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Abstract

The spatiotemporal organization of membrane proteins is implicated in cellular
trafficking, signalling and reception. It was proposed that biological membranes
partition into lipid rafts that can promote and control the organization of mem-
brane proteins to localize the mentioned processes. Lipid rafts are thought to
be transient (microseconds) and small (nanometers), rendering their detection
a challenging task. To circumvent this problem, multi-component artificial
membrane systems are deployed to study the segregation of lipids at longer
time and length scales. In this thesis, multi-component Droplet Interface Bi-
layers (DIBs) were imaged using fluorescence and interferometric scattering
microscopy. DIBs were used to examine and manipulate microscopic lipid do-
mains and to observe, for the first time, transient nanoscopic lipid domains.
The techniques and results described here will have important implications on
future research in this field.
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Lipid membranes

The complex organization of the cell membrane, arising from its heterogeneous
population of lipids and proteins, plays an important role in facilitating many
biological processes, including: signalling, trafficking, recognition and adhesion
[159, 60, 189, 126, 4]. This chapter summarizes the role of lipids in controlling

membrane organization.

1.1 Lipids

Lipids are biological amphiphiles that form a variety of structures, including:
micelles, liposomes and bilayer sheets (figure 1.1). More than 100 different lipid
types are present in biological membranes [27, 71, 15|, however, only a few are

present in abundance, and which contribute to its gross organization.
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Figure 1.1: Lipids can form a variety of structures including (A) Liposomes, (B)
Micelles, (C) Inverse micelles and (D) Two-dimensional lipid bilayers.

A. Phospholipids are the major component of biological membranes [192].
They posses a hydrophilic negatively-charged phosphate group (head)
and a hydrophobic hydrocarbon tail. Phosphatidylcholine (PC) is a ma-
jor sub-component of phospholipids found in abundance in cellular mem-
branes. In eukaryotes, as well as prokaryotes, PC is found mainly on the
outer leaflet of the cell membrane [129]. Phosphatidylethanolamine (PE)

is the second most abundant lipid found in cellular membranes [190].

B. Sphingolipids account for 15 - 40% of the total molar lipid composition
of the plasma membrane [191]. The saturated carbon tail of sphingolipids

promotes the formation of ordered phases in multi-component bilayers.



Sphingolipids are composed of a sphingosine base linked via an ester
linkage to a charged head group (figure 1.2). Similar to phospholipids,
the head group in sphingolipids can be an ethanolamine, a serine, or a
choline group. Sphingolipids have a prominent role in signal transduction

[44, 98, 119].

. Glycolipids are implicated in cellular recognition. Glycolipids are

mainly found in the outer layer of cellular membranes [200].

. Sterols are amphipathic molecules thought to affect the organization
of biological membranes [163, 166, 113, 164]. Sterols are composed of
multiple hydrocarbon rings that form a flat face serving to order the tails

of unsaturated lipids upon interaction [86, 191, 117].



Figure 1.2: Chemical structure of lipids and cholesterol used in this thesis. (A)
DOPC, (B) POPC, (C) egg Sphingomyelin and (D) Cholesterol.

Nuclear Magnetic Resonance (NMR) measurements, along with fluorescence
microscopy observations, established the presence of three major phases in

multi-component lipid bilayers [196, 195]:

A. aliquid disordered (Lq4) phase enriched in phospholipids and characterized

by lack of conformational and translational order across the lipid chains,

B. a liquid ordered (L,) phase enriched in cholesterol which imposes a long

range organizational pattern by ordering phospholipids’ chains, and,

C. a solid ordered (S,) phase enriched in saturated lipids which coopera-



tively exist in a packed structure to induce long-range translational and

conformational order across the bilayer.

The three phases can individually exist, or mutually coexist, in multi-
component bilayers depending on their composition (section 1.5).

The presence of cholesterol at relatively high molar quantities in the mem-
brane of living cells, and its profound role in inducing translational and con-
formational order in otherwise disordered multi-component lipid membranes,
has led to the examination of its interaction with phospholipids at a molec-
ular level. In 1999, Huang and Feigenson proposed the first model for the
interaction of cholesterol with phospholipids [86]. Their model proposed an
"umbrella”-like interaction whereby the polar head groups of lipids shield the
non-polar cholesterol to thus prevent its energetically unfavourable exposure
to water. Increasing cholesterol concentration lead to the close packing of both
lipid chains and cholesterol molecules. The flat ring-like structure of sterols
in general, and cholesterol more specifically, allows the ordering of the lipid’s
chains whilst retaining translational freedom across the lipid head groups. In
2003, McConnell and coworkers published a series of studies suggesting that
cholesterol can form distinct complexes with phospholipids [117]. The proposed
complexes, which could vary in size between 12 and 60 molecules, were claimed
to lead to the "condensation effect” whereby the area occupied by a phospho-
lipid is decreased upon interaction with cholesterol. It was further suggested
that the condensed complex would be stable below a certain transition tem-
perature and would dissociate at higher temperatures. These conclusions were
derived from experiments performed on lipid monolayers with the assumption
that the findings could be extrapolated to lipid bilayers.

In an attempt to describe the mentioned differences, Almeida published
a theoretical framework explaining lipid interactions from a thermodynamic
perspective and their role in the formation co-existing phases [3]. Although all

these models do not provide useful insights on the structural role of cholesterol



in facilitating conformational order across different lipid genres, the dynamic
aspects of domain formation, registration and coalescence have been studied in

different groups and are detailed below.
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Figure 1.3: Three distinct lipid phases exist in multi-components lipid membranes:
solid ordered (S,), liquid ordered (L,) and liquid disordered (Lq4); each describing
the state of lipids in a bilayer. In the S, phase, high transition temperature (Ty,)
phospholipids show conformational and translational order across the chains. In the
Lo, phase, low T,, phospholipids are free to translate across the bilayer but their
chains are ordered due to interactions with the cholesterol. In the Ly phase, low T},
phospholipids show conformational and translational disorder across the chains.

1.2 Organization of the cell membrane

This section discusses three non-exclusive models for the organization of the

cell membrane: the fluid-mosaic, lipid rafts and picket-fences.

1.2.1 Fluid mosaic

In 1972, Singer and Nicholson proposed a model for the structural organization

of the cell membrane [167]. Previously, the cell membrane was thought to



be arranged in alternating layers of proteins and lipids [40]. In their model,
Singer and Nicholson described the cell membrane as a two dimensional fluid
lipid bilayer in which peripheral and integral proteins are randomly dispersed
and freely diffuse to form a “fluid mosaic”. Previous experiments by Frye
and Edidin had uncovered the dependence of membrane proteins’ diffusion on
temperature [57]. It was also already established that phospholipids undergo
reorganization, from gel-like to liquid-like phases, when subjected to changes in
temperature [172, 118, 50, 186]. This allowed Singer and Nicholson to suggest
that membrane proteins are embedded in a lipid bilayer and that, furthermore,
the lipid bilayer is fluid [167]. In 1975, Saffmann and Delbruck developed a
theoretical model describing the unrestricted lateral diffusion of solid inclusions
a two-dimensional membranes [150]. The details of this model are given in

section 1.4.

1.2.2 Lipid rafts

Experiments carried out between 1974 and 1982 pointing towards the parti-
tioning of cellular membranes into specialized domains went beyond the simple
model envisaged by Singer and Nicholson. The physical properties and biolog-
ical role of these domains remain a subject of intense debate. In the 1970s, a
number of scientists postulated the ordering of cellular membranes into crys-
talline micro-sized domains [172, 186, 173, 51|. Further biophysical investiga-
tions during during 1970s and 1980s served to refine the structural description
of domains from crystalline to quasi-crystalline [201, 184, 38, 26]. In 1982,
Karnovsky and coworkers published a first review presenting the structural
and biological evidence supporting the organization of cellular membranes into
lipid domains [96]. Although the size and constituents of the proposed lipid
domains was not known, their results allowed them to infer that composi-
tional heterogeneity in biological membranes could be a driving force behind
the formation of membrane domains. During the 1990s, detergent insoluble

lipid extracts were extensively reported [56, 41, 156, 168, 32, 72]. The insoluble



extracts were reported to be rich in sphingolipids, glycolipids and cholesterol.
Simons and Ikonen interpreted these results in favour of the presence of do-
mains in cellular membranes and, in 1997, proposed the concept of lipid rafts
as a membrane organizing principle [163]. Between 1997 and 2007, macroscopic
lipid domains were visualized and characterized in model membranes formed
of a reduced number of components [100, 155, 42, 17, 197, 196, 34] and in bi-
ological membranes under non-physiological conditions [110, 16, 70, 112, 194].
Stable proteolipid rafts were not observed in cellular membranes as it would
be expected from detergent extraction experiments. Later, Heerklotz showed
evidence that previously used detergents promoted domain formation in lipid
raft mixtures [77]. These conflicting results led to lipid rafts being redefined
during a 2006 keystone symposium as: “small (10 - 200 nm), heterogeneous,
highly dynamic, sterol and sphingolipid enriched domains that compartmental-
ize cellular processes” [135]. This definition placed the time and lengths scales
of lipid rafts far beyond the realm of non-invasive microscopy techniques. In
2009, Eggeling and coworkers reported their use of Stimulated Emission by De-
pletion (STED) microscopy and fluorescence correlation spectroscopy (FCS) to
reveal the transient and dynamic confinement (10 - 20 ms) of a lipid probe in
cholesterol-mediated 20 nm complexes [48]. Although the probe confinement
was shown to correlate with the presence of sphingomyelin and cholesterol,
it remains unclear if the confinement was a result of the presence of tran-
sient nanoscopic lipid domains or the transient binding of the probe to other
supra-molecular structure. Although long-lived protein nanoclusters have been
observed in biological membranes [60, 90, 66, 142|, the existence of transient

lipid rafts remains a contentious topic [127, 105, 136, 89].

1.2.3 Picket fences

The compositional richness of biological membranes and the lack of evidence
for the existence of observable lipid domains has inspired the proposition that

membrane organization is governed by supra molecular structures. In 1996,



Kusumi and Sako proposed a third model for the organization of the cell mem-
brane; the membrane-cytoskeleton model [152, 153, 104]. Kusumi pioneered
the argument that the anomalous (non-directed) diffusion in cellular mem-
branes is induced by the interaction of the cytoskeleton with the lipid bilayer.
Single particle tracking showed hop-diffusion of a number of receptors on the
surface of cellular membranes [58]. Schmidt, Kucik, Edidin and coworkers
also optically-trapped receptor-gold nanoparticle complexes and their trajecto-
ries corresponded to transient confinement of membrane proteins in, possibly,
cytoskeleton-confined domains [159, 101, 47]. In 2005, it was reported that
phospholipids undergo anomalous diffusion in the outer leaflet of cellular mem-
branes. These reports were surprising as it was expected that the diffusion of
phospholipids in the outer leaflet would not be affected by the cytoskeleton,
which resides on the cytoplasmic region of the cell membrane. In the same year,
Kusumi and coworkers refined their membrane-cytoskeleton model to take into
account the effect of cytoskeleton membrane-anchored proteins [103] on the
diffusion of lipids. In their model, they proposed a “picket-fence” structure
whereby the local viscosity induced by cytoskeleton (fence) - bound proteins
(pickets) can effectively act against the free diffusion of lipids in both the outer

and inner leaflets of the cell membrane.
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Figure 1.4: Different models proposed for the organization of proteins and lipids in
biological membranes. (A) Fluid mosaic model: describes the random dispersion
of proteins in a fluid membrane. (B) Lipid rafts model: describes the ordering of
lipid chains by cholesterol to form specialized lipid “rafts” which are nanoscopic and
transient in nature, and capable of modulating protein function. (C) Picket fence
model: describes the segregation of biological membranes into compartments through
the binding of the cytoskeleton to transmembrane proteins.

1.3 In vitro mimics of the cell membrane

The previous section highlighted the putative complex role imposed by lipids

and proteins in organizing cellular membranes. In order to isolate the mech-

10



anism of action of lipids on the formation of rafts, lipid phase separation has
been studied in lipid bilayers. The architecture, construction, shortcomings

and advantages of such mimics are surveyed below.

1.3.1 Black lipid membranes

In 1964, Mueller and coworkers developed Black Lipid Membranes (BLMs), also
known as planar lipid bilayers [125]. Traditionally, BLMs have been formed by
immersing a Teflon annulus (=~ 10 s micrometers) through an air/water inter-
face covered in a lipid monolayer. Although readily form-able and can posses
superior resistance seals (> 1 G2), BLMs are short lived. BLMs have been
used for several decades for recording the electrical activity of reconstituted
proteins [124] and more recently to image macroscopic lipid phase separation

[162].

1.3.2 Supported lipid bilayers

Unlike BLMs, where the bilayer is surrounded with an aqueous phase, Sup-
ported Lipid Bilayers (SLBs) are formed directly on a substrate, typically glass,
with, thus, the upper leaflet exposed to free solution and the other suspended
above the substrate by a thin (= 1 nm) water layer. This architecture ren-
ders SLBs accessible via a wide range of characterization tools including: Sur-
face Plasmon Resonance [154], interferometric scattering microscopy [8] and
Atomic Force Microscopy (AFM) [45, 121]. Traditionally, SLBs were formed
by Langmuir-Blodgett deposition [106, 25]. Although this technique is still used
to create SLBs, it requires careful control of surface pressure induced by the
packing of the self-assembled lipid mono-layer at the air/water interface. More
recently, the rupture of small lipid vesicles onto a substrate has been used to
construct SLBs [179]. Being accessible to high resolution scanning probe tech-
niques, SLBs has been used to observe nanoscopic lipid domains [36]. However,
slow probe scanning speeds and substrate-induced hindered diffusion of lipid

domains remain significant problems for these methods. Even when SLBs are

11



supported on a polymer cushion, diffusion is several orders of magnitude slower

than that reported in Giant Unilamellar Vesicles (GUVs) [64].

1.3.3 Giant unilamellar vesicles

Giant Unilamellar Vesicles (GUVs) are, by far, the most widely used artifi-
cial membrane system for studying lipid phase separation. The architecture
of GUVs resembles the architecture of an empty cell; an aqueous phase sur-
rounded by a lipid bilayer immersed into an aqueous solution. This exclusive
architecture allows the study of many cellular process in an environment which
spatially resembles the environment of a living cell. GUVs were first described
by Reeves and Dowben in 1969 [144] and were later developed as a fluid lipid
membrane system employed for different applications. The application of an
electric field through a deposited lipid film (also called electroformation) has
been extensively used to form GUVs [9]. Despite its popularity, this method
yields GUVs of heterogeneous composition and size. A primary cause behind
the observed heterogeneity is lipid mixing in the dry film state. To circum-
vent that problem, Baykal-Cagler and coworkers demonstrated the successful
electroformation of GUVs from damp lipid films [19]. The modified protocol
was proven to ameliorate this problem but at the expense of long (= 24 hours)
preparation times. Thus far, there has been no easy and efficient solution
to forming GUVs of homogeneous composition and size using electroforma-
tion. Recently, microfluidic techniques were successfully employed to produce
GUVs of controlled size [147, 95, 170, 116], however, the applicability of this
method to study lipid phase separation has not been demonstrated. Arriaga
and coworkers used water-in-oil-in-water double emulsion drops as templates
for phase-separated GUVs [10]. The published protocol was tested using a
ternary mixture of DOPC, DPPC, and Cholesterol. Measurement of the area
fraction occupied by the L, phase over a small number of GUVs revealed a

small standard deviation (=~ 0.05%). Homogeneous GUVs can be formed by
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the spontaneous budding of a lipid film at an agarose(or hydrogel) /buffer in-
terface [85]. However, lack of control over the size of the formed GUVs remains
a problem. Although a single method for readily creating homogeneous and
equally sized GUVs does not yet exist, GUVs are routinely used as model sys-
tem for visualising lipid membrane organization [199]. Multi-component GUVs
have been employed for studying lipid phase separation in vitro; in particular,
to map out phase diagrams of ternary [195, 24] and quaternary lipid mixtures

[99] and investigating the dynamics of lipid domains [34] (section 1.4) .

