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ABSTRACT

Cholesterol (Chol) is the most ubiquitous sterol in various systems such as
biomembranes, pulmonary surfactant, and marine aerosols. In biomembranes, the
primary role of Chol is to modulate physico-chemical properties (i.e., fluidity,
permeability, and mechanical strength). Another important function of Chol in
biomembranes is to sequester saturated phospholipids into microdomains commonly
referred to as lipid rafts. Many studies have placed an emphasis on elucidating these
structures because of their ability, to some extent, to recruit specialized intramembranous
proteins. It is known that the ability of Chol to successfully perform all these functions
hinges on its molecular structure. However, like any other unsaturated lipid, Chol is
susceptible to auto-oxidation by reactive oxygen species to form oxidized derivatives or
oxysterols. Not only is the hydrophilicity of the parent molecule increased, but also its
volume, thereby affecting lipid/sterol interactions.

In the first part of this study, the interactions between Chol and two of its oxidized
derivatives, 7-ketocholesterol (7-KChol) and 5p,6-epoxycholesterol (5,64-EChol), with
1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC), a lipid prominent in
biomembranes and pulmonary surfactant, were investigated by using compression

isotherm measurements and Brewster angle microscopy (BAM) on mixed monolayers at



the air/water interface. The compression isotherms and BAM images revealed that each
sterol exhibited different interfacial behavior. The experiments on mixed monolayer
experiments also revealed differences with the sterols condensing abilities (attractive
interactions), interfacial rigidity (hydrocarbon chain ordering), and domain morphology
(phase separation). Chol demonstrated the greatest ability in condensing DPPC
monolayers in comparison to oxysterols at low surface pressures (i.e., low lipid surface
coverage), however, at higher surface pressures relevant to biomembranes, condensing
abilities were markedly reduced. Also, both oxysterols were unable to rigidify DPPC
monolayers with the same efficiency as Chol. Finally, BAM images showed that
oxysterols were less effective in causing the phase separation of DPPC monolayers.

In the second part of this study, a more comprehensive approach was taken to
understand how increasing the chain length of saturated phosphatidylcholines (C12 to
C20-PCs) can affect their molecular-level interactions with Chol, 7-KChol and 5,64-
EChol. The results here show that the efficiency of PCs to form stable complexes with
sterols is related to the hydrophobic mismatch between PC and sterols. Additionally,
condensing abilities were shown to exhibit PC and sterol type dependency, however,
Chol still demonstrated superiority in terms of rigidity. Furthermore, with the longest PC
analyzed (C20-PC), the oxysterols demonstrated greater ability in fluidizing the
monolayer.

In the third part of this study, vibrational sum frequency generation (VSFG)
spectroscopy was used to obtain the pure spectra of all three sterols. The results here

show that all sterols exhibited different spectra in the C-H stretching region. These results



were quite interesting because of the fact that while these modifications to the Chol
molecule were not major, VSFG was sensitive enough to distinguish these subtle
differences.

These findings have great significance for understanding if oxysterols can impact
the proper functioning of membranes with respect to lipid raft promoting and fluidizing
capabilities. Previous studies have indicated that the aqueous core of marine aerosols are
coated with a thin layer of organic surfactants. The extent of surfactant packing on
aerosols can affect their aging, reactivity, and reflectivity, and, in turn, influence
atmospheric chemistry and climate change. Because these PC/oxysterols demonstrated
reduced interfacial rigidity, one can infer that they can affect the atmospheric processing

of aerosols.
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1. Chapter : Introduction

The motivation behind this study is to provide a better understanding of
molecular-level interactions of cholesterol (Chol) and some of its oxidized derivatives (or
oxysterols) mixed with physiologically-relevant phospholipid monolayers, specifically
phosphatidylcholines (PCs), at the air/water interface. In achieving this goal, this
dissertation thoroughly examines the presence of condensing, ordering, and stability
effects, as well as changes in domain morphology caused by these sterols when mixed PC
monolayers of varying saturated acyl chain lengths. The results shown in this work were
obtained by using a combination of compression isotherm measurements on a Langmuir
trough and Brewster angle microscopy (BAM). Studies involving Langmuir monolayers
have been proven to be quite successful in mimicking biomembranes, where
physiologically relevant surface pressures (IT > 30 mN/m) are easily attained." > At the
surface of an alveolus, pulmonary surfactant exists as a monolayer and are known to
reduce surface tension forces to very low values. Finally, lipids on the sea surface
microlayer (SSML) have been identified at surfaces of aerosols and may influence
atmospheric chemistries. Studies that focus on phospholipid/sterol interactions at the
air/faqueous interface are therefore of the utmost importance to biomembranes, pulmonary

surfactant and environmental systems and many others. The introduction of this



dissertation, therefore serves as a brief summary of many lipid-rich systems where

fundamental studies on aqueous surfaces are quite informative.

1.1 Cellular Membranes

Biological membranes (biomembranes) are complex structures with a wide array
of lipids and proteins that are arranged in an asymmetric bilayer (Fig. 1.1).> * The lipid
constituents are quite diverse because of their varying chemical structures and different
degrees of polarity as they can either be nonpolar or amphiphilic (i.e., containing both
polar and nonpolar parts). The predominant types of lipids in biomembranes are
phospholipids and sphingolipids. Phospholipids are composed of a glycerol backbone
where two long fatty acyl chains are esterified at the C-1 and C-2 positions and a
negatively-charged phosphate group that is esterified at the C-3 position (Fig. 1.2). In
biomembranes, usually two long fatty acids chains are attached to the glycerol backbone
with approximately the same length, however, difference do arise with respect to their
relative saturation levels. Typically, the fatty acid chain length in eukaryotes lies between
12 and 20 carbon atoms, with 16-18 being the most common (Fig 1.3).> On the
phosphate group, different polar moieties can be attached that contain a variety of
chemical groups. In eukaryotic organisms, PCs are the major phospholipid constituent
with more than 50% of total membrane phospholipids.® In PCs, a positively-charged
choline group is attached to the phosphate group by a phosphodiester bond. Both

phosphate and choline groups collectively result in PC being a zwitterionic molecule at



physiologically-relevant pH. In biomembranes, PCs are required to maintain membrane
structure.®’

Another essential constituent of biomembranes are sterols. Sterols are abundant in
the plasma membranes of eukaryotes and are essential for proper membrane function.® ®
Chol is the most abundant sterol in eukaryotic cell membranes and can amount to as
much as 3040 mol % of the total lipid fraction.® Because of its relatively high levels,
Chol plays a key role in modulating some important physico-chemical properties of
cellular membranes including fluidity, permeability, and mechanical strength. However,
one key structural role of Chol concerns its involvement in the formation of
microdomains such as lipid rafts. Lipid rafts are enriched in sphingolipids as well Chol,
and are believed to sequester and regulate the function of various intramembranous
proteins.” 1° These properties, in turn, affect many vital cellular processes such as
molecular trafficking, cell signaling and proliferation.' ** ** * Even though Chol plays
such an essential role in cells, its presence in excess concentrations is known to be a
factor in the onset of atherosclerosis.’® ** This process occurs as Chol was shown to
aggregate in plasma membranes and form monohydrate crystals.”> However, the
nucleation mechanism by which this aggregation occurs is not well understood.

A considerable amount of research has been devoted towards understanding Chol
and its interactions with other lipid components in biomembranes as well as in simplified
model membrane systems. Model membrane systems consisting of saturated
sphingolipids and phospholipids with sterols have proven invaluable in gaining insight

into membrane lipid interactions. Among these phospholipids, saturated chain PCs and



their interactions with Chol have been extensively studied in model bilayers and
monolayers with various computational and experimental methods.’® 1" & 1 While
sphingolipids are necessary for raft formation, saturated PCs can mimic some of their
structural properties by sharing similar phosphorylcholine headgroup and saturated tails.
In all the PCs, dipalmitoylphosphatidylcholine (DPPC) has been a widely used model
lipid in many studies because of its prevalence in biological membranes and pulmonary
surfactant.”> Model membranes studies with DPPC and other saturated PCs have revealed
that the incorporation of Chol into a monolayer leads to a reduction in the mean
molecular area occupied by the lipids, a phenomenon commonly referred to as the
“condensing effect”. This also increases the conformational ordering of the lipid acyl
chains that then leads to an enhanced packing efficiency modulated by Chol. Both
condensing and ordering effects attributed to Chol are highly dependent upon its
molecular structure therefore small modifications in the latter can have implications for
the interactions with lipid and protein components in biomembranes.?* %

Oxidized derivatives of Chol or oxysterols are the results of modifications to the
molecular structure of Chol that contain an additional oxygen atom in the form of a
ketone, hydroxyl, hydroperoxy, or epoxy group.? The additional oxygen moiety not only
increases the hydrophilicity of oxysterols in comparison to Chol, but it can also alter their
three-dimensional (3D) shape.?* Previous studies on the effects of oxysterols in
membrane systems have demonstrated that they exhibit weaker membrane condensing
and ordering abilities than Chol and therefore have reduced capabilities to promote lipid

raft formation.2> 26 2728



The presence of oxysterols in biomembranes has been known for decades, but it is
only recently that their role as biomarkers of cellular oxidative stress has been
recognized.? ** Chol in biomembranes is susceptible to oxidation via enzymatic and non-
enzymatic (auto-oxidation) pathways to form oxysterols.?? The structural parts of Chol
that are easily oxidized are the double bond between C5 and C6 and the vinylic
methylene group at C7.*° In humans, 7-ketocholesterol (7-KChol) is primarily formed via
the auto-oxidation pathway of Chol at the C7 position.*" * It is also the major oxysterol
species in oxidized low-density lipids (LDL) and atherosclerotic plaques, and has been
implicated in neurodegenerative diseases, apoptosis in various cells types, and the
formation of crystalline domains in the aortic muscle cells.®" 3* 34 % Another oxysterol,
5p,6-epoxycholesterol (5,64-EChol), is formed via the auto-oxidation pathway at the
C5-C6 double bond of the p-face of the steroid backbone.*® Previous studies have
suggested that 5,64-EChol might be involved in several human pathologies which include
diabetes, Alzheimer's disease, reproductive disorders, and cancer.®” In an in vitro study
by Pulfer and co-workers, 5,68-EChol was also identified as one of the major end
products formed from the oxidation by ozone of Chol present in lung surfactant.®

To understand how 7-KChol and 5,64-EChol can have differing interactions with
phospholipids relative to Chol, it is important to look at structural differences and
similarities. Chol has four fused rings designated A, B, C and D (steroid nucleus), a 3-
OH group, a double bond between C5 and C6, and an isooctyl side chain at C17 (Fig.
1.4A).% 10 The steroid nucleus is planar and rigid, however, the isooctyl hydrocarbon

chain is quite flexible.® On the g-face of Chol there are two methyl groups at C10 and



C13 that make this side of the molecule somewhat “rough”. The molecular structure of 7-
KChol is quite similar to Chol as the planarity of the A and B rings is preserved;
however, differences arise with respect to the additional ketone group at C7 (Fig. 1.4B).
With regards to 5,6p4-EChol, the molecular structure differs from Chol as there is no
double bond between C5 and C6 and also by the presence of an epoxy group that projects
out of the S-face of the steroid ring (Fig.1.4C). In addition, the absence of the double
bond between C5 and C6 in 5,68-EChol destroys the planarity of the A and B rings.?
Typically, the 34-OH group of the sterols prefers to reside closer to the phospholipid
ester carbonyl group and the aqueous subphase, whereas the steroid nucleus remains
embedded in the hydrophobic core of the phospholipid tails.'® Earlier studies have shown
that raft promoting abilities of oxysterols are dependent on the chemical structure and
position of the oxygen moiety within the molecular structure of Chol.?” ?® Therefore in
depth studies are required to fully understand how different oxysterols can impact

membrane function.
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Figure 1.4 Chemical structures of (A) Chol, (B) 7-KChol, and (C) 5,6 -EChol.
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1.2 Pulmonary Surfactant

The air/aqueous interface of mammalian lungs contains a complex mixture of
lipids and proteins collectively called pulmonary surfactant (PS).* *% %> 4 Ps is required
to reduce surface tension forces at the air/aqueous interface of alveoli to very low values
(~1 mN/m), thereby facilitating the breathing process and preventing the alveoli from
collapsing during the expiration phase.** 4647 48.49

The composition of PS is ~90 % lipids and ~10 % proteins by weight, however,
the most prevalent lipid constituent has a PC headgroup.*? The fatty acid component of
the PC can be saturated or unsaturated as well as having different acyl chain lengths. The
dominant lipid component in PS is DPPC, which has two 16 carbons fatty acid chains.
This molecule is of absolute necessity in PS as it is the only lipid that can lower surface
tension to near zero values in a highly compressed state.® While the strength of DPPC
lies in its ability to lower surface tension forces, its weak point is its inability to absorb or
respread at the air/aqueous interface quickly enough as physiologically required. At 37
°C, DPPC is still quite rigid because it exists in the S phase which explains its poor
respreading abilities. Unsaturated lipids components are required to facilitate this process.
While PCs are the major phospholipid class in PS, other components include
phosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, and
phosphatidylserine.”® These phospholipids have also been revealed to help in modulating
the respreading and absorption of DPPC. Another constituent present at the air/aqueous

interface of alveoli is Chol. Its main function is to maintain the balance between the

fluidic and rigid lipid phases in PS.%
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The total surface area of the human lungs is quite large (~70 m?), therefore
leaving it quite susceptible to toxins from exogenous and endogenous sources.’? Some
exogenous sources include tobacco smoke, toxic gases, vapors, chemicals, dust particles
and ambient air toxins.>® Also in the body, ROS are constantly generated from many
endogenous sources that include mitochondria, phagocytic cells, and the nuclei.>* While
the human body has an elaborate mechanism in place to reduce the impact of tissue
damage caused by ROS and other toxins, there are instances where this mechanism can
become overwhelmed and as such can lead to injury. One possible way for toxic gases
and ROS to exert their toxic effects are via lipid mediators that are formed during their
interactions with the lipid component of PS.>® The target components of PS that are more
susceptible to toxic effects are the unsaturated phospholipids and Chol. One previous
study revealed that ozone can react with Chol in PS to yield 5,64-EChol.>® This
observation was made by Pulfer et al. who demonstrated that when the bronchoalveolar
lavage fluid from mice was exposed to precise levels of ozone, 5,64-EChol was identified
as the major ozonolysis products.® Various in vitro studies have also demonstrated that
5,64-EChol can cause cytotoxicity.>’ In recent years, there has been increasing evidence
to suggest that free radicals in the initiation of cellular injury can lead to the development
of several lung diseases, for example, acute respiratory distress syndrome (ARDS).>®

ARDS is a lung disease that affects ~150,000 people per year in the USA and has
a fatality rate of approximately 30-40%.°% ® A patient suffering with ARDS has
inhibition of the surfactant components resulting from leakage of serum proteins,

hemoglobin, and certain lipids from the small capillaries that surround the alveoli.® ®
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The leakage of these components in the lungs is generally the result of the inhalation of
toxic gases, severe lung infection, inhalation of gastric contents, and circulatory shock
near drowning or radiation damage.®” ® Persons diagnosed with ARDS show signs of
progressive lung failure, which is an indication of collapsed alveoli, decreased lung
compliance, decreased functional residual capacity, and lung edema.®® At present, no
drug has proved beneficial in the prevention or management of ARDS. The current
treatment options for ARDS include using noninvasive ventilation or mechanical
ventilation with low tidal volumes.** However, studies have shown that the ventilation
methods used to treat ARDS can lead to ventilator-induced lung injury. ® For instance, a
study by Klimenko et al. observed how different mechanical ventilation methods can
cause injurious effects by monitoring the production of 7-KChol, a stable by-product
from the oxidation of Chol and indicator of toxicity.® This particular oxysterol was
monitored because of its high activity and increased ability to penetrate into the cell to

cause increased cytotoxicity.

1.3 Marine aerosols

Given the vastness of the oceans, marine aerosols constitute the most important
and largest reservoir of atmospheric aerosols on a global scale.®® Marine aerosols have
garnered a lot of interest because of their crucial implication in atmospheric chemistry,
biogeochemical cycling of nutrients (e.g., C, N and S), as well as in global climate
change through their effect on cloud condensation nuclei, radiative balance, and level of

precipitation.® Primary marine organic aerosols originate mainly from wind-driven
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turbulent wave action at the ocean surface, more specifically through the production of
sea spray from breaking waves.?’ It is well documented that marine aerosols are enriched
in organic matter originating from the sea surface microlayer (SSML), a thin organic
layer present at the marine surface.®® Their structure resembles that of “inverted micelles"
with an aqueous core coated by an organic layer of surfactant-like molecules.®® ™ As
these organic species can originate from both anthropogenic and biogenic sources,
variability in their composition is expected and may influence aging and surface
reactivity of marine aerosols."

