negative DEP is preferable due to the minimal
effects on the cell function or viability which can occur in a high electric field. This
technique has been used to displace cells into a rhodamine coloured PBS stream
and vice versa. The time of the displacement was < 0.5 s.2° However, the switch
time is not suitable to study the phosphorylation reaction intermediates of any

biological process that occurs in few milliseconds.
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Figure 13. Dielectrophoresis (DEP) can be either positive (a) or negative (b). This
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influences the position of the particles within the device. In a microfluidic device, both
elements can be used to influence the position of the particles and achieve displacement

and separation (c). From Gossett et al., 2010.%?
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In addition, optical tweezers are an active technique where light is used to move
objects in flows. The use of optical tweezers have been proved excellent for cell
manipulation because it allows cell function preservation and precise 3D spatial
control. The cell trapping occurs due to a mismatch in the refractive index between
the cell and the surrounding fluid. This mismatch gives rise to optical scattering and
gradient forces. The optical scattering forces push the objects away from the light
source whereas the gradient forces attract the object to the point of the highest
intensity produced by the light source (Figure 14). Under these forces the particle is
transported towards the beam maxima and it becomes trapped (gradient forces >
optical scattering forces). The formed forces are then used to move the objects.® In
one study, yeast cells were transported in saline environment and then back into
their media in laminar flow conditions using optical tweezers.®* They were able to
study osmotic alterations that occur to the yeast cells in a saline environment and
their immediate recovery into their medium. Wong and colleagues in 2011 used
laser tweezers for an automated cell sorter implemented with Raman spectroscopy
which can be used without fluorescent labels (Figure 14).> However, the use of
optical tweezers is characterized by slow processing and thus limiting any potential
for high throughput cell sorting and in fast flow a lot of light is required to switch cells
fast enough but this either fails or is phototoxic leading to cell death. The use of
optoelectronic tweezers allow cell trapping, transport and sorting without labels.
Optoelectronic tweezers are characterized by the projection of optical images on a
photosensitive substrate. This allows the formation of transient electrodes on the
bottom surface. An AC field was used to precisely sort particles. The implementation
of optoelectronic tweezers with microfluidic devices allows single cell sorting with

high precision but low throughput (~10 cells/second).

These active techniques are difficult to fabricate and assemble due to the location
of the DEP electrodes within the device and electromechanical expertise is required
to properly use these devices. In addition, their slow switch time (>20 ms) is a

setback for examining intermediate reactions that occur under 20 ms.
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Figure 14. Two different optical trapping geometries. A tightly focussed laser beam traps
a particle (A). Optical fibres were used to trap a cell at the centre of the counter propagating
dual beams (B). An objective lens was used to extract images or perform further analysis
such as Raman spectroscopy. From Quidant et al., 2011.%®

In addition, magnetic forces had been used for cell manipulation.®® The fabrication
of microfluidic devices using magnetic forces is easier compared to the DEP devices
(electrodes required to be implemented within the device) due to the external
location of the magnetic actuators. Magnetic manipulation can be used either with
magnetic objects or magnetic labelled objects when they are located within a
magnetic field. Wong and colleagues in 2016 used magnetofluidics in order to
isolate magnetically tagged cancer cells (HelLa cells, Figure 15).2 They were
capable of isolating the magnetically tagged HeLa cells with an efficiency of 79%.
Magnetic forces were also used by Sasso and colleagues in 2012 to transport
magnetic beads into biotin-FITC (fluorescent label) and then transport them onto a
wash stream. At the end of the wash stream, the beads were detected by a
fluorescence detection system. This type of system can be used to perform

immunoassays.5’
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Figure 15. Microfluidic device (a) used to sort magnetically tagged HelLa cells (b). From
Wong et al., 2016.2
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Acoustic waves had been used to manipulate cells or particles. The forces
generated by the acoustic waves are between 100-400 pN and they can transport
the cells or particles closer or away from the acoustic source. Lenshof and
colleagues in 2012 were able to transport particles into different buffers using
standing surface acoustic waves (SSAW) transducers.®® It should be mentioned that
the average flow rate (Q) of this system was 80 pL/min. In addition, a high
throughput imaging cytometer was developed by Glynne-Jones and colleagues in
2015 using ultrasonic focusing principles and achieving imaging in flow of up to 104
mm/s and processing 208,000 beads per second.® ATDCS (pre-chondrocytic) cell
line and primary leukaemia cells were also imaged with a throughput of 52,350 and
60,400 cells per second.® This method can be used to detect and identify circulating
tumour cells (CTCs) in blood samples with high throughput and precision (Figure
16).

Y
waste

- : . Cam.
06 ez ' Trig.

=

(GM) am
= ) N\ ——
@

(S) (PC) (L1) w (L4)

Figure 16. A piezoelectric transducer (T) is used to induce an ultrasonic standing wave in
a rectangular channel. Particles are transported using a syringe pump and they are
acoustically focused. In this system there is an imaging objective (O), a tube lens (L1),
white light source (LS), illumination optics (L3, L4). The angle of the rotating galvo mirror
(GM) is controlled by the programmable function generator (PFG). The camera (C1) is also

triggered by the PFG. From Glynne-Jones et al., 2015.1°
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In summary, active methods can be used to deflect cells into a ligand stream and
then into a quench buffer stream. However, this will require careful selection of
material and fabrication methods in order to reduce the limitations due to the
particle-medium refraction index contrast and the acoustic contrast factor. The use
of micro- to nanoscopic scale magnetic beads for cell manipulation might block the
interaction of the ligand and the receptors and interfere with the receptor signal
transduction. The forces on a cell can only be in the order of pN which translates
into switching times of 10’s of milliseconds which are insufficient for investigating
the intermediates of receptor activation dynamics. Another limitation of the active
methods is the dependence of their efficiency factors on the size of the particles
(Table 1). This indicates that less force will be applied in smaller cells compared to
larger cells thus, the temporal control required for the study of receptor activation

dynamics is lost.

Table 1. Comparison of the efficiency factor and switch time between active methods
for cell deflection
Efficiency Factor Switch time
(Tswitch)
D|eIec(t|50EpPh)oreS|s Object size (r3), permittivities of liquid and object 80 ms?°
Magnetism Object size (r9), eﬁ_‘ectlve sus_ceptlblllty of object 150 ms®’
relative to the liquid
. . 3 . .
Acoustics Object size (_r _)_, density gnd_ correspo_ndmg 25 msb4
compressibility of the liquid and object
: Object size (r3), shape, material and position of the 69
Optical tweezers object with respect to the spatial profile of the beam 30 ms

1.4.2 Passive methods

Deterministic lateral displacement (DLD) is a passive technique that uses the
principle of stream thinning by an angled array of pillars (Figure 17). The pillar size,
gap and angle are finely tuned to discriminate different-sized particles based on their
trajectory. If the particles exceed the critical size, they are bumping on the pillars
and they get displaced. This is called bump or displacement mode. Cells with a
radius smaller than the laminar stream are transported within are not displaced but
they follow their original path. This mode is called streamline mode. DLD had been
used for separating cancer cells, blood cells and bacteria based on their size.”® 71 72
Morton and colleagues in 2008 successfully used this technique to wash, label and

39



Chapter 1

lyse cells. Platelets were processed through the DLD microfluidic system and they
were displaced into a labelling buffer stream (PE-anti-CD41) and subsequently into
a washing buffer stream.” In addition, Escherichia coli cells were displaced into a
lysis buffer stream (8% SDS) allowing collection of the cell nucleus.” The use of
DLD can switch cells depending on the velocity. However, there are a few limitations
using this technique. The high risk of clogging can cause the cells to use alternative
routes with associated changes in the times of ligand and quench buffer interactions
and thus varied incubation times, therefore incubation time control is lost. In
addition, while high velocity can be used to increase switch speed, the magnitude
of cell deformation increases, such that the effective size of the cells is decreased

and they are no longer displaced.
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Figure 17. Deterministic lateral displacement of small and large particles in streamline and

displacement modes, respectively. From Gossett et al., 2010.%?

Yamada and colleagues in 2004 developed a cell deflection method which is similar
to DLD and it is called pinched flow fractionation (Figure 18).7° In this system, the
particles are transported to a flow stream that shrinks because of the channel
confinement. This cause the cell to touch the wall. When it touches the wall, the cell

centre point gets displaced by a few micrometres based on how thin the stream is.

The cell is then displaced further into a wider expansion channel. The deflection

position can be found by the following equation:

40



Chapter 1

Wg
Wp

Equation 1. y = (I/I/p_rpartme) * Yamada et al., 2004

Tparticte 1S the radius of the particle, W, the width of the pinched segment, Wj is the

width of the expansion channel.
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Figure 18. Pinched flow fractionation (PFF) principles in a microfluidic system. Various size
particles are focused to the same area of the pinched segment channel (a) the particles

are then displaced by the flow based on their size (b) From Yamada et al., 2004.72
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A microfluidic method called whole cell quenched flow analysis was developed to

examine cell surface processes which are mediated by a ligand/receptor interaction
(e.g. EGF/EGFR and IGF-1/IGF-1R) with extreme temporal resolution
(milliseconds). This method was an extension of PFF but for the first time
microfluidics has been used to control incubation times and not for size-based
sorting. This device consisted of two stream thinning elements (STE) and an
incubation channel, the length of which and the velocity defines the incubation time
(Figure 19).14 Subsequently, the receptor activation intermediates were preserved
by the addition of a quench buffer for further analysis, in this case by laser confocal

microscopy.

waste

incubation
output

pathway

reaction reagent
arrest input

Figure 19. Whole cell quenched flow analysis. Cells were stimulated by the ligand when
the cells were deflected into the ligand stream (red dye) and the reaction was arrested after
the arrival at the reaction arrest zone by their deflection into a quenched buffer. From
Chiang et al., 2013.1

The switch times obtained using this technique were 2.2 ms in the first stream
thinning element with a mean velocity ~100 mm s1. The switch time for the cells to
be displaced into the quench buffer was 550 ps (Figure 20). This allowed to
stimulate and preserve the reaction intermediates that occur in short millisecond

timescales.13
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Figure 20. HelLa S3 cells were switched into the ligand stream in 2.2 ms (A), the switch

time of the cell into the quench buffer was 550 us (B). From Chiang and West, 2013. 3

The contemporary model of EGFR activation considers ligand binding, that enables
diffusion-mediated dimerization in the cell membrane for trans phosphorylation
between the two receptor intracellular domains. The highly temporally resolved
pY1173 data generated from the whole cell quenched flow analysis approach
suggested that cis phosphorylation may precede trans phosphorylation and occurs
between 100 ms and 250 ms which is followed by a sharp dephosphorylation (500
ms) and then reaching phosphorylation saturation levels (>1s, Figure 21).13 The
development and use of the whole cell quench flow technique was promising and
successful for the study of the biological reactions that occur in such low temporal
resolution. However, this technique was time consuming due the use of multilayer
fabrication in order to ensure vertical focusing of cells under the mid-height of the
channel allowing velocity coefficient of variation (3.6% with multilayer, 12.8%
without multilayer fabrication) and low throughput (e.g. 1 time point per hour due to
the high dilution factor 1/64).14
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Figure 21. Proposed model of cis-phosphorylation based on the recorded data. EGF binds
to the ligand binding site on the EGFR leading to phosphorylation of the Y1173 residue (1).
Subsequently, it is followed by a rapid dephosphorylation due to phosphatase activity (2)
and then a diffusion-limited dimerization and trans-phosphorylation of Y1173 (3).
Unexpected sub-second biphasic EGFR activation was revealed by whole cell quenched
flow analysis. From Chiang and West 2013.13

1.4.3 Inertial microfluidics

In the last two decades, Inertial microfluidics attracted the interest of scientists due
to the high throughput, high precision of cell manipulation, low cost and simple
structure that characterizes this technology. Inertial microfluidics operate in an
intermediate range (1 < Re < 100) between Stokes regime and turbulent regime (Re
~ 2000) where inertia and viscosity of the fluid is finite compared to other microfluidic
techniques where fluid inertia is negligible (Stokes flow regime, Re — 0). The inertia
and viscosity of the fluid give rise to inertial effects such as: (i) inertial focusing and
(i) secondary flow (Dean flow). Inertial focusing is a phenomenon that rises when

randomly distributed particles at the entrance of a straight microfluidic channel are
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focused to equilibrium positions due to the effect of two opposite forces. These two
forces (i) lift force FL shear gradient (interaction of the fluid velocity parabola on the
particle), moving them towards the walls and away from the microchannel center
and (ii) the wall lift force F. is developed due to the interaction of the particle with
the microchannel walls and transporting the particles towards the center of the
channel. The balance of these two opposite forces cause the particles to move to
equilibrium positions within the channel (Figure 22). So far, inertial focusing has
been used to enrich cells based on size as the force and focusing length is
dependent on the size of the cells and for continuous cell staining. ¢ 77 7® The lift
force, Fi, can be found:
Equation 2. prU?(izg'arlo' 2009.°

F, =
L w

(F - lift force, f.: ~ 0.02-0.05 for channel aspect ratios (height/width), U: maximum

channel velocity, p: fluid density (kg/m3), a: particle diameter, w: width of channel)

e
—_
—_—
N, a
SN F L wall effecf "
y —> T =
<z ‘ F, L shear

gradient

Figure 22. The wall effect force and the shear gradient force that influence the focusing of

particles to two equilibrium positions within the microfluidic channel. From Di Carlo, 2009.°

Reynolds number (Re) and particle Reynolds number (Rp)

The channel Reynolds number (Re) and the particle Reynolds number (Rp) are
dimensionless numbers used to describe the flow of fluid and the flow of particles
within a microfluidic channel, respectively. The inertial microfluidic system operates

with moderate Reynolds numbers 1-100 (Figure 23). The Reynolds number is
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influenced by the mean velocity of the fluid, the density and viscosity of the fluid and
the hydraulic diameter of the channel. In theory, the particle Reynolds number
should be = 1 and no more than 5 (5-fold dynamic range to avoid 4 equilibrium
positions within the inertial focusing channel, Figure 24). When Rp 2 8 a further 2

equilibrium positions emerge at the top and bottom of the channel centre-line.

(a)

100 pm
-_
Inertial
1
Laminar Transition Turbulent
[ |
| |
| 100 ~2100 ~4000
0 >
Re

Figure 23. Reynolds number is a dimensionless number that describes the flow of the fluid
within a channel or a pipe. Reynolds number between 0-2100 the flow of the fluid is
characterized as laminar. Between 0-100 is characterized as inertial. Above ~4000 the flow

is turbulent. The transition between laminar to turbulent is between ~2100 - ~4000.

Microfluidic behaviour is strongly linked with the channel dimensions, which is

described by the hydraulic diameter:

. wh . 9
q al . w ;

(Dh: hydraulic diameter of the channel (um), w: width of the channel, h: height of the

channel).

The Reynolds number describes the relative inertial and viscous components of the

flow and is defined as follows:

Re = ﬂ Di Carlo, 2009.°

Equation 4.
g n
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( Re: Reynolds number, p : density of the fluid (kg/m3), U: mean velocity of the fluid

(m/s), Dh : hydraulic diameter of the channel (um), n: dynamic viscosity of the fluid).

The particles Reynolds number describes the relative dimensions of a particle within
a microchannel in the context of the Reynolds of the underlying flow. It is important

as it describes whether a flow is laminar or turbulent.
Equaton5.  Rp =Re (#) Di Carlo, 2009.°

(Rp: particle Reynolds number, a: particle diameter, Dh: hydraulic diameter of the
channel (m).

Random particle

distribution » _#
prece w‘"
.\

Focused to two

Inlet ® faces of a
: Y rectangular
% ° channel
Outlet
® Ret L
— | @ - D
& &
Rp = 1-4 Rp>5

Figure 24. Randomly distributed particles are focused to two equilibrium positions at the
end of a rectangular microfluidic channel. An increase in the Reynolds number leads to

the development of four equilibrium positions in the microfluidic channel. From Di Carlo,

Dean forces act and affect particles to reach equilibrium positions when they are
transported within curved channel geometries.® > Dean forces occur in curved
channel geometries due to a flow momentum mismatch in the centre and the area
near the wall of the curved channel. The fluid has a higher velocity at the channel
centreline, moves outwards and causes the fluid closer to the channel walls to move
inwards. These changes give rise to the formation of two counter rotating vortices
called Dean vortex. The secondary forces allow the particles to reach equilibrium
positions more quickly. The magnitude of these secondary flows that occur at the
bottom and top halves of the channel due to two counter rotating vortices (Figure

25) can be interpreted from the Dean number *2:
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Equation6.  De = Re/Dh/R) Dicarlo, 2009.°

(R is the radius of the curvature of the channel, D, is (2w h)/(w + h), in which w

and h are the width and height of the channel, respectively.)

It should be mentioned that a smaller radius of the curvature of the channel leads to
a larger Dean number and subsequently larger Dean force. Therefore, the particles

reach equilibrium positions faster.

Ly Flow Direction Secondary Re-circulating Flow

Q(‘\“‘

R - radius of curvature

Figure 25. Dean flow occurs in curved channels when faster moving fluid close to the
centre of the channel moves outwards and the fluid close to the walls moves inward. This
leads to the formation of two-counter rotating vortices at the top and base of the primary

flow in the curved channel. From Di Carlo, 2009.°

1.5 Aims

This project aims to: (i) develop a microfluidic device for rapid ligand and quench
buffer interactions for ultrafast stimulation of cells with ligands and immediate
quench of the reaction, (ii) assess different techniqgues such as Western blot
analysis and Flow cytometry to monitor EGFR signalling and (iii) investigate EGFR

signalling using the developed microfluidic device for sub-second timescales.
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2. Materials and Methods

2.1 Concept and Design

As seen in figure 28, different microfluidic elements were implemented together in
order to accomplish ultrafast stimulation of cells and precise incubation of cells. The
design for the inertial microfluidic systems was performed using the Draftsight-

Dassault Systemes software.