1.3.4 Droplet interface bilayers

Since 2007, the Wallace and Bayley labs at the University of Oxford have been
developing a novel model system which is fluid, substrate-supported, accessi-
ble via a wide array of characterization techniques and long-lived [21]. Since
its conception, Droplet Interface Bilayers (DIBs) have been used for the de-
tection of membrane channels [80], measuring ionic currents and fluorescence
from single protein pores [79], controlling 2D membrane protein concentration
[68] and imaging the assembly of multi subunit protein complexes [182]. DIBs
are formed by the contact of two lipid monolayers surrounding two aqueous
droplets. DIBs can also be formed between a hydrogel film and an aqueous
droplet, both immersed in a lipid-in-oil solution [109]. Unlike GUVs, where
changes in lipid mixing can occur as a dry lipid film rehydrates, lipids in DIBs
are free to mix both before and after bilayer formation and remain in equilib-
rium with the lipids solubilized in the surrounding oil bath (chapter 3). The
fluidity and supported architecture of DIBs renders them suitable for imaging

lipid phase separation using a wide range of optical techniques.
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Figure 1.5: Formation of DIBs. (A) DIBs can be formed by the contact of two
aqueous droplets immersed in a solution of lipids in oil, or, (B) by the contact of
an aqueous droplet with a substrate supported thin hydrogel film both immersed
in a solution of lipids in oil. Solid black lines represent lipid monolayers. Orange
represents hydrogel.

1.4 Diffusion in lipid membranes

Diffusion in lipid membranes is crucial for understanding membrane dynamics.
Models approximating diffusion in two-dimensional membranes are surveyed in

this section.

1.4.1 Brownian motion

The distance zy covered by a randomly moving particle from an origin after

N steps is given by the following equation

(x%) = 2Dt (1.1)



(x%) is the Mean Squared Displacement (MSD), D is the diffusion coefficient
and t is the time-lag. The constant 2 is indicative of space dimensionality.
Therefore, (z%) = 4Dt in two dimensions and (z%;) = 6Dt in three dimensions.
The relationship between D and the temperature of the system 7" can be derived
by considering thermal forces [12]. The translational and rotational diffusion
of a particle in any medium can be written in terms of the translational and

rotational mobilities,ur and g, as follows:

D
L — kT (1.2)
Hr
D
R T (1.3)
KR

Equations 1.2 and 1.3 are known as Einstein - Stokes relations. In 1851, Stokes
derived an expression for ur and pg (the rotational mobility) which depends on
the surrounding liquid’s drag coefficient ¢ and which in turn can be expressed
in terms of the particle’s radius a, and the liquid’s viscosity n, through the

following relationship:

_t_
pr = £ 6mna
1
MR:STW (1.4)

This set of equations are known as Stokes formulas and are only applicable to

the translational and rotational diffusion of a particle in 3 dimensions.

1.4.2 Stokes paradox

The Stokes formula is suitable for studying the flow of fluids with low flow
velocities, large viscosities or small flow length-scales in three dimensions. A
non-trivial, steady-state solution for diffusion in two-dimensional systems does
not exist (Stokes paradox) due to creeping flow. This paradox complicates
the modelling of translational diffusion of cylindrical-shaped objects in two-

dimensional membranes.
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1.4.3 Saffman and Delbriick model

In 1975, Saffman and Delbriick published a hydrodynamic model approximat-
ing the diffusion of a cylindrical inclusion in a continuous, infinite, viscous
membrane separating a less viscous liquid. Although lipid phase separation
was not observed at that time, the model was presented to describe the, exper-

imentally observed, diffusion of membrane proteins [150].

water, u'

Figure 1.6: Diagram depicting the translational and rotational diffusion of a solid
cylindrical inclusion of a two-dimensional lipid bilayer of viscosity separating a less
viscous water phase. Reproduced from [150].

Referring back to equations 1.4, it can be noted that the ratio of pur to ug

is independent of the surrounding viscosity n

4

pr /iR = gaz (1.5)

In 2 dimensions, the rotational diffusion is indifferent to the architecture of the
surrounding and therefore is represented as:

B 1
 dmpah

MR (1.6)

Saffman and Delbriick considered the translation of an infinite cylinder of radius
a in a continuous membrane of height h and viscosity 7,,, surrounded by a less
viscous liquid of viscosity 7,, of finite depth H. Assuming that the depth of

the surrounding liquid phase is much larger than the radius of the cylinder
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(H/a — o0) and that na/n,h << 1, the translational mobility ur of the

cylinder can be deduced

1 2nmh
= 1 — 1.7
Hr 47rnmh( " na 7) (1.7)

where v = 0.577 is the Euler —Mascheroni constant. Equation 1.7 describes
the motion of a cylinder in an infinite membrane bounded by a liquid phase
of finite viscosity. Saffman and Delbriick expanded this approximation for

diffusion in a circular sheet of radius R. The translational mobility in that case

1 R 1
= In— — = 1.8
pr 47?77h( " a 2) (18)

is given by:

Jig is inversely proportional to a? while pp is inversely proportional to a. These
results indicate low energy dissipation in the bounding phase resulting in an
increase of the translational mobility, while the rotational mobility is entirely
dependant on the viscosity of the membrane and it, therefore, scales according
to the space dimensions. Saffmann and Delbriick justified their assumptions by
calculating the translational diffusion coefficient for Rhodopsin which matched

experimentally reported values [150].

1.4.4 Hughes, Pailthorpe and White model

Discrepancy between membrane viscosity values obtained from fitting the
Saffmann Delbriick model to diffusion data and values obtained by other means
has caused considerable confusion. In 1981, Hughes, Pailthorpe and White
proposed a more accurate numerical solution [87]. In their report, the transla-
tional and rotational mobilities, ur and ug, respectively, were calculated and
represented in terms of matrices of bessel functions dependent on the reduced
inclusion size € and the membrane’s and surrounding viscosities. The equations
derived by Hughes, Philthorpe and White represents an infinite set of equations

which cannot be analytically solved.
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In 2008, Petrov and Schwille developed a simple and accurate numerical
approximation of the Hughes, Philthorpe and White model[134]. In their re-
port, equation 7?7 was numerically evaluated and truncated to 30 equations.

The resulting reduced mobility factor A(e) was expressed as follows:

~ In(2/e) —y+4e/m — (¢2/2)In(2/e€)
A1) = T ) In(2)6) + erebri J(1 £ cract™) (1.9)

where bp; = 2.74819, bpy = 0.61465, ¢y = 0.73761 and ¢ = 0.52119. The
coefficient of translational diffusion can be expressed in terms of the reduced

mobility factor as follow:

DT(E) == DoAT(E) (110)

where Dy = kgT/47n,,. The resulting numerical approximation was tested on
data by Cicuta and coworkers [34] and were found to conform. As a conse-
quence of the lack of data on the rotational diffusion of micron-sized domains,
the applicability of the numerical approximation in describing the rotational
diffusion of bilayer embedded inclusions was not elucidated in their report.
However, later, in 2012, an approximation for the rotational diffusion was de-
rived and validated on freely diffusing diamond-shaped micron-sized domains
in multi-component phase separated GUVs (see 1.5.3) [133]. For rotational
diffusion, the base term Dy = kgT'(n)?/(7n3,) and A(e) is expressed as:

1
€2 4+ 4€3/(3m) + cri€®r1 /(1 4 cpoebr2)

Ag(e) = (1.11)

where bry = 2.91587, bry = 0.68319, cr; = 0.31943 and cry = 0.60737. Viscos-
ity values extracted by fitting the rotational and translational diffusion coeffi-
cients were found to agree with previously reported values, thus suggesting the

applicability of the approximation.
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Figure 1.7: Translational (A) and rotational (B) diffusion of diamond-shaped S,
domains in osmotically-tensed GUVs. Data is well-described by the Petrov et al.
approximation of the Hughes, Philtorpe and White model (red solid line) for the dif-
fusion of cylindrical inclusions in two-dimensional membranes. Simultaneous curve
fitting to the translational and rotational diffusion data resulted in an average mem-
brane viscosity value of 2.2 x 1079. Scale bar = 5 pm. Reproduced from [133].

1.4.5 Evans and Sackmann model

In 1988, Evans and Sackmann published a first model describing the transla-
tional and rotational diffusion of cylindrical inclusions in a lipid bilayer sup-
ported on a solid substrate, to account for the anomalies observed in the dif-
fusion of molecular probes in supported and unsupported (free) lipid bilayer
systems [53]. Contrary to other models, where the transport of momentum
into the axial dimension is dominated by the presence of a liquid bulk phase
with viscosity 7, Evans and Sackmann examined the case where momentum
coupling is dominated by the presence of a substrate of height A mathemati-
cally described by the single frictional parameter b,. Diffusion coefficients were
derived by assuming an intrinsic frictional drag characterizing bilayer-substrate

interaction that is linearly dependant on the velocity of the inclusion.
kgT

Dy = 5 -
€ ek (e)
471'77mh(5 + Ko(e) )
where
bs
= 1.12
““\oh (1.12)
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and kg and k; are bessel functions of the second type. Since its development,
the Evans and Sackmann model was used, and further developed, to study
frictional coupling between lipid bilayers [94], modelling the diffusion of lipid
domains in polymer-supported bilayers [180], and understanding the role of

curvature on membrane hydrodynamics [43].

1.4.6 Guigas and Weiss model

Although the Petrov and Schwille approximation has fulfilled the need for
a simple numerical solution that can be used for modelling the diffusion of
micron-sized domains in unsupported (free) model membranes, there is con-
cern over the validity of this approximation in faithfully describing the motion
of nanoscopic liquid ordered domains where line tension, lipid interactions and
length scale effects could affect the predicted diffusion of membrane inclusions
[204]. A mathematical model taking into account, some or all of, the mentioned

hydrodynamic effects has, thus far, not been developed.
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Figure 1.8: Molecular dynamics simulation of a phase-separated lipid bilayer. (a)
Unsaturated lipid molecule simulated as three beads interconnected using Hookean
springs. (b) Hexagonal S, lipid domains with edge length (K + 1)l composed of
saturated lipid molecules. (c¢) Snapshot of a disordered membrane with an embedded
So domain. Reproduced from [69].

In 2006, Guigas and Weiss published the results of a course-grained molecu-
lar dynamics simulation of a diffusing S, domain in a Lq phase [69]. Unlike other
models, their model takes into account the finite compressibility of both the
membrane and the surrounding fluid and the internal degrees of freedom which
would hamper the diffusion of the embedded domains. Solid hexagonal mem-
brane inclusions with edge length K1y ! were embedded inside a self-assembling
lipid bilayer. The diffusion coefficient and domain radii were recorded simul-
taneously. The Saffmann-Delbriick model was shown to best describe the dif-

fusion of domains smaller than a critical radius R, ~ hn,,/(2n) ~ 7.4 nm.

'K is the average number of lipid head groups at the edge of the hexagonal domain
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Beyond the given critical radius, diffusion coefficients were found to strongly

deviate from the values predicted by Saffmann and Delbriick as follows:
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Figure 1.9: Plot of the translational diffusion coefficient versus radius for nanoscopic
lipid domains. Suitability of the Saffmann-Delbruck model in describing the diffusion
of domains smaller than a critical radius R. ~ hn,,/(2n) ~ 7.4 nm (solid line). The
diffusion of domains larger than the critical radius are best described by Dr =
(kpT arctan(c/R))/(8mnR). Reproduced from [69].

Diffusion for domains larger than the critical radius is dominated by the

fluid viscosity and is given by the following formula:
_ kgT arctan(c/R)
N 8mR

where c is an interaction constant and is proportional to the membrane viscosity

Dr (1.13)

Nm- Unsurprisingly, the rotational diffusion revealed a dependence on 1/R? as
previously eluded to in the Stokes formula. The applicability of this model in
the sub 100 nm regime has not been experimentally demonstrated so far due
to the lack of a system were appropriately sizable inclusions can be imaged and

tracked.

1.5 Segregation of lipid membranes

The partitioning of biological membranes into transient rafts remains elusive

[127, 105, 136, 89]. Artificial membrane systems composed of fewer lipid mix-
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tures portray rich phase behaviour. Biological membranes can exhibit such
behaviour under non-physiological conditions [110, 16, 70, 112, 194]. However,
it remains unknown how lipid phase behaviour in simple mimics could explain
the complex organization of biological membranes [46, 166, 73, 55, 89, 63, 113,
164, 28]. This section provides an account of the experiments performed on
multi-component artificial bilayers and describes the physical principles of lipid

phase separation.

1.5.1 Visualisation of lipid membranes

Lipid phase behaviour has been extensively studied in multi-component arti-
ficial bilayers [100, 42, 155, 196, 197, 35, 198, 62, 199, 82, 36]. A hallmark in
this field is the 2003 report by Veatch and Keller describing the role of ternary
mixtures of phospholipids and cholesterol in inducing macroscopic lipid phase

separation [196] and:

A. Demonstrating that a high T,, lipid (saturated), a low T, lipid (un-
saturated) and a sterol can produce macroscopic, optically discernable,

coexisting phases, and,

B. Quantitatively representing this phenomenon in terms of multi-

component phase diagrams.

Dye labelled lipids have been extensively used to visualize lipid phase separation
in witro [100, 197, 18]. Fluorescent probes can preferentially partition into the
L, phase or the Lq phase. The partitioning behaviour depends on the chemical
structure of the lipid and the fluorescent dye attached. In 2007, Baumgart and
coworkers documented the preferential partitioning of a wide range of fluores-
cent lipids in multi-component phase-separated GUVs [18]. More recently, the
inefficient partitioning of fluorescent lipids, due to the steric pressure exerted

between the large organic dyes has been hypothesized [196, 197, 195, 82, 123].
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1.5.2 Lipid phase diagrams

Lipid phase diagrams map out regions of phase coexistence in two dimensional
space in respect to the molar fraction of lipids present within individual multi-
component lipid bilayers. Multiple phase diagrams must eventually be used
to examine how lipid phase behaviour changes with temperature and pressure.
Lipid phase diagrams have been typically constructed for binary and ternary
lipid mixtures but have also been recently constructed for quaternary lipid

mixtures (subsection 1.5.4).

A B

Single
phase

*

Co-existing
phases

Y 20%Y 4 Y z

Figure 1.10: Lipid phase diagrams can be used to visually represent the organi-
zational state of a multi-component lipid membrane at any composition. (A) The
number of phases in a lipid membrane composed of a ternary lipid mixture (X,Y and
Z) can be deduced by extending lines from points of corresponding relative molar
composition at 120°. The point of intersection of these lines can lie in a space that
represents the presence of a single phase or multiple co-existing phases as shown in
(B). Critical point is represented as an asterisk at the phase boundary.