According to recent studies, the organic layer of marine aerosols contributed by
the living and decaying organic matter present in the sea surface microlayer (SSML)
typically contain mono-, di- and tricarboxylic acids, various short chain n-alkanes,
alcohols, and fatty acids, sterols, as well as monoterpenes and primary saccharides.”® ™
Earlier studies have also identified fatty acids as the most prevalent organic on the
surface of marine aerosols.*® *® Tervahattu et al., with the use of TOF-SIMS went even
further and labeled both palmitic acid and stearic acid as the most abundant organic
component on aerosols.’? ™ " The probable source of palmitic and stearic acids are from
the degraded phospholipid components found in cellular membranes of many organisms.

Phospholipids, in particular PCs, the most prevalent lipid component in cellular
membranes, has also been detected in the SSML and are also most likely on the surface
of marine aerosols.’”” Sterols, another prominent lipid species in cellular membranes, have
also been identified at the SSML and are commonly used to identify the sources of

organics in sea water and sediments and serve as stable ecological biomarkers.® & 7 &
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Among sterols, cholesterol is the most abundant at the marine surface.® While
cholesterol and other sterols may demonstrate some stability over a period of time,
oxidation into different byproducts can occur and have been detected at the SSML.* One
would expect that the introduction of oxysterols into the organic layer should alter the
surface chemical composition and morphology of the organic layer and, in turn, impact
the reactivity of marine aerosols. Thus fundamental studies are required to understand
molecular-level interactions between dissimilar lipids components that are closely

affiliated with organics on the surface of aerosols.
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Figure 1.5 Generalized illustration of the processes that govern heterogeneous radical
uptake by an aerosol particle.®?
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1.4 Langmuir Monolayers

Monolayers involving phospholipids and their mixtures at the air/aqueous
interface have been studied extensively because of their ability to mimic biological
membranes, PS, and organic films of marine aerosols.®® 3% 8 While biological
membranes typically exist as a bilayer, studies have indicated that monolayer surface
pressures in the range of 30-35 mN/m are physiologically relevant to that in
biomembranes.? ® Also, monolayer studies are directly correlated to PS because it exist
as a monolayer at the air/water interface. And finally, lipids at the SSML that can
potentially incorporating onto the surfaces of aerosols have been shown to exist as a
monolayer, again indicating the relevance of these studies. Langmuir monolayers offer
many possibilities in measuring the effects of various physico-chemical parameters (lipid
type, subphase, temperature, pH, composition, surface pressure, etc.) on the interactions
between their constituents.®” ® Because of the complexity associated with membranes,

PS, and marine aerosols, simple model lipid monolayers have been used as proxies in

89, 90, 91 92, 93, 94, 95 96, 97

conjunction with many spectroscopic, imaging, and diffractive

techniques to study their various biophysical properties, phase transitions, and domain
morphology changes.* %100

To the author's knowledge, no systematic study has been done to understand the
effects of all three sterols in mixed monolayers with the PCs used in this study. Questions
therefore still persist as to how the interfacial behavior of commonly occurring

phospholipids are affected by the additional oxygen moiety in oxysterols and therefore

needs to be addressed. The choice of PCs as phospholipids comes from the fact that they
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are important structural lipids in many different biological and environmental systems.
With regards to sterols, Chol is a logical choice because of its importance and ubiquity in
a wide array of lipid systems. As for the oxysterols, both 7-KChol and 5,65-EChol are
easily formed by the auto-oxidation of Chol, and have been shown to cause cytotoxic
effects both in vivo and in vitro.

Here we were able to delineate differences in the sterols condensing and ordering
abilities when mixed with PC monolayers. In Chapter 2, the basic theoretical theory and
instrumentation of surface tensiometry, Brewster angle microscopy (BAM) and
vibrational sum frequency generation (VSFG) spectroscopy are discussed. In Chapter 3,
the experimental methods used in extracting data from the isotherm curves are discussed.
In Chapter 4, the main focus was to investigate the sterols interaction with DPPC. From
this particular study, all three sterols demonstrated almost equal thermodynamic
stabilities when mixed with DPPC at high surface pressures. However, disparities were
observed with oxysterol incapability in duplicating interfacial rigidity demonstrated by
Chol. The focus of Chapter 5 involved a more comprehensive understanding of the
hydrophobic mismatch between sterols and PCs of different acyl chain lengths.
Differences in the relative interactions of the PCs with sterols were also asserted. The
focus of Chapter 6 involved the spectral peak assignments of all pure sterols. And finally

Chapter 7 discusses the conclusions and implications from this study.
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2. Chapter : Theoretical Background and Instrumentation

In this chapter, a brief overview of the theory and instrumentation of surface

tensiometry, BAM, and VSFG spectroscopy is presented.

2.1 Surface Tensiometry theory

When a surfactant molecule is adsorbed to an interface, it can affect the surface
tension and hence the surface pressure. To have a greater appreciation for this process, it
is important to first understand how the thermodynamic parameters between two bulk
phases can influence the interactions at an interface. In a two bulk system, there is no
sharp change moving from one bulk phase to another bulk phase at the interface but
instead demonstrates a gradual change in the density and the local pressure that is quite
inhomogeneous. To illustrate a real interface, a liquid column system containing the two
bulk phases g and I, each with a number of components (n;), and separated by an
interfacial region g/l (Fig. 2.1); can be used. However, because the interfacial region is
not homogeneous, a simplified system is typically used. Inhomogeneity of the interface is
a result of the variation of molar ratios. In the ideal system, the two phases g and | are
separated by the Gibbs dividing surface (GDS), an infinitesimal thin boundary layer, that
is placed at an arbitrary position and has zero thickness. This system assumes that the

bulk phases in the ideal system remain unchanged up until the GDS:
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Ideal system Real system

Figure 2.1 Liquid column made of two phases g and |

The surface excess internal energy E@" and the entropy S of a real with an interface is

defined by *™*

EW/D — g — (E(g) + E(l)), (2.1)
and

S =5 — (59 +50), (2.2)

where E, S represent the total internal energy and entropy of the actual system, and E,
and S (i g, 1) are the internal energy and entropy of phases g and | in the ideal system.

Because the internal energy and entropy depend on the placement of the plane of the
GDS, it can either be negative, positive, or zero. The change in the total internal energy

for the real system can be represented by
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dE = TdS — (P<9>dv<9> +POav® — ydA) + ¥, udn, (2.3)

where P and V? (i g, 1) represent the actual volume and pressure of the phases g and |

in the real system. A denotes the area with regards to the liquid surface, y the surface
tension of the liquid phase, and T the (absolute) temperature. The volume of the
interfacial region is negligible, so therefore the total volume of the system is V; ~ V@ +
VO, Also, if the surface is almost planar then P@ = p®,

The differential changes in internal energy of the two phases g and | in the ideal

system due to changes in heat and work can be expressed by

dEY =Tds9 — pav? + 3, pdnl® (2.4)

i 1

and

dE® =T1ds® — pav® + 3, udn® (2.5)

i

In the ideal system V; = Vg =V, and, as in the real system, Py = P, such that the pressure
terms in Egs. (2.4) and (2.5) can be represented by PdV:. The surface energy term (ydA) is
neglected in the ideal system because only the two bulk phases exist. The change in
surface excess internal energy of the interfacial region, Egs. (2.4) and (2.5) (ideal system)

are added and then subtracted from Eq. (2.3) (real system). The final result is

dEYY =TdS9) 4 ydA+ ¥V, udn@’”, (2.6)

Since EW/Y = ¢W@/D — py@/b 4 75W/V then Eq. (2.6) can be rewritten as
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dGY"" = —s9aT + v9/aP + ydA + ¥, p,dn@’”, 2.7

where S9Y V@ and n®) are the extensive properties that are related to the surface

phase. Keeping these properties constant, Eq. (2.7) can then be reduced to:**

6G(g/l)
= ( (2.8)

o4 )|T,P,n§9/”’
where the surface tension y represents the rate of change of the Gibbs free energy of the
interface per unit area at constant T, P, and n{®". Hence, surface tension can be defined as
the work required to increase the area of a surface reversibly and isothermally by a unit
amount. %

The surface tension of a liquid involves the contraction of an interface and a
decrease of the total interfacial area. The reduction of the area is the result of an
imbalance of cohesive forces in the interfacial region. A pure liquid in contact with a
vapor phase that and are immiscible with each other have different chemical potentials,
densities, and molecular interactions. For instance, the bulk of a liquid phase where the
attraction between the molecules are van der Waals or dispersive forces, the molecules
are equally attracted to one another. This is because the molecules are surrounded by an
identical force field. However, at the interface of the liquid, the molecules experience a
distorted field because of differences between the forces of attraction coming from the

gaseous and liquid phases. The difference in force results in the pulling of the interfacial

molecules towards the bulk of the liquid.
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2.2 Surface Tensiometry Instrumentation

Surface pressure-area per molecule (n-A) isotherm measurements were performed
on a film balance system with a deposition apparatus (model KSV minitrough) from KSV
Instruments Ltd., Finland. The Teflon trough (176.5 mm x 85 mm) has two barriers
coated with Delrin, a hydrophilic material, to symmetrically compress the monolayer on
the subphase. The surface pressure and mean molecular area per molecule (MMA) were
monitored during compression of the monolayer via the Wilhelmy plate technique with
(Ashless Whatman) Chromatography filter paper serving as plate.

The basic principle of the Wilhelmy plate measurement relies on the pulling
forces, a sum of the contribution from gravity, buoyancy, and surface tension, which act
on a thin, vertical plate.”® Typically, the plates are made from ashless filter paper. When
the filter paper comes into direct contact with the interface, an equilibrium of forces
acting on the plate is established between an upward force, the buoyancy, and downward
forces like gravity and surface tension pull. The contact angle of the plate relative to the
subphase should be zero as the surface tension is at a maximum at this angle. The
magnitude of the surface tension is also dependent on the perimeter and the depth of the

plate. The resulting downward forces on the plate is given by*™

= Fsurf + Fgravity + Fbuoyancy

=2y, (W +T)cos8 + WTL)p, g — (WTh)p, g, (2.9)

where W, T, and L correspond to the width, thickness, and length of the plate, h is the

height of the plate that is submerged into the subphase, y,, is the surface tension of the
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subphase (water or aqueous solution), 8 is the contact angle, Py is the density of the plate,

g is the acceleration of gravity, and p,, is the density of the liquid subphase. Eg. (2.9) can
be used to measure the difference in the surface tension forces at the air/water interface
with or without surfactant monolayer coverage. Assuming that the filter paper has

constant dimensions and immersion depth as well as full wetting of the paper plate (cos &

~ 1), the difference in surface forces termed surface pressure () is then given by

1= ’yW — )/s, (210)

where ys is the surface tension of subphase covered with a surfactant monolayer.

2.3 Brewster Angle Microscopy Theory

BAM is a non-invasive imaging analytical technique that is based on the principle
of minimal reflectance of p-polarized light incident at the Brewster angle on an optically
denser medium.'® For instance, at the neat air/water interface, there will be little to no
reflection of p-polarized light at the Brewster angle of water. However, when a lipid
monolayer is spread on the surface of the water, the Brewster condition is lifted allowing
for reflection to occur. BAM is very similar to fluorescence microscopy as both
techniques provide valuable insight into phase transitions and changes in the domain
morphology that occurs in insoluble monolayers at the air/water interface. One significant
difference between these two techniques is that BAM does not require the use of a probe

molecule to obtain imaging contrast. In the case of BAM, the imaging contrast is based
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solely on the change of reflectance between neat and monolayer-covered air/water
interface. However, the reflectance from a monolayer is usually very weak as the
thickness of a monolayer is typically much smaller than the optical wavelength used. The
following sections give a brief outline of the principles and theory involved in BAM
imaging.

Figure 2.2 illustrates a light beam of wavelength A impinging at an incident angle
& on the interface between a semi-infinite layer of air with refractive index n, =1 and a
semi-infinite layer of water n,, = 1.33. Water is therefore optically denser than air (n, >
Na). At the interface, a fraction of the light beam is reflected back in the air and the
remainder is transmitted (or refracted) in water (dashed arrows in Fig.2.2). The light
beam can be linearly polarized (i.e., electric field oscillates in one single plane) in the

plane of incidence (p-polarized) or in the plane of the interface (s-polarized).
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Figure 2.2 Reflectance of p-polarized light beam incident at the Brewster angle at the
bare and monolayer-covered air/water interfaces. The multiple reflections in the lipid
monolayer are not shown for clarity.

The reflectance of an interface is defined as the fraction of incident light intensity

that is reflected from it. For p- and s-polarized light, the reflectance at the neat air/water

interface is given by

1@ 2
Rg/w(ei) = T = |TZ/W(91)| (a: D, S), (2.11)
with
P py— Eo_ _ tan(6i—6)
7ﬂa/w(é’l) B tan(6i+6y (2.12)
s _ Ero _ _ sin(6i—6y)
Tapw(0D) = 55 = ~ GG 700 (2.13)
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where 1,%") is the intensity of light reflected from the air/water interface and r a/W"‘ (a:p,

s) are the p- and s-polarized Fresnel reflection coefficients. The transmitted angle & is

calculated through Snell’s refraction law:

n;sinf; = nsiné,. (2.14)

From Eq. (2.11), it is clear that the amount incident light that is reflected depends on the
angle and polarization state of the incident light.
From Eg. (2.11), one can show that for p-polarized light there exists a condition

for which

tan(6;—6;)
tan(6;+6;)

2
R ,,(6) = -0 when 6,+6,= g (2.15)

This is the so-called Brewster angle or no-reflection condition of the p-polarized light.
The angle of incidence that gives rise to this condition is determined by Snell’s refraction

law:

n, sin 6; = n,, sin (2l — Hi) = n,, cos 6;, (2.16)
or

0;5 =tan™! (22), (2.17)

Na

where & g is Brewster’s angle. For the neat air/water interface, 6 g ~ 53°.
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The reflectance of the monolayer-covered air/water interface can be modeled by a
three-layer system: a lipid layer of refractive index n; = 1.4—1.5 and finite thickness d; =
0.3 nm embedded between semi-infinite layers of air and water.®* The presence of a lipid
monolayer causes the light beam to be multiply reflected. Taking into account the
multiple reflections of the light beam within the lipid monolayer, the reflectance of the p-

and s-polarized light incident on such as system is given by*®

@/t )
Rg/l/w(eiﬂdl) = I; = |rg/l/w(6i' dl)l (a: P, S), (218)
with
E& _ Tantriwe’l
Tayuw (B di) = 7o = W (a:p,s), (2.19)

and the phase difference induced by the multiple reflections defined as

1/2
5 = ZE%cosﬁtr = Zn%(nlz — n2sin®g;) / : (2.20)

where 1,#"™) js the intensity of the light reflected from the monolayer-covered air/water
interface and &’ is the refracted angle at the air/lipid interface. For very thin films (d; <<
A) like in the case of lipid monolayers, interference effects can be neglected.

The change in p-reflectance between the neat and monolayer-covered air/water

interfaces is given by
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ARP = R?

a/w

(6 — R/, (6,d)) = R(0) —R(d) = Ry — R, (2.21)
where R, and R are the reflectances of p-polarized light at the neat and monolayer-
covered air/water interfaces, respectively.

As shown in Figure 2.3, the maximum change in reflectance between the neat and
monolayer-covered air/water interfaces is of the order of 10° and occurs at normal
incidence (& = 0°). However, at normal incidence, the reflectance from the neat air/water
interface is about 0.02. This means that in order to detect the presence of the lipid
monolayer, the signal-to-noise ratio (SNR) would need to be of the order of 10°, which is
quite impractical and beyond the detection limits of current CCD cameras. Fortunately,
the maximum relative change in reflectance (which gives the best SNR) obtained by
dividing the change of reflectance by that of the neat air/water interface is found at the

Brewster angle (8 = tan™(1.33) ~ 53°).
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Figure 2.3 (A) Reflectance of p-polarized light beam incident at the Brewster angle at
the bare and monolayer-covered air/water interfaces, (B) change and (C) relative change
in reflectance of the air/water interface due to the presence of a lipid monolayer. The
parameters used for the calculations were n, = 1.00, n; = 1.5, n,, = 1.33, and 4 = 633 nm.
The inset shows the minimal but non-zero p-reflectance at the neat and monolayer-
covered air/water interfaces.
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The Brewster condition is valid only for a perfect interface, i.e., an interface

without interfacial layer and with no roughness.'®

A boundary for which this condition
holds is called a Fresnel interface. The Fresnel interface is a plane interface for which the
refractive index changes abruptly going from one medium to another.'® At a real
interface such as the air/water interface, however, the refractive index does not change
abruptly from air to water; the interface is not smooth and as a result one has a minimal
but non-zero reflectance at the Brewster angle. This Brewster angle condition enables one
to study monolayers adsorbed at the air/water interface because the refractive index of the

surfactant monolayer is different than that of either air or water, the conditions that

satisfy the Brewster’s angle are now changed with the reflectance being strongly affected.

