Langmuir Trough and Brewster Angle Microscopy Study of Model Lung Surfactant

Monolayers at the Air/Aqueous Interface

Thesis

Presented in Partial Fulfillment of the Requirements for the Degree Master of Science

in the Graduate School of The Ohio State University

By
Dana-Marie Telesford, B.S.

Graduate Program in Chemistry

The Ohio State University

2012

Master's Examination Committee:
Prof. Dr. Heather C. Allen, Advisor

Prof. Dr. Barbara E. Wyslouzil



Copyright by
Dana-Marie Telesford

2012



ABSTRACT

The alveoli in the human lung have a complex mixture of lipids and proteins that
are collectively called pulmonary surfactant (PS). PS is necessary for proper breathing as
a deficiency or dysfunction of PS can lead to respiratory distress syndrome (RDS). At
present surfactant replacement therapy (SRT) has been used as the preferred treatment for
some forms of RDS, however it has not always been proven successful in all cases. In
this thesis 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE), and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-
rac-glycerol) (DPPG) lipids of the lung, were studied with a Langmuir trough used in
conjunction with the Brewster angle microscopy (BAM) on a water subphase as the
temperature and the compression rate were varied. Studying fundamental molecular
interactions with respect to each lipid may provide greater understanding of morphology,
size, and domain numbers which may provide further insight into better treatment
options.

Results illustrated that the compression rate did not have a significant impact on
the shape of the isotherms, however the domain morphology was affected. In the
coexistence region of the monolayer, the domains were influenced by the temperature of
the subphase and the compression rate by way of the shapes, sizes and domain numbers
observed. Domains that were formed at the onset of domain formation in the coexistence

region had a greater tendency to fuse into larger domains as the compression rate
ii



increased and when the temperature of the subphase was lower than the main phase
transition temperature. The fusion of the domains was believed to be observed with all
three lipids, however as the temperature of the subphase was increased in the DPPC
monolayer, fusion of the domains appear to decrease. The fusion of the domains as the
compression rate increased in a cold monolayer suggest that a faster compression rate can
induce enough fluctuations in the monolayer to increase the probability of domain-
domain interactions DPPG has a main phase transition temperature that is similar to
DPPC and fusion was still observed at 37 °C. These results suggest that DPPG may have
a higher phase transition temperature in a monolayer with a neat water subphase. In this
thesis, DPPC had the smallest domain size and the largest domain number at 37 °C on
average, it can be inferred that the headgroups have a greater ability to interact with
water. Conversely, DPPG was shown to have relatively larger domains than DPPC and as
such greater lipid-lipid interactions. Based on results in this thesis, as the alveoli contract
and expand while breathing, the lipid type and the rate at which this process occurs may

have an impact on the morphology and the number of domains formed.
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1. INTRODUCTION

The air/alveolar interface of a healthy human lung contains a complex mixture of
lipids and proteins called pulmonary surfactants (PS) whose primary role is to facilitate
proper breathing. A deficiency or dysfunction of any PS component can thus lead to
respiratory distress syndromes (RDS).[1] For example, premature infants born before 32
weeks are susceptible to neonatal respiratory distress syndrome (NRDS).[2] Another lung
disorder, acute respiratory distress syndrome (ARDS), can affect infants, children, and
adults.[3] In regards to the treatment of these disorders, surfactant replacement therapy
(SRT) has helped reduced NRDS fatalities however this treatment has not been as
successful in treating ARDS. Understanding fundamental interactions between PS can
therefore aid in development of better treatment options.

In this thesis, three phospholipids present in the PS mixture, namely 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine  (DPPE), and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (DPPG), were studied on a water subphase. The overall objective of this study
is to understand how different physico-chemical parameters (e.g. lipid type, subphase
temperature and barrier compression rate) affect interfacial behavior and domain
morphology of these phospholipids at the air/water interface with the use of a Langmuir

trough and the Brewster angle microscope.



The present thesis is organized as follows: in Chapter 2, the theoretical
background as well as a description of each of these experimental methods is given.
Chapter 3 presents the surface pressure-area isotherms and BAM images obtained from
zwitterionic DPPC and DPPE monolayers spread on a pure water subphase at various
temperature and compression rates. Similarly, Chapter 4 presents surface pressure-area
isotherms and BAM images of an anionic DPPG monolayer spread also on a pure water

subphase. Finally, Chapter 5 summarizes the main results and gives some conclusions.

1.1 Pulmonary Alveoli: Structure and Function

The primary function of the lungs is to obtain and transport oxygen from the
atmosphere into the bloodstream during the inspiration phase and release carbon dioxide
from the bloodstream back into the atmosphere during the expiration phase.[2] The lungs
are divided into two systems, the conducting airways which comprise the trachea,
bronchi, bronchioles, and the alveoli which act as the respiratory units (Fig. 1.1). As air
enters the nose or mouth it then travels down the trachea to reach the left and right
bronchus. These breathing tubes then further divide into the bronchioles. The last order of
these bronchioles (also known as respiratory bronchioles) have two to nine generations of
alveolar ducts, the last of which ends in grape-like clusters of tiny, thin-walled air sacs or
alveoli (from the Italian, "bunch of grapes”) called acinus.[4] Each acinus contains
approximately 2000 alveoli which amount to an estimated 300 million alveoli for two
healthy adult lungs.[5-6] The alveoli are approximately 200 pm in diameter and are

surrounded by a network of capillaries where all gas exchange takes place. Gas transfer is



maximized at the alveolar epithelium; for example, at full lung capacity, the gas
exchange of a 70 kg adult can be carried over a total surface of about 70 m?, an area
equivalent to that of a tennis court.[7] Moreover, the distance between the alveolar air
phase boundary and capillary blood can range between 0.5 to 1.5 um and allows for rapid

gas diffusion.[4]
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Figure 1.1 Respiratory system comprising conducting airways (trachea, bronchi, and
bronchioles) and respiratory units in the form of alveoli[8]

The large surface area and its direct interaction with the atmosphere through every
inhalation make the lungs more susceptible to infection, inflammation, and exposure to

oxidant gases and small particles.[9] The lungs therefore must have some form of host



defense system in place, whose response is regulated to avoid causing injury to these
delicate tissues. This protection mechanism of the lungs against injury however, will not
be discussed in this thesis.