Construction of lipid phase diagrams is mathematically governed by the
Gibbs phase rule which dictates that the number of components C' in a system
equals the sum of the number of independent intrinsic variables or the degrees
of freedom F' and the number of phases in thermodynamic equilibrium P.

Mathematically, this can be expressed as follows:

F=C—-P+2 (1.14)
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where the constant 2 is introduced to account for the variability of temperature
and pressure. The Gibbs phase rule has numerous implications, most impor-
tantly, that the number of phases exhibited in cellular membranes is large due to
the large number of different lipid components in living cells. Consider a bilayer
with two lipid components, A and B, where A is a high-transition temperature
lipid and B is a low-transition temperature lipid. At temperatures higher than
the transition temperatures of both A and B, a single uniform liquid phase
dominates the bilayer. At temperatures lower than the transition temperature
of either, A or B, the bilayer segregates into two distinct, co-existing, phases.
Regions of phase coexistence, at defined temperatures, are identified on phase
diagrams and distinguished from regions of single phase existence (figure 1.10).
Regions where the coexisting phases have close to identical compositions are
critical points and can also be marked on phase diagrams. The subtle, and often
indistinguishable, chemical properties of coexisting phases, at critical points,
drive the system into a state of dynamic equilibrium. Numerous processes of

biological relevance are thought to occur at these points.

1.5.3 Dynamics of lipid domains

Lipid phase separation is a time-dependant process. This aspect is not conveyed
in a phase diagram. Since molecules in the cell membrane are in constant
motion, it is important to understand and model the diffusion and coarsening
of lipid domains and their effects on the dynamics, and function, of membrane

components.

Diffusion of lipid domains

In 1993, Klingler and McConnell reported the diffusion of micron-sized S, do-
mains in fluid lipid monolayers formed at an air/water interface [97]. Abrupt
pressure differentials were applied to regions of phase coexistence in phase
separated monolayers composed of DPPC and DMPE to force the isolation

of appropriately-sized domains, which were tracked. DPPC domains in a
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DMPE phase showed different diffusion from DMPE domains in a DPPC phase,
thereby confirming the dependence of the diffusion of domains on the bilayer’s
viscosity. It was not until 2006 that macroscopic lipid domains in GUVs com-
posed of ternary lipid mixtures were tracked [34] and the diffusion was compared
to those predicted by diffusion models (section 1.4). Lgq domains were tracked
in a DPPC-rich L, phase over a range of molar compositions and tempera-
tures. The reported diffusion coefficients agreed with values calculated using
the mathematical model developed by Saffmann and Delbriik at the small do-
main size limit, and with an approximation of the HPW model for large-sized
domains. Increasing the molar composition of DPPC reduced the mobility of
the Ly domains whilst reducing the concentration of cholesterol did not affect
the system’s performance. Notably, Cicuta and coworkers were the first to
report a value for the membrane viscosity ~ 1078 — 10~7 Ns/m for the DPPC-
rich bilayer membrane. Later, Petrov and coworkers tracked diamond-shaped
S, domains on the upper pole of osmotically tensed GUVs electroformed from
a binary mixture of DPhPC and DPPC [133]. The asymmetric nature of the
observed domains facilitated the tracking of their orientations.

Translational and rotational diffusion coefficients were consistent with the
numerical approximation of the HPW model developed by Petrov and Schwille
[134] with a membrane viscosity value of &~ 107 Ns/m for the fluid DPhPC-
rich Ly phase - an order of magnitude lower than that previously reported value

for a DPPC-rich phase.

Coarsening of lipid domains

Coalescence and dynamic changes in the size of lipid rafts could be responsible
for the dynamic organization of proteins in biological membranes [164]. Quanti-
fying the coarsening dynamics, and the associated line tensions, of macroscopic
lipid domains correlates with understanding the putative role of lipid rafts. In

1992, Benvegnu and McConnell published their first attempts in measuring the
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line tension of L, lipid domains by hydrodynamic distortion [23]. By apply-
ing a flow shear across the fluid sub-phase and removing the shear following
the distortion, the line tension of circular lipid domains was calculated from
the velocity of restoration. Later in 2003, Baumgart and coworkers imaged,
and modeled, tension-induced curvature and shape-transitions in model mem-
branes [17]. Abrupt reduction in the line tension between coexisting phases is
expected at critical points [198, 62] and, therefore, a quantitative description
of the abrupt decrease in line tension at critical points is important for under-
standing the out of equilibrium dynamics occurring in biological membranes.
In 2008, Honerkamp-Smith and coworkers quantitatively evaluated fluctuations
at the L, / Lgq phase boundaries near critical compositions and temperatures
[194] and highlighted that line tension would drop down to zero as the temper-
ature of the system approaches the critical temperature. Although these, and
other, results [188] strongly suggest their existence, transient nanoscopic lipid

domains have not yet been observed.

1.5.4 Quaternary lipid mixtures

It has, thus far, been possible to accurately measure, and model, diffusion co-
efficients and line tensions in multi-component phases-separated model mem-
branes, but, the imprecise sampling of critical compositions has not permitted
the extrapolation of these measurements to transient nanoscopic lipid domains.
The range of critical compositions of ternary lipid mixtures is challenging to
sample due to its strong temperature dependance. A solution to this problem
was recently suggested, in that quaternary lipid mixtures possess critical con-

tours which can be effectively sampled in a range of model systems [99, 65, 1].
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Figure 1.11: Lipid phase diagram for the quaternary lipid mixture DSPC, DOPC,
POPC and Chol showing different regions of phase coexistence. Reproduced from
[65].

Sub 100 nm Small Unilamellar Vesicles (SUVs) composed of the quaternary
lipid mixture DSPC, DOPC, POPC and Chol were examined using Forster
Resonance Energy Transfer (FRET), Small-Angle Neutron Scattering (SANS)
and Electron Spin Resonance (ESR) [76]. Similar to ternary mixtures, where
the modulation of the height mismatch between different coexisting phases can
modulate the size of micron-sized domains [62], it was shown that modulation
of the height mismatch between coexisting phases, induced by varying the ratio
of the unsaturated lipid DOPC to the saturated lipid DSPC, can modulate the
size of nanoscopic lipid domains. The molar fraction, p, is a characteristic

parameter of the mentioned measurements and is defined as follows:

[DOPC]
[DOPC] + [DSPC]

Although the modulation in the size of nanodomains was not directly ob-

P (1.15)

served, Monte Carlo fits to obtained SANS data revealed a linear dependence
of the average radii of the nanodomains on p. Domain radius varied between 0

nm (p = 0) to 15 nm (p = 0.35).
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Figure 1.12: Modulation of the size of nanoscopic lipid domains in quaternary lipid
mixtures by varying the relative molar ratio p of the saturated lipid (DOPC) to
the unsaturated lipid (POPC). Domain sizes have been deduced from fitting Monto
Carlo to SANS data. The fit reveals a linear increase of the size of domains with
increase in p. Reproduced from [76].

1.5.5 Effect of protein binding on lipid phase behaviour

There is substantial evidence suggesting a link between the segregation of lipids
with signal transduction [165, 163, 108, 193, 176, 4], trafficking [126, 139, 78,
189, 74] and viral recognition [128, 157, 167, 143, 33, 203, 31, 29, 178]. It
remains unclear whether these effects are driven by lipid phase separation or
another membrane organizing principle (chapter 4). To reduce the complexity
of the problem, the interplay between proteins and lipid phase separation has

been studied in vitro as shown below.

Integral proteins

In 2013, Scheve and coworkers provided evidence suggesting that steric hin-
drance between integral proteins opposes the formation of macroscopic lipid
phases [158]. Ubiquitin, transferrin, GFP and transferrin receptors were found
to contribute to the dissolution of domains beyond a certain concentration

threshold that is proportional to the mass of the different proteins.

29



Peripheral proteins

In as much as integral proteins seem to contribute to the destruction of macro-
scopic lipid phases, numerous peripheral proteins were reported to employ the

boundaries of coexisting phases as binding sites, for example:

A. The HIV-1 glycoprotein (gp4l) was reported to bind at the edges of
cholesterol-enriched lipid domains and promote viral membrane fusion

202).

B. The multi-function Racl protein was recently found to get translocated

at the boundary of coexisting phases [122].

C. Here, monomers of the pore forming toxin, Equinatoxin (Eq) II, are also
shown to bind to the boundaries of the L,/Lq4 coexisting phases before

diffusing into the Ly phase [148] to form pores.
Filamentous proteins

The interplay between the binding of filamentous proteins (eg. actin and
FtsZ) and lipid phase separation was recently investigated in GUVs and SLBs
[84, 11, 115, 114]. The binding of filamentous proteins to multi-component
lipid membranes was found to mediate temperature-resistant macroscopic lipid
phase separation (figure 1.13). These results were benchmark against single-
component membranes where the binding of filamentous proteins was found
not to induce any discernable lipid phase separation. These findings explain
the presence of macroscopic islands in biological membranes where protein
diffusion is hindered and, importantly, reconciles two membrane organization

models, the lipid rafts and picket fence, which were once thought to be distinct.
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Figure 1.13: Actin induced temperature-resistant lipid phase separation in SLBs
composed of a ternary mixture of DPhPC, DPPC and Chol labelled with trace
amounts of DPPE-KK114 as a marker for the Lq phase. (A) Without Actin. (B)
With Actin bound; lipid phase separation persists as temperature of the bilayer is
elevated above the transition temperature of DPPC (= 41°C). Scale bar = 1 pm.
Reproduced from [84].
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2

Technique development

The development of protocols and methods for the formation and imaging of
phase-separated DIBs forms a substantial part of this dissertation. This chapter

provides detailed materials and methods for:
A. The formation of DIBs.
B. Imaging phase-separated DIBs.

C. Data processing and analysis.

2.1 Materials

2.1.1 Lipids

All lipids were obtained from (Avanti Polar Lipids, Alabama, US) unless
otherwise indicated. All lipids were stored at -20°C until used. The fol-
lowing are all the lipids used in the experiments described in this disser-
tation: DPhPC (1,2-diphytanoyl-sn-glycero-3-phosphocholine), DPPC (1,2-
dihexadecanoyl-sn-glycero-3-phosphocholine), DOPC (1,2-Dioleoyl-sn-glycero-
3-phosphocholine), POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine),
eSM (egg Sphingomyelin) (Sigma Aldrich, Dorset, UK), bSM (brain Sph-
ingomyelin), TRITC-DHPE (N-Tetramethylrhodamine-6-thiocarbamoyl-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt),
Dil-C18 (1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine), ATTO-488
DPPE (ATTO-TEC, Siegen, Germany) and Chol (Affymetrix, High Wycombe,
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UK). Lipid stocks were prepared as follows: lyophilized lipids in their pow-
der form were dissolved in excess (700 pL) of chloroform (Sigma Aldrich) and
transferred to pre-weighed Teflon-capped vials. Gentle nitrogen flow was used
to evaporate all chloroform. Vials were kept under vacuum for at least 1 hour
and reweighed. Stocks of lipid(s) in chloroform at 50 mgmL"' were prepared by
dissolving the weighed mass of lipids in the appropriate volume of chloroform
and stored at -20°C until required. Lipid stocks were replaced every 6 months.

For each experiment, the desired amounts of required lipid in chloroform
stocks were mixed in a Teflon-lidded vial, dried under a gentle stream of nitro-
gen and vacuum applied for at least 30 minutes. The dried lipid content of the
vial was dissolved in the volume of hexadecane needed to reach the required
lipid concentration (8.7 mgmL™') and transferred to a dry bath, pre-heated
above the transition temperature of all lipid components, for 5 minutes. This
allowed for the homogeneous mixing of lipids prior to DIB preparation. One
half of the solution was transferred to another Teflon-lidded vial where 10%
of Silicone oil AR-20 (Sigma Aldrich), was added. Both lipid containing vials

were allowed to cool for up to 1 hour until DIB preparation.

2.1.2 Agarose

Buffers were prepared as follows: 90 mM buffer solution of HEPES (H3375,
Sigma Aldrich) was made with 18.6 M(2 ultra pure deionized water (Milli-Q,
Merck Milli, Watford, UK) and the pH was adjusted to 7.0 with NaOH. A
stock of 20 mL was stored in a sterilised 50 mL Falkon tube (Fischer Scientific,
Loughborough, UK) at 4°C for up to 3 months until required. In 1.5 mL
Eppendorf tubes, a 2.8 mgmL™! solution of low melt agarose (A9414, Sigma
Aldrich) in deionised water and a 0.75 mgmL! solution of ultra low melt agarose
(A5030, Sigma Aldrich) in buffer were melted in a temperature-controlled mixer
(Eppendorf, Hamburg, Germany), set at 90°C, for 20 minutes. The solutions

were incubated at that temperature for up to 1 hour until required.
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2.2 Device fabrication

Droplets were incubated and DIBs formed in PMMA devices, which were devel-
oped and manufactured in-house [109] (figure 2.1). Each well of the “incubation
chamber” accommodates 8 droplets (200 nL each), and each of the 16 wells of
the “device” accommodates an individual bilayer. Following fabrication, the
incubation chamber and device were washed and stored in 30% ethanol. Im-
mediately prior to use, they were washed with deionised water, then ethanol

and finally dried under nitrogen.

A B

N T p—
LT T Ty T

Figure 2.1: Schematic diagram of a device. (A) Isometric projection and (B) cross-
section. Dimensions in mm.

2.3 DIB preparation

Phase-separated DIBs are constructed using the following protocol adapted

from [109]:

A [00:00 - 00:03 h] 20 nL of lipids in hexadecane and silicone oil is used to fill
each well of the incubation device. 8 droplets (50.2 nL each) are injected

in each well using a piezo-driven injector (World Precision Instruments,

Florida, US) as shown in figure 2.3A.

B [00:03 - 00:10 h] A 24 mm x 40 mm, n.1 thickness, glass cover slip (Ger-
hard Menzel, Braunschweig, Germany), are plasma cleaned in a Femto
plasma cleaner (Diener Electronic, Ebhausen, Germany), for 7 minutes

at 0.2 bar of oxygen as shown in figure 2.3B.
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C [00:13 - 00:15 h] The plasma-cleaned cover slip was coated with 140 pL
of ultra low melt agarose solution spun at 4000 rpm for 30 minutes using
a spin coater (WS-650MZ-23NPP/LITE, Laurell, Pennsylvania, US) as
shown in figure 2.3C.

D [00:15- 00:16 h|] The agarose-coated cover slip is then placed underneath a
device and secured at the edges with adhesive tape to reduce evaporation

and prevent liquid leakage (figure 2.3D).

E [00:16 - 00:18 h| The spaces surrounding the wells are filled with 180 pL
molten low melt agarose solution. Once the agarose solution sets, the

device is secured with adhesive tape on top (figure 2.3E).

F [00:18 - 00:23 h] The wells are, subsequently, filled with 50 pL of the lipids

in hexadecane solution previously described (figure 2.3F).

G [00:43 - 00:45 h] Individual droplets are transferred from the incubation

chamber to the wells of the device using a pipette (figure 2.3G).

