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ABSTRACT
Development of a novel cell traction force transducer based on
cholesteryl ester liquid crystals

CHIN FHONG SOON

Keywords: cholesteryl ester liquid crystals, cell force transducer, cell traction force
mapping, lyotropic liquid crystals.

Abstract:

In biomechano-transducing, cellular generated tension can be measured by soft
substrates based on polymers but these techniques are limited either by spatial
resolution or ability to detect localised cell traction forces (CTF) due to their non-linear
viscous behaviour under shear rates. A newly developed cell traction force transducer
system based on cholesteryl ester lyotropic liquid crystals (LCTFT) was developed to
sense localised traction forces of human keratinocyte cell lines (HaCaTs), in which the
length of the deformation line induced represents the intensity of the CTF exerted. The
physical properties of the cholesteryl ester based lyotropic liquid crystals (LLC) were
characterised by using polarising microscopy, rheology, atomic force microscopy (AFM)
based nano-indentation, spherical indentation, and micro-tensile tests. The
interactions of LLC with cells were studied by using cell viability studies, cytochemical
treatments, widefield surface plasmon resonance (WSPR) microscopy and various
immuno-staining techniques. The results show that LLC is thermally stable (0 - 50 °C)
and linearly viscoelastic below 10 % shear strain at shear rates of < 1 s™*. AFM nano and
spherical indentations show a good agreement on the Young’s modulus of both
determined at ~110 kPa which is close to the elastic modulus of the epidermis. The
Poisson’s ratio of LLC was determined at ~0.58 by using micro tensile tests. The
biophysical interaction studies indicated that LLC is biocompatible and allowed cell
attachment. Cell relaxation technique by cytochalasin-B treatment suggested that the
attachment and contraction of cells on LLC was due to the contractile activity of actin
cytoskeletons that are mediated by focal adhesions. The staining experiments showed
that cells consistently expressed the same suites of integrins (a2, a3, a5 and B1) and
ECM proteins (collagen type IV, laminin and fibronectin) on both glass and LLC coated
substrates. Interfacial interaction of cells with LLC observed via the staining of actin
and vinculin, and WSPR imaging suggest the association of marginal actin filaments
and focal adhesions in attaching HaCaT cells to the LLC. Linear static analysis applied in
the Finite Element model of focal adhesion-LC confirmed the compressive force
patterns induced by cells. By applying cell relaxation techniques and Hooke’s theorem,
the force-deformation relationships of the LLC were derived and used for direct
guantification of CTF in culture. The sensitivity of the LCTFT was implied by a wide
range of CTF (10 - 140 nN) measured at high resolutions (~2 um). Nonetheless, a
custom-built cell traction force measurement and mapping software (CTFM) was
developed to map CTF of single cells. Reliability of the LCTFT was evaluated by using a
known pharmacological active cytokine, TGF-B1, in inducing contraction of human
keratinocytes. This study inferred internal consistency and repeatability of the LCTFT in
sensing contraction responses of HaCaT cells in a concentration dependent manner of
TGF-B1. The overall LCTFT and CTFM software had shown good potential for use in the
study of contraction and migration of keratinocytes.
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CHAPTER 1

INTRODUCTION

“This journey of a thousand miles begins with a single step”-Lao Tzu



1.1 Research Background
Pharmacology is an experimental science which involves studying the effects of
chemically active molecules on physiological activity. As one of the cornerstones in
new drug development, pharmacology investigates the effects of new drugs through
screening for desired activity, determining the mode of actions and defining the drug
therapeutic function. Pharmacological studies involving animals in biological assays
started as early as the 19" century (Fastier and Reid, 1949). Mammals such as rats,
guinea pigs, rabbits and dogs are the most commonly used experimental subjects. In
pre-clinical testing, organs or tissues are excised surgically and prepared for
pharmacological study in oxygenated physiological solution within an organ bath. The
organ bath technique was first applied by Henrick Magnus in 1904 on a strip of small
intestine (Fastier and Reid, 1949). Today, the organ bath is still being used extensively
to investigate the physiology and pharmacology of various tissues such as muscle,
arterial rings, uterine tissue, ileum, colon arterial and diaphragm. In an organ bath, a
section of tissue is suspended between a fixed point and an isotonic or isometric force
transducer in a pre-warmed Krebs solution (Bennett and Pettigrew, 1974). Rhythmic
contraction and relaxation of the tissue creates variable load forces which the force
transducer converts into electrical signals (Bennett and Pettigrew, 1974). In modern
systems, the electrical signals are digitised and displayed on a computer monitor as
traces of contractility. Stimulation of the tissue can be induced by chemical, electrical
or physical means. The range of sensitivity in terms of force transduction of
commercial systems is from 50 uN to 250 mN (ADINSTRUMENT Incorporation and DMT
Incorporation).
New developments in the agricultural and pharmaceutical industries require

stringent evaluation and assessment of compounds before clinical trials. Prudent pre-
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clinical trials usually involve large numbers of rodent and non-rodent mammalian
species (Ganter et al., 2005, Jacobson-Kram and Mills, 2008). Recently, the United
States Food and Drug Administration (FDA) issued a guide on Exploratory
Investigational New Drug (IND) to reduce animal exploitation and simultaneously to
accelerate the development of new pharmaceutical agents (Jacobson-Kram and Mills,
2008). Similarly, a new directive concerning cosmetic products (2000/0077(COD)) aims
at reducing animal testing by promoting the design of in-vitro toxicological assays.
Thus, cell line based culture assays are attracting interest as an alternative for drug and
cosmetic testing. However, to enable this highly sensitive and high throughput
screening, accurate analytical techniques for sensing cellular activities are required.
During pre-clinical testing, application of an agonist and an antagonist to a tissue in an
organ bath induces contraction and relaxation of a tissue, which is measured in terms
of force. The question is how did the drug trigger the action of the tissue? This analysis
in a tissue constructed from many different cells types is difficult (for example, the
same section of tissue may contain neurons, smooth muscle cells and fibroblasts),
thus, the characterisation of cell physiological responses may provide more insights if
determined by examining the contractile properties of the individual cells (Bitar and
Makhlouf, 1985, Li et al., 2009, Ma et al., 2002).

Motivated by the need to assess single cell contraction induced by chemical
stimuli, contractility assays measuring the change in average cell length of a large
population of smooth muscle cells were developed to study the responses of smooth
muscle to agonists such as endothelin-1, interleukin, C-terminal octapeptide of
cholecystokinin, acetylcholine and methoionine-enkephalin (Bitar and Makhlouf, 1985,
Moummi and Woodford, 1992, Dallot et al.,, 2003, Akiho et al., 2002). These studies

identified a number of advantages of single cell based biological assays for the
3



pharmaceutical industry such as: (a) the easy characterisation of surface receptors as a
consequent of drug action, and (b) highly repeatable screening (Dallot et al., 2003,
Akiho et al., 2002).

Thereafter, many single cell based biosensors have been developed for use in
pharmacological screening (Stenger et al., 2001, Park and Shuler, 2003). In a cell based
biosensor system, the cell is the primary detector which converts the molecular signals
into electrophysiological or mechanical signals; these signals are then transduced by a
secondary transducer in the form of electrode, magnetic or optical detector. Overall,
the techniques in measuring physiological responses of single living cells to analytes
can be classified into two broad categories: electrophysiology and mechanobiological
measurement systems. Each category has its own advantages and disadvantages.

Electrophysiological techniques originated from neuroscience, in which, systems
were developed to study the electrical activity of nerves cells (Hodgkin and Keynes,
1955, Hodgkin, 1937, Gross et al., 1972). These systems have since been employed to
study other electrogenic cells such as smooth muscle and cardiac myocytes (Thomas,
1972, Hara et al., 1986, Cranefield and Hoffman, 1958 ). These techniques involve the
use of electrodes to sense the depolarisation or hyperpolarisation of action potential
of cells attaching to the electrodes (Gross et al., 1972). Patch clamp (Kraft and Patt,
2006, Betz. W. J. and Sakmann, 1971), potassium chloride filled glass electrode (Dole,
1941) and planar patch clamp (Behrends and Fertig, 2007) technique are among the
classical electrophysiology techniques developed to monitor the activities of individual
ionic channels in the cell membrane. In these systems, the recording can be
intracellular or extracellular in a cell culture. Unfortunately, these techniques are time
consuming and because of their invasive nature, they often result in cell death. One of

the alternatives is monitoring cell electrophysiology using micro-fabricated
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extracellular electrode recording or microelectrode array systems (Kovacs, 2003,
Fromherz, 2003). These systems rely on culturing electrogenic cells over miniaturised
recording sites made of gold or indium-tin-oxide, or arrays of field effect transistor
electrodes to monitor signals from those cells directly position over the recording sites
(Fromherz, 2003, Kovacs, 2003, Thomas et al., 1972, Gross et al., 1977, Offenhausser et
al., 1997). These systems have been used to generate dose response curves for known
pharmacological agents (Yu et al., 2006) but are subject to limitations associated with
sensitivity and reliability (Muthuswamy et al., 2005, Shoham et al., 2006)

In the measurement systems using microelectrode, the electrodes allow
recording of electrical activity at single point of the cell membrane or tissue but this
does not provide information about the spatial distribution of bioelectric activity over
the cell membrane (Loew, 1996). To circumvent this issue, an optical electrophysiology
technique has been developed which involves the use of potential-sensitive dyes or
fluorescing proteins that are capable of changing the fluorescence intensity when
these probes detected sub-millisecond membrane potential changes or intrinsic
birefringence (Obaid et al.,, 2004, Cohen and Salzeberg, 1978, Loew, 1996). The
potential-dependent characteristic is able to shift the excitation spectra, and thus
allowing the quantification of membrane potential (Waggnoner, 1979, Cohen and
Salzeberg, 1978). After the tissue or cell is perfused or injected with the potential
sensitive dye, two-dimensional (2D) distribution of colour intensity along the cell
membrane corresponding to the field potential can be visualised and recorded. Some
dyes developed earlier such as cyanine dyes are believed to inhibit the metabolic
activity or inducing photodynamic damage due to the strong illumination of these dyes
(Waggnoner, 1979, Obaid et al., 2004). Therefore, the potentiometric dyes developed

later (Potential-sensitive ANEP dyes, Invitrogen) aim to overcome these problems.
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These dyes improved the signal to noise ratio and reducing dye internalisation
(absorption into the nucleus). However, these dyes still needed to be solubilised in
dimethyl sulfoxide (DMSO) and are limited by moderate phototoxicity (Obaid et al.,
2004). Phototoxicity increases oxygen radicals in cell cultures and can be cytotoxic in
the long term (Obaid et al., 2004).

Electrophysiological measurements are more suitable for electrogenic cells that
fire large action potentials. Monitoring the physiological changes of epithelial cells is
more related to the measurement of cell mechanical activity in terms of forces (for
example, contraction or traction forces). Traction forces are defined as forces that a
cell exerts tangentially on a substrate (Oliver et al., 1998). They are the indications of
the contractile forces generated within the cell cytoskeletons. Studies on how the
contraction forces are generated and transmitted by a single cell as traction forces to
the adjacent cell and extracellular matrix (ECM) set the foundation for the

development of cell traction force (CTF) measurement technique.

1.2 Cellular Adhesion, Contraction and the Measurements of Cell Traction

Force

1.2.1 Epidermal Tissue

The skin is made up of three major layers, the epidermis, dermis and hypodermis
(Gawkrodger, 2003). The epidermis forms the outermost layer of skin and is
constructed from four layers known as the basal, spinous, granular and cornified layer
(Figure 1.1). The epidermis protects the underlying tissues of skin from abrasion and

contains four major cell types (keratinocytes, melanocytes, langerhans cells and



merkels cells) (Gawkrodger, 2003). Of these cells, the keratinocytes make up about 90

% of the epidermis (Rocchad and Barrodon, 2009).
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" basement membrane
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Figure 1.1. (a) A schematic diagram of epidermis and dermis (Alberts et al., 2002). (b)

A photomicrograph of histological section for an epidermis. (Source: courtesy of

School of Life Sciences, University of Bradford).

By division of keratinocyte stem cells at the basal layer, new epidermal cells

(keratinocytes) are formed at the spinous layer (stratum spinosum) and further

division continues to form the granular layer (stratum granulosum) (Hendriks, 2005).

The presence of lipids in the stratum granulosum creates a hydrophobic barrier

between the stratum granulosum and the stratum lucidum that prevents dehydration

(Feingold, 2007). As the keratinocytes translocate superficially, the cells increase their
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keratin content to protect the skin and underlying tissue from environmental damage
such as ultra violet light and dehydration. Newly produced keratinocytes gradually
differentiate and move upwards to replenish the overlying cells of the stratum lucidum
(Gawkrodger, 2003). This process of terminal differentiation and migration continues
until the cells die and become enucleated cells in the protective stratum corneum or
cornified layer (Feingold, 2007).

Even though protected by the stratum corneum, the skin is delicate and can be
wounded when being exposed to abrasion of sharp objects. However, under small
levels of compression or shear on the skin surface, the tissue is elastic and can return
to its original state upon release of applied stress. The elasticity and integrity of the
skin is due to the structural organisation and strong traction forces between cells, and

also, between cells and the extracellular matrix (Silver et al., 2003).

1.2.2 Cellular Adhesion

The contact which leads to the binding of a cell to a surface, another cell or the
extracellular matrix is known as cellular adhesion (Dzamba et al., 2001). Cell adhesion
is mediated by cell junctions (Vasioukhin et al., 2000). Cell junctions are divided into
two broad classes, the intercellular junctions and the extracellular junctions.
Intercellular junctions (Figure 1.2) are those that link cells to other cells such as the
tight, gap, adherens and desmosomal junctions (Vasioukhin et al., 2000, Farquhar and
Palade, 1963). Multiple adhesion molecules (for example, hemidesmosome and focal
adhesions) are found in extracellular junctions and they function to attach cells to the

extracellular matrix (ECM) (Farquhar and Palade, 1963).
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Figure 1.2. A schematic diagram of cellular adhesion.

Tight junctions (Figure 1.2) are formed from membrane proteins such as the
claudins, occludins and e-cadherin that strongly couple the adjacent cell membranes
(Schneeberger and Lynch, 1992, Furuse et al., 1998, Farquhar and Palade, 1963). As
their names implies, molecules cannot pass through the sealed junctions, thus,
allowing them to form a selective barrier. For example, it is this selective barrier in the
endothelial cells that gives rise to the blood brain barrier (Wolburg et al., 1994).

Gap junctions are formed from membrane spanning proteins called the
connexions. Gap junctions are continuous channels between two plasma membranes.
These channels allow intercellular cytoplasmic communication and provide for cell-to-
cell diffusion of small molecules, including ions, amino acids, nucleotides, and second
messengers (Lampea and Laub, 2004). Gap junctions allow the propagations of action
potential between cells (Rohr, 2004). Each gap junctions consists of 6 connexins
subunits. These subunits are associated with the connexins of a neighbouring cell
membrane, thus, forming channels that passes through the membrane of both cells
(Lampea and Laub, 2004). Gap junctions are like valves and can be controlled locally.
They are found between cardiac myocytes and smooth muscle cells that enable a
coordinated contraction mediated by direct cell-cell impulse transmission (Lampea and

Laub, 2004, Rohr, 2004).



Desmosome and hemidesmosome (Figure 1.2) are directly connected to the
intermediate filaments at the extracellular junctions (Vasioukhin et al., 2000).
Desmosomes link the intermediate filaments of a cell to the adjacent cell via calcium-
dependent adhesion molecules or specialised cadherins called desmogleins and
desmocollins (Gumbiner, 1996, Farquhar and Palade, 1963, Vasioukhin et al., 2000).
Desmosomes are patch like junctions that are randomly distributed and fill the 30 nm
gap between the attachment membranes (Green and Jones, 1996). Hemidesmosomes
have a different function which is to connect the intermediate filaments of a cell to the
ECM (Dzamba et al., 2001). They can be found in muscle cells or in stratified epithelial
cells.

As shown in Figure 1.2, two extracellular junctions that are closely associated
with the actin cytoskeleton are the adherens junctions and focal adhesions (Farquhar
and Palade, 1963). Adherens junctions or Zonula adherens are complex proteins found
at the sites of cell-cell adhesion (Farquhar and Palade, 1963). At the adherens
junctions, the calcium dependent transmembrane proteins (E-cadherin) mediate cell to
cell attachment (Vasioukhin et al., 2000). E-cadherins binds B-catenin which in turn
binds a-catenin that link the actin cytoskeleton to the adherens junctions (Krendel et
al., 1999). Focal adhesions are large macromolecules, comprise of a sub-membrane
plague which is made up of at least 50 different proteins and they mechanically bind
the cell membrane to the ECM via specific transmembrane receptors (Matthews et al.,
2006). Both the adheren junctions and focal adhesions connect to the actin filaments
of the cytoskeleton and it is these actin filaments that exert traction forces on
neighbouring cells and ECM (Burridge et al., 1986, Geiger and Ginsber, 1991).

In the epidermal layer, the ECM forms a complex meshwork which is produced

and secreted by cells into their surrounding medium (filling between cells) (Buck and
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Horwitz, 1987). In the connective tissue, fibroblasts mainly produce macromolecules in
the ECM matrix. These macromolecules are formed from heavily glycosylated proteins
giving rise to hydrogel like materials (such as, glycosaminoglycan (GAG) and
proteolycans) which contain various fibrous proteins (O'Toole, 2001). Fibrous proteins
embedded in the polysaccharides gel (Hay, 1981) are made up of two functional
groups, the structural (collagen and elastin) and adhesive proteins (fibronectin and
laminin) (O'Toole, 2001, Gray et al., 2000). Structural proteins help to organise the
matrix and provide resilience (Hay, 1981, Hook et al., 1984). For example, the GAG and
proteolycan gels withstand compressive forces or tension applied to the ECM while
allowing the diffusion of nutrients and hormones between the blood and the cells
(Hook et al., 1984). The adhesive proteins including collagen facilitate cell attachment
to the ECM (Geiger et al.,, 2001). For example, laminin is associated with the
attachment of epithelial cells to basal lamina, and fibronectin enables the attachment
of fibroblasts and mast cells in the connective tissue (Kirfel and Herzog, 2004, O'Toole,
2001).

In the connective tissue of the dermis (Figure 1.3), collagen is the most abundant
fibrous protein. This protein is characterised by long, stiff and triple-stranded helical
structure of three single-polypeptide chains (or a chain) (Rich and Crick, 1955, Rest and
Garrone, 1991). The single a-chain is constructed from many proline and glycine
molecules (amino acids) (Rich and Crick, 1955, Rest and Garrone, 1991). About 28
types of a-chain molecules have been identified, including type I, I, Ill, V and XI
collagen (Rest and Garrone, 1991, Heino, 2007). Type | is the principal collagen
molecules that constituted the collagen fibres in tissue (Rest and Garrone, 1991). Type

IV collagen molecules are network-forming collagen fibres that made up the meshwork
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of the basal lamina, while type VII collagen binds the basal lamina to the underlying
connective tissue (Heino, 2007).

Elastin is another structural protein and like collagen fibres are embedded in the
ECM of skin, blood vessels and lungs (Hay, 1981). The network of elastin fibres exhibit
elastic behaviour and they give tissues their elastic properties (Gotte and Serafini-
Fracassini, 1963). The collagen fibrils are interwoven with the elastin fibres in order to
prevent the tissue from over-stretching and tearing (Cleary and Gibson, 1983). The
collagen fibres provide tensile strength while elastin fibres support tissue elasticity
(Rosenbloom et al., 1993, Hay, 1981).

Fibronectin is an adhesive fibrous protein found in the connective tissue. This
protein is a dimer composed of two very large subunits connected by disulfide bonds
near the carboxyl terminal (Hynes and Yamada, 1982). Each subunit in the dimer has
repeated sequences of what are referred to as type Il fibronectin repeats (Hynes and
Yamada, 1982). Along the repeating unit, there are binding sites for the heparin,
collagen and specific transmembrane receptors found on the surface of the cells
membrane (Hynes and Yamada, 1982). Some studies suggest that isoforms of
fibronectin produced during wound healing specifically help in guiding cell migration
and proliferations for new tissue development (Singer et al., 1999, Bartkova et al.,
2003). Therefore, the adhesive function of fibronectin in attaching cells needs to be
balanced with the needs of cell migration during wound healing (Larjava et al., 1993).

The basal lamina or basement membrane is formed from ECM proteins and it is
especially rich in adhesion proteins (collagen, fibronectin and laminin) that are
organised as a thin sheet underlying the epithelial cells. Hence, the basement
membrane separates the cells from the connective tissue (Lillie et al., 1988, Larjava et

al., 1993). In the epidermis, the basal lamina produced by the epithelial cells is divided
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into two layers: lamina lucida overlying the lamina densa (Figure 1.3) (Laurie et al.,
1982, Stanley et al., 1982b). The lamina lucida forms a boundary with the epithelial
cells overlying the lamina densa (Laurie et al., 1982), whilst the lamina densa is
connected to the underlying connective tissue by collagen fibrils (mainly made of type
VIl collagen molecules) (Laurie et al., 1982, Stanley et al., 1982b). The basal lamina
containing the adhesion proteins can influence cells polarity, regulate cell metabolism
and induce cells differentiation (Stanley et al., 1982b).

Epithelial cells

Lamina lucida

Basal Lamina
Lamina densa

> Connective tissue

Collagen

Elastin

Polysaccharide gel

Mast cell

Blood capillary Fibroblast

Figure 1.3. Structure of basal lamina and connective tissue

The exact composition of basal lamina varies from tissues to tissue (Pruniéras et
al., 1983). A majority of the mature basal lamina consisted of type IV collage, laminin,
perlecan, and entactin (Stanley et al., 1982b). During the early synthesis of basal

lamina in the development of embryo, the basal lamina does not consist of collagen
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type IV molecules but instead consists of a large laminin network (Turkesen et al.,
1985, Poschl et al., 2004). In the absence of collagen, laminin molecules are capable of
self-assembling into a sheet in an in-vitro culture (Kirfel and Herzog, 2004, Pruniéras et
al., 1983, O'Toole, 2001). Laminin has three polypeptide network that are disulfide
bonded and this networks contains binding domains for collagen type IV molecules,
entactin, perlecan and cell surface receptors (Beck et al., 1990). In large networks of
basal lamina, laminin can directly bridge to the type IV collagen molecules which in
turn, associated with type IV collagen, perlecan and entactin (Beck et al., 1990). In
terms of the binding domains of laminin to the cells, fragment 1 and 8 of laminin are

exposed as the adhesion sites for cell surface receptors (Aumailley et al., 1987).

1.2.3 Integrin Receptors and Focal Adhesion

The function of various types of receptors found on the surface of the cell
membrane is to provide adhesion to the ECM proteins (Dzamba et al., 2001). These
receptors are transmembrane proteins of a large family known as integrins. Integrins
are classified as the heterodimers which are composed of two distinct chains, the a
(alpha) and B (beta) subunits (Burridge et al., 1997). In cell-ECM attachment, the
specific ligands in the ECM determine the type of a and B subunits of the integrins
being expressed by a cell (Geiger and Bershadsky, 2001). Some examples of integrins
are as given in Table 1.1. Multiple integrins exist on the cell membrane and they work
co-operatively with the cell adhesion proteins in cell-cell and cell-ECM interaction

(Hynes, 2002).
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Figure 1.4. The structures of actin cytoskeleton, focal adhesion complexes, integrin

receptors, and adhesion proteins.

Integrins have a dual function, that of transducing signals (either biochemical or
physical) from the ECM to the cell and also the function of mediating the transmission
of forces generated within the cell to the ECM (Geiger and Bershadsky, 2001, Hynes,
2002). Hence, they work as mechanosensors in sensing the stiffness of the ECM
(Bershadsky et al., 2003, Rivelinea et al., 2001) whilst functioning as transmembrane
messenger which trigger signals in regulating cellular attachment, migration and

differentiation (Dzamba et al., 2001, Geiger et al., 2001).
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Table 1.1. Associated ligands receptor identified for human keratinocytes migration.

Integrins Ligands Reference

a2B1 Type | Collagen (O'Toole, 2001, Kim et al., 1992)

a2pB1, a3p1 Laminin 5 (Decline  and  Rousselle, 2001,
Kainulainen et al., 1998)

a5B1, a3pB1 Fibronectin (O'Toole, 2001, Kirfel and Herzog,
2004)

Focal adhesions (FA) or focal contacts (FC) located within the cell (Figure 1.2) are
adhesion plaques which assist the actin cytoskeleton to anchor to the ECM via the
integrin receptors (Figure 1.4). Focal adhesions consist of a number of proteins such as
a-actinin, talin, paxillin and vinculin (Burridge et al., 1997, Geiger and Bershadsky,
2001, Wong, 1999) as seen in Figure 1.4. Among these protein molecules, vinculin is
the major protein molecule at the sub-membrane plaque (Schwartz and DeSimone,

2008).

1.2.4 Polymerisation of Actin Filaments and Generation of Traction Force

Actin filaments of the actin cytoskeleton are the main machinery in regulating
the contractility of a cell. Actin is a globular protein (Boron and Boulpaep, 2004),
however, they can assemble and polymerise in a helical fashion to form filamentous

actin double helix (Figure 1.5).

@)
'
@)
Figure 1.5. Assembly of globular proteins into long chain of actin filaments in helical

structure.

The contractility of the non-muscle cells is dependent on the translational
interactions between myosin-Il and the filamentous actin (F-actin or sub unit of actin

filament) (Langanger et al., 1986). Upon stimulation of cell contraction, the
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phosphorylation of the F-actin allows the myosin Il head to bind and sliding along the
adjacent F-actin fibres in opposite directions (Peterson et al., 2004) as shown in Figure
1.6 (a-b). The mechanical actuation and phosphorylation of myosin Il heads are driven
by harnessing the energy released from adenosine triphosphate (ATP) when it is
hydrolysed to ADP, this is regulated by myosin light chain kinase (Tan et al., 1992). This
mechanism regulates the stretching and contraction of actin filaments in the
longitudinal direction. To gain movements in transverse direction, a-actinin reduces
the spacing between the two filaments by drawing bundles of actin filaments closer to
each other (Figure 1.6c) (Pellegrin and Mellor, 2007). The collective actions of both
myosin Il and a-actinin in the actin filaments trigger the formation of stress fibres and
cell contractility. With the binding of the actin filaments, FA and integrins receptor to
the ECM, this creates a shear force exerted on the ECM, consequently, inducing cell
surface traction (Lazarides and Weber, 1974, Pellegrin and Mellor, 2007).

Under 100x magnification of immunofluorescence microscopy, the stress fibres
appear in a periodic “sarcomeric” organisation (Figure 1.7) are similar to the myofibrils
of muscle (Peterson et al., 2004), in which the sarcomeres observed in non-muscle
cells are the repeatable patterns of a-actinin (Pellegrin and Mellor, 2007).

The contractility of actin filaments bundles allows cells to actively re-structure
their cell body to accommodate to the stiffness of the surrounding environment. When
cells are grown on a glass cover slip, a broadly spread morphology is acquired by cells
to sustain their bodies on the stiff substrate. For cells attached to a hard surface,
isometric contraction and the parallel arrangement of aligned stress fibres are the

dominant features of the cytoskeleton as shown in Figure 1.7 (Peterson et al., 2004).
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Figure 1.7. Sarcomeric appearance of the actin filament (Peterson et al., 2004). (Scale
bar: 2 um)

Some studies (Sagvolden et al., 1999, Rivelinea et al., 2001) show that cells are
very sensitive to their interface tension and this can be seen when tension is applied to
a cell membrane (for example, indenting the cell membrane with a microneedle). In
this example, the cell rapidly generates stress fibres at that localised region (Rivelinea
et al., 2001). In resisting tension, the cell reorganises the network of filaments to adapt

to the stress. Consequently, focal adhesions are stimulated and assemble into clusters
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in response to the onset of the contractility (Peterson et al., 2004). A higher
recruitment of stress fibres increases the size of the focal adhesions, and hence
induces higher contractile forces (Goffin et al., 2006). Reversible disassembly of the
focal adhesions results in a disruption in the contractility of cells (Burridge and

Chrzanowska-Wodnicka, 1996).
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Figure 1.8. A schematic showing the sub-components of the lamellipodia and
filopodia: (a) tip of lamellipodium, (b) actin meshwork, (c) region of major
disassembly, (d) tip of filopodium, (e) bundle, and (f) undegraded filament which

contributes to the cytoplasmic network (Small et al., 2002).

In addition to the functions of contraction, these filament networks are able to
protrude and pressurise intracellularly against the cell membrane in the form of
lamellipodia and filopodia. Lamellipodia contains quasi two-dimensional actin meshes
that extends across and to the edge of the cell membrane (Figure 1.8a-c, f) to make
contact with a surface (Small et al., 2002). Beyond the frontier of the lamellipodia,
further microscopic protrusion of the membrane exists as microspikes, otherwise
known as the filopodia (Figure 1.8d-e).

The assembly and disassembly of the actin filaments and associated integrin
receptors are regulated by the GTPase family members (Figure 1.9) such as Rho, Rac,
and cdc42 (Hall, 2005, Mackay and Hall, 1998). GTPase is an enzyme which hydrolyses

guanosine triphosphate (GTP) that consists of monomeric GTP-binding proteins. These
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are specialised molecular proteins that control the transduction pathways within the
cell (Hall, 2005, Burridge et al., 1997). Rho triggers the bundling of actin filaments into
stress fibres (Figure 1.9) (Mackay and Hall, 1998, Hall, 2005). Activation of Rac leads to
the assembly of actin filaments in a meshwork at the periphery of a cell to form
lamellipodia and membrane ruffles (Mackay and Hall, 1998). The third member, Cdc42
activates the actin filaments to form filopodia (Figure 1.9) (Mackay and Hall, 1998).
There is also cross-talk between the monomeric G-proteins, for example, Rac can
activate Rho in fibroblasts (Hall, 1998, Mackay and Hall, 1998). Hence, these signaling
pathways control the structural changes that in turn are responsible for cell

attachment and migration on the underlying substrate.

Figure 1.9. Activation of actin filaments by Rho, Rac and Cdc42

N

N

During cell migration, G-protein activates the down-stream signaling in order to
elicit the formation of stress fibres, which then leads to the regulation of cell
contractility. In triggering epithelial cells to change from a static to a migratory
phenotype, the messaging could be regulated by cytokines such as Transforming
Growth Factor Beta (TGFB). TGFB is a multifunctional cytokine which regulates many
cellular process in keratinocytes such as the cell differentiation, proliferation and
migration (Cross and Mustoe, 2003, Massague and Wotton, 2000). Over the cell

membrane surface, TGFB binds to type Il receptor (TGFBRIl) which then
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phosphorylates type | receptor (TGFBRI) as shown in Figure 1.10. TGFBRI and TGFBRII
are both obligate heteromeric transmembrane receptors (Wrana, 1998). The
phosphorylation of TGFBRI leads to phosphorylation of Receptor activated-Drosophila
gene Mothers against dpp (R-Smads) (as seen in Figure 1.10) with members termed
Smad2 and Smad3 that continue to form complexes with Smad4 (Massague and
Wotton, 2000). The complex of R-Smad and co-Smads translocates to the nucleus
where these transcription factors regulate the target gene and activations of
subsequent cellular processes (Massague and Wotton, 2000, O'kane and Ferguson,

1996).

receptor receptor

: Z)Phosphorylation

R-Smads

Smad4 E >Smad 2 or>
Smad4 >Smad 2 o>

ranscriptional factor

Cellular process

DNA
3

Target gene

Figure 1.10. The intracellular signaling pathway of TGF-p.
The family of cytokine such as TGF-f1, TGF-B2 and TGF-B3. Particularly, TGF-f1
which is isolated from human platelets, human placenta and bovine kidney is an
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attractive cytokine because of the contradicting role of the cytokine in wound therapy
and abnormal epidermis formation (for example, scar formation and psoriasis) (Li et
al., 2004a, Zhang et al., 2003, Gailit et al., 1994) which is still not clearly understood.
However, treatment of keratinocyte in in-vitro cultures with TGF-B1 > 10 ng/ml was
reported to promote cell motility, and rapidly increase the Rho activity and B-actin
formation (Decline et al., 2003, Coffey et al., 1988, Bhowmick et al., 2001, Shen et al.,
2001).

Contractility of cells is the basic causal event which regulates the integrity of
tissue (Deugnier et al.,, 2002, Heida et al., 1996), cytokinesis and morphogenesis
(Singer et al., 1999, Horwitz and Parsons, 1999, Kirfel and Herzog, 2004). Due to the
importance of the cellular contractility, many polymer based cell traction force
measurement techniques have been developed to probe the mechanics and
physiological changes that occur in contracting cells (mainly fibroblasts).

Research in mechanobiological measurement systems is expanding fast. Seven
methods of probing cells mechanically have been developed as shown in Figure 1.11.
These methods are classified as the atomic force microscopy (AFM) nano-indentation,
magnetic twisting cytometry, micropipette aspiration, optical trapping, shear flow, soft
substrate stretching (Bao and Suresh, 2003) and quartz crystal microbalance systems
(Pax et al., 2005, Kang and Muramatsu, 2008). Except for the use of soft substrate
techniques, the majority of techniques is either very time consuming or requires
considerable investment in expensive equipment, and thus these techniques are not
suitable for high throughput drug screening. In comparison, the systems based around
soft substrates seem to be the most promising tool for pharmacology application

because of their low development cost and potential in high throughput screening.
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Figure 1.11. Seven experimental techniques used in probing mechanical response of
a cell. (a) Atomic force microscopy (b) magnetic twisting cytometry, (c) micropipette
aspiration, (d) optical trapping, (e) shear flow, (f) soft substrate stretching (Bao and

Suresh, 2003) and quartz crystal (Marx et al., 2005).

The most commonly used soft materials to monitor cell forces are silicone
rubber, collagen sheets, polyacrylamide (PAA) and polydimethylsiloxane (PDMS). For
example, measuring the shrinkage of a collagen sheet caused by adherent contracting
cells is a widely used technique. This type of soft substrate system was applied to
assess the effect of Endothelin-1 on smooth muscle cells (Dallot et al., 2003) but it
does not provide any information about the contractility characteristic of cells such as
morphology changes, force distribution, cell mechanics and traction pattern for single
cells. Therefore, more sensitive methods are required to probe the biomechanics of a

single cell.
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1.2.5 Force Sensor Based on Silicon Sheet

The first use of a thin flexible silicon sheet in monitoring cell traction force can be
traced back to the work of (Harris et al., 1980). Buckling effects were observed on a
thin sheet of silicon rubber seeded with chicken heart fibroblasts as shown in Figure
1.12a. Although fibroblast induced long lasting wrinkles on the silicone substrate, the
most intense indentations did not correlate with the focal contact points (Hinz and
Gabbiani, 2003). In order to measure the traction force correlated with the contraction
activity of the a-smooth muscle actin, the indentation should be formed at the focal
contacts where the anchoring of actin filament heads produce the most abundant
stress. Numerous efforts have been made to improve the sensitivity and resolution of
this material by increasing the flexibility of the silicon sheet by ultraviolet light
treatment (Burton and Taylor, 1997). However, the enhancement on the flexibility of
the silicon sheet did not significantly improve the efficiency in measurement (for
example, isolation of localised stress) (Figure 1.12b) (Beningo, 2002).

The silicon sheet used for detection of cell forces is based on a continuum. This
technique does not limit the cell spreading but allows dispersal of cells focal contacts
and distribution of cell traction force in arbitrary directions (Beningo, 2002). However,
there are two problems arising from this technique. Firstly, the quantification of forces
involves the direct use of a longitudinal deformation line in which, the force was
calculated by multiplying the length of the longitudinal deformation line (wrinkle) by
the stiffness of the material (Oliver et al., 1995). The stiffness of the silicon substrate
used in previous work was determined by measuring the lengths of the wrinkles

induced by a calibrated deflection force (Burton et al., 1999).
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Figure 1.12. Cells force sensor based on silicon rubber. Wrinkling patterns produced
by (a) a chicken heart fibroblast (Harris et al., 1980). (Scale bar: 50 um), and (b) fish

Keratocyte on improved silicon rubber sheet (Burton et al., 1999). (Scale bar: 10 um)

However, it is important to note that, the deformation line in the longitudinal direction
is a secondary effect resulted from the transverse strain. The transverse strain was due
to the trajectory of transverse shear forces induced via the focal contacts as a result of
actin filaments contraction. In this case, the actual strain of the material is not directly
related to the longitudinal deformation lines or the wrinkles as seen but it was due to
the transverse strain in the perpendicular direction (Beningo, 2002, Oliver et al., 1995).
Secondly, the uncorrelated wrinkles formed were related to the molecular structure of
a polymer which is highly crossed linked (Figure 1.13). In this context, a polymer is a
high-molecular-weight organic compound with many repeating chains of monomers
(Boyd, 1993, Ward and Sweeney, 2004). The linking topology of the monomers is not
linear as shown in Figure 1.13 (Boyd, 1993, Ferry, 1948). Therefore, any force imposed
on a local region of the polymer at low shear rates (slow) will cause the molecules to
extend easily (fluid-flow) due to the free-form of the cross linkers. This is a typical
viscous behaviour of viscoelastic polymer which is non-recoverable (Ward and
Sweeney, 2004). Thus, the surrounding macromolecules of the polymer will flow and

pull other molecules in adjacent chains. As a result, the chain-pulling reactions were
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observed as propagations of stress or continuous deformation patterns across the
surface of the polymer (Lin et al., 2008, Im and Huang, 2005). This explains why it was
very difficult to identify isolated regions of compression induced by cells on the surface

of a silicon rubber substrate.

Macromolecules

«—Polymer chain

Cross-linker

Figure 1.13. The structure of a typical polymer with macromolecules that are cross-

linked by covalent chemical bonds.

1.2.6 Force Sensor Based on a Collagen Lattice

Along with the development of silicon rubber based measurement techniques, a
technique to measure forces generated by the shrinkage of a cell populated collagen
lattice was developed (Eastwood et al., 1996, Delvoye et al., 1991, Roy et al., 1997,
Campbell et al., 2003, Freyman et al., 2001, Harley et al., 2007, Karamichos et al.,
2006). This in-vitro technique enables the measurement of force induced by large
groups of cells especially fibroblasts. The common principle of this technique is the
acquisition of collective forces resulting from the contraction of fibroblasts seeded on
a thin sheet, in which the deformed thin sheet was connected to an electronic force
transducer system (Souren et al., 1989, Campbell et al., 2003). The saturated force
measured was then used to estimate the force generated by a single cell. The collagen
matrix method has been used to measure the forces generated by a population of
fibroblasts up to a maximum force of approximately 350 uN for 2 x 10° cells. This

enabled a coarse estimate of force generated per cell at about 0.2 nN/cell (Campbell et
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al., 2003). Several factors can affect the overall measurement accuracy of this method.
A tightly control environment with minimal noise disturbance is required to avoid
artifacts especially when the system involves a floating collagen matrix. Also, a very
delicate cantilever and strain gauge system are required. As the thickness of the gel
affects the sensitivity, the elastic modulus or stiffness of the measurement transducer
can be critical and the thickness of the collagen sheet must be well controlled in these
systems during the polymerisation process. The density of cells cultured on a matrix
must be relatively high in order to exert a force that is great enough to reach the
minimum force measurement range of the strain gauge system. Previous studies
(Freyman et al.,, 2001, Campbell et al., 2003) have not been able to show that

contraction forces can be measured below a cell count of less than 2 x 10°.