2.4 Brewster Angle Microscopy Instrumentation

The BAM setup is composed of a goniometer onto which an emission and a
detection arms are fixed (Fig. 2.4). The goniometer is use here to vary the angular
positioning of the arms. The arms of the goniometer support all the components of the
BAM setup. The laser source is placed on the emission arm, the objective and tube lens,
polarizer, and the charge-coupled device (CCD) camera are placed on the detection arm.
A large black Plexiglass housing with sliding doors is used to protect the setup against air
currents and dust and to eliminate any external parasitic light. A black glass plate (BGP
Nima black glass plate for MircoBAM) was placed to rest at the bottom of the Langmuir

trough before filling with water to absorb the refracted beam from reaching the detector.
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For the experiments here, two BAM setups were used therefore both of their
components will be stated. (BAM 1) He-Ne laser source output power of 5 mW
(Research Electro-Optics, Boulder, CO) emits a p-polarized (>500:1) light beam at a
wavelength of 543 nm. (BAM 2) He-Ne laser source output power of 17.0 mW.
(Research Electro-Optics, Boulder, CO) emits p-polarized (> 500:1) light beam at 632.8
nm. (BAM 1) The output beam is first attenuated by a neutral density filter, then passed
through a half-wave plate, and a Glan-Laser calcite polarizer (GL10-A, extinction ratio
100000:1; Thorlabs, Newton, NJ) before reaching the aqueous surface at the Brewster
angle (6 ~ 53.1°). (BAM 2) The light power is attenuated by a HWP (Ekspla, Lithuania)
with an anti-reflective coating at 532 nm. Further filtration of the output light is done by a
Glan prism (Ekspla, diameter 14 mm). (BAM 1 and 2) The reflected light beam is then
collected by a 10x infinity-corrected microscope objective (CFI 60 TU Plan EPI, NA
0.35; Nikon, Melville, NY) that is coupled to a lens tube that has a focal length of 200
mm (MXA22018 CFI; Nikon). The tube lens is needed to here to focus the collimated
light onto the CCD. (BAM 1) The reflected light was then directed to a back-illuminated
EM-CCD camera (DV887-BV, 512 x 512 pixels with 24 pm x 24 um pixel size; Andor
Technology, Belfast, Ireland). Images were acquired with the Andor Solis software (v.
4.15.30000.0, Andor Technology). (BAM 2) The light was directed to a back-illuminated
anti-reflective CCD camera (DV 412-BV, Andor Technology, Ireland; wavelength range:

350-1000 nm) The CCD camera has 512 x 512 active pixels, each with a pixel size of 24

um x 24 um (W x H), thus giving an image viewing area of 12.3 mm x 12.3 mm.
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Figure 2.4 Image of the Brewster angle microscope setup and KSV Langmuir trough.

2.5 Vibrational Sum Frequency Generation (VSFG) Spectroscopy Theory

VSFG data was collected at the Pacific Northwest National Laboratory (PNNL).
The theory and instrumentation is discussed below. VSFG spectroscopy is a nonlinear
spectroscopic technique based on the second-order nonlinear process of sum frequency
generation (SFG). Briefly, SFG is realized in a medium or at the interface between two
media (e.g., the air/water interface), by overlapping spatially and temporally two intense
pulsed light beams, one with a fixed visible frequency (wis), the other with a tunable
infrared frequency (w ). In order for a SFG signal to be generated in the medium, it must

lack inversion symmetry. Intrinsically, the interface between two media also displays
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broken symmetry, thus making VSFG spectroscopy a highly surface-specific technique.
A vibrational spectrum of molecules adsorbed at the interface can be obtained by
scanning the frequency of the IR beam over a set of their vibrational modes. The intensity
of the VSFG signal is proportional to the squared modulus of the effective second-order
nonlinear susceptibility ij@ an intrinsic physical parameter of the medium or the

interface, as well as to the intensities of the IR (1;r) and VIS (lvis) input beams: 0" 18

2
2
Iyspg (wiR) & X,(aﬁ2 (‘UIR)| Ir Ivis (2.22)

Typically, ng results from the contributions of a non-resonant term (Xl(\,z}%) and the sum

(2)

of resonant terms of g vibrational modes (x, ,

@) @) 2
Xogt (WIR) = Xng T ZX (wir)
eff NR 4 Rg (2.23)

The non-resonant contribution here is assumed to originate from electronic transitions
and is frequency-independent in the IR frequency region. The non-resonant and resonant
contributions are generated simultaneously such that their responses are usually
convoluted. The resonant response, however, becomes dominant when the frequency of

the incident IR beam is in resonance with a vibrational mode of the probed molecules.
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The magnitude of Xl(zzc); is directly proportional to the number density of the

molecules N and to the molecular hyperpolarizability ,8(22):

th)l (wr) = N <,3¢§2) (wr)) (2.24)

where the angular brackets indicate an averaging over the orientations of the molecules.
According to Eq. (2.24), the SFG signal is enhanced either by (i) a greater alignment
((ﬁéz))) of molecular transition dipole moments along the surface normal and/or by (ii) a
larger number (N) of ordered (or oriented) molecules.

The hyperpolarizability ﬁ(gz) Is the product of the Raman transition polarizability
moment (a) and the IR transition dipole moment (u):

@ = (glalv)(wlulg) (2.25)

where g and v refer to the ground and excited vibrational states, respectively. From Eqg.
(2.25), it is clear that the SFG signal is dependent upon vibrational modes that are both

IR- and Raman-active.

2.6 Vibrational Sum Frequency Generation (VSFG) Instrumentation
Details of the high-resolution broadband sum-frequency generation vibrational

spectroscopy (HR-BB-SFG-VS) have been described elsewhere.'® *° Briefly, the HR-
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BB-SFG-VS is based on a set of two Ti:Sapphire oscillators/amplifiers (1 kHz at the
fundamental ~800 nm), one with 40 fs pulse width, providing the broadband spectral
coverage, and the other with 100 ps pulse width, ensuring sub-wavenumber spectral
resolution. The two laser systems are electronically synchronized (Synchrolock-AP,
Coherent, Palo Alto, CA) to an estimated jitter less than ~200 fs. The 40 fs 800 nm beam
is used to pump an OPERA-Solo optical parametric amplifier (OPA) to generate the IR
light with a power of ~30 pJ/pulse in the C-H stretching region (2750-3100cm™). The
100 ps 800nm beam provides the source of VIS radiation in the high-resolution
frequency-resolved experiments, with a power <60 plJ/pulse. The SFG signals in the
reflected direction are collected with a monochromator (Andor Technology, Belfast, NIR,
Shamrock 750 mm, 1200 lines/mm grating) and CCD (Andor Technology, Newton 971P,
back-illuminated). Different beam polarization configurations (ssp and ppp) were used

and are denoted in order of increasing wavelength (SFG, VIS, and IR).
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3. Chapter : Experimental Methods

3.1 Methods

3.1.1 Compression isotherm measurements

Surface pressure-molecular area (I'T-A) compression isotherms were measured on
a computer-controlled Langmuir film balance system (KSV Minitrough; KSV
Instruments, Finland). The Teflon-coated Langmuir trough (KN1001, Aww = 150 cm?)
has two hydrophilic Delrin-coated barriers for symmetrical monolayer compression. The
trough was placed on a vibration-isolated optical table at the center of the Brewster angle
microscope (described below). The combined setup was enclosed in a black Plexiglas
box to limit ambient air currents, dust particles, and parasitic light. A defined volume of
pure or mixed lipidic solution was spread onto the water subphase using a 50 pL
microsyringe (model 705, Hamilton, Reno, NV) with the trough barriers initially in the
fully expanded position. The spreading solvent was then allowed to evaporate for at least
10 min, after which the monolayer was symmetrically compressed at a speed of 6
A?/molecule/min. This compression rate was slow enough to limit unwanted domain
growth artifacts coming from diffusion-limited aggregation.! Surface pressure was

monitored during compression using a Wilhelmy plate made of filter paper
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(Ashless Whatman 41, Sigma-Aldrich) hung to a high precision microbalance (KSV

Instruments). The surface pressure is defined as follows:**?

HZVO_VSI (1)

where » and yare the surface tension values of the bare and monolayer-covered air/water
interfaces, respectively. Monolayer data were collected using KSV proprietary software
(v. 2.0.1, KSV Instruments) and analyzed using OriginPro (v. 9.0, OriginLab,
Northampton, MA). All isotherms were recorded at room temperature (21 + 1 °C) and
were repeated at least three times to ensure reproducibility. The standard deviations of the
measured mean molecular area and surface pressures were +0.5 A? and +1 mN/m,
respectively. To address monolayer stability, each compression isotherm was completed
within approximately 30 min, as the onset of oxidation of pure Chol monolayers has been
found to occur around 45 min after spreading.™® This was typically reflected by the
expansion of the isotherm caused by the presence of oxidized Chol derivatives like 7-
KChol and 7-hydroxyChol which occupy larger mean molecular areas than Chol.
Similarly, oxidation of Chol mixed in DMPC monolayers was shown to be detectable

only after 40 min of air exposure.***

3.1.2 Isotherm analysis
The change in the monolayer elasticity due to the ordering effect of sterols on PCs

acyl chains as well as the identification of phase transitions were analyzed using the
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isothermal compressibility modulus (Cs™) calculated from the compression isotherm data

following:'*?
C;t = —Ap(dll/dA)r, 2

where Ay is the mean molecular area at a given surface pressure I1. Large compressibility
modulus values correspond to a lower interfacial elasticity and more ordered acyl
chains.®

Intermolecular interactions between PC and sterols in the mixed monolayers were
analyzed with the help of the excess free energy of mixing (AGexc) as a function of sterol
composition, which corresponds to the compression work difference between real and
ideal mixtures. It was calculated from the experimental compression isotherm data
112,115

following:

" 3)
AGexc = NAf AA ey dll
0

where the excess mean molecular area (AAex) for the mixed monolayer at a given
pressure IT corresponds to the difference between the experimental mean molecular area

(A12) measured from the compression isotherm and the ideal mean molecular area (A,

calculated from the additivity rule:"*> *'®

AMexe = A1z — A = Ay, — [(ADnXy + (A2)nXa], 4)
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where A; and A are the mean molecular areas of the pure components 1 and 2,
respectively, X1 and Xo (= 1 — X1) their corresponding mole fractions, and Ny is
Avogadro’s constant. Negative or positive AGexc deviations are an indication of nonideal
behavior, with negative and positive values implying cohesive interactions between
dissimilar (PC and sterol) and similar (PC-PC or sterol-sterol) components, respectively.
To verify the condensing effect of the sterols the partial molecular area of the PCs

were calculated with the use of the following equation:

_ (A12 - Asterol X Xsterol) (5)
1- Xsterol

where Agerol and Xsieror are the sterol molecular area and molar ratio and Ap. is the

molecular area of the phosphatidylcholine.

3.1.3 High-Resolution, Broad-Bandwidth Vibrational Sum Frequency Generation (HR-
BB-VSFG) measurements were performed at the Pacific Northwest National Laboratory
under the guidance of Hong-fei Wang and Li Fu.

Chol, 7-KChol and 5,64-EChol were spread on water in Teflon Petri dishes (6 cm
diameter) to obtain a surface pressure of 40 mN/m. Following spreading, 10 min was
allowed for solvent evaporation, after which VSFG spectra were collected. The
acquisition time for each spectrum was 5-10 min. The spectra were collected with two

polarization configurations (ssp and ppp). The data was analyzed using OriginPro (v. 9.0,
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OriginLab, Northampton, MA). The spectra were recorded at room temperature (24 + 1

°C) and were repeated at least two times to ensure reproducibility.

3.1.4 Propagation of Error

As previously mentioned, the standard deviation of the isotherms for the
measured mean molecular areas are +0.5 A% As the isotherms were used in the
calculation of the excess surface area values (AAexc), the partial molecular area of the PCs
values (Apc) and the Gibbs free energy values (AG,,.), it was important to determine the
propagation of error with each calculation method.

To calculate the propagation of error, the partial derivative of a function with
respect to each variable that had an uncertainty was used. From the base definition, one
can set x to be a function of at least two other variables, where a and b must have an
uncertainty.

x= f(ab,....) (6)
The variance (a2) of x, with respect to the variance in a and b can be approximated using

partial derivatives as follows,

5 , (0% 2 , (0% z (7
Y e L I
To determine the variance of the excess area analysis (Eg. 4) the equation used is as
follows because it is an addition/subtraction equation and therefore the partial derivative
is1.

02 = o2 + df. (8)
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With substitution of the standard deviation, the variance is as follows,
0%a,,, = 04, 04 + 0i = (0.50A%)% + (0.50 A%)? + (0.50 A2)? = 0.75 (A*)2%. (9)

Therefore the error with respect to the AA.,. values are

. ; 10
o2, = |0.75(A»)? ~ 087 A2. (10

The variance with respect to the Ay using (Eq. 5) is as follows,

Oamse = Ohy, + 040 = (0.504%)% + (0.50 42)% = 0.50 (4%)? (11)

Therefore, the error associated with the Ay values is shown in (Eg. 10)

A . 12
/ajA;C = /0.50 (A%)2 ~ £0.71 A%, 12)

The uncertainty with respect to the Ay using (Eq.5) is shown in (Eq. 13) where Xsterol =

0.5.

_ (714 x05) 0.71 A2 (13)
e 1-05 0 T '

The uncertainty with respect to the AG,,. values using (Eq. 3) is shown in (Eq. 14) where
IT=10 mN/m.

no (14)
AGgye = NAJ 0.87 A% dIT = + 50 ]/mol
0
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4. Chapter :Condensing and Ordering Effects of Cholesterol, 7-Ketocholesterol and
58,66-Epoxycholesterol on DPPC
To the authors' knowledge, there has been to date only few comparative studies of
the effects of Chol, 7-KChol, and 5,68-EChol in binary mixtures with phospholipids.?* ***
For example, Kamal and Raghunathan used X-ray diffraction to examine DPPC
multilayers containing ring-substituted oxysterols, including 7-KChol and 5,64-EChol.
They found that the phase behavior of the DPPC-oxysterol membranes was very similar
to that with Chol. However, slight differences in the degree of acyl chain ordering
reflected by an increase in the thickness of the DPPC bilayer and in the amount of sterol
required to suppress the lipid main phase transition were observed. They speculated that
these differences could be due to the orientation of the oxysterols in the bilayers. Besides
this work, there have been very few monolayer studies on the interfacial behavior of 7-
KChol and none so far with 5,64-EChol mixed with PCs or any other commonly
occurring phospholipid.?* 2 1** Hence, the question of how these oxysterols influence the
phase behavior of PC monolayers relative to Chol, has yet to be addressed.
In this Chapter, we investigate the effects of Chol, 7-KChol, and 5,64-EChol on
the biophysical properties of DPPC monolayers in a broad range of compositions and
surface pressures physiologically relevant to biomembranes using compression isotherm

measurements and BAM at the air/water interface. The combination of these two
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techniques provides real-time information about the interfacial behavior and domain
morphology of the mixed monolayers. Here we find that the sterols differ with regards to
their condensing and ordering ability in a DPPC monolayer with Chol being more
effective than the two oxysterols. We also show that mixed monolayers containing Chol
and 7-KChol exhibit greater stability compared to 5,64-EChol. Finally, we observe
distinct collapse aggregates for the pure sterols suggesting differences in their packing.
These changes in the interfacial behavior of DPPC caused by the presence of oxysterols
can have significant implications for the lateral organization of cellular membranes,

especially lipid raft formation.

4.1 Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, >99%), 7-ketocholesterol (7-
KChol, >99%), and 5p,64-epoxycholesterol (5,64-EChol, >99%) were purchased from
Avanti Polar Lipids (Alabaster, AL), whereas cholesterol (Chol, >99%) was from Sigma-
Aldrich (St. Louis, MO). Lipid and sterol stock solutions (1 mM) were prepared in
chloroform (HPLC grade, >99.0%, Fisher Scientific, Pittsburgh, PA). Mixed solutions of
desirable compositions were prepared form their respective stock solutions. Ultrapure
Milli-Q water (18.2-18.3 MQ-cm, pH 5.6) was used as aqueous subphase and was
obtained from a Barnstead Nanopure system (model D4741, Barnstead/Thermolyne
Corporation, Dubuque, 1A) equipped with additional organic removing cartridges (D5026

Type | ORGANIC free Cartridge Kit; Pretreat Feed).
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4.2 Results

4.2.1 Pressure-area compression isotherms of sterols in mixed monolayers with DPPC

To compare the interfacial properties of oxysterols with Chol, the compression
isotherms of the pure sterol monolayers were first recorded (Fig. 4.1). Isotherm lift-offs
were found at ~37, ~39.5, and ~39 A%molecule for Chol, 7-KChol, and 5,68-EChol,
respectively. The slightly higher values for the oxysterols point to increased steric
hindrance and electrostatic repulsion between bulkier neighboring molecules. Also, both
oxysterol isotherms displayed a change of slope, indicative of a more disordered
monolayer in comparison to Chol. This slope change was documented previously in the
case of 7-KChol monolayers;zz' 26 however, to the best of the authors’ knowledge, no
isothermal data has been reported before for 5,64-EChol. Another interesting feature in
the isotherms are the differences in the maximum collapse surface pressure with values of
45.0, 46.7, and 49.5 A?molecule for Chol, 7-KChol, and 5,64-EChol, respectively. This
result suggests that the additional oxygen atom, whether it be a ketone or epoxide on the
B ring, increases the stability of the oxysterol monolayers at high surface pressures. By
closer inspection of Fig. 4.1, one notices that the collapse phase of oxysterol monolayers
undergo a similar process: first, the surface pressure reaches a maximum, then it slightly
decreases before stabilizing in the form of a long plateau region. However, by
comparison, the post-collapse pressure decrease is mostly prominent in Chol monolayer
followed by the 5,6 5-EChol monolayer, but barely noticeable for 7-KChol. Previous
work on the collapse phase of Chol monolayers has attributed this surface pressure drop

to the initial formation of an unstable 3D phase (aggregates) within the 2D monolayer,
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that rapidly transforms into another more stable 3D collapse phase and reaches
equilibrium with the monolayer at a slightly lower surface pressure.’*® Because of the
similarities in the collapse onset with Chol and 5,64-EChol isotherms, a similar
aggregation mechanism may also be involved.