2.1.1 Inertial Microfluidics

General considerations and simplified rules were followed in order to design an
effective inertial microfluidic device.”® One of the factors kept in consideration were
the forces that act on the particle within the microchannel (F, shear gradient and the
F, wall effect, Figure 22). F, wall effect directs the particle away from the wall and
the F;, shear gradient directs the particle away from the centre of the channel. The
F; shear gradient is developed due to the parabolic velocity profile formed within the
microfluidic channel. In addition, the channel width should be 5-7 times larger than
the particle diameter (a, or a/w =2 0.2) in order to achieve precise focusing of particles
to two equilibrium positions in a rectangular channel (h>w) to affect lateral

displacement into two equilibria positions.

2.1.2 Dean Flow

The design of the incubation channel element was based on the use of the Dean
force coupled inertial flow principles in order to achieve uniform incubation times by

focusing the cells to a common position and therefore, a common velocity.

2.1.3 Hydraulic Resistance

The balance of the hydraulic resistance is important in order to be able to remove
50% of the volume that contains any untreated cells (with ligand or quench) hence,

reducing the background noise in the offline analysis data.

The hydraulic resistance is an equivalence of electrical resistance and can be

calculated using an equivalent model to Ohms’ law (I = 4 Ry = %
R

mry
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A law stating that the electric current (I) is proportional to the voltage (V) and
inversely proportional to the resistance (R). Using the equation 7 and 8, the
hydrodynamic resistance and thus the length of each microfluidic element of our
circuit was calculated in order to balance the hydraulic resistance of the circuit. The
circuit was designed to remove cells that are not treated with ligand and quench
buffers. This can be achieved using balanced resistors, such that the flow bifurcates:
After the first inertial focusing stage into the ligand stream, a 50% volume is
delivered downstream and the remaining 50% (with any untreated cells) is ejected
from the first outlet. Following the addition of the quench buffer, the flow again
bifurcates, delivering 50% of the volume to the cell outlet and the remaining 50% to
the waste outlet (with any untreated cells). With a 1:1 cell:ligand ratio, followed by a
1:1 cell:quench ratio, the circuit can be operated using parallel syringes in a single
syringe pump. The models, shown in Figure 26 A, were used to identify the correct
model for interpreting the pressure and resistance distributions and thus design the
correct hydraulic resistance lengths to ensure flow bifurcation for the two waste

outlets.

8uL
Equaton7. Ry = ;‘7 Oh KW et. al., 2011.2°
H

Ry: hydraulic resistance (N.s/m#),u: viscocity of the fluid, L: length of the channel, «:

3.14159, ry: rectangular cross section channel.

Equation 8. Tu = Wh)/(W+h)  onkwet al, 20115

ry. rectangular cross section channel, w : width of the channel (um), h: height of the

channel (um).
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Figure 26. Flow rate volumetric distribution requirements for the new design of the

microfluidic circuit (A), RV1 microfluidic circuit was design without considering that the flow

rate doubles on the resistor (R5) and the R6 (B) in the design of the RV2 microfluidic circuit

we considered that the flow rate doubles but not the R6 (C) for the RV3 design we

considered that the flow rate doubles on the resistor (R5) and the R6 (D).
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2.2 Dimensions of time machines versions 1.0, 1.5 and 2.0

According to the inertial and Dean focusing principles mentioned in section 2.1,
inertial focusing occurs when the channel dimensions are no larger than 5-7 times
the particle diameter (15 um) or a/w = 0.2 (a: particle diameter, w: channel width) to
achieve precise focusing to two equilibrium positions in a rectangular channel (h>w).
Therefore, the inertial focusing channel element of the circuit was designed to have
the following dimensions: height of 100 um and width 50 pm producing an aspect
ratio of 2, but with various lengths (2 mm, 4 mm, 6 mm and 8 mm) in order to find
the shortest length required for precise cell focusing into the ligand streams (Figure
27). However, in the practice of microfabrication, the SU-8 layer and thus the

microfluidic structures were 85 pum.

Height: 85 pum

A
v

Width: 50pm
Figure 27. 15 um polystyrene particles are focused to two equilibrium positions in an

inertial microfluidic channel of 50 um width and 85 pum height.

The incubation channel was designed to have an aspect ratio of 1:3 (h:w): The
channel had the following dimensions 250 pum width and 85 pm height. The length
of the incubation channel defines the time of cell incubation within the ligand.
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The dimensions of each microfluidic element in a complete microfluidic circuit can
be found in Table 2.

Table 2. Dimensions of the microfluidic circuit version 1.0

Inertial focusing channel (Height) 85 um
Inertial focusing channel (Width) 50 um
Focusing length 1,2,4,6,8 mm
Incubation channel (Height) 85 um
Incubation channel (Width) 250 um
Incubation channel length (50 ms incubation) 10 mm
Incubation channel length (1000 ms incubation) 200 mm
Microfluidic circuit Version 1.0 Microfluidic circuit Version 1.0
(50 ms incubation) (1000 ms incubation)

Table 3. Dimensions of the next generation microfluidic circuit version 1.5

Inertial focusing channel (Height) 50 um
Inertial focusing channel (Width) 25 pm
Focusing length (L) 1,2, 3,4,5mm
4 mm %o
O — Ill”h—o
L

Microfluidic circuit version 1.5 was consisted of an inertial microfluidic element only.
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Table 4. Dimensions of the next generation microfluidic circuit version 2.0

Inertial focusing channel (Height) 65 um
Inertial focusing channel (Width) 30 um
Focusing length 1,2,3,5mm
Incubation channel (Height) 65 um
Incubation channel (Width) 65, 120, 300 pm
Incubation channel length (25 ms incubation) 17.6 mm
Incubation channel length (50 ms incubation) 28.1 mm
Incubation channel length (1000 ms incubation) 34.9 mm
RV1, RV2 and RV3 differ only at the ring length -12.50, 20.78, 23.60 mm (red arrow)
25 ms 50 ms 1000 ms

sCac ECRCIICR0
(ol

Rv1 Rv2 RV3

Table 5. Dimensions of the microfluidic devices to study the effects of Dean flow

Device name Height Width
Dean flow element 85 um 260 um
AR 1 65 um 60 um
AR 2 65 um 120 pm
AR 3 65 um 180 um
AR 4 65 um 240 um
AR 5 65 um 300 pum

Dean flow element

oD~ ||
o—l— ———o
——M— —— M~
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The microfluidic circuit was designed for the creation of lateral laminar flow and
without mixing, to achieve rapid cell stimulation and quench of the reaction based
on the lateral displacement of cells using inertial microfluidics (Figure 28). An
optimal high-speed microfluidic system characterized by high throughput with rapid
stimulation of EGFR, followed by an incubation channel for uniform and reproducible
incubation times and immediate quench to preserve the dynamic events of EGFR
activation is required. Various active and passive cell manipulation techniques have
been described in Chapter 1. However, active cell manipulation methods that use
force fields (e.g. electric and acoustic fields) for transporting cells lead to long switch
times (> 20 millisecond) and cause cell death due to the localised heating on the
cells.” Thus, such techniques are inefficient to resolve the EGFR activation

dynamics that occur in millisecond-scale timescales.

@ cells
g?(’ »{} Cell stream
S &
\«9& L& M Ligend
L $ ob & .,9°
&) < A o I Quench Buffer
& & $ @
] L
Q) d 4

i

Figure 28. Inertial focusing microfluidic design and concept. EGF and cells will be

injected into the device. With hydrodynamic focusing to produce a cell stream flanked
by streams of ligand. The cells will be inertially focused, submerged into the EGF and
stimulated. Non focused cells will be removed via the first waste outlet. The stimulated
cells will flow through the incubation channel. Quench buffer will be added in order to
arrest the reaction. The stimulated cells will undergo inertial focusing and be submerged

into the quench buffer. Non-focused cells will be removed via the second waste outlet.
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2.3 Microfluidic device manufacturing

2.3.1 PDMS microfluidic device replication

The  microfluidic devices were prepared by replica moulding in
poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning). The replica mould was
fabricated by Microsystems, GmbH (Germany) using the negative photoresist SU-8
(100), with spin coating to a depth of 85 ym and standard UV photolithography using
a chrome-glass mask (JDPhotoTools, UK). The PDMS pre-polymer and platinum
curing agent were mixed at a ratio of 10:1 (e.g. 30 g pre-polymer to 3 g curing agent)
and degassed in a vacuum chamber until complete removal of air bubbles. PDMS
was poured onto the SU-8 microstructures and retained using an 8-mm-high
thermo-tolerant Delrin™ frame for curing at 80 °C for ~90 min on a hotplate. The
elastomeric PDMS device was removed from the SU-8 wafer and the mould and

stored in a clean Petri dish.

2.3.2 Polyurethane master moulds

Thick PDMS devices were prepared from the silicon wafer and taped to the bottom
of silicone mould using a double-sided tape with the structures facing upwards. An
equal volume polyurethane (Smooth-ON, Oomoo 30™) part A and part B were
mixed vigorously for 2 min. The polyurethane mixture was pour onto silicone moulds
that contained the PDMS devices. Degassing in a vacuum chamber for 15 min was
necessary to remove the air bubbles. The silicon moulds were removed from the
vacuum chamber and they were placed on the bench to set (overnight). The next
day the polyurethane moulds were placed in an oven (Quincy Lab Inc., USA) (60
°C) for 4-6 h for maximal curing. N.B. Mixture A and B leftover in the 50 mL falcon
tube should be disposed however tube cap should be loose (exothermic reaction

can lead to explosion).

2.3.3 Device packaging

The PDMS device was punched with a 1 mm diameter biopsy punch (Integra™
Miltex™ Standard Biopsy Punches, USA) generating hourglass-shaped through-
holes for plug ‘n’ play interconnection with the tubing. For encapsulating the
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microstructures a glass slide was used. The surfaces of the PDMS microfluidic
device and the glass slide were first cleaned: Particulates and fibres were removed
using 3M Scotch tape. A 30 s oxygen plasma treatment (0.2 mbar, 70 W, 40 kHz
Femto, Diener Electronics, Germany) was used to generate silanol groups on the
PDMS and glass surfaces for contact bonding (Figure 29). The surfaces were then
gently pressed together for 10 s to achieve a pressure-tolerant bond and baked

overnight in a 60 “C oven (Quincy Lab Inc., USA).

Plasma Treatment

Figure 29. Plasma treatment of the glass and PDMS surfaces allows removal of
hydrocarbon groups and exposure of hydrophilic silanol groups (-OH) at the surface of the
PDMS layer allowing the formation of strong covalent bonds (Si-O-Si) when brought
together with the glass. These covalent bonds form an inseparable seal between the two

layers. (From plasmatreatment.co.uk)

2.4 Microfluidic operation

2.4.1 Microfluidic hardware

The microfluidic experimental system is documented in figure 30 A. Syringes (5 mL,
Terumo, Japan) and needles (25G 0.5 x 16 mm Agani™ Terumo, Japan) were used
to inject the samples (particles or cells) into the PDMS microfluidic system using
programmable displacement pumps (Fusion 200, Chemyx Inc, U.S.A.). Fine bore
polythene tubing (0.38 mm ID, 1.09 mm OD, Smiths Medical International Ltd) was
cut to length, without crushing, using a clean cut tubing (S.C.A.T. Europe,
Germany). Forceps (Sigma-Aldrich, UK) were used to safely interface the tubing
with the needle and insert the tubing into the inlets and outlets of the PDMS device
(Figure 30 B). A high-speed camera (10,000 fps maxima, Phantom, Vision
Research, Wayne, New Jersey, U.S.A.) on a custom-built microscope system (see

Figure 30 C) was used to image the transport of particles and cells.
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Figure 30. SU-8 wafer with the fluidic circuit structure (A). PDMS microfluidic circuit with its interconnection
tubing with visualisation of the microchannels aided with a red dye (B). Microfluidic experimental set up
using a high speed camera (up to 10,000 fps) on a custom made rig (C).
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2.4.2 Sample preparation (polystyrene particles) and density matching

15 um-polystyrene particles (Kisker LTD, Germany. 2.5x10° particles mL?) or 15
pm-polystyrene fluorescent particles (Ex/Em 580/605 nm) (Thermo Fisher Scientific,
U.S.A.) were suspended in (0.22 um filtered) 1X Phosphate Buffer Saline (PBS,
Fisher Chemicals, UK) containing Tween 20 (0.05%, Sigma-Aldrich, UK) and 30%
(v/v) Ficoll-Paque™ Premium (1.073 sterile solution, GE Healthcare, USA) for
density matching to avoid sedimentation and the detergent to prevent particle

aggregation.

2.4.3 Fluorescence microscopy

The fluorescent particle positions while they were transported in high velocity within
the microfluidic circuit were visualised by their fluorescent traces using high
exposure (2000 ms) imaging on a fluorescence microscope (Olympus Lifescience
IX70 fluorescence microscope). Additional image analysis such as image stacking,
measurement of fluorescence intensity was performed using ImageJ. Post
processing of videos was performed using the mTrackJ, a plugin of ImageJ to

quantify the velocity of each particle.

2.4.4 Quantitative image analysis to identify particle/cell position

The quantification of the videos captured using the high-speed camera (Phantom,
Vision Research, Wayne, New Jersey, U.S.A.) for validating the focusing of particles
or cells into two equilibrium positions was performed using ImageJ software (version
1.50i, Wayne Rasband, National Institutes of Health, U.S.A.) to convert the video
into a stack of images, rotating the image, selecting the area of interest and
subsequently obtaining the relative centroid position of particles/cells using the
coefficients in Table 6. Table 6 shows how the coefficients were used to calculate

the relative centroid position (%).
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Figure 31. Centroid position of particles/cells was calculated using ImageJ image coordinates and the coefficients. (a: max height over max length
of channel area, b: max channel height minus twice ratio (a), a2: The excluded length (far L) over max length, b2: beginning to channel exit over
twice the ratio (a).
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Table 6. Relative centroid position of HeLa S3 cells within an inertial microfluidic channel. The coefficients (a, b, a2, b2) were essential for further use in the
formulas (Position (x) = x*a+b, Height (y) = a2*x+b2) and subsequently the relative centroid position (%).

Coefficients X Y Relative (x) B H=y""-2B H/2 Y-B (H/2)-(Y-B) | (%) Position
Position(x)=x*a+b | Height (y)= a2*x+b2 | Channel width | ¥z channel width | H into channel | H from center

a=-0.02553 | 60 | 51 116.5193 20.48213 108.0357 54.01787 30.51787 23.5 43.50412
b=118.0511 | 127 | 106 114.8088 24.34200 100.3160 50.15800 81.65800 -31.5 -62.80150
a2=0.05761 | 80 | 98 116.0087 21.63433 105.7313 52.86567 76.36567 -23.5 -44.45230
b2=17.02553 | 57 | 75 116.5959 20.30930 108.3814 54.19070 54.69070 -0.5 -0.92267
169 | 52 113.7365 26.76162 95.47676 47.73838 25.23838 22.5 47.13189
167 | 111 113.7876 26.6464 95.7072 47.8536 84.35360 -36.5 -76.27430
196 | 62 113.0472 28.31709 92.36582 46.18291 33.68291 12.5 27.06629
183 | 69 113.3791 27.56816 93.86368 46.93184 41.43184 5.5 11.71912
96 | 56 115.6002 22.55609 103.8878 51.94391 33.44391 18.5 35.61534
84 | 68 115.9066 21.86477 105.2705 52.63523 46.13523 6.5 12.34914
107 | 99 115.3194 23.1898 102.6204 51.3102 75.81020 -24.5 -47.74880
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2.5 Cell culture

Human epithelial cancer cell line HeLa S3 was used due to expression of epidermal
growth factor receptor on the cell membrane and their ability to be cultured in
suspension without changes in the normal function of their signalling pathways.
HelLa S3 cells were derived from a clone of the HeLa cervical cancer cells and were
purchased from ATCC. HelLa S3 cells were cultured in Dulbecco’s Modified Eagle
Medium (Gibco™, DMEM, high glucose, GlutaMAX™ supplement, U.S.A.) with 10%
(v/v) foetal bovine serum (Gibco™, FBS, E.U.-approved, South America origin,
U.S.A) and 1% (v/v) penicillin and streptomycin (Gibco™ Penicillin-Streptomycin
(10,000 U/mL, U.S.A)) in a humidified 5% COz2 incubator. The adherent cells were
detached from the flask (75 cm?) by the addition of trypsin (Gibco™, Trypsin-EDTA
0.05%, phenol red, U.S.A.) and harvested at 80% confluency. Trypsin was
neutralised by the use of serum containing growth medium. The cell suspension
was transferred to a 15 mL falcon tube and centrifuged for 5 min at 1200 rpm, room
temperature. The supernatant was discarded and the cell pellet was re-suspended
with sterile media. The cell number and viability was detected with the trypan blue
exclusion method. For example 50 pL of cells were mixed with 100 uL of trypan blue
(Gibco™, Trypan Blue, U.S.A.) and 10 pL were transferred to a haemocytometer for
cell counting. The haemocytometer is composed of multiple squares. All the cells
were counted (clear and blue) in each large square (1 large square contains 16
small squares) in each corner of the haemocytometer. The blue cells were non-
viable and the clear cells were viable. The total number of viable and dead cells was

calculated using the following equations.