H The device is then placed inside a preheated drying cabinet set at 45
°C for 25 minutes (figure 2.3H). Alternatively, the device could also be
heated on top of a hotplate set at 45 °C for 6 - 7 minutes. However, the
drying cabinet heats the device isotropically and was used for experiments

described here.
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Figure 2.2: Steps involved in the formation of DIBs. (A) Aqueous droplets incubated
in a lipid in oil solution. (B) Coverslips are cleaned in a plasma cleaner. (C) Plasma
cleaned coverslip is spin coated with a solution of ultra low melt agarose solution.
(D) Agarose coated coverslip is inserted in a grove at the bottom of the device (shown
upside down) and sealed. (E) Low melt agarose fills the gaps between the wells. (F)
Solution of lipids in oil is injected into the wells and a lipid monolayer forms over the
hydrogel film. (G) Incubated droplets are transferred from the incubation tank and
inserted into the wells of the device. (H) Device is heated and bilayer forms. Figure
not to scale.

36



2.4 DIB visualisation

Optical microscopy is one of the primary experimental techniques used for the
study of membrane organization and dynamics. This section briefly covers
the principle of operation of Total Internal Reflection Microscopy (TIRF) and
interferometric Scattering microscopy (iISCAT); the two techniques used in this

dissertation to image lipid phase separation in DIBs.

2.4.1 Total internal reflection fluorescence microscopy

Total Internal Reflection (TIR) is a well established optical phenomena whereby
light incident at an angle 6 above a critical angle 6., dictated by Snell’s law, is
reflected at the interface between two media with different refractive indices n;
and ny. To account for the continuity of Maxwell’s equations at the interface,
a small portion of the reflected wave is transmitted perpendicular to the plane
of reflection. On component of the transmitted wave is evanescent and decays
exponentially along the axis perpendicular to the surface [13]. In Cartesian

coordinates, the intensity of the evanescent field is expressed as follows:
I(z) = Iye™*/4 (2.1)

Where z is the direction of propagation of the evanescent wave and d is is depth

of penetration expressed as follows:

Ao

47y /n? sin? 0 — n3

Ao is the wavelength of the incident light and 6 is the angle of incidence. From

d= (2.2)

equation (2.34) It is evident that d is proportional to Ay and inversely propor-
tional to 6. Therefore, the depth of the evanescent field does not exceed 100 nm
for visible light. By limiting the fluorescence emission to a narrow region thus
providing a high signal to noise ratio. TIRF microscopy is routinely used to im-
age single-molecule and ensemble fluorescence in DIBs [67, 182, 75, 79, 148] as
the agarose substrate is thin enough to allow the evanescent field to illuminate

the bilayer.
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2.4.2 Interferometric scattering microscopy

Reflection is the scattering of light from a flat surface where the electric field
components constructively interfere. Two major forms of scattering exist: elas-
tic scattering, where no energy transfer is involved, and inelastic scattering,
where energy is transferred between electromagnetic radiation and matter. Al-
though inelastic scattering techniques can be used for imaging lipid phase sep-
aration [6], this work is concerned with the detection of elastically scattered
photons. Scattering modes can be differentiated by the size parameter o ex-
pressed as follows:

a = md/\ (2.3)

where d is the diameter of a particle and A is the excitation wavelength. For
a << 1, Rayleigh scattering dominates, for a &~ 1 Mie scattering dominates
and for a >> 1 geometric scattering, or reflection, dominates. For most bi-
ological applications, however, where the dimensions of the imaged entity is
approximately ten times smaller than the wavelength of the excitation source,
the Rayleigh approximation suffices to predict and characterise the emerging
scattering field. According to the Rayleigh approximation, the scattering am-

plitude s by a sphere of diameter d is given by:

3/ n? —n?

2 p m
= — (2 2.4
2T Ty (ng—l—Zn?n) (24)

The total intensity I, received at the detector following excitation is composed

[13l]

of a static background term (reflection) “b”, a scattering term “s” and an

interference term “bssin0”. I is expressed as:
Liet = Iy + I, = (B + E,)* = EZ(b* + s> — 2bssin ) (2.5)

Assuming that the contribution of the scattering signal s? is negligible for a

nano-sized object, equation 2.5 is reduced to:

Liw = I, + I, = (B, + E,)? = E*(b* — 2bssin 0) (2.6)
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One successful approach for label-free imaging can be deduced from equation
2.6. The interference term (bssinf) scales linearly with s and, consequently,
with d3. To facilitate comparison between intensity values, the contrast C is

defined as:
2ssind

I, b

(2.7)

Interference Reflection Microscopy (IRM), which operates on the detection of
the interference between reflections from different interfaces at different heights,
was first adapted by Curtis in 1964 [39] to visualize cell adhesion and later used
for imaging phase separation in lipid monolayers [92]. In 2004, the lab of Vahid
Sandoghar developed Interferometric Scattering (iISCAT) microscopy [111] to
track the position and orientation of single virus particles (VLPs) [102]. The
difference between iSCAT and IRM is that the background signal “b” is removed
during post processing by averaging all frames in a video. By employing faster
and more sensitive Complementary Metal Oxide Semiconductor (CMOS) cam-
eras, iISCAT is now capable of imaging in the microsecond regime, at the single

molecule level and with nanometer localization precision.
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Figure 2.3: Schematic diagram showing the principle of operation of (A) TIRF and
(B) iSCAT. In TIRF, an evanescent wave propagates perpendicular to the plane of
an interface for a distance (d ~ 100 nm) exciting all molecules at the vicinity of the
interface and the fluorescence emission (f) is collected. In iSCAT, the superposition of
the wave scattered by nano-sized objects (Is) and the wave reflected by macroscopic
objects (Ip) is detected (Iget) and the background signal is removed in the post
processing.

In 2009, Kukura and coworkers demonstrated the label-free tracking of the
position and orientation of Simian 40 Virus Like Particles VLPs [102]. VLPs
were labelled using Quantum Dots (QDs) and tracked on SLBs using fluores-
cence and iSCAT to reveal exclusive diffusion traits. In another report by Pil-
iarik and Sandoghar, label-free optical detection of single proteins was demon-
strated on four different proteins ranging from 65 kDa to 340 kDa [137]. The
reported contrast scaled linearly with their molecular weights, compliant with
the assumption that the density and refractive index of the four proteins is
naively similar, and, therefore, the contrast signal is proportional to the vol-
ume of the proteins. These, and other reports [130, 7], demonstrate the ability
to image and track nano-sized biological objects which could have not been

imaged using fluorescence microscopy alone.
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2.5 Experimental setup

2.5.1 Fluorescence microscope setup

All optical components were obtained from (Thorlabs, New Jersey, US) unless
otherwise stated. A 532 nm ND:YAG diode-pumped solid state laser (SLIM-
532, Oxxius, Lannion, France) was collimated and launched into a 450-600
nm single mode (460 hp) optical fiber a 2 mm molded glass aspheric lens
(352150-C). Light out of the fiber was coupled to an optical fiber port of a
TIRF Eclipse Ti microscope (Nikon, Tokyo, Japan) passing through a 545/650
nm bandpass dichroic filter (FF545/650-Di-01, Semrock, New York, US) and
finally into a 60x, 1.45 Numerical aperture and oil immersion TIRF illuminated
microscope objective (Nikon). fluorescence emission was imaged by an EM-
CCD chip (iXon 3, Andor, Belfast, UK) after passing through a 532nm long
pass emission filter (BLP01-532R-25, Semrock). A schematic diagram for the

described experimental setup is shown in figure 2.4.

41



Figure 2.4: Schematic diagram of the TIRF microscopy setup. L: Laser, 1: colli-
mation lenses, 2: single mode fiber, 3: dichroic mirror, 4: objective lens, 5: glass
coverslip, 6: droplet, 7: emission filter, 8: tube lens, C: camera.
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2.5.2 iSCAT and TIRF microscope setup

For iSCAT, the output of a 662 nm diode laser (Obis, Coherent, California, US)
was collimated to 2 mm beam diameter before passing through two acousto-
optic Deflectors (AODs) (Gooch and Housego, Ilminster, UK). The two AOD
channels were scanned in a saw tooth by separate phase-locked function genera-
tors (DG 1022, Rigol, Reading, UK) at 79 and 80 kHz, respectively. The beam
deflected by the AODs was imaged with telecentric lenses onto the back focal
plane of 60x, 1.45 Numerical aperture and oil immersion TIRF illuminated mi-
croscope objective (Plapon, Olympus, Tokyo, Japan) after passing through a
polarizing beam splitter. The scanned beam under fills the back aperture of
the objective to generate a focal spot of ~ 1um. A quarter wave plate placed
before the objective causes the p-polarised incident light to be converted into a
s polarized light after reflection from the sample. The light reflected by the po-
larizing beam splitter was detected by a CMOS camera (MV-D1024-160-CL-8,
Photonfocus, Lachen, Switzerland) at 250x magnification.

For combined TIRF and iSCAT, a 473 nm diode laser (Crystal Laser,
Nevada, US) was focused at the back aperture of the objective to totally inter-
nally reflect off the sample. The beam generated a wide field illumination spot
with FWHM = 15 pm. The beam is reflected off a 505 nm long pass dichroic
mirror. A 605 nm long pass dichroic mirror transmits the 662 nm beam. Fluo-
rescence in the 505 nm to 605 nm window is separated from both the reflected
662 nm beam and 473 nm beams by the two dichroic mirrors. After passing
through a 550 nm long pass filter, the fluorescence emission is imaged on to
an EM-CCD chip (iXon 860, Andor). A schematic diagram for the described

iSCAT setup is shown in figure 2.5.
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Figure 2.5: Schematic diagram of the iSCAT microscopy setup. L1: 473 nm Laser,
L2: 660 nm laser, 1: AODs, 2: collimation lenses, 3: PBS, 4: long-pass dichroic
mirror, 5: quarter wave plate, 6: objective lens, 7: sample, 8: mirror, 9: long pass
dichroic mirror, 10: mirror, 11: tube lens, 12: mirror, 13: tube lens, 14: mirror, 15:
tube lens, 16: tube lens, c1: EM-CCD, C2: CMOS camera and C3: CMOS camera.
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2.6 Data processing

2.6.1 Image processing

The constant background in iSCAT images is removed by recording 1000 images
while manually moving the sample stage. Each pixel is then replaced by the
temporal median value of the frame sequence to generate an optimal flat field

image that is independent of the sample.
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Figure 2.6: Processing of iSCAT images. A background image (B) of a stack (A)
is obtained by summing the individual pixels across all the frames of the stack and
dividing by the total number of frames of the stack. A differential stack (C) is
obtained by dividing each frame of the stack (A) by the background image (B). To
enhance the contract, consecutive sub stacks are averaged into single images and
eventually concatenated to produce the final reduced stack (D). Reproduced from

[130]

Following division by the flat field image, sample-specific images with shot
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noise limited sensitivity are obtained [130]. Focus was maintained by feedback
control of the sample stage by detecting the reflected 473 nm beam on a CMOS
chip. The feedback loop operates at 20 Hz, keeping the z position within 5 nm
of the target.

2.6.2 Particle tracking

The centroid positions and contrast values were obtained by fitting objects in

the image to Gaussian Point Spread Functions (PSF) of the general form:

2(1—_162) (<x ;:30)2 i (y ;yy0)2 _ 2c(x —Ui(:j(j/ - 3/0))

f(z,y) = Aexp [
(2.8)

Particle tracking was performed by the ImageJ Trackmate algorithm! [91]
which employs a Laplacian of Gaussian (LoG) filter for detection. The Half-
Width Half Maximum (HWHM), contrast and diffusion coefficient were calcu-
lated for each trajectory using a home-written MATLAB protocol (Appendix

B.2).

2.6.3 Processing and tracking microdomains

Microdomain tracking was carried out by a home-written MATLAB protocol
(Appendix B.2). Briefly, a Gaussian profile, corresponding to the illumina-
tion pattern, was divided from the raw stacks to create a flat background.
Domains were identified by thresholding normalised images and rejecting all
objects above or below a certain area range and which are not circular. The

identified objects were, consequently, tracked by a closest-neighbour algorithm.

2.6.4 Mean squared displacement calculation

For each track, the MSD was calculated using a running-average function

whereby, for a time difference At,, x and y positions, the MSD is represented

"Downloaded from http://fiji.sc/TrackMate. Maintained by Jean-Yves Tinevez (jean-
yves.tinevez@pasteur.fr).
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as:

Nn

MSD(At,) = z(jot +ndt) — x(j6t)]* + [y (it +ndt) —y(jét)]?)

N—n+1 J=0

(2.9)
Where N is the total number of frames in a stack and n is size of the averaging
window. Lateral diffusion coefficients, D, are calculated from the average value
of the MSD which in turn is calculated by fitting a linear function to the ob-
tained M SD(At,) and weighting the fit to the standard deviation of the errors
in the mean squared displacement. The diffusion coefficients and measured

radii of the identified objects were fit with different diffusion models (section

1.4).

47



3

Fluorescence imaging and characterisation of
lipid phase separation in droplet interface
bilayers

DIBs are configurable, substrate-supported, fluid membrane systems, which
can be accessed using a wide range of optical microscopy techniques and have
been employed in studying a number of biological processes (subsection 1.3.3).
In this chapter, I examined multi-component phase-separated DIBs using flu-

orescence microscopy. The following experiments are described:
A. Sampling regions of lipid phase diagrams;
B. Measuring the diffusion of lipid domains in phase separated DIBs;
C. On-demand control of lipid composition in DIBs;
D. Imaging the lipid phase-dependent pore formation of Equinatoxin II;

E. Imaging electroporation in phase separated DIBs

3.1 Solubility of ternary lipid mixtures in hex-
adecane

Lipid phase separation has not been previously reported in DIBs. The solubility
of different lipid mixtures in hexadecane was examined. Three mixtures were
used: DOPC and bSM; DOPC, bSM and Chol; DOPC, POPC, bSM and

Chol. The stocks in chloroform were transferred to separate Teflon-capped
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vials and subjected to nitrogen until a lipid film formed at the bottom of each
vial. Hexadecane was titrated to each vial and the solubility was measured at

different temperatures (figure 3.1).

3.1.1 Results

With the exception of the solubility of (DOPC and bSM) which increases with
temperature, the solubility of (DOPC, bSM and Chol) and (DOPC, POPC,

bSM and Chol) was not found to increase with temperature.
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Figure 3.1: Solubility of DOPC:bSM 1:1 (blue), DOPC:bSM:Chol 1:1:1 (red) and
DOPC:POPC:bSM:Chol 1:1:1:1 (orange) in hexadecane. The solubility of all lipid
mixtures is larger than the concentration of lipid in oil used in this work (8.7 mg/mL).
With the exception of the solubility of the binary mixture of DOPC:bSM, which in-
creases with temperature, all other compositions do not show a pronounced variation
in solubility with temperature.

3.1.2 Discussion

The solubility limit of these lipid mixtures in hexadecane is well above the

concentration of lipid in oil used for experiments described in this dissertation
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(8.7 mg/mL), and thus we conclude that the mass of lipids added to hexadecane

accurately represents their concentration.