1.2.7 Force Sensor Based on Displacements of Markers in Soft Substrates
Polyacrylamide (PAA) sheets provide another soft substrate alternative which is
very similar to the silicone sheet. The stiffness of the substrate is controlled by the
relative proportions of polyacrylamide and bis-acrylamide mixtures. The material does
not support cell adhesion directly and must be functionalised with ECM proteins
(Beningo et al., 2002). The advantage of this material is the flexibility can be driven
down to a compliance of 500 Pa (Solon et al., 2007, Engler et al., 2004a). Both silicon
with embedded latex beads (Figure 1.14a) and PAA with embedded fluorescence
markers (Figure 1.14b) were used to trace the changes of strain correlating with the
cell movement. However, the primary flaw of this method is having low signal to noise
ratio due to the randomly distributed markers and interdependence of bead
displacement data due to the propagation of energy throughout the entire surface of

the substrates (Addae-Mensah and Wikswo, 2008, Beningo, 2002) (Table 1.2).

27



Therefore, complicated mathematical functions based on Bayesian, Maximum
Likelihood and Monte Carlo methods were used to estimate the source of the energy

propagated throughout the substrate (Dembo et al., 1996)

Figure 1.14. Embedded marker based method. (a) A fish keratocyte cultured on the
silicon sheet with embedded latex beads (Oliver and Pharr, 1992), and (b) a
fibroblast migrating on the polyacrylamide (PAA) gel with fluorescence beads

(Munevar et al., 2001). The arrows show the direction of the migration.

1.2.8 Force Sensor Based on Micro-Pillars and Micro-Patterns

With the advent of micro fabrication technology, micro-fabricated
polydimethylsiloxane (PDMS) micropillars (Tan et al., 2003, Roure et al., 2005), PDMS
micro-patterns (Balaban et al., 2006) and silicon nano wire (Li et al., 2009) as shown in
Figure 1.15 were used to measure single cell forces from approximately 50 pN to 150
nN (Roure et al., 2005, Tan et al., 2003). PDMS has the advantages of being flexible,
optically transparent, chemically stable and easy for rapid prototyping (Thorslund,
2006). By characterising the physical properties of the micropillars and by the
application of non-linear elastic theory, the local forces exerted by cells were
calculated from the deflection of pillars in pillar arrays (Tan et al., 2003). In order to
overcome the limitation of the spatial resolution in Tan et al.’s work (Tan et al., 2003)
which was at 9 um, the spacing between the pillars was reduced to 2 um (Roure et al.,

2005) (Figure 1.15). However, when the density of the PDMS pillars increase, the PDMS
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pillars could easily stuck together or collapse (Hillner and Stefanou, 2004). As observed
in (Roure et al., 2005), cells lying on these pillar arrays had limited space to optimally
deflect a post. The bending pillars interacted with the neighbouring pillars before
reaching the maximum deflection. This problem was corrected by the fabrication of
shorter pillars (Ganz et al., 2006) but the cell forces measured by this technique was
believed to be associated more with the restructuring of a cell’s cytoskeleton to adapt
to the high stiffness of PDMS pillars (~ 2 MPa) and hollow space underlying it.

Obviously, stress fibres are transiently formed in response to the underlying tension

(Hinz and Gabbiani, 2003).
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Figure 1.15. Patterned PDMS and silicon nano wires used for measurements of cell
traction force. (a) A mouse 3T3 (Tan et al., 2003), and (b) a Madin-Darby Canine
Kidney (MDCK) epithelial cell shearing the micro-pillars of PDMS (Roure et al., 2005).

(c) A mechanocyte bending silicon nanowires, and (d) a close up view of the cell-wire

contacts (Li et al., 2009).

Furthermore, the stiffness of the PDMS used is not close to the in-vivo stiffness.

The Young’s modulus of cells and soft tissue is between a few Pa to a few hundred kPa
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(Levental et al., 2007, Solon et al., 2007), while the Young’s modulus of PDMS
substrates are in the range of mega Pascal (MPa) to giga Pascal (GPa). These relatively
inflexible substrates may be perceived by the cells as pathological tissue (Engler et al.,
2004b, Levental et al., 2007). Although one may argue that the Young’s modulus of
these micropillars can be tuned down, this can then cause difficulty in terms of
microfabrication (for example, stickiness) (Hillner and Stefanou, 2004). This is also why
PDMS micro-pillars with elastic modulus at kilo Pascal (kPa) range have not been

implemented for cell force measurement.

(a) Cardiac cell in contracted phase  (b) Cardiac cell in relaxed phase

Figure 1.16. Distortion created by a rat cardiac fibroblast on a micro-patterned silicon
elastomer. (a) A cardiac fibroblast contracting on the surface of the elastomer
substrate and (b) after relaxation with 2,3-butanedione monoxime (BDM). BDM is an

inhibitor of the cytoskeleton (Balaban et al., 2001). (Scale bar: 10 um)
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Table 1.2. Comparison of cell force measurement techniques

Method of Method of force Weakness Strength Cell type Referenc
detection quantification e
Silicon rubber Measure the length of e Difficult to Simple, Fibroblast (Munevar
the wrinkles convert the effective and etal,
Magnitude of forces pattern of means for Fish 2001,
calculated by wrinkles intoa  studying Keratocytes Harris et
multiplying the map of compressive al., 1980,
substratum stiffness, traction forces forces. Burton
10-30 nN/pm with e Complexin and
the length of isolated Taylor,
wrinkles. regions of 1997)
Detected force range: compressions.
10-1200 nN
Standard Using physical e Complexityin  Reliable 373 (Oliver et
silicone film equations (strain) for preparation estimate of Fibroblast al., 1995)
embedded estimating the procedures traction
with particles direction and has limited its ~ force.
as markers magnitude of traction development.
forces for migrating e Markers are
cells. difficult to be
Compliance 20 discerned at
nN/um. low
Traction force magnification.
microscopy using
optical flow algorithm.
Detected force range:
19.8 - 46.2 nN.
Micro- Measure the Chemically Allow direct  Fibroblast (Balaban
patterned deflection of pattern or physically  visualisation  and etal,
silicon or posts to determine textured of strain. myocytes 2001)
substrata in the strain of material surface that
dots or line in relation to Hooke’s might affect
pattern. law. cell adhesion
Stiffness: 20-50 and
nN/pm. migration
Young’s modulus: through
12kPa-100kPa. contact
Detected force range: guidance
~20 nN (Fibroblasts), mechanism
~70 nN (myocytes). (Britland et
al., 1996).
Self-
elongation
over time.
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Cont’ Table 1.2 Comparison of cell force measurement techniques

Polyacrylamide e Embedded with Cells do not e Superior Fibroblast (Pelham
sheet randomly show affinity mechanical and
distributed for and optical Wang,
fluorescent polyacrylamide properties. 1997,
beads as and required a e Flexibility Beningo,
markers. coating of ECM can be 2002,
e Displacement of proteins. controlled Munevar
marker taken as Dependent on by the etal.,,
strain of depth of concentrati 2001)
material. surface, image on of
e Young’'s modulus: need to be acrylamide
~500 Pa-28 kPa. carefully and bis-
e Detected cell focused for in- acrylamide.
stress: 3.03 x plane drift.
10°+ 2.13 x 10° Require
Pa. comparison
with a null-
force image to
obtain full
extend of
deformation.
Patterned PDMS e  Young modulus = Hallow e Highspatial Fibroblast, (Saezet
1.7-2.5 MPa. interface that resolution.  Madin- al., 2007,
e Detected force might affect cell e Extended Darby Ganzet
range: a few nN - adhesion application  canine al., 2006,
90 nN. through contact to smaller kidney Tanetal,,
guidance size or epithelial, 2003,
mechanism. weaker C2 Roure et
contractile myogenic al., 2005)
forcesthan cells
smooth
muscle cell.
Silicon nanowire e Force derived A stiff material ~ Allow direct Mechano-  (Li, Song
arrays from the degree as a force visualisation of cyte, Hela, etal.
of nanowire transducer. strain. Benign cell  2009)
bending. Limitation in (L929)
e Young’'s modulus deflection

=151 *+ 38.3 GPa.

Detect force per
cell: 2.25 puN
(mechanocyte),
2.75 uN (Hela
cell), and 3.5 uN
(L929).
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The micro-patterned PDMS method (Figure 1.16), in which the force is measured
based on the strain of the patterns induced by the cell seemed to be the alternative to
micro-pillars methods and markers based techniques but the rheological properties of
PDMS itself generates some fundamental limitations for use as a cell force sensor.
Similar to the silicon rubber or PAA, PDMS is also a viscoelastic polymer which has a
structure comparable to the molecular arrangements shown in Figure 1.13. PDMS
exhibits a viscous behavior at low shear rates which means that the deformation is
non-reversible (non-elastic) under the influence of a slow stress (for example, the
deformation induced by a cell). This view is supported by the rheology of PDMS (as
shown in Figure 1.17) which shows that PDMS exhibits a viscous behaviour (G” < G’)
when being sheared at a low shear rate (w < 10 rad/s) and acquires an elastic
behaviour (G’ > G”) at high shear rates (w > 10 rad/s) (Boutelier et al., 2008, Ghannam
and Esmail, 1998b, Lin et al., 2009). G’ and G” are the storage and loss moduli of the

material, respectively.
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Figure 1.17. G’ and G” of (a) cured PDMS and (b) PDMS solution published in (Lin et

al., 2009) and (Ghannam and Esmail, 1998a) respectively.

Similar to PAA sheets, PDMS soft substrates used in the measurement of cell
force are also limited by the necessity of pre-coating these substrates with an ECM

protein in order to enable cell attachment. There is a possibility that forces generated
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by cells on these surfaces may be dependent on a combination of the density of the
proteins on the surface or to the substrate stiffness (Engler et al., 2004a). Hence, it is
difficult to determine if the forces induced are associated with the substrate stiffness,
types of ECM proteins or the concentration of ECM proteins being applied (Engler et
al., 2004a). It is important to note that the micro-patterned soft substrates which were
used to promote contact guidance for cells strongly alter the behaviour of the cells,
and the patterns may limit cell spreading and dispersal of cell surface contacts (Pathak
et al., 2008, Britland et al., 1996, Curtis, 2004, Lehnert et al., 2003), and thus may
impact on cell force generation. A detail comparison of the polymer based techniques
applied in cell force measurements is as shown in Table 1.2. In understanding the
limitation of polymer based method, this research proposes the use of liquid crystals
(LCs) which is a semi-solid consisting of highly packed molecules with the absence of

cross-linkages.

1.3 Introduction to Liquid Crystals

Liquid crystals were first discovered in 1888. An Austrian botanical physiologist
Fredrich Reinitzer (1865 - 1927) accidentally observed a phenomenon, in which
cholesteryl benzoate changed into a cloudy liquid at 145.5 °C and melted again into a
clear liquid at 178.5 °C. This is an unusual phenomenon because this material has two
melting points and it is quite different from the three states of matter (solid, liquid and
gas) recognised at that time. Unsure of the discovery, Reinitzer brought the sample to
a physicist known as Otto Lehmann for further investigation. Lehmann named the new
substance as ‘liquid crystal’ (LC). The name reflects the fact that the substance has
mesophases; in which the material has both liquid and solid properties within a single

phase. Liquid crystals are ordered fluid mesophases in which the elongated molecules
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possess some degree of orientational order (Collings and Patel, 1997). Liquid crystal
molecules are often made of phenyl rings (aromatic group) that are attached to two
substituent groups. A typical example of 4’-n-pentyl-4-cyanobiphenyl (5CB) is as shown
in Figure 1.18. Some liquid crystals have linkage groups between the phenyl rings. The
structure of the molecules determines the thermal stability of a liquid crystal (Collings,
2002). Liquid crystals are generally considered by physical scientists as large molecules

taking the form of rod-like structures or disc-like calamitic cores.

CsHip 4@_@ CN

Substituent Aromatic group Substituent

Figure 1.18. A liquid crystal molecule of 5CB

1.3.1 Types of Liquid Crystals

There are two types of liquid crystals, the thermotropic and lyotropic liquid
crystals. The former are temperature and potential sensitive, whilst the latter function
as surfactants whose properties depend on the solute concentration (Fairhurst et al.,
1998). These two types of liquid crystals have different physical properties and thus
different applications. One of the examples of thermotropic liquid crystals is the
cholesteric liquid crystals that have been long used in the older generation of liquid
crystal displays (LCDs) (Yang et al., 1994). Discussion on the newer type of
thermotropic liquid crystals such as ferroelectric and polymer dispersed liquid crystals
(PDLC) that are mainly applied in electronic display system will not be included as they

are beyond the scope of this work.
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(a) Thermotropic Liquid Crystals

As the name implies, a thermotropic liquid crystal changes its orientation and
positional order when the applied temperature increases. As a result, the material
gradually turns from anisotropic crystal phase into an isotropic liquid phase. In an
isotropic phase, the physical properties (for example, refractive index, elastic constant,
viscosity and permittivity) are the same in all directions, whilst the physical properties
of the anisotropic phase are different between one direction and another. Anisotropy
by definition means that the physical properties of the phases are different and
depending on the direction and orientation of the component molecules. In
thermotropic liquid crystals, each molecule is oriented in a long range order (Collings
and Patel, 1997). The thermotropic liquid crystals that have been used in LCDs include
the N-(4-Methoxybenzylidene)-4-butylaniline (MBBA) and 4’-n-pentyl-4-cyanobiphenyl
(5CB). Besides their applications in the electronic industry, thermotropic liquid crystals
are also being used in thermography (for example, temperature sensors) (Stasieka et
al., 2006) and optical imaging (for example, shear flow sensing and skin friction) (Reda

and Muratore, 1994, Klein and Margozzi, 1969).

(b) Lyotropic Liquid Crystals

Lyo is a Greek word meaning dispersion or dissolution. Hence, Lyotropic liquid
crystals have a connection with the dispersion of liquid crystal molecules in a fluidic
solution (Hyde, 2001). The phases of lyotropic liquid crystals are determined by the
concentration of solute molecules and these liquid crystals consist of rod like entities,
all of which participate in a long range order. Lyotropic liquid crystals are generally
made up of molecules larger than the thermotropic liquid crystals and have an axial

ratio of less than 15 (Priestley et al., 1974). Lyotropic liquid crystals are amphiphilic,
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hence, each molecule (or mesogen) consists of a polar (hydrophilic) head and a non-
polar (hydrophobic with saturated hydrocarbons chains) tail group (see Figure 1.19).
With the fatty acids in their hydrophobic chain, they often work as a surfactants
(Surface Active Agents) and are normally categorised as lipids (Fairhurst et al., 1998).
Lyotropic liquid crystals are mostly found in soap, food and in living things such as cell
membranes and serum lipoproteins (Gennes, 1974, Small, 1977).

When lyotropic liquid crystals mix with a solvent such as water, self-assembling
aggregates will be formed by a process driven by the effects of hydrophobic chain (or
water repelling). Above a certain concentration of solvent, the aggregates or
surfactants transform into micelles. The threshold of concentration in which the
aggregation of micelles appears is termed as the ‘critical micelle concentration’ (CMC)

and occurs at a very narrow range of solvent concentration.

4| Polar Head (lonic or non-ionic /Hydrophilic)

~25A

— Non-polar tail (Alkane/Hydrophobic)

~5A

Figure 1.19. A lyotropic liquid crystal molecule (Priestley et al., 1974)

Below CMC, the surfactants dissolve as monomers. When there is a gradual
increase in concentration above CMC, this result in dispersion of surfactant into
micelles at the isotropic phase. The liquid crystalline phase forms only when the
concentration of lyotropic liquid crystal is high enough to force the micelles to arrange

into a regular structure.
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Figure 1.20. The typical phases of lyotropic liquid crystals. The figure illustrates the
relationship between the amphiphile compositions at various temperatures
producing a very dilute surfactant solution (W), aqueous surfactant solution (L,),
micellar cubic phase (l;), hexagonal phase (H;), bi-continuous cubic phase (V,),

Lamellar phase (L,), and solid surfactant (S) (Fairhurst et al., 1998)

The relationship between the liquid crystalline phases of a surfactant and its
composition concentration is expressed in a phase diagram as a function of
temperature (Figure 1.20). At a typical 30 — 40 wt% of amphiphile concentration, the
micellar cubic phase (l;) will be formed while remaining in the isotropic phase but
turns into a cubic lattice as the amphiphiles reach a concentration of 60 %. When the
amphiphile concentration increases further, the micelles in the cubic lattice fuse to
form cylindrical shaped aggregates termed as the normal hexagonal phase (H;). Before

leading to the lamellar phase, at a very narrow range of concentrations, a complex bi-
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continuous cubic phase (V1) is formed. This is follow by a very high concentration of
amphiphiles, the lamellar phase (L) in which the amphiphile molecules are arranged in
bilayers and each bilayer is separated by water molecules. If the surfactant
concentration is very low and the temperature is greater than approximately 40 °C, the
composition is then in the form of aqueous surfactant solution (L;) or very dilute

surfactant solution (W).

1.3.2 Classification of Mesophases and Associated Birefringence Texture

The structure of a solid crystal has the molecules in anisotropic state and they
are arranged in long range order. Heat can destroy the solid state of a crystal. When
the temperature of a crystal molecule increases to its melting point, the energy causes
the molecules to vibrate so they eventually disperse with a loss of the original
orientation and positional order, and into a random isotropic liquid (Priestley et al.,
1974). Liquid crystals have a phase which is intermediate between an ordered solid
and an amorphous liquid phase. Most of the liquid crystals have more than one phase.
An example in Figure 1.21 shows the melting points of the liquid crystal MBBA and the
associated phases.

The anisotropy of the liquid crystals gives rise to the birefringence property.
Birefringence is an optical characteristic resultant from changes in orientation and
alignment of the mesogens. The appearance of their textures is not just fascinating but
provides information about the symmetrical structure and orientation of the
underlying molecules. A sample of a liquid crystal gel put under a 90° crossed
polarising microscope, portrays different patterns and colour reflections due to its

birefringence property.
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Figure 1.22. Three main mesophases of liquid crystals

Therefore, the classifications of the liquid crystal mesophases are based on the
ordering present in the liquid crystal. The molecules can be arranged in short range or
long-range order, and the arrangement is subjected to alteration by external stimuli.
The three main liquid crystal phases are the: nematic, cubic, columnar, cholesteric and
smectic phases (Figure 1.22). Only nematic, cholesteric and smectic phases that are
related to this work will be discussed.

(a) Nematic Phase

The word nematic came from the Greek word “Nema” which means thread-like.
As its name implies, nematic phase composed of thread-like liquid crystals that point in
different directions. Under the influence of an external force (for example, force from

the magnetic field), these calamatic liquid crystals align themselves to a common axis,
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so called the director, “n”. Director, n, is the reference to any angle of deviation (0) of
the calamatic liquid crystal from n which indicates the orientational order of a liquid
crystal. The molecules in the nematic phase are arranged parallel to each other and
slide past each other. Such a systematic alignment gives rise to uniform reflectivity
when being viewed under a cross-polariser at room temperature (Figure 1.23a). The
schlieren pattern is a typical pattern of nematic phase near the melting point of a
nematic liquid crystal (for example, TL205 at 88.6 °C in Figure 1.23b). These patterns
may have different disclination (as shown in Figure 1.23b) which shows the orientation
order of their molecules. A detail description of the inclination related to the molecular

structure can be acquired from (Chandrasekhar, 1992).

Figure 1.23. (a) Uniform and (b) Schlieren patterns of a nematic liquid crystal. (Scale

bar: 50 um)

Liquid crystals in the nematic phase have a long range orientational order but
without translational order (having same direction in the same layer) (Gennes, 1974)

and every molecule can be characterised by the order parameter:
S =1<3cos29—1> (1.1)
> .

In this equation, 0 is the angle with respect to direction (n). When 6 = 0°, S =1, it
indicates that the molecule is homeotropic or perfectly aligned. In the isotropic phase,

molecules are aligned randomly; that is when S = 0 at 6 = 83.62°. When 6 =90° S = -
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1/2, the molecule will be lying in a plane perpendicular to the director, n (Figure 1.24).

A typical liquid crystal sample has S ranging between 0.3 and 0.8, and S decreases

when the temperature increases. The overall distribution function of parameter, S is as

shown in Figure 1.24.
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Figure 1.24. The orientation and distribution (order S) of mesogens.

(b) Cholesteric Phase

Also known as chiral nematic phase, cholesteric phase has a helical structure in

which the director is twisted along the z-axis (helical axis) normal to the x-axis. The

molecules are organised in layers with long range order but no positional order. The

directions of the molecules are n with subscripts, x, y and z which represent the

orientations:-

n, =cos(q,z + @)
n, =sin(gyz + @)
n,=0
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where the phase angle ¢ is arbitrary and wavevector, qo is found by the repetition
period or pitch of P = 7w / g, (Chandrasekhar, 1992, Gennes, 1974). Half of a pitch, P
has a typical value of 300 nm for cholesteric liquid crystals (Collings and Patel, 1997).
Normally, colourful textures are observed due to the selective colour reflection from
the mesogens that are lying in planes of helical structures with different pitch length.
The planar and homeotropic orientations of the cholesteric liquid crystal mesogens
portray different textures. When the mesogens orientate close to the homeotropic
alighment, the colour of the texture often appears dark with very low light reflectivity
in the crossed-polarisers. The cholesteric phase is similar to the nematic phase but
chiral molecules cause a twist in the nematic structure which is normal to the long axis.
The optical property of the cholesteric phase is very different from nematic phase
because of the strong twist in the molecules. The irregularities of helical pitches in
different regions form defect network lines known as the Grandjean-cano lines or oil
streak lines (Figure 1.25). The cholesteric phase is significant to this work and their

elastic property will be discussed further.

Figure 1.25. A photomicrograph of Cholesteric 'oily-streaks' or Grandjean texture at

room temperature. (Scale bar: 50 um)
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(c) Smectic Phase

There are three best understood smectic orders in the smectic phase: smectic A
(Figure 1.26), smectic B and smectic C. The common structure among these three
orders is having one degree of translational order and the molecules are arranged in
well-defined layers. Comparatively, they are more ordered than nematic phase and

occur at a lower temperature than the nematic phase (Fairhurst et al., 1998).

Figure 1.26. Smectic A phase of the smectic liquid crystals (Dierking, 2003).

1.3.3 Elasticity Theory of Chiral Nematic Liquid Crystals

Similar to the nematic liquid crystal, the molecules in cholesteric or chiral
nematic liquid crystals have no positional order but have an orientational order and
their nematic phases are arranged in twisted layers that gave rise to what is also
referred as a chiral nematic order (Chandrasekhar, 1992). Without being stressed by
any external force, liquid crystals are ordered in the relaxation state and orient to their
default director, n. The source of the external force could be in the form of elastic,
thermal or electric energy. The deformation of the liquid crystal occurs when an
external force overcomes the threshold or initial torque of the liquid crystal molecule,
which is known as Freedericksz Transition. In 1927, Freedericksz first discovered that
the optical properties of liquid crystal can be disrupted by applications of an electric

field (Fairhurst et al., 1998). It was found that liquid crystal molecules are polarisable
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by the direction of electric field but the order of distortion is dependent on the elastic
constant of the mesogens.

The elastic constant of the liquid crystal is defined by the ability of the molecules
to support torsional strain (Dunmur et al., 2001). The terms, elastic constant or elastic
moduli are normally used interchangeably (Dunmur et al., 2001). The orientation and
organisation of the molecules determine the physical properties, macroscopic
anisotropy, torsional and curvature elasticity of the liquid crystals (Dunmur et al.,
2001). A torsional energy can disrupt the directors of uniformly aligned molecules and
they generate free energy. The free energy forces the mesogen to align with the
applied field (Dunmur et al., 2001). Consequently, the disruption changes the
orientation of the mesogen away from the equilibrium state which is known as
curvature strain. In return, the curvature strain generates an opposing force which is
the curvature stress or torque. By referring to the director axes, n (in x, y and z planes)
with n parallel to z in right handed system (Figure 1.27), six components (Sy, S, t1, to,

biand b,) of the curvature equation (2.3-2.5) were defined by Frederick Frank (Frank,

1958) as:-
Splay: on on (1.3)
Sl = X ’SZ = _y
OX oy
Twist: on, on (1.4)
t=—7>-—>,t, ="
o oy
Bend: b, — _on, - on, (1.5)
oz’ oz
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Splays. Twists. Bends.
(a) (b) (c)

Figure 1.27. Components of liquid crystal curvature. (a) Splay (b) Twist and (c) Bend
(Frank, 1958).

To induce the curvature strain in the cholesteric phase, the free energy density
or Frank-Oseen free energy, f is needed to govern the cholesteric phase. This is written

as (Chandrasekhar, 1992),
1 2 1 2 1 2
f:kz(n-Vxn)+§Kl(V-n) +EK2(V-nxn) +§K3(nxV><n) (1.6)

where Ky, K, and Kz, are the Frank elastic constants in which Ky is the splay elastic
constant, K; is the twist elastic constant and K3 is the bend elastic constant. As the
term chiral nematic implies, equation (1.6) describing the chiral nematic liquid crystals
is very similar to the equation describing the free energy of nematic liquid crystal but
with an addition of chirality which is denoted by k; in equation (1.6). In the cholesteric
liquid crystal, the right handed (k,> 0) or left handed (k, < 0) twist is determined by
chirality k,. The twisting effect in cholesteric liquid crystal reaches equilibrium when k,
counter-reacts with K,. Typically, the elastic constants of cholesteric liquid crystals are
Ki= 8 pN (Kuball et al., 2000 ), K,= 5.7 pN (Miller and Gleeson, 1993) and Kz= 10 pN
(Kuball et al., 2000 , Dunmur et al., 2001). The intermolecular forces are angle

dependent and contribute to the elastic strain energy or curvature elastic moduli
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(Dunmur et al. 2001). The sources of energy that can disrupt liquid crystal directors

include electric field, magnetic field, changes in temperature, and shear forces.

1.3.4 Application of Liquid Crystals in Bio-Sensing

One of the objectives in this work is to identify non-toxic liquid crystals that may
be used as a force transducer in a single cell based pharmacological assay.
Biocompatibility of the liquid crystals is the main concern when deciding the type of
liquid crystal to be used. If liquid crystals are to be applied in tissue engineering or bio-
sensing in the presence of living organism, then, the viability of cells cultured on liquid
crystals has to be studied carefully. All drug and chemicals are poisons if the applied
dosage exceeds a limit. The challenge of this work is to identify non-toxic liquid crystals
with properties that mimic the in-vivo physical environment. Previous toxicological
investigations of liquid crystals (Becker et al., 2001, Abbott et al., 2005, Woolverton et
al., 2005) suggested that some liquid crystals could be toxic or non-toxic to cells, and
that depends on the functional groups of the liquid crystals. Biocompatible materials
are defined as non-toxic materials that support cell proliferation. Liquid crystals with
cyano, imine and ether functional groups (such as, 5CB, E7, “A”, “B” series liquid
crystals) have been identified as cytotoxic to 3T3 fibroblasts and SV-40 Human Colonic
Epithelial Cell Line (HCEC) (Abbott et al., 2005, Luk et al., 2004). In the same studies, it
was found that cells remain viable on a mixture of difluorophenyl and bicylohexyl
groups such as “C” series and TL205 liquid crystals commonly used in fabricating LCDs
in the electronic industry. In biosensor application, matrigel/TL205 substrates were

used to detect the reorganisation of a matrigel by HCEC cells (Lockwood et al., 2006).
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Table 1.3. Applications of the liquid crystals as biosensors

Type of liquid | Generic Chemical Application Reference
crystal name Compound
Nematic liquid | 5CB 4’'n-pentyl-4- Detect optical (Gupta et al., 1998)
crystal cyanobiphenyl changes due to
ligand-receptor
binding
Smectic phase | - Cholesteryl oligo(L- | Interaction with (Hwang et al., 2002)
lactic acid) 3T6 Fibroblasts
Nematic liquid | 5CB Liquid crystal (Brake et al., 2003)
crystal phase changed
when
Phospholipids
reorganised
Nematic liquid | 5CB Imaging of (Fang et al., 2003)
crystal myofibroblast
and optical
amplification
Nematic liquid | 5CB Imaging (zhao et al., 2005)
crystal molecular order
of lipid tubule
Lyotropic liquid | - Tetra- LLC support (Cheng et al., 2005)
crystal phase decyldimethylamine | replication of
oxide viruses
(C14A0) and decanol
(D), or disodium
cromoglycate
(DSCG; Cy3H140:Nay)
Nematic Liquid | TL205 Imaging (Lockwood et al.,
crystal reorganisation of | 2006)
matrigel by
human
embryonic stem
cells
Nematic liquid | 5CB Rapid screening (Birchall et al., 2008)

crystal

of proteases

Besides thermotropic (nematic, ferroelectric and polymer dispersed nematic)

liquid crystals used for LCD, synthetic liquid crystals especially cholesteryl based liquid

crystal are attracting increasing interest because of their biocompatibility. Some of the

examples

includes Cholesteryl
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biocompatible with 3T3 fibroblasts (Hwang et al., 2002); cadmium selenide (CdS), a
semiconductor was coated with organic material such as the Cholesteryl-oligo
(Ethylene Oxide) in lamellar order that may be used as implants (Rabatic et al., 2003);
and, lyotropic liquid crystal in supporting the replication of viruses (Cheng et al., 2005).

Liquid crystals have been applied as biosensors which provide label free
observation of biological phenomenon (Woltman et al., 2007). Examples in bio-
transducing include the use of nematic liquid crystals in transforming ligand-receptor
binding into an optical output (Gupta et al., 1998), detection of nematic liquid crystal
reorientation as a result of phospholipids reorganisation (Brake et al., 2003),
enhancement in the imaging of cell physical appearance with nematic liquid crystals
(Zhao et al.,, 2005, Fang et al., 2003, Lockwood et al., 2006) and the LCD based
detection of a protease (for example, trypsin, elastase and thermolysin) that cleaved
off the  Fluorenylmethyloxycarbonyl  (Fmoc) peptide backing by a
thermolysinpolyethylene glycol acrylamide (PEGA) hydrogel support and specific
detection of protease function (Birchall et al., 2008). The application of the liquid
crystals as bio-imaging sensors is in its infancy and research has not yet investigated
how liquid crystals interface with a fluidic environment (Table 1.3). The understanding
on how amphiphilic molecules of a liquid crystal based biosensor interact with the
water molecules is critical if liquid crystals are to be used for cell culture or in a fluidic

environment.

1.3.5 Viscoelasticity of Lyotropic Liquid Crystals
In liquid crystal based biosensor development, an exposure to cell culture media
is inevitable and this may alter the viscoelasticity of the liquid crystals over time. Even

though it is well documented structurally that liquid crystals consisting of amphiphilic
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molecules, these molecules may reorient and self-organise into uni-lamellar or multi-
lamellar lyotropic layers when exposed to a solvent (Helfrich, 1994, Porcar et al., 2005,
Fairhurst et al.,, 1998). Unfortunately, the time-dependant rheological behaviour of
lyotropic liquid crystals is not fully understood. However, previous literature indicates
that immersion in a solvent may reduce the strength of these semi-solid materials
(Small, 1977, Fairhurst et al., 1998). Besides the factor of solvent, the physical
properties of the liquid crystals may also be influenced by the temperature as a
function of time. Only a few studies have examined the rheology of cholesteric and
lyotropic lamellar phase liquid crystals, mostly with the focus of interest on the
determination of the yield stress and defects of the mesophases (Ramos et al., 2002,
Zapotocky et al., 1999, Basappa et al., 1999). Some investigated the mesophases or
structural changes of the lamellar system in response to flow (Munoz and Alfaro, 2000,
Alcantara and Fernades Jr., 2002, Zipfel et al., 1999, Berghausen et al., 2000).
Positively, an independent study conducted by (Ramos et al., 2002) and (Zapotocky et
al., 1999) showed that cholesteric liquid crystals undergoing shear at low angular
frequencies exhibit a linear viscoelastic behaviour. These studies attempted to further
enhance the viscoelasticity of the cholesteric liquid crystals via the inclusion of micron
sized particles. This suggests that the elastic behaviour of cholesteric liquid crystals at

low shear rates may have elastic response to traction forces of cells.

1.4 Selection of Cell Type and Requirements of Cell Traction Force Sensor

As seen in Table 1.2, most of the soft substrate based cell force sensing
techniques were used to examine forces generated by highly motile and contractile
cells such as fibroblasts and smooth muscle cells that are able to induce high traction

forces (up to ~2000 nN). As suggested in (Balaban et al., 2006), the micro-patterned
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elastomeric technique developed may not be sensitive to poorly contractile epithelial
cells. In conjunction with this suggestion, only one study has looked at measuring
forces exerted at the focal adhesions by the keratinocyte type cells recently (Mohl et
al., 2009). The significance of measuring the traction forces of the keratinocytes can
be seen from the crucial role of keratinocytes play in wound healing (Souren et al.,
1989, Deneflea et al., 1987, Schafer et al., 1989). For example, there is steadily growing
evidence that keratinocyte type cells affects the shrinkage of constructed skin grafts
before application in wound repair (Chakrabarty et al., 2001, Harrison et al., 2005).

Besides being biocompatible and supportive to cell proliferation, what is
required to measure the contraction forces of a single skin keratinocyte or epithelial
cell is a biomimetic material with an elastic modulus that gets close to mimicking the
in-vivo physical properties of the epidermis layer (Engler et al., 2004a, Yeung et al.,
2005, Lo et al., 2000, Levental et al., 2007). The Young’s modulus of the epidermis as
determined by different methods (suction and uniaxial method) was found to be
between 60 kPa to 200 kPa (Barel et al., 1995, Diridollou et al., 2000, Takeo, 2007,
Hendriks, 2005).

In addition to having high sensitivity, a cell traction force measurement
technique should allow direct determination of the displacement on the soft substrate
(not based on a reference image) which in turn, increases the signal to noise ratio. In
such a system, the soft substrate shows preferable sensitivity to a wide range of cell
traction forces (from a few nN to a few hundred nN), be able to detect randomly
dispersed stress on a substrate, be able to distinguish isolated regions of traction, and
hence reduce the effects of chaotic wrinkling when a local shear force is applied to the

substrate.
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If the substrate does not require pre-treatment with exogenous ECM proteins,
then the controversy about the response of cell to the substrate stiffness or type of
ECM proteins can be reduced (Engler et al., 2004a, Lehnert et al., 2003, Yeung et al.,
2005). It is important to note that cells on a surface will secrete their own ECM
proteins (O'Toole, 2001, Kirfel and Herzog, 2004). Therefore, this issue of “ECM
proteins induced modifications in substrate stiffness” cannot be wholly disregarded
(Discher et al., 2005, Yeung et al., 2005). The reports on the mechanism of the
contraction or traction of keratinocytes are scarce and present an opportunity for

investigation in this research.

1.5 Hypothesis of the Research

Generally, the liquid crystal molecules are high flexibility and possess many
degrees of freedom in order to orientate (Frank, 1958). The elastic constant for the
liquid crystals are about 1 pN in nematic liquid crystals (Lockwood et al., 2006) and 8
pN for K, in chiral nematic liquid crystals (Dunmur et al., 2001). These values indicate
that the molecules can be easily tilted by a very low level of distortion forces. Since the
reorientation of the liquid crystal molecules or mesogens is versatile and elastic, it
might endure external distortion and recover to its original state once the stress is
released. The versatility and flexibility of liquid crystals can be seen in liquid crystal
displays that are switched on and off for immeasurable times. A rigid mesogen has a
length of about 20 A and a width of 5 A (Gennes, 1974), and these mesogens are
compactly packed together to form a liquid crystal system. Physically, cholesteric liquid
crystals are organized in nematic layers that are twisted along the z axis (Gennes,
1974). It is hypothesised that surface perturbations may change the pitch length or

organisation of the cholesteric helical structure, and thus induce physical and optical
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distortions (reflectivity changes) in the liquid crystal substrate which may be observed
and quantified.

Thus, shear sensitive liquid crystal (SSLC) based on cholesteric liquid crystals may
meet the requirements for measuring the contractile forces of cells because
cholesteric liquid crystals contain weakly-ordered mesogens that change colour in
response to a shear (Reda and Muratore, 1994, Klein and Margozzi, 1969). SSLCs have
very few applications, but they have been used to monitor changes of shear vector in
aerodynamics (Reda and Muratore, 1994, Klein and Margozzi, 1969). In this
application, the colour changes of the SSLC are continuous and reversible with a
response time in milliseconds (Reda and Muratore, 1994). In observing the potential
of cholesteric liquid crystals in shear sensing, this work proposes to apply shear

sensitive cholesteryl ester liquid crystals (CELC) for use in cell traction force sensing.

1.6 Aim and Objectives of the Research
The primary aim of this research is to develop a novel liquid crystal based cell
traction force transducer (LCTFT) system that can be used to determine the effects of
pharmacological agents on the forces exerted by single cells on a liquid crystal
substrate. In order to achieve this aim, this thesis will:-
(a) Examine the biocompatibility of cholesteryl ester liquid crystals.
(b) Characterise the physical and optical properties of cholesteryl ester liquid
crystals in air and in aqueous media.
(c) Determine the biophysical interactions of keratinocytes and liquid crystals.
(d) Quantify cell derived traction forces using cytochemical intervened technique
and Hooke’s theorem followed by modelling the deformation of liquid

crystals using Finite Element Method (FEM).
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(e) Develop a cell force measurement graphical user interface (GUI) which
enables analysis of cell traction force distributions in computer visualisation.

(f) Evaluate and validate the functionality of the liquid crystal based cell force
transducer system by studying the dose response of HaCaT cells to TGF-B1.
There is evidence that TGF-B1 increases stress fibre formation and affects the

cell contractility (Boland et al., 1996, Zhang et al., 2003, Decline et al., 2003).

1.7 Thesis Organisation

The flow of the thesis is systematically organised according to the progressive
development process of the liquid crystal based cell force transducer (Figure 1.28).

This work begins in Chapter 2 which focuses on the characterisation of the
physical and optical properties of cholesteryl ester liquid crystals, and determines the
limitation of the physical properties in cell culture media.

Chapter 3 will describe the biophysical interactions between cells and the liquid
crystals in the context of cell viability, cell/liquid crystal interactions, interface
reactions, extracellular matrix depositions, integrins, and actin cytoskeleton
expression.