The normal alveolar epithelium is composed of two principal cell types, namely
type | and type Il epithelial cells (Fig. 1.2). Type | (or squamous alveolar) cells form
~90% of the alveolar surface area and their primary function is to prevent fluid loss and
facilitate gas exchange.[3] Type Il (or great alveolar) cells constitute the remaining of the
alveolar surface area and their primary function involves the production, secretion, and
recycling of PS components.[2-3] Besides epithelial cells, another type of cell called
alveolar macrophages is also present in the lungs. Macrophages are motile phagocytic
cells whose main function is to destroy and ingest foreign matter such as air-borne
pathogens and particulate matter.[10] Studies done by Quintero et al. illustrated that

alveolar macrophages can also play a role in the degradation of PS.[11]
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Figure 1.2 Picture illustrating an alveolus with type I, 1l and macrophage cells.[12]

1.2 Pulmonary Lung Surfactant and Respiratory Distress Syndromes

1.2.1 Pulmonary Surfactants

As mentioned previously, (PS) is a complex mixture of lipids and proteins that
lines the alveolar/air liquid interface of the mammalian lung.[13] The primary function of
PS is to reduce surface tension at the alveolar air/liquid interface and thereby facilitate
breathing and stabilize the alveoli against collapse during expiration.[14-16] PS exist not
only in the alveoli, but also in the bronchioles and the small airways.[1] In addition to
reducing surface tension, PS are also involved in the antibacterial and antiviral activity,
as well as in specific and non-specific host defense.[1, 10, 17-18] The surface tension at

the alveolar air/liquid interface without PS is ~70 mN/m.[19-20] Low surface tension in
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the lung is associated with the surface of the alveoli becoming enriched with some PS
while some components are progressively removed or squeezed out from the surface
during expiration.[2] Through this squeezing out mechanism, some PS components are
either lost to the subphase or stored in reservoirs in the vicinity of the monolayer to
facilitate readsorption when the surface tension is lowered upon inspiration.[21-24] By
reducing surface tension in the alveoli, PS greatly reduces the energy expenditure
required in breathing.[25-26]

The complex mixture of lipids and proteins that make up PS are produced,
secreted, and recycled by type Il alveolar cells.[2] The composition of the PS at the
surface of the alveoli is ~90% phospholipids and ~10% proteins in weight.[2] It is
important to note that the composition of these surfactants may vary depending on the
method used during extraction and the source used to obtain the surfactant as there are
compositional differences between mammals.[2] However the most prevalent lipids in
the lung have a phosphatidylcholine (PC) headgroup, which accounts for approximately
80% of the total phospholipids extracted from the lung lavage of most animal species
(Table 1.1). The PC headgroup of lipids have either saturated or unsaturated acyl chains,
whose length and saturation have an impact on the fluidity of the lipid.[2]

The predominant lipid component of PS which accounts for approximately 40%
of all PC, is DPPC, a disaturated 16 carbon chain lipid mainly responsible for reducing
surface tension values to near-zero values upon film compression.[27] Despite its high
capacity to reduce surface tension, DPPC does not adsorb or respread to the surface

quickly enough in vivo.[27] At 37 °C, DPPC typically exists in a gel phase, i.e., with its



acyl chains in a rigid close-packed arrangement such that it can form a condensed
monolayer upon compression and withstand high surface pressures. In contrast,
unsaturated lipids at 37 °C exist in a liquid crystalline phase and cannot form a condensed
monolayer in a highly compressed state. Unsaturated lipids are more fluid-like because of
the double bond and thus respread quicker than their saturated counterparts. Therefore the
presence of unsaturated lipids in the PS helps in fluidizing and respreading DPPC and
other saturated lipids.[2] These two desirable properties, stability and fluidity, are
possessed by no single lipid component hence many different lipid components are
needed in vivo for proper PS functioning.

Other phospholipids classes that are also present in lung surfactants, although in
smaller amounts, include phosphatidylethanolamine (PE), phosphatidylglycerol (PG),
phosphatidylinositol (PI), and phosphatidylserine (PS). Their abundance in the human
lung is summarized in Table 1.1. These lipids also help in the adsorption and respreading
of DPPC. At physiological pH, PC and PE lipids are zwitterionic, i.e. carry no net
electrical charge, while PG, PI and PS lipids are anionic or negatively charged. The
anionic phospholipids have been shown to interact with the cationic surfactant protein B
(see below), with PG showing the greatest preference.[28-29] It is believed that the
interaction between anionic phospholipids and surfactant protein B are critical for the
proper functioning of PS at the air/alveolar liquid interface. The neutral lipids constitute
10% by weight of the PS with cholesterol accounting for approximately 80-90% by
weight.[2] The main function of cholesterol lies in its ability to maintain the balance

between fluidic and rigid lipid phases in lung surfactant.[2]



Table 1.1 Human lung PS lipid composition.[2, 30]

Lipid type % Weight
Disaturated PC 55
Unsatured PC 25
PG 5.4-8.2
PE 3.3-4.1
Pl 4.1-6.7
Sphingomyelin 1.7-2.5
Other lipids 1.7-2.0

Besides the aforementioned lipidic components, four surfactant proteins (SPs) are
also present in the PS, namely SP-A, SP-B, SP-C, and SP-D.[31] SP-A is a large
multimeric hydrophilic glycoprotein consisting of 18 monomers, each weighing 28-36
kDa.[32-33] SP-A has multiple functions including aiding in lipids adsorption and
respreading at the alveolus surface and in the innate immune defense of the lung.[34-35]
SP-D (43 kDa) is the other hydrophilic protein that is involved in the first line of defense
against fungal, bacterial, and viral infections.[36] Both of these two proteins enhance the
phagocytosis of bacteria and viruses and exert regulatory effects on type Il cells. The
other two proteins, SP-B (8 kDA) and SP-C (4 kDa), are hydrophobic and are relatively
small in size compared to SP-A and SP-D. Because of their hydrophobicity, these two

proteins interact with the lipids in the monolayer as oppose to the hydrophilic proteins.
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SP-B however, is the most active among the surfactant proteins in promoting adsorption
of the PS at the air/alveolar liquid interface.[37] Table 1.2 summarized some

characteristics of the surfactant proteins.

Table 1.2 List of surfactant proteins.[38]

Protein Molecular Surface

Type Weight [kDa] Activity
SP-A 26-38 -
SP-B 8 high

SP-C 4 very high
SP-D 43 e

1.2.2 Life Cycle of Pulmonary Surfactants

The life cycle of PS involves many steps and has been described in several
reviews and will only be briefly discussed here.[30, 39] Before PS is adsorbed to the
air/alveolar liquid interface, lamellar bodies containing the PS are secreted into the liquid
lining of the alveoli hypophase by way of exocytosis across the type Il cell membrane
(Fig. 1.2). The lamellar bodies then swell and unfold to form tubular myelin (TM) mesh-
like structures consisting of both lipids and proteins (mainly SP-A and SP-B). From the
TM the lipids are either supplied directly to the alveolar air/alveolar liquid interface or

are stored in surfactant reservoirs in its vicinity. The two hydrophobic proteins, SP-B and
9



SP-C, aid in the adsorption of the lipids to the interface. On compression of the surfactant
film during expiration, some of the lipids are squeezed out from the monolayer into the
reservoirs. However the exact mechanism is not yet fully understood. Nevertheless,
recent modifications to the so-called squeeze-out model suggest that upon compression
hydrophobic SPs induce the formation of unsaturated phospholipids-rich multilayers
which remain associated with a monolayer enriched in saturated phospholipid
species.[40] This restructuring of the air/alveolar liquid interface results in near-zero
surface tension values during compression. After inspiration, some of the lipids in the
reservoirs are readsorbed into the surface film. When the PS has performed their role they
are removed from the interface; the PS is retaken by the type Il cells via endocytosis
where some of the surfactant components are recycled to avoid the need of de novo

synthesis.[2]
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Figure 1.3  Schematic representation of the life cycle of PS. [41] [42]