Number Live Cells Counted
Viable Cell Count Dilution factor

Equation 9. - L = X . X
L I Mlilit th le 2 1
(Live cells per millilitre) Number of large corner (in this example 2) 0,000

Squares counted

Number Dead Cells Counted

Equation 10. Non-Viable Cell C_o_u_nt - X E_)iluti_on factor x  10.000
(dead cells per millilitre) (in this example 2) ’
Number of large corner

Squares counted

Number of Viable Counted
100

Equation 11.  Percentage Viability

n
x

Total Number of Cells

62



Chapter 2
2.6 Western blot analysis

Western blot analysis was used to quantify the specificity of the antibodies that
recognise the total levels of EGFR and phosphorylated tyrosine residues (pY1068
and pY1173) of epidermal growth factor receptor (EGFR). PY20 antibody was also
used for detecting phosphotyrosine-containing proteins. Western blotting is used to
separate the proteins according to their molecular weight using SDS polyacrylamide
gel electrophoresis.

Cells were fractionated by the use of Laemmli sample buffer (0.3125M Tris-HCI pH
6.8, 50% glycerol, 25% 2-mercaptoethanol, 10% SDS, 0.01% bromophenol blue)
that contained protease and phosphatase inhibitors (1X Halt™ Protease and
Phosphatase inhibitor cocktail, Thermo Scientific™, U.S.A.) in order to prevent
protein degradation and dephosphorylation, respectively. This is followed by boiling
of the samples at 95 °C for 5 min. The use of the Laemmli sample buffer is essential
to reduce the intra- and inter-molecular disulfide bonds (2-mercaptoethanol),
denatures the proteins and give an overall negative charge for mobilisation and size
separation by mobility retardation principles in a polyacrylamide gel. The samples
were loaded into wells in a sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE, 10% SDS-PAGE (separation gel
solution: 30% (w/v) acrylamide, 1.5 M Tris-HCI pH 8.8, dH20, 10% (w/v) SDS, 10%
APS, TEMED) with a 4% stacking gel (30% (w/v) acrylamide, 0.5 M Tris-HCI pH 6.8,
dH20, 10% (w/v) SDS, 0.1% APS, TEMED) that is held in the electrophoresis
apparatus (Figure 32). The gel concentration (10%) allowed greater resolution of
larger / mid-sized proteins based on molecular weight. When voltage is applied
along the gel, proteins migrate through it at different speeds dependent on their size.
These different Srates of advancement (different electrophoretic mobilities)
separate into band within each lane. Protein bands can then be compared to the
ladder bands and estimate the protein’s molecular weight. The electrophoresis
apparatus was filled with 1X running buffer pH 8.3 (25 mM Tris, 190 mM glycine,
0.1% SDS, dH20). Electrophoresis proceeds at a constant 100 V up to a 300 mA
limit for 90-120 min until the bromophenol blue dye reaches the bottom of the

separation gel.
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Resolving gel
Stacking gel, pH 8.8
cathode
anode
(B)
, 7.0, | Mixture of
22 5 s« macro-
> < 5 | molecules
Electrophoresis
Direction — ‘,J > o
of electro- | >
phoresis i I
/w 'orous ge

Figure 32. SDS-PAGE gel held in the electrophoresis apparatus where the mixture of
macromolecules are separated based on their molecular weight by applying an electric
charge. From Biochemistry, Seventh Edition, 2012.7

The separated proteins on the SDS-PAGE gel were accessible to antibody detection
when they were transferred on a membrane made of Hybond P polyvinylidene
fluoride (PVDF) membrane (Thermo Fisher Scientific, U.S.A.) which was previously
methanol saturated and washed with dH20, into a Transblot apparatus (Biorad
U.S.A) that includes a transfer cassette assembly with a sandwich of filter paper
layers pre-soaked in 1X transfer buffer (25 mM Tris, 190 mM glycine, 20% methanol,
dH20, Figure 33). In the transferring method of electroblotting, electric current to pull
negatively charged proteins from the gel towards the positively charged anode, and
into the PVDF membrane. The proteins are transferred from the gel to the

membrane and maintaining their organization.

Air bubbles from the blot sandwich were removed and it was transferred at 90 V for
2 h, to a limit of 350 mA with an internal ice block and a magnetic stirrer placed
inside the tank to dissipate the heat. After the transfer, total protein staining
(Ponceau S, Sigma-Aldrich U.K.) allowed the total protein that have been
transferred to the membrane to be visualized. This allowed to check the uniformity
of protein transfer. Blocking of the membrane is a necessary step in order to prevent
the interactions between the membrane and the antibody used for the detection of

the target protein and prevent non-specific binding. The membrane is placed in a
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dilute solution of protein - 3-5% bovine serum albumin (BSA) or non-fat dry milk in
tris-buffered saline (TBS). The protein in the solution binds to the areas of the
membrane that are not occupied by the transferred proteins. After the blocking step,
the antibody will be able to bind only to the available binding site of the target protein
during the incubation step. The primary antibodies are generated when a host
species or immune cell culture is exposed to the protein of interest. The secondary
antibodies recognize and bind to the species specific portion of the primary antibody.
Therefore, an anti-mouse secondary antibody will bind mouse-sourced primary
antibody. The secondary antibody is commonly linked to biotin or horseradish
peroxidase (HRP). Horseradish peroxidase (HRP) is used to detect the target
protein by chemilluminescence. The chemilluminescence substrate is cleaved by
HRP leading to the production of luminescence (Figure 34). The production of
luminescence is proportional to the amount of HRP-conjugated secondary antibody.
Therefore, indirectly we can measure the presence of the protein of interest. The
luminescence is detected by CCD cameras which capture a digital image of the
Western blot.

Electrophoretic Transfer

Gel
\ Transfer membrane
__] Filter Paper
) Pads
/ ——— Support Grid

Gel/Membrane/Filter
Sandwich

" ——Buffer Tank

|| anode(+)

e (‘:)~E|ectrodes

Direction of

Transfer

Figure 33. The SDS-PAGE gel is transferred to a Hybond P membrane, which was
previously methanol saturated. A gel/membrane/ffilter sandwich is formed and placed
into the buffer tank for transfer at 90 V for 2 h. Adapted from Biochemistry, Seventh
Edition, 2012.7
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The antibodies used for immunostaining are listed in the Table 7. Before the
antibody incubation, the membrane were incubated in 5% bovine serum albumin
(BSA) (Sigma-Aldrich, U.K.) for 1 h to block non-specific binding sites at RT (room
temperature). The primary and secondary antibodies were prepared in 5%
BSA/TBS-Tween 20 (BSA/TBS (10X TBS pH 7.6, Tris 24.2 g, NACI 80 g) ,0.1%
(v/v) Tween 20). The primary antibody was diluted and incubated with the
membrane at 4 °C overnight on a shaker in the cold room. The primary antibodies
were prepared in a dilution of 1:1000 however, the dilutions for both the primary and
secondary antibody need to be determined for each antibody. The membrane was
washed with TBS-Tween 20 (TBS/0.1% (v/v) Tween 20, Sigma-Aldrich, U.K.) and
incubated with the secondary antibody (HRP-conjugated) for 2 h at RT. Then the
membrane was washed with TBS-Tween 20 (TBS/0.1% (v/v) Tween 20) and
incubated in enhanced chemiluminescence substrate (ECL, BioRad, U.S.A.) for 5
min at room temperature for the detection of horseradish peroxidase (HRP) activity
from antibodies in order to visualise antibody binding.

Detection in Western Blots

Detection signal
(colorimetric or chemiluminescent)

=

Enzyme-conjugated secondary antibody ~ ~_
N

Primary Antibody _/J] l
V/

/{? 3\\“ /Targel Protein

— Membrane containing transferred protein

Enzyme Substrate

Figure 34. Detection in Western blot analysis. The primary antibody binds to the target
protein and secondary antibody binds only to the primary antibody. The detection signal
can be either colorimetric or chemiluminescent after the use of an enzyme substrate.

Adapted from https://www.elabscience.com.

66



Chapter 2

Table 7. Primary and secondary antibody dilutions used in Western blotting
analysis
. Catalogue . o
Antibody Number Species Company Dilution
Anti-
phosphotyrosine ab10321 Mouse Abcam 1:1000
[PY20]
Anti-phospho-EGF #9935 Rabbit Cell signaling 1:1000
receptor (Tyr992)
Anti-phospho-EGF
receptor (Tyr1068) #2236 Mouse Cell signaling 1:1000
(1H12)
Anti-phospho-EGF Santa Cruz .
receptor (Tyrl173) Sc12351 Goat biotechnology 1:200
Anti-mouse A9917 Goat Sigma-Aldrich 1:4000
Anti-rabbit NA9340V Donkey GE 1:5000
Healthcare
Anti-goat S¢2020 Donkey Santa Cruz -\ 9.54q
biotechnology

2.7 Flow cytometry

Flow cell cytometry is a system that is used to sense individual cells in a solution as
they move in a focused liquid stream (Figure 35). While the cells flow within the
stream, a laser light source is used to scatter light in order to detect the forward and
side scattered light from all the cells. Fluorescence is also detected, measured and
converted into digitized data. When cells are processed through a flow cytometer,
sheath fluid is used to focus hydrodynamically the cells through a nozzle. The cells
are then focused to the center of the channel allowing them to pass the laser light
one at a time. The sheath fluid is important because it changes the fluid velocity
parabola giving rise to higher velocity at the center of the channel. The system
operates under laminar flow which prevents the fluid in the central stream to mix
with sheath fluid. The detection of the cells after being stained occurs due to the
presence of a detector in front of the light beam and measures the forward scatter
(FS) and several detectors to the side which are measuring the side scatter (SS).
The fluorescence emitted from cells after being stained with specific antibodies
conjugated with fluorophores, is detected and measured by the fluorescence

detector.

The BD Accuri C6 flow cytometer (BD Biosciences, U.S.A.) was used for multiple
experiments such as propidium iodide and study intracellular phosphorylation
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staining. This system is equipped with a blue and red laser, two light scatter
detectors and four fluorescence detectors with optical filters which are optimized
and specific for the detection of Fluorescein Isothiocyanate (FITC), Phycoerythrin
(PE), Peridinin-Chlorophyll-Protein PerCP and Allophycocyanin (APC). This system
does not require to adjust detector voltages.

Signal procassor

Fluoresconce
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| ba'e software

Side scatter
detactor
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Obstruction bar

Figure 35. There are 3 main components of a flow cytometer-the fluidics, optics and

electronics-that work together to provide a complete system of cell analysis. Adapted
from Invitrogen Thermo fisher.
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2.8 Gating strategy for cell membrane integrity and cell receptor analysis

The principle of gating has a major role in Flow Cytometry analysis. Gates were
placed around the population of HeLa S3 cells that are characterized by common
forward scatter, side scatter (Figure 36). For easier identification of the cells, 15 um
particles were run through the flow cytometer in order to be used for easier
identification of the HelLa S3 cells because they have similar size (mean @ =
14.8+1.3 uym). The cells size were found to be on the 10° side scatter and between
10%and 107 forward scatter. Investigating the cell membrane integrity was critical in
order to confirm that the cells are intact after processing them through the
microfluidic device at high velocity. For this purpose, cells were collected after being
transported in the microfluidic device. The cells collected from the microfluidic
device were stained with propidium iodide and analyzed by flow cytometry. FL3

channel was used to collect/detect the fluorescence of propidium iodide staining of

the cells.
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Figure 36. Light scatter plot of HeLa S3 cells (SSC-H/FSC-H). A gate was set to show
only the cells (P1). The cells were incubated with propidium iodide (PI). FL3-H channel
was used to observe the propidium iodide staining and distinguish alive from dead cells
(M2).

69



Chapter 2

2.9 Cell viability assay - Propidium lodide (PI)

Propidium lodide is often used to detect dead cells (Figure 37). Propidium lodide
(PI) is an intercalating molecule that normally cannot cross the cell membrane.
However, the Pl can penetrate the damaged cell membrane and binds to double
stranded DNA between base pairs. Pl is excited at 488 nm and emits at 617 nm. By
using dye exclusion, cells can be distinguished between alive (Pl-negative) and

dead cells (Pl-positive).

Dead Cell Live Cell

Propidium
lodide

Figure 37. Propidium lodide (PI) is used to distinguish the dead cells from live cells.

Adapted from rndsystems™.

2.10 Cell stimulation, intracellular staining and Flow cytometry

HelLa S3 cells were starved in serum-free medium (DMEM) for 24 h. The cells were
collected and counted the next day. Trypan Blue (Sigma-Aldrich, U.K.) was used to
quantify the percentage (%) of live-dead cells. 1x10° cells mL* were processed
through the microfluidic device where they became stimulated by EGF (100 ng/mL)
for a defined time based on the length of the incubation channel and subsequently
guenched by 4% paraformaldehyde (PFA). In order to keep the temperature
constant at 37 °C, a thermal stage, thermal gel packs and pre-warmed buffers were
used. Cells were collected from the cell outlet of the PDMS device after being
stimulated with 100 ng/mL (final concentration) of epidermal growth factor (EGF)
that caused phosphorylation of the tyrosine residues of the EGF receptor (Figure 38

A). The cells
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were fixed using 4% Paraformaldehyde (PFA) to preserve the reaction
intermediates (Figure 38 B). A 1x cocktail of protease and phosphatase inhibitors
(Halt™ Protease and Phosphatase Inhibitors 100x, Thermo Fisher Scientific,
U.S.A.)) was used to prevent protein degradation and dephosphorylation by
proteases and phosphatases. The cells were centrifuged at 400xg for 10 min. The
supernatant was aspirated and the cell pellet was resuspended in 3 mL of 1X
PBS/1%BSA and then centrifuged at 400xg for 10 min. The supernatant was
aspirated and the cell membrane was permeabilized using 0.2% Tween 20/PBS 1X
for 15 min (Figure 39). The cell pellet obtained by centrifugation and the supernatant
was aspirated. The cells were incubated for 1 hr with human-EGF Receptor pY1173
antibody (Miltenyi Biotec) which is conjugated with phycoerythrin (PE), human-EGF
Receptor pY1068 antibody (Miltenyi Biotec) conjugated with allophycocyanin (APC)
and Anti-EGFR antibody conjugated with Fluorescein isothiocyanate (FITC) in the
dark at room temperature ~21 °C (Table 8). The protocol was adapted from a
published article by Krutzik and Nolan in 2003 where they performed intracellular
phospho-protein staining techniques for Flow cytometry.®> The Flow cytometry
analysis was performed using BD Accuri C6 (BD Biosciences, Franklin Lakes, New
Jersey, United States). The cell flows within the flow cytometer and a laser beam
and detectors measure the light scattering and fluorescent emission. In addition,
flow cytometry gives the ability to the user to select the number of events needed (1
event = 1 cell) and it removes the outliers automatically. The experiments in Chapter
4.4 (experiment 1 - 25, 50, 100 ms and experiment 2 — 25, 50, 75, 100, 250, 500,
750 ms) were performed only once (n = 1) except for the three time points 25, 50
and 100 ms (n = 2). For each time point, we captured 500 events (a large sample
size to lower the margin of error and provide more data to work with) which were
recorded by the Flow cytometer. The median fluorescence intensity (M.F.l.) value

of each event was plotted and further statistical analysis was performed.
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Figure 38. Protein kinase and phosphatase have an impact on the phosphorylation and
dephosphorylation of proteins (A), Chemical reactions through which paraformaldehyde
(PFA) crosslinks proteins (B). Adapted from Secko, 2003.%°
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Figure 39. Binding of stimulus A (EGF) to the binding domain of the receptor induced
phosphorylation (1), Cells were fixed, permeabilized and stained with phospho-specific
primary antibodies (B). Flow cytometry was used to analyse the cells and find the levels
of phosphorylation compared to the untreated cells (C). Adapted from Krutzik et al.,
2004.%
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Table 8. Antibody dilutions used for flow cytometry.

Antibody Catalogue number Company Dilution | Conjugation

Anti-phospho-Tyrl1173- 110 Miltenyi _

EGER 130-110-541 Biotec 1:50 PE
Anti-phospho-Tyr1068- 110, Miltenyi ,

EGER 130-110-042 Biotec 5:50 APC

Anti-EGFR 10001-MMO8-F _Sino 1:50 FITC

Biological
Anti-HER2 130-106-696 Miltenyi 1:50 APC
Biotec

2.11 Statistical analysis

The median fluorescence intensity (M.F.l.) values of 500 events collected with Flow
cytometry for each time point (Chapter 4.4 experiment 1 & 2) were added in
GraphPad Prism version 8.0.2. We tested the normality of the data using two
different methods. QQ plots and D’ Agostino-Pearson normality test were used to
determine whether the data obtained with the flow cytometer in experiment 1 (25,
50, 100 ms) and experiment 2 (25, 50, 75, 100, 250, 500, 750 ms) are normally
distributed (Gaussian distribution). QQ plot is a probability plot that compares two
probability distributions by plotting their quantiles against each other. Prism plots the
actual Y values on the horizontal axis, and the predicted Y values (assuming
sampling from a Gaussian distribution) on the Y axis. If the data were sampled from
a Gaussian distribution, you expect the points to follow a straight line that matches
the line of identity. The points in the QQ plot will approximately lie on the line y = x.
It was found that the data did not follow a straight line. D’ Agostino-Pearson
normality test was also used. In this test, Prism uses the traditional 0.05 cut-off to
answer the question whether the data passed the normality test. If p =2 0.05, the data
are normally distributed and if p < 0.05, the data are not normally distributed. Both
normality tests showed that the data are not normally distributed. Therefore, we
used One-Way ANOVA non-parametric test for the analysis of our data, Kruskal-
Wallis followed by Dunn’s post hoc. p-values = 0.05 were considered statistically
significant. The Kruskal-Wallis test is a nonparametric test that compares three or
more unmatched groups. Dunn's multiple comparisons test compares the difference
in the sum of ranks between two columns with the expected average difference

(based on the number of groups and their sizes).
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3. Results — Chip optimization and evaluation

3.1 Microfluidic circuit development and characterisation

According to the inertial focusing principles, inertial focusing occurs when inertial lift
forces act on the particle within a microchannel that is no more than 7-fold wider
than the cell diameter (HeLa S3 have a diameter g cell of 14.8+1.3 um) or a/w = 0.2
(a: particle diameter, w: channel width) in order to achieve precise focusing of
particles to two equilibrium positions in a rectangular channel (h>w). A volumetric
flow ratio of 2:1 produced two ligand stream widths (82% total) and a cell stream
(18%), respectively as a consequence of the velocity parabola with higher velocity
streams in the channel centre (Figure 40). This means the narrow central stream
had an equal volumetric flow rate to each flanking stream.