To develop a novel liquid crystal based cell force transducer system, it is of
importance to determine how forces generated by single cells can be measured. Thus,
chapter 4 will describe new quantification procedures for determining the traction
forces generated by cells cultured on the LCTFT based on Hooke’s theorem or stress-
strain relationship. Finite Element Method (FEM) will be used to model the focal
adhesions and liquid crystal interactions, and thus provides information about the

compression effects to the liquid crystal substrate.
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Chapter 5 will focus on the development of a cell force measurement and
mapping software with a graphical user interface (GUI). This software will be applied to
study the patterns of cell traction and migration.

The usefulness of the LCTFT system will be evaluated and validated in chapter 6,
in which, various doses of TGF-B1 will be applied to cells cultured on the LCTFT to
induce a dose response in terms of contraction forces.

Chapter 2, 3, 4, 5 and 6 will each include a brief introduction, materials and
methods, results, discussions and summaries. Chapter 2 to 6 will examine the
biocompatibility (affinity to cells attachment), the sensitivity (linear responsiveness of
LC to force stimuli), the accuracy (compatible with measurement result shown by
previous methods), and the reliability (repeatable and consistent measurements) of
the LCTFT system.

Chapter 7 will overview the findings of this research in relation to the literature

and this chapter will also highlight future works.

{ Y { N
Analysis of a cell force . T . Physical propelrteis
transducer Bffpkheﬁ't?ﬁl?tfg?:fgs characterisation of
requirements through liquid o ystals cholesteryl ester liquid
literature review 4 vy crystals
. w . v
{ Y { N
Validation of LCFT L
measurements by Developmentof3D cell Quantification of
contraction responses traction force mapping keratinocytes
ofHaCaTsto various software contraction forcesand
doses of TGF-B1 finite elementmodelling
e o . v

Figure 1.28. Process of developing a hybrid Liquid Crystal based Cell Traction
Force Transducer (LCTFT)
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CHAPTER 2

PHYSICAL PROPERTIES:
CHARACTERISATION OF CHOLESTERYL
ESTER BASED LYOTROPIC LIQUID
CRYSTALS
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2.1 Introduction

In the context of using liquid crystals (LC) as a cell force transducer, it is essential
to determine their physical properties that pertain to this research. Culturing cells on
liquid crystal substrates raise a critical issue associated with the exposure of LC to cell
culture media, which may alter the viscoelasticity profile of the liquid crystals over
time. Even though it is well documented that the polar heads and non-polar tails of the
LC molecules reorient and self-organise into uni-lamellar or multi-lamellar lyotropic
layer when they are expose to a solvent, the time-dependent rheological properties is
less understood (Helfrich, 1994, Porcar et al., 2005, Fairhurst et al., 1998). Other than
the factor of solvent, the physical properties of the liquid crystals may also be
influenced by the temperature as a function of time.

Therefore, this chapter aims at first examining the thermal stability, and then the
physical properties of the cholesteryl ester liquid crystals after being exposed to
aqueous media over periods of time by cross-polarising microscopy, rheological
characterisation, atomic force microscopy (AFM) based nano-indentation, spherical
indentation, and uni-axial micro-tensile testing in order to obtain the thermal stability
range, mesophases, viscoelastic range, Young’s modulus, and Poisson’s ratio of the
liquid crystals, respectively. Examining the physical properties of the liquid crystals is
crucial and critical in understanding the mechanical stability and durability of the
cholesteryl ester liquid crystals in an aqueous environment. This in turn will inform on
the suitability of cholesteryl ester liquid crystals for use in the development of a liquid

crystal based cell force transducer.
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2.2 Material and Methods

2.2.1 Preparation of Cholesteric and Nematic Liquid Crystals

Shear sensitive cholesteric liquid crystals with different compositional
formulations were prepared according to the modified procedure as given by Klein et
al. and Johnathan Griffths (Klein and Margozzi, 1969, Griffths, 1988). All modified
formulations of the cholesteryl ester liquid crystals (CELC) were termed as CELCP1,
CELCP2 and CELCP3 are as shown in Table 2.1. The chemical structures of cholesteryl
chloride C,7H4sCl, cholesteryl perlargonate Cs3¢He,0, and cholesteryl oleyl carbonate
C46HgoO03 (Sigma Aldrich, UK) are as shown in Figure 2.1 and each has melting points in

the range of 70 - 85 °C, 94 - 96 °C and 113 - 118 °C, respectively.

Table 2.1. Shear Sensitive Liquid Crystals in different formulations.

Weight of samples (gram)
Liquid Crystals CELCP1 CELCP2 CELCP3
Cholesteryl Oleyl Carbonate 0.44 0.38 0.25
Cholesteryl Perlargonate 0.44 0.38 0.25
Cholesteryl Chloride 0.12 0.25 0.50

The crystalline or solid mixtures of CELCP1, CELCP2, and CELCP3 (Figure 2.2a) in
vials were heated up to their highest clearing point, 118 °C on a hot stage. The solid
mixtures turned into a turbid fluidic media at about 70 °C and then became isotropic
(clear yellowish liquid) at the highest melting temperature (Figure 2.2b). At that point,
5 ul of each LC sample was transferred with a micropipette onto three glass slides and
covered with glass cover slips. Subsequently, the three samples of CELC substrates
were left to cool down to room temperature before examination in a Zeiss AxioPlan2

cross-polarising microscope (Figure 2.3a). The density of the three liquid crystals in the
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cholesteric phase was determined at 0.849 g/cm?>. The CELC exist in gel form at room

temperature (Figure 2.2c) and was stored in a vial for future use.

(a) cHy  CHy (b)

G,;A.\O,GHEEQHE:IE'CHE _ CHa{CHeCH,

(c)

Figure 2.1. Chemical structure of the (a) cholesteryl chloride, (b) cholesteryl oleyl

carbonate and (c) cholesteryl perlagonate.

Figure 2.2. (a) The solid mixtures of cholesteryl ester liquid crystals in vials, (b) the
mixtures melted at melting temperature (112 °C), and (c) Cholesteryl ester liquid
crystals gel at room temperature (25 °C). Labels of P1, P2 and P2 on the vials

represent CELCP1, CECLP2 and CELCP3, respectively.

Other than the cholesteric liquid crystals, this work investigated the suitability of
TL205 (Merck, Germany) as a cell adhesion substrate in the preliminary study. TL205
was supplied in an aqueous solution which has a clearing point at 80 °C and was used
directly as supplied without any purification. The exact composition of TL205 is

proprietary and unknown.
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2.2.2 Thermal and Liquid Crystalline Phase Analysis

A temperature stability study was conducted for CELCP1, CELCP2, CELCP3 and
TL205 by using cross-polarising optical microscopy (POM). Before studying the phase
of the LCs in the microscopy, each LC sample were spread over a glass cover slip using
a scraper and re-melted on a heating stage. This is to make sure that the shear
sensitive cholesteryl ester liquid crystals return to the cholesteric phase before being
studied in the microscopy. Under the illumination of an AxioPlan2 polarising optical
microscope (POM) at 20x magnification, each liquid crystal substrate was placed on a
Linkam THM®600 hot stage. This Linkam hot stage was controlled by a Linkam control
plug-in software. Subsequently, the temperature was increased at a rate of 1 °C/min
and a sequence of the LC transition images starting from 20 °C was captured at 1
frame/sec. The heating temperature was terminated at 37 °C. Photomicrographs were
captured using AxioVision version 4.6 software bundled to a Zeiss Axiocam MRc5

digital camera mounted on the Zeiss AxioPlan2 microscope (Figure 2.3a).

Figure 2.3. (a) A Zeiss AxioPlan2 digital microscope, and (b) Thermal analysis under a

DSC Q2000 system.

Further thermal analysis on the CELCP1-P3 samples was performed by using a
DSC Q2000 Differential Scanning Calorimeter (DSC). TL205 was not examined using

DSC because of availability issues. For the DSC analysis, 2 — 3 mg of each CELCP1-P3
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was analysed (Figure 2.3b). A ramp temperature of 1 °C/sec was applied to the
samples from -50 °C to 120 °C, and the relationship between heat flow and heating

temperature was obtained.

2.2.3 Preparation of Liquid Crystal Substrates for Liquid Crystalline Study

CELCP2 gel will be mainly used in this research and the preparation of the liquid
crystal substrates coated with CELCP2 will be described. The CELCP2 gel was prepared
as described in section 2.2.1. When CELCP2 gel was re-melted in a vial on a heating
stage, 5 ul of the fluid mixtures was spread at a thickness of approximately 100 — 200
pum on two glass cover slips using a cell scraper (Corning Incorporation) and then, each
of the LC substrates was immediately transferred to a cooling fan to be spin coated at
1000 rpm for 30 seconds. The thickness of the liquid crystal coating was controlled by
using thin gold grids with a thickness of 100 um (Agar Scientific, UK) and confirmed by

using a microscopy focusing technique.

Figure 2.4. Liquid crystal substrates in the (a) absence (CELCP2) and (b) presence (LLC)
of RPMI-1640 cell culture media.

Subsequently, one of the LC substrates was placed in an empty petri dish (Figure
2.4a) and another in a petri dish containing 6 ml of Roswell Park Memorial Institute
(RPMI)-1640 culture media (Figure 2.4b). When maintained in 6 ml of cell culture

media, the liquid crystals (CELCP2) transformed to cholesteryl ester based lyotropic
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liquid crystals (LLC). Both were incubated in an incubator at 37°C for 24 hours. After
incubation, they were removed from the petri dishes and examined in the AxioPlan2

cross-polarising microscope mounted with a digital camera.

2.2.4 Preparation of Liquid Crystal Gel for Rheological Test

A total of four vials containing 1 g of CELCP2 were prepared (Figure 2.5a). One
control vial containing CELCP2 was incubated without RPMI-1640 media and three
vials containing CELCP2 were incubated with 6 ml of RPMI-1640 media (Figure 2.5b) at

37 °C for 24 hours (LLC24hours), 48 hours (LLC48hours), and 72 hours (LLC72hours).

@ T (o) T

: ¢ | |
, . a o |
CELCP2 Cell culture media

Figure 2.5. Samples of CELCP2, LLC24hours, LLC48hours, and LLC72hours (a) before,

and (b) after incubation in cell culture media for 24, 48 and 72 hours at 37 °C.

2.2.5 Amplitude and Frequency Sweep Tests

For the rheological characterisation, amplitude and frequency sweep tests were
applied to CELCP2, LLC24hours, LLC48hours and LLC72hours, respectively. The liquid
crystal gel was transferred to the stationary disc of an Anton Paar Rheoplus MCR501
strain-controlled rheometer (Figure 2.6a) using a spatula. The liquid crystals were then
sheared in the rheometer at a gap of 0.5 mm between a rotating disc of 25 mm
diameter and the stationary disc, both of which were heated to 37 °C (Figure 2.6b).
The region of linear viscoelasticity was determined by oscillatory measurements for

which the maximum strain amplitude (y) was increased from 0.001 to 1 (0.1 - 100 %
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shear strain) over a frequency range of 0.1 - 10 st Frequency sweep experiments were
performed at a constant strain amplitude of 5 % (within the linear viscoelastic regime)
over a frequency range of 0.01 - 100 s, in which the storage modulus (G’) and loss
modulus (G”) were determined. The complex viscosity (n*) of the cholesteric liquid
crystals was determined from the shear stress, o and shear rate, y using steady rate
frequency sweeps in the range of 0.01 — 100 s’ In order to reduce solvent

vaporisation, a collar was installed to cover the test platform.

Figure 2.6. (a) A MCR501 rheometer and (b) LC sample under test.

2.2.6 Preparation of Human Keratinocyte Cell Lines

Human keratinocyte cell lines (HaCaT) were kindly provided by Dr. Steve Britland
(University of Bradford). These cells were used to examine cell/liquid crystal
interactions. Sub-cultures of HaCaT cells were maintained in a 25 cm” cell culture flask
of tissue-culture (TC) graded. When reaching confluency, they were split using the
following procedures. The old media of the culture flask with confluent cells was
removed from the cell culture flask and the flask was washed three times with 5 ml
Hank’s Balanced Salt Solution (HBSS). After washing, the cells were detached from the
culture flask surface with trypsin (0.5 mg/ml) in an incubator at 37 °C for 4 minutes. 5
ml of RPMI-1640 media supplemented with L-Glutamine (2 mM, Sigma Aldrich, UK),
penicillin (100 units/ml, Sigma Aldrich, UK), streptomycin (100 mg/ml, Sigma Aldrich,

63



UK), Fungizone (2.5 mg/I, Sigma Aldrich, UK) and 10 % Foetal Calf Serum (Promocell,
UK) was then added into the culture flask to halt the trypsinisation process.
Subsequently, the cell suspension was centrifuged for 5 minutes at 1600 rpm. After
centrifugation, the supernatant was discarded and the pellet of cells was re-suspended
with 5 ml of RPMI-1640 media. Cells were either replated in a 25cm? TC graded culture

flask at a cell density of 1.5 x 10* cells/cm? or used for further experiments.

2.2.7 Culturing Cells on the Liquid Crystal Substrates

Liquid crystal substrates and HaCaT cells were prepared as described in section
2.2.3 and 2.3.6, respectively. A liquid crystal substrate was placed in a petri dish and
cells were seeded in the petri dish at a density of 500 cells/cm? (Figure 2.7).
Subsequently, the petri dish containing the liquid crystal substrate and cells was added
with 6 ml of supplemented RPMI-1640 cell culture media and incubated at 37 °C for 24
hours. After 24 hours of incubation, the responses of the LC to cell adhesion were
studied in a phase contrast microscope mounted with a digital camera at 25x

magnification and linked to the Scion Imaging Software.

2.2.8 Characterising the Time-Dependent Viscoelasticity and Viscosity of the Liquid
Crystal In-Situ

The in-situ viscoelasticity and viscosity of the time-dependent liquid crystals
were examined via a cell relaxation and cell fixation experiment, respectively. In an in-
situ rheological method used by Stoodley et al. (Stoodley et al., 1999), fluctuations in
fluid shear were applied to observe the in-situ rheological behaviour of biofilms. This
method is not suitable for our in-vitro cell culture on liquid crystal surfaces that were
not subjected to fluid flow. Therefore, this work has developed new in-situ methods

using cells as a source of stress generators to characterize the time-dependent
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rheological behaviour of the LLC. To achieve this, the cells were relaxed or fixed by
cytochemical treatment methods in order to control the stresses of cells exerted on
the liquid crystal surface. In our in-situ cell relaxation and fixation methods,
cytochalasin-B and formaldehyde were used to disrupt the actin cytoskeleton and fix
the morphology of cells, respectively. Consequently, the stresses generated by cells
can be either released or sustained constantly due to the responses of cells to the
treatments of cytochalasin-B and formaldehyde, respectively (Paljarvi et al., 1979,
Stournaras et al., 1996). Therefore, the cell induced structural changes in the LC
surface can be monitored while maintaining the structural integrity of the lyotropic
liquid crystals. Corresponding to the controlled stresses, recovery of a flat LC surface
from deformations represents the ability of the liquid crystals to display elastic
recovery while creep of the deformation represents a decrease in the viscosity of the
liquid crystals. The elasticity is a reversible stress-strain behaviour while viscosity is a
measure of resistance to deformation (Barnes et al., 1989, Whorlow, 1992).

Prior to cell plating, four liquid crystal coated substrates (LCS) were prepared as
previously described and each was placed in a petri dish. HaCaT cells were seeded in
the petri dishes at a density of 500 cells/cm?®. The cells cultured on the liquid crystal

substrate were maintained in 6 ml of RPMI-1640 cell culture media in an incubator at

/
Cell

44—

37 °C (Figure 2.7).

suspension

| Liquid.crystal.substrate ... Cover slip

Figure 2.7. Deposition of cell suspension on a liquid crystal substrate before an

addition of RPMI-1640 media.
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After 24 hours of incubation, one of the petri dishes was removed from the
incubator and treated with 5 pl of 30 uM cytochalasin-B for an hour at 37 °C.
Cytochalasin-B (35 mg/ml, Sigma Aldrich, UK) was solubilised in 0.042 % (v/v) ethanol
(in distilled water). The sample treated with cytochalasin-B was used to study the
structural changes of the liquid crystal surface induced by cells. The cytochalasin-B
treatment was repeated for the second and third LC substrates after 48 and 72 hours
of incubations, respectively. For all the three treatments, the petri dishes were placed
on a hot stage maintained at 37 °C while time lapse images were captured every 5
minutes over an hour via a phase contrast microscope mounted with a digital camera.
This was performed to monitor the changes in the surface of the liquid crystals with

respect to the changes of viscoelasticity in-situ over time.

2%
Formaldehyde in
HBSS

L}

Figure 2.8. A bath of 2 % Formaldehyde in HBSS containing cell cultured on the liquid

crystal substrate.

For monitoring the viscosity of the liquid crystals using in-situ cell fixation
technique, the last petri dish containing cells cultured on a liquid crystal substrate was
treated with 2 % formaldehyde (Sigma Aldrich, UK) to preserve the morphology of the
cells or fix the cell stresses after 24 hours of incubation. The culture media in the petri
dish was replaced with a bath of 2 % formaldehyde and then incubated at 37 °C
(Figure 2.8). After the addition of formaldehyde, cells induced structural changes to
the surface of the lyotropic liquid crystals and they were monitored every 24 hours

during a period of 96 hours by using a phase contrast microscope. To monitor the
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viscosity of the lyotropic liquid crystals under constant stress in this context, it was
necessary to monitor the LCs at least 16 hours after fixation because cells shrink within
this period of treatment in formaldehyde (Paljarvi et al., 1979, Leong and Gilham,
1989). After 16 hours, one could assume forces exerted by the cells would be constant
and any changes after that would be due to a change in the strain of material. The
Imagel) software was used to measure any time related structural changes in the LCs

appeared in the phase contrast micrographs.

2.2.9 Determining Young’s modulus of the Liquid Crystals

2.2.9.1 Atomic Force Microscopy Nano-Indentation Method

Liquid crystal coated substrates were prepared as described in section 2.2.3 and
cultured in petri dishes containing cell culture media in an incubator at 37 °C. The
objective of this experiment was to determine the Young’s modulus (E) of the LC
surface in fluid using an AFM based nano-indentation technique. After 24 hours of
incubation, the petri dish containing a liquid crystal coated substrate was placed in a
Hysitron Triboscope nano-mechanical testing system bundled with Hysitron Triboscope
3.5 software to obtain the force-displacement curve for the LC substrate maintained in
the culture media (Figure 2.9a). A Berkovich pyramidal indenter with a tip of 200 nm in
radii was immersed in the fluid (Figure 2.9b). A loading rate of 750 uN/s and a hold
period of 3 seconds were applied to indent the substrate. After the hold period, the
indenter was unloaded to complete a cycle of measurement. The hold time

compensated for any creep of the material.

During the measurement using AFM based nano-indentation, careful

considerations were made to take into account the fluid buoyancy, hold time and re-
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cycling indentations in the measurements. An average of twenty measurements per

substrate was taken at various sites of indentation.

(b)

RPMI-1640 cell culture media

Liquid
ﬁ crystals

Tip
o (%200 Londed

Unlpaded indenter

f\hs ................. Aczerent LCsto
Pmax | 1 the indenter
v

Figure 2.9. (a) AFM nano-indentation of cholesteryl ester liquid crystal after
incubation in cell culture media at 37 °C for 24 hours. (b) Schematic diagrams
depicting the loading and unloading of an indenter and the associated displacement

parameters. The parameter, r denotes the radius of a tip.

The data from the force-displacement for each indentation was collected and

plotted using Statistical Package for Social Sciences (SPSS) software. The contact
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stiffness, S, of the liquid crystals was then determined from the unloading curve using

the power law fits (Pharr, 1998, Doerner and Nix, 1986, Oliver and Pharr, 1992),
_dp,. _ m-1
S _%(h_hmax)_Am'(hmax_hf) (21)

where p is the loading force in uN, and h is the displacement with hyocand hy being the
maximum displacement and final unloading depth in nm, respectively. A and m are the

curve fitting parameters determined empirically by the Triboscope software.

The contact depth, h. was calculated from the load-displacement data by

including the geometric constant, € = 0.75 (Oliver and Pharr, 1992) in the following

equations,
h,=h__—h, (2.2)
P
h =g 2.3
=67 (2.3)

where, h; is defined as the perimeter contact depth and maximum loading force, Pnax
was determined from the peak of the load-displacement curve.
The contact area for an ideal Berkovich indenter was then established using the

following equation (Oliver and Pharr, 1992),

Area=24.5h_’ (2.4)

v

TERE
R

T
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h '
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»

Displacement, h
Figure 2.10. A typical load-displacement curve with the associated indentation depth

and load parameters.
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Once the contact area was estimated, the reduced modulus, E, can be

determined,

e SV 5
" 2JArea '

Where reduced modulus, E, is a measurement with contributions from both the
specimen and the indenter, therefore, the following relationship (Doerner and Nix,

1986) was used to determine the Young’s modulus of the liquid crystal:-

1 1—v2+1—vf
E (2.6)

E E
where E and v are the elastic modulus and Poisson’s ratio of the test specimen. E and v
with subscript j, are the same parameter definitions for the indenter. The Poisson’s
ratio for liquid crystals was set to 0.5, close to that of the rubber. The E; and v; for the
diamond Berkovich pyramidal indenter are 1141 GPa and 0.07 (Pharr, 1998),
respectively. The Young’s modulus determined for all the measurements were

averaged.

2.2.9.2 Spherical Indentation Method

Spherical indentation is becoming a commonly use method to determine the
Young’s modulus of soft gels because this technique provides small strain deformation
in a bi-axial direction and it is applicable to permeable or semi permeable membrane
(Munevar et al., 2001, Dimitriadis et al., 2002, Ahearne et al., 2005). In our experiment,
the Young’s modulus of the liquid crystals bonded to a rigid glass substrate in cell
culture media was determined by using the theory of Hertz’'s contact mechanics. Three
LC substrates with a thickness, h of approximately 100 um were prepared as described

in section 2.2.3 and incubated at 37 °C for 24, 48, and 72 hours, respectively.
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After incubation, the petri dish containing the liquid crystal substrate was placed
on a heating peltier maintained at 37 °C. Subsequently, a chrome steel ball (Radius, R
of 250 um and density of 7.849 g/cm3, simplebearings co., UK) was loaded on the
surface of the liquid crystals (Figure 2.11). The mass of the steel ball is 0.5 mg or a
weight (gram-force) of 5 uN. The buoyancy corrected weight of the steel ball, F was ~

4.6 uN.

(a)

(b) Cell culture media

Steel ball

Force, F

Liquid crystals

Glass substrate

Figure 2.11. (a) A steel ball of 500 um diameter loaded to the liquid crystal surface in
the cell culture media captured with a digital camera (Scale bar: 1 mm); Insert: The
phase contrast image of a steel ball. (b) A schematic describing the spherical
indentation to surface of the liquid crystal substrate in the cell culture media and the

measurement parameters.

In order to determine an appropriate loading period, measurements of creep

deformation was performed. During the experiment, a load period at an interval of 10
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seconds up to 60 seconds was applied to indent the LC surface. The Young’s modulus
was determined at the time when the creep deformation was saturated. After the
steel ball was unloaded vertically using tweezers, a series of photomicrographs at an
interval of 5 seconds were captured by using a digital camera mounted to a cross-
polarising microscope and a phase contrast microscope.

The diameter of the contact circle was measured using Imagel software upon
removal of the steel ball. The spherical indentation was repeated randomly at twenty
sites for three independent samples of liquid crystals. The indentation by the steel ball
of radius, R formed a circular contact area with a radius of r (Figure 2.11b). The

displacement (J) of the liquid crystal surface formed vertically under the centre of the
steel ball (Figure 2.11b) was calculated by using 6 = R—a wherea=+vR* -r? |

The Young’s modulus, E, of the liquid crystals was calculated based on equation
of the Hertz contact theory as given in equation (2.7),

~JRY2s (2.7)

where F is the force in terms of weight of a micro sphere, 6 is the vertical
displacement due to the indentation, R is the radius of the sphere and v is the
Poisson’s ratio of the material. At this point, the Poisson’s ratio, v was assumed to be
incompressible at 0.5 due to the high water content in the lyotropic liquid crystals.
However, the Poisson’s ratio will be investigated using a tensile stretch method which

will be discussed in the following section.
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2.2.10 Measurements of Poisson’s Ratio of the Liquid Crystals

To measure the Poisson’s ratio of the liquid crystals at a micrometre scale, the
mechanical tensile tester for a solid material lacks sensitivity. Therefore, a custom-built
microscopy based micro-tensile test system was developed to measure the uni-axial
strain of the liquid crystals. The measurement system was developed (See Figure 2.12-
2.14) according to the method reported by Stannarius et al. 2004 (Stannarius et al.,
2004). In this system, one fixed glass and movable glass displacer was placed on a
gridded glass slide (25 um grids spacing), the movable displacer was attached to a
three-axis micrometer and the temperature of the sandwiched glass slides was
maintained by a Proportional Integral Derivative (PID) feedback temperature controller
system (Figure 2.13). This temperature controller consists of a thermistor attached to
the top of the fixed plate at a position adjacent to the measurement site plate and a
heating pad was placed under the glass slides as shown in Figure 2.13.

Calibration of the system was first achieved by measuring the Poisson’s ratio of
Polydimethylsiloxane (PDMS). The PDMS was prepared at 1 : 10 (curing agent :
elastometric gel, Sylgard 184, Corning Corp.) mixing ratio. Before the PDMS was cured,
10 nl of the PDMS gel was put in between the edge of the fixed glass slide and movable
displacer by using a microneedle. The gel contacting the two plates at an initial
distance of 10 um was left to cure over night before the measurements. With the
gridded glass slide as a guide, the separation distance between the fixed plate and
displacer was finely tuned by a 3-axis micrometer. Subsequently, the uni-axial
deformation in longitudinal direction (y) of the sample was measured by displacing the
movable plate in x direction at a speed of 25 um/min, and the deformations was
captured by using a digital camera mounted on a phase-contrast microscope. The

deformation of viscoelastic material is a time-dependent quantity, and hence a
73



relaxation time of 1 minute was considered before each measurement was taken. As
shown in Figure 2.12, x, and y, are the initial transverse and longitudinal lengths of the
sample under test, while x and y are the same defined parameters after the uni-axial
stretching, respectively. Similar procedures were used to determine the Poisson’ ratio
for the liquid crystals except that the Poisson’s ratio of the solid PDMS was determined
at room temperature.

(a) (b)

Fixed slide Movable displacer

v v

]
ah

{
RJAIAG:

<% o x

Figure 2.12. Uni-axial tensile strain of a gel sample at (a) initial state and (b) after

strain in traverse direction.

The preparation of the LLC samples was as described in section 2.2.3. A LLC
substrate was prepared and incubated at 25 °C for 24 hours. In another group, a
CELCP2 substrate was incubated at 37 °C for 24 hours, and three LLC substrates in cell
culture media were incubated at 37 °C for 24, 48, and 72 hours, respectively. The
measurements of the Poisson’s ratio for CELCP2 was performed by first putting
approximately 10 nl of LC gel at the edge of a fixed glass slide by using a microneedle
and steadily bringing the sample gel into close contact with the edge of another piece
of movable glass slide as shown in Figure 2.12-2.14. The temperature of the test
samples was constantly checked with an infrared thermometer at close proximity
(Figure 2.14b). The initial slides separation, x, for LC gel was set at 50 um and Ax was

increased at a speed of 25 um/step. These procedures were repeated for LLC24hours,
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LLC48hours and LLC72hours. Extraction of LLC gel was performed by scraping the

transparent membrane residue on top of the liquid crystal substrate in cell culture

media.
B Camera bundled to a microscope
linked to a computer
Thermistor Cholesteryl ester liquid crystal
i 3-axis micrometer
Fixed slide I | Movable slide ;
[ . 3

I i l
7T
X Gridded glass
37°C Heating Pad
AV X

Objective Lens

PID temperature

Figure 2.13. A schematic diagram of a custom-built uni-axial micro-tensile stretch

system.

Phase contrast - Infrared

microscope thermometer

Figure 2.14. (a) The actual setup of a micro-tensile system for measuring Poisson’s
ratio of cholesteryl ester liquid crystals, and (b) an image showing the temperature
of a sample maintained at ~37 °C.

For each of the LC substrates, ten randomly selected samples were picked and
the measurements were performed in isolation. The temperature set for the test
samples is according to their incubation temperature, respectively.
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Subsequently, equations (2.8-2.9) were used to determine the deformation in a
plane and then, Poisson’s ratio was calculated (Urayama et al., 1993). The strain of the

material in uni-axial direction is determined by,

X
1 X, (2.8)
and ¢ -t (2.9)

0
where x, and vy, are initial dimensions. Variables x and y, are the dimensions after

deformation in each direction (Figure 2.12a-b). Deformation in the z direction was not
considered in this work. For a viscoelastic material which exhibits non-linear strain
such as the PDMS (Takigawa et al., 1996), the generalised solution for Poisson’s ratio, v

was given by (Urayama et al., 1993).

£, =6 (2.10)

log ¢,
log ¢,

v = (2.11)

2.2.11 Statistical Analysis

All the experiments were performed in triplicate unless stated. The storage
modulus, loss modulus and complex viscosity of the frequency sweeps were expressed
as means * standard errors (SE) while the length of deformation lines was expressed as
means * standard deviations (SD). For the comparison of the storage modulus, loss
modulus, and complex viscosity, statistical analyses were performed by using a one
way Analysis of Variance (ANOVA) followed by Tukey's honest significance test (HSD)
multiple comparisons post-test available in the Statistical Package for Social Sciences
(SPSS) software. Differences in the means were considered significant for p < 0.05. The

Young’s modulus of the liquid crystals was expressed as means * standard deviation
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(SD). The Poisson’s ratio of the LLC was obtained from the gradient of a linear
regression line plotted in a graph of log €, versus long €;. The error of the data points
to the approximated line was calculated by using the least square error method, which
also gives the standard error (SE) of the slope. The Poisson’s ratio was expressed as
means = SE. Tukey HSD test was performed to test the significant differences (p < 0.05)
in the time-dependent deformation length (means + SD) measured in the in-situ cell

fixation experiment.

2.3 Results and Discussion

2.3.1 Temperature Stability of the Liquid Crystals

The phase transition of the nematic and cholesteric liquid crystals was studied by
using cross-polarising microscopy. Under the illumination of the polarising microscope,
TL205 was observed with multi-color reflectivity. Heat ramp from room temperature
(20 °C) to incubation temperature (37 °C) changed the physical structure and colorful
optical reflections of TL205 into monochromatic reflections as shown in Figure 2.15a
and Figure 2.15e, indicating the temperature instability of TL205.

The birefringence properties of the CELCP1-P3 at room temperature were
displayed with bright cholesteric patterns Figure 2.15b-d. This is because the helically
arranged liquid crystal molecules have undergone a change in pitch length. After
heating to 37 °C, the major structure and optical reflections of CELCP1, CELCP2 and
CELCP3 remained constant indicating that cholesteryl ester liquid crystals are not
sensitive to room or incubation temperature.

However, these birefringence properties turned into uniformed color reflectivity
when cover slips were placed over the samples which indicate their shear sensitivity

characteristics under compression (Figure 2.16). Under the compression of the cover
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slips, CECP1, CELCP2 and CELCP3 changed from reddish cholesteric phase into purple,
green and yellowish black cholesteric phases under the illumination of cross-polarising
microscopy, respectively (CELCP3 appeared in pale purple colour in the AxioVision
software was due to the camera exposure problem). Among the three liquid crystal
samples, the reflectivity of CELCP3 changed most dramatically in the cross-polarising
microscope after a cover slip was placed over it (Figure 2.16). This indicates that
CELCP3 gel is highly sensitive and the black colour illumination was correlated with the
dispersion of molecules under compression. Therefore, it may not be able to withstand
the hydrostatic pressure of culture media which will be deposited in the cell culture.
This required further investigation.

Further thermal analysis was performed by using Differential Scanning
Calorimeter (DSC) which has a great sensitivity in detecting energy or heat capacity
changes for CELCP1, CELCP2 and CELCP3. Figure 2.17 shows a graph of heat flow as a
function of temperature. The glass transition temperatures (T,) of the three liquid
crystal samples appeared as steps in the baseline due to an exothermic reaction and
that T, occurs at ~ -38.67 °C, -34.26 °C and -28.75 °C for CELCP1, CELCP2 and CELCP3,
respectively. As the temperature increased, each sample reached its first melting
temperature (T,,) which can be seen as endothermic peaks at temperatures ~ 51.43 °C,
54.83 °C and 58.33 °C for CELCP1, CELCP2 and CELCP3, respectively (see Figure 2.17).
All three samples remained chemically stable between T; and up to first Tr, in which
there was no sign of endothermic or exothermic activity in the range -20 °C to +50 °C.
The three liquid crystal compositions, therefore, have a unique formulation that allows
stability over a wide range of temperature. This would enable their use in cell culture

at normal incubation temperature (37 °C).
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Figure 2.15. (a) Cross-polarising micrographs of nematic liquid crystals TL205 and

CELCP1-P3 examined at (a-d) 20 °C and (e-h) 37 °C, respectively. (Scale bar: 50 um)
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Figure 2.16. (a) Cross-polarising micrographs of CELCP1-P3 sandwiched between a
two cover slips examined at 20 °C. (b) CELCP1-P3 sandwiched between two cover

slips. This image was taken with a black background. (Scale bar: 50 um)
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Figure 2.17. DSC profiles for the three compositions of cholesteryl liquid crystals
CELCP1, CELCP2 and CELCP3. No exothermic or endothermic activities were observed

at 37 °C. T, denotes glass transition temperature. T, denotes clearing temperature.
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The thermal reactivity of the three cholesteryl ester liquid crystals is similar for
the temperature range tested (Figure 2.16). In the liquid crystal mixtures, cholesteryl
perlagonate and cholesteryl chloride together play a role in reducing sensitivity to a
wide temperature range while demonstrating outstanding shear sensitivity (Fergason
et al.,, 1965). However, with just these two compounds, they form crystals easily in
minutes. To rectify this problem, cholesteryl oleyl carbonate was used to reduce the
melting point of the mixture and maintain the mixture in cholesteric phase for more
than 24 hours (Klein and Margozzi, 1969). In this experiment, the compositions of
cholesteryl perlagonate and cholesteryl oleyl carbonate were maintained at the same
percentage but the content of cholesteryl chloride was increased in stepwise double
for CELCP2 and CELCP3 from the compositions of CELCP1, respectively. This was done
to determine the effect of cholesteryl chloride to the shear sensitivity. In correlation
with the percentage of cholesteryl chloride, CELCP2 was found with moderate shear
sensitivity among the three samples. Despite having similarity in the thermal activity,
CELCP2 showed higher stability from room to incubation temperature in the
cholesteric phase compared with CELCP1 and CELCP3. From these results, a decision

was made to use CELCP2 for the development of a cell force transducer.

2.3.2 Identification of the Liquid Crystalline Phase

In the cross-polarising microscopy, the cholesteric liquid crystal substrate before
the addition of cell culture media showed uniform reflectivity which is an indication of
a uniform cholesteric layer rotating around the helical axis (Figure 2.18). However,
some network structures of oily streaks were seen in the cholesteric phase of the

CELCP2.
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Figure 2.18. The texture of cholesteryl ester liquid crystals CELCP2. (Scale bar: 50 pm)

After cholesteryl ester liquid crystals were immersed in the cell culture media,
translucent films were seen overlying the surface of the cholesteryl ester liquid crystals
(Figure 2.19a-b). When another similar liquid crystal substrate incubated in cell culture
media was removed from the petri dish and examined in a cross-polarising
microscope, focal conic textures were seen overlying the cholesteric liquid crystals
(Figure 2.20). A focal conic texture is a unique optical microstructure which is usually
found in the lyotropic smectic or lyotropic lamellar mesophases under a condition of
defects (Choi et al., 2004, Asher and Pershan, 1979, Helfrich, 1994). To investigate the
phase of the liquid crystal film in isolation, the film which is approximately 10 - 20 um
thick was carefully transferred to a glass cover slip and examined in a Differential
Interference Contrast (DIC) and cross-polarising microscope. The film appeared fluidic
in DIC microscopy (Figure 2.19c) but dark in cross-polarising microscopy (Figure 2.19d).
Some white streak like bands and some dark focal conic structures were observed in
cross-polarising microscopy which indicates the formation of a lyotropic phase for the
lipid liquid crystals (Figure 2.19 and Figure 2.20). This result indicates that uniform and
homeotropically aligned lipids (smectic phase) in lyotropic phase have their directors

normal to the glass surfaces.
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Defelctive lyotropic layers Defective lyotropic layers

(d)

Figure 2.19. (a-b) Cross-polarised micrographs show a similar liquid crystal
membrane drifting off the bulk cholesteric liquid crystal or the defective lyotropic
liquid crystals. (c) A DIC and (d) cross-polarised micrographs of the same defect-free

liquid crystal film examined in isolation. (Scale bar: 25 um)

These well-aligned molecules appear uniformly dark when viewed through the cross-
polariser because their alignments do not polarise the incident light but allows light to
penetrate through the first polarizer, and then blocked by the second polariser (Asher
and Pershan, 1979). This leads to observation of dark fields when viewed down the
optical axis.

However, the defects in LC alignments create a plane of polarisation to the
incident light which is neither parallel nor perpendicular to the tilt direction, in which,
the light will be elliptically polarised through the pair of crossed polarisers (Hyde, 2001,
Asher and Pershan, 1979) and creates bright view in the optical axis. Therefore, an

unaligned lipid-water layer appears to be non-uniform and highly coloured in high
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variations of tilt layers (Figure 2.19a-b and Figure 2.20). When the uni-axial lipid layer
was drifted away and rolled up in defects, they form the concentric ringed defect

structures or focal conic structures (Asher and Pershan, 1979).

Lyotropic smectic
phase
(wide band streaks)

Lyotropic phase

(Focal conic texture)

/

Figure 2.20. A cross-polarising micrograph of cholesteric based lyotropic liquid

crystals shows the wide band streaks and focal conic textures.

This study shows that cholesteryl ester liquid crystals when immersed in a
solvent formed lyotropic smectic layers associated with the amphiphilic molecules re-
orientation, such that the hydrophilic heads (ester bonds) orientate towards the water
and hydrophobic hydrocarbon tails (fatty acids) orientate towards the bulk layer of
cholesteric liquid crystals (Figure 2.21).

In cell culture media, any distortion to the uni-axial lyotropic liquid crystals
(Figure 2.21) could induce birefringence changes as seen in Figure 2.19. A shear
originated from the flow of culture media forces the lyotropic layer to deform (Figure
2.22), as a result, the lyotropic liquid crystals appeared with stratification of dark and

bright fields which was observed as band-like structure (Figure 2.20). Multiple optical
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structures can exist in the lyotropic liquid crystals when the liquid crystals are severely
distorted (Figure 2.20).
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Figure 2.21. The proposed structure for the cholesteryl ester based lyotropic liquid

crystals.
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Figure 2.22. A schematic describing the effect of shear stress to the lyotropic smectic

liquid crystals.