1.2.3 Respiratory Distress Syndromes

PS is critical to our survival as a deficiency or dysfunction in any component of

this complex mixture can result in a respiratory disorder. One such example, NRDS
affects premature infants because of the structural immaturity of their lungs and
consequent deficiencies of surfactant components.[43] NRDS is the leading cause of
death in premature infants, affecting 1% of newborn infants yearly.[44] Another
respiratory disorder, ARDS, can affect infants, children, and adults and generally is the
result of lung injury. ARDS affects approximately 150,000 people per year in the USA

and has a fatality rate of approximately 30-40%.[1, 45] A premature infant suffering with
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NRDS exhibits labored breathing, decreased lung compliance, and alveolar collapse
which is associated with a reduced functional capacity.[1-2] 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.[1, 46] The leakage of these components in the lungs are generally the result of
the inhalation of toxic gases, severe lung infections, inhalation of gastric contents, and
circulatory shock near drowning or radiation damage.[3, 45] Patients diagnosed with
RDS show signs of progressive lung failure, which is an indication of collapsed alveoli,
decreased lung compliance, decreased functional residual capacity, and lung edema.[47]
The present treatment available for NRDS is (SRT), which consists in the
application of exogenous animal lung surfactants directly into the airways.[48] One of the
SRT surfactants most commonly used in the treatment of NRDS is Survanta™, a
commercially available exogenous surfactant mixture consisting of organic extracts of
bovine PS supplemented with synthetic palmitic acid (PA) and tripalmitin.[49]
Administration of Survanta™ to infants afflicted with NRDS has proven to be a very
effective method in the treatment of this disease. Even though SRT formulations have
reduced mortality rates by 30-50%, many improvements are still needed.[49] Most SRTs
are animal-derived with problems associated with the cost of purification, inadequate
supply, as well as possible viral infections, and immunological responses.[48-49] These
are just a few of the concerns that are behind the drive to develop fully synthetic and

improved PS substitutes for which the exact formulation is known and that functions just
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as well as those from animal sources. However, in order to do so, it is imperative to

understand the complex interactions taking place between the different PS components.

1.3 Lipid Monolayers as Model of Pulmonary Surfactants

A Langmuir monolayer is a one-molecule thick film formed by an insoluble
compound adsorbed or spread at the air/water interface. A molecule that has the ability to
adsorb and form such a monolayer is called surface-active or simply a surfactant.[50]
Surfactants are composed of two dissimilar parts, a polar headgroup that is soluble in
water (hydrophilic) and a nonpolar tail that is insoluble in water (hydrophobic). As a
result of this amphiphilic character, surfactants predominantly adsorb at the air/water
interface with their tails located in the air phase and their headgroup solvated by the
water subphase. Examples of surfactants are biological (macro)molecules such as lipids

including fatty acids and phospholipids as well as some proteins.

1.3.1 Lipid Monolayers

Monolayer studies involving biologically-relevant phospholipids and their
mixtures at the air/liquid interface have been studied extensively because of their ability
to mimic biological membranes.[51-53] The wide variety of lipids in many biological
systems and the specificity of the lipid composition of different types of membranes
suggest that many of these lipids have specific roles to play.[51, 54] The possibilities they

offer in measuring the effects of various physico-chemical parameters (lipid type,

13



subphase temperature, pH and ionic composition, cholesterol content, surface pressure,
etc.) on the interactions between lipid molecules are endless.[55-56] Early studies have
mainly focused on measuring surface pressure-area isotherms (see Chapter 2) on single-
component phospholipid monolayers[57-58] or their mixtures with cholesterol.[59]
Sincethen, many other studies have been done using imaging,[60-63] reflectivity,[64-65]
and/or spectroscopic techniques[66-68] to look at the 2D structure and phase transitions

of lipid monolayers at the air/water interface.[69-71]

1.3.2 Lipid Monolayers with Surfactant Components

Monolayer studies in recent years have become more complex as a more realistic
model of biological membranes is needed to truly comprehend fundamental interactions
in membranes.[25] Holten-Andersen et al. looked at PS components with a protein
analogue to observe the structures formed in the collapse region of the monolayer with
the use of a fluorescence microscopy.[72] In another study, Dhar et al. observed protein
interactions with the lipid monolayer in the coexistence region to assess their impact on
the lipid domain size and shape.[73] The protein used, SP-B preferred to remain in the
fluid portion of the monolayer rather than in the liquid condensed phase thereby
increasing the line tension resulting in an increase in the number of domains. In the case
of cholesterol, experiments were done as early as 1986 to understand its impact on the
domain shape of DPPC; it was found the cholesterol reduced the line tension of DPPC
because of its preferential interaction with the solid phase as opposed to the fluid

phase.[74] The domain shapes observed were different than those found in a pure DPPC
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monolayer with the cholesterol narrowing the width of the domain.[74] These three
experiments are just a few examples of studies focused on understanding the fundamental

interactions between the lipids and other components.
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2. THEORETICAL BACKGROUND AND TECHNIQUES

2.1 Surface Tensiometry theory

2.1.1 Gibbs Adsorption Equation

To fully understand surfactant adsorption, one must first look at the
thermodynamics of two bulk phases, for example a liquid (I) and its vapor (g), in contact
with each other.[75] This physical system can be represented by a liquid column
containing the two bulk phases g and I, each with a number of components (n;), and
separated by an interfacial region g/l (defined between the planes G and L) (Fig. 2.1); as
such, this system could be considered as a real representation of an actual interface.
Evidently, this system is known to be inhomogeneous, especially in the interfacial region,
such that a simplified system is usually devised. In the ideal system the two phases g and
| are not separated by an actual interfacial phase but by a mathematical plane called the
Gibbs dividing surface (GDS) that is placed at an arbitrary position parallel to planes G

or L in phase g and l, respectively.
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Figure 2.1  Liquid column made of two phases g and |

To define the system by using thermodynamics, one can first look at the surface excess

internal energy E@V and the entropy S©@" defined by[75]

EWD = F _ (E(g) + E(l)), (2.1)
and

WD =5~ (59 45, (2.2)

where E, S represent the total internal energy and entropy of the actual system, whereas

E®, and S (& g, I) denote the internal energy and entropy of phases g and | in the ideal

system.
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The internal energy and the entropy can vary depending on the position of the
plane of the GDS, and can either be negative, positive, or zero. The change in the total

internal energy for the real system can be represented by

dE = TdS— (POav® + POav® — yda) + 3, wdn, (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. Since the volume of the
interfacial region is negligible, the total volume of the system is usually Vi ~ V@ + v,
Moreover, if the surface is almost planar then P© = p®.