3.2 Sampling of ternary lipid mixtures in DIBs

Sampling of studied ternary lipid mixtures in DIBs was carried out. DIBs
of ternary lipid mixtures were formed according to the protocol described in
section 2.3 and imaged using the setup described in subsection 2.5.1. It is
predicted that DIBs formed of lipid mixtures in hexadecane contain 9.2%v
oil content [68]. Different phases were visualised by the addition of TRITC-
DHPE and Dil-Cg; two fluorescent probes which are known to partition in the
Lq phase [18]. The phase diagrams for the ternary lipid mixtures of (DPhPC,
DPPC and Chol + 1 mol% of TRITC-DHPE) and (DPhPC, bSM and Chol +
1 mol% of Dil-Cig) as obtained by fluorescence imaging, are shown in figures
3.3 and 3.4, respectively. 16 different molar compositions of (DPhPC, DPPC
and Chol) and (DPhPC, bSM and Chol) were sampled.
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Figure 3.2: Absorption and emission spectrum of (upper panel) TRITC-DHPE, (mid-
dle panel) DiI-C18 and (lower panel) ATTO 488 DPPE.
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3.2.1 Results

Continuous and bright regions were attributed to the L4 phase. Dark,
micrometre-sized, circular regions with fluctuating boundaries that can coa-
lesce were attributed to the L, phase. Dark, micrometer sized, asymmetric
regions with preserved boundaries that did not coalescence were attributed to

the S, phase.

DPhPC 2° 40 00 % DPPC

Figure 3.3: TIRF microscope images of DIBs composed of DPhPC, DPPC and Chol
at different molar compositions: 1- (1:1:1), 2- (1:3:1), 3- (5:5:10), 4- (3:3:4), 5- (4:2:4),
6- (4:4:2), 7- (4.75:0.5:4.75) and 8- (1:1:8). (1), (3), (4), (5) and (6) lie in the two-
phase region. (2) lies in the three-phase region. (7) and (8) lie in the single-phase
region. Scale bar = 5 pm. Phase boundary is reproduced from [195].
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Figure 3.4: TIRF microscope images of DIBs composed of DPhPC, bSM and
Chol at different molar compositions: 1- (4:4:2), 2- (5:5:0), 3- (3.33:3.33:3.33), 4-
(3.75:3.75:2.5), 5- (5:2.5:2.5), 6- (4.5:4.5:1), 7- (6.25:0.65:3) and 8- (3:2.8:4.2). (1),
(3), (4), (5), (6) and lie in the L,/Lq phase coexistence region. (2) lies in the S,/Lg
phase coexistence region. (7) lies in the single-phase region. Phase boundary is
reproduced from [24].

3.2.2 Discussion

The obtained phase diagrams agree with those obtained by NMR spectroscopy
and confocal microscopy for multi-component GUVs [195, 24|, however, the

following uncommon traits were also observed:

A. Contrary to other reported findings in GUVs, mixtures containing phos-
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pholipids and cholesterol alone exhibited L, domains with preserved
boundaries which sometimes prevented their coalescence. This might be
caused by the presumably high line tension imposed by the architecture
of DIBs which affects the ordering of the saturated PC molecules preserv-
ing them in a highly ordered state and/or an increase in the membrane
dipole potential caused by the presence of oil between the phospholipids
as recently reported [146].

B. In addition, an intermediate fluorescence intensity was sometimes ob-
served in ternary lipid mixtures exhibiting two co-existing phases. This
could be attributed to either the presence of a third phase, which has
been eluded to before but never observed [197, 195], or, the stimulated
formation of another phase by effect of the presence of asymmetric bilayer
leaflets. Recently published report argued against the latter case, pro-
viding strong evidence that bilayer asymmetry promotes the formation

of binary phases by domain registration [140].

3.3 Measuring the diffusion of lipid domains in
phase separated DIBs

The successful sampling of ternary lipid mixtures in DIBs has been demon-
strated, however, the applicability of DIBs for studying the dynamics of lipid
phase separation has never been demonstrated in the previous section. In this
section, the diffusion of microscopic lipid domains examined. DIBs composed
of (DPhPC, DPPC and Cholesterol + 1 mol % of TRITC-DHPE) were formed
according to the protocol described in section 2.3 and imaged using the setup
described in subsection 2.5.1. Obtained image sequences were analysed and
diffusing microscopic domains were tracked as described in subsection 2.6.3.

Obtained tracks were analyzed as described in subsection 2.6.4.
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3.3.1 Results

pePlcle

Figure 3.5: A time sequence of a diffusing microdomain in a DIB composed of
DPhPC:DPPC:Chol (1:1:1) being tracked for 5 seconds. Scale bar = 1pm.

The diffusion of the tracked microdomains was fitted to four models (chapter
2): 1- Guigas-Weiss [69], 2- Evans-Sackmann [53], 3- Hughes, Philthorpe and
White [87] and 4- Petrov-Schwille [134] (figure 3.6). For the Evans-Sackmann
model, the second type modified bessel functions Ky(e) and K;(€) in equation

1.12 were replaced with the following approximations:
i 1 9 25
Kole) =y/=—e 1 — —(1— —(1——
00 = /5 1= 5 (1~ 35 (1= 550)]

T . 3 5 21
Ki(e) = o [l S (1= (1= 20))] (3.1)
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Figure 3.6: Tracking of large microdomains. Diffusion coefficients versus domain
radius was fit to the large limit of the Saffman-Delbruck (yellow), Guigas-Weiss
(green), Petrov-Schwille (blue) and Evans-Sackmann models (red). The Guigas-
Weiss model best describes the data (GW: x? = 1.329, n.= 0.00363 Ns/m?, ¢ =
6.475E-6; ES: x? = 1.990, n,, = 0.39288 Ns/m, bs, = 3779.6 Ns/m?; PS: y? = 6.928,
ne = 0.00357 Ns/m?, " = 5.4E-9 Ns/m; SD: x? = 1.705, 1. = 0.0040 Ns/m?). Error
bars report standard deviation (N = 36).

3.3.2 Discussion

Weighted by the standard deviation, the four diffusion models fit the data rea-
sonably. The range of membrane viscosities (7, ~ 0.4 - 1.4 Ns/m) and solvent
viscosities (7. ~ 0.004 Ns/m?) obtained closely resembles those reported in the
literature (7,, ~ 0.6 Ns/m) [34] and (. ~ 0.001 - 0.05 Ns/m) [133, 138]. How-
ever, comparing the reduced chi-squared values (x?) obtained from fitting the
data to Guigas-Weiss model (x? = 1.329), Petrov-Schwille approximation (y?
= 6.928), Evans-Sackmann model (x? = 1.990) and Saffman-Delbruck model
(x* = 1.705), the Guigas-Weiss model was deemed to provide the best rep-
resentation of the experimental data. The similarity between the membrane

viscosity values previously reported and those we measured suggests that the

presence of an underlying hydrogel film does not have any major effects on the
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diffusion of inclusions in DIBs. This was previously shown by Thompson and
coworkers where the diffusion of labelled phospholipids was compared to the
diffusion of lipids in SLBs and was found to be an order of magnitude higher;

resembling diffusion coefficients obtained in GUVs [183].

3.4 On-demand control of lipid composition in
individual bilayers

Biological membranes are thought to be capable of modulating their lipid com-
position in situ [35]. That capability might provide biological membranes with
a means of modulating a range of processes including the formation and de-
struction of lipid phases. Replicating this process in a reduced environment
would permit studying its effects on protein function. To pursue that goal, the
cyclic oligosaccharide family of cyclodextrins has been widely used to modulate
the lipid composition of GUVs by extracting specific components. For example,
methyl-5-cyclodextrin (mSCD) is routinely employed for cholesterol extraction
[205, 107, 93]. However, its mechanism of action is still poorly understood; in
particular, it is unknown whether msCD) extracts only cholesterol, or other
lipids, and whether the extraction process affects both leaflets of the bilayer
or only the outer leaflet. Thus far, methods employed to induce changes in
the lipid composition of individual bilayers fail to yield systematic results. The
architecture of DIBs suggests a simple way to control the lipid composition of
an individual bilayers. In DIBs, lipids in the oil phase are expected to be in
equilibrium with those in the bilayer, with continuous exchange of lipids that
occur at the interface (figure 3.7). We speculated that the titration of appro-
priate amounts of lipids in the oil phase should result in a compositional change

in the bilayer.
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Figure 3.7: Schematic diagram showing the principle underlying the in situ modu-
lation of lipid composition in individual bilayers. Since lipids in the oil phase are
in equilibrium with those in the bilayer, on-demand control of the bilayer’s lipid
composition is possible by titrating set amounts of known lipids into the oil phase.

3.4.1 Results

DIBs composed of either
A. 1:1 of DPhPC and bSM (+1 mol% of Dil-Csg), or
B. 1:1:1.6 of DPhPC, bSM and Chol (4 1 mol% of Dil-Csg),

were formed according to the protocol described in section 2.3. DIBs were vi-
sualized using the setup described in subsection 2.5.1. Two titration sequences
were tested: reversible and irreversible titrations. Three stepwise titrations of
cholesterol (irreversible) into a single DIB were performed from the initial com-
position “1” and three consecutive titrations of DPhPC and bSM (reversible)
from the initial composition “2”. These titrations were designed to cross the
phase boundary and so provide visual confirmation of a compositional change

in the bilayer. The titre was calculated so that the final concentration of the
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lipids in the oil phase was kept constant at 8.7 mg/mL. Furthermore, the vol-
ume of oil used in each titration was calculated so that the total titrated volume
was less than the volume of the individual wells. Care was taken to ensure that
the droplets were immersed in the oil solution. The droplets were heated for 20
minutes in a preheated oven set at 46°C to ensure optimal mixing of the bilayer
components and faster equilibration between lipids in the monolayers and those
in the oil phase. The results for the irreversible and reversible titrations are

shown in figures 3.8 and 3.9 respectively.

Figure 3.8: Consecutive titrations of cholesterol in a bilayer composed of a binary
mixture of DPhPC and bSM from an initial composition (a) - (1:1 - DPhPC:bSM)
to a final composition (d) - (1:1:8 - DPhPC:bSM:Chol). (a) lies in a region of S,/Lq
phase coexistence. (b) and (c) lie in a region of L, /Lq phase coexistence and (d) lies
in a single Ly phase region. Scale bar = 17 pm. Phase boundary is reproduced from
[24].
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Figure 3.9: Consecutive titrations in lipids and cholesterol to a bilayer composed of a
ternary mixture of DPhPC, bSM and Chol from an initial composition (1) - (1:1:1.6
- DPhPC:bSM:Chol) to a final composition (3) - (1:1:3 - DPhPC:bSM:Chol). (1)
and (2) lie in a region of L,/Lq phase coexistence and (3) lies in a single Ly phase
region. Scale bar = 17 pm. Phase boundary is reproduced from [24].

3.4.2 Discussion

Cholesterol was irreversibly titrated in a composition containing 0% cholesterol
until 60% cholesterol was reached following three consecutive titrations. The
overall change in the fluorescence intensity of a bilayer not only marks the for-
mation and destruction of multiple phases, but also, the successful modulation
of a bilayer’s content. The successive growth of domains between (a) and (c)

in figure 3.8 is roughly proportional to the amount of cholesterol embedded in
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the bilayer and is consistent with predictions. Likewise, the reversible titration
of lipids and cholesterol, depicted in figure 3.9, shows the reversible destruc-
tion and reformation of co-existing liquid phases that is also consistent with
predictions.

According to my knowledge, this is the first systematic modulation of the
lipid composition of an individual bilayer. The protocol followed in this disser-
tation includes heating of the droplets following each titration, this step can
be eliminated at the expense of longer modulation times.

After developing these methods, we applied them to two biologically-

relevant problems where lipid phase separation is important.

3.5 Lipid phase dependent pore formation of
Equinatoxin 11

Pore-forming proteins play a dominant role in cell apoptosis [81, 132, 88, 20,
149, 174]. Their strategy involves binding to the cell membrane [22], assem-
bling [182] and inserting into the host membrane to eventually cause cell lysis
[161]. The binding of some pore forming proteins is catalysed by the presence
of specific bilayer components [14, 61] and/or the presence of coexisting phases
[160]. The lack of a single artificial membrane technique which permits the
imaging of lipid phase separation and pore formation simultaneously has hin-
dered progress in elucidating the functional role of lipid phase separation in
promoting protein binding and pore formation.

Eqtll is a member of actinoporin protein family [59, 37, 5|, isolated from
the sea anemone Actinia equina. Eqtll is believed to play a role in paralyzing
prey and defending against predators [59]. EqtIlI is a 20 kDa protein with high
affinity for sphingomyelin-containing lipid membranes [14]. Cy3-labeled pore
forming protein Equintatoxin II (EqIT) was examined in phase-separated DIBs.
EqlI was previously reported to preferentially bind to the boundaries of L, /Lq
phases [160], however, the lipid phase dependant pore formation of EqII has
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not been delivered. DIBs composed of DPhPC, eSM and Chol (+ 1 mol %
Dil-C18) were formed according to the protocol described in section 2.3. The
formed DIBs were visualised using the imaging setup described in subsection
2.5.1. Following DIB formation, EqIT monomers were injected into the aqueous

phase of a phase-separated DIB system using a piezo-driven glass micropipette.

3.5.1 Results

EqIT monomers were found to preferentially bind to the boundaries of L,/Lg

phases, as previously reported, and then diffuse into the Ly phase (figure 3.10).

A 1 min 5 min 20 min
L.

DIOC ,(2)

Eqtll

Os 15s 60s 300s 600s 1200s

Figure 3.10: (A) Binding of cy3-labelled EqII monomers at domain boundaries. (B)
Diffusion of the monomers into the disordered phase. DiO-Cig is a marker of the
disordered phase. Scale bars = 10 pm.

To study the phase-dependant pore forming mechanism of EqlI, calcium
flux imaging was performed. CaCl, was added to the rehydration agarose
and the calcium sensitive dye Fluo-8H was added to the buffer solution. Micro
electrodes were inserted into the aqueous droplets and the rehydration agarose.

A potential difference was applied between the electrodes to drive the calcium
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ions through the EqII pores. A localised fluorescence signal is produced near
the pore as calcium ions bind Fluo-8H. Dual colour imaging of Cy3b and Fluo-

8H showed pore formation in the Lq phase (figure 3.11).

Ca?* flux Eqtll merged

Figure 3.11: Dual color calcium flux and single molecule imaging of Eqll pores and
monomers revealing the phase-dependance of Eqll pore formation.

3.5.2 Discussion

These results suggest two models for the mechanism of action of EqlII:

A. Binding at the boundary of L,/Lg, insertion, diffusion into the L4 phase

then and pore formation; or

B. Binding and accumulating at domain boundaries leading to saturation of

binding sites, followed by binding L4, insertion and pore formation.

Although this experiment is the first to combine simultaneous membrane imag-
ing and calcium flux imaging, it could not differentiate between both models.
By combining calcium flux imaging with single-molecule Forster Resonance
Energy Transfer (smFRET) it could be possible to elucidate the insertion dy-

namics of pore forming toxins in relation to lipid phase separation.
Contribution

Experimental work done in collaboration with J. Rojko. Danial prepared phase-

separated DIBs and Rojko injected EqII.
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3.6 Electroporation of phase separated DIBs

Electroporation, the transient permeabilization of biological membranes by the
application of an electric field, is a commonly used non-invasive method for
the delivery of biomolecules into cells [175, 49]. Electroporation is employed
for gene transfection [2]. Electropores are electric field induced pores in lipid
membranes that are thought to be toroidal in shape [185, 181], however, there is
not experimental observation to support this claim. Recent molecular dynamics
simulations of multi-component phase-separated lipid bilayers predicted that
electropores preferentially form in the Ly phase [145], however, there is no

experimental evidence to confirm these predictions.
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Figure 3.12: Schematic for Imaging setup used to study electroporation in phase-
separated DIBs.