Clearly, the cell culture media has altered the physical properties and structure

of the cholesteric liquid crystals, in which the amphiphilic liquid crystal molecules had
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self-assembled into bilayers of lipid molecules that are interlaced by water molecules
in a lyotropic or lamellar system (Asher and Pershan, 1979). The binary system (water-
lipid interface) has been described as a translucent layer, basically showing fluid-like
properties (Munoz and Alfaro, 2000) and this is consistent with the observations found
in this work (Figure 2.19).

After an interaction with the cell culture media, the co-existent of cholesteric
and multi-lamellar phases suggest that the rheological properties of the cholesteric
liquid crystals probably had been altered (Helfrich, 1994). Therefore, an investigation
on the effects of immersion in cell culture media to the cholesteric liquid crystals by

using rheology is needed.

2.3.3 Stabilisation of Shear Modulus at Low Shear Strain

The strain dependent shear modulus (0.1 — 100 %) was investigated at various
shear rates (0.1 - 10 s™) for the liquid crystals incubated in cell culture media for 24, 48
and 72 hours (Figure 2.23). For w = 10 s? both G’ and G” remained constant for
LLC24hours (G’ = 8.23Pa, G” = 13.8Pa), LLC48hours (G’ = 8.97 Pa, G” = 11.7 Pa) and
LLC72hours (G’ = 5.44 Pa, G” = 10.2 Pa) up to ~ 5 % strain and decreased thereafter
(Figure 2,22a). All three LLC samples presented G” greater than G’ throughout the
shear strains indicating a viscous behaviour.

For w = 1 s, both G’ and G” for LLC24hours (6" = 2.85 Pa, G” = 2.77 Pa),
LLC48hours (G’ = 2.42 Pa, G” = 2.36 Pa) and LLC72 hours (G’ = 1.79 Pa, G” = 1.67 Pa)
remained constant but with G’ > G” up to ~ 5 % strain (Figure 2.22b). During this
constant phase, G’ and G” were not a function of the strain and the liquid crystals

presented an elastic behaviour. At approximately 5 % strain, all three LLC samples
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presented a cross-over between G’ and G” indicating a transition from elastic

behaviour to viscoelastic behaviour (Figure 2.23b).
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Figure 2.23. Amplitude sweep data showing strain dependent storage modulus (G’)
and loss modulus (G”) at angular frequencies: (a) w=10s™, (b) w =157, and (c) w =

0.1 s™ for LLC24hours, LLC48hours and LLC72hours, respectively.
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For w = 0.1 s, G’ and G” for both LLC24hours (G’ = 1.05 Pa, G” = 0.70Pa),
LLC48hours (G’ = 0.95 Pa, G” = 0.52 Pa) and LLC72hours (G’ = 0.82 Pa, G” = 0.45 Pa)
remained constant with G’ > G” up to ~10 % strain and decreased gradually after ~10 %
strain (Fig. 2C). Similar to the result obtained for w = 1 s, the liquid crystals presented
elastic behaviour during the constant phase where G’ > G”. For all three LLC samples,
the difference between G’ and G” was greatly increased when the shear rate was
decreased to w = 0.1 s ' indicating an improved elastic behaviour. At approximately 10
% strain at w = 0.1 s, all three LLC samples presented a crossover between G’ and G”
indicating a transition from elastic behaviour to viscoelastic behaviour (Figure 2.23c).

The results show that at low shear strains (y < 10 %), both G’ and G” remained in
plateau where the storage modulus was higher than the loss modulus (G’ > G”) for the
three LLC samples sheared at w = 0.1 stand w=1s". However, at high shear strains (y
>10 %) when w =0.1 s and w = 1 5%, the loss modulus took over the storage modulus
(G” > G’) of the liquid crystals, which suggests a fluid-like behaviour rather than solid-
like behaviour. Therefore, there is a critical shear strain at which transformation from
solid-like flow (G’ > G”) to fluid-like flow (G” > G’) occurs. Ramos et al. obtained similar
flow behaviour for a cholesteric liquid crystal which showed an upper strain limit of 6
% (Ramos et al., 2002). Overall, the storage modulus (0.3 - 3 Pa) of the three LLC
samples is much lower than the storage modulus of the actin filaments of a cell which
is approximately ~80 Pa at shear strain of 10 % (Storm et al., 2005). Since modulus
reflects the stiffness of a material (Barnes et al., 1989), this suggests that the stresses
generated by actin filaments with higher stiffness would deform the liquid crystal
surfaces with a lower stiffness.

The gradients of the stress-strain curves (shear modulus) for these LC samples

continuously decreased with increasing strain (Figure 2.24a). This result indicates that
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the rigidity of the liquid crystals is shear strain dependent. Among the four samples,
the shear modulus of LLC72hours is the lowest and this was probably associated with
the longest incubation period in a fluidic environment (cell culture media). For CELCP2
and LLC, the shear stress is directly proportional to the shear strain below 10 %,
indicating the linear viscoelastic range of the liquid crystal (Figure 2.24b). Within the
linear viscoelastic range, these liquid crystals have a constant shear modulus or
rigidity. The linear proportionality of shear stress to strain exhibited linear elastic
behaviour and can be fitted by Hooke’s equation of stress-strain.

When analysing the displacement of the liquid crystals between a stationary
platform and a rotation plate, theory of simple shear strain was applied (Whorlow,
1992, Barnes et al., 1989). By applying simple shear to the rotary plates in a rheometer
(Figure 2.25), the top layer of the shear plane which is originally parallel to the bottom
plane at a thickness of L rotates through an angle, 6 and displaced by 6L, where 6 =
tan™ (6L / L).

This work considered and analysed the example of CELCP2 which was sheared at
w = 0.1 s and 10 % strain. In this case, 10 % strain was the upper limit of the linear
viscoelastic range for the lyotropic liquid crystals in this study. During the experiment,
the thickness of the liquid crystals in between the plates was L = 0.5 mm and 6 = 0.1
radian (10 % strain), in which the small angle of shear (8 in radian) is equal to the shear
strain (y = 6L / L) when the deformation is very small (Whorlow, 1992). Hence, the
displacement of 8L was calculated by 6L = L tan 6. The calculation based on this basic
equation gave a displacement of 6L ~ 50 um. By associating this displacement to the
linear viscoelastic curve of CELCP2 (Figure 2.24B), the graph empirically showed that a
small stress of 0.128 Pa yielded a 10 % strain or a 50 um displacement in the liquid

crystals. Therefore, the shear modulus of CELCP2 at the linear viscoelastic range was
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determined at 128 mPa since the shear modulus is a ratio of shear stress to the shear

strain (Kim et al., 2011, Barnes et al., 1989).
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Figure 2.24. Stress-strain curves of CELCP2, LLC24hours, LLC48hours and LLC72hours
from 0.1 % up to a strain of (a) 100 % and (b) 10 % at w = 0.1 s™’. The linear regression

lines were used to approximate the linear viscoelastic range of the liquid crystals.

Similarly, the shear moduli for LLC24hours, LLC48hours and LLC72 hours were
determined at 98 mPa, 82 mPa and 71 mPa, respectively. These shear moduli are

much lower than the shear moduli of PDMS and silicon rubber (MPa range) that were
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previously used to sense cell traction forces (Ghannam and Esmail, 1998b, Kim et al.,
2011 ). A previous study showed that silicon rubber with a low stiffness was more
sensitive to a wider range of cell forces when compared with silicon rubber with a high
stiffness (Burton et al., 1999). Therefore, this is an indication that liquid crystals might

have a high sensitivity to low range of applied forces.
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Figure 2.25. Simple shear of the liquid crystals. Left: Top view, Right: Cross-section.

2.3.4 Shear Rate Dependent Shear Modulus of the Lyotropic Liquid Crystals

The frequency sweep result at 5 % strain shows that the shear modulus (G’ and
G”) and complex viscosity (n*) of a cholesteric and cholesteric based lyotropic liquid
crystals is shear rate dependent (Figure 2.26). The shear moduli are normally
distributed according to the Shapiro-wilk test which is significant for p > 0.05 (Table
2.2).

For CELCP2, LLC24hours, LLC48hours and LLC72hours, the storage modulus
increased linearly with increasing shear rate up to 10 s™ but beyond this shear rate, the
storage modulus (G’) of the four samples decreased sharply (Figure 2.26a). The loss
moduli and complex viscosities exponentially increased and decreased with increasing
shear rate, respectively. After incubation in the cell culture media for 24 and 48 hours,
the storage modulus, loss modulus and complex viscosity of LLC24hours and

LLC48hours are very close to those of the CELCP2 over the entire range of shear rate (1
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- 100 s) (Figure 2.26a). In the frequency sweep data, CELCP2, LLC24hours, LLC48hours
and LLC72hours exhibited linear elastic behaviour at a shear rate below 1 s™* where the
storage modulus was greater than loss modulus at 5 % strain (Figure 2.26a). The
crossovers between the storage modulus and loss modulus at 1 s* indicate the
viscoelastic property of the CELCP2 and LLC (Figure 2.26a). CELCP2 and LLC were
characterised by a linear elastic behaviour (G’ > G”) at low angular frequencies and
viscous behaviour (G” > G’) at high angular frequencies. Ramos at el. (Ramos et al.,
2002) and Zapotocky at el. (Zapotocky et al., 1999) observed similar viscoelastic
behaviour for a cholesteric liquid crystal impregnated with silica particles and their

result attained a crossover at 0.5 s for 5 % shear strain.

Table 2.2. Test of normality for storage modulus and loss modulus of the CELCP2

which is significant for p > 0.05. Each sample of CELCP2 was tested 3 times.

Shapiro-Wilk

Storage modulus

CELCP2 0.55
LLC24hours 0.579
LLC48 hours 0.189
LLC72 hours 0.609
Loss modulus

CELCP2 0.475
LLC24hours 0.896
LLC48 hours 0.572
LLC72 hours 0.683
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Figure 2.26. The frequency sweep results. (a) Shear rate dependent storage modulus
(G’, square), loss modulus (G”, triangle) and complex viscosity (n*, circle) of the
CELCP2 (Yellow), LLC24hours (Green), LLC48hours (Red) and LLC72hours (Blue)
obtained for angular frequencies from 0.01 s™ to 100 s at 5 % strain. (b) The bar
charges of storage and loss moduli obtained at w = 0.01 s™. The scatter plot shows
the complex viscosity (n*) of CELCP2, LLC24hours, LLC48hours and LLC72hours. The
asterisks (*) indicate that the storage modulus, loss modulus and complex viscosity
for LLC72hours are significantly different from the CELCP2 (significant for p < 0.05,

Tukey HSD test, N = 3).
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The complex viscosity of CLC, LLC24hours, LLC48hours and LLC72hours
exponentially decreased with increasing shear rates (0.01 - 100 s™), indicating pseudo-
plastic flow behaviour of a viscoelastic gel (Figure 2.26a). Ramos at el. and Zapotocky
at el. observed similar shear rate dependent modulus for their cholesteric liquid
crystals (Zapotocky et al., 1999, Ramos et al., 2002).

The viscoelastic behaviour of the cholesteric based lyotropic liquid crystals
characterized is contrarily to the polymeric materials such as silicon rubber and PDMS.
Previous literature show that hydrogels (Busato et al., 2009), PDMS (Ghannam and
Esmail, 1998b, Boutelier et al., 2008) and liquid crystal polymers (Somma and Nobile,
2004) are dominated by viscous behaviour at low shear rates (< 1 s'l) and they exhibit
elastic behaviour at high shear rates (> 1 sY). Comparatively, cholesteryl ester liquid
crystals have an advantage of exhibiting linear elastic behavior at low shear rates and
seemed to be suitable for use in studying the mechanics of cells.

For the application of lyotropic liquid crystals in monitoring cells traction which
occurs at a low speed (a few um/hour) (Burton and Taylor, 1997), this research was
interested in the rheological characteristics of the liquid crystals at a low range of
shear rates. At the lowest shear rate of 0.01 s (Figure 2.26b), the storage modulus
(G’) is greater than the loss modulus (G”) for CELCP2 (G’ = 0.59 + 0.04 Pa, G” = 0.45 +
0.04 Pa), LLC24hours (G’ =0.55 + 0.02 Pa, G” = 0.43 + 0.03 Pa), LLC48hours (G’ =0.53 +
0.01 Pa, G” = 0.38 £ 0.02 Pa) and LLC72 hours (G’ = 0.40 + 0.04 Pa, G” = 0.316 *+ 0.02
Pa) which indicates that the system continued to exhibit elastic behaviour despite a
gradual decline of G’ and G”.

After 48 hour of incubation, both storage and loss moduli of LLC72hours were
significantly different from CELCP2 [p = 0.016 (G’), p = 0.039 (G”), Tukey HSD test,

significant for p < 0.05]. However, LLC24hours [p = 0.833 (G’), p=0.885 (G”), Tukey HSD
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test] and LLC48hours [p = 0.585 (G’), p = 0.306 (G”), Tukey HSD test] showed no
significant differences of viscoelasticity when compared with CELCP2. When the
incubation time was prolonged from 48 hours to 72 hours (Figure 2.26b), the
viscoelastic behaviour of the lyotropic liquid crystals was significantly affected. The
results suggest that probably there is a reduction in the ability of the liquid crystal
molecules to store elastic energy.

At the lowest shear rate of 0.01 s, the complex viscosity (n*) for CELCP2,
LLC24hours, LLC48hours and LLC72hours were 73.90 + 4.99 Pa's, 69.80 *+ 4.14 Pa-s,
62.37 + 1.36 Pa:s and 54.37 + 4.98 Pa-s, respectively (Figure 2.26b). As shown in Figure
2.26b, the complex viscosity seems to decrease with an increasing incubation time.
However, the complex viscosity of LLC72hours was significantly different from CELCP2
(p =0.027, Tukey HSD test). LLC24hours (p = 0.882, Tukey HSD test) and LLC48hours (p
= 0.222, Tukey HSD test) showed no significant differences in complex viscosity when
compared with CELCP2. The decrease in complex viscosity which was determined by a
rheometer probably indicates a weaken strength of the liquid crystal gel after 72 hours
of incubation in an aqueous environment.

LLC72hours was incubated for the longest period of time in the cell culture media
displayed a significantly lower G’, G”” and n* when compared with LLC24hours and
LLC48hours which were incubated for shorter periods of time in the cell culture media.
These results suggest that LLC24hours and LLC48hours presented a higher
viscoelasticity compared with LLC72hours. Therefore, the shear modulus and complex
viscosity of the lyotropic liquid crystals are the reciprocal of the incubation time in cell
culture media. Both temperature and culture media collectively as a function of time

might have effects on the viscoelasticity of the lyotropic liquid crystals. However,
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isothermal condition at 37 °C was maintained in the experiments, in which the liquid
crystals are thermally stable as characterized by DSC and cross-polarising microscopy.
In a lyotropic lamellar system, the liquid crystal molecules are interlaced by
water molecules (Helfrich, 1994) and this probably weakens the cohesion forces
between the slabs of lamellar mesophases. When the lyotropic liquid crystals
incubated in the culture media for a prolonged period of time, the water infusion
continued to increase leading to a decrease in the viscoelasticity of the lyotropic liquid
crystals. However, the effects of the water infusion were lower for lyotropic liquid
crystals that were incubated below a critical period of 48 hours. In the rheological test,
these liquid crystals maintained an elastic behaviour when low shear rates were
applied. At low shear rates, the shear forces applied is lower than the cohesion forces
of the closely packed molecules in the lyotropic liquid crystals and fluid has little space
to lubricate the flow (Mortensen, 2001). Within the elastic regime, these lyotropic
liquid crystals retained the ability to restore elastic forces when the shear forces were
removed. Above a critical shear rate which exceeds the elastic limit (increase of shear
force), the void volume increases and also allows the infusion of the fluid. As a result,
the elastic restoring force of the lyotropic layers was destroyed, and the liquid crystals
flow-like fluid as indicated by the exponential decrease in the viscosity of the liquid

crystals (Figure 2.26a).

2.3.5 Analysis on the Structural Changes of the Liquid Crystal Substrates Cultured
with Cells
Having determined the rheology of the liquid crystal which indicates that it might
be suitable to be used as a cell traction force transducer, human keratinocyte cell lines

were cultured on the liquid crystals at 37 °C for 24 hours. After culturing HaCaT cells on
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the liquid crystals for 24 hours, short and discrete deformation lines (dark field / bright
field stratifications) were found radiating out of the periphery of individual and group
of cells cultured on the liquid crystal substrates as shown in (Figure 2.27a-d). These
deformation lines may be caused by the mass of the cells, electrostatic charges
displacing the liquid crystal molecules or by forces generated from the actin
cytoskeleton within the cells that were transmitted to the LC surface via focal
adhesions. Therefore, the objective of this experiment is to determine the source of
the stresses and strain in inducing the stress marks (deformation lines) on the LC
surface.

When the liquid crystal substrates were removed from the petri dishes and it
was found that the cells were adhering to liquid crystal membranes (Figure 2.27e-f)
that might explain the formation of lyotropic layers in relation to Figure 2.19. In order
to determine if the deformation lines were induced due to the contraction of cells and
how these deformation lines were formed, cytochalasin-B was used to treat a group of
cells contracting on the liquid crystal surface. A group of contracted cells with
elongated shapes was treated with 30 uM cytochalasin-B over a 60 minutes period on
a hot stage maintained at 37 °C. Before treatment with cytochalasin-B, contracted cells
were found indenting LC surface with localised deformation lines growing in oblique
directions, and perpendicular to the cell contraction direction as shown in Figure 2.28.
After treatment with cytochalasin-B for 30 minutes, the LC deformation lines induced
by the cells were very much shortened in an inward direction perpendicular to the cell
relaxation direction (Figure 2.28c).

As a result of cytochalasin-B treatment which inhibited the polymerisation of F-

actin, the traction forces of cells degenerated with the depolymerisation of actin
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filaments, which in turn, reduced the deformation lines in the LC surface (Figure

2.28d).

Figure 2.27. (a-d) Phase contrast micrographs of the cells cultured on the liquid
crystal substrates, and (e-f) cells adhering to a membrane drifting off the bulk liquid
crystals. Enlarge exert of (a) shows the short deformation lines radiating out of the

periphery of a cell. (Scale bar: 20 pm)

As shown in Figure 2.28a and c, the relaxation direction is opposed to the
contraction direction of the cells as indicate by solid line arrows. The relaxation of
HaCaT cells was indicated by an increase in the length of cells (123 um) compared with

the original length of the same group of cells (102 um).
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Figure 2.28. HaCaT cells cultured on LC surface in response to 30 uM cytochalasin-B
treatment and direction of LC deformation lines shrinkage at (a) 0 minute, (b) 30
minutes, and (c) 60 minutes. Solid line arrows show the direction of the cell
contraction and relaxation after treated with cytochalasin-B. Dotted line arrows
show the repelling directions of the deformation line. (d) A depiction showing the
correlation of the deformation line formed on the liquid crystal film with transverse
shear forces induced by the contractions of cell circumferential actin filaments that
are anchored at the focal adhesions. Treatment with cytochalasin-B caused F-actin
depolymerisation, force degeneration and diminishing deformation lines of the liquid

crystal surface. (Scale bar: 25um)

The induction of the longitudinal deformation line was due to the transverse strain at a

finite region on the LC surface (indicated by solid line arrows in Figure 2.28a).
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Therefore, the longitudinal deformation lines induced in the LC surfaces is a secondary

effect of lateral compression.
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Figure 2.29. (a) Phase contrast and (b) cross-polarising micrographs of deformation
lines induced by HaCaT cells in the LC surface. The profile plots (c-d) for the cross-

section of a deformation line are as marked in (a) and (b), respectively. (Scale bar: 25
Hm)
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At a microscopic level, liquid crystals consisted of closely packed molecules that
are bound together by cohesion forces (Collings, 2002). Any shear distortion (force)
applied transversely (compression) would squeeze the LC molecules upward in a
limited space. Further force application would cause the LC molecules to move
outward to areas with molecules of a lower packing of density. Upon released of that
applied force, the LC molecules would recover to their original position due to their
elastic behaviour at low shear rates (as characterised in section 2.3.3).

As a result of the compressions and shears induced by the cells, the LC molecules
emerge as bright and dark field stratification of deformation lines as shown in phase
contrast (Figure 2.29a) and cross-polarising (Figure 2.29b) micrographs. The
contraction profiles obtained from the cross-section of the deformation line seemed to
follow a bell-shaped curve in both microscopic images (Figure 2.29c-d) indicating that
compression of the LC molecules caused an upward deflection of molecules, which in
turn, altered the intensity of reflected light captured via different microscopy
techniques.

These traction forces originated from the boundary of the cells are probably
related to the contractions of circumferential actin bundles (Omelchenko et al., 2001,
Owaribe et al., 1981). Circumferential actin bundles are profound short actin bundles
running tangentially along the margins of epithelial cell (Owaribe et al.,, 1981,
Gloushankova et al., 1997, Omelchenko et al., 2001). Their functions are to maintain
the discoid shape of the cell by shortening the boundary of the circumference resulting
from contractions of the marginal actin fibres (Zhang et al., 2005, Owaribe et al., 1981).
Cell traction forces exerted on a substrate via the focal adhesions is originated from
the myosin-Il contraction activities and the polymerisation of actin bundles (Krendel et

al.,, 1999, Cavey and Lecuit, 2009). Then, these forces transversely shear the liquid
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crystal surface under the cell margin resulting in an outward growing deformation lines
(Figure 2.28d). The reaction of the liquid crystal surface in forming deformation lines
can be explained by Newtons’ third law of action and reaction. The stronger the

compression, the longer is the deformation line formed.

2.3.6 Viscoelasticity and Viscosity of the Time-Dependent Liquid crystals In-Situ
From the shear modulus measured by a rheometer, the results show that both
storage and loss moduli of the liquid crystals gradually decreased with increasing
incubation time in the cell culture media. However, the viscoelasticity of the liquid
crystals characterised by a rheometer was compared with the behaviour of the liquid
crystals in-situ. In-situ characterisation method involved culturing cells on the liquid
crystal substrates and treating them with cytochalasin-B and formaldehyde was used
to evaluate our rheological measurement results. In a culture with HaCaT cells
contracting on the surface of the liquid crystals, cytochalasin-B disrupted the actin
filament polymerisation of cells causing degenerated forces applied to the liquid
crystals and a reduction of deformation lines (Figure 2.30). However, cells remained
attached to the surface of the liquid crystals because of the specific action of
cytochalasin-B to the internal cytoskeleton but not to the adhesion proteins that
function to attach the cells to a surface. In this study, large groups of cells were
intentionally selected to emulate large shear forces on the surface of the liquid crystal
substrate and this would enhance any negative effects. Figure 2.30 shows the effects
of cytochalasin-B treatment to the cells cultured on the liquid crystal substrate for a
period of 24, 48 and 72 hours. For the liquid crystals cultured for 24 and 48 hours,
diminishing deformation lines and flat surface recovery were observed after the cells

were treated with cytochalasin-B (Figure 2.30, 24 and 48 hours, 0 - 60 minute).
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Figure 2.30. Phase contrast micrographs showing the effect of 30 uM cytochalasin B
on HaCar cells cultured over the lyotropic liquid crystals after 24, 48 and 72 hours of
incubation taken every 5 minutes over a period of 60 minutes. The time shown is the

period of treatment of cells in cytochalasin-B. (Scale bar: 25 pm)

This shows that the liquid crystals were still elastically viable even though they
had been immersed in the cell culture media in an isothermal condition for 48 hours.
However, a great difference was observed in the behaviour of lyotropic liquid crystals
after 72 hours of incubation where elastically unrecoverable deformation lines were
formed (Figure 2.30, 72 hours, 0 - 60 minute) due to the viscous response of the

lyotropic liquid crystals. The result is consistent with the quantitative result obtained
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by frequency sweeps which show a degradation of storage and loss moduli in
LLC72hours (Figure 2.26). The surface of the liquid crystals which was once elastic has
become less elastic due to the effects of prolonged incubation in a fluidic environment
for 72 hours. Similar results were observed for the two repeats of experiments. The in-
situ experiment has confirmed the elastic behaviour of the liquid crystals that were
incubated in cell culture media within 48 hours and the responses were also consistent
with the result characterized by the oscillatory measurements (Figure 2.26).

Creep of the liquid crystals over time was monitored in-situ by imposing a
constant stress on the surface of the liquid crystals for a period of 96 hours. The stress
of a cell which has induced certain length of deformation line on the surface of the
liquid crystals was fixed by applying formaldehyde to the cell. After treating HaCaT
cells in formaldehyde for 96 hours, cell shape and size of these cells remained
unchanged (Figure 2.31a).

The initial length of deformation lines is a reference to the changes of viscosity in
the liquid crystals. To examine if there were any quantitative changes, the
measurements of length for same group of deformation lines was taken and marked
with arrows as shown in Figure 2.31a. The initial deformation length was determined
at 10.25 + 4.15 um (mean * SD) (Figure 2.31a, pre-fixed). After treating cells in
formaldehyde for 24, 48, 72 and 96 hours, the lengths of deformations on the liquid
crystal surface were determined at 8.72 + 3.77 um, 8.71 + 3.77 um, 8.67 + 3.77 um and
8.23 + 3.51 um, respectively. The cells maintained the deformations in the liquid
crystal surface well through the 24 - 72 hours treatments in formaldehyde but the

deformation lines decreased slightly (creep) after 72 hours of treatment (Figure 2.31b).

104



(a) Pre-fixed 24 hours 48 hours

—_
=N
|

(b)

— —
[
I

L O

Creep

Deformation length (pm)
(e}

24 hours 48 hours 72 hours 96 hours

Formaldehyde treatment period (hours)

Figure 2.31. (a) Time series images taken every 24 hours up to 96 hours for HaCaT
cells treated in 2 % formaldehyde. The arrows in (a) show the deformation lines that
were monitored for their changes of length; (b) Length of deformation lines
measured (mean + SD, N = 28, 3 repeats) after cells treated in formaldehyde for 24,
48, 72 and 96 hours. The arrows show the example of deformation lines used for

quantification. (Scale bar: 25um)
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However, this reduction in the length of deformations developed in the liquid
crystals after 72 hours of cell treatment in formaldehyde was very small and
statistically insignificant (N = 28, p = 0.34, Tukey HSD test). It seemed that an
immersion in an aqueous surrounding provided a constant hydrodynamic pressure to
the surface of the liquid crystals and hence, subjecting the lyotropic liquid crystals in-
situ to a very low level of creep. The mean of deformation lengths in the liquid crystal
surface calculated were ranging between 5 and 13 um (Figure 2.31b). With reference
to the thickness of the liquid crystal substrate (~ 100 um), these shear strains of 5 - 13
% closely fit the linear viscoelastic range of the liquid crystals (Figure 2.31b).

In comparison with previous cell force measurement techniques that involved
the measurement of deformation in the PDMS or silicon rubber (Oliver et al., 1995,
Burton and Taylor, 1997, Beningo et al., 2002), the magnitude of the deformations
determined was at a range of 10 - 100 um for single cells (Burton et al., 1999). These
large deformation lengths were probably associated with the nonlinear viscous
behaviour of the silicon rubber and PDMS at low shear rates (Ghannam and Esmail,
1998b, Boutelier et al., 2008). Due to the non-linear rheological behaviour at low shear
rate, these materials tended to deform abruptly under shear stresses, and thus form
large deformations.

As reported in previous literature (Stoodley et al., 1999, Barnes et al., 1989), the
extent of deformation in a material is dependent on the dynamic viscosity (real part of
complex viscosity). The insignificant level of creep found is an indication of the
mechanical stability of the viscosity presented by the lyotropic liquid crystal over time.
This result seems to be slightly different from the complex viscosity determined using
oscillatory test for the lyotropic liquid crystals in which it was found that the complex

viscosity was only stable for up to 48 hours in media (Figure 2.31b). This discrepancy
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can be explained by the differences in the measurement methods. In the rheological
study of lyotropic liquid crystals with a rheometer, this study requires the removal of
liquid crystal samples from the culture media in which the integrity of the samples was
damaged before the rheological measurements and this probably resulted in an
underestimation of the viscosity of the liquid crystal substrate in equilibrium.
Therefore, the viscosity of the lyotropic liquid crystals evaluated in-situ was more
consistent over time than the complex viscosity over time as measured by a
rheometer. By using in-situ techniques for fundamental rheological studies, the
structural integrity of the LLC can be retained, and thus this shows more realistic

rheological behaviour of the lyotropic liquid crystals.

2.3.7 The Young’s Modulus of Liquid Crystals Determined by Using AFM Nano-
Indentation

AFM nano-indentation was used to determine the Young’s modulus of the
surfaces of the LLC substrates after incubated for 24 hours. An example of the force-
displacement curve acquired for the liquid crystal substrate using the AFM nano-
indenter is as shown in Figure 2.32. During the unloading phase, the total force exerted
onto the indenter is a contribution of the laterally derived forces originated from the
adherent liquid crystal gel. Hence, the Young’s modulus determined is also a function
of the lateral elasticity of the liquid crystals. Overall, both loading and unloading curves
are non-linear except for the initial portion of the unloading curve (Figure 2.32). This is
the portion of unloading curve, in which Young’s modulus of the liquid crystals was

calculated.
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Figure 2.32. A load-displacement curve of the liquid crystals surface and its relations

to the loading and unloading of an indenter.

As shown in Figure 2.32, the liquid crystal immersed in the culture media was
indented with a peak load of P, = 4.84 uN at a maximum depth of hye = 4910 nm.
The final depth after complete unloading, hy, was determined from the unloading data
as 2713 nm. Retraction of the indenter was halted at a depth of hs;= 1068 nm. The
power law fitting parameters as determined by the Triboscope software from the
unloading data were 1.1 and 1.957 for A and m, respectively, using the least square
fitting methods (Oliver and Pharr, 1992). The average stiffness of the liquid crystals
calculated from equation (2.1) was 0.0017 + 0.00067 uN/nm (mean * SD) and the
Young’s modulus derived from equation (2.6) was 108 + 20 kPa (mean * SD). Out of

the three liquid crystal substrates tested at different time, only one substrate has
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produced 20 repeatable and measureable results. This probably due to the instability

of the AFM system after a break down prior to the last two repeat of the experiments.

2.3.8 The Young’s Modulus of the Liquid Crystals Determined by Spherical
Indentation

Due to the lack of stability in the AFM nano-indentation system, spherical
indentation was used to determine the Young’s modulus of the surface of the liquid
crystal substrates in the cell culture media. As determined by the spherical
indentation, the Young’s moduli of the three independent liquid crystal substrates
after 24 hours of incubation in cell culture media were determined at 111 + 17.97 kPa,
108 + 22.31 kPa and 109 + 21.33 kPa, respectively. The mean of the Young’s modulus
(E) was 110 + 21.33 kPa (N = 60 in three repeats of experiments). 95 % confidence
interval for the mean of the Young’s modulus was 104.87 < E < 115.18 kPa. These
results show that Young’s moduli determined by using spherical indentation for the
three liquid crystal samples after incubation for 24 hours at 37 °C are similar and highly
reproducible and comparable to those measured with the AFM nano-indenter.

Figure 2.33a shows the birefringence changes to the surface of the liquid crystals
in cross-polarising upon removal of the steel ball indenter from a liquid crystal
substrate with a thickness, h of 100 um. The contact radius, r and vertical
displacement, oL for the three samples of liquid crystals (twenty indentation sites per
sample) were approximately 26 + 1.6um and 1.33 £ 0.16 um, respectively. At the
indentation site, the weight of a steel ball was loaded to the liquid crystal surface,
forming a dark circular and concave area. The focal conic texture was formed around
the contact circle area (Figure 2.33a, 0 second) in the liquid crystal surface after the

surface was deformed by the steel ball in bi-axial direction. This image was taken as

109



soon as the steel ball was removed. When the steel ball was being unloaded from the
surface of the liquid crystal, the displaced liquid crystal molecules rapidly returned to
the centre of the contact area. Eventually, the indented area was closed after 15
seconds of recording. The imperfect recovery of the original texture at a little area at
the centre was probably due to the removal of the gel, which was stuck to the steel
ball during the unloading process.

0 second 5 seconds 10 seconds 15 seconds

(a) -...

1.80
(b) 1.60

1.40
1.20
1.00
0.80 -
0.60 -
0.40 -
0.20 -
000 T T T T 1

10 20 30 40 50 60

Vertical displacement, &
()

Time (second)

Figure 2.33. (a) Cross-polarised micrographs show the elastic recovery of deformed
liquid crystals (0 - 15 seconds) after a steel ball was unloaded. The inset shows the
steel ball with a diameter of 500 um before unloading. (Scale bar: 50um) (b) A graph
of vertical displacement (6) versus loading time for N = 3 shows the creep

deformation of the liquid crystals.

Figure 2.33b shows the vertical displacements (8) of the liquid crystal surface
over time for 60 seconds of measurements. The curve reached a plateau after the steel

ball was loaded for 40 seconds. A saturated displacement at 60 seconds was achieved,
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which is also the point when the displacement was used to determine the Young’s
modulus of the liquid crystals. The vertical displacement increased from 1.14 + 0.15
pum to 1.5 + 0.1 um indicates the creep and viscoelastic behavior of the liquid crystals.
Although the indentation was loaded vertically, the stress was distributed was over
and around the contact circle, and this is clearly shown via the changes of texture at
the contact area. The LC molecules at the edges of the contact circle displayed an
elastic behaviour which was evidenced by the recovering of the original texture within
a short period of time. In the context of the liquid crystal texture in the cross-polarised
micrographs, the dark circular area indicates the dispersion of the lyotropic liquid
crystals into an isotropic phase when being stressed by the steel ball or it could be due
to the compressed layers of lamellar which blocked the penetration of the polarised
light, and resulted in dark fields in the optical axis (Figure 2.33a). However, this
complex phenomenon is not clear. The results in Figure 2.33 and Figure 2.16
simultaneously indicate that when the liquid crystal molecules are under compression,
the characteristics of dark field would be observed in the cross-polarising microscopy
which might indicate the dispersion of the liquid crystal molecules.

Table 2.3. Comparison of Young’s modulus of cholesteryl ester based lyotropic liquid

crystals (after 24 hours of incubation) determined by using AFM based nano-

indentation and spherical indentation.

Young’s modulus (kPa)
Mean £SD Mean £ SD
AFM nano-indentation 108 + 19.78 -
(N =20for aLCsample)
Spherical indentation 111 +17.97 110 + 19.95
(N = 20 for each of the three LC 108 +22.31 for N =60
samples) 109 +21.33
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In addition, the result also clearly shows that the surface of the liquid crystals
exhibited a viscoelastic behavior at a small axial strain, §/h <2 % (6 = 1.33 um, h = 100
um) and shear strain of approximately 25 % (r = 25 um, h = 100 um). These strains may
fall in the linear viscoelastic range of the liquid crystals, which explains the elastic
recovery of the indented area as observed in Figure 2.33. The Young’s modulus (Table
2.3) of the cholesteric based lyotropic liquid crystals (after 24 hours incubation) by
using the AFM nano-indentation and spherical indentation systems were determined
at 108 + 19.78 kPa and 110 + 19.95 kPa, respectively. Similarly, the measurements of
the Young’s modulus showed by both techniques were subjected to 20 % of variations.

Despite being indented by different geometries of indenters in AFM nano-
indentation and spherical indentation, liquid crystals in both experiments were applied
with similar loads (~ 5 uN) and produced similar measurements of Young’s modulus.
These moduli measured are considerably lower than 300 kPa of the thermotropic cubic
phase liquid crystals determined in air (Even et al., 2006). The difference may be due
to the hydration effects induced in our experiment. Interestingly, the Young’s modulus
of LC surface seems to be similar to the elastic modulus of the human skin and
epidermis layer measured by using suction (82 £ 60 kPa (mean * SD)) and tensile (130
kPa) techniques, respectively (Takeo, 2007, Hendriks et al., 2006). Nonetheless, the
Young’s modulus of the liquid crystals determined in this work is also comparable to
the Young’s modulus of soft tissues such as the smooth muscle (20 - 150 kPa) (Levental
et al., 2007) which is an added advantage in the development of a cell force transducer
because this elastic modulus closely resembles the stiffness of the in-vivo system
(Levental et al., 2007, Solon et al., 2007), and hence provides a more suitable physical

environment for sensing cell traction forces. A material with a much higher or lower
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elastic modulus than that of the in-vivo tissue could be perceived as pathological tissue
by the cells (Levental et al., 2007, Engler et al., 2004b).
2.3.9 Effects of Incubation Time to the Young’s Modulus of the Liquid Crystals

As a result of spherical indentation, the effects of incubation periods in the cell
culture media to the cholesteryl ester based lyotropic liquid crystals (LLC) are as shown
in Figure 2.34. After 24 hours of incubation, the liquid crystals are still elastically viable
when the steel ball was removed from the surface of the LLC. The deformed area was
able to close and recover within 15 seconds of recovery time (Figure 2.34a). This elastic
behaviour was gradually degraded as the incubation time increased to 72 hours (Figure

2.34).
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Figure 2.34. Phase contrast micrographs show the behaviors of the lyotropic liquid
crystals after a steel ball was unloaded. They were incubated at 37 °C for (a) 24, (b)

48 and 72 hours, respectively. (Scale bar: 50 pm)
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However, the Young’s moduli determined for the three LLC samples after 48
hours of incubation were 58 + 8.26 kPa, 55 £ 6.79 kPa and 51 + 9.99 kPa, respectively
and the mean for Young’s modulus of the LLC was 55 + 9.99 kPa (N = 60, three repeats
of experiments). In comparison, the Young’s modulus of the LLC incubated for 48 hours
decreased to half of the Young’s modulus of the LLC incubated for 24 hours (110 *
19.95 kPa as shown in Table 2.3). Clearly, the viscoelasticity of the liquid crystals had
been adversely affected as a function of time and the progressive effects are as shown
in Figure 2.34. The LLC sample incubated for 72 hours was no longer elastic and
showed a highly viscous behaviour upon removal of the indenter. This result is
consistent with the rheological result of the liqud crystals which show that cholesteryl
ester liquid crystals reduced their viscoleasticity significantly after 72 hours of
exposure to cell culture media. Therefore, acqeous solutions are an imporant factor in
determining the integrity of the amphiphillic molecules and clearly, the infusion of
water molecules could reduce the binding force amongst the layers of cholesteric
liquid crystals as a function of time. The result show a limited period during which
lyotropic liquid crystals may be viably used as a cell force transducer. This is consistent
with the rheological studies, the best viscoelastic behaviour of the cholesteryl ester
based lyotropic liquid crystals found in the spherical indentation studies was also

within 48 hours incubation in cell culture media.