Channel wall

Cell stream Ligand stream

\ — s
s

18%

41%

Ligand stream

Figure 40. HeLa S3 cells were transported from the cell stream into the ligand streams
due to wall and shear lift forces within the h>w microchannel (width: 50 um and height: 85
pum version 1.0) and directed cells to equilibrium positions with a volumetric distribution
ratio of 2:1 in a microfluidic device version 1.0. (Number of repeats = 3).

3.2 Determination of the optimal dimensions for the inertial focusing
element

A series of experiments were performed to determine the optimal length of the
inertial microfluidic channel and velocity required in order for the cells to become

inertially focused, submerged onto the ligand streams and stimulated. For this
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purpose, 15 um red fluorescent, polystyrene particles were used as models of HelLa

S3 cells due to their size and density (p = 1.05 g/cm?3) similarities (Figure 41).

100

80+ _
15 um particles

60+
40-
Hela S3

Percentage (%)

5 10 15 20 25
Diameter (um)

Figure 41. 15 um-diameter polystyrene particles and HeLa S3 size distribution (mean @
= 14.8+1.3 um, number of cells = 100).

These experiments were performed in the microfluidic circuit version 1.0 (See
Chapter 2.2, Table 2) and were characterized by an inertial microfluidic channel that
varied in length (1-8 mm) and with channel dimensions of 50 um width and 85 um
height. A volumetric flow ratio of 2:1 (‘Ligand’: ‘Cells’), 2.5x10° particles mL* and a
Usow = 1.58 m/s (Gnow Within the inertial focusing channel) were used to investigate
the focusing of the 15 um polystyrene particles and cells (Figure 42 & 44). The high-
speed camera was used to image particle positions. The relative centroid position
of the particles within the channel was found using the equations described in Figure
31 in Chapter 2 and ImageJ. It was observed that the particles in a 6 mm focusing
length channel were efficiently focused (>95%) and fully displaced from the central
stream onto the ‘ligand’ streams (Figure 42). The maximum switch time for the
particles with a transport velocity (G=1.6 m/s) was 3.75 ms. The -2 mm and 0 mm
length described the particle positions as they entered the microfluidic circuit. The
particles were laterally hydrodynamically focused by the ligand sheath flow.
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Figure 42. Centroid position of 15 pum polystyrene particles (Count= 100 particles for each device) in microfluidic devices version 1.0 (A: aspect
ratio=1.7, width: 50 pm and height: 85 um) with inertial focusing channel of different lengths (1-8 mm, area highlighted in red on the microfluidic
outline). The shortest and most effective focusing length resulting to the lowest switch time for 15 pm particles is the device with a 6 mm

focusing length. (Number of repeats = 1).
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In addition, different range of velocities were used to identify the lowest and highest

velocity able for rapid focusing of particles to two equilibrium positions in a 6 mm
focusing length microfluidic circuit (see Chapter 2.2, Table 2). A statistically rich
(N=1,000-10,000) particle position analysis to assess the effect of length and
velocity on inertial focusing was obtained using 15 um fluorescent particles (0.5x10°
particles mL) and a fluorescence microscope (20X objective, Figure 43). ImageJ
was used for data analysis. It was found that a velocity range between 0.75 m/s and
1.0 m/s could be used to achieve focusing of particles to two equilibrium positions
with zswitch = 8 ms and zwitch = 6 MS, respectively (Figure 43). The precise focusing
of particles within the microfluidic channel required channel dimensions <5-7 particle
diameter or a/w 20.2.° The particle/cell relative scale to the width was 0.33 (15/50).
However, the use of a velocity (1.50 m/s) led to the translation from two to four
equilibrium positions (Figure 43). At higher velocities (2.0 m/s and 2.5 m/s), the
number of particles in the central stream (‘cell stream’) was higher compared to the
ligand streams’. This was an indication that the particles were focused into four
equilibrium positions at higher velocities and this was predicted by the higher
particle’s Reynolds number (Rp>5).° These experiments allowed to identify the
length of the inertial focusing channel and the velocity required for the efficient
establishment of the particles to two equilibrium positions. However, it was

necessary to achieve shorter switch times and higher velocities.

aC=

0.75m/s Rp 2.68 1.0 m/s Rp 3.57

e —l
50 uym
A . O

1.5m/s Rp5.36 2.0m/s Rp 7.15 2.5m/s Rp 8.93
Figure 43. Images of fluorescent polystyrene particles (15 um, exposure: 2000 us and

Version 1.0

concentration: 0.25x10°) within a 6 mm length inertial microfluidic channel with A (aspect
ratio=1.7, width: 50 um and height: 85 um, version 1.0) transported using different velocity

conditions. (Number of repeats = 3).
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Figure 44. Centroid position of HeLa S3 cells (Count = 100 cells per device) in microfluidic

devices (A: aspect ratio=1.7, width: 50 um and height: 85 um, version 1.0) with inertial

focusing channel of different lengths (1-8 mm). The shortest and most effective focusing

length resulting to the lowest switch time for HeLa S3 cells is the device with a 6 mm

focusing length. (Number of repeats = 1).
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3.3 Investigating the effect of channel miniaturisation

It was important to optimize the microfluidic device and improve the switch time by
increasing the velocity of the particles and on the same time minimize the
development of the 4 equilibrium positions. Thus, an alternative miniaturised device
was tested to investigate the effect of confinement by increasing the a/w ratio. The
new device (version 1.5, see Chapter 2.2, Table 3) had a 4 mm focusing length
channel and smaller dimensions (width= 25 um and height= 50 um) compared to
the microfluidic device version 1.0. A 2:1 volumetric flow ratio with 15 um fluorescent
particle concentrations (0.5x10° particles mL?) and a range of velocities was used
(Figure 45).

—'lﬂlh—o Version 1.5

0.1m/s Rp0.68 0.5m/s Rp3.38

Figure 45. Fluorescent polystyrene particles (15 um) were transported into a 4 mm
inertial microfluidic channel with the following dimensions (A: aspect ratio=2, width: 25
pum and height: 50 pum, version 1.5). Each velocity and the particles Reynolds number
can be found above each image. (Number of repeats = 3).
According to the general background, the particle Reynolds number should be = 1
and no more than 5-7 in order to achieve focusing to two equilibrium positions.®
However, the data collected showed that the particles Reynolds number greatly
exceeded (Rp>45) the range required for focusing of particles to two equilibrium
positions. This observation was important because we were able to transport
particles using faster velocities (e.g. 2.67 m/s or 6.8 m/s, Figure 45) thus, the switch
time was much shorter (~1.5 ms and ~0.6 ms, respectively) compared to the
previous experiment with the microfluidic device version 1.0 (1 m/s = switch time of

6 ms, Figure 42) where the device was operating in Rp=2.68-8.93. Focusing to two
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equilibrium positions was related to the particle Reynolds number but not restricted

to the 1-5 range. Possible factors were the particle-channel width ratio and possibly
the w/h aspect ratio (here 2.0 compared to 1.7 previously). The effect of the w/h
aspect ratio was evaluated by using devices (e.g. 50/25 = 2 or 65/30 = 2.16) that
exceeded the w/h aspect ratio values of the devices (version 1.0) that had been
used. One more factor was the cell size. The larger the cells, the bigger the shear
force on them as a consequence of the bigger difference at wall and at channel
centre velocities. Evaluating the data, it was found that the miniaturization of the
channels allowed shorter switch times of cells due to the higher velocities used and

prevented the establishment of four equilibrium positions.

3.4 A new microfluidic circuit to improve focusing and obtain shorter
switch times

Based on the collected data, new microfluidic devices (version 2.0) were designed
in order to develop an optimal ultra-fast microfluidic device with high cell-processing
throughput and even shorter switch times. Each microfluidic device was designed
and characterized separately in order to find the optimal conditions for high
efficiency of cell focusing. The focusing channel dimensions were 30 pm width and
65 um height (Figure 46). The dimensions of the focusing channel were decreased
compared to the previous microfluidic circuit version 1.0 (50 um wide and 85 pum
high) and they were designed based on the observations on the microfluidic device
version 1.5 (width: 25 um and height: 50 um, Chapter 3.3, Figure 45) where 15 um
polystyrene particles were focused to two equilibrium positions over 4 mm in a
shorter switch time period (~ 0.6 ms) with higher mean flow velocities (< 6.8 m/s).
The new designs were used to identify the shortest length possible for focusing of
particles (2.5x10° mL1) to two equilibrium positions in a focusing channel and to
develop an optimal circuit. The RV1, RV2 and RV3 devices (Chapter 2.2, table 4)

were used for the design of the optimal resistors in Version 2.0.

Version 2.0

Figure 46. Microfluidic inertial focusing device (width: 30 um, height: 65 pm, version 2.0)
with various inertial focusing channel lengths in order to identify the shortest length

possible for efficient focusing of particles to two equilibrium positions.
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The particles were focused to two equilibrium positions when processed with either

a mean flow velocity of 2.5 m/s, 3.4 m/s or 4.3 m/s in a 5 mm inertial focusing length
channel (Figure 47). These velocities and the length of the focusing channel allowed
switch times of 2 ms, 1.5 ms and 1.2 ms, respectively. The particle Reynolds number
for each velocity was found to be >13. According to the general rules of inertial
focusing if the particle Reynolds number is above 5, the particles were focused onto
4 equilibrium positions within the microfluidic channel.® However, this was not
occurring. Instead, the particles were focused to two equilibrium positions in a high
velocity regime. One possible explanation was that the particles pathway to reach
the 4 equilibrium positions became restricted due to the confinement and
miniaturization of the microfluidic channel. Hence, the particles were not able to
reach the 4 equilibrium positions and they remained to 2 equilibrium positions. In
addition, the aspect ratio of the channel (w/h) was 2.16 and was higher compared
to the literature (w/h=2) and the aspect ratio of the channel from the microfluidic
circuit version 1.0 (w/h=1.7). This was an indication that the focusing of particles
was highly sensitive to the aspect ratio. The higher aspect ratio helped because at
high velocities the PDMS started to deform, this was difficult to observe but it
changed the shape of the channel towards a rounded rectangle, favouring the
emergence of the 3 and 4™ equilibrium positions. Particles were also processed
with a mean velocity of 4 m/s in a 3 mm focusing length device and they were
focused to two lateral equilibrium positions.

Version 2.0

lSpmr

2.5m/s Rp=13.7 ] 3.4 m/s Rp=18.6 4.3 m/s Rp=23.7  m—m

Figure 47. The fluorescent particles (15 um) were inertially focused to two equilibrium
position in a 5 mm length channel (version 2.0) flown with three different velocities. The
Rp (particle Reynolds number) was found to be significantly higher compared to the

generalised rules of inertial focusing. (Number of repeats = 3).
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The findings obtained using fluorescent particles on the microfluidic circuit version

2.0 were promising, the same experimental methodology was used on HeLa S3
cells in order to examine their focusing efficiency using a mean flow velocity of 4
m/s through three identical microfluidic devices (version 2.0, width: 30 pm and
height: 65 um) that only differ by the length of the inertial focusing channel (1 mm,
2 mm and 3mm, Figure 48). It was found that the shortest length required to focus
cells to two equilibrium positions was a channel of 2 mm length with switch times of
approximately 500 us. The samples from each outlet (flanks and central) were
collected and processed through a flow cytometer in order to find the percentage of
cells focussed to the flanking or central outlets. It was found that the focusing
efficiency was extremely high (>86%) even in the shortest focusing channel element
(1 mm, Figure 48). It was found that the inertial focusing channel with the following
dimensions: 30 um width, 65 pm height and a length of 2 mm allowed high efficiency
of focusing to the flanks (high efficiency of focusing to the flanks - higher number

of cells submerged into the ligand) and short switch times (500 ps).

Version 2.0
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Figure 48. HelLa S3 cells were focused into two equilibrium positions when transported
with a mean velocity of 4 m/s. The three different devices (version 2.0) that varied only by
the length of their focusing channel (1 mm, 2 mm and 3 mm, respectively) are characterized
by high efficiency of focusing (1 mm: Mean focusing efficiency = 86.67% (+SD), 2 mm:
Mean focusing efficiency = 95.00% (+SD), 3 mm: Mean focusing efficiency = 96.33%
(+SD),n=3, cell counts= 10000 cells)). The shortest length required for highly efficient
focusing was 2 mm. The particle Reynolds number was 21.9. More than the value of the
particle Reynolds number anticipated by general design rules (Di Carlo, 2009). (Number of
repeats = 3).
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In addition, another important feature examined in the inertial microfluidic element

(30 um width, 65 pum height and a length of 2 mm) was the effect of transport cell
velocity on the efficiency of focusing and be able to achieve longer incubation times
(1000-2000 ms). Different velocities were used (0.5 m/s, 1 m/s and 2 m/s) on the
cells and was found that the minimum mean velocity required to establish the cells
to two equilibrium positions on a 2 mm length channel was 1 m/s (Figure 49). Slower
transport velocities enabled the use of shorter incubation channels with operation at

reduced pressures.

Version 2.0
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Figure 49. The slowest velocity required for focusing of HeLa S3 cells in a 2 mm length
channel device (version 2.0) to two equilibrium positions is 1 m/s. A slower velocity (0.5
m/s) and subsequently the forces within the channel were not efficient enough to establish
them to focusing positions. Hence, a high number of cells were not focused and were
discarded out of the device. The total cell number processed through the device was
~10,000 cells. The mean number of cells (%) efficiently focused to the flanks operating with
1, 2, 3, 4 m/s was >85% (+SD). (Number of repeats = 3).
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3.5 Cell viability is not affected by inertial microfluidic transport

The high speed processing of cells within the microfluidic devices raised the
question of the cell viability. It was important to know if the cell membrane integrity
of the cells was intact. Therefore, HeLa S3 cells were processed through a
microfluidic device (Version 1.5, width: 25 um, height: 50 ym and a focusing channel
of 4 mm length). The cells were processed at different velocities and were collected
and a cell viability assay was performed using propidium iodide (1 pg/mL) staining.
Propidium iodide is impermeable to intact plasma membrane but intercalates with
DNA or RNA upon membrane damage and emits a red fluorescent signal. Flow
cytometry was used to provide a rapid method to quantify the dead cells from the
viable cells. The data obtained during this experiment (Figure 50) revealed that the
cells could be processed within the microfluidic device with velocities of 6.8 m/s
without being damaged. This validated that high velocities can be used to achieve
millisecond cell processing without effecting the integrity of the cell membrane and

the capacity for authentic EGFR signal transduction.
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Figure 50. Propidium iodide (PI) staining was performed to assess the viability of HeLa S3
cells in a tube and HelLa S3 cells after being processed with various high velocities within
an inertial microfluidic device version 1.5. It was found that the viability of cells was as high
(>85% +SD) as the cells in the control sample. Cell count on the Flow Cytometer = 3000

cells. (Number of repeats = 3)
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The velocity parabola is known to be 1.5-fold mean velocity at the mid-height/centre

and zero at the no-slip boundary. This produces a huge CV (~40-60%). Therefore,
the velocity of the transported cells is not uniform and leading to a huge CV. The
incubation time of cells is an important factor in the study of receptor activation
dynamics. It was important to achieve similar incubation times for cell EGFR with
the EGF ligand in order to achieve uniform millisecond cell incubations, reduced
background noise and errors in the data. For assessing the incubation channel and
its efficiency to cause uniform cell incubation times, rapid incubation experiments
were performed. The first experiment was performed using fluorescent polystyrene
particles (2.5 x 10° mL™) in order to examine if they were focused into a common
position within the incubation channel (Dean flow element microfluidic circuit,
Chapter 2.2, Table 5) while they were transported with a mean flow velocity, Gflow
of 0.34 m/s to understand the effect of channel aspect ratio of focusing and particle
transport velocity. The velocity was slow as a consequence of losing volume at the
first resistor and because of the channel width (sub-1.0 aspect ratio). A fluorescence
microscope (Olympus Lifescience IX70 fluorescence microscope) and a high
exposure time (>1000 ms) were used to record the trajectories of the particles
(Figure 51). It was observed that the particles attain two equilibrium positions
(resulting from upstream inertial focusing) before they entered the first curvature of
the incubation channel. When the particles exited the curvature, they were focused
to a common position in the incubation channel (1:3 aspect ratio) with a mean flow
velocity of 340 mm/s. This was also observed by Ramachandraiah and colleagues
in 2014.8° In addition, it was found that the particles remained in a common position
at the end of the incubation channel (Figure 52). The common position of the
particles was an indication of possible uniform velocity and subsequently, uniform
incubation time. The collected data allowed a better understanding of the
importance of channel ratio and curvature to attain uniform velocity and uniform

incubation times.
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Dean flow element

-~

Figure 51. The particles entered the curvature at two equilibrium positions in a Dean
flow element device (chapter 2.2, table 5). They were established to a common
equilibrium position nearly instantaneous when they left the channel curvature. The
channel width was 250 um (1:3 aspect ratio) and the radius of the curvature was 250

pm. (Number of repeats = 3).