Similarly, the differential changes in the internal energy of the two phases g and |
in the ideal system due to changes in heat and work in a reversible process can be
expressed by

i 1

dEY =Tds9 — pav? + 3, pdnl® (2.4)
and

dE® =T1ds® — pav® + 3, udnl® (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 since only the two bulk phases exist. To obtain the change
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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 obtained result is

Eq. (2.6) can then be integrated only over the extensive properties (S, V, n;) and keeping

the intensive properties (T, 7, ;) constant such that[75]

E(g/l) — Ts(g/l) +vA+ Z§V=1.Uin§g/l)- 2.7

Differentiating Eq. (2.7) yields

dEYD = (TdSY/Y + S904T) + (ydA + Ady) + T, (,dn@” + ndu@?).  (28)

Adding Egs. (2.6) and (2.8) finally gives

~Ady = Y9041 + 3L 9P, (2.9)
or
—dy = S¢Pdr + 3 1 dy,, (2.10)

with the surface excess entropy and surface excess moles of the i-th component defined

as

D _ S(g/l)
Sgg/) =
19

(2.12)



ngg/l)
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(2.12)

At constant temperature, Eq. (2.10) reduces to a surface (two-dimensional) version of the
well-known Gibbs-Duhem equation for the bulk phases.

Unfortunately, the values of S,%" and T;9" in Eq. (2.10) are dependent on the
arbitrary position of the GDS. To make this equation physically more meaningful, the
GDS can be shifted along the z-direction. For a phase | with two components, e.g. the
solvent (1) and a solute (s) such as a surfactant molecule, the GDS can be fixed at a
particular location where n; = n/@ + n®. Under this condition, n®" = 0 (since /" = n, —

@ + n®) and ;Y = 0 by virtue of Eq. (2.12), and Eq. (2.10) becomes at constant

temperature
~dy =T¥"dy,, (2.13)
or
F(g/l) — _ﬂ (2 14)
S dusl .

where TV are now defined as relative surface excess moles per unit area of the solute.
It represents the amount of solute accumulated in excess or adsorbed at the interface.
The differential change of the chemical potential of the solute is related to its

molar fraction such as

du, = RTd(In ay;) = RTd(Iny x;), (2.15)
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where ag, % Xs, and R refers to the relative activity of s in |, the activity coefficient and
molar fraction of s, and the ideal gas constant. Putting Eq. (2.15) into Eq. (2.14) and

assuming dilute solution (3% =~ 1 = Xs = C;) finally yields[75]

Fgg/l) —_1

i dines] = ~ e 2.0

d(Incy) RT dcg'

This equation is referred to as the Gibbs adsorption equation. From Eq. (2.16), it is
obvious that an increase in surface excess (i.e. more solute is adsorbed to the surface)

results in a decrease in surface tension (because of the negative slope).

2.1.2 Surface Free Energy and Surface Tension

As mentioned previously the interfacial region is very thin, inhomogeneous, and
as such not well defined. Nevertheless, one can define a region of arbitrary thickness as
an imaginary surface phase. From Eq. (2.6), the change in total internal energy of this

phase is given by

dEY" =TdSY" +ydA + ¥, udn?’? (2.17)

i .

Since EW/V = /b — py@/D 4 75W/D then Eq. (2.12) can be rewritten as

dGYD = —s9NaT + V9GP 1 ydA + TN, p,dn@P, (2.18)
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where S9V, V@ and n®) are the extensive properties that are related to the surface

phase. Keeping these properties constant, Eq. (2.18) can then be reduced to:[75]

agla/h
4 :( 94 )|r,p,n§g/l)’ (2.19)
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.[76]

Physically, the surface tension of a liquid involves the contraction of an interface
resulting in the reduction of the total interfacial area. The reduction of the area can best
be explained by the imbalance of the cohesive forces in the interfacial region. Indeed a
pure liquid in contact with a vapor phase that are immiscible with each other have
different chemical potentials, densities, and molecular interactions. At the molecular
scale, if one looks in the bulk of the liquid phase in which the attraction between the
molecules are van der Waals or dispersive forces, one sees that the molecules are equally
attracted to one another because all the molecules are surrounded by essentially an
identical force field. However, at the surface of the liquid the molecules experience a
distorted field because the forces of attraction coming from the gaseous and liquid phases
are different, thus resulting in the pulling of the interfacial molecules towards the bulk of

the liquid and a reduction of the interfacial area. At room temperature the surface tension

of most liquids ranges between 10-80 mN/m.[75] In comparison to other liquids, water at
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room temperature exhibits a rather high surface tension of approximately 72 mN/m

because of its strong hydrogen bonding ability.

2.1.3 Experimental Measuring Techniques of the Surface Tension of PS Monolayers

There are many different experimental techniques that have been developed to
study the PS in a monolayer. The three most widely used techniques are the Langmuir-
Wilhelmy balance (LWB), pulsating bubble surfactometer (PBS), and the captive bubble
surfactometer (CBS).[1] Another method that has been recently developed is the double
injection axisymmetric drop shape analysis-constrained sessile drop (ADSA-CSD).[77] A
brief overview will be given for all these techniques, however emphasis will be put on the
LWB method as this was the technique used in this thesis.

The LWB is a well established and widely used technique to characterize the
physical state of an adsorbed Langmuir monolayer.[78] The basic instrumentation
consists in a Langmuir trough are one or two movable barriers and a Wilhelmy plate
tensiometer. In a typical experiment, a small amount of surfactant is first dissolved in an
organic solvent, and then carefully deposited on the surface of a subphase contained in
the trough. The solvent then evaporates leaving only the surfactant molecules on the
subphase to spread and occupy all the available surface area to form a monomolecular
layer. The monolayer that is then formed on the interface can then exert a surface
pressure in two dimensions.[75] The surface pressure and, in turn, the physical state of
the monolayer can then be increased or decreased by compressing or expanding the

trough’s barriers, respectively. The measurement of the surface tension is accomplished
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by means of the Wilhelmy plate whose principle is based on the pulling forces needed for
detachment from the fluid/liquid interface.[79] Experiments involving Langmuir
monolayers are quite easy to perform because the temperature and the surface pressure
can be varied in a controlled manner.[80] The other parameters that can also be
manipulated are surfactant type and composition, as well as pH, ionic strength of the
subphase and the compression rate of the monolayer. Due to the ease in which these
experimental constraints can be manipulated, a Langmuir monolayer can serve as an
excellent model in the study of many different systems, for example biological and
chemical reactions in two dimensions.[80]

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.[2] Traditionally, the plate was made of platinum but because of
its sensitivity to cleanliness and difficulties in obtaining reproducible contact angles,
modern instruments now use ashless filter paper as a cheaper alternative. When the filter
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[75]

F= Fsurf + Fgravity + Fbuoyancy
=2y, (W +T)cosb + (WTL)pp g— WTh)p,g,
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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
subphase (water or aqueous solution), @ 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. Eq. (2.20)
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

w = yW — ]/S, (221)

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

There are many advantages and disadvantages related to the LBW technique. One
advantage is its ability to be used in tandem with microscopic and spectroscopic
techniques.[1] Another advantage lies in the fact that the surface pressure per molecule
can be precisely determined be varying the amount of the molecule that is deposited onto
the subphase. However drawbacks associated with this technique include, the amount of
material that can be studied must be not smaller than a few milliliters, the compression-
expansion rate used has to be relatively slow approximately 5 min per cycle.[2, 77] The
slow compression rate of Langmuir trough is thus not physiologically relevant to simulate
breathing. Another limitation with this method is the film leakage induced by subphase

surface meniscus inversion at high surface pressures. At high surface pressure i.e. low

25



surface tension the surfactant molecules can spread from the air/water interface onto the
surrounding areas of the trough. This occurs because thermodynamically this process
reduces the free energy of the system; only with specially designed Langmuir troughs can
this condition be overcome.[81-82] The environmental conditions under which the
experiments are performed also have an impact on the surface pressure-area isotherms.
For instance, the subphase temperature and the relative humidity can be difficult to
control with this technique.