2.3.10 Poisson’s Ratio of the Liquid Crystals

The Poisson’s ratio of the liquid crystals was determined by using a micro-tensile
test method. The test system was initially calibrated by using cured
polydimethylsiloxane (PDMS) which has a well-established Poisson’s ratio (Lacour et

al., 2003). Figure 2.35a shows the phase contrast images of the PDMS located in a
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small initial space (x,) of 10 um between the stationary and movable glass slide after it
has been cured for 24 hours. The deformation length of the liquid crystals in
longitudinal direction (y) increased gradually and was inversely proportional to the
transverse deformation length of the liquid crystals (x). This yielded a Poisson ratio of
0.49 + 0.0067 (mean * SD) as determined by using the least square method (Figure
2.35b). This figure seemed to be in good agreement with Poisson ratio of PDMS as
reported in (Lacour et al., 2003) which is approximately 0.5 and these measurement
results show that the custom-built system developed was reliable and could be used
for determining the Poisson’s ratio of LC.

Figure 2.36 shows an example of longitudinal strain measurements at different
transverse strain (g;) for the cholesteryl esters liquid crystals which were captured in
the phase contrast microscope. A necking effect was observed at the centre of the
liquid crystal slab where the light penetrated through the thinning region. By applying
the least-square method, Poisson’s ratio of the CELC and LLC (25 °C) was characterised
by a linear regime up to 160 % transverse strain (log €, = 0.2) and, were both
determined at 0.5854 * 0.0192 (mean * SD), respectively (Figure 2.37a). At low
transverse strain, the longitudinal deformation of LC is linearly dependent on the
transverse strain.

This result also shows that Poisson’s ratio of LLC did not change much within a
short incubation time in cell culture media. As the transverse strain exceeding 160 %
(log €1> 0.2) and increased to 600 % (log £, = 0.8), both liquid crystals began to show
non-linear viscoelastic behaviour and small differences of strains were observed
(Figure 2.37b). At a maximum transverse strain of 800 %, the gel reached its ultimate

tensile strength and snapped.
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Figure 2.35. (a) Uni-axial deformation of a solid PDMS. The bi-headed arrows show
the deformation in longitudinal direction (y) of PDMS at 380 um, 276 pm, 220 um,
192 um and 178 um that are corresponding to the deformation in transverse
direction (x) at 10, 20, 30, 40 and 50 um, respectively (image from left to right). The
first image from the left shows the measurement for x, and y,. (Scale bar: 50 um) (b)
Plots of logarithmic longitudinal strain (g;) versus transverse strain (g;) or the
Poisson’s ratio of PDMS at room temperature (25 °C) in three repeat of experiments

(N = 10 per experiment).
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Figure 2.36. Uni-axial deformation of CELC. The bi-headed arrows show deformation
in longitudinal direction (y) of LLC at 490 um, 260 pm, 190 um and 90 pum that are
corresponding to the transverse deformation (x) at 50, 100, 150 and 200 um,
respectively (image from left to right). The first image from the left shows the

measurement for x, and y,. (Scale bar: 200 um)

The relationships of the normal pair of strains for LLC determined at 37 °C for 24,
48 and 72 hours are as shown in Figure 2.38a. Similar to the samples incubated at 25
°C, the normal pair of strains was linearly proportional to each other up to 160 % of the
transverse strain (log €;= 0.2). The LLC was subjected to a wide uni-axial strain (160 %
transverse strain). Poisson’s ratio of the LLC incubated at 37 °C for 24, 48 and 72 hours
were measured at 0.58 + 0.0586, 0.58 + 0.0345, 0.60 + 0.0254, respectively (Figure
2.38b). Under isothermal condition, the Poisson’s ratio of the LLC immersed in cell
culture media for first 48 hours showed small differences from the Poisson’s ratio of
CELCP2 incubated at room temperature (25 °C). However, the Poisson’s ratio of the

LLC incubated for 72 hours was higher indicates that the viscoelasticity of the LLC after
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72 hours of incubation was reduced. It seems that Poisson’s ratio of the LLC is mainly a

function of immersion time in culture media.
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Figure 2.37. Plots of logarithmic longitudinal strain (&;) versus transverse strain (&,)
or the Poisson’s ratios for CELC and LLC up to (a) log €1 = 0.2 (60 % of strain) and (b)
log €1 = 0.8 (600 % of strain) determined at 25 °C. The data are expressed as means *

SD.
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Figure 2.38. (a) Plots of logarithmic longitudinal strain (g;) versus transverse strain
(e1) or CELC and LLC incubated at 37 °C for 24, 48 and 72 hours. The data are
expressed as means * SD. (b) Comparisons of Poisson’s ratio (mean + SD) for CELC

and LLC at room (25 °C) and incubation temperature (37 °C).
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According to (Smaby et al., 1979, Hilton and Yi, 1998), a higher Poisson’s ratio
may indicate higher compliance of viscoelastic material and this probably had occurred
in the LLC incubated for 72 hours. However, temperature may not be the major factor
as indicated by a similar Poisson’s ratio of 0.58 for the LC substrates that were
incubated at 25 °C and 37 °C for the same periods of time (Figure 2.38b). This is
supported by a Differential Scanning Calorimetry (DSC) study of LLC which show that
cholesteryl ester liquid crystals are thermally stable at room and incubation
temperatures.

The result also shows that Poisson’s ratio of the liquid crystals is a strain-
dependent function. This applies to viscoelastic material regardless whether they are
isotropic or anisotropic (Hilton and Yi, 1998). In our study, the Poisson’s ratio
measured for LLC is slightly greater than normal isotropic material which is greater
than 0.5. In previous studies, Poisson’s ratio measured for human nucleus pulposus
(Cloyd et al., 2007) and polyvinyl alcohol (Lee et al., 2009) was similarly greater than
0.5. This is a typical characteristic of anisotropic material as suggested by (Ting and
Chen, 2005). In cholesteric liquid crystals, mesogens of the same director are arranged
in layers of helical twist. The cohesion forces binding mesogens of the same layer are
different from the forces linking the helical layers. Therefore, in the cholesteric liquid
crystals, the strength used for overcoming the molecular binding forces in a plane is
different from the strength required to deform molecules lying in another plane or vice
versa. Due to the anisotropy, liquid crystals may have more than one Poisson’s ratio
which depends on the plane and direction of the stress (Norris, 2006a) and it is
technically challenging to determine the Poisson’s ratio of other plane. A higher
Poisson’s ratio could suggest weaker layer binding forces between the layers of the

liquid crystal and could be attributed to the small increase of water solubility in the
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liquid crystal. With the infinitesimal deformation, the Poisson’s ratio of the liquid
crystals was clearly affected by the immersion time in a fluidic environment. In order
to use LLC as a reliable biomaterial over a period of 3 days incubation at 37 °C, the
result suggests a Poisson’s ratio of 0.58 for the cholesteryl ester based lyotropic liquid

crystals.

2.4 Summary

The cholesteryl ester liquid crystals exhibited physical stability over wide range of
temperature (0 — 50 °C) through differential scanning calorimetry and cross-polarising
microscopy. Oscillatory tests and in-situ rheological test were performed to study the
viscoelastic behaviour of time-dependent cholesteryl ester liquid crystals after
incubating in cell culture media at 37 °C for 24, 48 and 72 hours. The Young’s moduli as
determined by AFM nano-indentation and spherical indentation showed good
agreement for the modulus of LLC sample incubated for 24 and 48 hours. The Young’s
modulus of the LLC determined is close to the Young’s modulus of the skin epidermis
layer studied previously. The LLC may provide a suitable mechanical signal to support
adhesion of keratinocytes. The formation of a deformation lines in the liquid crystal
surface was due to the bi-axial strains in the liquid crystal induced by cells. Poisson’s
ratio of the time dependent liquid crystal as measured off-site by micro-tensile stress

method yielded a value of 0.58 for LLC incubated at 37 °C for 48 hours.
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CHAPTER 3

BIOPHYSICAL INTERACTIONS OF CELLS
AND LIQUID CRYSTALS
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3.1 Introduction

In the previous chapter, both cholesteryl ester and TL205 liquid crystals were
studied in relation to their physical properties, in order to determine the feasibility of
developing liquid crystals into a cell force transducer. This chapter aims to build on
that by investigating the biocompatibility and physical interactions between a human
keratinocyte cell line (HaCaT) and the cholesteryl ester based lyotropic liquid crystal
(LLC). This work will involve examining cell responses to the surface, the interfacial
interactions with the liquid crystals, actin cytoskeleton organisations, integrins
expression and ECM proteins deposition on the liquid crystals. To study cells responses
on the LC, it is important to investigate the adhesion, contraction and morphological
characteristic of cells on a soft substrate. In order to achieve this, the nature of the
adhesion and contraction of the HaCaT cells on the liquid crystal (LC) coated substrate
will be examined by disrupting the actin cytoskeletons using cytochalasin-B and
cleaving the integrin proteins on the cells surface using crude trypsin. Cytochalasin B is
a solution which specifically inhibits polymerisation of actin filaments (Wikswo and
Szabo, 1972, Theodoropoulos et al., 1994), and trypsin is an enzyme used in cell
culture to provide proteolytic digestion of cell surface glycoproteins to dissociate single
cells from tissue or cell culture substrates (Roberts and Brunt, 1985, Baumann and
Doyle, 1979). The cell-surface interactions will be further investigated by using
fluorescence staining of F-actin, vinculin, and integrins (a2, a3, a5 and B1) in cells
cultured on glass and LC substrates. The deposition of collagen type IV, laminin and
fibronectin will also be examined in cells cultured on glass and LC coated substrates
using immunoperoxidase and immunofluorescence staining techniques, respectively.
Of the various extracellular matrix proteins, collagen type IV, laminin and fibronectin

were chosen for this study because they are glycoproteins of the basement membrane
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secreted by the keratinocytes that function to provide a stable adhesion and enable
cell movement in-vivo and in-vitro (Nguyen et al., 2000, Larjava et al., 1993, Kirfel and

Herzog, 2004).

3.2 Material and Methods

3.2.1 The Cell Viability Studies

To verify the cytotoxicity of the synthesised shear sensitive cholesteric and
nematic liquid crystals, cell viability on the liquid crystals was investigated. HaCaT cells
were grown with three cholesteryl ester liquid crystals of different formulations
(CELCP1, CELCP2, CELCP3 as prepared and described in section 2.2.1) and a nematic
liquid crystal (TL205) under normal culture condition (37 °C for 24 hours). In the
procedures, 5 ul of each CECLP1-P3 and TL205 were placed into 4 wells of a multi-well
cell culture plate (Figure 3.1). After spreading the liquid crystal with a cell scraper
(Corning Incorporated) in each well, 1 ml of cell suspension at a density of 3.4 x 10*
cells/ml and 2 ml of RPMI-1640 media (Sigma Aldrich, UK) were plated in each of the
four culture wells containing CELCP1, CELCP2, CELCP3, TL205 and a control (untreated
well). After 24 hours of incubation at 37 °C in an incubator, the media was discarded
and trypsin was applied to the cells in the culture. Subsequently, the cells were
recollected in a centrifugation tube and spun at 1600 rpm for 5 minutes. Cell pellets
were collected and re-suspended in 3 ml of culture media. 0.1 ml of the cell
suspensions were treated with 0.1 ml trypan blue (0.4 %) for 3 minutes. The relative
proportion of trypan blue stained and unstained cells was then determined with a

haemocytometer in a trypan blue exclusion assay. The count was repeated ten times
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for each sample in three experiments and the average percentage of viable cells was

obtained using the following formula:

Total no of viable cells = A x B x C x 10* (3.1)
Total no of dead cells = Ax B x D x 10* (3.2)
Total cell count = Total no of viable cells + Total dead cell (3.3)
Percentage of viability = (Total viable cells + Total cells) x 100 % (3.4)

where A, B, C and D represent the volume of cells, dilution factor in trypan blue, mean
number of unstained cells and mean number of stained (dead cells), respectively. In

this case, the volume of cells = 3 ml and dilution factor in trypan blue = 2.

Control CELCP1 CELCP2 CELCP3 TL205

:
Samplel 3 ‘ ,.\‘ , )i'

Sample 2’

Sample 3

Figure 3.1. Preparation of liquid crystal samples in 15 wells (left, middle). Cell
suspensions cultured in the presence of four liquid crystals (CELCP1, CELCP2, CELCP3

and TL205) and controls in 15 well cultures (right).

3.2.2 Treatment with Cytochalasin-B and EDTA-Trypsin

This study aimed at determining if focal adhesions and cell surface integrins are
involved in supporting cell adhesion and contraction on the liquid crystal surfaces. The
experiment began by coating substrate with a 100 um thick layer of LC as previously
described in section 2.2.3. Subsequently, HaCaT cells were prepared and plated at a
density of 500 ceIIs/cm2 and maintained in RPMI-1640 media as shown in Figure 3.2
(Detail procedures for the preparation of cells were as described in section 2.2.6). After

incubation at 37 °C for 24 hours, phase contrast and cross-polarising images of the
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cells inducing deformation lines were captured. The contraction profiles were
measured by taking the cross section of the width of the deformation lines by using
profiling tools available in Imagel.

Then, cell cultures on the LCs were treated with 5 pl of cytochalasin B (30 uM)
and individual cells were monitored using a digital camera mounted on a phase
contrast microscope. Time lapse phase contrast images of the cells were captured
every 5 minutes over an hour. Cytochalasin B (35 mg/ml, Sigma Aldrich, UK) was
solubilised in 0.042 % (v/v) ethanol (in distilled water). As a control, 0.042 % (v/v) of

ethanol was applied to the cells in identical cell cultures.

0.042 % Ethanol in 0.042 % Ethanol+ 0.25%

distilled water 30 uM Trypsin-EDTA
(Control) Cytochalasin-B
LCS LCS LCS

Figure 3.2. A cell relaxation technique implemented by applying Cytochalasin-B and
trypsin to cells cultured on liquid crystal substrates (LCS) in petri dishes. Ethanol was

used as a control.

Cell surface interactions were also examined in response to treatment with a
0.25 % EDTA-Trypsin solution. In these experiments, HaCaT cells were seeded on LC
coated substrates maintained in culture media within petri dishes and cultured for 24
hours. After 24 hours, the cultures were transferred to a hot stage maintained at 37 °C.
The culture media was removed by using a micro-pipette and the cells were treated
with 0.25 % EDTA-Trypsin. During trypsinisation, time lapse images were captured via a
phase contrast microscope equipped with a digital camera for every 5 minutes over an

hour. All of these experiments were performed three times.
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3.2.3 Fluorescence Staining of Cytoskeleton, Vinculin and Integrins

The fluorescence staining experiments were conducted to identify the
expressions of actin cytoskeleton, vinculin and integrins for cells interacted with the
cholesteryl ester liquid crystals. First, liquid crystal substrates were coated with liquid
crystals as described in section 2.2.3. Then, HaCaT cell cultures were prepared based
on the standard cell culture procedures as described in section 2.2.6. Cells were
maintained under two conditions, on plain glass cover slips and on glass cover slips
coated with liquid crystals, and both at a density of 1.3 x 10 cells/cm?. After the cells
reached sub-confluency, the glass cover slips were removed from the petri dishes and
washed twice with Hanks Balanced Salt Solution (HBSS, Sigma Aldrich). Subsequently,
the cells were fixed with 1 % formaldehyde in HBSS for 6 minutes, rinsed twice with
HBSS and permeabilised with 0.1 % Triton X-100 for 3 minutes. To stain the F-actin
after washing, the cells were incubated for 45 minutes with 1 pg/ml of Fluorescence
Isothiocyanate (FITC) labeled Phalloidin solution (Sigma Aldrich) in HBSS followed by
another three washes. To stain the nuclei, 4'6-diamidino-2-phenylindole-2HCI (DAPI)
dihydrochloride solution (0.1 pg/ml in HBSS, Sigma Aldrich, UK) was applied to the cells
for 15 minutes.

HaCaT cells on plain cover slips and LC coated cover slips were also immuno-
stained for vinculin and integrins expressions. Sub-confluent cells were washed, fixed
and permeabilised as described above. In the staining procedure, cells were rinsed and
treated with a blocking solution. For vinculin and integrins receptor staining, the cells
were bathed with 2 % of bovine serum albumin (BSA, Sigma Aldrich, UK) and 2 % goat
serum (Sigma Aldrich, UK), respectively. After blocking, cells were washed three times
in HBSS and incubated in 50 ul of primary antibody for 24 hours in a humidity chamber

at 5 °C. The procedures were repeated except that the primary antibody was omitted
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but substituted with HBSS for the negative controls. The primary antibodies used to
stain vinculin and the integrins (a2, a3, a5 and B1) were anti-human vinculin antibody
(1:40 in 1 % BSA), primary mouse monoclonal antibodies raised against CD49b (1:250
in 1 % BSA for a2), CD49c (1:250 in 1 % BSA for a3), CD49e (1:5000 in 1 % BSA for a5)
and CD29 (1:2500 in 1 % BSA for B1). All primary antibodies were obtained from
Biosciences Incorporated. These experiments were repeated three times. After
incubation for 24 hours, the substrates were washed three times with HBSS, blotted
and incubated with goat anti-mouse Immunoglobulin (IgG) secondary antibody labeled
with Alexor Fluor 488 (5 pg/ml diluted in 1 % BSA, Sigma Aldrich, UK) for one hour.
After staining, the substrates were subjected to three five minutes washes in HBSS
before mounting onto the glass slides with DAPI dihydrochloride (0.1 pg/ml diluted in

HBSS).

3.2.4 Immunoperoxidase Staining of Laminin

Cell surface interactions may affect the proteins secreted by cells (O'Toole, 2001,
Kirfel and Herzog, 2004). This work investigated the deposition of endogenous laminin
by the HaCaT cells using the immunoperoxidase staining technique. First, LC substrates
were prepared as described in section 2.2.3. A sterilised glass cover slip coated with LC
and two plain glass coverslips without LC (control and negative control) were placed in
three separate petri dishes and seeded with cells at a density of 1.3 x 10® cells/cm?.
After reaching sub-confluency or two days of incubation at 37 °C, the cells were
washed, fixed and blotted. All the reagents used for staining laminin in HaCaT cells
were obtained from a laminin immuno-histology kit (IMMH7, Sigma Aldrich, UK).
Briefly, two drops of 3 % hydrogen peroxide were applied to the cells plated on

control, negative control and the liquid crystal substrate for 5 minutes, followed by
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two washes and blotting. Then, the cells were incubated with 2 % BSA for 10 minutes
and the excess reagent was discarded. Subsequently, the substrate was incubated with
two drops of rabbit anti-laminin primary antibody for 60 minutes. In negative control,
the application of the primary antibody was omitted but substituted with an addition
of HBSS. After incubation, the cover slips were washed, blotted and treated with two
drops of biotin conjugated goat anti-rabbit I1gG secondary antibody for 20 minutes.
Again, the cells were washed, blotted and treated with peroxidase reagent. After a
short incubation of 20 minutes, a mixture of substrate reagents was added to the
cover slip for 20 minutes. The mixture contained 4 ml of distilled water, 100 pl of
acetate buffer, 5 ul of AEC (3-Amino-9-ethylcarbazole) chromogen and 3 % hydrogen
peroxidase. After the final incubation, the cover slips were rinsed in HBSS for 5 minutes
and photographed using a phase contrast microscope built-in with a digital camera.
These procedures were repeated three times for cells cultured on LC coated

substrates, controls and negative controls.

3.2.5 Immunoperoxidase Staining of Collagen Type IV

Cells and liquid crystal substrates were prepared as described in the procedures
used in staining the immunoperoxidase staining of laminin. A sterilised glass cover slip
with LCs and two glass cover slips without LCs (control and negative control) were
placed in three separate petri dishes and each seeded with cells at a density of 1.5 x
10° cells/cm?. After incubation at 37 °C for 24 hours, the cells were washed, fixed and
blotted. After blotting, the cells were blocked with 2 % BSA for 10 minutes and the
cover slips were blotted. Then, the cells on all the cover slips except the negative
control were incubated with monoclonal anti-collagen type IV antibody raised in

mouse (1 : 400, Sigma Aldrich, UK) for 60 minutes. The cells were then washed, blotted
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and followed by treatment in anti-mouse IgG peroxidase conjugate antibody
developed in goat (1 : 2000, Sigma Aldrich, UK) for 20 minutes. Then, the cells were
washed, blotted and incubated with 2 drops of peroxidase reagent (IMMH7, Sigma
Aldrich, UK) for 20 minutes. Subsequently, a mixture of substrate reagents (as
prepared in immunoperoxidase staining of laminin in section 3.2.4) was added to the
cover slips for 20 minutes and washed with HBSS for 5 minutes. The cover slips were
photographed using the procedures as described in section 3.2.4. Similar procedures
were repeated three times for cells cultured on LC coated substrates, controls and

negative controls. These experiments were repeated three times.

3.2.6 Immunofluorescence Staining of Fibronectin

For the immuno-staining of fibronectin, HaCaT cells were cultured on a plain
glass cover slip coated with liquid crystals and two plain glass cover slips (control and
negative control) using similar procedures described for the immuno-staining of
integrins. After incubation for 37 °C 24 hours, sub-confluent cells were washed, fixed
and permeabilised as described previously. Subsequently, cells were rinsed and
blocked with a 2 % goat serum solution. After blocking, cells were washed three times
in HBSS and incubated in 50 pl of mouse anti-fibronectin primary antibody (Biosciences
Incorporated) for 24 hours in a humidity chamber at 5 °C. The substrates were washed
three times with HBSS, blotted and incubated with goat anti-mouse IgG secondary
antibody labeled with Alexor Fluor 488 (5 pug/ml diluted in 1 % BSA) for one hour. After
staining, the substrate was subjected to three five minutes washes in HBSS before
mounting onto the glass slides with DAPI dihydrochloride (0.1 pg/ml diluted in HBSS).

These experiments were repeated three times.
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3.2.7 Fluorescence Microscopy

All the immunofluorescence and fluorescence staining were observed using a
Nikon Eclipse 80i fluorescence microscopy (Figure 3.3) under dark field (DF) at 40x
magnification and images were captured with ACT-2u software. The exposure time of
the DF imaging for the blue (nuclei) and green (actin, vinculin, integrins or fibronectin)
staining was fixed at 8 seconds and 15 seconds, respectively. Blue and green staining
images were digitally merged using Imagel) software. A phase contrast microscope
mounted with a digital camera was used to capture the micrographs for all the

immunoperoxidase staining at 10x magnification.

Figure 3.3. A Nikon Eclipse 80i immunofluorescence microscope system.

Based on the immuno-staining micrographs of vinculin in three repeats, the cell
size in terms of total area covered by each cell, width and length of vinculin stained
regions for adherent cells on plain glass cover slips and LC substrates were measured

by using the measurement tools available in ImageJ software.

3.2.8 Widefield Surface Plasmon Imaging of Cell-Liquid Crystals Interface

Two round glass substrates with a diameter of 22 mm and coated with a 50 nm
thick gold layer were used in this study. These substrates were coated with cholesteryl
4

ester liquid crystals as described in section 2.2.3. Cells at a density of 1.0 x 10

cells/cm? were plated in the two petri dishes, each containing one gold cover slip
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coated with and without liquid crystals (Figure 3.4). Subsequently, the two petri dishes
were incubated at 37 °C for 24 hours. After incubation, the cells were washed in HBSS
twice and fixed in 1 % Formaldehyde for 6 minutes. The fixation was followed by a 5
minute wash and dehydration by a series of 5 minute washes in serial dilutions of
ethanol in distilled water from 10 % through to 100 %. After dehydration, each gold
cover slip was transferred to a widefield surface plasmon resonance (WSPR)
microscope to be imaged (Figure 3.5). The WSPR microscope was fitted with a Zeiss

Plan Fluar of 1.45 Numerical Aperture (NA) 100x magnification oil immersion objective.

Culture medLag quwd crystals
" Gold substrate
Cell\

Figure 3.4. Cell culture in the absence (left) and presence (right) of liquid crystals on

gold substrate.

In the WSPR system used, an incident p-polarised light from a super bright LED
with a light wavelength of 633 nm was used to excite surface plasmons at the gold
layer at an excitation angle of 46°. The light wave interacts with the interface medium
of different reflective index and generates different levels of reflectivity in the surface
plasmon. The reflected light contained information associating with the interfacial
interactions, and was captured by a charged coupled device (CCD) camera linked to
Scion software. The images acquired were converted into a three dimensional (3D)
format using Imagel. Similar experiments were repeated three times. A detail

description of the optical system used can be found in (Jamil et al., 2008).
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Figure 3.5. (a) A Wide Field Surface Plasmon microscope and (b) the setup for
imaging fixed cells. The red circle in the image shows the location of the gold

substrate holder and the oil immersion lens in the setup.

3.2.9 Statistical Analysis

Mean percentage of viable cells calculated for the cell viability studies were
expressed as means + standard error (SE). Analysis of variance using one way ANOVA
followed by Tukey’s HSD test (significant difference for p < 0.05) was used to
determine the statistical differences between the treatments and controls in the cell
viability studies. Cells area, width and the length of the stained vinculin regions were
expressed as means * SE and these were statistically analysed using independent
paired t-tests (significant difference for p < 0.05). All statistical analysis was performed

by using the Statistical Package for Social Sciences (SPSS) software.
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3.3 Results and Discussion

3.3.1 Affinity of Liquid Crystals to Cells

Cell viability studies were used to determine the cytotoxicity of the liquid
crystals. One sample Kolmogorov-sminov test indicate that the cell viability in CELCP1
(p = 0.992), CELCP2 (p = 0.987), CELCP3 (p = 0.948), and TL205 (p = 0.985) were
normally distributed (N = 4, significant for p > 0.05). Figure 3.6 shows the phase
contrast micrographs of HaCaT cells cultured on the LC substrates. These results in
Figure 3.6 and Figure 3.7 indicate that cholesteric (CELCP1, CELCP2 and CELCP3) and
nematic (TL205) liquid crystals were non-toxic to HaCaT cells. After 24 hours in culture,
cell viability on all of the liquid crystals tested was 93 % and above, thus the liquid
crystals tested were not cytotoxic (Figure 3.7). This view was supported by statistical
analyses where no significant differences in HaCaT cell viability was identified for
CELCP1 (106 %, p = 0.993), CELCP2 (162 %, p = 0.524), CELCP3 (107 %, p = 0.980) and
TL205 (p= 0.992) compared with the control (Tukey’s HSD test, P > 0.05). However,
cells survival rate of TL205 (93 %) was slightly less compared to the cholesteric liquid
crystals (Figure 3.7). This is most probably due to the dispersion of TL205 in the
culture. This finding is contrary to the results reported in (Abbott et al., 2005), in
which, cells are more viable in TL205 than cholesteric liquid crystals. However, Abbott
et al. did not specify which cholesteric liquid crystal was used in their work. The
common finding of this work and that of (Lockwood et al., 2006) was that cells poorly
attached to TL205 (Figure 3.6d). This may be due to the low rotational viscosity of
TL205, of about 367 mPas (Merck Germany). It is also possibly that the functional

groups of TL205 do not support the adhesion of cells. Thus, it seems that TL205 is not
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suitable as an interfacing layer for the direct monitoring of cell responses unless pre-
coated with an inducer for cell adhesion such as matrigel or ECM proteins.

In comparison, the cholesteryl ester based lyotropic liquid crystals (LLC) enabled
cell attachment without treatment with exogenous ECM proteins, a characteristic that
may be associated with the cholesteric liquid crystal containing cholesteryl moieties
that support cell adhesion (Lada et al., 2002, Small, 1977). This view is supported by a
report suggested that cholesterol moieties are positively linked to enhancing the
physical properties of cells during cell attachment and proliferation (Hwang et al.,
2002). The fact that the cell membrane consists of lyotropic liquid crystals
(phospholipid bilayer) distributed with cholesterol moieties may also explain the

affinity of the liquid crystals to cells.

Figure 3.6. HaCaT cells cultured on (a) CELCP1, (b) CELCP2, (c) CELCP3, and (d) TL205

at a cell density of approximately 1200 cells/cm?. (Scale bar: 25 um)
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Figure 3.7. Percentage of HaCaT cell viability (mean * SE) in cholesteric and nematic

liquid crystals relative to control.

3.3.2 Effects of Cytochalasin-B, Trypsin and Ethanol to the Cells Adhesion on the
Liquid Crystal Substrate

In the experiments of chapter 2, cell relaxation technique involves cytochalasin-B
treatment was used to study the characteristic of the LC strain and deformations
induced by the cells. This study did not include the investigation on the nature of the
cell adhesion and contraction on the liquid crystal substrates. For this study,
cytochalasin-B and trypsinisation techniques will be used to treat the cells in order to
determine if the generated intracellular forces was transmitted to the LC surfaces via
the mediation of cell surface integrins proteins. For the control (ethanol treatment)
and two test culture experiments (cytochalasin-B and trypsin treatments), three cells
of similar size were chosen. In the phase contrast microscopy, HaCaT cells attached to
LC surfaces were not fully spread but ruffles could be observed at the cell periphery
before any treatment (Figure 3.8a-c). When ethanol diluted in the distilled water was

added to the control (containing culture media and the solvent), no major changes in
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cell activity and deformation lines in the liquid crystals were observed over a period of

60 minutes (Figure 3.8a).

(a) (b) (c)
Control  Cytochalasin-B EDTA-Trypsin

30 minutes 0 minute

60 minutes

Figure 3.8. Phase contrast micrographs for the treatment effects of (a) 0.0042 % (v/v)
ethanol (control), (b) 30 uM cytochalasin B, and (c) 0.25 % trypsin to the cells taken
every 5 minutes over a period of 60 minutes. The areas of cell attachment in um2 are

as outlined in the micrographs. (Scale bar: 25 pum)

Addition of cytochalasin-B to the cultures caused remarkable changes in both cell
morphology and the distribution of deformation line in the LC surface when compared
with the control (Figure 3.8b). After 15 minutes of cytochalasin—B treatment, HaCaT
cells had not changed their morphology but there was a decrease in the length of the
deformation lines (Image not shown). After 30 minutes of cytochalasin-B treatment,
the cell attachment area seemed to increase from 832 pm? to 839 um? and the ruffles
on the cell body were greatly reduced (Figure 3.8b, 30 minutes). This indicates a
decrease in the intracellular forces. By the end of the 60 minutes treatment, the cells

remained attached, but they had acquired a flattened cell morphology and covered an
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area of 869 um? (Figure 3.8b, 60 minutes). Over this time, the intense deformation
lines in the liquid crystal changed into fine lines (Figure 3.8b).

Experiments involving trypsinisation were used to confirm that the intracellular
forces transmitted to the liquid crystals are mediated by focal adhesions and integrins
receptors on the cell surface membrane. The trypsinisation effect on HaCaT cells
cultured on liquid crystals was very different from previous result where a total loss of
liquid crystal deformation line was observed (Figure 3.8c). The initial attachment area
of this cell was 920 um?. Crude EDTA-Trypsin cleaves the surface receptors that bind
cells to the substrate, caused the periphery of the cell edges to detach. In these
experiments, this caused a reduction in cell area from 740 um2 to 194 um2 after 60
minutes of trypsinisation (Figure 3.8c). The decrease in cell area was accompanied by
the cells acquiring a more rounded morphology and lifted off the surface of liquid
crystals (Figure 3.8c). The detachment of cells from the LC surface allows the elasticity
of the cell membrane to pull the cells into a rounded morphology, leading to a
decrease in cells size.

The trypsinisation and cytochalasin-B treatment clearly show that that the
deformation lines formed in the liquid crystal surface were induced by the tensions
generated within the cell. The tensions were exerted by the focal adhesions that are
interconnected to the polymerised F-actins. It is these focal adhesions, formed from a
complex of vinculin, paxillin or talin molecules coupled to af integrin dimers that
directly attach cells to the extracellular matrix (ECM) (Geiger and Bershadsky, 2002,
Burridge et al., 1997). In bridging focal adhesions to the LC surfaces, ECM proteins may
be present in between the cells and the LC surfaces, and this requires further

investigations for the presence of ECM proteins.
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The result of the cytochalasin B and trypsin treatment also demonstrated that
liquid crystal surfaces are sensitive and flexible enough to sense localised stress
exerted at a small confined region and this has not been previously reported in any
polymer based cell force sensor (Beningo, 2002, Oliver et al., 1995, Munevar et al.,
2001). The ability of the liquid crystals to respond to a point source of stress can be
explained by the properties of the compactly packed liquid crystal molecules that only
dissipate the strain energy in a confined region. In comparison to the silicon rubber
technique (Burton et al., 1999), the polymers were observed with chaotic wrinkles
when cells exerted stresses on them (Figure 1.12). Some of the deformation lines may
not be correlated with the applied stresses due to the propagation of energy to the
crossed-linked molecules in the neighbourhood (Oliver et al., 1995, Beningo, 2002,

Munevar et al., 2001).

3.3.3 Structure of F-actin and Vinculins

Liquid crystals used in this study did not prevent the cells from differentiating
and growing but allowed HaCaT cells to proliferate on the liquid crystals after several
days of cultures. On a plain glass cover slip, the cells were readily identifiable (Figure
3.9a). However, on a liquid crystal coated substrate, the liquid crystals partially masked
the cells-glass interface (Figure 3.9b). Despite this, it was possible to determine the F-
actin and vinculin expressions for cells on the plain glass substrate in comparison with
the liquid crystal coated substrate. After reaching sub-confluency, the F-actin and
vinculin organisations of keratinocytes cultured on the plain glass substrate and liquid
crystal coated substrate displayed distinct differences.

Cells plated on the hard surface of the glass substrate projected linear and

striated arrays of actin microfilaments spanning the entire cells body (Figure 3.9c). The
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enhanced prominent actin fibres were accompanied by a higher expression of
elongated and scattered vinculin stained regions in those cells attached to the glass
surface (Figure 3.9c, e). Comparatively, more diffused actin filaments were observed
for adherent cells on the LC substrate (Figure 3.9d). This was accompanied by small
punctuations of vinculin staining arranged at the periphery of cells membrane (Figure
3.9f).

Kolmogorov-smirnov tests indicate that the length and width of the vinculin
stained regions expressed by the HaCaT cells on both substrates were normally
distributed (Length of stained vinculin regions: p = 0.2 for glass, p = 0.124 for LC; width
of vinculins: p = 0.154 for glass, p = 0.151 for LC). The width of vinculin stained regions
on the plain glass and LC coated substrates were determined at 0.26 £ 0.01 um (mean
+ SE) and 0.25 + 0.01 um (mean + SE), respectively (Figure 3.10a).

The length of vinculin stained regions for cells cultured on the plain glass and LC
coated substrates were determined at 1.4 + 0.03 um (mean % SE) and 1.05 £+ 0.02 um
(mean % SE), respectively (Figure 3.10a). The length of the vinculins stained regions for
cells cultured on the plain glass and LC coated substrates differed significantly between
treatments (p = 0, significant for p < 0.0001 N = 525) but the width of vinculins stained
on both substrate showed no significant difference (p = 0.383, significant for p <
0.0001 N = 525). These results indicate that vinculin tend to elongate than to expand in
width when cells were cultured on plain glass substrates. This is consistent with
previous reports which demonstrated the development of highly elongated cylindrical
assemblies of mature focal adhesions in cells cultured on flat rigid substrates (Goffin et

al. 2006, Reveline et al. 2001).
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Figure 3.9. Phase contrast micrographs of the interface of HaCaT cells attached to (a)
a plain glass and (b) a liquid crystal substrates. Immunofluorescence micrographs of
the staining against (c, d) F-actin and (e, f) vinculin, respectively. (Scale bar: 25 um)

(Enlarge exert, scale bar: 1 um)
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Figure 3.10. A comparison of (a) vinculin width (p = 0.383), length (p = 0), and (b) cell
surface area (p = 0) of HaCaT cells attached to plain glass cover slips and liquid crystal
substrates. The area of cells, length and width of vinculin are expressed as mean %
standard error which is significant for P < 0.001, N = 258 (cell surface area) and N =
525 (vinculin).

In the context of the area covered by individual cells, one-sample Kolmogorov-
smirnov test shows that the cell areas on glass (p = 0.866) and LC substrates (p = 0.532)
were normally distributed (significant value for p > 0.05). The cells cultured on the
glass covered a significantly greater area (2496 + 608 umz) than cells cultured on the

liquid crystal coated substrates (759 + 169 um?, P < 0.001, N = 258) as shown in Figure

3.10. For cells cultured on the LC substrate, the significantly smaller sized vinculin
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stained regions or dots of vinculin were diffusely arranged at the edges of the cells
membrane especially at the cell-cell interactions. In comparison with the isometric
contraction of actin filaments and scattered vinculin staining in cells cultured on the
glass substrate, HaCaT cells on the liquid crystals were characterised by diffusely
arranged F-actin and well organized vinculin staining regions. These observations
indicate that cell attachment and spreading probably have a strong correlation with
the stiffness of culture substrate (Yeung et al., 2005, Discher et al., 2005). This result is
in agreement with reports which suggest that the size of F-actin and vinculin
expressions are proportional to the substrate stiffness (Yeung et al., 2005, Discher et
al., 2005). There is evidence that cells have an active mechano-sensing mechanism that
monitor the stiffness of a substrate leading to a re-organisation of the cytoskeletons
and cell spread area (Yeung et al., 2005, Engler et al., 2004b).

While attaching to a soft substrate, a cell disassembles the focal adhesion
proteins via the Rho-GTPase pathways and the disassembly of adhesion proteins, in
turn, promotes de-phosphorylation of the actin cytoskeleton driven by Myosin Il
(Geiger and Bershadsky, 2002, Hotulainen and Lappalainen, 2006, Owaribe et al.,
1981). Due to down regulation of the cell focal adhesions and cytoskeletal
depolymerisation on the soft liquid crystal substrate, cells may decrease their physical
contact with the liquid crystals and take up rounded morphology (Figure 3.9b, d and f).
Furthermore, cholesteryl ester based lyotropic liquid crystal has a Young’s modulus of
~110 kPa (as determined in Chapter 2) and this closely mimics the elastic modulus of
the epidermis layer (Takeo, 2007, Hendriks, 2005). The stiffness of the liquid crystals
probably stimulates the cells to behave as those in the in-vivo system. Some studies
(Yeung et al., 2005, Discher et al., 2005, Engler et al., 2004b) showed that cells are

sensitive to the stiffness of the adhesion substrate.
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If cells could adapt their physical structure in response to substrates of different
stiffness, then, a cell force transducer developed on a material with a higher or lower
elastic modulus than that of the in-vivo system would measure a different range of
forces (Discher et al., 2005, Yeung et al., 2005), and such surfaces may even be taken
as a pathological condition by the cells (Engler et al., 2004b). Engler et al. suggests that
differentiation of cells is best supported by biomaterials that match the stiffness of the
in-vitro environment (Engler et al., 2004b) because they would enable the generation
of mechanical signals that would promote cell survival. Hence, designing a cell
mechano-transducer using biomaterials with elastic moduli closer to that of the tissue
would literally provide relevant mechanical signals to the cells. Using a material with a
relevant elastic modulus is a point that requires stringent consideration in the

development of cell force transducer systems.