The influence of sterol type and composition on the phase behavior of DPPC was
subsequently investigated with the compression isotherms of DPPC monolayers mixed
with Chol, 7-KChol, and 5,64-EChol (Fig. 4.2). Without sterol, the compression isotherm
of pure DPPC monolayer showed its typical phase transitions, in particular a liquid
expanded-liquid condensed (LE-LC) coexistence region at surface pressures between
~3.5 to 6 mN/m, in agreement with previously published isotherms.**® % |t is important
to note that the collapse pressure of DPPC is usually found at or above 70 mN/m. With
the Langmuir trough used here, such high surface pressures could not be reached because
of film leakage induced by subphase surface meniscus inversion.*”* However, isotherm
data should be reliable up to about 40 mN/m, a surface pressure limit that includes
surface pressures encounter in expanded lung surfactant films and biological membranes
(~30-35 mN/m). For this reason, the thermodynamic analysis developed below will be
restricted to this low to moderate surface pressure range.

Isothermal data was subsequently collected for the mixed DPPC/sterol
monolayers with increasing sterol molar ratio (Xseror) in Fig. 4.2. The addition and
increase of the sterol molar ratio (Xseror) led to several new features including the shifting
of the isotherms to smaller mean molecular areas and the LE-LC coexistence region

becomes less prominent. Further analysis of the data from the mixed DPPC/sterol
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monolayers with Xseror < 0.1 still maintain a coexistence region but with reduced width
and at lower mean molecular areas than DPPC. Both observations are in line with the
occurrence of a condensing effect. Moreover, this transition occurs at different surface
pressures for each sterol. For example, in the case of Xcno = 0.1, the LE-LC coexistence
region appears at a slightly lower surface pressure in comparison to pure DPPC, whereas
with the oxysterols, the opposite trend is observed. As seen for the DPPC/sterol
monolayers at Xserol = 0.3, the LE-LC coexistence region is less obvious for Chol but is
still observable with 7-KChol and 5,64-EChol. Finally, at higher sterol concentrations
(Xsterol > 0.5), the plateau region associated with the pure DPPC isotherm is not observed.

The condensing effect of Chol and oxysterols in the mixed monolayers was
further analyzed by looking at the variation of mean molecular area as a function of sterol
composition at fixed surface pressures (IT = 3, 10, 20, 30 and 40 mN/m) (Fig. 4.3). This
surface pressure range was chosen to understand the impact of the physical state of the
mixed monolayer on the condensing effect as it is physiologically relevant to biological
membranes.? Based on the magnitude of the (negative) deviation from the additivity rule,
it is evident that the condensing effect is more prominent in the LE region (~3 mN/m) for
all mixed DPPC/sterol monolayers. Additionally, the condensing effect also shows some
dependency on the sterol type. For instance, for a mixed DPPC/sterol monolayer with
Xsterol = 0.5, the following hierarchy is observed: Chol > 7-KChol > 5,64-EChol with
Chol having the strongest condensing ability and 5,64-EChol the weakest. At higher
surface pressures (>10 mN/m), the condensing effect is significantly reduced because

DPPC is in a condensed phase. Overall, in the low and high surface pressure regimes,
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mixed monolayers with a sterol composition in the range 0.3 < Xgtero1 < 0.7 showed the

greatest condensation.
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Figure 4.1 Compression isotherms of pure Chol, 7-KChol, and 5,64-EChol
monolayers.
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Figure 4.2 Compression isotherms of (A) Chol, (B) 7-KChol, and (C) 5,64-EChol
mixed with DPPC monolayers
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(B) 7-KChol, and (C) 5,64-EChol in binary mixed DPPC monolayers.

49



4.2.2 Interfacial compressibility modulus

To gain further insight into the physical state of the mixed monolayers, the
isothermal compressibility modulus (Cs™) calculated from the compression isotherms was
analyzed as a function of surface pressure and sterol composition (Fig. 4.4A-C). The
variations of the monolayer compressibility modulus with surface pressure for pure sterol
monolayers reveals that Chol achieved the highest compressibility modulus (~620 mN/m)
followed by 5,64-EChol (~248 mN/m) and 7-KChol (~223 mN/m).

The compressibility data shows that pure DPPC and mixed DPPC/sterol
monolayers with Xgeror < 0.1 have similar interfacial rigidity as the LE-LC phase
transition is still observed between 3.5 and 10 mN/m. In the DPPC/Chol monolayer with
Xchot < 0.1, the LE-LC coexistence region (indicated by an arrow in Fig. 4.4A) overlaps
with that of pure DPPC. In the case of 7-KChol and 5,64-EChol, this transition shifts
slightly towards higher surface pressures (~6—7 mN/m). In mixed DPPC monolayers at
Xsterol = 0.3 the LE-LC coexistence region is still observed for 7-KChol and 5,64-EChol at
~4-5 mN/m, but is not discernible for Chol. The variation of the monolayer
compressibility modulus with sterol composition was monitored at surface pressures
ranging from 3 to 40 mN/m (Fig. 4.4D—F). With the addition of small amounts of sterols
(i.e. 0 < Xsterot < 0.1) Cs* decreases, especially in the surface pressure range from 20 to 40
mN/m. In the range of Xcno = 0.1-0.3, the compressibility modulus of the mixed
DPPC/Chol monolayers remains practically unchanged, however moving from Xcpo = 0.3

to 0.7, it increases almost linearly at all surface pressures. In contrast, in the same molar
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ratio range, only a small increase is observed in the mixed monolayers of 7-KChol and

5,6 -EChol.
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Figure 4.4 Variations of monolayer compressibility modulus with (A-C) surface
pressure and (D-F) sterol composition for (A, D) Chol, (B, E) 7-KChol, and (C, F) 5,6p-
EChol in binary mixed DPPC monolayers. The compressibility data were calculated from
the compression isotherms in Fig. 4.2. The position of the LE-LC phase transition in the
compressibility plots is indicated by an arrow.
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4.2.3 Excess free energy of mixing

The non-ideality of the mixed DPPC/sterol monolayers was assessed and the
interactions between individual components were quantitatively analyzed by calculating
the excess free energy of mixing (AGexc) from the compression isotherms as a function of
sterol composition (Fig. 4.5). All investigated mixtures demonstrate non-ideality (AGexc <
0) over the entire surface pressure range, indicating attractive DPPC-sterol interactions.
Further analysis reveals that at lower surface pressures (3 and 10 mN/m) the most stable
(i.e., with most negative AGex) mixed DPPC/sterol monolayers exist at Xsero = 0.5.
However, at higher surface pressure values (20, 30 and 40 mN/m), the minimum AGey.
shifts towards a monolayer composition richer in DPPC (Xserot = 0.3). At this sterol
composition and at a surface pressure of 30 mN/m, the following hierarchy is observed
for the stability of DPPC/sterol monolayer: 7-KChol > 5,65-EChol ~ Chol; in contrast, at
IT = 40 mN/m, the hierarchy becomes: 7-KChol ~ Chol > 5,64-EChol. Overall, DPPC
monolayers with 7-KChol are more thermodynamically stable at high surface pressures
than those with Chol and 5,64-EChol. Comparing the minimum values of AGeyc at IT = 30
and 40 mN/m for the mixed DPPC/sterols (Fig. 4.5D), explicitly shows that the strength

of interactions in the mixed DPPC/5,65-EChol monolayer is the smallest.
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Figure 4.5 Variations of excess free energy of mixing with sterol composition for (A)
Chol, (B) 7-KChol, and (C) 5,64-EChol in binary mixtures with DPPC. (D) Excess free
energy of mixing values for Chol, 5,6-EChol and 7-KChol at 30 and 40 mN/m.

4.2.4 BAM images

The domain morphology of pure and mixed monolayers was investigated by
BAM. Fig. 4.6A shows BAM images of the pure DPPC monolayer. At large mean
molecular areas (>100 A%molecule) and low surface pressures (~1 mN/m) the image is
homogeneous with very low reflectance (image not shown) which is indicative of the

gas-liquid expanded (G-LE) phase. With continued compression, the same homogeneous
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BAM image is observed in the LE phase. Once the LE-LC coexistence region is reached
at ~3.5 mN/m, small bright irregular LC domains are observed, immersed in the darker
LE phase. At higher surface pressures (IT > 4 mN/m), larger multilobed LC domains can
be easily resolved. These images are consistent with previously published data on
DPPC.**! The LC domains eventually grow in size along the LE-LC phase until they
coalesce into one homogeneous condensed phase.

In the case of the Chol monolayer BAM images revealed that, at large mean
molecular areas (A > 70 A%molecule), circular and ovoid condensed domains coexisted
with the gas phase (Fig. 4.6B). Upon further compression of the monolayer, most of these
domains merged into a completely homogeneous condensed phase (IT ~30 mN/m).
Approaching the collapse phase, small circular-like 3D aggregates are observed. Further
compression led to an increase in the domain size and number. However, following the
drop in the surface pressure after collapse, the small aggregates appear to transition into a
rod-like shape.

In comparison to Chol, the 7-KChol monolayer shows almost no isolated
condensed domains at large mean molecular areas, but rather a largely condensed phase
with few circular dark (lipid-poor) regions of different sizes scattered throughout,
indicative of a less compact monolayer (Fig. 4.6C). Further compression of the
monolayer also resulted in a homogeneous condensed phase, although at a slightly larger
mean molecular area (39 A%molecule) than Chol. At the collapse phase, similar to Chol,
small circular-like 3D aggregates are observed followed by an increase in their size and
number at higher surface pressures. However, unlike Chol, no change in the aggregate

54



shape occurs with further compression. Instead the 3D aggregates continued to increase
in size and also underwent further aggregation with one another into larger structures.
Much like the pure 7-KChol monolayer, very few condensed domains are seen at large
mean molecular areas in the 5,64-EChol monolayer; instead a quasi-condensed phase is
observed with darker worm-like channels running across it (Fig. 4.6D). At lower mean
molecular areas (A ~ 60-70 A%molecule) these lipid-poor regions transformed into
filiform and circular domains. Like Chol and 7-KChol, the collapse phase of 5,64-EChol,
also shows the appearance of circular-like 3D aggregates, although in much greater
number. Further compression finally causes shape transitioning into rod-like structures

slightly slender than those of Chol.
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Figure 4.6 BAM images of pure (A) DPPC, (B) Chol, (C) 7-KChol, and (D) 5,64-
EChol monolayers at different stages of compression. Numbers in the lower left and
upper right corners indicate the mean molecular area and the surface pressure,
respectively.
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The BAM images shown in Fig. 4.7A corresponds to DPPC/sterol at Xsteror = 0.05.
With the addition of this small amount of sterol, a dramatic change to the domain
morphology is observed in the LE-LC phase (A = 60-70 A%molecule) in the hierarchy
Chol > 7-KChol > 5,64-EChol. The irregularly shaped LC domains of the pure DPPC
monolayer are replaced by smaller ones in the mixed DPPC/oxysterol monolayers.
However, the shape of these domains was not discernible due to the available BAM
resolution. As the LC domains are larger in the DPPC/5,64-EChol, this indicates here that
among the three sterols, 5,64-EChol is the least effective in disrupting (i.e., fluidizing) the
condensed phase of DPPC. Previous studies using epifluorescence microscopy, atomic
force microscopy (AFM), and near-field scanning optical microscopy (NSOM) have
shown these LC domains of DPPC/Chol at similar ratios to be spiral-shaped.* % %3
Further compression results in a homogeneous condensed phase similar to but slightly
more compact than that observed for pure DPPC. The BAM images shown in Fig. 4.7B
corresponds to the DPPC/sterol at Xseror = 0.3. In the mixed Chol monolayer,
heterogeneity at low surface pressures (< 1 mN/m) is observed at large mean molecular
areas (A > 70 A%/molecule) but not in 7-KChol and 5,68-EChol. Further analysis of the
BAM images for the mixed monolayer at Xcnoi = 0.3 reveals a mixture of circular and
droplet-shaped condensed domains with higher reflectivity immersed in a less condensed
phase. Similar domains have also been reported by epifluorescence microscopy in mixed
DPPC/Chol with similar molar ratios.® *** Another study also documented a similar effect

using AFM on mixed DPPC/Chol monolayer with Xcho = 0.25; three separate phases
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coexisting with each other were identified.*?® As the isotherm lifts off, the heterogeneity
progressively disappears and a fully condensed phase is then observed.

BAM images of DPPC/Chol with Xcho = 0.1 show somewhat homogeneous phase
throughout the full compression (Appendix A, Fig. Al); however, note that the
reflectance did increase with smaller molecular areas indicating increased lipid density.
Previous studies were able to delineate filiform or stripe domains in monolayers with the
same Chol composition.*?* Unfortunately, the domains formed in the LE-LC region were
too small to be visualized with the BAM used in this study. BAM images of DPPC/7-
KChol with X7.kcnot = 0.1 (Appendix A, Fig. A2) in the LE-LC phase are further reduced,
although they remain visible for Xsgzechor = 0.1 (Appendix B, Fig. B1). In the mixed
monolayer with Xcpo = 0.5, at low surface pressures (< 1 mN/m) the monolayer begins to
take on more Chol-like features indicating a more condensed monolayer and increased
lipid packing. With increasing Chol concentration, the domains appear more like those of
the pure Chol monolayer. In the mixed monolayers with X7.xchoi = 0.5 the BAM images
appear homogeneous throughout the whole compression, whereas for X7.xcho = 0.7 and
0.9, the mixed monolayer took on the appearance of 7-KChol. This similar trend was also

observed in the mixed DPPC/5,65-EChol monolayer.
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Figure 4.7 BAM images of DPPC/sterol monolayers with (A) Xseror = 0.05 and (B)
Xsterol = 0.3 at different stages of compression. Numbers in the lower left and upper right
corners indicate the mean molecular area and the surface pressure, respectively.
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4.3 Discussion

The present study investigated the effects of Chol and two oxysterols (7-KChol
and 5,64-EChol) in mixed monolayers with DPPC to assess their relative impact on the
condensing effect, thermodynamic stability, lateral elasticity, and domain morphology
with varying sterol composition by analyzing isothermal data and BAM images. Both
oxysterol modifications are found on the B steroid ring but differ in their chemical
structure and carbon position of oxygen moiety relative to Chol. The presence of sterols
in the mixed monolayers of DPPC had a profound effect on the compression isotherm.
Previous studies with mixed DPPC/Chol have documented the shifting of the isotherms
to lower mean molecular areas.” ' This shift is referred to as “condensing effect” and
has been observed with many different analytical and spectroscopic techniques in mixed

10,

phospholipids or sphingomyelin monolayers containing sterols." 126 Various

mechanisms have been proposed to explain this condensing effect, the two most widely
accepted being the stable complex formation and, more recently, the "umbrella effect".**"
128 In the stable complex formation, the condensing effect results from the strong
attractive interactions between phospholipid and sterol in the binary mixture, whereas
with the umbrella effect the phospholipid headgroups are believed to protect the
hydrophobic part of the sterol from the aqueous subphase, thereby favoring closer
proximity. As was shown above in the compression isotherms, all three sterols used in
this study exhibit a definite condensing ability.

This condensing effect seen in the compression isotherms is better displayed with

the change in mean molecular area with sterol composition. From the data it is clear that
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at the lowest surface pressure analyzed (3 mN/m) all three sterols demonstrate a
pronounced condensing effect for all mixtures. Yet, at high surface pressures, DPPC
molecules are more closely packed, therefore, the relative differences between the sterols
with respect to the condensing effect become less significant.