PBS is another surface tension measuring technique that was first introduced by
Enhorning in 1977.[1, 83] The equipment needed for this particular technique include a
sample chamber, the pulsator unit and a pressure recording device.[83] The sample
chambers are disposable and usually made of polyacrylamide; this chamber can contain
20 pl of the test liquid that is then immersed in a temperature bath. Air from the
atmosphere is then allowed to enter the instrument via a capillary tube that then forms a
bubble. To reach the cyclic change in size of the bubble, a pulsator attached to the
instrument makes the bubble radius oscillate between two fixed positions, a minimum
radius of 0.4 mm and a maximum radius of 0.55 mm. To simulate breathing with this
technique, a cycling frequency of 20 cycles/min is used. An optical microscope then
monitors the contraction and expansion of the bubble. The pressure gradient (AP)
generated across the bubble is measured by a pressure transducer and the surface tension

can finally be calculated by using the Laplace equation:

2
ap =2V (2.22)
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where R corresponds to the radius of the bubble. From Eq. (2.22) it is easy to see that
with a small radius the pressure gradient will be large and vice versa.

One of the advantages with this technique is the time taken to perform
experiments which typically is of the order of a few minutes. Two important parameters
can be determined by this method, first the adsorption rate of the surfactant molecule can
be observed when the bubble has a maximum radius, and can be simply determined by
looking at the surface tension.[1] Secondly the ability of the surfactant molecule used to
reach low surface tension values when the bubble has a minimum radius. One important
advantage that this technique has on the LWB method is the fact that it has a
physiologically-relevant cycling rate. The disadvantages associated with this technique
include leakage, flexibility in accessing the surface activity and finally low surface
tension measurements which are often not reliable.

The CBS technique was first developed by Schurch et al. in 1989.[1, 84] An air
bubble with diameter ranging between 2-7 mm is introduced into a chamber where it
floats against its ceiling coated with 1% agar gel. The agar is attached to the walls of the
chamber with its main purpose to render the ceiling of the chamber hydrophilic. The end
result is to have the bubble surrounded by a thin layer of wetting film that prevent the
bubble from adhering to the ceiling bear surface therefore eliminating any potential for
leaks. A film of surfactant is then spread on the surface of the bubble with a
microsyringe. When the film is formed, the bubble can then be compressed or expanded

by varying the hydraulic pressure in the chamber. In this case, the surface tension is
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determined by the Young-Laplace equation which takes into account the balance of

forces between applied and hydrostatic pressure:

ap =224 (1+ 1) (2.23)
_RO_ ng 7/R1 RZ’ '

where R; and R, are the two principal radii curvature at the points of the surface to be
studied, that determine the shape of the bubble. R, is the radius of curvature at the apex
of the bubble; 4p corresponds to the difference in density across the interface; g is the
local gravitational acceleration and z is the vertical distance from the apex to the studied
point.

The advantages associated with this technique include no leakage, and the fact
that the collapse region and compressibility of monolayers can be studied. Another
advantage with this technigue is the capability to have an environment similar to that of
the alveoli. The drawbacks of this technique include the difficulty involved in operating
and cleaning up the instrument, limitation associated with the concentration of the
surfactant that can be used and the impossibility in varying relative humidity.

The CSD technique involves the formation of a sessile drop on a pedestal with
sharp knife edges that confines the drop from over spreading, and, in turn, prevent the
leakage of material. The sessile drop is connected to a surfactant reservoir that is
constantly stirred. The volume of the drop that is formed is then regulated by a computer
controlled motor-driven syringe that flows in and out the surfactant sample from a

reservoir. During a typical experiment the drop and pedestal are enclosed in a chamber
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that allows for the control of the gas composition and temperature. A CCD camera is then
used to acquire images of the drop throughout the experiment. To analyze the data, the
ADSA determines the surface tension by numerically fitting the shape of the drops to a
theoretical profile generated using the Laplace equation.[85] The advantages associated
with this technique include, being leakproof, easy to clean and operate, the environmental
conditions are easy to control, use of small amount of sample, and an accurate

determination of the surface tension when used in conjunction with the ADSA.

2.1.4 Surface Pressure-Molecular Area Isotherm and 2D Equations of State

The study of Langmuir monolayer phase transition is important in many ways
because they are quasi-two dimensional (2-D) systems and are therefore easier to
examine and explain theoretically than their three dimensional (3-D) counterparts.[86]
The shape of the surface pressure-molecular area (z-A) isotherm gives information on the
monolayer formation, phases, and stability, etc. The z-A isotherms are a direct measure of
the physical force interacting between alkyl chains, polar headgroups, as well as between
headgroups and the liquid subphase. When the molecules approach each other in a
monolayer there is a change in the interacting forces which results in changes of the
orientation and packing density of the monolayer. The z-A isotherm for a film are
analogous to the 3-D pressure-volume isotherm of a gas.[75] For instance, increasing the
pressure of a gas in a volume leads to phase changes of the gas; in the same way,
increasing the surface pressure on a film also induces the appearance of different phases.

Despite this analogy, these two systems have a striking difference. For a gas molecule in
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a 3-D system the molecules are in close contact to neighboring molecules and may also
interact with other molecules that are 5 to 10 molecular dimensions away.[75] In contrast,
for a surfactant molecule in a 2-D monolayer the molecules have fewer interactions with
each other since the polar headgroups are oriented towards the liquid subphase and the

alkyl tail away from it.
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Figure 2.2 A schematic diagram of a Langmuir trough (top) and a generalized
isotherm of a Langmuir monolayer.[80]
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As in the 3-D phase diagrams of gaseous and condensed matter, the 2-D
Langmuir monolayers can also undergo phase changes as a function of temperature and
surface pressure. The chemical nature of the amphiphilic molecules dictates the
magnitude of the forces acting in a monolayer, for instance, dispersive (van der Waals)
interactions between the nonpolar alkyl chains, electrostatic (coulombic) repulsive
interactions between the polar headgroups as well as other types of interactions like
hydrogen bonding between the polar head group and water molecules from the subphase.
The interplay between these forces, ultimately determines the shape of the z-A isotherm
and phase diagram. Hence, the surface pressure is the result of many different forces at

the air/water interface:

T = Tkin t Maisp + Melec T Mother (2.24)

where 7in, 7isp, Zelec AN other COrrespond to the pressure due to kinetic forces, dispersive
(van der Waals) forces between the alkyl chains of the molecules and the electrostatic
(charge-charge repulsion) forces, and all other remaining forces (steric, hydrogen

bonding, etc.), respectively.