3.3.4 Expressions of Integrin a2, a3, a5, B1 and the Associated Extracellular Matrix
Proteins

The objective of this experiment is to investigate if the same suites of integrins
and ECM proteins are expressed on the liquid crystal substrates when compared with
those cells cultured on plain glass substrates. For cells cultured on the liquid crystals,
the immuno-stained micrographs of a2, a3, a5 and B1 integrins (Figure 3.11c, f, i, 1)
seem to be similar to the adherent cells cultured on controls (plain glass substrates)
(Figure 3.11b, e, h, k) in comparison with the negative controls (plain glass substrates,
treatment without primary antibody) (Figure 3.11a, d, g, j). Similar patchy and diffused
appearances of integrins were observed for the cells cultured on control and LC coated

substrates (Figure 3.11).
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Figure 3.11. Micrographs of immunocytochemical staining against a2, a3, a5 and 1
for (a, d, g, j) negative controls, HaCaT cells cultured on (b, e, h, k) glass cover slips

and (c, f, i, I) liquid crystal substrates, respectively. (Scale bar: 25 um)

a2B1 and a3B1 are integrins used by HaCaT cells to bind to collagen type IV and
laminin (Bolognia et al., 2004, O'Toole, 2001, Kainulainen et al., 1998, Kirfel and
Herzog, 2004) while a5B1 recognise fibronectin (Kainulainen et al., 1998, Larjava et al.,
1993). These three groups of integrins (a2B1, a3pf1, a5B1) are found present in cells
cultured on control (Figure 3.11b, e, h, k) and LC substrates (Figure 3.11c, f, i, I).
Integrins are formed from a heterodimer of a and B subunits. Integrin B1 is usually co-

localised with a integrins sub-unit corresponding to the type of ECM proteins present
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(O'Toole, 2001, Kirfel and Herzog, 2004, Burridge et al., 1997). The results show that f1
integrin expressions are present in the sub-confluent cells on both glass and liquid
crystal substrates, and that could be related to the role of B1 integrin in supporting cell

motility during proliferation (Thirkill et al., 2004, Kreidberg, 2000).

Negative control Control

Collagen type IV

Laminin

Fibronectin

Figure 3.12. Micrographs of immuno-staining against collagen type IV, laminin and
fibronectin for HaCaT cells cultured on (a, d, g) negative controls, (b, e, f) controls
and (c, f, i) liquid crystal substrates, respectively. (Scale bar: 20 um). (Enlarged exert,

scale bar: 25 pum).

In this work, ECM proteins were not applied to the cultures of cells on the plain
glass and LC coated substrates. However, Figure 3.12 and Figure 3.13 show that
collagen type IV, laminin and fibronectin proteins are found in the cells cultured on
both glass and liquid crystal substrates. This indicates that cells cultured on both

substrates secreted collagen type IV, laminin and fibronectin; forming a provisional
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basement membrane in an in-vitro culture. This might have enabled HaCaT cells to
attach to the LC surface via the naturally produced ECM proteins. This finding is
supported by previous literature (Li et al., 2004b, Stanley et al., 1982a, O'Toole, 2001)
evidencing keratinocytes secreting their own ECM proteins. Although there might be
some slight differences in the staining intensity of integrins and ECM proteins in the
immuno-stained micrographs, however, further quantifications on their expressions

are beyond the scope of this work.

Negative control Control Liquid crystal
- . »
substrate

Figure 3.13. Immunoperoxidase staining of laminin for HaCaT cells cultured on a

negative control (left), control (middle) and liquid crystal substrate (right).

The deposition of endogenous ECM molecules on the LC surface would require
the cells to have an affinity to the substrate. The mixture of cholesteryl ester liquid
crystals used is derivatives of cholesterol which consists of cholesteryl perlagonate,
cholesteryl chloride and cholesteryl oleyl carbonate (Antczak and Antczak, 2001).
These amphiphilic molecules of cholesteryl ester liquid crystals could self-assemble
into lyotropic liquid crystals interlaced by multi-layers of water molecules (Fairhurst et
al., 1998, Hyde, 2001) as investigated and discussed in Chapter 2. The affinity shown by
HaCaT cells to the liquid crystals might be due to the cholesterol moieties of the
cholesteryl ester liquid crystals or the hydrophilic head groups directed towards the

media as proposed in a model as shown in Figure 3.14. This form a hydrophilic surface
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which is probably favourable for the binding of hydrophilic head groups (such as,
cholesterol and cholesterol ester molecules) residing over the surface of the bilayer
lipid membrane of a cell (Figure 3.14). As suggested in (Collings and Patel, 1997,
Fairhurst et al., 1998), hydrophilic molecules in the lyotropic liquid crystals are more
likely to attract to other hydrophilic head groups. Furthermore, a cell is prone to attach
to hydrophilic surfaces is because hydrophilic surface with high surface energy
(interfacial free energy) attracts the adsorption of ECM proteins, which then, lead to
the binding of the adhesion receptor protein of the cell membrane to the ligand
proteins adsorbed to the surface (Kim et al.,, 2001, Scholz, 2003, G. et al., 2005,
Absolom et al., 1983).

Consequently, the hydrophilic LC surface encourages the cells to secrete their
own adhesive proteins onto the LC to facilitate integrins mediated cell adhesion
(Figure 3.14). Similarly, Hwang et al, 2002 showed that fibroblasts have an affinity to a
lyotropic system consisted of cholesteryl-oligo (I-lactic acid). This is probably due to the
cholesterol moieties present in this compound. As previously reported (Simons and
Ikonen, 2000, Hwang et al., 2002, Yeagle, 1985), cholesterol is an important
component of the lipid membrane of cells which maintains homeostasis, sustains the
mechanical durability of cells and improves the permeability of the membrane. The
study conducted in this work supports this view by demonstrating that cholesteryl
ester based lyotropic liquid crystals can support and maintain the attachment of viable

HaCaT cells.
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Figure 3.14. A propose model for the interaction of cell membrane and cholesteryl

ester based lyotropic liquid crystals.

In order to attach to the liquid crystal substrates, HaCaT cells rely on self-
secreted ECM proteins and their adhesions differ greatly from the adhesion of cells to
the exogenous ECM proteins coated on PDMS, PAA or silicone rubber which were used
as cell traction force sensor. The coating of the ECM proteins on these substrates may
be artificially high and this may alter the overall stiffness of the adhesion substrate
(Mooney et al., 1995, Provenzano et al., 2009). Furthermore, the use of a specific types
of ECM protein as adhesion protein is known to modify the morphology and behaviour
of a cell (Kirfel and Herzog, 2004, Decline and Rousselle, 2001). For example,
fibronectin has been shown to promote a migratory phenotype of cells resulting in
higher expressions of stress fibres (Larjava et al., 1993, Provenzano et al., 2009,
Kainulainen et al., 1998). Without pre-treatment with exogenous ECM proteins but
relying on endogenous ECM proteins from cells, LC substrates are coupled with
naturally synthesised adhesive proteins by the cells to functionalise the attachment of

cells.

3.3.5 Interface Patterns of Cell Adhesion

Fluorescence staining was used to show the reorganisation of internal structure
in HaCaT cells cultured on the LC coated substrates, while WSPR images qualitatively
revealed the interfacial stress as a result of cell restructuring. For the WSPR
microscopy, HaCaT cells were broadly spread on the plain gold cover slips. A wide band
with irregular distribution of punctuated patterns was formed around the nucleus
located at the centre of the cell (middle ring) and this indicates a greater contact area

at the cell/glass interface (Figure 3.15a). For a clearer view, a post-processed image for
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cells on gold substrate in 3D shows large bands with an irregular hills and valleys type
of structure in the spread area (Figure 3.15c).This is in good correlation with the
vinculin staining (Figure 3.9e), and the irregular patterns of the wide band (Figure
3.15a) seemed to be related to the stress points of scattered focal adhesions on the
plain glass substrate (Jamil et al., 2008).

In comparison, the adherent cells on the liquid crystals were found to be less
spread and seemed to be restricted in terms of direct contact with the surfaces. In
addition, a lower number of clearly defined narrow concentric rings were seen around
the nucleus or periphery of the cell on the LC (Figure 3.15b). The associated 3D image
of WSPR image showed a topology of uniform narrow bands around the nucleus and at
the edges of the cell membrane (Figure 3.15d).

Consistently, the concentric rings and the regular narrow bands at the cell
boundary were associated with the weight of the nucleus and uniform focal adhesion
arrangements as indicated in Figure 3.9f, respectively. This suggests that the stress
applied by the focal adhesions induced by the actin filaments (qualitatively) was
concentrated around the edges of the cells membrane in a regular and narrow contact
area. The higher contrast regions as shown in Figure 3.15d are due to the presence of
the liquid crystals interfacing with the cells. The result also shows that the attachment
strength mediated by the focal adhesion on the liquid crystal substrate was sufficient
to prevent cells being removed by rigorous washing during the preparation of the
substrates. Nonetheless, this experiment again shows that the physical interaction
with the liquid crystals had influenced the morphology of cells. The recognition of the
external mechanical signal by the cells may have overtaken the biochemical signal in

regulating the cell surface area couplings (Lo et al., 2000).
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Figure 3.15. WSPR micrographs show the patterns of cells adhesion on the (a) hard
cover slip, (b) soft liquid crystals and (c-d) their associated 3D structures displayed in

Imagel software, respectively. (Scale bar: 10 um)

3.4 Summary

Cholesteryl ester liquid crystals were found to be non-toxic and support viability,
adhesion and growth of HaCaT cells in culture. The cell adhesion, contraction and
restructuring of the HaCaT cells on the liquid crystals were characterised by using
cytochemical techniques. The forces generated within the cells were transmitted to
the LC surface as deformation lines in small regions via the focal contacts. The results
show that the surface of the liquid crystals was very sensitive to the physical

restructuring of cells which was indicated by differences in deformation length and
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changes induced by cell treatment with cytochalasin-B and trypsin. Fluorescence
staining of actin filament and immunofluorescence staining of vinculin incorporated
with WSPR microscopy showed that cell attachment, morphology and cytoskeletal
structure are strongly related to the stiffness of liquid crystals. Diffused actin filaments
and regular expressions of focal contacts at the periphery of the HaCaT cells were
found when they were attaching to the liquid crystal substrates. This work also clearly
shows that HaCaT cells cultured on the LC coated substrate deposit endogenous ECM
proteins (collagen type IV, fibronectin and laminin) indicating the ability of the HaCaT
cells to synthesise a simplified basement membrane on the surface of liquid crystals
which has functionalised their adhesions and contractions on the cholesteryl ester

based lyotropic liquid crystal substrates.
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CHAPTER 4

QUANTIFICATION, MODELLING,
MEASUREMENT AND MAPPING OF CELL
TRACTION FORCES ON THE LIQUID
CRYSTAL BASED CELL TRACTION FORCE

TRANSDUCER
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4.1 Introduction

Having examined both the physical properties of the cholesteryl ester liquid
crystals and determined the nature of cell-LC biophysical interactions, the aim of
chapter 4 is to develop a novel approach to quantify the traction forces of the human
keratinocytes exerted on the liquid crystal surfaces (a semi solid sub-phase).
Quantification for this study was derived from the relative bi-axial strains which are
formed as deformation lines in the liquid crystal surface by the cells (as characterized
in Chapter 2). In a previous study on a solid sub-phase (Burton and Taylor, 1997),
traction forces exerted by a cell on silicon sheets were quantified by multiplying the
length of the cell induced wrinkles to the stiffness (nN/um) of the silicon sheet. The
stiffness of the silicon substrate was calibrated by measuring the length of the wrinkles
induced by a deflection force (calibrated flexible micro-fibre with load weights) (Burton
and Taylor, 1997). However, it is important to restate that, the longitudinal
displacement of each LC deformation line formed by cells is a secondary effect. This is
due to the trajectory of transverse shear forces acting in pairs, which were induced via
the focal adhesions as a result of actin filament contractions. The true relationship
between the transverse and longitudinal strains of the deformation lines or wrinkles
was established by using the cytochalasin-B treatment technique. Therefore, this work
aimed at approaching the derivations of the applied forces required to induce
bidirectional strain as related by the Poisson’s ratio of the liquid crystals. In order to
investigate the profiles of deformations formed in the LC surface that were induced by
the focal adhesions, a three dimensional (3D) finite element model incorporating with
a linear static analysis was implemented for the interface between liquid crystal-focal
adhesions. To this end, a user friendly cell traction force measurement and mapping

software (CTFM) was developed. This bespoke software provides tools for
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measurement and 3D graphical visualisation of the traction forces exerted by a single

keratinocytes in the liquid crystal based cell traction force transducer (LCTFT).

4.2 Material and Methods

4.2.1 Quantification of Cell Traction Force (CTF)

The coating of liquid crystal substrate was prepared as described in section 2.2.3
and HaCaT cells were prepared as previously described in section 2.2.6. Cell
suspensions at a cell density of 500 cells/cm?were plated in petri dishes containing a
LC coated cover slips and incubated at 37 °C for 24 hours. After incubation, the cells
cultured on the liquid crystals were found adhering and contracting, while inducing
localised deformation lines in the LC surfaces. The detail mechanism in forming these
deformation lines were as discussed in section 2.3.5. Each deformation line formed in
the longitudinal direction was induced by a pair of compressive or traction forces
originated from two clusters of focal adhesions which sheared the liquid crystal surface
at a local region (transverse displacement). The traction is most probably associated
with the contraction of the short circumferential actin filaments as investigated in
section 3.3.3. The relation of the contractions of the circumferential actin filaments of
a cell to the bi-axial strains (a deformation line) induced in the liquid crystals is as
depicted in Figure 4.1. For the traction force (F) quantification purpose, the length of a
deformation line can be directly measured. However, the transverse displacement (Ax)
in the LC surface due to the contractions of the circumferential actin filaments can be
determined by relaxing the cell using an actin depolymerisation solution, cytochalasin-
B. Cytochalasin-B specifically inhibits actin polymerisation. In this experiment, the
adherent cells were treated with 5 pl of 30 uM cytochalasin-B for one hour at 37°C.

Cytochalasin-B (35 mg/ml, Sigma Aldrich) was solubilised in 0.042 % (v/v) ethanol (in
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distilled water). For the treatments, the petri dish was placed on a heating peltier
maintaining at 37 °C while time lapse images were captured every five minutes for an

hour via a phase contrast microscope built-in with a digital camera. This experiment

was repeated for each randomly selected cell from ten similar cultures.

Contracting circumferential actin filament

(a)
Focal adhesions

Deformation

Stress plane, A

(b)
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Figure 4.1. (a) Schematic diagram showing lateral view of a cell inducing
deformations in the liquid crystal surface due to the contractions of circumferential

actin filaments exerting traction force via the focal adhesions. (b) The dimensions of
a stress site in LC surface which was loaded (dotted line) and unloaded (solid line) by

compressive force (F) applied to the focal adhesion area or stress plane (A).
For each of the phase contrast micrographs containing a cell before and after
treatment with cytochalasin-B for a period of 30 minutes, the dimensions of the
deformation lines in LC surface (x, y, X, and y,) as defined in Figure 4.1b were

measured. The bi-axial strains induced in the liquid crystal surface should agree with

the Poisson’s ratio under small strain theory (Tschoegl et al., 2002, Ren et al., 2008).

157



The Poisson’s ratio, v as
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0
where X, and y, are the initial width and length of deformation line under uni-axial
compression (before cytochalasin-B treatment) while x and y are same parameters of
the deformation line after released of stresses (after cytochalasin-B treatment). As the
actual size of the focal adhesions or contact planes involved was unknown, the length
(y) and width (w) of the focal adhesions are assumed to be equivalent toy and 1 um,
respectively. The width at 1 um is justified by two or three accumulations of focal
adhesion (Peterson et al., 2004). These have an average width of approximately 0.5 — 1
pum as approximated from the immuno-stained micrographs of vinculin (See Figure 1.7
Figure 3.9 and Figure 3.10). The transverse displacement (Ax) was obtained by taking
half of the difference between the width of a deformation line [Ax=(x-xo)/2] before and
after a cell treated with cytochalasin-B between 30 minutes (Figure 4.1).

Subsequently, Hooke’s equation will be applied to compute the force inducing a
deformation line through the stress-strain relationship of the liquid crystals. The
equation established by Hooke’s theorem in determining the Young’s modulus of a

linear elastic material through the relationship of stress-strain is as follows:-

_ Stress o

 Strain ¢

This equation can be rewritten as,
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where, E is the Young’s modulus, A is the focal contact area (y x 1) umz, Ax is the
transverse displacement and x is the original length of the deformation line in the LC

surface as shown in Figure 4.1b.

4.2.2 Implementation of a 3D Finite Element Model for Focal Adhesion-Liquid
Crystal

Having defined physical properties of the liquid crystals, focal contact planes and
dimensions of the deformation lines, the next step was to develop a finite element
model to simulate the deformation profiles in the liquid crystal surface. The simulation
was to correlate with contractions of the short marginal actin fibres for the cell as
previously explained. In the developed finite element model, the geometry of a cell
was hypothetically placed on the LC substrate. The LC substrate has a height (H),
length (L) and width (W) of 30 x 100 x 100 um, respectively (Figure 4.2a). In the
model, a restraint plane was set at the bottom of the liquid crystal substrate. The oval
shaped focal adhesion clusters located around the cell was approximated with hollow
rectangular shaped structures grafted in the surface of the LC substrate (Figure 4.2a).
In order to apply a normal force (F) transversely to the stress plane, a hollow space was
set for the focal adhesions assuming that the focal adhesions are embedded in the LC
surface (Figure 4.2a). The focal adhesion cluster has a length (L) embedded at a
thickness (Hs) and width (Ws,) of ~ 1 um with an assumption that a cluster of focal
adhesions probably containing two or three accumulations of vinculins (See Figure 1.7)
(Peterson et al., 2004). The width or thickness of a focal adhesion was as approximated
from the immuno-stained micrographs of vinculins (Figure 3.9-10). Therefore, the area

(in umz) of a stress plane was obtained by Hg; x Ls..
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Figure 4.2. (a) Parametrical geometry of the focal adhesion-liquid crystal model. Ls,
Hfa, Wsa, L, Hi, and W, are the length, height and width of the focal adhesion
(denoted as fa) and the liquid crystal substrate (denoted as Ic), respectively. (b)
Schematic diagram of a stress site in the LC surface which is under uni-axial
compressive force (F) loaded by two clusters of focal adhesion to the two stress
planes. Bottom: the associated tensor diagram in three dimensions. The plane stress,

Oxx causes shear stress of ty, and t,, in the y and z directions.

Table 4.1. Properties of liquid crystals and dimension of vinculin

Properties of model Dimensions
LC coating Thickness = 100 um, Width x Length = 50 x 50 um
Young’s modulus 110 kPa
Poisson’s ratio i = 0.5 (maximum limit configured in Cosmosworks)
Dimension of vinculin Hia=1um, Wg=0.5-1um, L =1.3-2.8 um

The physical properties of the liquid crystal substrate and focal adhesions applied
in the FE model are as summarised in Table 4.1. In order to establish the constitutive
model, a stress tensor diagram (Figure 4.2b) was used to describe the effects of the

principal stress in x-plane (o) from the focal adhesions and shear stress to the liquid
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crystal slab in the y and z directions (ty, and ty). As a result, the compression stresses
applied to the slab cause a deformation of the liquid crystals in y and z directions.

The quantification of the compressive force was always simulated iteratively in
the FE modelling software to match the transverse displacement (Ax) obtained from
the cell relaxation experiment. This finite element model was meshed into triangular
elements before the stresses were computed. Then, the von-Mises stress was
computed. It is important to note that Von-mises stress is an indication of the stresses
produced without exceeding the yield strength of the material (Donald, 2007). Since
the force applied is small and within nano-newton range, it is far below the yield
stress, therefore, the criterion for the yield strength (923.7 nN/umz) is satisfied in this
model. In this case, yield strength of rubber was assumed for the liquid crystals.

The overall behaviour of the 3D model for the focal adhesion-liquid crystal
interface was implemented using Solidworks software. Linear static analysis based on
the finite element method available in the Cosmosworks/Solidworks was used to
analyse the traction forces applied via the focal contacts. The Cosmosworks software
solves the linear elastic problem using Hooke’s theorem and the minimum total
potential energy method. In the finite element model implemented, force matrix {F} is

related to the displacement {U} by {F} = [k]{U} where [k] is the stiffness matrix (Fagan,

1992).

Young’s modulus of 110 kPa (as determined in Chapter 2) and Poisson’s ratio of
0.5 were set for the liquid crystal model in Cosmosworks software. Although the
Poisson’s ratio determined for the lyotropic liquid crystals in Chapter 2 was 0.58,
unfortunately, the maximum limit of Poisson’s ratio that can be used in the

Cosmosworks software is 0.5. Although a Poisson’s ratio of 0.5 is below that

161



determined for the lyotropic liquid crystals, the incompressibility of the liquid crystals
induced by the high water content would suggest that a Poisson’s ratio of 0.5 is

applicable (Dimitriadis et al., 2002).

4.2.3 Development of a Cell Traction Force Measurement and Mapping (CTFM)
Software

The bespoke cell force measurement and mapping software (CTFM) was
developed by using the MATLAB Integrated Development Environment (IDE). Basically,
the computer program functions to map the cell traction force based on the length of
deformation line measured by the user in the software interactively. A graphical user
interface (GUI) communicates with the user, either to receive instruction from the user
or to convey messages to the user. The aim of using a GUI was to increase the speed of
use, aid repeatable execution of work and provide attractiveness.

The CTFM software was developed to be as simple to use as possible in order to
generate a cell traction force map for further analysis. The design and execution of the
program was arranged sequentially and divided into three main steps: The first step
involves, importing of an image and performing measurements of the deformation
lengths by the user. The second step focuses on enabling the program to calculate the
average traction force based on the user inputs and the generation of a visualization
system that allows the display of the forces related to each LC deformation line
induced by single cells in the phase contrast images. The third step then involved
rendering 2D and 3D cell traction force maps into a pseudo color map, which allows
representations of the force distributions across the cell. The flow charts for the CTFM
are as shown in Figure 4.3-4.4. The full MATLAB codes of the CTFM program are

available in Appendix A.
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The program initiates by executing a GUI which prompts a user to select an
image of file type jpg, tiff or bmp, and reads the image data file to the program as
shown in the flow chart (Figure 4.3). The GUI also contains the instructions as a guide
for the user to use the software. The size of the image will be determined by the
program function, imread, and assigned to a Euclidean coordinate system (x, y). A
calibration for defining the scale of the image will be performed by the user to define
the start and end point on a precluded scale bar in the image by left-clicking the
computer mouse. The data of the two points will be stored in an array by [xr, yr]=
ginput, where r is the number of input. Based on the user input, the program
calculates the distance between the two points in a Euclidean vector space using norm
function in MATLAB which involves with the Pythagoras theorem.

Next, a pop-up window prompts the user to input the length of the scale input
through the keyboard. Next, the user will be required to repeat similar steps in order
to measure the length of the deformation lines found in the image.

The length of the lines measured by the user will be multiplied by the force-
deformation coefficient (determined by the quantification procedures in section 4.2.1)
of the LC to yield the value of the traction force correlating to a deformation line. The
force value will be stored in an array (z) with a counter of meas_num, which update
the number of measurements upon completion of a measurement. Once the
measurement is completed, the position of the force data point will be stored in (x, y)
array and then, similar measurement process can be repeated for another deformation
line. To terminate the measurements, the user is required to right-click the mouse
anywhere on the image and the program will take over the subsequent processing to

generate the 3D traction force map and output data.
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Stepl: Input, calibration and evaluation of measurements

v

Initialise Graphical User Interface
(GUI) for cell force measurement

v

Prompt the user to select an image
type *. jpg, *.tiff , *.gif or *.png

v

Read image by imread function and
assign image size N x M =0.

v

Display the image as a Figure

v

Resize image adjusting to screen resolution

v

Prompt user to click start and end point to
calibrate the image on a known scale. Obtain
start pint by [xr,yr]=ginput(2)

v

Calibrate image scale by calculating the distance between
two points in a Euclidean of a vector space.

v

Prompt user to enter the length of the
calibrated scale.

v

Label the scale in um

While
loop_break=0

Figure 4.3. Flow chart of the cell traction force measurement algorithm
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v

—» | Read first point of measurement, [x1, y1, button]=ginput(1)

Read Mbutton==3
Mbutton value

l Mbutton==1

Read second point of measurement, [x,, y>, mbutton]=ginput(1)

Draw a line across the two selection points

v

Calculate the distance between the two selected points and multiply by the
force-longitudinal deformation of LC (20 nN/umZ) yields the applied force.

v

Store the force value in array of force (meas_num),
Store the initial point selected for location data points and
force value in variable x, y and z.

v

Increment meas_num

¥

Display force value measured on the image

Mbutton==1 Read Mbutton==

Mbutton value ¢
\/ Track the number of

measurements, meas_num.

v
Display average force on top of Calculate average force= sum of
image force/meas_num

v
Loop_break=1

1

Cont’ Figure 4.3. Flow chart of the cell traction force measurement algorithm.
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Step 2: Force mapping and surface rendering.

Transpose matrix of [ x, y, z] into
data=[x, y’, Z’]

v
Create figure (2)

v
Define a regular grid [x;, yi]
meshgrid (s;, si)

v
Plot x, y and z on the grid in 3D

v

Data curve fitting using cubic interpolation

v

Display the surface image

Figure 4.4. Flow chart of the cell traction force mapping and rendering algorithm.

In the process of generating the traction force map, the x, y and z arrays are
appended into a matrix and transposed into three data columns (x’, y’ and z’) so that
each data in a column can be accessed independently (Figure 4.4). A regular grid will
be created using the meshgrid, function and the x; and y; data are fitted on the grid.
These data points can then be interpolated using the griddata function included with
the linear and cubic interpolation functions. Then, 3D graphical visualisation of the
traction force distribution will be rendered by the surf function. The graphics produced
in the Figure window allows rotation of the cell traction force map in 3D, zooming,
panning and labeling. The software will be used for analysing the traction forces of

guiescent and migrating human keratinocytes.

166



4.2.4 Determining the Spatial Resolution of CTFM Software

The resolution of the cell force mapping software was calibrated by using an
image of a polydimethylsioxane (PDMS) template containing regular line patterns. Two
PDMS sheets with regular widths of 3 um and 5 um were prepared. These PDMS
templates were fabricated by casting and curing an elastometric polymer, Sylgard 184
(Dow Corning, Midland, MI) against a photoresist micro-patterned glass template with
line patterns of 3 and 5 um. The PDMS consists of base elastomer and curing agent
that were mixed in a 10:1 (v/v) ratio. After polymerisation on the master template, the
flexible PDMS sheets were removed from the master template and phase contrast
microscope equipped with Imagel software was used to capture images for each of the
PDMS templates obtained.

In the CTFM software, assumptions of the deformation lines with similar
magnitude around a hypothetical cell shape (oval shape) was alternately applied to the
edge of the regular line patterns that were placed over the phase contrast images
consisting of PDMS line patterns at a regular width of 3 and 5 um. The procedures
used in measuring the deformation lines by using the CTFM software are as described

in section 4.2.3.

4.2.5 Statistical Analysis

The mean traction forces calculated for the cells were expressed as means *
standard deviations (SD) and means * standard errors (SE). Normality of the cell force
distribution was tested with one sample Kolmogorov-smirnov test which is significant
for p > 0.05. N is the number of sample measured. The scatter plot for the Force (F)
versus the longitudinal deformation (y,) was best fitted by using linear regression.

Subsequently, the relationship was analysed by using the least-square method to
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estimate the standard error of the slope. All statistical analysis was performed by using

the Statistical Package for Social Sciences (SPSS) software.

4.3 Results and Discussion

4.3.1 Cell Relaxation and Calculation of Cell Traction Force

Quiescent keratinocytes showed a nearly iso-diametric characteristic on the
surface of the LC substrate after 24 hours of cell culture. One of the examples is as
shown in Figure 4.5a before treatment with cytochalasin-B. This cell was observed in a
contracting state on the surface of the liquid crystals and some short deformations
lines were found around the edges of the cell. Based on the ten phase contrast
micrographs obtained, each of the ten cells studied had induced an average of 4-5
deformation lines in the LC surface. Due to the stress applied transversely (o) to the
contact regions (forces represent by inward arrows in Figure 4.5a, 0 minute), the stress
site was sheared in y and z direction by stresses of t,, and Tty resulting in a streak of
deformation line. In 2D phase contrast images, only strains in x and y plane are visible
as seen in Figure 4.5. These bi-axial strains formed in the liquid crystals induced a
radial deformation line (Figure 4.5, 0 min) with dimensions as defined in Figure 4.1.

The deformation line formed has a width, x, by length, y,. Time lapse phase
contrast images of Figure 4.5 show the effects of the cytochalasin-B in relaxing the
cells while inducing disappearance of the deformation lines from the LC surface. The
time shown in Figure 4.5 is the time of the cell treated with cytochalasin-B. For the cell
in Figure 4.5a, the deformation line contained in the rectangular box had a width (x,)

and length (y,) of 5 um and 4.6 um, respectively.
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(a) 0 min 30 min

(b) Contraction Relaxation

Figure 4.5. (a) The treatment effects of 30 uM cytochalasin-B in phase contrast
micrographs taken at 0 and 30 minutes for a cell cultured on the surface of the liquid
crystals. (Scale bar: 10 um) (b) Enlarge exerts for the deformation lines are as shown
and labeled in the boxes of (a). The inward and outward arrows show the directions

of force application and degeneration, respectively. (Scale bar: 5 um)

After treating the cell with cytochalasin-B, the actin cytoskeletons depolymerised
and the forces applied by the cell were degenerated in two opposing directions that
are represented by outward pointing arrows as shown in Figure 4.5b at 30 min. As a
result, the width (x) and length (y) of the deformation line increased and decreased to
6 um and 4.2 um, respectively. For this example, the traction force required to induce
the strains in transverse and longitudinal directions as determined by equation (4.2)

was approximately 70 nN.
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4.3.2 Determining the Cell Force-Deformation Relationship of the Liquid Crystals
The procedures used in defining and determining the traction forces were
repeated for 55 deformation lines from ten cells as explained in section 4.3.1. The
relationships among the transverse displacement (Ax), length of longitudinal
deformation (y,) and the traction forces (F) inducing the deformation line in the LC
surface were established (Figure 4.6). For the deformation lines induced in the LC
surface by non-motile keratinocyte from the ten cultures, the longitudinal length
measured at y, < 8 um (thickness of LC substrate = ~100 pum) is probably within the
linear viscoelastic range (< 10 % shear strain) of the liquid crystals as characterised in
Chapter 2 (see Figure 2.23). The linear relationship of y, to Ax by a factor of 4.08 shows
a strong indication of the liquid crystals having a Poisson’s ratio of approximately 0.5
(Figure 4.6a). This is because both parameters y, and Ax were involved in the
calculation of Poisson’s ratio and their ratio at about 4 is the determinant for the
Poisson’s ratio to be around 0.5. Indeed, the lateral shear force (traction force) was
found dependent on the longitudinal deformation and transverse deformation which
are both related by Poisson’s ratio of approximately 0.56 + 0.06 (mean + SD). The
traction force (F in nN) applied via the stress planes increased proportionally with the
transverse displacement (Ax in um) and length of longitudinal deformation (y, in um)
induced in the LC surface (Figure 4.6b-c) at 83.65 nN/um and 20.21 nN/um,
respectively. By using the least square method, the standard error of the linear
regression line, F = 20.21y, was determined at 0.42 nN/um (SE), in which 20.21 is the
coefficient of the force-longitudinal deformation relationship. 95 % confidence interval

for the coefficient of the slope was 19.37 < mean of the slope < 21.05 nN/um.
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Figure 4.6. (a) The relationship of longitudinal deformation length (y,) to the
transverse displacement. (b) The relationship of traction force (F) to the transverse
displacement (Ax). (c) The relationship of traction force (F) to the longitudinal
deformation (y,). The traction force was calculated for ten non-motile keratinocytes

(N =55).
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The relationships as shown in Figure 4.6b and c reflect that the liquid crystal
deformation line was being displaced in bi-axial directions. This relationship of F-y,
obtained from Figure 4.6¢c provides an efficient means for rapid estimation of the
compressive forces induced by a cell, which is independent of cytochalasin-B

treatment if the length of the deformation line is known.

4.3.3 Comparison with Previous Cell Traction Force Measurement Techniques

The traction forces exerted on the liquid crystal surface by non-motile
keratinocytes were in a range of 10 nN — 140 nN per stress site (Figure 4.7).
Kolmogorov-Smirnov test indicate that the traction forces exerted by keratinocyte cell
lines were normally distributed (p = 0.187, significant for p > 0.05, 55 deformation lines
out of 10 cells). The traction forces as measured for the cells were 65 nN * 25 nN
(mean + SD) and the 95 % confidence interval for the mean traction force was 58.18 <
mean of the traction force < 71.66 nN. As the forces measured were subjected to the
Young’s modulus (108 + 20 kPa), therefore, the forces should have a variation of
approximately 20 % because the Young’s modulus measured has a standard deviation
of this percentage too (see Table 2.3 in Chapter 2). The traction forces measured by
using the liquid crystal based cell force transducer are comparable to the traction
forces of MDCK epithelial cells determined in a range of 5 — 35 nN, which was
determined by using PDMS micro-pillars technique (Roure et al., 2005). However, the
magnitude of the discrete forces expressed via individual focal adhesion of migrating
keratinocytes on a micro-patterned PDMS was determined at 6 + 0.54 nN (mean * SE)
(Mohl et al., 2009), which is lower than the force range determined in this work. This
may be due to the discrepancies in the elastic modulus of material used in the force

sensor and the differences in the method of measurement. Therefore, it is difficult to
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make direct comparisons between the traction forces measured in this work and the
work presented by others. A detail comparison of the range of traction forces

determined for epithelial cells is as shown in Table 4.2.

12.5—
10.0—

) ) Mean =64.92
& 75 Std. Dev. =24.94
= N =55
Q
LL

5.0

2.5

T |

0.00 20.00 40.00 60.00 80.00 100.00 120.00
Force (nN)

0.0

Figure 4.7. Normally distributed traction forces (p = 0.187, significant for p > 0.05) for

ten non-motile keratinocytes. N = number of deformation line.

However, by using an AFM cantilever method to probe the posterior of a cell,
Sagvolden and co-worker (Sagvolden et al., 1999) showed that cervical carcinoma cell
required 100 - 200 nN to dissociate from the cantilever. Similarly, Thoumine et al.
showed that epithelial cells require an exposure of 100 nN tangential force to detach
from a surface in a centrifugation system (Thoumine et al., 1996). Whereas, a higher
range of traction force from 10 nN up to 1200 nN was reported for fibroblast grown on
a soft elastic substrate (Burton et al., 1999). For a less motile cell such as the
keratinocyte, the forces exerted on a substrate should be expected to be relatively
lower than those of the highly motile fibroblast because motility is proportional to the

traction forces of cells.
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Table 4.2. Comparison of other epithelial cell force measurement techniques

Liquid crystal
based cell force
transducer
(Young’s modulus
=~108 kPa)

Fluorescence
beads labelled-
PDMS

(Young’s modulus
=10 kPa)

Micro-patterned
cantilever
(Young’s modulus
=2 MPa)

AFM cantilever

Centrifugation
force

Human
Keratinocyte cell
line (HaCaT)

Normal human
epidermal
keratinocytes from
neonatal foreskin

Epithelial

Human cervical
epithelial

Human mammary
epithelial cell line,
HBL100

Range: 10 - 138 nN.

64.92 + 6.72nN (mean
+ 2SE). Force per stress

site.

10 nN per focal
adhesion

5 - 35 nN per focal
adhesion

100 - 200 nN

100 nN

C. F. Soon at. el.

Mohl at el., 2009

OD Roure at el.,
2005

Sagvolden, G at
el. 1999

Thoumine, O at
el., 1996

4.3.4 Finite Element Simulations of Focal Adhesion-Liquid Crystal Model

For the cell as seen in Figure 4.5, the simulated displacement and stress

distribution for the focal adhesion-liquid crystal model in Solidworks software are as

shown in Figure 4.9. A total of 10842 triangular elements at a size of 5.7 um were used

in generating the solid mesh model (Figure 4.8). The von-Mises stresses and

displacements applied at five stress sites seem to be dependent on the transverse

displacement induced by the cells (Figure 4.9). In addition, the compressive forces

applied at the five stress sites are linearly proportional to the transverse displacements

applied by the cell in both calculation and finite element simulations (Figure 4.10a).

Interestingly, the simulated stresses applied by this cell are similar to each other
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although small variations occurred (mean #* SD = 14.93 + 1.9 nN/um?) which might be
the characteristic of quiescent cell expressing balancing stresses at the periphery of
the cell during equilibrium condition (Figure 4.9 and Figure 4.10b). This result is in
good agreement with the iso-diametric characteristic displayed by the cell as shown in
Figure 4.5 which may be caused by the regular distribution of actin filaments and
lamellipodia at the margin of a non-polarised keratinocyte (Owaribe et al., 1981, Henry

et al., 2003, Kirfel and Herzog, 2004).

2

Custom :

Figure 4.8. A mesh containing 10842 triangular elements at a size of 5.7 um was used

in generating the solid mesh for the focal adhesion-liquid crystal model.
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Figure 4.9. (a) Transverse displacement and stress plotted and simulated by Finite

Element analysis for the keratinocyte in Figure 4.5.

In simulating the finite element model with the Solidworks software, a Poisson’s
ratio of 0.5 was used because this is the upper limit configured in the software. In the
calculation, Poisson’s ratio at 0.58 was used based on the result obtained from micro-
tensile experiment. Due to the differences in the Poisson’s ratio applied, both
calculation and simulation of the forces had a difference of 20 %. In comparison of the
results for calculation and simulation, the simulated forces are higher because a lower
Poisson’s ratio was applied in the model. A material with a lower Poisson’s ratio

represents a stiffer material. Thus, larger forces are required to deform a stiffer
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material (a lower Poisson’s ratio) than a softer material (a higher Poisson’s ratio) in
order to obtain the same displacements in the material. This explains why forces
simulated by using FEM model with a Poisson’s ratio of 0.5 is higher in comparison to

the forces calculated by Hooke’s equation with a higher Poisson’s ratio of 0.58.
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Figure 4.10 The calculation and simulation for the (a) compressive force versus
transverse displacement, and (b) stress versus transverse displacement for the cell in

Figure 4.5.