Further validation of the uniform incubation times and the important role of the
curvatures was also revealed (Figure 52). The quantified particle velocity showed
that the velocity of particles was <5 times less compared to the initial Gflow as a
consequence of widening the channel to 250 um (Figure 52). In addition, it was clear
that the particles in a mean flow velocity of 340 mm/s within the incubation channel
(high velocity) were localised to a common position compared to the particles
transported with a medium (34 mm/s) or slow velocity (2.6 mm/s), respectively.
Transport at the same velocity (340 mm/s) was an indication that the particles were
focused to the same vertical position, therefore resulting in a uniform incubation
time. Furthermore, the curves were a component of the incubation channel that had
a major impact on the focusing of particles to a common position due to the influence
of the Dean forces subsequently leading to focusing of particles to a common lateral
position exiting the curvatures. Confirmation of this assumption was done by
validating the collected data using mTrackd. It was found that the particles
transported with a velocity of 340 mm/s were vertically focused at the channel lateral
midline and they had uniform velocities (CV = 1.2%). On the other hand, the
unfocused particles in slower velocities varied significantly (CV = 8.5% and CV =
37.2%, respectively). These measurements were documented in Figure 52.
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Figure 52. The fluorescent particles with a sr0w 0f 340 mm/s remained in a common position at the end of the incubation channel. This indicated
a possible uniform velocity and a uniform incubation time. If the particles are transported with a slower mean flow velocity (e.g. 34 mm/s)
upstream inertial focusing is possible, as Dean-coupled inertial focusing is absent. At still lower velocities (2.6 mm/s) they were found in
random positions. Therefore, there was no uniform velocity and uniform incubation time. Low velocity transport produced random positions
with highly varied velocity distributions (CV= 37.2%), whereas high velocity transport focused the particles to provide uniform velocities (CV=

1.2%) and therefore, uniform incubation times. (Number of repeats = 3).
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3.7 The aspect ratio of the incubation channel influences incubation
time control

The incubation of cells within the incubation channel is one of the most important
factors for time control. Dean flow can be effectively used to control the incubation
times. However, Dean flow can be influenced by several factors such as the aspect
ratio of the incubation channel (Figure 53) or the velocity influences Dean-coupled
inertial focusing to attain uniform incubation times.8! Particles and HelLa S3 cells
were processed with the same velocity in devices that had different aspect ratio
incubation channels (Figure 54 & 55). It was found that particles within the
incubation channels with an aspect ratio of 1:1 (w=60 pm), 1:2 (w=120 ym), and 1:3
(w=180 um) were aligned to a common position. In addition, the cells were
characterized by a low velocity coefficient of variation (3.3%, 0.7% and 1.3%,
respectively, Figure 54 & 55) suitable for reproducible incubation times. In addition,
the channel with 1:4 aspect ratio had the highest velocity CV (5%) compared to all
the other channels. This is indicating that the channel should not have an aspect
ratio of 1:4 because lower CV’s can be achieved with the other aspect ratio

channels.

AR ] o Aspect ratio Channel dimensions

O f j_° 1:1 width: 60 um height: 65 pm
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O J—O 1:3 width: 180 pm height: 65 pm
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o I'l ]j—O 1:4 width: 240 um height: 65 pm
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Figure 53. Incubation channel elements used to identify the optimal channel dimensions

and aspect ratios to achieve reproducible incubation time control.
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Figure 54. 15 um fluorescent particles were aligned to a common position when they were
transported within an incubation channel of the following aspect ratios: 1.0, 0.5 and 0.33.
This indicated common velocity hence, common incubation time. Incubation channels with
an aspect ratio of 0.25 and 0.2 were focused to two, mirrored positions. An aspect ratio of

0.2 provided reproducible, low velocity incubations. (Number of repeats = 3).

Table 9. Coefficient variation (C.V.) of velocity and the mean velocity (m/s) of
particles in incubation channels with different aspect ratio (A)
Flow rate Mean patrticle
A Mean flow velocity (m/s) CV (%)
(uL/min) velocity (m/s)
231.5 1.0 1.0 1.47 3.3
231.5 0.50 0.50 0.76 0.7
231.5 0.33 0.33 0.45 1.3
231.5 0.25 0.25 0.3 5
231.5 0.20 0.20 0.24 3.7
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Figure 55. Low velocity transport and a channel (A= 0.25) produced random positions
with highly varied velocity (CV= 5%), whereas high velocity and an aspect ratio channel
(A=0.5) focused the particles to provide uniform velocities (CV = 0.7%) and therefore
uniform incubation times. Dean forces act and affect particles to reach equilibrium
positions when they are transported within curved channel geometries. The magnitude
of these secondary flows due to two counter rotating vortices at the bottom and top
halves of the channel are velocity dependent. The position and velocity of 500 cells from

each aspect ratio device was found using mtrackJ. (Number of repeats = 1).
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3.8 Velocity and positional evolution before and after each curvature of
the incubation channel

The evolution of the velocity and position of cells before and after each curvature of
the incubation channels was further investigated in order to understand their
influence on the incubation control (Figure 56). In an incubation channel with an
aspect ratio (A) of 1, cells were getting focused after 2% rotations. The coefficient
variation (CV) of velocity was 3.7% and got gradually lower after few more rotations
and the CV dropped to 2.7% (end point, Figure 57). An incubation channel with an
aspect ratio of 0.5 allowed quicker alignment of cells to a single position. This was
translated into uniform velocity and therefore, uniform incubation time. The cells
required only a 1% rotation to achieve focusing to a single position with a coefficient
variation of velocity 1.2% (Figure 57). At the end point of the channel the CV
dropped to 0.9% (Figure 57). The cells in the incubation channel with an aspect ratio
of 0.33 required 1% rotations in order to achieve uniform velocity with a CV=2.7%
(Figure 58). The CV looked relatively steady (<3%) before and after the following
channel curvatures. At the end point, the CV dropped to 2.7% (Figure 58). Cells
transported in an incubation channel with an aspect ratio 0.25 had a CV= 3.8% after
1%, rotations (Figure 58). It is worth to mention that the coefficient variation of
velocity remained steady (~4%) before and after each curvature of the incubation
channel (Figure 58). In addition, cells transported in an incubation channel with an
aspect ratio 0.20 had a coefficient variation of velocity 3.6% after % rotations (Figure
59). When the cells reached the end point of the channel the coefficient variation of
velocity dropped only marginally to 3.0% (Figure 59). This experiment was vital
because it unravelled new information on the position and transport velocity of cells
before and after the influence of a series of curved architecture elements in the

microfluidic channels (Figure 60). This provided better understanding of this effect

and was used for better incubation control of cells within the microfluidic devices.
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Figure 56. Incubation channel element with each curvature fraction labelled on the
appropriate area.
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Start point Y 1% 2% 3% 4% End point
Velocity (mm/s): 577.7 13919 1319.9 1331.9 1351.6 1313.7 1361.3 1347.2 1576.9 1467.9 2177.2
CV (%): 2.9 11.3 107 103 6.0 3.7 3.4 2.6 2.9 2.7 2.7

Aspect Ratio (A): 0.5

Velocity (mm/s): 747.4 726.2 699.4 704.8 657.1 765.7 643.4 7613 652.7 733.7 637.4

CV (%): 5.5 3.9 24 09 1.2 0.8 1.3 09 0.9 0.7 0.9

Figure 57. Positional and mean velocity evolution of cells before and after each curvature of the incubation channel. The
incubation channels with an aspect ratio 1.0 and 0.5 improved cell transport to a single position. This was translated onto uniform

velocity (low coefficient variation of velocity, 2.7% and 0.9%, respectively) and uniform incubation time (Cell number = 100 per
video, Number of repeats =1).
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Velocity (mm/s): 484.8 4756 490.5 375.6 4823 491.0 469.5 4327 341.4 4728 459.6 457.1
CV (%): 7.8 3.5 3.8 3.4 2.7 3.5 3.0 2.8 2.9 2.9 2.8 2.7
q""" Start point 1% 2% 2% 3% 3% 4% 4% End point
Aspect Ratio (A): 0.25 . . . .
Velocity (mm/s): 3382  329.9 297.0 322.9 3051 3248 322.2 3290 3234 3289 3149 3325
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Figure 58. Cell position, mean cell velocity and coefficient variation (CV) before and after each curvature of the incubation channel. The

incubation channels with an aspect ratio 0.33 and 0.25 had a coefficient variation of velocity 2.7% and 4.1%, respectively at the end point of
the channel (Cell number = 100 per video, Number of repeats =1).
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Figure 59. Cell position, mean cell velocity and coefficient variation (CV) before and after each curvature of the incubation channel. The

incubation channel with an aspect ratio 0.2 had a coefficient variation of velocity 3.0 % at the end point of the channel (Cell number = 100 per

video, Number of repeats =1).
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Figure 60. Plots show the coefficient variation of velocity in the areas before and after

each curve (curve fractions) of the incubation channels that differ in aspect ratio.
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The use of this effect allowed uniform incubation time control due to the uniform

velocity of the cells. In the laminar flow regime characterized by high Reynolds
number (Re) the inertial focusing rises because of a shear-gradient lift force due to
the parabolic velocity profile combined with the wall-effect lift force that leads to
focusing of particles to equilibrium positions (Figure 61 1).

The lift forces (FL) are affected by the channel geometry and their effectiveness of

transporting the particles is influenced by the fluid flow rate and the particle size.

The Dean secondary flow becomes stronger when the aspect ratio of the
microfluidic channel becomes smaller. Dean flow gives rise to a drag force (Fp) on
the particles. If the drag force is weaker compared to the lift forces, it will not affect
the particle motion, however if the drag force is stronger than the lift forces it will
cause particles to get trapped into the Dean vortices and they will rotate constantly
(Figure 61 11).82

It should be mentioned that the Dean flow after the curvatures becomes minimal
and allows the lift forces to rise. These forces stop the continuous patrticle circulation
(Figure 61 1ll) and it confines them in one single position in the channel (Figure 61
IV). This phenomenon was used as an advantage to achieve incubation control on
the cells when they were focused to a single position in the incubation channel with

uniform velocities (CV<3.7%) and therefore, to achieve uniform incubation times.
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Figure 61. Evolution of the focusing positions of cells in a serpentine channel. The lift and shear-gradient forces due to the wall effect
and the parabolic velocity profile, respectively transport the cells to the equilibrium positions of the channel (I). In a curved channel the
drag force is stronger and transports the cells into Dean vortices where they rotate constantly (I). At the end of the curved channel the
Dean force becomes weaker compared to the inertial forces and the cells stop rotating in the Dean vortices (lll) and move onto one

single position in the channel (IV). Adapted from Paié et al., 2017.82
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3.9 Validating microfluidic resistors for removing non-focussed cells

As mentioned in Chapter 2.1.3, the design of the fluidic resistors was one of the
most important parts of the microfluidic circuit design. The fluidic resistors were
based on serial and parallel flow (Kirchhoff's law) principles (Figure 62). Three
different devices were designed based on different circuit interpretations in order to
identify the correct one for use to achieve equal volume distribution from each outlet
(Figure 62). The system was designed with 3 equal inputs enabling use of only a
single parallel syringe pump. To ensure upstream and downstream inertial focusing
for translation into ligand (EGF) and subsequently into quench buffer they had
optimal (i.e. the same) switch conditions. There were 3 outputs (2 waste — not
focussed cells — and one for double focussed cells, i.e. cells correctly switched into
the ligand stream, incubated and correctly switched into the quench buffer stream).
Data were reported as volumetric distributions normalised to unity. Perfect systems

delivered equal outputs.

™1 R2 = R7
Q doubles
D Ri 1o R, Rs Re O |4 Ro
R >- 5

|1 1
R, = /1 1 + R, + 2R + Rs + /1 1 + R,
( /Rz + /Ra) (/R7+ /Rs)

Figure 62. RV3 circuit resistor model provided near perfect flow bifurcation at the two
rings of the structures. The flow rate doubles (2Rs) by the addition of the quench buffer.
The parallel components (Kirchhoff) (R7+ Rs) of the second ring structure were summed

with the equal resistance cell outlet path (Re).
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The only difference between the three devices aside from the different aspect ratio

and length incubation channels was the length of the spiral in the 15toutlet. A quick
way to characterise the resistors was to flow water through the microfluidic circuit
and check the volumetric distribution from each outlet. It was found that there was
no equal volume distribution from the outlets of devices RV1 and RV2 (Figure 64).
Device RV3 provided near perfect flow bifurcation at the two ring structures (Figure
64). The accurate, RV3 resistor model was characterized by flow rate (and therefore
pressure) doubling by the addition of the quench buffer, as well as summing the
parallel (Kirchhoff) components of the second ring structure with the equal

resistance cell outlet path (see Chapter 2.1.3, Hydraulic resistance).

In addition, cells were transported within the device RV3, the samples from each
outlet were collected and then processed through a flow cytometer to find the
number of cells from each outlet. It was found that 2,388 cells (13%) were removed
from the 15t outlet and 2,556 cells (14%) out of the 2" outlet. The number of cells
collected from the cell collection outlet was 13,113 cells (73%). This is an indication
that 73% of the cells can be precisely stimulated and quenched within the

microfluidic circuit.

55t RECEt REGRY

RV1 Rv2 RV3

Figure 63. Outline of the microfluidic circuits (RV1, RV2, RV3) used for validating the

microfluidic resistors by measuring the volumetric distributions from each outlet.
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Figure 64. The relative volumetric distributions from the three outlets (n=3) of the three
different devices was examined by measuring their mass (triplicates + SEM) and it was
found that the optimal device (equal volume distribution from each outlet) was device V3
that was confirmed using a repeat experiment. (Number of repeats = 1 except RV3 device

which it was run twice).

Based on the relative volumetric distribution data from the three different designs
the RV3 resistor (Figure 64) was used in the design of the ‘time machine’ microfluidic
devices version 2.0 (25 - 2000 ms). The 25 ms microfluidic device was designed to
use an inertial focusing velocity of 4.0 m/s with a switch time of 0.5 ms.
Subsequently, the ring velocity was 0.5 m/s with a ring time of 12.56 ms. In addition,
the aspect ratio (A) of the incubation channel was 1.0 and therefore, the incubation
velocity was 1.47 m/s so the device was designed to have a length of 17.6 mm
(Table 10). The 50, 75 and 100 ms microfluidic devices were designed in order to
have the following characteristics: inertial focusing velocity of 4.0 m/s allowing a
switch time of 0.5 ms with a ring velocity of 0.5 m/s and ring time of 12.56 ms. In
addition, the incubation channel aspect ratio (A) was 0.5 with an incubation velocity
of 0.76 m/s. Based on these conditions the length of the devices (50, 75 and 100
ms) was 28.1, 47.1 and 66.1 mm, respectively (Table 10). The 250 ms microfluidic

device had an inertial focusing velocity of 4.0 m/s with a switch time of 0.5 ms. The
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ring velocity and the ring time was 0.5 m/s and 12.56 ms, respectively. The

incubation channel aspect ratio (A) was 0.2 with an incubation velocity of 0.24 m/s.
The device was designed to have a length of 56.9 mm (Table 10). For the 500 and
750 ms microfluidic devices had an inertial focusing velocity of 1.0 m/s with a switch
time of 2.0 ms. The ring velocity was 0.125 m/s with a ring time of 50.2 ms. The
incubation channel was designed to have an aspect ratio (A) of 0.2. The incubation
velocity was 0.078 m/s. Therefore, the devices (500 and 750 ms) had a length of
34.9 and 54.4 mm, respectively (Table 10). The 1000, 1500 and 2000 ms were
designed in order to use an inertial focusing velocity of 0.5 m/s with a switch time of
4.0 ms. The ring velocity was 0.0625 m/s with a ring time of 100.5 ms. The
incubation channel was designed with an aspect ratio (A) of 0.2 and an incubation
velocity of 0.039 m/s. Subsequently, the devices were designed with a length of
34.9, 54.4 and 73.9 mm (Table 10). These numbers are tabulated below in table 10:

Table 10. Information on the velocity, switch time, aspect ratio and length of each microfluidic

device. Longer cell incubation times require slower inertial focusing velocity.
Incubation | IF velocity | Switch Ring velocity | Ringtime | Incubation | Incubation Length
Time (ms) (m/s) time (ms) (m/s —A1) (ms) Channel A | velocity (m/s) (mm)
25 4.0 0.5 0.5 12.56 1 1.47 (1 %) 17.6
50 4.0 0.5 0.5 12.56 0.5 0.76 (1 %) 28.1
75 4.0 0.5 0.5 12.56 0.5 0.76 (1 %) 47.1
100 4.0 0.5 0.5 12.56 0.5 0.76 (1 %) 66.1
250 4.0 0.5 0.5 12.56 0.2 0.24 (2 %) 56.9
500 1.0 2.0 0.125 50.2 0.2 0.078 (2 %) 34.9
750 1.0 2.0 0.125 50.2 0.2 0.078 (2 %) 54.4
1000 0.5 4.0 0.0625 100.5 0.2 0.039 (2 %) 34.9
1500 0.5 4.0 0.0625 100.5 0.2 0.039 (2 %) 54.4
2000 0.5 4.0 0.0625 100.5 0.2 0.039 (2 %) 73.9
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The newly designed microfluidic devices were validated by measuring the relative

volumetric distribution from the three outlets (N=3) from three different devices of
the same time point (e.g. 25 ms microfluidic device). The collected data (Figure 65
& 66) showed that the relative volumetric distributions from the 25 ms devices (N=3)
were reproducible allowing incubation times (A time: 25 ms, B time: 29 ms, C time:
26 ms) (Figure 65). The incubation times obtained from the 50 ms device were the
following: 46 ms, 47 ms and 36 ms (Figure 65). The 75 ms device incubation devices
were: 68 ms, 73 ms and 76 ms (Figure 65). The 100 ms device allowed incubation
times of 84 ms, 88 ms and 64 ms (Figure 65). The 250 ms devices were slower by
71 ms, 85 ms and 87 ms with incubation times of 321 ms, 337 ms and 335 ms
(Figure 65). This device had a fundamental design error but it was used as the times
are reproducible (~330 ms). The 500 ms devices allowed incubation times of 443
ms, 394 ms and 485 ms, respectively (Figure 65). The 750 ms devices allowed
incubation times of 774 ms, 1347 ms and 650 ms (Figure 66). The incubation time
(1347 ms) exceeded a lot the expected incubation time (~750 ms). This was due to
contaminants (fibre and particulates) at the entrance of the channel that led to the
first waste outlet. The 1000 ms devices were precise as they provided incubation
times of ~1000 ms (1075 ms, 1068 ms and 1087 ms) (Figure 66). The 1500 ms and
2000 ms devices gave the following incubation times (1353 ms, 1426 ms, 1180 ms
and 1873 ms, 1657 ms, 1601 ms, respectively, Figure 66). Some of the devices
were not as precisely enough however, they were used for the experiments. The
analytical equations (Chapter 2.1.3, Equation 7 & 8) were only an approximation
therefore, it might be the source of the error observed. Generally, punch
misplacement and contaminants such as fibres, particulates affect the relative
volumetric distribution because they disrupt the resistors and the fluid flow. These
have an impact on incubation velocity and the incubation time (Table 11).
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Figure 65. Relative volumetric distribution of the 25-500 ms devices (N=3) from each outlet. In general, the devices were operating within the limits
(volumetric distribution) and the incubation times were reproducible. Some of the devices exceeded the expected times (incubation times were
either shorter or longer) either due to punch misplacement or contaminants fibres or particulates. The red lines were used to indicate threshold for
non-acceptable and green for +/-10% performance (i.e. very good).