Gaseous Phase

In a typical experiment with Langmuir monolayers, the surfactant molecules
spread on the liquid subphase are usually in the gas (G) phase, where molecules in the
monolayer are far apart from each other such that the van der Waals forces (i.e. alkyl-

alkyl interactions) are negligible. The electrostatic interactions between headgroups are
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also absent. However, there is sufficient interaction between the polar head group and the

subphase to make the monolayer non-volatile and insoluble. The molecules in the gas
phase have an average Kinetic energy, % kgT for each degree of freedom, where kg is the

Boltzmann constant. The gaseous monolayers usually obey a 2-D version of the ideal gas

equation of state[75]

A = kpT. (2.25)

where A is the mean molecular area.

Liquid Phases

At moderate surface pressures Langmuir monolayers can have two different types
of liquid phases, namely the liquid-expanded (LE) and the liquid-condensed (LC) phases.
As the trough barriers are compressed, the molecules in the monolayer are brought closer
to each other resulting in increased interactions between the alkyl chains, while the
interactions between the headgroups remain negligible; this corresponds to the LE phase.
At the onset of the LE transition, a lift off on the isotherm is observed; this phase has a
relativity high compressibility.

Further compression along the z-A isotherm then leads to the appearance of the
LC phase where there is greater alkyl-alkyl chains interactions and a reduction in
compressibility. Typically, in this phase, the alkyl chains are relatively well-ordered and
almost upright. The lipid monolayers in the liquid states usually obey van der Waals-like

equation of state[75]
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(7 — Taisp(A0)) (A — Ag) = kT, (2.26)

where A = zd%/2 is twice the area defined by the distance, d, of closest approach.

Coexistence Phase and Phase Transitions

The coexistence phase in the z-A isotherm is illustrated by a horizontal plateau,
where the LE and LC phases are in equilibrium with one another. Physically when two
phases are in equilibrium with each other the Gibbs free energy for both phases are equal
to zero, this transition is called a first-order phase transition. In a 2-D system the density
of the lipids of the two phases are different from one another, the coexistence region
therefore has a density that is intermediate between the two phases. The onset of the
LE/LC phase is represented by a sharp transition (kink) in the z-A isotherm. This
transition results in no change in the Gibbs free energy, however there is a change in the
enthalpy and the mean molecular area which are indicated by the change of the slopes of
the chemical potentials of the different phases on either side of the transition.

According to Ehrenfest classification, a transition for which the first derivative of
the chemical potential with respect to temperature is discontinuous is classified as a first-
order phase transition.[87]. A second-order phase transition is one in which the first
derivative of the chemical potential with respect to temperature is continuous but its

second derivative is discontinuous.[87]
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Solid Phase

In a solid-condensed (SC) film where 7 is the collapse pressure, the molecules
are strongly interacting via van der Waals forces between the chains, steric forces
between the headgroups, and hydrogen bonding between the polar group and the
subphase. In this phase, the alkyl chains and headgroups are highly oriented and are not

easily compressed. SC monolayers obey an equation of state of the form:[75]

ar =b— A, (2.27)

where a and b are constants.

Collapse Phase

As a monolayer is compressed the insoluble film will eventually reach a limiting
molecular area beyond which it can no longer be compressed. The monolayer can then (i)
fracture and break, (ii) buckle at constant area, or (iii) lose material. The propensity of a
monolayer to reach these particular attributes are dependent on the elastic and solubility
properties of the monolayer.[88] The information that is obtained by the collapse surface
pressure in fact not only determines the minimum surface pressure achieved by a
particular monolayer but also the mechanism by which a monolayer collapses. The
collapse mechanism also determines what fraction of the monolayer remains at the
interface and also how the monolayer respreads after there is a decrease in the surface

pressure.
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2.2 Lipid Domain Size and Shape

Domain morphology in phospholipid monolayers has been a topic of intensive
research for almost three decades. The interest in domain morphology began with the
optical investigation of lipid monolayers in the coexistence region. For many years, the
non-horizontality in the plateau region of isotherms and, in turn, the existence of a true
coexistence region was strongly debated.[89-91] This issue however was later resolved
with the application of fluorescence microscopy and later on with BAM which
demonstrated domains in the coexistence region.[56, 92]

The domain shapes that are observed in the coexistence regions of phospholipids
below their transition temperatures are not random but are indeed governed by
intermolecular interactions between the lipid molecules. These interactions are the line
tension, electrostatic repulsion and the local molecular chirality of the molecule.[93]
However in this thesis attention will be focused mainly on the first two energy
contributions.

The energy-dependent shape of a lipid domain is mainly determined by the

competition between the line tension energy (F,) and electrostatic (dipolar) repulsion

energy (F,). The overall free energy that determines the overall shape of a domain is

therefore:[70]

F=F,+ F, (2.28)

where the line tension energy (interfacial free energy) is given by
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E, = 2¢l, (2.29)

and where ¢ corresponds to the line tension and | to the perimeter of the domain. Line
tension is defined as the free energy per unit length of a boundary between coexisting
phases in quasi 2-D molecular systems, it is also a 2-D analog of surface tension which is
(3-D).[94] The line tension is the result of the cohesion forces between the lipid
molecules. The molecular interaction between the lipid molecules that determines the line
tension interaction is the length of the alkyl chain as longer chains have greater van der
Waals forces. Line tension therefore favors circular domains as this reduces the perimeter
of the domain and therefore the line tension energy.

The electrostatic free energy of an isolated domain is: [70]

F, = lrz lr —7r'|73 dA dA’
e= 5 ' (2.30)

where r - r' corresponds to the distance between points within the domain and 7 = 7¢ -
7Le corresponds to the dipole density difference between solid (LC) and fluid (LE)
phases, dA is the area within the LE phase and dA' is the area outside of the LC area.
Each lipid molecule carries a small net dipole moment resulting from the dipole moments
from the alkyl chains, headgroups as well as from polarized water molecules in their
vicinity. Therefore, a lipid monolayer can be viewed as an array of dipoles at the

interface.[70]
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To explain the net dipole moment from a lipid molecule all contributions will be
briefly discussed. The hydrophobic section of the lipid has a very small dipole moment
on the terminal methyl and the carbonyl end groups.[95] The dipole moments in the
hydrophilic region of the molecule are much larger than the dipole moments of the
hydrophobic tails, however in a monolayer they are dominated by the smaller dipole
moments in the hydrophobic tails.[95] One reason for this observation lies in the fact that
the headgroup region is embedded in a medium with a higher dieletric constant than the
acyl chains. Another reason for this discrepancy is due to the fact that the dipole moments
of the headgroup at the air/water interface are aligned in such a way that the in-plane
components and their image dipoles are aligned while their normal components cancel
each other. In a monolayer, there can be misalignment between neighboring molecules
with respect to azimuthal orientation hence the contribution to electrostatic repulsion will
be small. The acyl chain dipole moments have normal components that are collinear
while their in-plane components oppose each other, hence the net dipole moment from
the hydrophobic part of the molecule are dominated by the normal components have
which will have a larger contribution to electrostatic repulsion.