For detail investigation on the stress distributions at a stress site, the simulation
is as shown in Figure 4.11. Two identical focal adhesion contact areas (4.2 pum?® as
shown in the inset of Figure 4.11) were formed in contact with the liquid crystal
surface, and identical compressive forces were applied to each stress plane during the

simulation (Figure 4.11). In this example, the applied force per stress plane was
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determined at F = 82.36 nN which was induced by a maximum lateral displacement
and stress of 0.5 um (Figure 4.11a). In this model, the maximum stress was determined

at 34.84 nN/pm? (Figure 4.11b), respectively.
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Figure 4.11. (a) A 3-D topography of a deformation with displacements in the liquid
crystals induced by the loads via the contact planes. Inset: The dimensions of the
focal adhesions used in the finite element model. (b) Von-mises stresses computed

for the compressive loads.
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For each stress site, the highest expressions of nodal stress and transverse
displacement were found exactly at the two stress planes and they quadratically
decreased as the distance increased from the stress planes to the centre of the stress

site (Figure 4.12).

—=—Nodal stress —e—Displacement

20 - - 0.6
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Figure 4.12. The distribution of stresses and transverse displacements across a

deformation site.

The responses of the stress and displacement across a deformation site was
found to be reciprocal to the contraction profile measured for the deformation line of
liquid crystal that were induced by a cell in phase contrast and polarised micrographs
(see Figure 2.29 in Chapter 2). Clearly, both results produced by experiment and
simulation show that the deformation induced by cells in the liquid crystal surface is
characterised by compression and shearing of the underlying material, which is most
probably related to the traction forces exerted by the contraction of circumferential
actin bundles via the focal contacts. The contraction of the epithelial cell is attributed
to the simultaneous shortening of the circumferential actin filaments leading to a

decrease in width of the deformation line. The result shows that compression is
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appropriately used to describe the mechanics of quiescent HaCaT cells contracting on

the liquid crystal surface.

4.3.5 The Cell Traction Force Measurement and Mapping Software

The main GUI of the CTFM software (Figure 4.13) functions by helping the user to
load image files into the program for cell force measurement. The imported image
must be in a dimension (N x M) which is smaller than the pixel resolution of the
computer LCD. On the main interface of the CTFM software, the user will be prompted
to select an image from the computer hard disk directory, and then follows a step by
step instruction in order to perform the measurements of cell traction forces. In
addition, the user has the option not to do anything or to exit the program.

After loading an image of a single cell, the user calibrates the image based on the
scale bar available in the image to determine the image dimension or the pixel size of
the image. In the image, calibration was performed by selecting the start and end
points over the scale bar as shown in Figure 4.14. When the scale bar is measured, a
pop-up window will request the user to enter the scale of the image (in um) as shown

in Figure 4.15.

u Cellfarcetool SRR X

— Cell force measurement tool for Liguid Crystal based Cell Farce Transducer

Step 1: Select an image.

I*jpg, *tif, *bmp -

zelect an image
Step 20 O = Enter to start calibrating.
Step 3 L ztart point and drage to the next paint and

left click the mouse again on & longitudinal deformation line.

Step 4 Right click once the measurements are completed.

-

Figure 4.13. The GUI of the cell force measurement and mapping software.
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Figure 4.14. Defining the start and end points for calibrating the scale of the image.
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Figure 4.15. Entering the image scale (20 um) in the pop-up window.
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For the calibration of the image scale, the entered value in the pop-up window
was used to calculate the ratio of pixels to length of the loaded image. The example in
Figure 4.15 has a pixel to length ratio of 100 pixels/um. Any subsequent
measurements of the deformation lengths in pixels were multiplied by this ratio in
order to calculate the length in micrometers. Subsequently, the calibrated value will be
displayed over the scale bar on the image. Once the value is entered, the user should
select the Ok button to proceed with the measurements of deformation length and
force.

The measurement of the deformation length in the image is again based on
mouse-clicking activation. In the phase contrast image, the user will left-click the
mouse to select the start and end points of a deformation line by following the same
procedure used in the calibration of the image scale. After selecting the two points by
using the mouse, a red line will be plotted across the two points which is over the
deformation line (Figure 4.16), and the computed force in nano-Newton (nN) will be
indicated above the line. If there is no deformation line found in a particular area of
the cell, the user will be required to double-left-click the mouse in order to select the
same point, which indicates that no traction force was found for that point (Figure
4.16). In the software, the first few steps are expected to be manually performed by
the user. Hence, the measurement accuracy is dependent on the user’s ability to
identify a deformation line. Once all measurements are completed, the average cell
traction force will be computed for force points greater than 0 nN and will be displayed

on top of the image (Figure 4.17).
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Figure 4.17. The display of traction forces and the average traction force of a cell.

183



Subsequently, the rest of the computational work will be executed by the
program automatically; this generates a graphical visualisation of the force points over
a Euclidean coordinate system, and the associated map of traction forces. Figure 4.18
shows the magnitude of the force point (z) projected on a Euclidean coordinate system
(x, y). In this example, the pixel size of the image is 256 x 256. From the magnitude of
the force point at various positions over the coordinates, data points were fixed on the
grid and then fitted by using interpolation fitting functions (such as, linear and cubic

curve fitting methods).

i x|

File Edit View Insert Tools Deskbop Window Help
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180 100

Figure 4.18. A display of the force data points (z) scattering over the x and y

Euclidean coordinate system.

The graphical visualisation of the cell traction forces was rendered in pseudo
colour in which the colour scale represents the intensity of the force. Gradual changes
of blue to red color across the terrain in the map represent the transition of the
traction force magnitude from a low level to high level. The colour scale in Figure 4.19a

shows the force ranging between 0 to 70 nN, while the scale bar in Figure 4.19b ranges
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between -10 to 70 nN. The negative forces found in the result of cubic interpolation
are due to the minimum curvature in a curve spline creating an inflection point below
0 nN. This was found to be the flaw of cubic interpolation technique and may provide
unrealistic fitting to the minimum force point or over exaggerating the curve data

fitting (Wassel, 2009).
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Figure 4.19. The fitting of force data curves by using (a) linear and (b) cubic

interpolations.

In the case of cubic interpolation, approximately 10 % of measured forces were
overshot at the minimum force curve. Comparatively, linear interpolation is able to
terminate the transition from higher force to null force area sharply, and thus it is
more suitable to the mapping of cell traction forces (Figure 4.19a).

Although the 3D representation shows that cubic interpolation provides a
smoother transition for the force distribution (Figure 4.19b) when compared with the
linear interpolation (Figure 4.19a), the differences in the output of the two approaches
are indistinguishable in 2D force distribution maps (Figure 4.20). Nonetheless, 2D

visualisation is found to be more useful for the analysis of cell force distribution. Both
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interpolation methods showed equivalently good isolation of cell traction forces in 2D

(Figure 4.20).
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Figure 4.20. 2D cell traction force maps which were fitted with (a) linear and (b) cubic

interpolations.

186



4.3.6 Spatial Resolution of the Cell Force Measurement and Mapping Software
LCTFT is able to resolve a separation of cell traction forces down to 2 um as
shown in Figure 4.21 but the resolution of the cell traction forces for the overall
system is dependent on the CTFM software. The hypothetical simulated cell edges and
deformation lines on the PDMS line patterns of 3 and 5 um are as shown in Figure
4.22. The forces interpolated at a distance of 3 um in the software appeared
inseparable and aggregated into clusters of forces (Figure 4.23b). The result from the
force simulation indicates that the interpolation function in the software is able to
resolve adjacent forces in clear separation within 5 um to each other (Figure 4.23b).
Therefore, the resolving power of the microscope, the liquid crystals and the force
mapping software collectively are crucial in determining the spatial resolution of the

overall cell traction force mapping system.

Spatial resolution

of 7 2um

V

Figure 4.21. Spatial resolution of a liquid crystal based cell traction force transducer.

(Enlarged exert, scale bar: 5 um)
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Figure 4.22. Phase contrast micrographs of PDMS calibration gauges consisting of line

patterns with an interval of (a) 3 pm and (b) 5 um.
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(a) Cell force mapping on LCTFT by cubic interpolation
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(b) Cell force mapping on LCTFT by linear interpolation
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Figure 4.23. The resolution of CTFM software in resolving forces separated by a
distance of (a) 3 um and (b) 5 um. x and y are the Euclidean coordinates and z is the
axis for the traction force in the unit of nano-Newton. The scale bar in pseudo

colours represents the magnitude of forces.

189



4.3.7 Analysis of the Traction Force Distribution of Quiescent Keratinocytes

The study on the distribution of static traction forces for quiescent cells will be
essentially used as a reference to compare with the traction force of dynamic cells.
Figure 4.24 shows a single HaCaT cell inducing deformation lines in the surface of
LCTFT after culturing at 37 °C for 24 hours and the associated map of cell traction
forces. As shown in Figure 2.27, Figure 4.15 and Figure 4.24a, the morphology
undertaken by single non-migratory keratinocytes on the LCTFT is generally in a
polygonal or rounded shape. Discrete and isolated forces at about 10 — 60 nN were
found distributing at the boundary of the cell (Figure 4.24b) and the force distribution
was well correlate with the location of the deformation line observed in Figure 4.24a.
A peak force of 65 nN was observed at the protrusion edge of the cell marked by an

arrow (or red region in the cell traction force map of Figure 4.24b).

(a)

Force (nN)

Figure 4.24. (a) A single HaCaT cell contracting on the LC traction force transducer
and (b) the force distribution rendered by CTFM system. The arrows indicate the

region of protrusion.

For two HaCaT cells located adjacent to one another, it was found that they
expressed a similar morphology and active regions were found evenly distributed over
a short distance (Figure 4.25a). Under quiescent condition, the mechanical forces of

two HaCaT cells as detected by the LCTFT are relatively stable and localised. These
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forces are neither expressed at the intersection or centre region of the cells, but

limited to a small area at the periphery of the cells.

Force (nN)

Figure 4.25. (a) Two adjacent HaCaT cells contracting on the LC force transducer, and

(b) the force distribution generated by CTFM software.

140
120
100 =

Force (nN

Figure 4.26. (a) A polarised HaCaT contracting on the LC traction force transducer,

and (b) the force distribution generated by CTFM software.

For an elongated cell (Figure 4.26a), the expression of force was polarised and
was observed to be higher at one end than another (Figure 4.26b). The peak force (140
nN) measured for an elongated cell was greater than the forces expressed by a

polygonal shaped cell (60 — 80 nN) as seen in Figure 4.24b and Figure 4.25b. These
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results show that the traction force expressed may be closely related to the
morphology changes or cytoskeleton restructuring of a cell (Beningo, 2002). Traction
forces detected at the periphery of the quiescent HaCaT cells most probably related to
the organisation of circumferential actin bundles lining tangentially at the margin of
the cell. This profound feature in the keratinocytes is thought to play crucial role
during static adhesion and contraction of keratinocytes (Owaribe et al., 1981). The
contractile functions of circumferential actin filaments are such as shortening the cell
margin length, coordinating with parallel actin bundles in maintaining cells shape
(Owaribe et al., 1981), ensuring integrity in relation to other cells in the epithelium
sheet, and thus expressing traction stresses at the margin of the keratinocytes (Zhang
et al., 2005).

Previous studies (Munevar et al., 2001, Burton et al., 1999, Oliver et al., 1995)
focused more on migratory behaviour of cells and rarely investigate the static
behaviour of a quiescent cell. Quiescent HaCaT cells do not show prominent
characteristic of lamellipodia protrusion (leading and tailing edge) on a soft substrate
as compared with fibroblasts (Munevar et al., 2001, Burton et al., 1999). It has been
shown that the traction pattern of fibroblasts is different from the traction pattern of
fish keratocytes measured on a silicon sheet (Oliver et al., 1995, Jurado et al., 2005).
Traction of a fish keratocyte is induced by a compression mechanism at the lateral
margins of the cell which shears centripetally (Oliver et al., 1995). In contrast,
attachment and contractions of MDCK epithelial cells on the patterned silicon micro-
posts tend to detect shear forces in axial direction as shown in Figure 1.15 (Roure et
al., 2005). However, very little information is available pertaining to the traction force

patterns expressed by epithelial cells (as evidence in Table 4.2).
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4.3.8 A Study on the Traction Force Distribution of a Migrating Keratinocyte

The aim of this study is to further investigate the ability of LCTFT in detecting
dynamic traction forces generated by a migrating cell. Time lapse phase contrast
images of a migrating HaCaT cell and the traction force distributions are as shown in
Figure 4.27 while the associated temporal response of the cell traction forces is as
given in Figure 4.28. Under the cell, areas of traction in the LCTFT surface were divided
into four regions with reference to the regimes of a cell: the leading edge of lamella,
the two lateral margins of extension (flanks) and the rear edge of a cell (Figure 4.27a).

During the initial stage of monitoring, the cell was roundish (Figure 4.27a, 0
minute) and showed moderate compressive forces parallel to the rear edge of the cell
(80 nN peak) just like those of the quiescent keratinocytes and a small rise of force at
the leading edge (55 nN peak) was observed (Figure 4.27b, 0 minute and Figure 4.28).
The lateral margins of the cell showed no sign of tractions (Figure 4.27a-c, 0 minute).
Only the cell rear showed sign of contraction (Figure 4.27c, 0 minute).

After 5 minutes of monitoring, the leading edge evolving became apparent and
was characterised by the projection of lamellipodia (Figure 4.27a-c, 5 minutes). This
process was associated with the formation of LC deformation lines which were
radiating outward. The deformation lines seem to be caused by the perpendicularly
applied traction forces at the leading edge of the cell (Figure 4.27c, 5 minutes). The
exerted forces at the leading edge increased dramatically from about 55 nN to 110 nN
(Figure 4.27b, 5 minutes). Subsequently, the force expressed in the leading edge
decreased slightly to 90 nN and continued decreasing to 80 nN towards the end of the
recording (Figure 4.27a-c, 10-15 minutes, Figure 4.28).

During the same period of time (5-15 minutes), retractions were indicated at the

rear edge accompanied by release of compressive forces in this region (Figure 4.27a-c,
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5-15 minutes). In contrast to the rise of forces at the leading edge, the initial forces at
the rear edge decreased from approximately 80 nN down to 10 nN (Figure 4.27a-c, 5
and 15 minutes, and Figure 4.28).

Progressive projections of flanks at both lateral margins of cells occurred
concomitantly while the front and the rear of the cell were extending and retracting,
respectively, (Figure 4.27a-c, 5-15 minute). In Figure 4.27c (5 minutes), the thick
arrows at the front and rear of the cell show the direction of the contraction and
relaxation forces, respectively. Strong forces at the right and left flank rose transiently
to 160 and 100 nN, respectively, and then gradually decreased to 0 nN. However,
towards the end of the recording, both of the flanks remained extended (Figure 4.27a-
¢, and 15 minutes).

The transverse traction forces (40 - 60 nN) found under the flanks and formed in
parallel to the direction of the retraction suggests that the flanks may function to
augment the rearward retraction. As the rear edge of the cell was retracting, the force
spots formed at the rear edge shifted tangentially along the boundary of the cell
towards the leading edge (Figure 4.27a-c, 5 and 10 minutes). The forces seemed to
increase gradually and along with the shift of forces to the flanks. At the flanks, the
sharp forces seemed to pull the rear region of the cell while the rear edge was
retracting forward (Figure 4.27a-c, 5-10 minutes). Due to the protrusion of lamellipodia
at the flanks and retraction at the rear edge, both restructured the trailing edge of the
cell into a broad curvature (Figure 4.27a-c, 10-15 minutes). As a result, the cells
changed from a nearly symmetrical morphology into an asymmetrical morphology.
This is a typical characteristic of keratinocytes in the transition from a non-polarised

phenotype into a polarised phenotype (Kirfel et al., 2002a).
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Figure 4.27. Time base tractions of a keratinocyte on a LCTFT displayed in (a) phase
contrast micrographs which were taken at 0, 5, 10 and 15 minutes of monitoring. The
broken line arrow indicates the direction of movement and the dotted lines are the
position of reference for the cell. (b) The associated distribution of traction forces. (c)
The directions of forces as shown with thick arrows and the thin arrows represent
the direction of the actin bundles flow, respectively. The scale bar in pseudo color

represents the magnitude of forces. (Scale bar: 20 pm)
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Figure 4.28. Time response curves of the traction force measured at different regions

of a single keratinocyte as shown in Figure 4.27.

At the end of the monitoring (15 minutes), the traction forces at the rear edge
and both lateral margins were greatly decreased. Some traction forces were still
maintained at the protruded lamella (leading front). By referring to the reference
position line (Figure 4.27a), the cell has translocated across a distance of 8 um at a
speed of approximately 0.5 pum/min (distance of 8 um in 15 minutes), which is
comparable to the normal migration speed of 0.6 um/min for keratinocytes as
reported in (Kirfel et al., 2002b).

Overall, the lateral margins and leading lamella of the cell were found
transmitting the high traction forces in comparison to the rear edge (Figure 4.28). The
traction forces induced at the two flanks of the keratinocytes are compressive and
seemed to be applied parallel to the lateral margins in forward direction. All through
the monitoring of this cell, traction forces were not detected at the posterior or central
region of the cell body. The central region of keratinocyte may be weakly adhesive to

the substrate, in order that the passive load of the cell body mass could be transported
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by the contractile machinery functionalised at the periphery of the keratinocyte. This is
in keeping with the findings for fibroblasts reported in (Munevar et al., 2001).

During the transition from a roundish morphology into migratory phenotype, the
cell breaks the symmetry of the morphology by initiating rear retraction. This agrees
with the common conformity of cells in forming the cell rear first but the reason is not
clear (Cramer, 2010). Shortening of the rear edge directed inward is most probably
associated with the contraction of the straight radial bundles of actin oriented towards
the center region of the cell, resulting in lamellipodia retractions from the cell rear.
While these striated bundles of actin are retracting, they are probably accompanied by
an expansion of parallel actin bundles at the leading edge. In addition to that, some
deformation lines at the leading edge indicating compressive forces applied
perpendicular to the lamella was formed and aligned in parallel to the direction of
lamella protrusion. The origin of these forces occurred in a small area behind the
lamella (marked by an arrowhead in Figure 4.27a at 5 minutes) which is consistent with
the localisations of short circumferential actin bundles situated right behind the
lamellipodia as reported in (Mohl et al., 2009).

Strong traction forces are found at the edges of the lateral margins most
probably associated with the arrangement of the circumferential actin bundles and
focal adhesions lining along the boundaries of lateral margins of the keratinocytes
(Figure 4.29a-b), which were obtained from the experimental results of Chapter 3.
Previous literature shows that migrating keratinocytes have profound circumferential
actin bundles but also straight thin and parallel actin bundles in the central region of

the cells (Owaribe et al., 1981, Gloushankova et al., 1997).
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Figure 4.29. (a) Circumferential actin filaments and (b) vinculins located at the

lamella of the keratinocytes cultured on LC substrate. The arrow heads indicate the

short actin bundles and focal adhesions located at the circumference of the

keratinocytes in (a) and (b), respectively. (Scale bar: 25 pm)
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Figure 4.30. A new model proposed for the contraction of circumferential and

straight actin bundles of a migrating keratinocyte in relation to the deformation lines

form in the liquid crystals.
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The circumferential actin bundles mostly consist of short bundles that are contractile
(Owaribe et al., 1981, Mohl et al., 2009) and this is consistent with the actin filaments
observed in this work (Figure 4.29a).

During the formation of lamella, these circumferential actin bundles disassemble
and coincide with the radial expansions of the striated stress fibres from the center of
the cell body extending into the lamella (Omelchenko et al., 2001, Gloushankova et al.,
1997) which may explain the protrusion of lamella as observed in Figure 4.27. The
dynamic re-orientation of actin fibres in relation to the observations of the traction of
a migrating keratinocyte obtained in this study can be re-illustrated in a new model as
proposed in Figure 4.30.

The contractions of the circumferential actin bundles along the lateral margins of
the flanks are postulated to create strong forward forces in pulling the rear of the cell
body forward. The straight actin bundles may function to protrude the cell body to
form new contact areas. These different organisations of actin cytoskeleton regulate
different contractile functions (static contraction, dynamic protrusion and retraction)
and may enable the cell to exert variable forces on the LC surfaces in isolated region
via the focal adhesions.

In the context of the deformation line formed in the liquid crystal surface, the
contractile mechanism of the two types of stress fibre arrangements may be
associated with the deformation lines directed oblique (at the lateral margins) and
perpendicular (at the leading edge) to the direction of migration. The discontinued
circumferential filaments dissected by the radiating actin bundles as suggested in
(Owaribe et al.,, 1981) may contract and form compressive forces inducing the
deformation lines in the LC surface that were perpendicular to the protruded leading

edge (Figure 4.30).
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Similarly, the contractions of the short actin fibres located at the lateral margins
could induce deformations lines in the LC surface perpendicular to the lateral margin
of the cell. When the movement of the rear side was completed, the activities of
contractions at the lateral margins and rear edge of the cell ceased as indicated by the
disappearance of deformation lines (Figure 4.27a, 15 minute). However, the
deformation lines formed at the leading lamella were persistently oriented forward
upon the completion of migration. These results suggest that the migration of this
keratinocyte is highly dependent on the contraction at the lateral margins of the cell
body in order to move forward.

During the migration of a keratinocyte, new frontal adhesive sites must be
formed at the leading edge and this requires the deposition of new ECM proteins
(collagen, laminin and fibronectin) by the keratinocytes, which can then be followed by
adhesion of cells to the ECM proteins via the integrins (Kirfel et al., 2003, Horwitz and
Parsons, 1999). These are the causal events required for anchoring the actin
cytoskeleton before the mechanical energy derived from the contractile and relaxation
activity of actomyosin can be transmitted to a substrate. The polymerisation of actin
cytoskeleton, formation of lamellipodia, re-attachment of lamellipodia on new
adhesion sites mediated by focal adhesions and contractions of the myosin-Il
molecules are a series of coordinated and repetitive activities in migrating a cell
(O'Toole, 2001, Horwitz and Parsons, 1999, Kirfel and Herzog, 2004). Reversibly, the
adhesion to the ECM proteins must be able to be broken by rapid deployment of
integrin receptors and withdrawal of the actin cytoskeletons (Hynes, 2002), and the
output of these mechanisms were observed in a HaCaT cell migrating on the LC
surface. During the retraction of lamellipodia, the dynamics of movement may involve

the de-bundling of actin filaments and the shortening of the dorsal filaments as
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suggested in (Pellegrin and Mellor, 2007). This would be associated with disassembling
of focal adhesions, thus, de-attaching the lamellipodia from the substrate (Pellegrin
and Mellor, 2007, Hotulainen and Lappalainen, 2006) and it is suggested for the

retraction phase of the keratinocyte studied in this work.

4.3.9 Comparison with Previous Cell Force Sensors Developed for the Study of Cell
Migration

Numerous traction force measurement techniques developed were focused on
the study of active traction involving in the locomotion of cells (Roy et al., 1997,
Dembo et al.,, 1996, Munevar et al., 2001, Eastwood et al., 1996, Hinz and Gabbiani,
2003). Previous literature shows that fibroblasts exert a stronger retrograde flow of
forces at the lamella than the rearward of the cell body. This is highly correlated with
the contractility of the striated parallel actin bundles that are oriented parallel to the
direction of migration, in which the traction forces of fibroblasts are directed inward at
the leading lamella as the actin filaments contract. These forces were suggested to
“tow” the passive cell body forward (Dembo et al., 1996, Munevar et al., 2001).

To date, very limited work has been done to study the migratory pattern of
keratinocytes (Kirfel et al., 2003). Mohl at. el. 2009 used the strain of micro beads
labeled PDMS to track the traction forces of vinculins in sessile keratinocytes. In their
work, large inward directed forces which are perpendicular to the direction of
locomotion were found to appear at the rear corners of a migrating keratinocyte. This
finding is similar to the early stage of traction forces presented by the migration of
keratinocyte studied in this work. The force measured in (Mohl et al., 2009) indicated a
very weak retrograde flow of forces (a few nN) at the lamellipodia of the leading edge.

In contrast to the work presented by Mohl et al., this work found transverse directed
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forces at the leading edge and there were no changes of traction at the leading edge
while the rear was retracting. This suggests that the forces at the lamella are unlikely
to flow in a retrograde direction (directed inward at the leading edge). However, the
traction forces found at the lateral margins of keratinocyte in this work are stronger
than the leading edge which is consistent with the findings reported in (Mohl et al.,
2009).

The discrepancies in the materials and techniques used may be the main
contributing factors to the different findings obtained in this work as compared with
previous studies (Mohl et al., 2009, Roure et al., 2005). As revealed in (Burton et al.,
1999), silicon rubber with a higher compliance has detected both rearward directed
forces at the lamellipodia and forward directed lateral forces at the flanks of a
migrating fish keratocyte. In the same work (Burton et al., 1999), similar substrates
with a lower compliance were only able to detect the forward directed forces at the
lateral margins of the keratocytes. From the same study, it shows that the compliance
of a material is a critical factor in determining the sensitivity of cell force transducer

developed to detect detail mechanism of a migrating cell (Burton et al., 1999).

4.3.10 Advantages of Liquid Crystal Based Cell Traction Force Transducer

The work by (Harris et al., 1980) pioneered the wrinkle based method for
studying the cell traction forces but showed no quantification information and this
method was improved by higher compliance silicon rubber (Burton and Taylor, 1997,
Burton et al., 1999). However, thinner silicon rubber sheets exhibited problems of
generating non-linear and chaotic wrinkles in response to the stresses exerted by fish
keratocytes and fibroblasts. As a consequence, the wrinkled based method remained

only useful as a qualitative tool in assessing cell traction (Dembo et al., 1996, Addae-
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Mensah and Wikswo, 2008). The work presented in this thesis tackled the major issue
of the wrinkle based technique that had not previously been solved. This work has
advanced the previous techniques by developing a liquid crystal based cell traction
force transducer of higher sensitivity for quantifying the traction forces of
keratinocytes, in which, the forces were quantified by applying small deformation
theory and presented by using computer visualisation software.

The only work which has shown success in rendering the cell traction forces
exerted on the PAA gel in computer visualisation was developed by Dembo et al.
(Dembo et al.,, 1996). This involved a statistical approach in which the maximum
likelihood was employed to estimate the most probable location and magnitude of the
traction energy associated with the displacement of the adjacent markers (fluorescent
beads) in a PAA gel. The de-convolution of the estimated displacement of the markers
involved complex computational process such as Bayesian probability. This method
was not able to precisely determine the location where the cell traction forces were
generated (Addae-Mensah and Wikswo, 2008). Furthermore, the acquisition of the
strain of the randomly distributed markers is reliant on the PAA gel under null-force
condition (reference), in which cytochemical treatment to relax cell is inevitable and
resulting in tedious quantification procedures.

By using a similar wrinkled based approach, the LCTFT system uses a direct cell
traction force quantification technique which is based on the length of a deformation
lines formed in the LC surface, in which the traction force inducing each discrete
deformation line can be derived from the force-deformation relationship of the LC
substrate. These forces calculated for discrete locations in LC surface were then

efficiently translated into a force map by using custom-built CTFM software.
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From this study presented in Chapter 4, the advantages of using LCTFT and the

CTFM software system were identified as:-

(@) The continuum based LC substrate allows the dispersion of cell contact in
arbitrary directions;

(b) LCTFT detects a wide range of traction forces (0 - 200 nN) for polarised and non-
polarised cell with a sensitivity down to 10 nN (refer to Table 4.2);

(c) The system allows direct qualitative characterization of the traction forces by
using phase contrast microscope;

(d) The liquid crystal substrate can be used to measure traction forces at a spatial

resolution of ~2 um whilst the CTFM software enables a spatial resolution of ~5

pum.

4.4 Summary

Chapter 4 presented a novel means of quantifying the traction forces exerted by
keratinocytes on the LCTFT which involved the application of small deformation theory
and Hooke’s theorem. In the preliminary profiling of the force-displacement
relationship for the liquid crystal substrate, this approach used a cell relaxation
technique via treatments with cytochalasin-B to determine the cell localised traction
forces. The forces quantified for keratinocytes in this work are comparable to forces
expressed by other epithelial cells. Nonetheless, the finite element model was used to
model the deformation and stress distribution at a stress site in the liquid crystal
surface. This model indicates that the highest stresses were exerted at the stress
planes and compressive model was suitable to describe the traction of HaCaT cells on a
soft substrate. A cell traction force measurement and mapping software was custom-

built to render the traction forces in computer visualisation based on the length of
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deformation line induced by a cell in the liquid crystal surface. The 2D and 3D maps of
cell traction forces rendered in pseudo colour have enabled the study of traction
forces for polarised and non-polarised keratinocytes. The overall system has been

shown to be useful for analysing time based cell migration.
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CHAPTER 5

EVALUATION OF LIQUID CRYSTAL
BASED CELL TRACTION FORCE
TRANSDUCER
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5.1 Introduction

The aim of this chapter is to evaluate the consistency and repeatability of the
liquid crystal based cell force transducer (LCTFT) in sensing the contraction responses
of human keratinocyte (HaCaT) to treatment with different concentrations of
Transforming Growth Factor Beta 1 (TGF-B1) in single application by means of
statistical analysis. The contraction responses were measured in terms of traction
forces and were quantified by converting the length of the deformation lines induced
by single HaCaT cells to traction forces based on the force-displacement relationship of
the liquid crystals (LC) established in Chapter 4. In addition, the reliability of the LCTFT
will be assessed by the repeatability and consistency of the liquid crystals in sensing
the traction forces of cells treated with different concentrations of TGF-B1.

TGF-B1 was chosen as a pharmacological test agent in this study because this
cytokine has well established effects to the contraction responses of keratinocytes
(Boland et al., 1996, Decline et al., 2003, Li et al., 2004a). An excessive application of
TGF-B1 to in-vivo and in-vitro wounds was thought to contribute to several problems,
including delayed re-epithelialisation (Garlick and Taichman, 1994), taut-stretched
skin, hyperkeratosis and psoriasis (Sellheyer et al., 1993). Delayed reepithelialisation
and reduced proliferation due to the introduction of TGF-B1 to the wound are often
associated with an increase in migration of keratinocytes and the formation of stress
fibres (Zambruno et al., 1995, Boland et al., 1996, Jeong and Kim, 2004, Coffey et al.,
1988). Previous studies (Ashcroft et al., 1999, Garlick and Taichman, 1994) show that
the stimulatory effects of the exogenous TGF-B1 applied to the in-vitro cultures could
be dependent on the dosage and kinetics of administration. Although studies have

examined the effect of TGF-B1 on keratinocyte growth and proliferation (Garlick and
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Taichman, 1994, Jeong and Kim, 2004), none have so far studied the effects on the
contraction at cellular level.

There are very few studies investigated the contraction of keratinocytes
(Chakrabarty et al., 2001), yet, the contraction of keratinocytes plays a crucial role in
wound healing (Souren et al., 1989, Deneflea et al., 1987, Schafer et al., 1989) and it
affects the shrinkage of re-constructed skin graft (Chakrabarty et al., 2001, Harrison et
al., 2005). Generally, the contraction of keratinocytes was quantified by measuring the
shrinkage area of a collagen sheet seeded with cells over a period of 24 hours (Souren
et al., 1989, Dallot et al., 2003, Montesano and Orci, 1988). This technique has been
acceptable because of the ease of use and ability to semi-quantifying the stress for a
population of cells in the culture, but unfortunately it lacked the sensitivity to probe
contractility at the single cell level. Monitoring the intensity of traction forces for single
cells in response to different dosage of TGF-B1 may provide more insights into the

effects of treatments on the regulation of cellular contractions.

5.2 Material and Methods

5.2.1 Treatment of Cells with Different Concentrations of TGF-f1

The cells and liquid crystal substrates were prepared as described in section 2.2.3
and 2.2.6. Each of the four petri dishes containing a liquid crystal substrate was
cultured with HaCaT cells at a density of 1.5 x 10° cells/cm? and incubated at 37 °C for
2 hours initially. After two hour plating onto the liquid crystal coated substrates, the
cells containing in the three petri dishes were treated with single dose of 5 ng/ml, 10

ng/ml and 20 ng/ml of TGF-B1 diluted in 8 pul of HBSS, respectively. The last petri dish
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was treated with 8 pl of HBSS as a control. Subsequently, the cells in all the four petri
dishes were incubated at 37 °C for the subsequent 22 hours.

The responses of the cells to the liquid crystal substrate after 24 hours of
incubation were captured by using a digital camera mounted on a phase contrast
microscope which was set at 10x magnification. These experiments were repeated
three times. For each treatment with TGF-B1 and controls, images of 100 randomly
selected cells were acquired and the length of deformation in the LC surface for each

cell was measured by using the measurement tools available in Image) software.

5.2.2 Quantifying Contraction Responses of Cells to TGF-B1

The contraction response of HaCaT cells was quantified by determining the
average traction forces of single cells in responding to different concentration of TGF-
B1. Based on the phase contrast images of cells cultured on the liquid crystal substrate,
the length of the deformation lines induced by each cell on the liquid crystal surface
were averaged and considered as the average length of deformation lines per cell. The
mean traction force for each cell was estimated by this relationship, average traction
force = (force-deformation coefficient of the liquid crystals) x (mean length of radial
deformation line), where, the force-deformation coefficient of the liquid crystals = 20
NN/um as determined in Chapter 4. Cells that did not induce traction forces or
deformation lines were also included in the analyses. These procedures were repeated
three times for cells cultured on the liquid crystal substrate treated with 5 ng/ml, 10

g/ml and 20 ng/ml of TGF-B1 and the control.

5.2.3 Statistical Analysis
The average traction forces quantified were expressed as means + standard

errors (SE). One sample Kolmogorov-smirnov tests were used to test the normality of
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the traction forces of the cells per treatment group at a significance level of p > 0.05.
For non-normally distributed traction forces, non-parametric tests were used to
analyse the data. This involved use of the Kruskal-wallis test to investigate the
differences in the traction forces of HaCaT cells treated with different TGF-B1 doses.
The test was followed by Mann-whitney Post Hoc tests to test the significant
difference between treatments. The consistency of the LCTFT in detecting the traction
forces of cells in responding to different concentrations of TGF-f1 was tested by

Cronbach alpha test (significant at a > 0.7).

5.3 Results and Discussion

5.3.1 Differential Traction Forces of Cells Treated with Various Doses of TGF- 1

The enhanced contraction corresponds to the increasing dosage of TGF-f1 was
indicated by the proportional increase in the quantity and length of deformation lines
in the liquid crystal surface. As observed in Figure 5.1a-b, TGF-B1 as low as 5 ng/ml
induces dramatic contraction of HaCaT cells attaching to the liquid crystal surface. The
contraction responses are probably an indication of stress fibres formation in which
the traction forces were transmitted via the focal adhesions (Burridge and
Chrzanowska-Wodnicka, 1996) to the surface of the liquid crystals as deformation
lines. The result of this TGF-B1 treatment experiment shows that the maximum length
of deformation lines induced by the cells seems to be approximately 30 um. Therefore,
the strain induced by the treated cells could be within the linear viscoelastic range of
the liquid crystal substrates as characterized and analysed in Chapter 2 (See Figure

2.24 and discussion in section 2.3.3). In the context of morphology, the cells treated
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with TGF-B1 exhibited polyhedron shapes compared with cells in the control, in which

cells were mostly remained non-polarised and roundish (Figure 5.1).

(b) |

© @ B

Figure 5.1. Phase contrast micrographs of HaCaT cells contracting on the surface of
the liquid crystals in (a) a control and in the treatments with single dose TGF-B1 at

(b) 5 ng/ml, (c) 10 ng/ml, and 20 ng/ml at 37 °C for 24 hours. (Scale bar: 20 um)

For those cells contracting on the liquid crystal surface, the forces were found
distributed at the circumference of the cells in the control but the traction forces were
seen elevated to the central region of the cells when 10 ng/ml and 20 ng/ml of TGF-B1
was applied (Figure 5.1c-d). This is probably associated with the elongated stress fibres
formed in the HaCaT cells after treated with 10 ng/ml of TGF-B1 (Decline et al., 2003).
The phenotype of the keratinocytes induced by TGF-B1 is closely associated with the
change of cell morphology and reorganisation of cytoskeleton (Zhang et al., 2003,
Boland et al., 1996). As reported previously (Boland et al., 1996, Decline et al., 2003),

the effects of treating keratinocytes with TGF-B1 were characterised by a reduction in
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cell-cell contact, elongated shape, enlarged morphology and cells adopting a broad
extension of lamellipodia similar to those observed in this work (Figure 5.1).

In controls, the cells expressed relatively low average traction forces at 50 + 3 nN
(mean + SE) (Figure 5.2). These forces expressed in the controls are consistent with the
forces quantified for normal culture of HaCaT cells on the liquid crystal substrate as
presented in Chapter 4. The treatment of cells with single dose 5 ng/ml, 10 ng/ml and
20 ng/ml of TGF-B1 induced traction forces at 131 + 6 nN, 205 + 8 nN and 236 + 6.5 nN
(mean + SE), respectively. Overall, the addition of TGF-B1 induced a non-linear dose
dependent increase for the contraction of HaCaT cells cultured on the liquid crystal
substrate, in which the traction forces reached a plateau at approximately 20 ng/ml of

treatment (Figure 5.2).
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Figure 5.2. Average traction forces (mean * SE) of HaCaT cells in a control (0 ng/ml)
and after treated with of single dose TGF-B1 at 5 ng/ml, 10 ng/ml and 20 ng/ml at 37

°C for 24 hours in three repeats of experiments (N = 100 cells per experiment).

In the treatment with and without various concentration of TGF-f1, the HaCaT
cells showed differential traction forces (from low level of traction forces to very high
expression of traction forces) under the same culture conditions (Figure 5.2).
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Figure 5.3 The distribution of traction forces for HaCaT cells in the (a) control and
after treated with different concentrations of single dose TGF-B1 at (b) 5 ng/ml, (c)
10 ng/ml, and 20 ng/ml for 24 hours at 37 °C in three repeat of experiments (N = 100

per experiment).
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In this aspect, the quantity of cells that responded and did not respond in
contractions to the treatment of TGF-B1 was evaluated. In the control, the cells
showed traction forces in the range of 40 — 160 nN (Figure 5.3a). After treated with 5
ng/ml of TGF-B1, the traction forces seemed to increase to a higher range of 40 — 360
nN (Figure 5.3b). As the dose of TGF-B1 treatment increases to 10 and 20 ng/ml, the
range of traction forces of the cells increased to an even higher range of 40 - 480 nN
and 60 — 500 nN, respectively (Figure 5.3c-d). These results show that LCTFT are
sensitive to a wide range of traction forces expressed by HaCaT cells treated with
difference doses of TGF-1.