104



Chapter 3

750 ms Data 1000 ms Data
1.4
1.2

-
L]

—
o
1

0.8
0.6
0.4
0.2

2
i
1

Volumetric Distribution
o
n

Volumetric Distribution
o o
O.! -]

I e

il
=3

1500 ms Data 2000 ms Data
1.4
1.2
1.0+ [
0.8
0.64
0.4+
0.24

Volumetric Distribution
Volumetric Distribution

0.0 T T

¥ o LY O L
N &,}?'6« PN
& & & & S
P @ O F &
EICEPN R
] [ 6\69 &é '
Y RIS
R ,,,Q“é\\‘? K @Q&\"Q & ,J@(o

N N

Outlet/Repeat Outlet/Repeat

Figure 66. Relative volumetric distribution of the 750- 2000 ms devices (N=3) from each
outlet. In general, the devices were operating within the limits (volumetric distribution) and
the incubation times were reproducible. Some of the devices exceeded the parameters
either due to punch misplacement or contaminants fibres or particulates. These devices
were designed for an inertial focusing velocity input of 1 m/s for the 750 ms and 0.5 m/s
for the 1000-2000 ms. The red lines were used to indicate threshold for non-acceptable

and green for +/-10% performance (i.e. very good).

105



Chapter 3

Table 11. Incubation times obtained from three different microfluidic devices of each
timepoint (25 ms-2000 ms). Red coloured text indicates the obtained incubation times
which are =20% the above or below the timepoint of the device.

Incubation Times (ms) Device A Device B Device C
25 25ms 29 ms 26 ms
50 46 ms 47 ms 36 ms
75 68 ms 73 ms 76 ms
100 84 ms 88 ms 66 ms
250 321 ms 337 ms 335 ms
500 443 ms 394 ms 485 ms
750 774 ms 1347 ms 650 ms
1000 1,075 ms 1,068 ms 1,087 ms
1500 1,353 ms 1,426 ms 1,180 ms
2000 1,873 ms 1,657 ms 1,601 ms
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3.10 Methanol based fixation causes air pocket formation and clogging
of the microfluidic device

After the development of the complete circuit it was important to examine the
behaviour of the cells, ligand and fixative in the microscale. Intracellular staining of
phosphorylated tyrosine residues on the epidermal growth factor receptors involves
cell membrane fixation to preserve the phosphorylation state of the proteins and
allows cell permeabilization. Therefore, the use of Perm Ill, a methanol-based
(methanol 83%) buffer was important. However, the use of pre-chilled methanol-
base fixative in the device was not ideal because the area where the fixative flows
led to clogging of the device. The most likely reason was the difference in
temperature between the fixative (-20 °C) and the cell buffer (room temperature)
which led to the formation of air bubble due to the exothermic reaction that occurred
and subsequently, the cells got trapped in the air pockets formed (Figure 67). The
sudden warming was faster at these scales and caused dissolution of air from the
methanol-based buffer. In addition, the clogging of the channel caused flow
redirection and a larger volume was removed from the 15t waste outlet and therefore,
higher number of cells. This was observed from the obtained volumetric distribution
data (Figure 68).

Flow for 5 minutes Flow for 5 minutes

Figure 67. An immediate rise of the temperature (exothermic reaction) due to the mixing
of a methanol-based fixative and cell buffer led to the formation of air pockets and clogging

of the microfluidic device.
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Figure 68. The volume from the waste outlets and the collection outlet was collected for 3

and 5 min. Stimulating cells and fixing them using the methanol based fixative for 3 min in
the microfluidic device worked fine. However, using the device for 5 min showed that a
higher volume was removed from the waste 1 compared to the other two outlets (waste 2
and cell collection.) (Number of repeats= 1).

The use of methanol (room temperature) decreased the air bubble accumulation but

the problem persisted after 20 min of continuous flow as the microfluidic device

clogged (Figure 69).

/ Cells + EGF

Fixative Fixative
— ]

Flow for >5 minutes Flow for >5 minutes Flow for >20 minutes
Figure 69. Room temperature methanol improved the device run time for >5 min however,

20 min of continuous flow caused clogging of the device. (Number of repeats = 1).

Therefore, it was decided to use 4% Paraformaldehyde (PFA) for on-chip cell
fixation. It was clearly shown that the cells were transported in the inertial focusing
and cell collection channels and the relative volumetric distribution from waste 1,

waste 2 and cell collection outlet between 5 min and 30 min of continuous flow
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showed that no significant changes occurred (Figure 70). Paraformaldehyde (4%)

can be used at room temperature for cell quenching without any complications.
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Figure 70. The use of room temperature paraformaldehyde (4%) allowed continuous flow
for 5 min without clogging of the channel. The microfluidic device was still operational even
with a 30 min continuous flow of cells. The relative volume from each outlet for the 5 min
and 30 min of continuous flow showed no significant changes. This is an indication that the
use of room temperature PFA (4%) did not clog the microfluidic device and it can be used

for cell quenching. (Number of repeats = 1).

The implementation of different microfluidic elements allowed the development of a
microfluidic device that can be used to achieve millisecond time points in order to
investigate EGFR phosphorylation dynamics. To the best of our knowledge, this is
the fastest single cell switching technology in existence and has great potential for
studying EGFR activation dynamics as well as a host of other rapid cell surface
processes. The next chapter (Chapter 4), includes a description of the challenges
that have been encountered during the biological part of the project and the

acquisition of the data.
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4. Results on phosphorylation studies

4.1 Validation of antibodies by Western blot analysis

After the design, development and optimization of the microfluidic device the next
step was to validate the specificity and sensitivity of the antibodies planned to be
used with flow cytometry to temporally resolve the sequence of the phosphorylation
events of the tyrosine residues found on the c-terminal tail of EGFR and also
quantify the phosphorylation level of Y1068 and Y1173 using different
concentrations of the ligand (EGF). Western blot analysis was chosen to be used
as an alternative method for semi-quantification. A pilot experiment was performed
following the Western blot methodology (Section 2.6). For this purpose, HeLa S3
cells were starved for 24 h in serum-free DMEM in order to synchronize them to the
G1 phase of the cell cycle (Section 2.10). The cells were stimulated using the
following EGF concentrations; 0 ng/mL, 1.5 ng/mL, 15 ng/mL and 150 ng/mL for 1
min and 2 min, respectively in order to quantify the level of phosphorylation of the
Y1068 and Y1173 tyrosine residues. In addition, cells stimulated with different
concentrations of EGF for 3 min were collected 45 min post-stimulation in order to
examine the dephosphorylation rate of EGFR as an indication of receptor
internalisation and recycling at this later time point. This experiment showed that
stimulation of cells with a concentration as low as 1.5 ng/mL for 1 min was sufficient
to cause phosphorylation of Y1068 and Y1173 (Figure 71A, 71B). The Western blot
images (Figure 71A, 71B) showed that the phosphorylated tyrosine residues Y1068
and Y1173 can be semi-quantitatively detected using the primary antibodies and the
overall Western blot protocol (Chapter 2.6). The PY20 antibody was used as a
control as it is able to detect the global phosphorylation levels of tyrosine residues
that occur in cells and allowing analysis of multiple downstream interaction partners
following EGF stimulation (Figure 71C). Evaluating the results, it was confirmed that
the antibodies were specific and sensitive and the different concentrations of the
ligand (EGF) used in the experiment allowed to identify the concentration of the
ligand needed to reach saturation levels of phosphorylation. These findings were of
a significant value, thus, they were used to optimize our methodologies and

accomplish the aims of the project.
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3) 15 ng/mL (1 min)
4) 150 ng/mL (1 min)

A" 5) 0ng/mL (2 min)
6) 1.5 ng/mL (2 min)
7) 15 ng/mL (2 min)
8) 150 ng/mL (2 min)
9) 0 ng/mL (3 min)
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Figure 71. Hela S3 cells were cultured in serum-free medium for 24 h and left untreated
(Controls-lanes 1, 5 and 9) and treated with 1.5 ng/mL (lanes 2, 6 and 10), 15 ng/mL (lanes 3,
7 and 11) and 150 ng/mL (lanes 4, 8 and 12) before Western blot analysis for the EGFR tyrosine
phosphorylation (A) pEGFR/pY1068, (B) pEGFR/pY1173) and (C) pY20 (total tyrosine
phosphorylation). (Number of repeats =1).
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The next experiment aimed to confirm if paraformaldehyde (PFA) fixed cells can be

used in Western blot analysis after being treated with 1X sample buffer. This was
essential because the cells collected from the microfluidic device need to be fixed
in order to be able to study the phosphorylation of EGFR in sub second timescales.
Therefore, HelLa S3 cells were cultured in DMEM (10% FBS, 1%
Penicillin/Streptomycin) and then in serum-free media for 24 h. Adherent cells were
stimulated with 100 ng/mL of EGF and collected using 1X sample buffer containing
1X protease and phosphatase inhibitors to prevent protein and phosphorylation
degradation. In addition, negative controls (without EGF treatment) were collected
for Western blot analysis. Western blot analysis of the collected samples clearly
showed that 100 ng/mL of EGF is more than enough to stimulate the cells for 1 min
and induce phosphorylation of the EGFR receptor (Y1173 and Y1068, Figure 72).
The use of PY20 antibody (recognizes phosphotyrosine and phospho-tyrosine
proteins) confirmed phosphorylation even after the PFA fixation (Figure 73). It
should be mentioned that PFA fixation prior to the treatment with the sample buffer
(1x) had better preservation of the phosphorylation states of tyrosine residues and

this was observed by the bands that appear above 250 kDa (Figure 73).

EGFR (pY1068) EGFR (pY1173)
PFA fixed cells PFA fixed cells
| |
-EGF +EGF -EGF +EGF '-EGF +EGF -EGF +EGF -EGF +EGF '-EGF +EGF
250 kDa «—
175kDa < = — 3 - o e
150 kDa <+—
* |~ |
— — — e ——— —

Figure 72. HelLa S3 cells were cultured in serum-free medium for 24 h and left untreated
(-EGF) and with epidermal growth factor (+EGF). The treatment with 100 ng/mL of EGF for
1 min induced phosphorylation of pY1068 and pY1173 at the expected molecular weight
(175 kDa). (Number of repeats =1).
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Figure 73. HeLa S3 cells were cultured in serum-free medium for 24 h and left untreated (-EGF) and with epidermal growth factor (+EGF).
The treatment with 100 ng/mL of EGF for 1 min induced phosphorylation of proteins. PY20 mouse anti-phosphotyrosine antibody was used
to recognize phosphotyrosine and phosphotyrosine-containing proteins. (Number of repeats = 1).
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The findings from the previous experiments led to the optimization of the

methodology for the Western blot analysis using PFA fixed cells. The next step was
to collect cells from the microfluidic devices and perform Western blot analysis. In
addition, cells in suspension and cells in adherent state were also stimulated with
the ligand in order to verify whether the phosphorylation of cells differs according to
their state (suspension or adherent). The same methodology (Chapter 2.6) was
used to stimulate the cells (100 ng/mL of EGF) and negative controls (-EGF) were
collected from the microfluidic devices (100 ms and 250 ms) and treated with sample
buffer (1x) in order to be quantified with Western blot analysis. The signal of pY1068
from cells stimulated for 100 ms (+EGF) was not detectable with Western blot
(Figure 74). On the other hand, the cells (+EGF) from the 250 ms device gave a low
signal after the incubation with the pY1068 antibody. The staining with PY20
antibody (recognizes phospho-tyrosine and phospho-tyrosine proteins) which
normally gave a high signal in the previous experiments with cells stimulate off the
microfluidic chip, in this case gave a low signal from the cells stimulated with 100
ng/ml of EGF for 250 ms (Figure 75 & 76) but the cells stimulated off chip with 100
ng/mL for 1 s were characterized by increased phosphorylation levels of pY1068
and phospho-tyrosines (Figure 74 & 75). Furthermore, it should be mentioned that
no difference was observed in the phosphorylation of cells when they were either in
suspension or adherent state. Evaluating the obtained data, Western blot analysis
was not ideal because of the weak/low signal. The low number of cells collected
(200,000 cells compared to 1 million cells not microfluidically processed used for
Western blot analysis) from the microfluidic devices and subsequently the low
number of protein was the reason for this weak signal. However, the findings were
of a great importance because they justified the need for using highly sensitive flow

cytometric analysis.
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Figure 74. Western blot analysis of samples collected from HelLa S3 cells cultured in

serum free media was performed. It was found that the protein concentration of the cells

collected from the 100 ms and 250 ms devices was not sufficient thus, pY1068 was not

observed. From the positive controls (1 second +EGF, 1 second +EGF + PFA, cells in

suspension and adherent cells) protein bands were visible at the expected molecular

weight (175kDa). (Number of repeats=1).
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Figure 75. Western blot analysis of samples collected from HelLa S3 cells cultured in

serum free media was performed. It was found that the protein concentration of the cells

collected from the 100 ms and 250 ms devices was not sufficient thus, PY20 was not

observed. From the positive controls (1 second +EGF, 1 s +EGF + PFA, cells in

suspension and adherent cells) protein bands were visible at the right molecular weight

(175kDa). (Number of repeats = 1).
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Figure 76. Western blot analysis of samples from 100 ms (+EGF) and 250 ms (+EGF) and

their negative controls were collected from the microfluidic devices. It seems that there was

a low concentration of protein due to the low number of cells. The cells from the 250 ms

device gave a stronger signal compared to the other samples. These indicated a higher

protein concentration in the sample however, the signal was not clear enough to visualise.

(Number of repeats = 1).
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4.2 Establishing a flow cytometry methodology for measuring
EGFR phosphorylated tyrosine residues

A methodology for off-line analysis using flow cytometry was essential to rapidly
derive statistically relevant data sets from single cells and also to multiplex the assay
to correct for receptor density and to correlate multiple phosphorylated tyrosine
analytes. For this purpose, in a pilot experiment, HeLa S3 cells were cultured in
serum-free media, stimulated with EGF (100 ng/mL) for 1 min and then the cells
were fixed and permeabilized. Intracellular staining was performed using a primary
antibody conjugated with PE recognizing the phosphorylated Y1173 of EGFR
(FACS methodology, Section 2.10). The samples were processed through an Accuri
flow cytometer. Figure 77 shows that the stimulated cells had a significant positive
signal (orange) for phosphorylated Y1173. On the other hand, the non-stimulated
cells (control, blue) showed a negative signal as expected (Figure 77).

autofluorescence

/

] / -EGF
600 ] pY1173

£ , *ECGF
8 pY1173

0 2 4 8
10 10 10 10
FL2-A:FL2-A

100 ng/mL EGF

1 minute stimulation

Figure 77. HeLa S3 cells were cultured in serum free DMEM media and stimulated with
100 ng/ml of EGF. The background levels of pY1173 phosphorylation were also

measured (cells without EGF treatment). (Number of repeats =1).
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After the initial experiment which showed increased EGFR phosphorylation,

confirmatory experiments were performed. Thus, serum starved HeLa S3 cells were
stimulated with 100 ng/ml of EGF for 10 s, 1 min and 5 min. Also negative control
and auto-fluorescence data were collected. However, it was found that the median
fluorescence intensity of the negative control was 12700 and the cells stimulated
with 100 ng/ml of EGF for 10 s, 1 min and 5 min were 14,087, 14,128 and 14,822,
respectively (Figure 78). In addition, one more experiment was performed in order
to explain why there was no significant increase in the levels of phosphorylation after
the stimulation with EGF (Figure 78). According to the literature, 100 ng/mL of EGF,
Is more than enough to obtain a significant increase in the phosphorylation levels of
EGFR. It was found that the MFI of the serum starve HelLa S3 cells stimulated with
100 ng/ml of EGF and the MFI of the negative control (HeLa S3 without EGF) did
not have much difference (2739 A.U. difference, Figure 78).