On closer inspection, at Xserol = 0.5, the condensing effect is most prominent in
the Chol mixed monolayer. As the surface pressure increased, the condensing effect was
significantly reduced as DPPC enters the condensed phase. The relative condensing
ability with each sterol at 3 mN/m is mainly attributed to differences in the molecular
structure. In a mixed DPPC/sterol monolayer, the van der Waals interactions are the
primary attractive intermolecular interactions between the acyl tails and the steroid
nucleus. The hydrophobicity of Chol is greater than that of 7-KChol and 5,64-EChol, thus
resulting in stronger attractive interactions with the acyl tails of DPPC and a more
effective condensing effect in the mixed monolayer at lower surface pressures. As
mentioned in the Introduction, 7-KChol differs from Chol by having an additional
oxygen atom on C7, while 5,64-EChol has an epoxy group between C5 and C6 and no
longer retains the double bond nor its planarity. These structural modifications to Chol
result in 7-KChol being the most hydrophilic of the three sterols considered in this study.
Because of its greater hydrophilicity, 7-KChol should have demonstrated the lowest
condensing ability when mixed with DPPC, however, this was not the case. Instead,
DPPC/5,64-EChol mixed monolayers displayed the least condensing effect. One possible
reason for the different thermodynamic behavior between the oxysterols comes from their

different interactions with the hydrophobic acyl tails of DPPC. As 7-KChol is more
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hydrophilic, the ketone group has been shown to be thermodynamically unstable in the
hydrophobic environment of the acyl tails of DPPC.** This instability results in 7-KChol
being tilted towards the air/water interface. With respect to 5,64-EChol, not only does it
lack planarity on the steroid A-B ring but the configuration also brings the epoxy moiety
in closer proximity to the hydrophobic acyl tails, thereby increasing steric effects.* The
differences here are clearly related to the positioning of the oxygen moiety relative to the
acyl tails of DPPC.

The impact of the sterols on the DPPC chain ordering is also reflected in the
physical state of the monolayer as revealed by the interfacial compressibility modulus.**®
131 According to Davies and Rideal, Cs* values in the range of 100 to 250 mN/m are
indicative of a monolayer in the LC phase, while larger values reveal that the monolayer
is in a liquid-ordered (l,) or solid state with closely packed acyl chains.™* In the data
presented here, Cs* > 250 mN/m are mostly observed for mixed DPPC/Chol monolayers
with Xcpot > 0.5. With 7-KChol mixed films, such large compressibility values are only
obtained for X7.kchol = 0.5 (Cs* = 272 mN/m), while with 5,68-EChol, no such values
were found at any sterol composition. The larger Cs™* observed in the mixed monolayer
with Xchol > 0.5 is the result of the cholesterol's ability to order the tails of DPPC and to
form the |, phase. From the results presented here, both oxysterols appear to be poor raft
promoters in comparison to Chol because of their lower interfacial rigidity. In a
computational study, Aittoniemi et al. were able to demonstrate difference in the tilt angle
of Chol and modified sterols in a DPPC bilayer.*® In their model, Chol was shown to

have the smallest tilt and to reside almost perpendicular to the bilayer plane, hence
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enabling it to have better ordering ability. To the authors' knowledge, no comparable
simulations on the tilt orientation of 7-KChol or 5,64-EChol in bilayers have so far been
reported. However, Smondyrev and Berkowitz have found 6-ketocholestanol, an
analogous of 7-KChol, to be tilted in a DPPC bilayer with its ketone group oriented
towards the aqueous phase, preferring to be hydrated rather than to be buried in the
hydrophobic core of the acyl tails.*?® Because of the structural similarities between 6-
ketocholestanol and 7-KChol, it was then suggested that 7-KChol must also be tilted.

In addition to assessing the nonideal behavior of the mixed monolayers, the
excess free energy of mixing was also used here to obtain information regarding the
DPPC-sterol interactions. Chol and 7-KChol show quantitatively almost the same
stability at low sterol composition (Xseror < 0.5) and higher surface pressures (IT > 30
mN/m). followed by 5,648-EChol. This result indicates that the additional oxygen
substitutions on 7-KChol did not have a significant impact on the attractive interactions
between the sterol ring and the phospholipid acyl tails at high surface pressures.
However, the reduced planarity of 5,68-EChol makes these interactions slightly less
favorable compared to 7-KChol. At Xsero > 0.5, the mixed monolayers became
progressively less stable with the increasing sterol concentration. It appears that while all
three sterols demonstrate favorable interactions with DPPC, the oxysterols are inferior to
Chol in their ordering abilities. In relating these results to biomembranes, it is quite
possible that these oxysterols can compete with Chol in their interactions with DPPC and
similar phospholipids. For instance, in the context of lipid rafts formation, it remains to

be seen if these differences in condensing/ordering effect between Chol and oxysterols
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would also affect Chol/sphingolipids interactions in the same manner.

BAM images also confirm that the molecular structure of sterols has an impact on
the domain morphology of pure and mixed monolayers, particularly in the collapse
region. In the pure sterol monolayers studied here, differences in the domain structures
were identified at large mean molecular areas and in the collapse region of the isotherms.
At large mean molecular areas, Chol domains display greater complexity and are also
more numerous. In the collapse phase, the 3D aggregates display differences with regards
to their sizes and shapes suggesting variations in the molecular packing. The BAM
images at the onset of collapse in Chol and 5,64-EChol monolayers show what appeared
to be circular-like aggregates, which, upon continued compression in the plateau region,
transformed into rectangular and needle-like shapes, respectively. By comparison, no
such aggregate shapes were observed throughout the plateau region of the collapse phase
of 7-KChol.

Previous studies have determined that Chol can have two types of 3D collapse
aggregates in the bulk monolayer: monohydrate and anhydrous, with the monohydrate

being the most stable form in water.'**

GIXD experiments have also shown that the 3D
aggregates of collapsed Chol monolayers are trilayers composed of a bilayer and a
disordered Chol monolayer separated by one water layer.*> **® This water layer is
suggested to maintain a continuous hydrogen bonding channel between the hydroxyl
groups of Chol molecules from the monolayer and bilayer. These interactions are

believed to stabilize the crystal structure of the aggregates.’* X-ray diffraction was also

used to determine the hydrated crystal structure of 7-KChol.**’ Notable differences in the
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crystal structures of 7-KChol and Chol were found and traced back to the participation of
the ketone group in the hydrogen bonding network in addition to two hydroxyl groups
from other 7-KChol molecules. This additional binding may disrupt the hydrogen
bonding channel that is associated with the Chol monohydrate. This supports the BAM
images of the sterol collapse phases, which show that the ketone group of 7-KChol has a
greater impact on the shape of the 3D collapse aggregates than Chol (as well as 5,6/-
EChol).

Another interesting feature that is observed here is the relative size of the 7-
KChol 3D collapse structures in comparison to those of Chol and 5,64-EChol. The 3D
collapse aggregates in the 7-KChol monolayer were on average three to six times larger
indicating more molecules in one aggregation site. This increase in the aggregation size
of 7-KChol is manifested with a significant increase in the reflectivity observed from the
BAM images suggesting the formation of multilayer structures that are thicker than those
of the other two sterols. As previously mentioned, 7-KChol has been identified in
atherosclerotic plaque, therefore its ability to form larger aggregates relative to the other
sterols suggests a possible mechanism for its crystallization in plasma membranes.

The BAM images of the pure DPPC monolayer reveals that the LE phase
surrounds the LC domains. According to McConnell’s analysis, the overall shape of LC
domains are influenced by the balance between line tension and dipole density difference
between the two phases.®® Because this dipole difference is usually large in the
coexistence region, the line tension dominates. In the mixed DPPC/sterol monolayers

containing Xserot = 0.05, the condensed domains that are characteristic of the LE-LC
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coexistence region of DPPC are dramatically affected, revealing that line tension changes
are occurring. In the case of Chol, the sizes of the domains are reduced. As shown by
Keller et al., the presence of Chol in DPPC monolayers decreased the size of the domains
indicating that Chol prefers to reside at the interfacial boundary between the condensed
and fluid phases hence reducing the line tension.'®® The fact that the domains in the LE-
LC coexistence region of the DPPC/oxysterol monolayers are larger than those of
DPPC/Chol indicates that Chol has a greater capacity to lower the line tension of the
DPPC domains. This line tension reduction of the DPPC domains in the presence of Chol
is another indicator that it intercalates more easily at the boundaries of the DPPC
condensed phase. In DPPC/sterol monolayers with Xsero1 = 0.3 the condensed domains
usually found in the pure DPPC monolayer are no longer present. At this molar ratio,
Chol shows the most interesting domain structure as indicated by the heterogeneity seen
in the images in the low surface pressure regime. In contrast, BAM images of
DPPC/oxysterol monolayers were quite homogeneous. The heterogeneity seen at Xcpol =
0.3 was previously reported and was thought to be the result of three separate phases in
coexistence with each other, with Chol-rich and Chol-poor domains.*? In the DPPC/Chol
mixed monolayer at Xcpo > 0.5 the domain structure is more Chol-like at lower surface
pressures, whereas for 5,64-EChol and 7-KChol with Xgero1 > 0.3 the domains are quite
homogeneous. These results indicate that phase separation in the mixed DPPC/Chol
monolayers was more prevalent than those with oxysterols indicating that modifications
to the molecular structure of Chol by the addition of an oxygen atom can potentially

impact lipid raft formation.
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Given increasing evidence of the presence of oxysterols in biomembranes
thorough studies are therefore needed to unravel their mechanism of action. Our study
reveals that Chol displays the largest ordering capability in DPPC monolayers in
comparison to the oxysterols. As lipid rafts are known for their rigidity, one can speculate
that the increasing levels of oxysterols will affect their packing order as studies here
reveal. Further work would be required to examine how the competition between Chol
and oxysterols affects Chol/sphingolipids interactions in the context of lipid rafts
formation in membranes. Also to what extent these interactions would be affected at
physiologically relevant temperatures still needs to be investigated. Because highly
specialized processes are believed to occur in these microdomains, subtle changes in
phase behavior may have far reaching implications for proper membrane function. The
results of the BAM images of the pure sterol monolayers in the collapse region are also
highly significant as they show differences in crystallization. This can have implications

in the pathology of diseases associated with oxysterol deposits.
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5. Chapter : Dependence on the Condensing and Ordering Effects on Fluid and
Condensed Saturated Phosphatidylcholines in mixed films with Cholesterol, 7-
Ketocholesterol and 5.,6-Epoxycholesterol

While numerous studies have investigated sterol/phospholipid interactions, many
questions still remain. In trying to address some of these issues, several models have been
proposed to describe their interactions in mixed monolayers that include the super lattice
model, the condensed-complex model, and the umbrella model.**" 2 ¥* \wjith respect to
the condensed-complex model, McConnell et al. predicted the existence of stable
complexes of defined stoichiometry between Chol and phospholipids. While many
studies are in agreement with the condensed-complex model, differences still remain with
respect to stoichiometry as it has been indicated that it depends on the kind of
phospholipids/sterol and the physical state of their monolayers.*® Apart from model
studies into sterol-phospholipid interactions, McMullen et al., with the use of differential
scanning calorimetry (DSC), investigated a saturated homologous series of PCs with
Chol and determined the effective length of Chol corresponded to a 17-carbon (C) all-

trans acyl chain. They then went on to illustrate that the hydrophobic mismatch
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(i.e., the difference in the hydrophobic length of the interacting molecules) had a great
impact on the interaction between Chol and PCs. It is important to note, that these
Chol/PC interactions are highly dependent on the molecular structure of Chol. Studies
have shown that when the molecular structure of Chol is modified, there are implications
that can affect lipid-lipid and lipid-protein interactions.*® 142 2% 143

In this work, the effect of PC acyl chain length (C12, C14, C18, and C20) on the
interfacial behavior and domain morphology of mixed PC/sterol (Chol, 7-KChol, and
5,6p-EChol) monolayers with different sterol composition are systematically investigated
using compression isothermal measurements and Brewster angle microscopy. To the
author's knowledge, no systematic study has been done to understand the effects of all
three sterols in mixed monolayers with the PCs used in this study. Questions therefore
still remain as to how the interfacial behavior of commonly occurring phospholipids are
affected by the additional oxygen moiety in oxysterols and therefore needs to be
addressed.

To help the reader, the result and discussion sections will be separated into two

sections, the first section will focus on DLPC and DMPC and the other on DSPC and

DAPC.

5.1 Materials
1,2-Dilauroyl-sn-glycero-phosphocholine (DLPC, >99%), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC, 99%), 1,2-disteroyl-sn-glycero-3-phosphocholine (DSPC,

>99%), 1,2-diarachidoyl-sn-glycero-3-phosphocholine (DAPC, 99%), 7-ketocholesterol
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(7-KChol, >99%), and 54,6-epoxycholesterol (5,64-EChol, >99%) were purchased from
Avanti Polar Lipids (Alabaster, AL), whereas cholesterol (Chol, >99%) was from Sigma-
Aldrich (St. Louis, MO). Lipid and sterol stock solutions (1 mM) were prepared in
chloroform (HPLC grade, >99.0%, Fisher Scientific, Pittsburgh, PA). Mixed solutions of
desirable compositions were prepared form their respective stock solutions. Ultrapure
Milli-Q water (18.2-18.3 MQ-cm, pH 5.6) was used as aqueous subphase and was
obtained from a Barnstead Nanopure system (model D4741, Barnstead/Thermolyne
Corporation, Dubuque, 1A) equipped with additional organic removing cartridges (D5026

Type | ORGANIC free Cartridge Kit; Pretreat Feed).

5.2 Results and Discussion. Part |

5.2.1 Surface Pressure-Area Isotherms of Pure DLPC, DMPC, and Sterols Monolayers
Compression isotherms of the pure Chol, 7-KChol and 5,65-EChol monolayers are
shown in Fig. 5.1. The lift-off values of the pure sterols follow the trend 7-KChol > 5,64-
EChol > Chol. The larger lift-off values of the oxysterol monolayers are the result of
increased electrostatic repulsion and steric hindrance between oxysterol molecules. This
is induced by the hydrophilicity and added bulkiness of the additional oxygen atom.
Discernible differences in the isotherm slopes of the sterols are also observed and follow
the trend Chol > 5,64-EChol > 7-KChol. The additional oxygen moiety therefore
increased disorder within the oxysterol monolayer. The slope reduction of the 7-KChol

isotherm has been documented previously and has been attributed to the polar ketone
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group preferring to be hydrated by the aqueous phase.?* ® These studies also suggested
tilting of the 7-KChol monolayer from the surface normal. While it appears that these
changes are subtle, they do indicate different packing geometries in the monolayer of the
sterols.

Regarding the isotherms of the pure DLPC and DMPC monolayers, the lift-off
values of both PCs are ~94 A%molecule, however, the collapse surface pressure of
DMPC is ~4 mN/m higher than that of DLPC. The difference in collapse pressure can be
explained by the difference in main phase transition temperatures (Tn,) of these two PCs.
The temperature recorded during these measurements (22 = 1 °C) lies well above the
transition temperature of DLPC (T, ~-2 °C), but closer to that of DMPC (T, ~23 °C).*
The increased Ty, with DMPC is the result of increased van der Waals interactions due to
the longer acyl tails. Even with this increased van der Waals interactions in the DMPC
monolayer, both PC form a liquid-expanded monolayer without any visible transition
throughout or even prior to the collapse phase. Lipid monolayers that are in a liquid-
expanded (LE) phase are characterized by flexible disordered hydrocarbon tails with
many gauche defects that are undergoing rapid axially symmetric reorientation.**

The influence of sterol type and concentration on the interfacial behavior of DLPC
and DMPC monolayers were analyzed with each of the PCs mixed with Chol, 7-KChol
and 5,6-EChol shown in Fig. 5.1. Looking at the isotherms, it seems that all three sterols
exert a condensing effect on both PCs monolayers. Further analysis with regards to the
mixed DLPC/sterol monolayers with increasing sterol molar composition (0.1 < Xsterols <

0.7) reveals progressively smaller lift-off values and increasing slopes that appear to
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approach that of the pure sterol isotherms. In the mixed DMPC/sterol monolayers with
increasing composition (0.1 < Xgerol < 0.9), similar effects to those observed for the mixed
DLPC/sterol monolayers are apparent, however, smaller concentrations of sterol are
required to condense and order the monolayers. For instance, a glance of the DLPC/Chol
and DMPC/Chol isotherms at Xseror = 0.5 reveals the difference in condensing and

ordering abilities (Fig. 5.1A,D).
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Figure 5.1 Compression isotherms of (A) Chol, (B) 7-KChol, (C), 5,64-EChol mixed
with DLPC monolayers. Compression isotherms of (D) Chol, (E) 7-KChol, (F), 5,64-
EChol mixed with DMPC monolayers.