As shown in Figure 5.3, the number of cells that expressed null traction forces
seems to decrease as the concentration of TGF-B increased. The percentage of cells
responded to different concentrations of TGF-B1 increased non-linearly with the
dosage of TGF-B1 (Figure 5.4). In the control (Figure 5.4) approximately 50 % of the
cells were found without detectable traces of deformation lines or traction forces in
the surface of the liquid crystals. Proportionally, the quantity of cells responding to the
treatment increased clearly to 76 %, 91 %, and 96 % when the culture were treated
with 5 ng/ml, 10 ng/ml and 20 ng/ml of TGF-B1 in single dose, respectively (Figure 5.3
and Figure 5.4). The curve for the percentage of responses reached a plateau at about
10 — 20 ng/ml of TGF-B1 treatment as seen in Figure 5.4

The contraction of HaCaT cells found is probably associated with the activation of
the cell surface receptors (TGFBRII) by molecules of TGFB and the downstream
regulation of the stress fibres formation as reported in (Decline et al., 2003, Boland et
al., 1996). Therefore, the contraction responses of HaCaT cells may be indirect
responses correlating with the binding of the type Il receptor (TGFBRII). This result

might indicate that the higher dosage of TGF-B1 (10 ng/ml or 20 ng/ml) has provided
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enough growth factor molecules to bind and saturate the cell surface TGFBRII
receptors for most of the HaCaT cells in the cultures (91 % and 96 %). Thus, higher cell
traction forces observed in the experiment probably reflects more interactions of the
receptors with higher dosages of growth factors. At lower dosage of TGF-B1 (5 ng/ml),
quantity of the growth factor molecules may be only sufficient to activate a small
proportion of TGFBRII receptors over the cell surface which probably led to 16 % more

in cell contraction responses when compared with the control as shown in Figure 5.4.
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Figure 5.4. Percentage (Mean * SD) of HaCaT cells responded in contractions to
various concentration of single dose exogenous TGF-B1 at 37 °C in three repeats of

experiment (N = 100 cells per experiment).

The results show that the treatment with TGF-B1 has strong effects onto the
contraction responses of HaCaT cells (Figure 5.4). At the highest concentration of TGF-
B1 at 20 ng/ml, 96 % of the cells were induced to generate traction forces between 60
and 500 nN. These forces were much stronger than the traction forces found in the
control cells ranging between 40 - 160 nN. Such a strong contraction response induced
by TGF-B1 might support previous observations on over stretched and tightly

contracted skin of mice over expressing TGF-B1 (Sellheyer et al., 1993). The increased
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contraction responses in HaCaT cells treated with TGF-B1 are probably related to more
activation of actin polymerisations and actomyosin activities regulated by the internal
cellular pathway of TGFB (Cross and Mustoe, 2003, Massague and Wotton, 2000). In
the cell culture treated with TGF-B1, this cytokine bound to type Il receptor (TGFBRII)
which then phosphorylates type | receptor (TGFBRI), in which, TGFBRI and TGFpBRII are
both obligate heteromeric transmembrane receptors (Wrana, 1998). The
phosphorylation of TGFBRI leads to a series of down-stream signalling that regulate the
target gene, eventually leading to subsequent cellular processes such as cell
contraction (Massague and Wotton, 2000, O'kane and Ferguson, 1996).

The contraction responses measured in this work indicate that a minimum
threshold of 5 ng/ml of TGF-B1 is enough to trigger remarkable cell contractions in 76
% of the cells (Figure 5.4). This is consistent with the previous reports which had shown
that the applications of 5 ng/ml and 10 ng/ml of TGF-B1 can promote a dramatic
elevation in the generation of stress fibres and promote the disruption of cell-cell
contact within 24 hours of treatment (Bhowmick et al., 2001, Decline et al., 2003).
Previous studies also showed that keratinocytes treated with TGF-B1 (10 ng/ml)
showed rapid activation of RhoA which in turn induced stress fibres formation (Shen et
al., 2001, Bhowmick et al., 2001).

The expressions of the signaling proteins or stress fibres in responding to the
treatment with TGF-B1 are usually analysed by using techniques such as western blot
analysis and immunofluorescence staining (Decline et al.,, 2003, Li et al., 2004a).
Although western blot analysis can be used to quantify the time base expressions of
proteins such as actin and Focal Adhesion Kinase (FAK) associated with the stress fibres
and focal adhesions (Decline et al., 2003), the result output of this method is only

semi-quantitative and provides no information about the forces generated. In
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response to treatment with the different concentrations of TGF-B1, LCTFT
measurement system has demonstrated the potential to provide direct quantitative as
well as qualitative visualisation of the progressive development of contraction forces
for single HaCaT cells. It is highly likely that this method of measuring cell traction
forces could easily be applied to study other growth factors and pharmacological

agents in wholly different cell types.

5.3.2 Reliability of the Liquid Crystal Based Cell Traction Force Transducer

For HaCaT cells cultured on four similar liquid crystal substrates and treated with
0, 5, 10 and 20 ng/ml of TGF-B1 in isolation, the results (Figure 5.5 and Table 5.1) show
that the means and mean ranks of the traction force increased proportionally in
relation to different concentrations of TGF-B1. One sample Kolmogorov-sminov test
show that the quantity of HaCaT cells responded to the controls (p = 0), and
treatments with 5 ng/ml (p = 0), 10 ng/ml (p = 0), and 20 ng/ml (p = 0) of TGF-B1
(Figure 5.3) were not normally distributed (significant for p > 0.05). Therefore, a non-
parametric Kruskal-wallis test was performed to analyse differences in the contraction
responses of cells to different treatments of TGF-B1. The rank of the mean traction
forces generated by HaCaT cells increased proportionally to the treatment with
different concentrations of TGF-B1 (Table 5.1).

For three repeats of experiments, the ranking of cell traction forces shows that
the same order of ranks from the lowest to the highest occurs accordingly for the
control and treatments with 5 ng/ml, 10 ng/ml and 20 ng/ml of TGF-B1, respectively
(Table 5.1). The statistical result in Table 5.1 also shows similar mean ranks for each
treatment across the three experiments. For control, the mean ranks of tractions

forces for all three experiments were 85.90, 103.46 and 84.30 nN, respectively. For 5
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ng/ml of TGF-B1 treatment, the mean ranks of tractions forces for all three repeat of
experiments were 205.43, 185.31 and 144.57 nN, respectively. For 10ng/ml TGF-B1
treatment, the mean ranks of tractions forces for all three experiments were 235.87,
243.11, and 263.23 nN, respectively. For 20 ng/ml TGF-B1 treatment, the ranks of
tractions forces for all three experiments were 274.81, 270.13, and 309.90 nN,
respectively.

Table 5.1. Mean ranks for traction forces of HaCaT cells treated with HBSS (control)

and with different doses of TGF-B1 obtained from Kruskal-wallis test. N represents

the number of cells.

Ranks

TGFBetal N Mean Rank

EXP1  Control 100 85.90
5ng/ml 100 205.43
10ng/mi 100 235.87
20ng/ml 100 274.81
Total 400

EXP2  Control 100 103.46
5ng/ml 100 185.31
10ng/ml 100 243.11
20ng/ml 100 270.13
Total 400

EXP3  Control 100 84.30
5ng/ml 100 144.57
10ng/ml 100 263.23
20ng/ml 100 309.90
Total 400

Figure 5.5 shows the traction forces (means + SE) of HaCaT cells cultured on
three isolated liquid crystal substrates (LCS) that were treated with TGF-B1 at O, 5, 10
and 20 ng/ml, respectively. Post-hoc tests by using Mann-whitney test conducted in
between control and 5 ng/ml (p = 0), 5 ng/ml and 10 ng/ml (p = 0), 10 ng/ml and 20
ng/ml (p = 0.008) of TGF-B1 for three repeats of experiments show that there were
significant differences (significant for p < 0.05) in the traction forces of cells treated
without and with TGF-B1 at different concentrations as shown in Figure 5.5. In
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addition to these results, Cronbach’s alpha test shows that the measurement of
traction forces using the LCTFT system appeared to have a reasonable internal
consistency for a = 0.714 (significant for a > 0.7). The results indicate that liquid
crystal substrates imposed no effects on the measurements and they are able to

consistently reproduce similar measurement results.
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Figure 5.5. Traction forces (means + SE) of HaCaT cells cultured on three isolated
liquid crystal substrates (LCS) that were treated with TGF-B1 at 0, 5, 10 and 20 ng/ml
in three repeats of experiment (N = 100 cells per experiment), respectively. Mann-
whitney post hoc tests indicate that the treatments between 0 and 5 ng/ml (p =0), 5
and 10 ng/ml (p = 0), 10 and 20 ng/ml (p = 0.008) are significantly different for p <
0.05. The asterisk * indicates that there is a significant difference in between

treatments.

The signaling mechanism associated with the contraction of HaCaT cells induced
by TGF-B1 is still under active investigation (Gazel et al., 2006, Alberts and Treisman,
1998, Shen et al., 2001). Although TGF-B1 is a cytokine, overdose of TGF-B1 could lead

to skin problems such as hyperkeratosis, tensed skin or even impaired tissue functions
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as reported previously (Sellheyer et al., 1993, Coffey et al., 1988). Therefore, in-vitro
assays in identifying the cell contraction response in terms of traction forces of cells to
different dosages of TGF-B1 is required because the expression of cell traction forces is
a manifestation on the intensity of the stress generated within the cells. The LCTFT
technique evaluated in this work has demonstrated a consistency and reliability in
terms of acquiring repeatable dose responses of HaCaT cells to treatment with
different concentrations of TGF-B1. This provides strong evidence that this novel in-
vitro single cell based LC assay may have a wider scale of application in the testing of

pharmacological agents.

5.4 Summary

This chapter has presented the qualitative and quantitative evaluations of LCTFT
system by studying the ability of this assay to differentiate the magnitude of HaCaT cell
traction forces in response to different doses of TGF-B1 both. This study shows that
the traction forces of cells increased dramatically after treated with TGF-B1 at a
threshold higher than 5 ng/ml. This is in good agreement with previous studies
examining the effects of TGF-B1 to the formation of stress fibres in keratinocytes. in
responding to treatments with different concentrations of TGF-B1, LCTFT has shown
considerable reliability and consistency in the measurements of cell traction forces.
Nonetheless, LCTFT showed sensitivity to a wide range of traction forces expressed by
HaCaT cells. This potentially means that the system may be used to examine traction
forces in a range of cells from the poorly contractile to the highly contractile. As such
the liquid crystal based LCTFT system may be used to examine the effects of a range of

pharmaceutical agents at the single cell level using a range of different cell type.
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CHAPTER 6

GENERAL CONCLUSIONS, THESIS
CONTRIBUTION AND FUTURE WORK

The end of one journey, the beginning of another..........
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6.1 Conclusions

The use of living cells as part of the sensing element in a bio-sensor is gaining
growing interest because of the relevant biological responses and high sensitivity to
pharmacological agents that directly affect cellular function. These mechano-
physiological responses can be directly measured using the displacements induced in
soft substrates. The application of these cell-based sensors includes cytochemical
sensing, pharmaceutical screening, basic biological research and new drug
investigation.

A novel hybridised cell traction force sensing system involving cells and liquid
crystals has been successfully developed in this study. In this system, shear sensitive
cholesteryl ester liquid crystal that were initially developed for use in liquid crystal
displays and in aerodynamic applications, have been used to sense the mechanical
forces generated by cells. This study has shown that this liquid crystal is biocompatible,
supports cell adhesion and can transduce the mechanical forces exerted by cells into
physical displacements or deformation lines in the liquid crystal surface, in which, the
length of the cell-induced deformations is related to the magnitude of the forces
generated by the cells.

In order to quantify and study the mechanical forces generated by the HaCaT
cells and transferred to the liquid crystal substrate, the physical properties of the liquid
crystal were profiled by various characterisation techniques. The cholesteryl ester
liquid crystals were found to be thermally stable over a wide temperature range (0 —
50 °C) via differential scanning calorimetry (DSC) and cross-polarising microscopy. The
cross-polarising microscopy studies indicated that the cholesteric phase of the
cholesteryl ester liquid crystals after incubated in cell culture media at 37 °C for 24

hours transformed into lyotropic liquid crystals that exhibited a mixture of lamellar,
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isotropic and smectic phases. However, these lyotropic systems under defect free
conditions were dominated by lyotropic smectic phases due to the self-organisation of
the amphiphilic liquid crystal molecules into uniform layers that were interlaced by
multi layers of water molecules (see result in Figure 2.19-2.22). The rheological
profiling showed that cholesteryl ester based lyotropic liquid crystals (LLC) were
characterised by linear viscoelasticity under small shear strain (< 10 %) at low shear
rates (< 1 s™). AFM nano-indentation and spherical indentation measurements both
showed similar Young’s moduli of 108 + 19.73 kPa and 110 kPa + 21.33 kPa (mean +
SD), respectively, for the LLC after incubation in culture media for 24 hours. The
Young’s modulus was halved for LLC incubated in culture media for 48 hours.

In the cell relaxation experiments, the results show that the formation of
deformation lines was due to the bi-axial strains induced by cell tractions in the surface
of the liquid crystals. In the context of the time-dependent behaviour, the rheological
results indicate that LLC exhibited a reduction in shear and loss moduli after 48 hours
in culture media. This was consistent with the qualitative results presented in the in-
situ time-dependent rheological studies (see Figure 2.30) and again, supporting the
measurements of time-based Young’s modulus acquired by spherical indentation (See
Figure 2.34). In the cell fixation experiment, the results show that the deformations in
the liquid crystal surface did not show significant creep over a four day period which
indicate that the viscosity of the liquid crystals in-situ was stable in the cell culture
media under constant hydrostatic pressure (see Figure 2.31). Due to the effects of the
immersion in cell culture media, the Poisson’s ratio of the LLC within 48 hours of
incubation in cell culture media was 0.58 as determined by micro-tensile tests.
Collectively, the DSC, cross-polarising microscopy, rheology, spherical indentation and

micro-tensile experiments showed that the viscoelasticity of the LLC can be affected by
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time-dependent factors such as a fluidic environment, incubation period and to
minimum extent by incubation temperature. Despite the influences of these time-
dependent factors, LLC maintained a linear viscoelasticity at low shear rates (< 1s™)
and shear strains (< 10 %) and can be stably used if they are incubated in cell culture
media at 37 °C within 48 hours.

LLC seemed to promote cell adhesion and proliferation. Non-motile HaCaT cells
were found to induce localised deformation lines around the margin of the cell. The
result show that the viscoelastic surface of the liquid crystals is highly sensitive and
flexibility to structural or mechanic changes of the adherent cells (see Figure 3.8). The
finite response of the liquid crystals to a traction forces at a local region is probably
due to the compactly arranged LC molecules in long-range order that only dissipate the
energy applied within a finite region, therefore, cell forces induced deformations that
were spatially constrained.

The deformation lines around the periphery of the cell might have a relationship
with the short circumferential actin filaments arranged tangentially at the margin of
the HaCaT cells. Cytochalasin-B and trypsin treatments have confirmed that the
deformation lines formed in the liquid crystal surfaces were due to the intracellular
forces that were transmitted to the surface via focal adhesions mediated by cell
surface integrins. This view was supported by fluorescent staining of the actin
filaments that confirmed a diffused arrangement of short actin filaments at the margin
of the cell and within the cells (see Figure 3.11d). The Young’s modulus of the soft
liquid crystals (110 kPa) have induced re-arrangement of the actin cytoskeletons
associated with a decrease in cell spreading and changes in cell attachment mediated
by a redistribution of focal adhesions. The morphology of cells on the liquid crystal

substrate differs greatly from highly spread morphology of cells on hard substrates
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such as glass cover slips which has a elastic modulus in GPa range (Figure 3.9c).
Previous studies evidenced the effects of substrate stiffness on the cytoskeleton
organisation and adhesion of cells (Engler et al., 2004a, Yeung et al., 2005, Engler et al.,
2004b). In this work, the liquid crystal substrates had encouraged stable cell adhesions
through self-derived ECM proteins (collagen type IV, laminin and fibronectin) and the
expression of integrins (a2, a3, a5, and B1). WSPR imaging showed that the stresses
exerted by focal adhesions of HaCaT cells on the liquid crystals were uniformly
distributed around the periphery of the cells and this was supported by
immunostaining studies showing punctuated vinculin and circumferential actin
filaments that were expressed at the margins of the cells. Consistent with the structure
of actin and spread of vinculin, cells acquired a more rounded morphology when
attached to the liquid crystals compared with those grown on hard surfaces of gold
substrates in WSPR imaging. Nonetheless, the biocompatibility of the cholesteryl ester
liquid crystals strongly supports their suitability as a cell adhesion substrate.
Developing a biosensor which can transduce the traction forces of a single non-
motile keratinocyte is challenging because the forces generated by these cells are
potentially lower than highly motile cells (Balaban et al., 2006). Thus measuring these
forces requires a highly sensitive soft substrate. One of the advantages of using liquid
crystal based cell traction force transducer (LCTFT) is the sensitivity of this material to
discern the localised cell traction forces and transducing them into clearly separated
deformation lines that are linearly correlated with the intensity of the traction forces.
Having determined the Young’s modulus of the linear viscoelastic liquid crystals and
transverse displacements induced by the cell in the liquid crystal surface (obtained by
cytochalasin B treatment), the localised traction forces induced by single cells was

estimated by using the stress-strain equation (E=oc/cor F—gaL/L) of Hooke’s
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theorem. In this work, a cell relaxation technique involving cytochalasin-B treatment
provided a new means of determining the lateral displacement in the liquid crystal
surface which was induced by cells. This longitudinal deformation line was found to be
dependent on the lateral shear forces (traction forces) and transverse deformation at a
Poisson’s ratio of approximately 0.56 + 0.06 (mean * SD). After the displacements of
the liquid crystals in longitudinal and transverse direction were determined, the
traction force was found to be linearly proportional to the displacement induced by
cells in both directions. These two relationships of force versus displacement in bi-axial
directions (longitudinal and transverse) were determined at 20 nN/um and 84 nN/um,
respectively. The first derived function of force-longitudinal deformation at 20 nN/um
is useful in estimating the normally distributed traction forces of cell if the length of
the linear deformation line formed in the liquid crystal surface is known. The
sensitivity of the LCTFT can be inferred from a wide range of traction forces (10 — 140
nN) determined for non-motile keratinocytes. This range of traction forces measured
by LCTFT are in good agreement with the traction forces of epithelial cells measured by
centrifugal dissociation (Thoumine et al., 1996), AFM cantilever (Sagvolden et al.,
1999), micro-patterned cantilever (Roure et al., 2005) and beads labeled PDMS (Mohl
et al., 2009) techniques.

Via the relaxation of cells by cytochalasin B treatment and cross section profiling
of the deformation line, the cells seemed to impose compressive forces to the local
region of the substrate or stress site under the contractions of circumferential actin
filaments (see Figure 2.29 and Figure 3.9). The actomyosin contractile activities during
the shortening of the actin filaments anchored at the focal adhesions probably created
traction forces in opposite directions to the underlying liquid crystal substrate; thus

creating a compression effect to a local stress site. This occurrence of compression was
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confirmed by using a focal adhesion-liquid crystal finite element model (FEM) in order
to study the deformation formed at the stress site. Interestingly, the model showed
that the highest stresses were originated from the principal stress planes, and these
stresses quadratically decreased towards the centre of a local stress site (Figure 4.11),
in which, the stress and deformation profiles indicated a good correlation with the
cross section profile of the stratified deformation line measured (Figure 2.29). The
simulated traction forces based on the experimental data also showed good
agreement with the calculated forces.

A bespoke cell traction force measurements and mapping (CTFM) software was
developed to efficiently present the distribution of traction forces for the keratinocytes
exerted on the LCTFT (see result in section 4.3.5). Based on the phase contrast images
of single HaCaT cells inducing deformation lines, the length of the deformation lines
was measured, multiplied by the coefficient of force versus longitudinal deformation
(20 nN/um) of the liquid crystals in the CTFM software. The longitudinal deformation
lines were then translated into the proportional traction forces by using the CTFM
software. By applying either linear or cubic interpolation fittings to the force data in a
Euclidean coordinate system, the user friendly CTFM software generates graphical
representations of traction forces for the cell in pseudo colours. A comparison made
for the two interpolation methods indicates that a linear interpolation seemed to
terminate the traction forces sharply in fitting the force data and it showed a better
representation of the localised forces detected by the liquid crystal force transducer.
By using calibration images of PDMS measurement gauges and simulation of
hypothetical deformation lines over the gauge, the spatial resolution of the CTFM
software was determined at 5 um which is slightly lower than the spatial resolution of

the liquid crystal force transducer at about 2 um. However, the difference in the
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resolution of the software and the liquid crystal force transducer did not affect the
overall representations of the cell traction forces at a local region.

The CTFM software was proven to show similar and a correlated distribution of
traction forces around the periphery of the HaCaT cells for similar length of
deformation lines induced under the margin of the cells in the phase contrast images.
These traction forces expressed at the periphery of the cells were probably related to
the contraction of the short circumferential actin filaments that were mediated via the
focal adhesions (see Figure 4.29). In addition to the user-friendliness of the software,
another attractive feature of the CTFM software is the versatility to map changes in
cell morphologies. Mapping the morphology of cells is really important because
morphology reflects the distribution of actin within a cell.

The functionality of coupling the LCTFT and the CTFM software was further
examined in the study of keratinocyte migration. Based on the linear elastic behaviour
of the liquid crystals, the transducer detected different phases (protrusion, retraction
and extension of lateral margins) of cell migration for a keratinocyte at a time interval
of 5 minute over a period of 20 minutes (see Figure 4.28). During cell migration, new
observations of diminishing deformation lines and appearance of newly formed
deformation lines were found at the rear and leading edge of the cell. In this study, the
deformation lines formed in the liquid crystal surface that are in perpendicular and
oblique directions to the cell margin are probably regulated by the contractile
functions of circumferential actin bundle located at the cell margin, while protrusion of
the lamellipodia observed might be controlled by the striated parallel stress fibres
usually located at the centre region of the HaCaT cells. These results suggest that
different regions of the cell may have different functionality in supporting migration of

a keratinocyte. In comparison with the traction forces measured for non-motile
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keratinocytes, traction forces expressed by a migrating cell are marginally higher with a
range of 30 - 160 nN at a migration speed of 0.5 um/min. These results show that the
integrated LCTFT and CTFM system can be used to detect changes in cell generated
forces in real time at good spatial resolutions.

Further studies involving the examination of changes in cell forces induced by
treatment with TGF-B1, were used to validate the reliability of the LCTFT system. In
these studies, it was found that the LCTFT system was able to measure similar mean
ranks and means of contraction responses for treatments with different
concentrations of TGF-B1. A non-parametric test (Kruskall-wallis) followed by post hoc
Mann-whitney tests show that means and mean ranks of the traction forces developed
by HaCaT cells after treatment with 0, 5, 10 and 20 ng/m of TGF-B1 increased
proportionally with concentrations of TGF-B1, and there were significant differences (p
< 0.05) in cell traction forces in between the treatments. At a threshold of 5 ng/ml of
TGF-B1 treatment, the mean traction forces of the HaCaT cells increased dramatically
to 130 nN. This represented an almost two fold increase from the mean traction force
of 50 nN expressed by control cells (see Figure 5.2). The alpha coefficient obtained
from Cronbach’s alpha test for the three repeats of experiment was 0.714, suggesting
that traction force measurements result by using LCTFT have demonstrated relatively

substantial internal consistency (significant for a > 0.7).

6.2 Thesis Contribution

The wrinkle based single cell traction sensing technique based on silicon rubber
was developed about three decades ago, but, remains as a qualitative technique
because of the chaotic, non-linear and uncorrelated wrinkles of the silicon rubber that

were difficult to be quantified (Boutelier et al., 2008, Addae-Mensah and Wikswo,
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2008, Beningo, 2002, Ghannam and Esmail, 1998b). Semi-solid liquid crystals were not

limited by these problems. Therefore, the main contributions of this thesis are:-

(a)

(b)

(c)

(d)

The LCTFT system has advanced and revived previous wrinkle based techniques
by showing that the semi-solid LC system can detect localised single cell traction
forces generated by poorly contractile cells such as keratinocytes (Balaban et al.,
2006) with a high sensitivity and at a high spatial resolution.

The findings obtained from the newly developed LCTFT system have contributed
to the understanding of how traction force is involved in driving the mobility of a
keratinocyte. Nonetheless, this work has revealed the specific roles played by
different facets of the keratinocyte cell body during the translocation of a
keratinocyte from the quiescent state on a liquid crystal surface. The
combination of LCTFT and CTFM software system is a powerful analytical tool to
demonstrate contractility and migration of single keratinocytes, which also has a
potential to provide information about the treatments of cells with
pharmaceutical drugs in relation to wound healing.

This cell line based traction force measurement assay (LCTFT) can be used for
educational purpose to demonstrate single cell contractility which will help to
reduce the animal usage in the laboratory.

Nonetheless, LCTFT has demonstrated the feasibility to detect changes of
keratinocyte traction forces in response to different concentration of TGF-B1, in
which this ability of the LCTFT has not been reported in previous cell traction
force measurement technique. Moreover, these responses of cells cultured on
the LCTFT correlated well with the observations revealed by the in-vivo
physiological response of mice to TGF-B1 (for example, tauted skin of mice was

found in response to high dosages of TGF-B1 (Sellheyer K. et al., 1993)).
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The merits of using LCTFT technique for cell force sensing are summarised as

follows:-

(a)

(b)

(c)

(d)

(e)

(f)

(g)

The cholesteryl ester liquid crystal incubated in cell culture media at 37°C within
48 hours are linear viscoelastic and it is suitable to be used to detect cell traction
forces.

Cholesteryl ester liquid crystals used in LCTFT showed thermal stability over a
wide temperature range (0 - 50 °C).

Young’s modulus of the LCTFT at ~110 kPa is close to the elastic modulus of the
skin epidermis determined by using torsion and tensile methods (Takeo, 2007,
Hendriks et al., 2006) and this modulus probably provided suitable mechanical
signal for the adhesion of keratinocytes cultured on the substrates.

The continuum based LCTFT allows the examination on the contact dispersions
of motile and non-motile cells in arbitrary directions, therefore, allowing direct
gualitative assessment of the characteristic of cell generated tractions.
Cholesteryl ester based lyotropic liquid crystal is biocompatible and the surface
of the liquid crystal was functionalized by the depositions of various endogenous
ECM proteins (collagen type-1V, laminin and fibronectin) by the HaCaT cells to
form a provisional basement membrane (Kirfel et al., 2002a, Stanley et al.,
1982a, O'Toole, 2001).

The LCTFT detects a wide range of traction forces (0 - 200 nN) for polarised and
non-polarised cell with a sensitivity down to 10 nN (refer to Table 4.2).

The LCTFT and associated custom-built CTFM software provides a spatial
resolution of 2 um and 5 um, respectively. Temporal resolution of the LCTFT in
detecting traction of a cell was tested at approximately 5 minutes but this is

really dependent on the frame rate of a digital camera.
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(h)

6.3

The measurement of traction forces by LCTFT and CTFM can be performed
instantly based on a single phase contrast image of a cell adhering on the LCTFT,
without the need of a null-force image (PAA gel embedded with fluorescence
microbeads) as required in previous developed techniques (Munevar et al., 2001,

Oliver et al., 1998a).

Suggestions for Future Work

This work has mainly focused on characterising and developing the LCTFT

system. The potential of this biosensor can be further improved from three aspects:

physical property enhancement of the liquid crystals, software development, and

further applications in biological studies.

6.3.1 Physical Property Enhancement and Software Development

(a)

(b)

Physical strength: In order to improve the physical strength of the liquid crystals
used, colloidal particles can be included to enhance the linear elastic response
range of the cholesteric liquid crystals as suggested in (Ramos et al., 2002). This
work suggests the use of graphite powder or carbon nano-tubes that are
biocompatible and having high strength to weight ratio (Fan et al., 2010), but the
impregnation of these particles in the liquid crystals needs to be controlled at
defined depths in order to avoid interactions with the cells.

Video based cell traction force tracking system: Current version of CTFM
software allows frame based analysis of cell migration. Future version of this
software may include video tracking facility for displaying the distribution of cell
traction forces in pseudo-colours, provided that, a higher frame rate camera

system is installed to the phase contrast microscope system. This will provide
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more insights into the effects of an induced solution to the mechano-

physiological changes of a cell.

6.3.2 Cell Biological Applications

(a)

(b)

(c)

(d)

Other cell types: The current study of cell traction force did not include highly
contractile cells. It would be interesting to compare the traction forces of
keratinocyte to Smooth Muscle Cells or Fibroblast.

Study on the contraction responses of keratinocytes to other cytokines:
Contraction responses of keratinocytes to different doses of TGF-f1 have been
established. Similar experiments that include the analysis of cell traction force
fields using CTFM software could be performed to study individual or combined
dose responses of TGF-B2 and TGF-B3 to the keratinocytes.

Combine the study of cell traction force and biological structural changes: Live
cell staining agents such as green fluorescence proteins (GFP) against actin and
vinculin can be applied in future to study the structural re-organisation of the
focal adhesions and actin filaments in correlation with the cell traction forces in
real-time which would provide new information about the cell responses during
the generation of cell reaction forces.

Application of actin polymerisation inhibitor at a local region of cell: Injection of
small concentrations of Rac, Rho and Ras inhibitors could locally disrupt the actin
cytoskeleton of migrating cells, and therefore disrupt localised or global actin
reorganization. This disruption may be monitored by using the LCTFT. Therefore,
this would provide novel information about the functions of Rac, Rho and Ras in

regulating the traction forces of keratinocytes.
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APPENDIX A
MATLAB CODES FOR THE CELL

TRACTION FORCE MEASUREMENT AND
MAPPING (CTFM) SOFTWARE
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function varargout = Cellforcetool(varargin)

%CELLFORCETOOL M-file for GUI Cellforcetool.fig

%Version 17 September 2010

%Developed by Chin Fhong, Soon (2010)

%Estimate the traction force of HaCaT cells from image by point-click
%An image with a known calibration length is needed for image scale
%calibration.

%The calibration can be done if the image scale is pre-fixed over the
%image.

%For example: 10x- set ImagelJ scale to 2 pixels/um

% 20x- set Image) scale to 5 pixels/um

%The length measurement codes was adapted from Matt Allen, Fall 2007
%available in http://www.matlabcentral.com

% Begin initialization code

gui_Singleton = 1;

gui_State = struct('gui_Name',  mfilename, ...
'gui_Singleton', gui_Singleton, ...
'gui_OpeningFcn', @Cellforcetool_OpeningFcn, ...
'gui_OutputFen', @Cellforcetool_OutputFcn, ...
'gui_LayoutFcen', ], ...
'gui_Callback', [1);

if nargin && ischar(varargin{1})

gui_State.gui_Callback = str2func(varargin{1});
end

if nargout
[varargout{l:nargout}] = gui_mainfcn(gui_State, varargin);
else
gui_mainfcn(gui_State, varargin);
end
% End initialization code - DO NOT EDIT

% --- Executes just before Cellforcetool is made visible.

function Cellforcetool_OpeningFcn(hObject, eventdata, handles, varargin)
% This function has no output args, see OutputFcn.

% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% varargin command line arguments to Cellforcetool (see VARARGIN)

% Choose default command line output for Cellforcetool
handles.output = hObject;

% Update handles structure
guidata(hObject, handles);

% UIWAIT makes Cellforcetool wait for user response (see UIRESUME)
% uiwait(handles.figurel);

% --- Outputs from this function are returned to the command line.
function varargout = Cellforcetool_OutputFcn(hObject, eventdata, handles)
% varargout cell array for returning output args (see VARARGOUT);

% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Get default command line output from handles structure
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varargout{1} = handles.output;

% --- Executes on selection change in listimageformat.

function listimageformat_Callback(hObject, eventdata, handles)

% hObject handle to listimageformat (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: contents = get(hObject,'String') returns listimageformat contents as cell array
% contents{get(hObject,'Value')} returns selected item from listimageformat

% --- Executes during object creation, after setting all properties.
function listimageformat_CreateFcn(hObject, eventdata, handles)

% hObject handle to listimageformat (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: listbox controls usually have a white background on Windows.
%  SeeISPC and COMPUTER.
if ispc
set(hObject,'BackgroundColor','white');
else
set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor'));
end

% --- Executes on selection change in popuplmage.

function popuplmage_Callback(hObject, eventdata, handles)

% hObject handle to popuplmage (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: contents = get(hObject,'String') returns popuplmage contents as cell array
% contents{get(hObject,'Value')} returns selected item from popuplmage

switch get(handles.popuplmage,'Value')
casel
%Do nothing

case 2
[filename,pathname] = uigetfile({'*.jpg;*.tif; *.png; *.gif','All Image Files';...
U xUAllFiles' )
im_data = imread([pathname,filename]);
figure; image(im_data)
M = size(im_data,1);
N = size(im_data,2);
data(M,N)=0;
input('Press Enter key when ready to proceed');

axis image % make sure image is not distorted before starting

[xr,yr] = ginput(2);
line(xr,yr,'Marker','+','Color','b'");
|_ref_img=norm([xr(1),yr(1)]-[xr(2),yr(2)]);

%Calibration with known lenght of line

% Prompt for length of this line:
prompt = {'"Enter the length of the reference line:'};
dlg_title = 'Length of Ref. Line';
num_lines = 1;
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def={'1"};
answer = inputdlg(prompt,dlg_title,num_lines,def);
Iscale = str2num(answer{1})/l_ref_img;

% Displace labels slightly
text(xr(1)+3,yr(1)-20,num2str(l_ref_img*Iscale),'Color','w');
text(xr(1)+55,yr(1)-20, 'um’, 'Color','w');

% Zoom out if Right mouse button is depressed. If the middle button is
% depressed, zoom in again.
loop_break = 0; meas_num = 1; SumForce = 0; i=0; num=0; xnum=0;
while loop_break ==0;
[x1,y1,mbutton] = ginput(1);
line(x1,y1,'Marker',"+','Color','r');
% right click the mouse to end the meausurement when mbutton==
if mbutton == 3;
xnum=num; % Tracking the number of measurements
AverageForce=SumForce/xnum;
text(100,100,'Average force = nN','BackgroundColor','w','Color','b');
text(280,100,num2str(AverageForce),'BackgroundColor','w','Color','b");

loop_break = 1;

% This signifies that the user is done
elseif mbutton == 1;

% Get second point and measure

[x2,y2,mbutton] = ginput(1);

if mbutton == 3;
loop_break = 1; break; end

%Draw a line across the two selection points
line([x1,x2],[y1,y2],'Marker','+','Color','r');

% Multiply the length with the Force factor to calculate the force
% F=15.07yo
force(meas_num) = norm([x1,y1]-[x2,y2])*Iscale*15.07;
if force(meas_num)>0
num=num+1; % update the number of force>0
end
Force=force(meas_num);
x(meas_num)=round(x1); % round up the coordinate value
y(meas_num)=round(y1);
z(meas_num)=Force;

%for 2nd set data storage
a(meas_num)=round(x2);
b(meas_num)=round(y2);

if mbutton~=3;
z(meas_num)=Force;
end

SumForce=SumForce+Force;

% Increment of counter for the next input
meas_num = meas_num +1;

%Display the current input
text(x1+4,y1-20, 'F= nN', 'Color','w');
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text(x1+40,y1-20,num2str(force(meas_num-1)),'Color','w');
end
end

x=x';

y=y'

z=2';

data=[xvy z];

x = data(:,1);

y = data(:,2);

z = data(:,3);
% ti = 0:10:512;

%% %% %% %% %% % % % % % % % % % % %% %% % % % % % % % % % % % % % %% %% % % % %
%Plot vector of the longitudinal deformation or vector force
%

%figure (5)

%a0=[x]";

%al=[y]’;

%a2=[al;

%a3=[b];

%for j=1:meas_num-1,
% x0=a0(j);
% x1=al(j);
% y0=a2(j);
% y1=a3(j);
%% plot([x0;y0],[x1;y1],'Marker','>',"MarkerSize',4);
%% line([x0;y0],[x1;y1],'Marker',",'Color','b','MarkerSize',6);
% arrow([x0;x1],[y0;y1],'Length’, 10);
%hold on
%%grid on
% xlabel('x')
% ylabel('y')
%end

%% % % %% % %% %% %% % % % % % % % % % % % %% % % % % % % % % % % % % % % % %%

figure(2)
xi=0:50:M;
yi=0:50:N;

% First define a regular grid.Set up a MxN grid
ti=linspace(M,0,100);

% x and y will both be 512x512. xi contains the x-coords of each point

% on this new grid, and yi contains the y-coords.
[xi,yi] = meshgrid(ti,ti);

%% % %% %% % %% %% % % % % % % % % % % % % %% % % % % % % % % % % % % % % % %% % %

%Plot linear interpolation

% now interpolate - find z values at each of these grid points
ZI = griddata(x, y, z, xi, yi, 'linear");

% Display this as a surface
%surf(xi, yi, ZI) % use only when the grid lines are required
surf(xi, yi, ZI,'EdgeColor','none','FaceColor','interp','Facelighting','phong');
hold on
%contour3(xi, yi, ZI)

hold on % this prevents clearing the graphics window
%alpha(0.8);
colormap(jet(256));
colorbar;
% plot the original data x, y and z obtained from user selection
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plot3(x,y,z,'"."), hold on
line(x,y,z,'marker",".",'markersize',4,'linestyle’,'none');

title ('Cell force mapping on liquid crystal transducer by linear interpolation');
xlabel('x');
ylabel('y');
c=colorbar;
ylabel(c,'Force (nN)')

%% % %% % %% %% %% %% % % %% % % %% % % % % % % % % % % % % % % % % % % % %
%Plot cubic interpolation
% now interpolate - find z values at each of these grid points
figure(3)
ZI = griddata(x, vy, z, xi, yi, 'cubic');
% Display this as a surface
%surf(xi, yi, ZI) % use only when the grid lines are required
surf(xi, yi, ZI,'EdgeColor','none','FaceColor','interp','Facelighting','phong');
hold on % this prevents clearing the graphics window

%alpha(0.8);
colormap(jet(256));
colorbar;

% plot the original data x, y and z obtained from user selection
plot3(x,y,z,"."), hold on
line(x,y,z,'marker",".",'markersize',6,'linestyle’,'none');

title ('Cell force mapping on liquid crystal transducer by cubic interpolation');
xlabel('x');
ylabel('y');
c=colorbar;
ylabel(c,'Force (nN)')

%% %% %% % %% %% %% % % % % % % % % % % % %% %% % % % % % % % % % % % % % %

%Plot data points only

figure(4)

plot3(x,y,z,".');

xlabel('x');

ylabel('y');

zlabel('Force(nN)'")
otherwise
end
% --- Executes during object creation, after setting all properties.
function popuplmage_CreateFcn(hObject, eventdata, handles)
% hObject handle to popuplmage (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called

% Hint: popupmenu controls usually have a white background on Windows.
%  See ISPC and COMPUTER.
if ispc
set(hObject,'BackgroundColor','white');
else
set(hObject,'BackgroundColor',get(0,'defaultUicontrolBackgroundColor'));
end
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