3.6.1 Results

DIBs composed of DPhPC,bSM and Chol (1:1:1 + 1 mol% Dil-C;g) and
DPhPC, DPPG and Chol (+ 1 mol% Dil-C;5) were formed according to the

protocol described in section 2.3. The formed DIBs were visualised using the
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imaging setup described in subsection 2.5.1. Calcium flux imaging was per-
formed to observe electropores. CaCl, was added to the rehydration agarose
and the calcium-sensitive dye Fluo-8H was added to the buffer solution. Micro
electrodes were inserted into the aqueous droplets and the rehydration agarose.
A potential difference (95 - 160 mV) was applied between the electrodes to drive

the calcium ions through the electropores.

Figure 3.13: Electroporation in phase-separated DIBs. Images are median z-
stacks; recordings were made between 95 and 160 mV. The colour of a trajec-
tory indicates the time at which it began in the recording; see coloured bar be-
neath images. (C-E) DPhPC:DPPG:cholesterol, 1:1:1. Arrow in (E) indicates a
gap between two solid ordered phases through which an electropore passes. (F)
DPhPC:sphingomyelin:cholesterol, 1:1:1. Electropores form and are trapped within
small pools of the Ly phase, marked by arrows. Scale bars are 5 pm.

3.6.2 Discussion

Application of an electrical potential across the membrane resulted in resolvable
voltage-sustained fluorescence bursts indicative of the presence of electropores.

The electropores were furthermore diffusive, thus, affirming claims related to
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the fluidity of the bilayer (figure 3.13A, B, C and E). Electropores formed and
diffused inside the L4 phase and were not found in the L, phase. This is the

first time that the diffusion of electropores has been observed.
Contribution

Experimental work done in collaboration with J. Sengel

3.7 Summary

In this chapter, I have described work towards imaging and characterizing
multi-component phase-separated DIBs. Although the architecture of DIBs
makes it appealing to study various membrane processes simultaneously, it is
the fluid-like property which makes it most distinctive from other substrate-
supported systems. In chapter 4, I describe work towards imaging the dynamics

of transient nanoscopic lipid domains in phase-separated DIBs.

65



4

Dynamic label-free imaging of lipid
nanodomains

Phase separated DIBs have been constructed using the protocol detailed in
chapter 3 and examined using iISCAT microscopy. In this chapter, the following

related experiments are described:
A. Label-free imaging of phase-separated DIBs,

B. Label-free imaging of induced L, nanodomains in DIBs composed of

ternary lipid mixtures,

C. Label-free imaging and characterization of induced S, nanodomains in

DIBs composed of ternary lipid mixtures, and

D. Label-free imaging and characterization of transient L, nanodomains in

DIBs composed of quaternary lipid mixtures.

Contribution

Experimental work done in collaboration with G. de Wit. Danial conceived
the idea, Danial prepared the DIBs, Danial and de Wit performed the imaging,
Danial and de Wit analysed the S, data, Danial analysed the L, data and

Danial prepared the figures.
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4.1 Introduction

The construction and observation of multi-component phase-separated arti-
ficial membrane systems has served to explain lipid phase separation from
a physical perspective [17, 196, 197, 195, 198]. Failure to observe transient
nanoscopic lipid rafts vivo has led to increased uncertainty in the interpreta-
tion of biochemical experiments performed on biological membranes. Advances
in fluorescence microscopy and labelling chemistry have recently permitted the
tracking of fluorescently labelled sphingomyelin molecules in the membrane of
HeLa cells [48]. Under physiological conditions, the transient entrapment of
individual Sphingomyelin molecules in cholesterol-mediated nanoscopic com-
plexes was detected using STED-FCS. These results were interpreted in favour
of the existence of transient nanoscopic lipid rafts, however, the transient bind-
ing of Sphingomyelin to cholesterol-mediated supramolocular complexes was
not excluded. More recently, improved fluorescently labelled lipid analogues
with longer tail structures were developed [82, 169], incorporated and tracked
using STED-FCS in biological membranes [83]. This study concluded that bi-
ological membranes are spatially homogenous and that spatial heterogeneities
previously observed are attributed to the steric pressure between the large
fluorescent probes. These results could be thought to have abolished any pre-
sumed evidence pointing towards the compositional heterogeneity of cellular
membranes, and in particular, the existence of lipid rafts, however, the rela-
tively low spatial and temporal resolution reported (60 - 80 nm) does not the
exclude possibility of the existence of yet smaller, more dynamic, lipid rafts in
biological membranes.

The orchestrated distribution of proteins in biological membranes remains
a dilemma. Some recent reports propose that the mismatch between the length
of the transmembrane domain of different membrane proteins is adequate to
sort, even structurally homologous, proteins into distinct domains [120]. Oth-

ers have shown that the anchoring of the cytoskeleton to biological membranes
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is responsible for the formation of multi-protein assemblies underlying its gross
organization [151, 84] and induces temperature-resistant lipid phase separation
in multi-component artificial membrane systems. Very recently, transmem-
brane coupling of some membrane proteins was discovered to drive their clus-
tering at the nanoscale [142]. Hydrophobic mismatch, cytoskeleton binding and
transmembrane coupling might all contribute to the segregation of membrane
proteins, yet, the question remains, whether the formation and destruction of
lipid rafts plays an organisational role. The observation of transient nanoscopic
lipid rafts using fluorescence microscopy is not possible due to the inefficient
partitioning of currently available lipid probes [82] and the anticipated effects
these might have on lipid segregation at the nanoscale [52, 198]. Label-free
microscopy techniques, such as Atomic Force Microscopy (AFM), were previ-
ously employed to observe nanoscopic lipid domains in SLBs [36]. However, the
slow acquisition rates and the reduced fluidity in SLBs have not allowed the
observation of transient nanoscopic lipid domains at relevant timescales. Reflec-
tion Interference Contrast Microscopy (RICM) was successfully used to image
micron-sized domains in phase separated substrate-supported lipid monolayers
[92] but this work was not carried further. RICM was also used to image phase
separated lipid bilayers [54, 141]. The height and refractive index mismatch
between different coexisting phases in multi-component phase-separated DIBs
can, in principle, provide a detectable scattering signal in ISCAT microscopy

8, 7, 131, 102, 130, 137].
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4.2 Label free imaging of phase separated
DIBs

Fluorescence

E Oil

Aqueous
Droplet

l ‘ L
Es

Er

Figure 4.1: Label-free imaging of phase-separated DIBs using iSCAT. (A) Schematic
of a DIB showing ordered (light grey) and disordered (black) phases. The interference
between the scattered and reflected fields (Fs and E,) is detected in the far-field
using a CMOS camera. (B) 100 ms TIRF (top) and iSCAT (bottom) images of a
DIB containing L, domains within a bulk Lg phase. (1:1 DOPC:bSM + 1 mol % Atto
488 - DPPE). The static background due to scattering from the agarose substrate
can been seen in this raw iSCAT image. This background is subtracted in subsequent
images. Scale bars 5 pm.

DIBs composed of a 1:1 mixture of DPhPC and bSM (4 1 mol % ATTO 488
- DPPE) were formed according to the protocol described in section 2.3. The
formed DIBs were visualised using the imaging setup described in subsection
2.5.2. Freely diffusing S, micron-sized domains were simultaneously observed
using scattering and fluorescence (figure 4.1B). Images were processed as de-
scribed in subsection 2.6.1. Figure 4.2 shows the difference between raw and
processed images. S, domains of the aforementioned mixture had a pixel We-
ber contrast of 4%!. The detection limit in iSCAT is 0.6% (set by shot noise)

the observation of nanoscopic lipid domains was sought.

"'Weber contrast is defined as the ratio of the time-dependent intensity (the signal) to the
time-independent intensity (the background)
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Figure 4.2: (A) Comparison of raw and processed TIRF and iSCAT images. Images
of domains in a 1:1 DOPC:bSM bilayer with 1 mol% ATTO 488 - DPPE. Images

were taken at 100 Hz (iISCAT) and 20 Hz (fluorescence). Scale bar 10 pm. (B) MSD
versus time for micro domains showing Brownian diffusion.

4.3 Label free imaging of induced L, nan-
odomains in ternary lipid mixtures

DIBs composed of a 1:1:1 mixture of DPhPC, bSM and Chol were formed ac-
cording to the protocol described in section 2.3. DIBs were visualized using the
imaging setup described in subsection 2.5.2. The microscope objective of the
imaging setup described in subsection 2.5.2 was fitted with an objective heater
controlled using a variable current output controller. Furthermore, precautions
were taken to insulate the device from the metal stage to ensure minimal heat
dissipation. The temperature of the objective was monitored in real time us-
ing a thermocouple. The temperature of the objective was ramped from room
temperature (=~ 23°C) to (= 45°C) above the transition temperature of the
ternary lipid mixture (/~ 35°C) until lipid mixing was complete and a single
phase was observed throughout the whole bilayer. The device was then allowed
to cool and nanoscopic lipid domains were seen to emerge as the bilayer’s tem-

perature passed below the transition temperature of the ternary lipid mixture.
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The emerging lipid nanodomains were tracked and the contrast was measured

with time (figure 4.3).

A B

Contrast (%)
w

0.99 Time /s

Figure 4.3: (A) Time-lapse sequence of iSCAT images of L, nanodomains appearing
from a uniform L4 phase upon cooling of a droplet below the phase transition tem-
perature. The droplet was heated to 45°C for 10 minutes. Nanodomains appeared
2 - 5 minutes after heating was removed. (D) Trajectories corresponding to average
pixel contrast within a 900 x 900 nm window centered on each nanodomain labelled
in (B). Values before the appearance of the domain are representative of the back-
ground fluctuations at the position where the domain first becomes visible. Scale
bars 5 pm.

The size of induced L, nanodomains is below the diffraction limit but can be
deduced from their respective diffusion coefficients. However, the diffusion of
L, domains is subject to hydrodynamic perturbations and is expected to be
inconsistent with the mathematical models describing the diffusion of cylin-
drical inclusions in two-dimensional membranes (section 1.4). The diffusion
of S, nanodomains has been modelled (section 1.4). In the next section, S,
nanodomains are imaged and tracked. A relationship is obtained between the

size, contrast and diffusion of S, nanodomains.
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4.4 Label free imaging of induced S, nan-
odomains in ternary lipid mixtures

DIBs composed of a 1:1 mixture of DPhPC and bSM were formed according to
the protocol described in section 2.3. DIBs were visualized using the imaging
setup described in subsection 2.5.2. To effectively reduce mechanical drifts
of the sample, stage or immersion oil whilst imaging, objective heating was
replaced with laser heating. The intensity of the excitation laser was increased
30 fold to induce local heating of a 1 pm? area of the sample. The time taken
for a micron-sized domain to become a diffraction-limited-sized domain is ~ 10
minutes and the time taken for a diffraction-limited-sized domain to completely

disappear is ~ 1 minute.

I1.03
L L - K ™ . . * .
0.99

Figure 4.4: 15 s, time-lapse sequence of iISCAT images showing shrinking S, nan-
odomains in a DIB (1:1 DPhPC:bSM, plus 1 mol% Atto488-DPPE. Scale bar 0.5
pm.

A large number of S, nanodomains were imaged and tracked to obtain the
relationship between the radius and peak contrast. Nanodomains were tracked
and were subsequently fitted with gaussian profiles as described in subsection
2.6.1. The Half Width Half Maximum (HWHM) and peak contrast value of
each imaged gaussian-fitted nanodomain was computed and plotted as shown

below.
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Figure 4.5: HWHM versus contrast for S, nanodomains. HWHM tends to the res-
olution limit of our microscope as the contrast decreases. Our limiting detectable
contrast is 0.5% at 0.5 kHz. Error bars show the average error in the HWHM, based
on the covariance of the Gaussian fitting parameters.

Figure 4.5 shows the dependance of the HWHM on the peak contrast value.
Below a contrast value of 3% all the domains are smaller than the diffraction
limit of light; this is evident from the limiting HWHM at low contrast. The dif-
fusion coefficients of small micron-sized S, domains were computed and plotted
against their corresponding measured radii values (figure 4.6). The scatter plot
was fitted to four models for two-dimensional vales (section 1.4). The diffusion
of micron-sized domains was reasonably described by all four diffusion models.
However, it is evident that, below the diffraction limit, different models do
substainally diverge. To discriminate between the different models, the radii of
domains just smaller than the diffraction limit (but with contrast greater than
2%) were determined by deconvolution of this PSF (338.6 nm). Fitting the
combined data from domains smaller and larger than the diffraction limit, the
Guigas-Weiss (x? = 2.957) model was found to best describe the data (figure
4.6).
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Figure 4.6: Tracking of small S, microdomains. Data was recorded at 500 Hz,
using 662 nm illumination at a power density of 0.7 kW /cm?. The radii of domains
smaller than the diffraction limit (338.6 nm) was obtained by deconvolution of the
PSF. Diffusion coefficients versus domain radius was fit to the large limit of the
Saffman-Delbruck (yellow), Guigas-Weiss (green), Petrov-Schwille (blue) and Evans-
Sackmann models (red). The Guigas-Weiss model best describes the data (GW: x?
= 2.957, n.= 0.00505 Ns/m?, ¢ = 1.377 x 10-6; ES: x? = 3.002, 1,,, = 0.20596 Ns/m,
bs = 13561.8 Ns/m3; PS: x? = 6.110, 1. = 0.0083 Ns/m?, n,, = 2.5 x 10-12 Ns/m;
SD: x2 = 9.02, n. = 0.00306 Ns/m?, 7,, = 1.51 Ns/m). This scaling enables the
estimation of So and Lo nanodomain radii.

By extrapolating the Guigas-Weiss fit, the size of domains below the diffraction
limit can be deduced (figure 4.7). Comparing the diffusion coefficients with
those we measure for the smallest detectable domain predicts a radius of ~ 50

nim.
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Figure 4.7: Diffusion coefficient (red) versus radius calculated by calibration to mi-
crodomain diffusion for the same bilayer composition. Contrast (blue) versus radius
calculated from the measured diffusion coefficient. Contrast increases with increasing
radius and can be approximated by a sigmoid (dashed line) until we approach the
resolution limit.

Following our determination of the scaling of domain diffusion with radius,
the scaling of radius with contrast was examined. A sigmoid function was cho-
sen to fit the data (Appendix C.1). The function is mathematically expressed

as:

o(r) = oo+ — 1 __ (4.1)

Where ¢y = 0.61081 is the detection limit, ¢,,,, = 3.3037 is the contrast at the
diffraction limit, rg = 131.72 is the inflection point and m = 25.146 is the rate
of increase of the sigmoid function. ¢y is dictated by the smallest observable
contrast, which in turn is dictated by shot noise, while ¢,,,, is dictated by the
refractive indices of the different phases and their surroundings and the PSF
of the microscope. The sigmoid function, describing the dependance of the
contrast on the radii of S, nanodomains, can also be used to deduce the radius

of any nanoscopic domain, whether S, or L,, provided that the peak contrast
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value at or above the diffraction limit is known.