5.2.2 Condensing Effect
To have a clearer understanding of the interactions between sterols and PCs, the
condensing effect caused by the presence of the sterols in mixed monolayers of DLPC

and DMPC was analyzed by plotting the excess molecular area (AAex) Obtained directly
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from the isotherms as a function of sterol composition at fixed surface pressures (IT = 3 to
40 mN/m) shown in (Fig 5.2). This large surface pressure range was selected to provide
detailed information on the physical state of the PC monolayer with the condensing
effect. For all the mixtures of DLPC/sterol and DMPC/sterol, negative excess areas
values are obtained indicating attractive interactions occurring within all investigated
PC/sterol monolayers. As shown in Fig. 5.2, the magnitude of these interactions is
dependent on sterol type and surface pressure. Further analysis reveals that, at the
smallest surface pressure analyzed (3 mN/m) and equimolar composition for DLPC/5,64-
EChol, the excess molecular area is significantly more negative than those of mixed
DLPC/Chol and DLPC/7-KChol monolayers. From this observation, it can be inferred
that 5,6-EChol had the greatest impact on condensing the DLPC monolayer. In contrast,
analysis of the DMPC/sterol monolayer at the same surface pressure and equimolar
composition shows the most negative excess area value with Chol.

To further verify the condensing effect by the sterols in the mixed DLPC and
DMPC monolayers, the partial molecular area of PC (A4pc) is also plotted in Fig. 5.3. For
DLPC/sterol at 3 mN/m, the increased concentrations of sterols cause a significant
reduction in the mean area occupied by DLPC (Fig. 5.3A). Previously, the excess
molecular area results for DLPC with Xgerq = 0.5, indicated that 5,645-EChol
demonstrates the greatest condensing ability. However, at Xgero = 0.5, the Ap values are
equivalent for both Chol and 5,64-EChol therefore suggesting that both sterols condense
the DLPC monolayer equally. The discrepancy between the excess and partial molecular

areas clearly indicates that Chol occupies a larger area when mixed with DLPC. One
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probable explanation may reside in the fact that Chol displays a larger tilt angle from the
surface normal. In a previous study, McMullen et al. used high-sensitivity differential
scanning calorimetry to investigate the effects of Chol on the thermotropic phase
behavior of a homologous series of linear saturated PCs.**® From their results, they
determined that the hydrophobic thickness of Chol was equivalent to the length of
diheptadecanoylphosphatidylcholine, a 17 acyl chain PC with a mean hydrophobic length
of 17.5 A. They also then went on to show that as the PC length deviated from "ideal" PC
chain length, Chol changed the thermotropic phase behavior of the PC monolayer in a
chain length-dependent manner. It was inferred that these changes were attributed to the
hydrophobic mismatch between the PC and Chol. Between DLPC and Chol, it is clear
that the hydrophobic mismatch between the two is large. One can expect that at low
surface pressures, the hydrophobic part of Chol will prefer to tilt and interact with DLPC
instead of residing almost parallel to the surface normal where they will be a larger
hydrophobic gap between the two components.#" 148

Analysis of the mixed DLPC/7-KChol at the same surface pressure and equimolar
sterol concentration illustrates that the excess molecular area is approximately the same
as that of DLPC/Chol (Fig. 5.2B); however, the partial molecular area is slightly larger
(Fig. 5.3A). Without a doubt, 7-KChol is clearly the least capable of the sterols at
condensing DLPC at low surface pressures. As mentioned previously, the ketone group in
7-KChol is hydrophilic and prefers to be hydrated or to reside closer to the aqueous
phase.*?® The small condensing ability suggests a tilting of the 7-KChol molecule from

the surface normal as well as reduced attractive interactions with DLPC. Partial
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molecular area analysis for DMPC/sterol at 3 mN/m and equimolar composition shows
that the area occupied by DMPC is smallest when mixed with Chol and largest with 7-
KChol (Fig. 5.3D—F); this trend also follows the excess area values indicating a true
condensing effect. It can be concluded from this result that the reduced hydrophobic
mismatch from DLPC to DMPC increased the stability of the PC/Chol monolayer at low
surface pressures.

At higher surface pressures (20, 30, and 40 mN/m), for both DLPC and DMPC,
the condensing effect is still quite evident. For instance, at the highest surface pressure
analyzed (40 mN/m), the excess area values in the mixed DLPC/sterol at Xsteror = 0.3
follows the trend 5,64-EChol ~ 7-KChol > Chol (Fig. 5.2A—C) while in the same mixed
DLPC/sterol at Xsero = 0.5, the excess area trend changes to Chol > 5,64-EChol > 7-Chol
(Fig. 5.2A—C) with a similar result also in the Ap: values Fig. 5.3C. What is more
interesting is that the DLPC area is not affected in the monolayer containing 7-KChol as
the sterol concentration increased from 0.3 to 0.5 (Fig. 5.3B-C). This observation
indicates that 7-KChol maximum condensing ability has been reached. With regards to
the excess molecular area for the mixed DMPC/sterol monolayers at 40 mN/m and at
Xsterol = 0.3, the trend follows 7-KChol > 5,64-EChol ~ Chol (Fig. 5.2D—F) whereas at
Xsterol = 0.5 the observed trend is Chol > 7-KChol ~ 5,64-EChol (Fig. 5.2D-F), with Chol

again demonstrating the smallest Ap values at Xsteror = 0.5 (Fig. 5.2D-F).
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Figure 5.2 Excess molecular area with sterol composition for (A) Chol, (B) 7-KChol,

and (C) 5,6p4-EChol mixed with DLPC monolayers. Excess molecular area with sterol
composition for (D) Chol, (E) 7-KChol, and (F) 5,64-EChol mixed with DMPC

monolayers.

Overall, the condensing effect appears to be significantly influenced by the
hydrophobic mismatch between the PCs and sterols. This statement is supported by the
observations made in the DLPC and DMPC mixed with Chol at 3 mN/m with Xgtero = 0.5

(Figs. 5.2A,D and 5.3A,D). The strongest sterol condensing effects are found in the
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mixed DMPC/sterol monolayers at 3 mN/m (Fig. 5.2D-F). This clearly results from the
differences in the acyl chain length between DLPC and DMPC. It came as no surprise,
however, that in the mixed DMPC/sterol monolayer, Chol demonstrated the largest
condensing ability at low surface pressures because it is the most hydrophobic of the
three sterols and therefore will preferential interact with the hydrophobic acyl tails of
DMPC. At 40 mN/m, the maximum condensing ability is achieved at X7.xchot = 0.3 in
both DLPC and DMPC (Figs. 5.2B,E), however, it is achieved at Xsgzecnol = 0.5 when
mixed with DLPC and Xsggechol = 0.3 when mixed with DMPC (Figs. 5.2C,F). As for
Chol, when mixed with both PCs, it achieves its maximum condensing ability at Xcho =
0.5 (Figs. 5.2A,D). Again, a probable explanation for these differences may come from
the differences in the hydrophobic length of the three sterols, with Chol having the
longest hydrophobic length, 5,64-EChol having an intermediate hydrophobic length
because of its reduced planarity, and 7-KChol preferring to reside closer to the agueous

phase.
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Figure 5.3 Partial molecular area with sterol composition for (A) Chol, (B) 7-KChol,
and (C) 5,64-EChol mixed with DLPC monolayers. Partial molecular area with sterol
composition for (D) Chol, (E) 7-KChol, and (F) 5,68-EChol mixed with DMPC
monolayers.

5.2.3 Interfacial Area Compressibility Modulus of DLPC, DMPC, Sterols, and their
Mixtures

To characterize the physical state of the monolayers, the compressibility modulus
is calculated from the isotherm data and plotted as a function of surface pressure (Fig.
5.4). With regards to pure sterol monolayers, the highest compressibility moduli obtained

were for Chol (615 mN/m) followed by 5,64-EChol (248 mN/m) and 7-KChol (223
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mN/m). With the PCs monolayers, both DLPC and DMPC, display maximum
compressibility values of ~100 mN/m, a value consistent with a LE phase.

The compressibility modulus data shows that pure DLPC and mixed DLPC/sterol
monolayers with Xgero < 0.3 have similar interfacial rigidity and are therefore not
affected by the addition of the sterols (Fig. 5.4A—C). However, at Xseo = 0.5 the
compressibility modulus increased for all mixed DLPC/sterol monolayers which is an
indication of an ordering effect. It is evident that at Xseror = 0.7, Chol displays the greatest
ability to order the PC acyl tails. The variation of the monolayer compressibility modulus
with sterol composition was also monitored over the entire pressure range (3—40 mN/m)
(Fig. 5.4D-F). With the addition of small amounts of sterols (Xseror < 0.3) there is little
change in the compressibility modulus, however, moving from X = 0.3 to 0.7, the
compressibility modulus values of both mixed DLPC/7-KChol and DLPC/5,64-EChol
monolayers increase almost linearly at 20, 30, and 40 mN/m (Fig. 5.4E,F). In the mixed
DLPC/Chol monolayers, however, the linear increase is more evident moving from Xserol
= 0.5 to 0.7 within the same surface pressure range (Fig. 5.4D). These results here
illustrate that all sterols have ordering capabilities in the DLPC monolayer. The observed
changes in the ordering effect for the sterols also coincide with the sterol composition
(Xsterot = 0.3 and 0.5) for which the condensing effect was the strongest in the mixed
monolayers.

The compressibility modulus values for pure DMPC and mixed DMPC/sterol
monolayers are similar to those of mixed DLPC/sterol monolayers at Xseeror < 0.3 (Fig.

5.5A—C). However, at Xserol = 0.3 there is an increase in the compressibility modulus
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values in the mixed DMPC/Chol at IT > 15 mN/m and a small increase in DMPC/5,64-
EChol at IT > 30 mN/m (Fig. 5A and C), whereas the mixed DMPC/7-KChol monolayer
appears unaffected (Fig. 5.5B). At Xserol = 0.5 the compressibility modulus increased for
all the mixed DMPC/sterol monolayers. However, for 0.5 < Xgeror < 0.7 there are no
significant increases in compressibility modulus values in mixed DMPC/oxysterol
monolayers. The variation of compressibility with sterol composition shows little to no
changes when Xseror < 0.1 for the mixed sterols and linearity is observed in the range 0.3
< Xsterol < 0.7. In comparison to the results with DLPC, less Chol concentration is
required to order the DMPC tails. However, the ordering effects were reduced at high
Chol ratio in DMPC in comparison to DLPC. This may be the result of a smaller number
of gauche defects in DMPC.

Overall, both oxysterols could not achieve large compressibility modulus values
as those seen in the mixed monolayers with Chol. Also, in terms of relative
compressibility modulus values between the oxysterols, the order of magnitude is
approximately the same. It can therefore be inferred that the values are affected by the

additional volume effect incurred because of the extra oxygen atom.
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5.2.4 Excess Free Energy of Mixing of DLPC, DMPC, Sterols, and their Mixtures

The excess molecular area of the PCs mixed with the sterols is a rough indicator
of interactions between the two components. The excess free energy of mixing (AGexc) as
function of sterol composition and in the same surface pressure range was used to
quantify the deviation from ideality. Analysis of the excess free energy in the mixed
DLPC/sterol monolayers over the entire surface pressure range demonstrate non-ideality
for all three sterols and DLPC-sterol attractive interactions (Fig. 5.6A-C). The
occurrence of a minimum implies that the influence of the molecular interactions on
monolayer stability was the most significant at that composition. Analysis of the mixed
DLPC/sterol monolayers at 3 and 10 mN/m reveals that the most attractive and stable
interactions exist at Xsweror = 0.5. This result is consistent for the three sterols at these low
surface pressures. As the surface pressure increase, differences are observed pertaining to
their compositional stability. For instance, at higher surface pressures (IT > 20 mN/m),
the most attractive and stable interactions for the DLPC/Chol monolayer exists at Xcpor =
0.5 (Fig. 5.6A). Clearly, for this particular monolayer, it can be postulated that the
preferred DLPC:Chol stoichiometry is 1:1. Turning to the mixed DLPC/7-KChol
monolayers at 30 and 40 mN/m, the stability shifts to X7.kcho = 0.3 (Fig. 5.6B); here it
can be postulated that the preferred DLPC:7-KChol stoichiometry is 2:1. In the case of
the mixed DLPC/5,65-EChol monolayer at 30 mN/m, the stability is at Xsgp.echol = 0.5,
but as the surface increased to 40 mN/m, both Xsgs.ecno = 0.3 and 0.5 display equal
stabilities hence indicating that both 2:1 and 1:1 stoichiometries are equally preferred

(Fig. 5.6C). At the surface pressure of 30 and 40 mN/m with Xgero = 0.3, the following
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trend is observed for the stability of the DLPC/sterol monolayers: 5,65-EChol > 7-KChol
> Chol; in contrast, at Xseror = 0.5 at 30 mN/m, the trend becomes 5,645-EChol > Chol > 7-
KChol, and at 40 mN/m it changes to Chol > 5,64-EChol > 7-KChol.

Analysis of the excess free energy of mixing in the mixed DMPC/sterol
monolayers at lower surface pressures (3 and 10 mN/m) are thermodynamically most
stable for all three sterols at Xserol = 0.5 (Fig. 5.6D-F). At higher surface pressures (30
and 40 mN/m) both 7-KChol and 5,64-EChol are thermodynamically more stable at Xsterol
= 0.3, whereas Chol illustrates dual thermodynamic stabilities at Xserol = 0.3 and 0.5.

It is believed that strong attractive interactions in binary mixed monolayers may
be the result of the formation of stable condensed complexes.*?” If this is indeed the case,
from the results shown here, it appears that the differences in the compositional stabilities
are linked to surface complex stabilities formed within the monolayer. The AGey. values
suggest that the preferred PC:sterol stoichiometry at high surface pressures are 1:1 in
DLPC/Chol, 2:1 in DLPC/7-KChol, and both 2:1 and 1:1 in DLPC/5,64-EChol. With
DMPC the preferred stoichiometry in the same surface pressure range are both 2:1 and
1:1 in DMPC/Chol, and 2:1 in DMPC/7-KChol and DMPC/5,64-EChol. In a molecular
dynamics simulations study, Pandit et al. demonstrated that DLPC in a bilayer mixed
with 40 % Chol had a tendency to complex in a 1:1 stoichiometry. In the same study,
they also simulated DPPC in a mixed bilayer with Chol at the same concentration and
observed the two molecules preferred to interact in a 2:1 PC:Chol ratio.**® They then
went on to postulate that the differences in the observed complexation of Chol with the

two PCs were the result of different packing geometries due to the differing PC acyl
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chain lengths. This can be explained as the shorter acyl chain of DLPC forms a thinner
bilayer in comparison to DPPC and as such Chol molecules will be more tilted in DLPC
because of the larger hydrophobic mismatch. Additionally, they were also able to
determine that the PCs interact with Chol via an interconnected hydrogen bonding
network and these interactions were less likely to occur in the mixed DLPC/Chol because
of this increased Chol tilt. Because the most favorable association of DLPC/Chol found
here is 1:1, it can be inferred that Chol is most likely tilted in the monolayer because of
the hydrophobic mismatch and therefore cannot achieve the 2:1 stoichiometry. The 2:1
stoichiometry, however, is maintained in the mixed DLPC/7-KChol monolayer therefore
suggesting a lesser hydrophobic mismatch than in DLPC/Chol. To prove this point even
further, Smondyrev and Berkowitz in another stimulation study looked at the interactions
between DPPC and 6-ketocholestanol, an analogue of 7-KChol, and determined that
because of the ketone group, 6-ketocholestanol moves away from the bilayer center
towards the polar region of the phospholipid headgroups.'* Also, another interesting
observation is that in the mixed DLPC/5,64-EChol both 1:1 and 2:1 stoichiometries
appear to be equally favored. From the DMPC/sterol results, 7-KChol still maintains the
2:1 stoichiometry, while 5,64-EChol only retains the 2:1 stoichiometry and Chol displays
dual stoichiometries. The results here show that the 2:1 PC/sterol stoichiometry is

dependent on the effective hydrophobic length of the PC.
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5.2.5 BAM Images of DLPC, DMPC, Sterols, and their Mixtures

Figure 5.7 shows BAM images of pure DLPC and DLPC/Chol monolayers with
Xchol = 0.3-0.7 and Chol at different stages of compression. The pure DLPC monolayer
appears homogeneous throughout the compression only increasing in reflectivity as the
surface pressure increased; this observation is quite characteristic of the LE phase. The
characteristic domain morphology of Chol is also observed at low surface pressures (~0
mN/m) with a gas and condensed phase. As increasing amounts of Chol is added to the
DLPC monolayer, the BAM images begin to appear similar to those of pure Chol. The
Chol ratio where this transition occurred, however is at Xseror = 0.7. Further analysis of
the BAM at Xcho = 0.3 and 0.5, illustrate heterogeneity, particularly at Xcpoi = 0.5. The
BAM images of DLPC/7-KChol (Fig. 5.8) and DLPC/5,65-EChol (see Appendix A)
monolayers with increasing concentration of sterols also take on the appearance of their
respective pure sterol monolayer. However, in comparison to Chol, visual similarities
with their pure sterol monolayers are observed at Xgteror = 0.5.