] HEGF pY1173
, > |(ECPH) 400 - Autofluorescence / (1 minute)
1  Autofluorescence S 10 seconds (+EGF) 1 b
600 7 '\ | »|1minute (EGF) 1
300 =
. 5 minutes (+EGF) | Isotype PE -EGF pY1173

/ (1 minute)

200

200 100 =~

- 2 4 5 10 10° 10 10
10 10 10 10

FL2-A: FL2-A FLZAFLZA
Figure 78. HeLa S3 cells were cultured in serum free DMEM and they were stimulated
with 100 ng/ml for 3 different time points (10 sec, 1 min and 5 min). Cells were also
collected to measure the auto-fluorescence and the background levels of
phosphorylation (cells without EGF). It was found that there was no significant increase
in the phosphorylation levels of pY1173 after the stimulation of cells with 100 ng/ml of
EGF compared to the non-treated cells. HeLa S3 cells cultured in serum free DMEM and

stimulated with 100 ng/ml for 1 min showed similar behaviour. (Number of repeats = 1).
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Further investigation was required to identify the causes of this issue. Thus, the EGF

aliquots and the EGF stock had to be checked. For this purpose, HelLa S3 cells
(serum starved) were stimulated with 100ng/mL of EGF from the aliquots for 1 min.
A negative control (-EGF) and autofluorescence control were also collected. It was
found that the phosphorylation levels of pY1173 of the negative control and of the
stimulated cells were overlapping (Figure 79). In addition, cells were also stimulated
with 100 ng/mL of EGF from the EGF stock and it was found that there was no
significant change in the phosphorylation levels of pY1173 compared to the non-
stimulated cells (Figure 79). These observations led to the realization that the ligand
(Iyophilized powder) was not prepared in the right way and especially without
keeping in mind the ligand adsorption. In the literature, it was found that adsorption
of ligands to glass and plastic surfaces may affect the phosphorylation levels due to
reduction of the ligands in an unpredictable way. A study by Jgrgensen and
colleagues in 1999 showed that EGF prepared in PBS (1x) and stored in
polyethylene test tubes showed a significant adsorption to the test tubes.8 After 20
min the EGF concentration was measured by ELISA and it was found to be reduced
by 15-39%. After overnight storage at 4 °C the concentration was reduced even
further (0-11%). On the other hand, EGF prepared in PBS (1x) with the presence of
0.1% human albumin as a carrier protein solved the adsorption issue in the test

tubes made of polyethylene and polystyrene.
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Figure 79. HeLa S3 cells were cultured in serum free media. They were stimulated with
100 ng/ml of EGF. The EGF used for this experiment was from the EGF stock and from
the EGF aliquots. It was found that there was no significant increase in the
phosphorylation levels of pY1173 EGFR after the stimulation of cells from either the
stock or the aliquots. (Number of repeats = 1).
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After considering ligand adsorption, a new stock of EGF was prepared from its

lyophilized form. Bovine serum albumin (BSA) was used to prevent the EGF

adsorption onto the polyethylene Eppendorf tubes in order to avoid the same

phenomenon that was observed in the previous experiments. The effect of the new

EGF stock on EGFR was tested on serum free HeLa S3 cells. It was found that the

cells treated with the new stock of EGF had a 3-fold increase compared to the serum

free HeLa S3 without EGF treatment (background phosphorylation levels). An

additional experiment was performed using the new stock of EGF. Different

concentrations of EGF were used to stimulate serum free cells at 21 °C and 37 °C

and observed the phosphorylation changes that occurred due to EGF concentration

and temperature. The stimulation of cells with 10 ng/mL, 25 ng/ml or 50 ng/ml of

EGF caused a ~1.2-fold increase in the phosphorylation of pY1173 compared to the
background levels (Figure 81). 100 ng/ml, 250 ng/ml, 500 ng/ml and 1000 ng/ml
caused ~1.5-fold increase in the phosphorylation of pY1173 at room temperature

(Figure 80).
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Figure 80. HeLa S3 cells were cultured in serum free media and stimulated with different

concentrations of EGF at room temperature. 10 ng/mL, 25 ng/ml or 50 ng/ml of EGF

caused a ~1.2-fold increase in the phosphorylation of pY1173 compared to the

background levels. 100 ng/ml, 250 ng/ml, 500 ng/ml and 1000 ng/ml caused ~1.5-fold

increase in the phosphorylation of pY1173. (Number of repeats = 1).
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The HelLa S3 cells stimulated with 10 ng/ml and 25 ng/ml of EGF at 37 °C showed

a 2-fold and 2.3-fold increase of phosphorylation of pY1173, respectively. 50 ng/ml
and 100 ng/ml caused a 3.2-fold increase of pY1173. 250, 500, and 1000 ng/ml
caused a ~3-fold increase of pY1173 (Figure 81). These observations showed
clearly that the phosphorylation levels were significantly increased at 37 °C
compared to the reactions that occur at room temperature (Figure 82). This occurs
due to the fact that high temperature makes cell membrane more fluid compared to
the low temperature that causes the fatty acid tails of the phospholipids to become
more rigid and decreasing the overall fluidity of the membrane.®* It should be
mentioned that the concentration of EGF is sufficient to saturate the EGF receptor.
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Figure 81. HelLa S3 cells were cultured in serum free media and stimulated with different
concentrations of EGF at 37 °C. 10 ng/mL and 25ng/ml of EGF caused a 2-fold and .3-
fold increase of pY1173 phosphorylation. 50 ng/ml and 100 ng/ml of EGF caused a 3.2-
fold increase in the phosphorylation of pY1173 compared to the background levels. 250
ng/ml, 500 ng/ml and 1000 ng/ml caused ~3-fold increase in the phosphorylation of
pY1173. (Number of repeats =1).
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Figure 82. Median fluorescence intensity (MFI) of the phosphorylation levels of pY1173
EGFR responding to different EGF concentrations (10-100 ng/ml) in two different
temperature conditions (room temperature and 37 °C). Results are expressed as the
average median fluorescence intensity (MFI) values from the analysis of 10,000 cells
with flow cytometry for each EGF concentration. The cells stimulated with different
concentrations of EGF at 37 °C show higher levels of phosphorylation of pY1173

compared to the cells stimulated at room temperature. (Number of repeats =1).

The data obtained from this experiment clearly showed that the stimulation of cells
should be performed at 37 °C due to the higher levels of phosphorylation compared
to room temperature (Figure 82). However, it was not feasible to operate and
maintain the reactions at 37 °C within the microfluidic devices due to the lack of the
temperature control. The thermal stage of the microscope (Olympus Lifescience
IX70 fluorescence microscope) was great for maintaining 37 °C. However, the use
of thermal packs to maintain a 37 °C on the syringes that contained the EGF and
the cells were not ideal. The temperature instability caused formation of air bubbles
within the microfluidic channels, indicating that while the stage was at 37 °C the
microfluidic device was at a lower temperature resulting in degassing. Therefore,
the next experiments were performed at room temperature to avoid any issues with

air pocket formation due to inability to stabilize the temperature at 37 °C.
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4.3 Investigating EGFR phosphorylation levels in the sub-
second time window

The knowledge obtained during this project was used to develop, optimize and
finalize the methodology (Section 2.10) in order to accomplish the main goals of our
research: a) confirm that the use of microfluidic device is capable to stimulate and
preserve the phosphorylation levels of EGFR and b) study the sequence of the
phosphorylation events that occur in the milliseconds time window. For this purpose,
HelLa S3 cells were stimulated with EGF (100 ng/mL) and rapidly quenched within
the microfluidic devices to arrest phosphorylation and preserve reaction
intermediates. Three different devices were used in order to study three different
time points (25, 50 and 100 ms). The collected cells were permeabilized and stained
with three different primary antibodies conjugated with fluorophores (EGFR-FITC,
pY1173-PE and pY1068-APC). Flow cell cytometry was used for high throughput
multiplex analysis to collect data in a short time. It was found that 100 ng/mL of EGF
stimulated the EGFR and caused a relative increase of the phosphorylation of
Y1173 for the following time points: 25, 50 and 100 ms (Figure 83). Negative control
was also collected in order to compare the baseline phosphorylation levels of the
non-stimulated cells with the stimulated cells (Figure 83). The data were of a great
significance because it was the first time to achieve and preserve sub second

phosphorylation for three different time points.
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Figure 83. FACS histograms were characterizing the phosphorylation levels of pY1173

in HeLa S3 cells. A relative increase of phosphorylation levels at Y1173 when the cells

were stimulated with 100 ng/mL of EGF for 25, 50 and 100 ms within the microfluidic

devices compared to the non-stimulated cells (baseline phosphorylation) was indicated

by the shift . (Number of repeats = 1).
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It was found that there was a difference between the baseline phosphorylation of

the cells (negative control) collected from the microfluidic device compared to the
cells stimulated with the EGF for the designated time (25, 50, 100 ms) (Figure 84).
The baseline phosphorylation had an M.F.1. of 2,269 (A.U.) The M.F.I. values of the
pY1173 from the stimulated cells were ~ 10 times higher.
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Figure 84. Median fluorescence intensity of total phosphorylation of pY1173 (includes
the baseline phosphorylation) at 25 (-EGF), 25, 50 and 100 ms in the presents of EGF.
Error bars indicate SEM. (Collected cells per time point = 500, number of repeats =1).

The data were corrected for the baseline phosphorylation and was observed that
Y1173 was phosphorylated after being stimulated and incubated for 25 ms (Figure
85). At 50 ms, Y1173 remained phosphorylated. The phosphorylation levels of
Y1173 were gradually increased at 100 ms and there was a significant difference
compared to the phosphorylation at 25 ms (p=0.0111) and 50 ms (p=0.0024, Figure
85). It was confirmed that the microfluidic devices can be used to achieve and

preserve sub-second phosphorylation of EGFR.
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Figure 85. Median fluorescence intensity of total phosphorylation of pY1173 (baseline
phosphorylation subtracted) at 25, 50 and 100 ms. It was found that the phosphorylation
levels of pY1173 at 25, 50 and 100 ms were gradually increasing and there was a
significant difference between. **** significant (p=<0.0001). Error bars indicate SEM.

(Collected cells per time point = 500, number of repeats =1).
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In the following experiment, the phosphorylation of pY1173 (including the baseline

phosphorylation at 25 ms) was examined at seven different time points (25, 50, 75,
100, 250, 500, 750 ms, Figure 86). The cells transported in a 25 ms device without
EGF had a baseline phosphorylation MFI 2206 A.U. The cells stimulated with EGF
within the microfluidic device were characterized by increased phosphorylation
levels at the Y1173. This was indicated by the histogram shifting (Figure 86).
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Figure 86. FACS histograms represented the phosphorylation levels of pY1173 in HeLa
S3 cells. A relative increase of phosphorylation levels at Y1173 was observed on cells that
were stimulated with 100 ng/mL of EGF for the seven different time points within the
microfluidic devices compared to the non-stimulated cells (baseline phosphorylation). This

was indicated by the histogram shifting. (Number of repeats = 1).
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The baseline phosphorylation was subtracted from the primary data in order to find

the phosphorylation that was increased due to EGF stimulation (Figure 87).
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Figure 87. Median fluorescence intensity of total phosphorylation of pY1173 (includes
baseline phosphorylation) at 7 different time points (25, 50, 75, 100, 250, 500 and 750 ms)
was obtained using flow cell cytometry. Error bars indicate SEM. (Collected cells per time

point = 500, number of repeats =1).

It was found that there was a significant decrease (p= 0.0001) between the
phosphorylation levels at 50 ms compared to 25 ms. At the 75 ms the
phosphorylation dropped by ~2-fold and there was a significant difference compared
to the two previous time points (Figure 88). At 100 ms, the phosphorylation levels
increased by 1093 a.u. compared to the levels at 75 ms (p=0.0001, Figure 88) but
were lower in comparison with the levels at 25 ms and 50 ms (Figure 88). At 250
ms, the phosphorylation levels have been increased compared to the 100 ms
(p=0.0001). The phosphorylation levels of pY1173 at 500 ms were characterized
by a 3-fold decrease compared to the levels of the 250 ms (p=0.0001). The last time
point (750 ms) showed that the phosphorylation of pY11l73 was increased
significantly compared to the 500 ms (p=<0.0001). One-way ANOVA Kruskal-Wallis
test (multiple comparisons) was performed for the statistical analysis of the collected

data.
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Expanding the time window (seven time points) provided more information on the
phosphorylation events. It was found that the phosphorylation at 75 ms was
significantly decreased and gradually increased at 100 ms and 250 ms. At 500 ms
the phosphorylation of pY1173 was characterized by a sharp drop reaching the
lowest levels compared to all the other time points (Figure 88). Surprisingly, the data
obtained showed an identical pattern of phosphorylation with Ya Yu’s data where

the sharp dephosphorylation occurred at 500 ms.*3
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Figure 88. Median fluorescence intensity of EGF stimulated phosphorylation (baseline
phosphorylation subtracted) of pY1173 at 7 different time points (25, 50, 75, 100, 250,
500 and 750 ms) obtained by using flow cell cytometry. It was found that there significant
difference between the levels of phosphorylated pY1173 at 25 and 50 ms (decrease). At
75 ms the phosphorylation levels of pY1173 dropped compared to the levels at 50 ms.
At 100 ms and 250 ms the levels of pY1173 gradually increased significantly. At 500 ms,
there was a significant decrease (reached lowest level) at the levels of phosphorylated
pY1173 compared to the previous time point. The levels of pY1173 increased at 750 ms.
***% gignificant (p=<0.0001). Error bars indicate SEM. (Collected cells per time point =

500, number of repeats =1).
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In addition, the phosphorylation of EGFR pY1068 was also examined at 25 (-EGF),

25 50 and 100 ms after stimulation of cells with the ligand using flow cell cytometry
(Figure 89). The negative control (red colour histogram) presented the baseline
phosphorylation (Figure 89). The cells stimulated with the ligand were characterized
by increased levels of phosphorylated Y1068. The median fluorescence intensity
of pY1068 of the cells from each time point were plotted in a column chart for

visualization purposes (Figure 90).
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Figure 89. FACS was used to measure the fluorescence intensity of pY1068 at 25, 50
and 100 ms compared to its baseline phosphorylation (red coloured histogram). The
phosphorylation levels are increased due to the stimulation with the ligand (histograms
shifted to the right of the negative control). (Collected cells per time point = 500, number

of repeats =1).
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Figure 90. Median fluorescence intensity of pY1068 at 25, 50 and 100 ms compared to
the baseline phosphorylation. Error bars indicate SEM, (Collected cells per time point =

500, number of repeats =1).
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The data were corrected to baseline phosphorylation and it was found that the EGF

induced phosphorylation was significantly different between the following time
points (25, 50 and 100 ms, Figure 91).
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Figure 91. Median fluorescence intensity of EGF stimulated phosphorylation (baseline
phosphorylation subtracted) of pY1068 at 25, 50 and 100 ms. It was found that there is
significant difference between the phosphorylation levels of pY1068 at the three different
time points (p=<0.0001). **** significant (p=<0.0001). Error bars indicate SEM.

(Collected cells per time point = 500, number of repeats =1).
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In a second experiment, cells were stimulated with the ligand (+EGF) for the

designated time points (25, 50, 75, 100 250, 500 and 750 ms). FACS was used to
determine the difference between the baseline phosphorylation of the cells (-EGF)

transported in a 25 ms device and the cells stimulated with EGF (Figure 92).

50 ms 75 ms
%o 100 <
{ +EGF
{ s -EGF +EGF
-EGF [ W K
w0 A 80 ] A
$ 3 I\ 2 3
3 5 |\ 2 3
s oo 2 e | S e 2
§ £ o ' £ o7 §
= 2 | z 2
] |
204 | 20 ]
1 |
°-,——.,—.—,—-Z,—.‘ a 0.
ey
0 \J 2 L] - 9 e 0 1 2 3 4 5 L)
0 » v 0 - L) » 10 10 10 10 10 10 10
RLLVACRLLA RL1-AZRL1-A RULACRLT-A
00 | w0 - %0 <
]
| -EGF 2 1 -EGF A
| +EGF ] ] wfl ‘ECF
0" 0" © [
3 I g | 3 I\ ¥
- [ i 3 |
2 0 | | K4 0 -3
H [ | i | z
i 4 | | EI -
J 4
E‘ 01 | ; «7 3
Z | | 2 |
1 1
04 | 04
1 1
] )
od / od
b EEE— - -—

2 ' 2 M
w o w » ) “ 0 ow L) 0 ) » w w0
RLIA RLIA RLIA RLLA

0
RULACRLLA

250 ms 500 ms 750 ms

Figure 92. FACS was used to measure the phosphorylation levels of pY1068 in HeLa S3
cells. A relative increase of phosphorylation levels at Y1068 was observed on the cells
which were stimulated with 100 ng/mL of EGF for seven different time points within the

microfluidic devices compared to the non-stimulated cells (baseline phosphorylation).

(Number of repeats = 1).
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The median fluorescence intensity of pY1068 from each time point was plotted in a

column chart for visualization purposes (Figure 93).
pY1068 EGFR
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Figure 93. Median fluorescence intensity of pY1068 at 25, 50, 75, 100, 250, 500 and 750
ms. The MFI indicates the total levels of phosphorylation (baseline and EGF stimulated
phosphorylation) at pY1068 in different time points. Error bars indicate SEM. (Collected

cells per time point = 500, number of repeats =1).