4.5 Label free imaging of transient L, nan-
odomains in quaternary lipid mixtures

Although S,/L4q phase coexistence has enabled a determination of the scal-
ing between the contrast and radii of nanodomains, it has limited biological
relevance. L,/Lq phase coexistence is implicated in the formation and destruc-
tion of nanoscopic functional lipid rafts. In 2013, Heberle and coworkers used
FRET, SANS and Monte Carlo Simulations to detect of L, nanoscopic lipid
domains [76] in sub 100 nm liposomes. Using a quaternary mixture of DSPC,
DOPC, POPC and Chol they showed that modulating p = [DOPC]/([DOPC]+
[DSPC]) can modulate the size of L, nanoscopic lipid domains present in the
system. Their measurements indicate an increase in the average diameter of a
domain from =~ 13 nm to 32 nm when the molar ratio p was changed from 0 to
0.3. The mismatch in the thickness of a bilayer, brought by the presence of satu-
rated and saturated lipids, is capable of modulating the size of nanoscopic lipid
domains. Here, quaternary lipid mixtures were exploited. Although Heberle
and coworkers used DSPC, DOPC, POPC and Chol, DSPC is a long chain lipid
that is immiscible in hexadecane and therefore hard to incorporate in DIBs. To
resolve that problem, the quaternary mixture DSPC, DOPC, POPC and Chol
was replaced with DOPC, POPC, bSM and Chol. The latter composition is
compatible with the architecture of DIBs. Whilst the ratio of (DOPC+POPC)
to bSM and Chol was kept constant, p was varied. DIBs composed of a p:(1 -
p):1:1 mixture of DOPC, POPC, bSM and Chol were formed according to the
protocol described in section 2.3. DIBs were imaged using the setup described

in subsection 2.5.1.
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Figure 4.8: (A) TIRF and iSCAT images for quaternary mixtures of DOPC, POPC,
bSM and Chol p:(1 - p):1:1 (+ 1 mol % Dil-C18), with the fraction, p, varying from
1 to 0.6. iSCAT images were binned to 100 Hz. TIRF images were binned to 10

Hz. Scale bar 2.5 pm. (B). Image sequences of nanodomain / microdomain merging.
Scale bar 1 pm.
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Figure 4.9: Observing transient nanodomains. Image sequence of nanodomains merg-
ing, disappearing, and appearing for p = 0.6. Scale bar 1.5 pm.

As the molar ratio p is decreased from 1 to 0.7, domain boundaries’ fluc-
tuations become pronounced (figure 4.8a). At p = 0.6, no phase coexistence
was observed in TIRF, but, highly dynamic diffraction-limited spots, that are
spontaneously formed and destructed within a short time scale, were observed
in iSCAT (figure 4.8b and 4.10). These diffraction-limited spots were not ob-
servable for any other lipid composition and are therefore, indeed, transient

nanoscopic lipid domains.
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Figure 4.10: Extended image sequence of nanodomains in dynamic equilibrium at p
= 0.6. Scale bar 2.5 pm.
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4.6 Characterisation of the transient dynamics
of L, nanodomains

To characterise their dynamics, the observed transient L, nanodomains were
tracked as described in subsection 2.6.1 and analyzed using a home written
MATLAB script (Appendix B.2). The HWHM of the Gaussian-fitted transient
nanodomains did not vary with their peak contrast, consistent with diffraction

limited nanodomains.
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Figure 4.11: Measured diffusion versus contrast and HWHM for p = 0.6 (749 do-
mains).

Nanodomains were transient with a mean lifetime of 220 ms and a standard
deviation of 60 ms. The upper limit for the lifetime of those transient nan-
odomains did not exceed 350 ms, however, the lower limit was governed by the
detection limit of the imaging setup. The dependance of the contrast on the
radius of Sy nanodomains, represented by the sigmoid form, can be applied to
infer the radii of the transient nanoscopic L, domains. The sigmoid function in
figure 4.7 is multiplied by the ratio of the maximum detected contrast for L, to
So microdomains (2.2% to 4%) to estimate average size of the imaged transient

nanoscopic L, domains. The range of radii of the observed nanodomains is
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broad, consistent with their dynamic nature, and has a mean of 130 nm. In ad-
dition, all radii values are below the reported HWHM (& 190 nm) in agreement

with previous conclusion that they are diffraction-limited in size.

A B

0.2 0.2

Frequency
o
Frequency
o

0- 0-
50 150 250 350 450 60 80 100 120 140 160 180
Lifetime /ms Radius /nm

Figure 4.12: Distribution of lifetimes (A) and calculated radii (B) transient of nan-
odomains for p = 0.6 (749 domains).

4.7 Discussion

The precise mechanistic role of lipid rafts remains elusive. In some scenarios,
membrane proteins are expected to contribute to the coalescence of transient
nanoscopic lipid domains to form discernable micron-sized domains which are
sufficiently stable over long periods of time to control downstream protein func-
tions. The precise manner in which cellular membranes modulate the size, and
consequently the lifetime, of its rafts, if they exist, is yet unexplored. But,
the nanodomain lifetimes measured, and detailed herein, are on a similar order
to the kinetics reported for many membrane-signaling processes [30, 113, 187].
This suggests that the dynamic creation and destruction of lipid nanodomains
might indeed be a key modulator of protein signaling. One example is the
dimerization of GPI-anchored receptors taking place on the timescale of a sev-

eral hundred ms, where dimerization might be altered by raft-lipid interactions
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[177]. These results represent the first step in exploiting iISCAT to provide
a quantitative understanding of the potential role of nanoscopic lipid phase

separation in membrane signaling.

4.8 Summary

This chapter details my work in exploiting the differences in light scattering
from lipid bilayer phases to achieve dynamic imaging of nanoscopic lipid do-
mains without any fluorescent labels. We resolve the diffusion of domains larger
than 50 nm in radius and observe nanodomain formation, destruction and dy-
namic coalescence with a domain lifetime of 220 +/- 60 ms. Domain dynamics
on this timescale suggests an important role in modulating membrane protein

function.
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5

Conclusion and outlook

In this dissertation, I have described work towards imaging and characteriz-
ing lipid phase separation in DIBs. The accessibility of DIBs to optical mi-
croscopy, has helped providing novel insights on the functional architecture
of heterogenous lipid membranes. Specifically, the introduction of iISCAT as
a label-free, all-optical, tool for probing DIBs has confirmed the existence of
transient nanoscopic domains in heterogenous lipid membranes. The detection
of functional, transient and nanoscopic lipid rafts in the plasma membrane of
living cells remains a holy grail in molecular biology research. The challenges
posed by the mentioned goal are both numerous and varied [136]. The devel-
opment of lipid probes which can faithfully partition into the L, phase and the
use of STED-FCS has rendered fluorescence microscopy capable of detecting
domains as small as 60 nm; yet it fails to detect such transient nanoscopic lipid
rafts in biological membranes. Here, iSCAT was used to resolve transient lipid
nanodomains in vitro, the question remains if this method could be applied to
living cells. iSCAT lacks the molecular specificity to differentiate between dif-
ferent biological entities in a crowded environment. Preliminary experiments
performed on surface adhered HeLa and ptk2 cells were inconclusive (figure
5.1). At some instances, static!, nanoscopic, membrane-localized objects were

seen, and at others, the scattering signal from the plasma membrane was dis-

!The membrane-localized static objects could be lipid Caveolae; nanoscopic membrane
undulations which are implicated in numerous membrane signalling and trafficking processes
[30, 78, 171].
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torted by the interference of inter-cellular scattering signals.

Figure 5.1: Label-free imaging of surface adhered (A) HeLa and (B) ptk2 cells using
iSCAT.

The aim is to combine the sensitivity of iISCAT with the specificity of sin-
gle molecule fluorescence and try to detect the transient enhancement of raft-
implicated proteins in transient nanoscopic lipid domains in vitro first, then in
vivo. This goal is inevitably challenging and should span a long term, mean-
while, the dynamics of the observed transient lipid nanodomains should be bet-
ter characterized. Control over the size of L, nanodomains was demonstrated
by modulating the ratio of lipids in quaternary mixtures. To permit mathe-
matical modelling of this behaviour, the mean radii and lifetimes for transient
nanodomains should be precisely quantified for a large range of lipid molar
ratios. This can be achieved by sampling of specific quaternary lipid mixtures
with different mixing ratios or using the titration method described in chapter
3. The titration method will not only permit control over the composition of
the individual bilayers, but will offer the possibility of mimicking cellular lipid
recycling in vitro and examining its effect on lipid phase separation and protein
organization.

With respect to protein dynamics, here, it was shown that the insertion
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and pore formation of EqII are strongly correlated with the presence of tensed
phase boundaries. If lipids rafts could exist in living cells they would posses low
line tensions similar to those mimicked in vitro using quaternary lipid mixtures.
Combining the techniques used to examine the phase-dependant pore forma-
tion of Eqll with the dynamic, label-free, imaging of transient nanodomains
should permit an examination of the different models of how peripheral proteins
interact with transient nanoscopic lipid rafts.

Finally, iSCAT is not limited in its application to single, fast-diffusing, bi-
ological molecules, but can indeed, be used to study a large number of other
systems whose dimensions are between 100 nm and 1 pm. For these applica-
tions, powerful lasers and fast cameras are not required. In fact, incoherent
light sources, as opposed to coherent laser sources (e.g. Light Emitting Diodes
(LEDs)), were found to be capable of producing a detectable contrast from 40
nm gold nanoparticles. This finding needs to be better formalized to open up

new opportunities for the development of low-cost iSCAT microscopy.
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preparation.
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A.2 Book Chapters
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Appendix B

Codes

B.1 Stack Reduction Code

Average=300

SourceDir = getDirectory ("Choose a Directory");
FolderList = getFilelList (SourceDir);
length=FolderList.length

for (i=1; i<=length; i+=Average)

{

run ("Image Sequence...", "open=[SourceDir] number=Average
starting=i increment=1 scale=100 file=tif");

run ("Grouped Z Project...","Group=Average");

selectWindow (File.getName (SourceDir) );

close () ;

}

run ("Concatenate...", "all open title=[Concatenated Stacks]");

run("Z Project...","start=1 stop=i")

imageCalculator ("Divide create 32-bit stack", "Concatenated
Stacks", "MED_Concatenated Stacks");

B.2 Tracks Processing Code

clear all;

close all;

FILE.NAME = uigetfile('x.csv', 'Please choose your video
files', '"MultiSelect', 'on');

FILES_COUNT = numel (cellstr (FILE_NAME)) ;

PIXEL_SIZE = 0.0424;

FRAME_TIME = 0.01;

SCALING_FACTOR = 10;

SLICE_WIDTH = 10;

TRACK_ID = [];
MAX_TRACK_ID = 0;
POSITION.X = []1;
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12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48

49

50

51

52

53

54

55

56

57

58
59

POSITION.Y = [];
MSD_T_PARTICLE_NUMBER = 97;
INTENSITY_T_PARTICLE_NUMBER = 15;
MEAN_INTENSITY = [];
FRAME_NUMBER = [];

ESTIMATED DIAMETER = [];

DATA = [];
DIFFUSION.C = [];
VECTOR_MSD_FINAL
MSD_T_VECTOR_MSD = [];
TRACK_COUNTER = 1;
FULL_TRACK_COUNTER = 1;

for FILENUMBER = 1 : FILES_COUNT

Il
—
~

DATA = [];
INDIVIDUAL_TRACK = [];
TRACK_ID = [];
POSITION.X = [];

POSITION.Y = [];
MEAN_INTENSITY = [];
FRAME NUMBER = [];
ESTIMATED DIAMETER = [];
FOUND_TRACK_FLAG = 0;
DATA = csvread(strcat (FILE.NAME{FILE_NUMBER}));
TRACK_ID = DATA(:,4);
MAX_TRACK_ID = max (TRACK_ID);
POSITION_.X = DATA(:,6);
POSITION.Y = DATA(:,7);
FRAME_NUMBER = DATA(:,10)+1;
MEAN_INTENSITY = DATA(:,15);
ESTIMATED.DIAMETER = DATA(:,20);
for TRACK.NUMBER = 0 : MAX_TRACK.ID
INDIVIDUAL_TRACK = [];
COPY_INDIVIDUAL_TRACK = [];
for SPOT_NUMBER = 1 : length(TRACK_ID)
if TRACK_.NUMBER == TRACK_ID (SPOT_NUMBER)
INDIVIDUAL_TRACK (FRAME_NUMBER (SPOT_NUMBER) , 1)
= FRAME_NUMBER (SPOT_NUMBER) ;
INDIVIDUAL_TRACK (FRAME_NUMBER (SPOT_NUMBER) , 2)
= POSITION_X (SPOT_NUMBER) ;
INDIVIDUAL_TRACK (FRAME_NUMBER (SPOT_NUMBER) , 3)
= POSITION.Y (SPOT_NUMBER) ;
INDIVIDUAL_TRACK (FRAME_NUMBER (SPOT_NUMBER) , 4)
= MEAN_INTENSITY (SPOT_NUMBER) ;
INDIVIDUAL_TRACK (FRAME_NUMBER (SPOT_NUMBER) , 5)
= ESTIMATED.DIAMETER (SPOT_NUMBER) ;
end
end
if isempty (INDIVIDUAL_TRACK) == 0
if size (INDIVIDUAL_TRACK, 1) < 40
VECTOR_TAU (FULL_TRACK_COUNTER) =
nnz (INDIVIDUAL_TRACK) /5;
end
FULL_TRACK_COUNTER = FULL_TRACK_COUNTER + 1;
COPY_INDIVIDUAL_TRACK = INDIVIDUAL_TRACK;
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60

61

62

63

64
65

66

67

68

69

70

71

72

73

74

75

76
T

78

79

80

81

82

83

84

for SLICE_INDEX = 1 : SLICE_WIDTH

size (INDIVIDUAL_TRACK,1) - SLICE_WIDTH

INDIVIDUAL_TRACK = [];

if FULL_TRACK_COUNTER == MSD_T_PARTICLE_NUMBER
INDIVIDUAL_TRACK = COPY_INDIVIDUAL_TRACK;

else

INDIVIDUAL_TRACK (1 : SLICE_WIDTH , : ) =
COPY_INDIVIDUAL_TRACK (SLICE_INDEX
SLICE_INDEX + SLICE_WIDTH - 1 , :);

end
for i = 1 : size(INDIVIDUAL_TRACK, 1)

if FULL_TRACK_COUNTER ~= MSD_T_PARTICLE_NUMBER

VECTOR_FRAME (i, TRACK_COUNTER) =
INDIVIDUAL_TRACK (i, 1);

VECTOR_X_POS (i, TRACK_COUNTER) =
INDIVIDUAL_TRACK (i, 2);
VECTOR_Y_POS (i, TRACK_COUNTER)
INDIVIDUAL_TRACK (i, 3);
VECTOR_INTENSITY (i, TRACK_COUNTER) =

INDIVIDUAL_TRACK (i,4);
VECTOR_DIAMETER (i, TRACK_COUNTER) =
INDIVIDUAL_TRACK (i, 5);

end

end

FULL_FLAG = 0;

for GAP = 1 R
INDIVIDUAL_TRACK (size (INDIVIDUAL_TRACK (:,1),1),1)
— INDIVIDUAL_TRACK(1,1)

N = 0;
MSD = 0;
for INDEX_1 =1 ..
size (INDIVIDUAL_TRACK(:,1),1) - 1

for INDEX_2 = INDEX_ 1 + 1 ..
size (INDIVIDUAL_TRACK(:,1),1)
if INDIVIDUAL_TRACK (INDEX_2,1)