In a monolayer the molecular orientation of lipid molecules will impact the shape
of the domains in a coexistence region. Lipid molecules that are parallel and highly
aligned to the surface normal are more repulsive. These interactions are therefore
repulsive in the LC region and can therefore be reduced by the elongation of the domain
structure increasing the perimeter of the domain.[74] This process however, does not

continue indefinitely as this will result in the breaking of the domain structure into

37



smaller pieces, hence elongation is eventually stopped by increasing interfacial free
energy.[74]

When a monolayer is compressed in the coexistence region the domains formed
are not in equilibrium and therefore their sizes change upon further compression. This
can be seen because of the increase in area of the domains. If a domain starts off with a
circular-like shaped as in observed (Fig. 2.3) the domain reaches a critical area where it is
no longer stable. The domain will then transition into another shape that may be

branched.

T e

Figure 2.3 A schematic diagram of a change in domain shape as area is increased

2.3 Nucleation theory

Nucleation involves the process of creating a nucleus (more dense) in the
presence of the bulk phase (less dense), these conditions can only take place in the first-
order phase transition region. Nucleation plays a very important role in determining
whether processes like condensation, precipitation, crystallization, sublimation can
occur.[96] The nucleation process is initiated by random fluctuations which are able to

overcome the energy barrier for the phase transition; once this barrier has been overcome
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the growth process become energetically more favorable. Nucleation can take place in the
presence or absence of foreign matter. Homogenous nucleation can occur without the
presence of foreign matter in a supersaturated system while heterogeneous nucleation
occurs in the presence of foreign matter, however only the former will be discussed here.
According to the nucleation theory there are certain situations in which this theory cannot
be applied, for instance if the critical nucleus is too small (20-50 molecules), or the
molecules are too polar.[97]

Before the critical area (start of LE-LC coexistence region) is reached in an
isotherm, the monolayer is homogenous. When the critical area is reached, the system
becomes heterogeneous with the formation of a denser phase and a 1-D interface. The
energy difference between these two processes determines if a stable nucleus can be
formed. If the energy required to create an interface is larger than the energy released by
the creation of the dense phase, nucleation will not occur.

The equation that determines if nucleation can take place in 2-D is [98-99]

AG = —ndu + 2nre, (2:31)

where n corresponds to the number of molecules in the domain, Au corresponds to the
difference between the chemical potential between the two phases, r is the radius of the
domain and ¢ is the line tension between the two phases. The nucleation process is
therefore affected by the relative magnitude of the line tension, and the chemical potential

difference.[98]
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The line tension between the two phases is as previously mentioned dependent on
the temperature. For instance in monolayers, an increase in temperature reduces the line
tension therefore increasing the number of nucleation sites observed. As the temperature
of the monolayer approaches the main phase transition temperature, nucleation decreases
until no domains are observed.[98] In regards to the compression rate, as the compression
rate is increased in a monolayer, the molecules in the monolayer undergo more collisions
increasing the chances of nucleation.

The conversion of the monomers (individual molecules) in a monolayer into
clusters (domains) will be briefly discussed here in terms of a rate equation. In the
development of the rate equation for the formation of clusters, there are certain
assumptions that are made. One assumption is that the clusters observed grows and
shrinks via the acquisition or loss of a single molecule. Another assumption made is that
cluster-cluster collisions and cluster fission events are rare and can be ignored. Figure
2.10 shows the rate of cluster growth and evaporation. According to thermodynamics the
system or monolayer is in equilibrium when the forward process matches the reverse

process. An equation to explain this process is

dN;

E = ﬂi—l Ni—l (t) — Xi Ni (t) - ﬁi Nl(t) + Xi+1 Ni+1 (t)r (232)

where N; is the number concentration of clusters containing i molecules (monomers),

B;1s the forward reaction rate constant for the collision of monomers with a cluster of

size i and y; is the reverse rate constant for the evaporation of monomers.[96]
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Figure 2.4 Cluster growth and evaporation processes.

The rate at which the clusters of size i become cluster of size i+1 is given by

Jix1/2 = Bi Ni = Xi+1 Nis1. (2.33)

2.4 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 trough was
thoroughly clean with ethanol and then rinsed several times with nanopure water to
remove any impurities. Once clean the trough was then filled with water as the subphase,

to ensure that there were no impurities to compromise the experiments that barriers were
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compressed and the surface pressure monitored for increases greater than 0.1 mN/m. If
the subphase had values greater than 0.1 mN/m it was discarded and replaced with more
water. A measured volume of the lipid solution was then spread on the water subphase
with the barriers in the expanded position, a 50 pl microsyringe (Hamilton Co., USA)
was used to deposit the solution on the interface. The solvent used to deposit the lipid
was then left to evaporate for a minimum of 10 minutes to leave only the lipid at the
interface. The compression rate of the barrier was varied and will be discussed in further
detail in the rest of this thesis. The temperature was varied with a Julabo water circulator

connected to the Langmuir trough.

2.5 Brewster Angle Microscopy Theory

BAM is a non-invasive imaging technique based on the condition of minimal
reflectance of p-polarized light at the Brewster angle obtained at the air/water
interface.[100] Similar to fluorescence microscopy, this technique can provides a
valuable insight into the various phase transitions that occur in insoluble monolayers at
the air/water interface. However, unlike fluorescence microscopy, it does not require the
use of a probe molecule to obtain imaging contrast.

In the following sections, a brief outline of the principles and theory involved in
BAM imaging will be discussed. Emphasis will be placed on describing basic notions of
reflection and refraction laws, Brewster angle, Fresnel reflection coefficients, and

reflectance.
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2.5.1 Plane Harmonic Electromagnetic Wave

Light refers to the electromagnetic (EM) radiation at a given wavelength 4
emitted (in the far-field) by moving charges. As it propagates in a medium, this EM
radiation behaves as a wave composed of both electric (E) and magnetic (H) fields,
which stand in a fixed ratio of intensity to each other, and oscillate in phase perpendicular
to each other and perpendicular to the direction of propagation given by the wave vector

(k).[101] Figure 2.5 depicts the electric and magnetic fields associated with an EM wave.

Electic Field

I A = Wavelength

(————________) f

Figure 2.5  Schematic representation of an EM wave.[102]

The simplest description of an EM wave is that of a plane harmonic wave for which the E
field varies sinusoidally in time and is uniform across all planes that are perpendicular to
k. In other terms, it can be thought of as a series of infinite sheets of uniform E field

moving in the direction of k. Formally, this can simply be written as
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E(r,t) = Eeikr—o0, (2.34)

where Eq and o represents the (vectorial) amplitude and the frequency of the E field. The
direction of propagation of this (travelling) wave is given by the scalar product between k
and r, the position vector.