The BAM images of the mixed DMPC/sterol (Fig. 5.9-5.10) demonstrates some
similarities with those seen in DLPC, however, heterogeneity in the mixed DMPC/Chol
monolayers is only observed with Xgero = 0.3 (Fig. 5.9) and at Xsiero = 0.5, it takes on the
appearance of the pure Chol monolayer. Small concentrations of Chol in PC monolayers
are known to mix uniformly.” **® However, as the concentration of Chol increases, phase
separation occurs to form Chol-rich and Chol-poor microdomains. Previous studies have
also indicated that phase separation varies as a function of acyl chain length, monolayer

composition and surface pressure.*?” >
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Chol

Figure 5.7 BAM images of DLPC and DLPC/Chol monolayers with Xcho = 0.3-0.7
and Chol at different stages of compression. Numbers in the lower left and upper right
corners indicate the mean molecular area and the surface pressure, respectively.
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Figure 5.8 BAM images of DLPC and DLPC/7-KChol monolayers with X7.kchol =
0.3-0.7 and 7-KChol at different stages of compression. Numbers in the lower left and
upper right corners indicate the mean molecular area and the surface pressure,
respectively.
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Figure 5.9 BAM images of DMPC and DMPC/Chol monolayers with Xcho = 0.3-0.5
and Chol at different stages of compression. Numbers in the lower left and upper right
corners indicate the mean molecular area and the surface pressure, respectively.

91



DMPC

17.7. mN/m 33.6 mN/m

Xrxcna= 0.3

2.8 mN/m 7.8 mN/m

X 7xcna=0-5

7-KChol

1.4 mN/m

Figure 5.10 BAM images of DMPC and DMPC/7-KChol monolayers with X;.xchol =
0.3-0.5 and Chol at different stages of compression. Numbers in the lower left and upper
right corners indicate the mean molecular area and the surface pressure, respectively.
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5.3 Results and Discussion. Part |1

5.3.1 Surface Pressure-Area Isotherms of Pure DSPC, DAPC, and their Mixtures with
Sterols

Compression isotherms of the pure DSPC and DAPC monolayers, and their
mixtures with the sterols are shown in Fig. 5.11. The lift-off (54 A%) and collapse surface
pressure (60 mN/m) values for both pure PCs monolayers are approximately the same. At
room temperature, both PCs are below their main phase transitions with T, ~55 and ~66
°C and for DSPC and DAPC, respectively.™ Concerning the physical state of the
monolayers, this means that both PCs monolayers are in the solid phase with highly
ordered acyl tails. Upon the addition of sterols to DSPC, the isotherms shifted to smaller
areas (Fig. 5.11A—C). In the case of DAPC, however, the isothermal curves are
drastically affected by the presence of oxysterols as can be seen by the appearance of a

plateau at Xseror = 0.3, typically indicative of a first order phase transition (Fig. 5.11D-F).
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Figure 5.11  Compression isotherms of (A) Chol, (B) 7-KChol, (C), 5,65-EChol mixed
with DSPC monolayers. Compression isotherms of (D) Chol, (E) 7-KChol, (F), 5,64-
EChol mixed with DAPC monolayers.
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5.3.2 Condensing Effect

In mixed DSPC/sterol monolayers, small positive excess area per molecules
values are observed at 3 and 10 mN/m (Xswerol < 0.1) indicating repulsive interactions
between the components (Fig. 5.12A—C). As the sterol concentration increased to Xsierol =
0.7, positive excess area values are only observed. Moving on to the mixed DAPC/sterol
monolayers, at 3 and 10 mN/m, positive excess area values are found for almost all
oxysterol ratios, however, the mixed DAPC/7-KChol monolayer displays the most
positive values (Fig. 5.12D-F). It is noted that these positive values are significantly
larger than those in the mixed DSPC/oxysterol monolayers. This observation is very
important and indicates that the oxysterols have reduced solubility in DAPC in
comparison to Chol. Positive excess area values may, at times, indicate that the
components in a binary mixed monolayer might be immiscible or partially miscible.

Analysis of the partial molecular areas for DSPC/sterols shown in Fig. 5.13A-C
are also consistent with the analysis of the excess molecular area that shows expansion of
the DSPC area at Xseror > 0.5 in the low surface pressure region. However, the partial
molecular area shown in Fig. 5.13D—F reveals a successive increase in the DAPC area in
the mixed oxysterol monolayers for Xsero < 0.3 at low surface pressures, clearly showing
reduced solubility of the oxysterols in DAPC. At high surface pressures (IT > 20 mN/m),
the excess area values are negative over the range 0.1 < Xgerol < 0.7 and are positive
beyond it, except for Chol. Also in the mixed DSPC/sterol monolayers with Xgero = 0.3 at
high surface pressures, the condensing ability follows the trend Chol > 5,64-EChol > 7-
KChol. Similar to DSPC, at higher surface pressures the excess area values of mixed
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DAPC/sterol monolayers are negative practically at all sterol ratios and also
demonstrated the same condensing ability trend (Fig. 5.13).

It is clear that the oxysterols display increased repulsive interactions as the PC
chain length is increased, particularly at low surface pressures as observed in the DAPC
monolayer. The increased repulsive interactions are the result of reduced miscibility of
the oxysterols in DAPC. It appears that as the chain length increased from DSPC to
DAPC, the stronger DAPC-DAPC interactions are preferred over DAPC-oxysterol
interactions. Differences in the interactions between the respective oxysterols are
observed because the DAPC/7-KChol interactions are less favorable. This may be due to

the greater hydrophilicity of 7-KChol compare to 5,64-EChol.
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Figure 5.12  Excess molecular area with sterol composition for (A) Chol, (B) 7-KChol,
and (C) 5,68-EChol mixed with DSPC monolayers. Excess molecular area with sterol
composition for (D) Chol, (E) 7-KChol, and (F) 5,65-EChol mixed with DAPC
monolayers.
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Figure 5.13  Partial molecular area with sterol composition for (A) Chol, (B) 7-KChol,
and (C) 5,648-EChol mixed with DSPC monolayers. Partial molecular area with sterol
composition for (D) Chol, (E) 7-KChol, and (F) 5,65-EChol mixed with DAPC
monolayers.

5.3.3 Interfacial Area Compressibility Modulus of DSPC, DAPC, Sterols, and their
Mixtures

In the mixed DSPC/oxysterol monolayers, it is apparent that there is no significant
change in the compressibility values, particularly in the mixed DSPC/7-KChol
monolayers (Fig. 5.13A—C). However, in the mixed DSPC/Chol monolayers at Xserol =
0.3, a reduction in the compressibility modulus values is observed at low surface

pressures followed be an inflection point at TT = 6-15 mN/m (Fig. 5.13A). Inflection
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points in the curves are an indication of a change in order (or change in phase) of the PC
acyl chains that is mediated by the surface pressure and the sterol concentration. As the
concentration of Chol increased from Xcno 0.5-0.9, the compressibility modulus values
continued to increase, and the inflection shifted to IT = 20-27 mN/m. In terms of the
compressibility modulus as a function of surface pressure, the results indicate a decrease
in the compressibility modulus values at Xgtero1 < 0.3 in a manner dependent on sterol type
and surface pressure. From the compressibility modulus values at Xseror = 0.3, Chol
disorders the DSPC monolayer in comparison to the oxysterols.* This is not a surprise as
Chol is known to induce disorder in solid phase lipids by interfering with the long-range
order of the pure solid phase lipid.> **¢ The mechanism behind Chol interfering with the
solid phase revolves around the fact that it intercalates within the acyl tails and the PC
headgroup regions where it reduces attractive interactions between the pure solid lipid
component. In the range 0.3 < Xseror < 0.9, no significant changes in the compressibility
modulus values is observed the mixed DSPC/oxysterol monolayers, indicating the
oxysterols reduced ability to intercalate into the solid DSPC monolayer.

In the mixed monolayer with DAPC/sterol, at Xsero1 = 0.1, no significant change in
the compressibility modulus values was observed for the mixed DAPC/Chol monolayer
compared to pure DAPC (Fig. 5.15A); however, in mixtures with oxysterols the
compressibility modulus decreased relative to that of pure (Fig. 5.15B,C). Additionally,
in the mixed DAPC/5,64-EChol monolayer for Xsgzechol = 0.1, an inflection point at 15
mN/m is observed. This result suggests that after 5,64-EChol disordered the DAPC

monolayer, as the surface pressure increased it demonstrates the ability to order the
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monolayer. Analysis at Xserol = 0.3, reveals a zero compressibility modulus value for the
mixed DAPC at 15 mN/m and 5,64-EChol at 18 mN/m (Fig. 5.15B,C). Zero
compressibility modulus values are an indication that a first order main phase transition
has taken place. This result indicates major disruption of DAPC in the presence of the
oxysterols. At Xseror = 0.5, in both mixed DAPC/7-KChol and DAPC/5,64-EChol
monolayers, the zero compressibility modulus is still observed but at the surface
pressures of 10 and 15 mN/m, respectively (Fig. 5.10B,C). At Xseror = 0.7, no inflection
point in the mixed DAPC/Chol is observed, while, a minimum compressibility modulus
value still persists with the mixed oxysterols monolayers.

The compressibility modulus values as a function of sterol concentration at Xserol
< 0.3 shows a reduction in value relative to pure DAPC, in particular at surface pressures
at 3 and 10 mN/m demonstrating that all three sterols disorder the gel phase of DAPC
(Fig. 5.15D-F) In the range 0.3 < Xsero < 0.7 there is a linear increase in the
compressibility modulus values that exceed that of the pure oxysterol when Xgero = 0.7 at
high surface pressures. It was also noted that at 30 and 40 mN/m the disordering effect
observed at low surface pressures is reduced, particularly in the PC monolayers mixed
with Chol. The results clearly show here that oxysterols have a greater capability to
disorder DAPC.

Looking back on the mixed DSPC/sterol compressibility modulus results, Chol
demonstrated the greatest ability in disrupting the solid phase of DSPC. This result is in
stark contrast to what was observed in the DAPC/sterol monolayers. One possible

explanation for this difference the additional oxygen moiety on the sterol rings of the
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oxysterols have a larger projected mean molecular area and can thus disrupt the solid

phase of DAPC and act as more effective spacer molecule than Chol.**®

A quick look at
the excess molecular area also shows that Chol is more miscible in DAPC than the
oxysterols (Fig. 5.15D-F). Another probable mechanism, in conjunction with the excess
area of the oxysterols, is the reduced miscibility of the oxysterols behind the major
disruption of the solid phase DAPC. In the monolayer, this reduced miscibility can lead
to minor phase separation between the two components. Because of this minor phase
separation, the DAPC lipids that are in close proximity to the oxysterols are disrupted by
a greater extent hence the fluidization of DAPC. Of the sterols, 7-KChol demonstrates the
greatest ability in disrupting DAPC. Again as previously mentioned, 7-KChol is tilted
closer to the interface than the other sterols. Also, this tilting results in the ketone group
being a closer proximity to the headgroup of DAPC. As a result, 7-KChol can descend
into the headgroup region more efficiently disrupting the long-range order between the
pure DAPC. At high sterol concentrations, the compressibility modulus values of the
mixed monolayers were higher than for their pure counterparts (Fig. 5.15D—F). This may

be because the sterols are not symmetrically distributed throughout the monolayer and

hence have a greater ability to order DAPC.

101



700

600

I1 (mN/m)

C  (mN/m)

X

7-KChol
—4—0.0

700

600

B al
o o
o o
T T

C * (mN/m)
w
8

200
100

II (mN/m)

Figure 5.14

X

5,68-EChol
-~-0.0

700
600

a
o
o

300

C ' (mN/m)
D
]

[ II(mN/m)
—A—3
| —v—10
—m—20
- 30 o
B Y
- :)( v
l.\ / / A
v\ s ®
VV\ / /
A—

1 " 1 1 " 1 " 1 " 1
0.0 0.2 0.4 0.6 0.8 1.0
A,Chol

|- I1 (mN/m)
—A-3
F —v—10
I —m—20
B 30
—0—40
o Q- —@—
:\.X. e \: — ,/N °
Axv\v/v N A
A -
1 . 1\A 1 . T \A/. 1
0.0 0.2 0.4 0.6 0.8 1.0
X7-KChoI
-_ I1 (mN/m)
L a3
- —v—10
I —m—20
= 30
I —e—40
I 09— e
_l‘:l;.r—// Y
|V v v &
LA Ny
G Y- A
A, = SN A AT
1 " 1 " 1 " " 1 1
0.0 0.2 0.4 0.6 0.8 1.0
X5,6B—ECh0I

calculated from the compression isotherms shown in Fig. 5.11.
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Figure 5.15  Variations of monolayer compressibility modulus with (A-C) surface

pressure and (D—F) sterol composition for (A and D) Chol, (B and E) 7-KChol, and (C
and F) 5,64-EChol mixed with DAPC monolayers. The compressibility data was
calculated from the compression isotherms shown in Fig. 5.11.

103



5.3.3 Excess Free Energy of Mixing of DSPC, DAPC, Sterols, and their Mixtures
Analysis of the excess free energy in the mixed DSPC/sterol monolayers at 40
MN/m and at Xserol = 0.3 reveals the most and least negative AGey. values for the mixed
DSPC/Chol and DSPC/7-KChol monolayers, respectively (Fig. 5.16A,B). Positive excess
free energy values are obtained in the mixed DSPC/7-KChol monolayer at Xstero1 = 0.9.
With regards to the DAPC at 40 mN/m the excess free energy follows the trend 7-KChol
> 5,64-EChol > Chol (Fig. 5.16D-F), which is the same as in the mixed DSPC/sterol
monolayer. Both PCs demonstrate that their preferred PC:sterol stoichiometry is 2:1.
From our study, we find a clear PC and sterol dependency trend on condensing
and ordering abilities. Regarding condensing effects, it was quite apparent that relative
fluidity of PC monolayers, hydrophobic mismatch and sterol type influenced the
observed magnitude between PC and sterols. Ordering effects, however, were clearly
affected by the additional oxygen moiety in oxysterols, as they were ineffective in
comparison to Chol in each of the PCs studied. This parameter was clearly affected by
the additional volume imposed by the oxygen atom. Also, in fluid DLPC and DMPC
monolayers, phase separation was only observed when mixed with Chol. And, the
formation of stable complexes of PC:sterol was dependent on hydrophobic mismatch and
monolayer composition in which it occurred. Turning to the condensed monolayers of
DSPC and DAPC, Chol is commonly referred to as a spacer molecule as it intercalates
into solid monolayers disrupting long-range order thereby fluidizing the monolayer. This
effect was observed in both DSPC and DAPC monolayers with addition of small amounts

of Chol. However, with DSPC, it was revealed that oxysterols could not fluidize the
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monolayer as well as Chol. It came as a surprise, however, that with DAPC, oxysterols
demonstrated greater fluidizing abilities. In depth analysis of the isothermal revealed that
immiscibility effects, and added bulkiness and roughness of these oxysterol played a
substantial role in the drastic fluidization observed.