The data were corrected for the baseline phosphorylation of pY1068 (Figure 94).
The phosphorylation levels of Y1068 at 25 ms and 50 ms were characterized by a
significant decrease (p=<0.0001). At 75 ms, the phosphorylation of pY1068 was
reduced dramatically and there was a significant decrease compared to the levels
at 50 ms. At 100 ms, there was a significant increase (2.4-fold) of the pY1068
phosphorylation levels compared to the levels at 75 ms time point (p=<0.0001). The
levels at 250 ms are similar to the levels at 100 ms and there is no significant
difference between them (p=>0.9999). The phosphorylation levels of pY1068 at 500
ms are significantly decreased (p=<0.0001) compared to the 250 ms. At 750 ms the
phosphorylation levels are increased significantly (p=<0.0001, Figure 94).
Compared to Ya Yu’s data, the temporal pattern of pY1173 seems to be consistent
with the temporal pattern of pY1068 from my data, both temporal patterns are

characterized by a sharp dephosphorylation at 500 ms.*3
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Figure 94. Median fluorescence intensity of EGF stimulated phosphorylation of pY1068
(baseline phosphorylation subtracted) at 25, 50, 75, 100, 250, 500 and 750 ms. The MFI
indicates the levels of phosphorylation at pY1068 in different time points. It was observed
that there is significant difference between the levels of phosphorylation at 25 and 50
ms. At 50, 75, and 100 ms the phosphorylation levels are significant. The same occurs
between the 250,500 and 750 ms. The phosphorylation levels of pY1068 at 100 ms and
250 ms are not significant. ns= not significant (p==0.05) and **** significant (p=<0.0001),

error bars indicate SEM. (Collected cells per time point = 500, number of repeats =1).

132



Chapter 4
The collected data from the first experiment (Section 4.3) were used to compare the

M.F.l. of the phosphorylated pY1068 and pY1173 on the same cells. The
phosphorylation levels of pY1068 were characterized by a significant increase

compared to the phosphorylation levels of pY1173 (p=<0.0001, Figure 95).
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Figure 95. Median fluorescence intensity of EGF stimulated phosphorylation (baseline
phosphorylation subtracted) of pY1068 and pY1173 were compared at three different time
points (25, 50 and 100 ms). It was found that the levels of pY1068 are characterized by a
significant increase compared to the levels of pY1173 in three different time points ****
significant (p=<0.0001). Error bars indicate SEM, (Collected cells per time point = 500,
number of repeats = 1).
In addition, the data from the second experiment (Section 4.3) were used to
compare the M.F.I. of the phosphorylation levels of both tyrosine residues of the
EGF receptor (Y1068 and Y1173, Figure 96). The levels of phosphorylation at 75
ms were characterized by low levels of phosphorylation with no significant difference
between them (p=>0.9999, Figure 96). In addition, the phosphorylation of both
tyrosines (Y1068 and Y1173) on the cells at 500 ms were characterized by a rapid
dephosphorylation (lowest phosphorylation levels) and there is no significant
difference. This phenomenon might be caused by a rapid dephosphorylation due to
phosphatase activity or the tyrosine residues were occupied by other interaction
partners (PLC-y, GRB2, SHC) due to their function as docking sites. Therefore, the
phosphorylation of the two tyrosine residues of the EGF receptors on the cells was
prevented. Another important observation from both experiments was that the

phosphorylated levels of pY1068 were higher compared to the levels of pY1173.
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Figure 96. Median fluorescence intensity of EGF stimulated phosphorylation of pY1068
and pY1173 was compared at the same time points. It was found that there was
significant difference between them at 25 ms. There was a significant difference
(increased levels) of the pY1068 at 50 ms compared to the levels of pY1173. The
phosphorylation levels of the two tyrosines were decreased (no significant) at the 75 ms
time point. At 100 and 250 ms the pY1068 phosphorylation levels are higher compared
to pY1173. The phosphorylation levels of both tyrosines were sharply decreased,
reaching their lowest levels at 500 ms. At the 750 ms the phosphorylation level of both
tyrosines was increased but there was a significant difference between the levels of
pY1068 compared to the levels of pY1173. ns= not significant (p=20.05), ** significant
(p=0.001 to 0.01), and **** significant (p=<0.0001). Error bars indicate SEM, (Collected
cells per time point = 500, number of repeats = 1).

To summarise, the work described in this chapter was essential in order to confirm
the specificity and sensitivity of the antibodies used during the Western blot analysis
for detection of the different targets (pY1068, pY1173, PY20 and EGFR). Western
blot analysis was not adequately sensitive due to the low protein concentration
obtained from microfluidically processed cells. Therefore, developing a
methodology for FACS for single cell analysis in multiplexed fashion was of a great
significance because it gave the first evidence of detailed time course and
unravelled new information on the phosphorylated levels of pY1068 and pY1173 in

the sub second time regime.
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5. Conclusion and future work

During this project, | designed, fabricated and optimized a microfluidic device that
uses various microfluidic principles. This ensured high throughput (kHz) microfluidic
single cell processing with incubation dwell times of 25-750 ms without damaging
the cells. The use of an inertial microfluidic element allowed high efficiency of cell
focusing and the use of curvatures in the incubation channel gave rise to Dean flow
which allowed cells to attain uniform velocity and uniform incubation times with
CV<5%. This led to precisely induce EGFR stimulation and quench the reactions
in sub-second time points. Coupling with high throughput flow cytometry
multiplexed receptor status analysis provided a convenient workflow to investigate
the phosphorylation events that occurred during EGFR activation in sub-second

timescales for the first time.

5.1 Poor temporal resolution characterises the conventional techniques
used for studying EGFR phosphorylation dynamics

Biological processes are controlled by dynamic cellular signalling mechanisms
(milliseconds to seconds). Despite the extensive research on the EGF receptor
signalling, the immediate posttranslational changes that occur in response to the
ligand binding stimulation remain obscure. Traditional biochemical techniques such
as Western blot analysis, mass spectrometry revealed information on the
phosphorylation however, most phosphorylation measurements have been on the
timescales of several seconds up to minutes of stimulation when phosphorylation
reach saturation levels. Reddy RJ and colleagues in 2016 used a mass
spectrometry approach to examine the changes that occur between 10 s and 80 s
resolution in response to eight different concentrations of the ligand (EGF).%° It was
found that significant changes occur as early as 10 s after stimulation. The receptor
phosphorylation dynamics on Y1045, Y1068, Y1148 and Y1173 were characterised
by high levels of phosphorylation.®® A similar study was performed by Moehren and
Kholodenko in 2002 where the cells were placed into vials with a Teflon stirrer and
maintained the temperature at 37 “C in a water bath.! EGF was added by pipetting
in order to stimulate the cells’ receptors and preserved the reaction by the addition
of the quench buffer. They managed to record early phosphorylation of EGFR
events in the temporal resolution of a few seconds (1-10 s) and information on the

downstream signalling pathways. However, the time required to achieve
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homogenization of the large volume of reagents (ligand and quench) using a

magnetic stirrer was not considered (few seconds). Therefore, these methodologies

were characterized by poor temporal resolution.

5.2 The development of a circuit based on the inertial microfluidics
coupled with Dean flow allowed sub-second cell stimulation and
guenching

The lack of techniques that can rapidly manipulate cells to initiate and preserve
these reactions gave rise to the development of a revolutionized methodology such
as inertial microfluidics coupled with Dean flow. The implementation of different
microfluidic elements allowed the generation of high speed and precision
manipulation of cells into EGF, defined incubations and translation into PFA for rapid
stimulation and preservation of EGFR intermediate phosphorylation events without
affecting the membrane integrity and the capacity for authentic EGFR signal
transduction. This was the first time where inertial microfluidics were used for the
study of receptor activation dynamics. The use of optimal channel cross section
dimensions (width 30 um, height 65 pm) with a 2 mm length channel operating at
high velocity (4 m/s) produced a switch time of 500 us which is the fastest switch
time used for cell manipulation compared to methods found in the literature (Chapter
1, p.38, Table 1). The use of Dean-coupled inertial focusing allowed uniform
velocities and therefore, uniform incubation times. These microfluidic elements
provided precise incubation cell control with a low velocity coefficient variation
(CV<5%) for a range of velocities and channel aspect ratios required to satisfy
incubation times of 25 to 2,000 ms. The study of velocity and positional evolution
before and after each curvature of the incubation channel offered a better
understanding of their effect and they were used for my advantage in order to
achieve better cell incubation control. The identification of the correct equivalent
circuit model for interpreting the pressure and resistance distribution ensure flow

bifurcation to the two waste outlets.

5.3 The Inertial microfluidics coupled with Dean flow surpasses the
limitations of other microfluidic techniques

A different microfluidic method that had been used to investigate the receptor
activation dynamics was whole cell quenched flow analysis developed by Chiang

and West in 2013.13 This method was an extension of Pinched flow fractionation
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device developed by Yamada and colleagues in 2004 and was characterized by two

stream thinning elements (STE) and an incubation channel.” The switch time in the
first stream was 2.2 ms with a mean flow velocity of ~100 mm/s and switch time of
550 ps in the second stream (quench stream). A multilayer fabrication was essential
in order to achieve better incubation times (C.V. = 3.6%) compared to their single
fabricated circuit which had a C.V. = 12.8%. Whole cell quenched flow analysis was
also characterized by lower throughput (high dilution factor of cell and ligand input).
Thus, the development of the Inertial microfluidic coupled with Dean flow circuit
allowed higher throughput, more precise incubation control (CV=<5%) and even
lower time points (25 - 2000 ms) compared to the whole cell quench flow analysis
(100 - 2000 ms). Several microfluidics methods had been developed and used to
examine the phosphorylation of the EGF receptor. Droplet microfluidics were used
to stimulate the EGF receptor on lung cancer cells PC-9 with EGF within the
droplets in order to examine the phosphorylation activity however, this method was
ideal for observing only the late events (time = minutes) of phosphorylation due to
the inability of the technigue to quench the reaction intermediates. In addition, a high
number of droplets did not contain any cells due to the inefficiency of the technique
to encapsulate single cells in droplets.®

5.4 Capturing early phosphorylation events of EGFR in sub-second time
resolution

The use of Inertial microfluidic coupled with Dean flow circuits allowed rapid
stimulation and quenching of the cells confirming the preservation of the
phosphorylation intermediates that occur in sub-second timescales.
Phosphorylation levels of pY1173 at 100 ms were increased compared to its levels
at 25 and 50 ms and decreased compared to the levels of pY1068 (25, 50, 100 ms).
In addition, another experiment with the microfluidic circuits showed that the
phosphorylation levels of pY1068 in general are significantly increased compared
to the phosphorylation levels of pY1173. An important observation from the data
collected was the 75 ms time point which it was characterized by low levels of
phosphorylation on both tyrosine residues (pY1068 and pY1173).

Western blot analysis of the samples collected from the microfluidic devices (100

ms and 250 ms) did not detect the levels of phosphorylation efficiently (low
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signal/protein bands not visible enough) due to the low protein concentration. This

was an indication that more cells are required to be collected from the microfluidic
devices in order to have enough protein concentration to be detectable by Western
blot analysis. In addition, protein complex immunoprecipitation (Co-IP) can be used
to isolate and concentrate EGFR from the samples collected from the microfluidic
devices so pY1068 and pY1173 can be detected on Western blotting analysis.

In addition, the collected data suggest a mechanism where both Y1068 to Y1173
residues are either dephosphorylated or occupied by proteins such as GRB2, SHC,
PLC-y STAT3. These proteins use the pY1068 and pY1173 tyrosine residues as
docking sites in order to become phosphorylated and subsequently induce
downstream signalling pathways. Thus the binding of these proteins lead to the
dephosphorylation of the tyrosine residues (pY1068 and pY1173). The drop at 75
and 500 ms might be due to the activity of phosphatases (PTPs). In order to identify
the cause of the drop, phosphatase inhibitors (PTPs) should be added to the cells
before their stimulation with EGF. If the tyrosine residues of the cells at 75 and 500
ms are phosphorylated in the presence of the inhibitors, this is an indication that the
drop is due to the phosphatases activity thus, tyrosines are getting
dephosphorylated. However, if the phosphorylation levels of Y1173 and Y1068 at
75 and 500 ms remain low, even after the presence of PTPs inhibitors, this is due
to the binding of protein partners which are involved in downstream signalling
pathways.

5.5 pY1068 phosphorylation levels are higher compared to pY1173 not
only in longer stimulation but also in sub-second stimulation times

One study performed by Erderm-Eraslan L. and colleagues examined the
phosphorylation levels after EGF stimulation (5 min) by RPPA (Reverse Phase
Protein Array) arrays.® It was found that pY1068 phosphorylation is characterized
by a strong increase after stimulation with EGF and to a lesser extend the levels of
pY1173 phosphorylation.®8 Importantly, the strong increase of pY1068
phosphorylation levels and to a lower degree the phosphorylation levels of pY1173
after EGF stimulation, was confirmed for the first time in our studies in sub-second
time scales. In addition, the high levels of phosphorylated Y1068 were also

observed by Vanmeter J. A. and colleagues in 2008 within laser capture
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microdissected untreated, human non-small cell lung cancer and by Yamaoka and

colleagues in 2011 when they studied the epidermal growth factor receptor
autophosphorylation in mouse colon epithelial cell chemotactic migration.®t 92
Another study by Curran and colleagues in 2015 used mass spectrometry to
quantify the phosphorylation of pY1068 and pY1173 showed that the
phosphorylation levels of pY1068 are higher compared to the levels of pY1173 after
the stimulation of cells with EGF.8 Also, the phosphorylation pattern may differ
depending on the ligand used for stimulating EGF receptors.8> Another study by
Hartman Z. and his colleagues showed that the presence of HER2 blocks pY1068
phosphorylation on EGFR and causes increased pY1173 phosphorylation.?” It
would be interesting to examine the role of HER2 on altering the
autophosphorylation patterns of EGFR in different cell lines where HER2 protein
levels vary compared to EGFR levels in milliseconds time scales using my
microfluidic devices. These observations raised interesting possibilities for potential

pathway directed therapies.

5.6 Future work

A future experiment to consider is the use of the proximity ligation assay (PLA) to
correlate receptor dimerization with the phosphorylation post-translational
modifications of EGFR and investigate the role of HER2 when associated with
EGFR. PLA is a method which was used to detect pY1068 phosphorylation of the
EGFR.88 This method uses two antibodies which bind simultaneously to EGFR and
its phosphorylated site (e.g. pY1068). Then, a proximity ligation technique is used
and coupled to an amplification reaction which detects these antibodies when they
are in close proximity, indicating when the protein becomes phosphorylated (Figure
97). Further peroxidase detection and quantification of the amplified signals
produced from the two antibodies are performed in a bright field microscope (Figure
97).88 In this manner, the PLA can be used to infer the dimerization component
involved in receptor activation and provide evidence for the existence of trans

phosphorylation as well as cis phosphorylation.*3
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Figure 97. Two probes are in close proximity when bound to a protein or two proteins

found in a protein complex (A). They are joined by a DNA ligation (circularized) after the
addition of linear connector oligonucleotides and subsequently initiating rolling-circle
amplification (RCA). The single stranded RCA products are labelled with
oligonucleotides (C). The detection of these oligonucleotides can be done either with
labelling with a fluorophore (D) or using a horse radish peroxidase label (E).

High throughput (kHz) microfluidic single cell processing, with incubation dwell times
of 25-2000 ms, coupled with high throughput flow cytometry multiplexed receptor
status analysis will provide a convenient workflow to investigate EGFR receptor
activation dynamics. Multiplexed cytometry will be used to investigate the
mechanistic role of HER2 in EGFR activation. Furthermore, the use of Mubritinib
(TAK 165) an inhibitor of HER2/ErbB2 will allow us to understand the mechanistic
role of HER2 in EGFR activation. This inhibitor blocks HER2 phosphorylation
leading to downregulation of PI3K-Akt and MAPK pathway and it does not affect
other ErbB members. Most probably, this will unravel new information on how the
inhibitor acts on the phosphorylation that occurs on the milliseconds timescales.
Blocking the pY1068 and pY1173 might also be an ideal way to induce apoptosis
and cell death. This might be done by using Lipid polymer hybrid (LPH)
nanoparticles loaded with nonapeptide (EV) mimicking the Y1068 or Y1173 site of
EGFR.% This targetable lipid carrier system will deliver peptides to intracellular
targets in human cancer cells and lead to the blocking of intracellular protein-protein
interactions during EGFR signalling. The outcome of these reactions will provide us
with valuable information on the role of pY1068 and pY1173 in the sub-second time

resolution.
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5.7 Conclusions

The results obtained during the duration of the project are highlighting the
complexity of posttranslational modifications and provide new perspective into
examining mechanistic hypotheses about the EGF receptor activation dynamics.
The significance of the study of the sub-second phosphorylation sequence of events
will generate new knowledge and provide strategies for the regulation of the cellular
machinery understanding mechanisms underlying signalling network function
providing breakthroughs in the critical controlling factors (e.g. phosphorylation) that
will be targets for pharmacological interventions in the treatment of human diseases.
In general, phosphorylation events are studied during their end points due to the
inability of techniques to rapidly induce and preserve these reactions thus, the early
points of phosphorylation events remain poorly elucidated. The use of microfluidics
will unravel new insights in the key role of mediating cellular proliferation,
ubiquitylation, calcium signalling, receptor tyrosine kinases as well as non-receptor
tyrosine kinases: Src and Abl which are attractive candidates for therapeutic
intervention therefore, additional information can be used for developing targeted
therapeutics and establish a sequential map of these early events. In addition, the
device can be optimized even further in order to surpass its limits and reach even
shorter time scales (2.5, 5, 7.5, 10, 12.5, 15, 20 ms) allowing to investigate the
receptor dynamics immediately after the binding of the ligand. The examination of
these biochemical changes in the context of the full signalling network will provide
a better understanding of the network behaviour. The microfluidic device is
applicable for a variety of cells and examine different biological questions.
Combining this method with tools that can make precise and high throughput
measurements will improve our understanding of signalling systems and explored
them in an unbiased manner, allowing novel cell signalling networks to be identified

and create large-scale of atlases with potential directed therapies.
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