INDIVIDUAL_TRACK (INDEX_1,1) ==

GAP &

INDIVIDUAL_TRACK (INDEX_2,2) >

0.5 &

INDIVIDUAL_TRACK (INDEX_1,2) >

0.5 &

INDIVIDUAL_TRACK (INDEX_2,3) >

0.5 &

INDIVIDUAL_TRACK (INDEX_1,3) > 0.5

MSD = MSD +
(INDIVIDUAL_TRACK (INDEX_2, 2)
INDIVIDUAL_TRACK (INDEX_.1,2))."2
+ ...
(INDIVIDUAL_TRACK (INDEX_2, 3)

INDIVIDUAL_TRACK (INDEX_1,3))."2;

N =N + 1;
break;
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86 end

87 end

88 end

89 if N > 0 & INDIVIDUAL_TRACK(:,2) > 0 &
FULL_TRACK_COUNTER ~= MSD_T_PARTICLE_NUMBER

90 VECTOR_MSD (GAP, TRACK_COUNTER) = MSD / N;

91 VECTOR_N (GAP, TRACK_COUNTER) = N;

92 FULL_FLAG = 1;

93 elseif == (0 & INDIVIDUAL_TRACK(:,2) > 0

& FULL_TRACK_COUNTER ~=
MSD_T_PARTICLE_NUMBER

94 VECTOR_MSD (GAP, TRACK_COUNTER) = 0;

95 VECTOR_N (GAP, TRACK_COUNTER) = N;

96 FULL_FLAG = 1;

97 elseif N > 0 & FULL_TRACK_COUNTER ==
MSD_T_PARTICLE_NUMBER

98 MSD_T_VECTOR_MSD (GAP) = MSD / N;

99 elseif N == 0 & FULL_TRACK_COUNTER ==
MSD_T_PARTICLE_NUMBER

100 MSD_T_VECTOR_MSD (GAP) = 0;

101 end

102 end

103 if FULL_TRACK_COUNTER ~= MSD_T_PARTICLE_NUMBER

& FULL_FLAG == 1;

104 TRACK_COUNTER = TRACK_COUNTER + 1;

105 end

106 end

107 end

108 end

109 end

110 %% Calculation of MSDs
111 MSD_LENGTH = 2;

112 RED_TRACK_NUMBER = 1;
113 COUNT = 1;

114 I_C_T_VECTOR_MSD
115 MSD_C_T_VECTOR_MSD = [];

116 for TRACK_NUMBER size (VECTOR_MSD, 2)

Il
—
~

Il
—

117 VECTOR_N_INT = 0;
118 for INT = 1 : MSD_LENGTH
119 if INT == 1
120 VECTOR_MSD_INT (INT) = .
(VECTOR_MSD (INT, TRACK_.NUMBER) - 0) =«
(VECTOR_N (INT, TRACK_NUMBER) ) ;
121 else
122 VECTOR_MSD_INT (INT) =
(VECTOR_MSD (INT, TRACK_NUMBER) - VECTOR_MSD (INT
- 1, TRACK_NUMBER)) * (VECTOR_N (INT, TRACK_NUMBER) ) ;
123 end
124 VECTOR_N_INT = VECTOR_N_INT + VECTOR_N (INT, TRACK_NUMBER) ;
125 end
126 if abs (VECTOR_MSD_INT (1) - VECTOR_MSD_INT (2)) < 30
127 VECTOR_MSD_FINAL (RED_TRACK_NUMBER) =

sum (VECTOR_.MSD_INT) .* ((PIXEL_SIZE "~ 2) /
(VECTOR_N_INT) ) ;
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128

129

130
131
132
133
134
135
136
137
138

140
141
142
143
144
145

146
147
148
149

151
152
153
154

156

157

159
160
161

162
163
164

166
167
168
169
170
171
172

VECTOR_INTENSITY_COPY (:, RED_.TRACK_NUMBER) =
VECTOR_INTENSITY (:, TRACK_.NUMBER) ;
VECTOR_.DIAMETER_COPY (:, RED_TRACK_NUMBER) =
VECTOR_DIAMETER (:, TRACK_NUMBER) ;
RED_TRACK_NUMBER = RED_TRACK_NUMBER + 1;
end
end
VECTOR_INTENSITY = [];
VECTOR_INTENSITY VECTOR_INTENSITY_COPY;
VECTOR_DIAMETER = [];
VECTOR_DIAMETER VECTOR_DIAMETER_COPY;

[)

%% calculation of diffusion co-efficients

VECTOR.DIFFUSION_FINAL = VECTOR.MSD_.FINAL ./ (4 x» FRAME_TIME);

%% calculation of Intensity values
for TRACK_.NUMBER = 1 : size (VECTOR_INTENSITY, 2)
INT_PRE_SUM 0;
COUNT = 0;
for INDEX R = 1 : size(VECTOR_INTENSITY, 1)
if VECTOR_INTENSITY (INDEX_R, TRACK_NUMBER) ~=
INT_PRE_SUM = INT_PRE_SUM +

0

VECTOR_INTENSITY (INDEX_R, TRACK_.NUMBER) ;

COUNT = COUNT + 1;
end
end

VECTOR_INTENSITY_FINAL (TRACK_.NUMBER) = INT_PRE_SUM /

(SCALING_FACTOR =* COUNT) ;
end
%% calculation of Measured Diameter
for TRACK_NUMBER 1 : size (VECTOR_.DIAMETER, 2)
DIAM_PRE_SUM 0;
COUNT = 0;
for INDEX_R = 1 : size(VECTOR.DIAMETER, 1)
if VECTOR_.DIAMETER (INDEX_R, TRACK_NUMBER) > 8

&&

VECTOR_DIAMETER (INDEX_R, TRACK_.NUMBER) < 10

DIAM_PRE_SUM = DIAM_PRE_SUM +
VECTOR_DIAMETER (INDEX_R, TRACK_NUMBER)
COUNT = COUNT + 1;
end
end

4

VECTOR_.DIAMETER_FINAL (TRACK_NUMBER) = (DIAM_PRE_SUM =«

PIXEL_SIZE) / COUNT;
end

%% Ranging
RANGE = find (VECTOR_INTENSITY_FINAL > 0 &

VECTOR_INTENSITY_FINAL < 2 & VECTOR.DIFFUSION_FINAL < 1 &

VECTOR.DIFFUSION_FINAL > 0 & VECTOR.DIAMETER_FINAL > 0);
VECTOR_INTENSITY_FINAL = VECTOR_INTENSITY_FINAL (RANGE) ;
VECTOR.DIFFUSION_FINAL = VECTOR_DIFFUSION_FINAL (RANGE) ;

VECTOR.DIAMETER_FINAL = VECTORDIAMETER_FINAL (RANGE)
VECTOR_TAU_FINAL = VECTOR.TAU (find (VECTOR_TAU > 0))
%% Grouping

GROUP_RANGE_OPT (1) = 1;
GROUP_RANGE_OPT (2) = 1;
TEMP_VEC (:,1) = VECTOR_INTENSITY_FINAL;
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173
174
175
176
177
178
179
180
181
182
183

184

186
187
188
189

190
191
192
193
194
195
196
197
198
199

200
201
202
203
204
205

207
208
209
210
211
212
213

214
215
216
217
218
219

220
221

if GROUP_RANGE_OPT (1) == 1
GROUPING.INTERVAL = 5;
MAX_VALUE = 1.8;
MIN_VALUE = 0.7;
TEMP _VEC (:,2) = VECTOR.DIFFUSION_FINAL;
INDEX = 1;
MEAN_Y_GROUP_VEC [1;
MEAN_X_GROUP_VEC = [];
Y_GROUP_VEC_SUB = [];
MEAN_ERROR_GROUP_VEC = [];
DIFFERENCE_INTERVAL = ((MAX_VALUE - MIN_VALUE) /

GROUPING.INTERVAL) ;

for RANGE_START = MIN_VALUE : DIFFERENCE_INTERVAL : MAX_VALUE

X_GROUP_VEC [1;
Y_GROUP_VEC = [];
count = 1;
for i 1 : length(TEMP_VEC(:,1))
if TEMP_VEC (i, 1) >= RANGE_START && TEMP_VEC (i, 1)
(RANGE_START + DIFFERENCE_INTERVAL)

X_GROUP_VEC = [X_GROUP_VEC TEMP_VEC (i,1)];
Y_GROUP_VEC = [Y_GROUP_VEC TEMP_VEC(i,2)]1;
Y_GROUP_VEC_SUB (INDEX, count) = TEMP_VEC (i,2);
count = count + 1;
end
end
if ~isempty (X_GROUP_VEC)
DIFF_I_MEAN_X_GROUP_VEC (INDEX) = mean (X_GROUP_VEC) ;
DIFF_I_MEAN_Y_GROUP_VEC (INDEX) = mean (Y_-GROUP_VEC) ;

DIFF_I_MEAN_ERROR_GROUP_VEC (INDEX) =
std (Y_GROUP_VEC, 1) ;
INDEX = INDEX + 1;
end
end
end
if GROUP_RANGE_OPT (2) == 1
GROUPING_INTERVAL = 5;
MAX_VALUE = 1.8;
MIN_VALUE = 0.8;
TEMP_VEC (:,2) = VECTOR.DIAMETER_FINAL;
INDEX = 1;
MEAN_Y_GROUP_VEC = [
MEAN_X_GROUP_VEC = [
MEAN_ERROR_GROUP_VEC
DIFFERENCE_INTERVAL = ((MAX_VALUE - MIN_VALUE) /
GROUPING_INTERVAL) ;

for RANGE_START = MIN_VALUE : DIFFERENCE_INTERVAL : MAX_VALUE

X_GROUP_VEC [1;

Y_GROUP_VEC = [];

count = 1;

for i = 1 : length(TEMP_VEC (:,1))

if TEMP_VEC (i, 1) >= RANGE_START && TEMP_VEC (i, 1)

(RANGE_START + DIFFERENCE_INTERVAL)
X_GROUP_VEC = [X_GROUP_VEC TEMP_VEC (i,1)];
Y_GROUP_VEC = [Y_GROUP_VEC TEMP_VEC (i,2)];
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222
223
224
225
226
227
228

229
230
231
232
233
234
235
236
237

238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

253

254

255

256
257
258
259
260
261
262
263

count = count + 1;

end

end

if ~isempty (X_GROUP_VEC)
DIAM_I_MEAN_X_GROUP_VEC (INDEX) = mean (X_GROUP_VEC) ;
DIAM_I_MEAN_Y_GROUP_VEC (INDEX) = mean (Y_GROUP_VEC);

DIAM_I_MEAN_ERROR_GROUP_VEC (INDEX) =
std (Y_GROUP_VEC, 1) ;
INDEX = INDEX + 1;
end
end
end
%% Data exclusion
EXC_RANGE = find(DIFF_I_MEAN_X_GROUP_VEC > 0.7);
DIFF_I_MEAN_X_GROUP_VEC = DIFF_I_MEAN_X_GROUP_VEC (EXC_RANGE) ;
DIFF_I_MEAN_Y_GROUP_VEC = DIFF_I_MEAN_Y_GROUP_VEC (EXC_RANGE) ;
DIFF_I_MEAN_ERROR_GROUP_VEC =
DIFF_I_MEAN_ERROR_GROUP_VEC (EXC_RANGE) ;
%% calculation of Estimated Diameter
FIT_OPTION (1) 1;
FIT_OPTION (2) 1;
X_MIN = 0.8;
X_MAX = 2;
STEP = 0.001;
X_RANGE_FINAL X_MIN : STEP : X_MAX;
X_RANGE_RED = X_RANGE_FINAL ./ 100;
KB = 1.3806503e-23;
TEMP.K = 25 + 273;
H = 3.3e-9;
if FIT.OPTION(1l) == 1

INITIAL_GUESS = [2e-9,0.001,5el12];

FIT_PARAMETERS = optimset ('Display', 'iter');

GUIGAS VAR = lsgnonlin (@ (GUIGAS_VAR)
DIFF_I_MEAN_Y_GROUP_VEC - lel2 .=«
GUIGAS_FITTING_FUNCTION (GUIGAS_VAR,
(DIFF_I_MEAN_X_GROUP_VEC ./ 100)), INITIAL_GUESS, [],
[], FIT_PARAMETERS) ;

GUIGAS_DIFFUSION_EQUATION_FINAL = ((K.B .» TEMPK) ./ (8
.x pi .+ GUIGAS_VAR(2))) .* tan(GUIGAS_VAR (L) .=
sqrt (GUIGAS.VAR (3) ./ X_RANGE_RED)) ./ sqrt (X_.RANGE_RED
./ GUIGAS_VAR(3)) .* lel2;

ISCAT_DIAMETER_EQUATION_FINAL = sqrt (X_.RANGE_RED ./
GUIGAS_VAR(3)) .* le9 .x2;

ISCAT_.DIAMETER_VEC_FINAL = sqrt ((VECTOR_INTENSITY_FINAL ./
100) ./ GUIGAS_.VAR(3)) . le9 .x2;

GUIGAS_VAR (1)
GUIGAS_VAR (2)
GUIGAS_VAR (3)

end

if FITOPTION(2) == 1
INITIAL_GUESS = [0.3,0.01,5el2];
FIT_PARAMETERS = optimset ('Display', 'iter');
SAFFMAN_DELBRUCK_VAR = lsgnonlin (@ (SAFFMAN_DELBRUCK_VAR)

DIFF_I_MEAN_Y _GROUP_VEC - lel2 .=x
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264

266

267

269
270

271
272

273

end

SAFFMAN_DELBRUCK_FITTING_FUNCTION (SAFFMAN_DELBRUCK_VAR,
(DIFF_.I_MEAN_X_GROUP_VEC ./ 100)), INITIAL.GUESS, [],
[], FIT_-PARAMETERS);

SAFFMAN_DELBRUCK_DIFFUSION_EQUATION_FINAL = ((K.-B .=* .
TEMPK) ./ (4 . pi . H .x SAFFMANDELBRUCK_.VAR(1)))
.* (log((H .* SAFFMAN_DELBRUCK_.VAR(1)) ./
(sgqrt (X_.RANGE_RED ./ SAFFMAN_DELBRUCK_VAR (3)) .=*
SAFFMAN_DELBRUCK_.VAR (2))) - 0.5772 + 0.5) .x lel2;

ISCAT_DIAMETER_EQUATION_FINAL = sqgrt (X_RANGE_RED ./
SAFFMAN_DELBRUCK_.VAR (3)) .x 1le9 .«*2;

ISCAT DIAMETER.VEC_FINAL = sqgrt ((VECTOR_INTENSITY FINAL ./
100) ./ SAFFMAN.DELBRUCK_.VAR(3)) .x le9 .x*2;

SAFFMAN_DELBRUCK_VAR (1)

SAFFMAN_DELBRUCK_VAR (2)

SAFFMAN_DELBRUCK_VAR (3)

CRITICAL RADIUS = (H .* SAFFMANDELBRUCK.VAR(1l)) ./ (2 .x
SAFFMAN_DELBRUCK_VAR (2)) x 1le9;

ISCAT_RADIUS_VEC_FINAL =

end

(VECTOR_INTENSITY_FINAL./ (50.x0.00002598)) .7 (1/1.40377);
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Appendix C

Reference material

C.1 Domain radius versus contrast
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Figure C.1: Logarithmic plot of the variation of the contrast (c) of S, domains with
the radius (r). Dashed lines are power (green, In(c) = 1.462 In[r] -6.377), and sigmoid
(blue, ¢ = 0.61081 + 3.3037/1+exp[(131.72-r)/25.146]) fits to the data.
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