These changes in the interfacial behavior of PCs with sterols can have significant
implications for the lateral organization of cellular membranes, especially lipid raft
formation and the breathing process. Condensed monolayer films on the surface of
marine aerosols to affect to evaporation and gas diffusion. As oxysterols were shown to
affect lipid order, there could be repercussion on the reactivity of marine aerosols in the

atmosphere.
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Figure 5.16  Variations of excess free energy of mixing of sterol composition for (A)
Chol, (B) 7-KChol, and (C) 5,6p-EChol in binary mixtures with DSPC. Variations of
excess free energy of mixing of sterol composition for (D) Chol, (E) 7-KChol, and (F)
5,64-EChol in binary mixtures with DAPC.
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5.4 Conclusions

From previous studies, it is known that Chol demonstrates the dual ability of
ordering fluid PC monolayers while disordering solid PC monolayers. With our study, we
also find a clear PC and sterol dependency trend on condensing and ordering abilities.
Regarding condensing effects, it was quite apparent that relative fluidity of PC
monolayers, hydrophobic mismatch and sterol type influenced the observed magnitude
between PC and sterols. Ordering effects, however, were clearly affected by the
additional oxygen moiety in oxysterols, as they were ineffective in comparison to Chol in
each of the PCs studied. This parameter was clearly affected by the additional volume
imposed by the oxygen atom. Also, in fluid DLPC and DMPC monolayers, phase
separation was only observed when mixed with Chol. And, the formation of stable
complexes of PC:sterol was dependent on hydrophobic mismatch and monolayer
composition in which it occurred. Turning to the condensed monolayers of DSPC and
DAPC, Chol is commonly referred to as a spacer molecule as it intercalates into solid
monolayers disrupting long-range order thereby fluidizing the monolayer. This effect was
observed in both DSPC and DAPC monolayers with addition of small amounts of Chol.
However, with DSPC, it was revealed that oxysterols could not fluidize the monolayer as
well as Chol. It came as a surprise, however, that with DAPC, oxysterols demonstrated
greater fluidizing abilities. In depth analysis of the isothermal revealed that immiscibility
effects, and added bulkiness and roughness of these oxysterol played a substantial role in

the drastic fluidization observed.
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These changes in the interfacial behavior of PCs with sterols can have significant
implications for the lateral organization of cellular membranes, especially lipid raft
formation and the breathing process. Condensed monolayer films on the surface of
marine aerosols to affect to evaporation and gas diffusion. As oxysterols were shown to
affect lipid order, there could be repercussion on the reactivity of marine aerosols in the

atmosphere.
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6. Chapter : High-Resolution Broad-Bandwidth VSFG spectroscopy of Pure
Cholesterol, 7-Ketocholesterol and 54,6 f/-Epoxycholesterol Monolayers at the
Air/Water Interface
VSFG spectroscopy has proven quite ideal for probing the interfacial organization
(ordering, orientation) of lipid monolayers at the air/water interface as well as in other
model membrane systems.*” 0 152 153 13 The \/SEG spectrum of Chol has been

previously reported for both liquid and solid interfaces,*>® 10 %

and spectral assignment
has been given, even though it remains tentative and incomplete.> In addition, VSFG
spectroscopy has also provided information about the condensing effect of Chol and
palmitic acid when mixed with a DPPC monolayer by determining their impact on the
ordering of the phospholipid acyl chain.'” *** However, to date, there has been no VSFG
study of oxysterol monolayers, with the exception of the work by Ma et al. who
attempted to make peak assignments for 6-ketocholesterol.*’

The main structural parts of Chol that influence sterol-lipid interactions are the
planar tetracyclic rings, the 34-hydroxyl group and the isooctyl chain that is attached at
C17 (Fig. 1.3A). As mentioned in the preceding chapters and also in previous studies,
modifications to the molecular structure of Chol affects sterol-lipid interactions in

bilayers that can influence proper membrane function, for example in the formation of

lipid rafts. In an atomistic simulation study by Aittoniemi et. al. the tilt
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angle of the molecular plane formed by the steroid nucleus of Chol and three of its
analogues was investigated in mixed bilayers of DPPC.*** From their study, they
observed that the smaller the tilt angle of the sterols from the surface normal, the stronger
their ordering abilities when mixed in bilayers with DPPC. The numerical tilt angle given
for Chol with a concentration of 20% in the mixed bilayer with DPPC was ~20°. This
value also correlates with other studies that have calculated the tilt angle of Chol mixed
in biological relevant lipids that range between 10—30°.149 18 159.180 pMore recently, Kett
et. al. determined the tilt angle of pure Chol in hybrid bilayers using VSFG spectroscopy
and obtained a tilt angle value of < 25°! With regards to the oxysterols used in our
study, no simulation or VSFG study have been performed to determine the tilt angles of
7-KChol and 5,64-EChol in monolayers or bilayers. However, Ma et. al. determined the
tilt angle of the ketone group on 6-ketocholestanol, an analogue of 7-KChol, to be ~10°.
However, more studies are needed to determine the tilt angles of oxysterols to understand
their impact on the ordering of lipids in biomembranes.**’

In this chapter we used HR-BB-VSFG spectroscopy to study the interfacial
organization of pure Chol, 7-KChol and 5,64-EChol monolayers at the air/water interface
The spectral assignment focuses on the C—H vibrational stretching region (2750-3100
cm™). We also used these HR-BB-VSFG spectra to determine the sterol tilt angles from

the surface normal.
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6.1 Materials

7-ketocholesterol (7-KChol, >99%), and 5p,6/4-epoxycholesterol (5,64-EChol,
>99%) were purchased from Avanti Polar Lipids (Alabaster, AL), whereas cholesterol
(Chol, >99%) was from Sigma-Aldrich (St. Louis, MO). All compounds were used
without further purification. 1 mM sterol stock solutions were prepared in chloroform

(HPLC grade, >99.0%, Fisher Scientific, Pittsburgh, PA).

6.2 Results and Discussion

6.2.1 VSFG Spectra of Pure Sterol Monolayers

The VSFG spectra of pure Chol, 5,64-EChol and 7-KChol monolayers in the CH
stretching region (2750-3100 cm™) are presented in Figs. 6.1, 6.2 and 6.3, respectively,
for both ssp and ppp polarization combinations. A comparison of all three spectra is also
shown in Fig 6.4. These polarization modes are more sensitive to the vibrational modes
that are perpendicular and parallel, respectively, to the plane of incidence. For example,
the asymmetric vibrational modes is known to be parallel to the plane of incidence and
therefore can be unambiguously assigned with the ppp polarization. The CH stretching
region encompasses the C-H vibrational modes (e.g., symmetric and asymmetric
stretching, Fermi resonance (FR), and combination bands) from the CH, CH, and CH3
groups. A list of possible assignments for some of the peaks is provided in Table 6.1

according to previously published data,'>* *°> 1% 157
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In terms of obtaining accurate peak assignments for the sterols, it is quite difficult
as these are complex molecules and as such there are some uncertainties in the
interpretation of their VSFG spectra. The reason for this uncertainty is the result of the
CH, CH, and CH3 groups being directly connected to different structures on the sterol.

In the spectrum of Chol, two prominent peaks are observed at 2945.1 and 2962.4
cm™ (Fig. 6.1). The first peak is a convolution of CH, 5 and CHs ¢ Vibrational modes,
whereas the second peak has been assigned to the CH3 5s mode of CH3 groups on the
sterol ring. Two other minors peaks at 2850.1 and 2874.1 cm™ have been assigned to the

CH, s and CHs s vibrational modes, respectively;*>> °

the last mode belongs to the CH3
groups of the isooctyl chain. Another CH3 s mode, this one related to the sterol ring,
gives rise to a weak shoulder at 2861.1 cm™.* > The weak shoulder at 2885 cm™ has
been assigned to the CH g vibrational mode, whereas the minor peak at 2906 cm™ was
tentatively assigned to the RsC-H.™ Finally, the feature observed at 2822.1 cm™ is

probably not a peak but may be the result of an interference coming from two adjacent

peaks with opposite phase.
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Figure 6.1 VSFG spectra of pure Chol monolayers at the air/water interface.
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Figure 6.2 VSFG spectra of pure 5,64-EChol monolayers at the air/water interface.
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Table 6.1

KChol, and 5,64-EChol monolayers at the air/water interface.
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VSFG spectra of pure 7-KChol monolayers at the air/water interface.

Peak frequencies and spectral assignment of VSFG spectra of Chol, 7-

154, 156, 157

Frequency/cm™ Assignment
2822.1 interference
2837.2 no assignment
2850.1 CHy s
2861.1 CH3 g (sterol rings)
2874.4 CHzsss (on the isooctyl tail)
2885.3 CH,; FR
2906.3 R3C-H
2945.1 CHs s FR and CH; 4
2962.4 CHg3 45 (sterol rings)
2971.3 no assignment
2991.7 no assignment
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By looking at the 5,64-EChol spectrum, many similarities can be found to the
Chol spectra; however, it is apparent that the spectral feature at 2822.1 cm™ is no longer
present. Also, at 2837 cm™, the dip seen in the Chol spectrum has been replaced by a
shoulder in the 5,64-EChol spectrum. While no assignment has been made, the
appearance of the peak seems to suggest a difference in the orientation between the two
sterols. The two prominent peaks at 2945.1 and 2962.4 cm™ were still observed, however,
their relative intensity ratio is opposite to that observed for Chol. One assumption that
can be made is that the CH3 kg band may be changing in intensity. The CH, ¢ vibrational
mode at 2950.1 cm™ is still observed with approximately the same peak intensity of Chol,
while the peak intensity at 2874.1 cm™ is slightly less than Chol. This may be due to
differences in the orientation of the isooctyl chains or to a lesser surface number density
of probed sterol molecules resulting from the added molecular area caused by the epoxy
group. The intensity of the peak at 2906.3 cm™ is also less than Chol.

In the spectrum of 7-KChol, the feature at 2822.1 cm™ is also absent (Fig. 6.3).
The shoulder that was observed at 2937.2 cm™ in 5,68-EChol is not observed in the 7-
KChol spectrum, again suggesting differences in orientation. The two distinct peaks
observed in Chol and 5,64-EChol at 2850.1 and 2874.1 cm™ are replaced by a broad peak
in the 7-KChol spectrum (Fig. 6.3). However, while the peak at 2861.1 cm™ appeared as
a shoulder in both Chol and 5,64-EChol, this peak is prominent in 7-KChol. Also, the
peaks at 2906.3, 2945.1 and 2962.4 cm™ that are present in Chol are observed in the 7-
KChol spectrum but with a lower intensity. Again, it is important to remember that these

are indeed tentative assignments and are therefore susceptible to error.
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6.2.2 Orientation of Sterols

The orientation angle of the sterol ring methyl groups (fcus) from the surface
normal can be determined from the VSFG spectra for all three sterols with the ssp
polarization mode. The methyl group tilt angle of the sterols is defined as the angle
between the surface normal and the vector T joining C3 and C17 (Fig 6.4).'*" This angle
can also be used to further determine the tilt of molecular plane formed by the steroid
nucleus (67) with respect to the surface normal Because the methyl groups at C18 and
C19 are almost perpendicular to the ring system of Chol, therefore the sterol plane tilt
angle is approximately given by 6cnz = (90 + 67)°.

The calculation method used to determine the orientation of the molecules from
the surface normal has been documented elsewhere.'” %2 A brief summary of the
orientation angle calculation revolves around the VSFG second-order nonlinear
susceptibility (y) and the mean CHg orientation angle (6cns). The orientation angle of the

sterol CH3 group from the surface normal is calculated by

Ls _ XJ(,?Z (v5sCH3) o (1+ 1) cosBcy, — (1 —1)cos*bc, (r = 23) (1)
Iy XJ(;)Z (v4sCH3) cos B¢y, — cos30cy, '

The peak intensity ratio ls/l.s between v(CHas) at 2861.1 cm™ and v(CHaa) at 2962.4
cm™ has a direct relationship with 6cps (values of r = 2.3). Therefore, Ocis can be easily

obtained by knowing the xy, (CHass) xy: (CHsas) ratio. This ratio is obtained from the
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square root of the I/l ratio and was used in trying to identify the tilt angle of the sterols.
(Table 6.2).1%2

Using the value of r = 2.3 given in Ma et. al. it was not possible to determine
quantitatively the tilt angle for the sterols.™> Experimental (Raman depolarization ratio
measurements) and theoretical (bond polarizability analysis) studies have shown that the
r values of CHj; groups from simple molecules such as methanol, ethanol and
dimethylsulfoxide typically fall in the range 1.7—4.0.%% In the paper of Ma et al., the r
value corresponds to the terminal methyl group of DPPC. However, this value may not be
representative of the methyl groups attached to the steroid nucleus. Further experimental
work is therefore needed to determine the r value for sterols which is beyond the scope of
this dissertation. However, while we do not know this value, a qualitative conclusion can
still be made. From the intensity ratios shown in Table 6.2, 7-KChol appears to be the

most tilted from the surface normal and Chol the least (Figs 6.5 and 6.6).
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Table 6.2

|Zssp,ss/},’ssp,as|

Sterol

0.409

Chol

0.785

7-KChol

0.488

5,68-EChol
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A

Figure 6.5 The methyl group tilt angle of sterol (Ocns3) is defined as the angle between
the surface normal and the vector T joining C3 to C17 for (A) Chol, (B) 7-KChol, and
(C) 5,6p-EChol.
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Figure 6.6 The tilt angle of the molecular plane formed by the steroid nucleus relative
to the surface normal.
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7. Chapter : Conclusions and Implications

The work presented in this thesis is motivated by an interest in understanding the
influence of oxysterols on the molecular-level interactions between PCs that are relevant
to biomembranes, PS, and marine aerosols, and to compare these interactions with those
of Chol. Chol has been extensively studied in many model membranes systems,
particularly in binary mixed PC monolayers. Reasons for this interest include Chol's
fluidizing and permeability capabilities in monolayers and bilayers as well as its ability to
phase separate into Chol-rich and Chol-poor microdomains. With regards to these model
membrane studies, researchers have focused on varying the acyl chain asymmetry,
length, and degree of saturation, as well as the type of headgroup. More recently, there
has been an increased interest in understanding molecular-level interactions in model
membrane systems in binary mixtures of phospholipids and oxysterols. These studies
have placed an emphasis on investigating these interactions with one or two different
phospholipids with the variant being oxysterols. To the author's knowledge, no
systematic study has been done to vary both phospholipids and sterols over a wide range
of monolayer compositions to extract a more comprehensive analysis of these
interactions. With this study, we were able to deduce that the oxysterols do differ in their

interactions with PCs in comparison to Chol.
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The condensing ability was dependent on the sterol type, acyl chain length,
composition and physical state of the monolayer. From the compressibility modulus
values, oxysterols were inferior to Chol in ordering the acyl tails of all the PCs used in
this study. The Gibbs free energy analysis indicated differences in the preferred PC:sterol
stoichiometry and thermodynamic stability. For instance, at the 2:1 stoichiometry in
DLPC, Chol demonstrated the lowest favorable interaction among all sterols, however as
the acyl chain length increased, this stoichiometry became increasing favorable. For 7-
KChol in DLPC, the 2:1 stoichiometry was highly preferred showing greater
thermodynamic stability in comparison to Chol however, its thermodynamic stability
became least favored in DSPC and DAPC compared to the other sterols. For 5,64-EChol,
the 2:1 stoichiometry was less favorable in the fluid DMPC but as the chain length
increased it exhibited intermediate thermodynamic stability between the sterols. In this
study, it appears that the thermodynamic stability is dependent on the hydrophobic length
and the oxygen moiety. Also, in terms of phase separation, both oxysterols are inferior to
Chol.

From a biological standpoint, the most striking observation from this study was
that the oxysterols, at times, demonstrated equivalent thermodynamic stability to that of
Chol. However, they were incapable of ordering the acyl chains as efficiently as Chol.
One can see that in biomembranes these oxysterols can compete with Chol in interacting
with other lipids components but cannot perform the roles as efficiently as Chol. This can
therefore affect proper membrane function. Also, in the more solid lipid, DAPC, the

oxysterols disrupted these monolayers more efficiently than Chol. For biomembranes,
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this disruption may have implications for interfering with highly ordered structure, for
instance lipid rafts.

With reference to the data presented in Chapter 4, this section was highly
important in regards to lung function as DPPC is by far the most prevalent lipid
constituent in PS. Both oxysterols demonstrated poorer fluidic regulating capabilities in
comparison to Chol and can therefore influence lung function.

Turning to marine aerosols, as previously mentioned, their sizes are directly
correlated to their environmental effects. Because the oxysterols mixed with the PCs
demonstrated reduces ordering abilities, one can infer that an aerosol with an increased
concentration of oxysterols in the surface will be more permeable. This can result in an
increased evaporation of the aqueous core, and as a result concentration of the inorganic

material.
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APPENDIX

Appendix A BAM Images of Mixed DPPC/Sterols Monolayers

Negor= 0.05

‘YC‘hol: 0.1

‘YC‘hol: 0.3

Xepo= 0.5

Xepo= 0.7

‘YChol: 0.9

Figure A1  BAM images of a DPPC monolayer mixed with Chol at different stages of
compression. Numbers in the lower left and upper right corners indicate the mean
molecular and the surface pressure, respectively.
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X7 kenot = 0.05

‘YT-I\'C‘hol =0.1

X7 kcnot = 0.3

Xoxono = 0.5

X kenat = 0.7

‘Y":‘-I{Chol =0.9

Figure A2  BAM images of a DPPC monolayer mixed with 7-KChol at different
stages of compression. Numbers in the lower left and upper right corners indicate the
mean molecular and the surface pressure, respectively.
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X5 6pEchol = 0.05

Xs 6pEchot = 0-1

X5 6pEchol = 0-3

Xs spEchol = 0-3

X5 spEchol = 0.7

X5 6pEchot = 0.9

Figure A3  BAM images of a DPPC monolayer mixed with 5,64-EChol at different
stages of compression. Numbers in the lower left and upper right corners indicate the
mean molecular and the surface pressure, respectively.
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Appendix B BAM Images of Mixed DLPC and DMPC/5,6 /—~EChol Monolayers

DLPC

14.6 mN/m

X5 6pECha=0-3

1.5 mN/m 7.0 mN/m 19.9 mN/m

Xs.ép-E('lwl: 0.5

X»‘.ﬁ/;-F.(‘hm: 0.7

6.1 mN/m

5,64-EChol

0.2 mN/m

Figure B.1 BAM images of DLPC and DLPC/5,645-EChol monolayers with Xs gs-echol
= 0.3-0.5 and Chol at different stages of compression. Numbers in the lower left and
upper right corners indicate the mean molecular area and the surface pressure,
respectively.
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DMPC

9.5 mN/m 17.7. mN/m

X5,6ﬂ-E(‘hol= 0.3

°
0.7 mN/m 4.6 mN/m 12 mN/m

Xi,/)p-E('hm: 0.5

14.6 mN/m

5,64-EChol

0.2 mN/m

Figure B.2  BAM images of DMPC and DMPC/5,64-EChol monolayers with Xs .
echol = 0.3-0.5 and Chol at different stages of compression. Numbers in the lower left and
upper right corners indicate the mean molecular area and the surface pressure,
respectively.
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