For the remainder of this chapter, it will be assumed that the plane EM wave is
propagating in an isotropic medium, i.e., a medium which is homogeneous, linear and
non-conducting (or dielectric) and whose refractive index (n) does not depend upon its
direction of propagation. In addition, it will be assumed that the amplitude of the E field
IS not too intense such that the polarization in the medium oscillates at the same

frequency (linear regime).[103]

2.5.2 Polarization States

Figure 2.6 illustrates the different polarization states the an EM wave can have. In
optics, the direction of the electric field is used to designate the direction of polarization
of the EM wave.[103-104] In an isotropic media, an E field with a given polarization
state can be broken down into two arbitrary orthogonal polarization components (e.g. E,
and E,), each containing the individual phase information for the specified direction. For
simplicity, these components are usually set along rectangular axes (e.g. Ex and Ey) or
along directions parallel and perpendicular to the plane of incidence (e.g. E, and Ey)

respectively. In the latter case, these components are referred to as p- and s-polarized
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components, respectively. Depending on the magnitude and relative phase between of
each of these components, the E field can adopt different polarization states.[105] For
instance, if one of the components is zero (Eoy = 0 or Eq, = 0), the E field oscillation is
restricted into one plane, under this condition one has a linearly polarized light. However,
if the two orthogonal polarizations components have equal non-zero magnitude (Eoy =
Eov) but relative phase difference of 90°, then the E field oscillation is varying with time
and will described a circular trajectory in space. In this case, one speaks of circular
polarized light. Finally, in the case polarization components with different amplitudes
(Eou # Eov) and also different relative phase, the magnitude and direction of the E field

will also vary with time and follow an elliptical trajectory.

Z

o,
17

Linear Circular Elliptical

Figure 2.6  Different polarization states of an EM wave.[106]

When a plane harmonic EM wave propagates from one isotropic medium to
another both reflection and refraction can take place.[103] Figure 2.7 illustrates a plane
harmonic wave impinging at an incident angle &;; upon a plane interface separating two

different isotropic media M; and M, with refractive indices n; and n, (n1 < ny),
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respectively. At the point of contact on the boundary, the plane harmonic wave generates
a wave reflected at an angle &, in M; and another transmitted (or refracted) at an angle

6 in My. The expressions of the E fields of these three waves are given by

Eli(r, t) = Elioei(kli.r_wt), (235)
Eq(r,t) = Eqpoe!tarr—on), (2.36)
Ez (1, t) = Epge!therr—et), (2.37)
with
kli = kli,_’y + kli,Z = kli(sinﬁli? - Sinelii), (238)
klr = klr,y + klr,z = klr(sinelr? + Sinelri), (239)
th = th,y + th,Z = th(SiHBZty - Sin92t2), (240)

where Eq, and K4, (a: 1, r, t) are the amplitude and wave vectors of the incident, reflected
and transmitted plane harmonic EM waves in the various media, respectively.

The plane of incidence in Fig. 2.7 is in the yOz plane and the normal to the
interface is along the Oz-axis. Each of the E field vectors (incident, reflected, and

transmitted) can then be decomposed into p- and s-polarized components.
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Figure 2.7  Reflection and transmission of a plane harmonic EM wave at the boundary
of two isotropic media.

According to Maxwell equations, the tangential components (i.e. along the Oy

axis) of the E fields must be continuous at the boundary:

Eiiy0) + Eiry 0, 0) = Ezy (v, 1), (2.41)
or

Elio'yei("lismeli_“’t) + Elro,yei(klrsinﬁlr—wt) — EZtO,yei(thSiHQZt_wt)- (2_42)
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A constant relationship can exist for all the points of the boundary and for all the values

of t, if all arguments of the three exponential functions are equal at the boundary:

klisinﬁli = klrsinﬁlr = thsin92t. (243)

Since both the incident and the reflected waves are in the same medium (M;) as a result
their wave vectors have the same magnitude (ki = ki) and the first part of Eq. (2.43)

reduces to

0, = Oy, (2.44)

This is Snell’s first law or reflection law.
If one then looks at the relationship between the incident and transmitted waves,

one has that

kot __ mp __ sinfy;
kli nq sin92t’

(2.45)
or

nysinfq; = n,sinfy;. (2.46)

This is Snell’s second law or refraction law.

2.5.3 Fresnel Coefficients
The relationship between the amplitudes of the reflected and transmitted waves to

that of the incident wave at a single interface are given by the Fresnel coefficients:[103]
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Elo _  tan(B1i—62)

p ) = = ATty
T'lz (911) Ea;lo tan(911+92t)' (247)

ES sin(61;—607¢)

S ) — 20 — 1i—Y2t
120010 = 5 sin(81;+620’ (2.48)

and
p .

p N — Efvo _ 2cos61isinfy¢

tlz(ell) - Ezljio - Sin(91i+92t)COS(911+92t)’ (249)

ES 2cosfqisinf
S — Z1t0 — 1i 2t
1200 = Elig  sin(B1i+62)’ (2.50)

where rlz"‘ and tlz"‘ (a: p, s) are the p- and s-polarized Fresnel reflection and transmission

coefficients. The angle & is calculated through Eq. (2.46).
The reflectance is defined as the fraction of the incident light intensity that is

reflected. For p- and s-polarized light, these are given in terms of Fresnel coefficients as

1z
RT(01) === IOl (@p,s), (2.50)

where 1,12 is the intensity of the light reflected from the single interface. Upon inspection
of Egs. (2.47) and (2.48), it can be seen that the amount incident light which is refracted
or reflected is dependent upon the angle of incidence as well as the polarization of the E
field. For example, Fig. 2.8 illustrates the change in reflectance at the air/water interface

as the angle of incidence changes with respect to the polarization of the light.
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Figure 2.8 p- and s-polarized reflectances at the air/water interface (n; = 1.00, n, =
1.33 at A =633 nm). (courtesy of Dr. Dominique Verreault).

For a two-interface system constituted by an intermediary layer M, of refractive index n,
and thickness d, embedded between two isotropic media M; and M; (e.g. a lipid
monolayer spread at the air/water interface), one also needs to take into account the
multiple reflections of the transmitted EM wave in the intermediate layer. In this case, it
can be shown that the overall Fresnel reflection coefficients for this layered system are
given by[103]

EY 79 +15,e2
a — E1r0 . "12 23 .
T123(91i) — E‘i{o - 1+r‘f2r%’392i52 (a P, S)! (252)
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and the overall reflectance by

(123)

123(01) = == Irfps (01 (a:p,), (2.53)

with the phase difference induced by the multiple reflections defined as

_ 1/2
5, = ZH%COSQZ = 271%(11% —n?sin®g;) ", (2.54)

where 1,72 is the intensity of the light reflected from the layered two-interface system.

For very thin films (d, << 1), the interference effect in the layer can be neglected (€22 —

1).

2.5.4 Brewster Angle

In Fig. 2.8, the curves of Rlzp go to zero at a certain angle, which basically

corresponds to a no-reflection condition for the p-polarized light. By taking a second look

at Eq. (2.47), one notes that

2

an(01i—9201" _, 5 \when 0y + 04, = g (2.55)

p D) =
R12(911) tan(61;+62p)

The no-reflection condition for the p-polarized light is a result of the reflected and
transmitted wave vectors (k. and ki) being perpendicular to one another. The angle of

incidence that gives rise to this condition is determined by Snell’s second law:
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nq sin 84; = ny sin (21 — 911) = n, cos by;, (2.56)
or

611'3 = tan_l (72), (257)

n

where 6y is the so-called Brewster angle.

2.5.5 Factors Influencing the Intensity of the Reflected Light

The condition of zero reflectance at the Brewster angle is valid only for a perfect
interface, i.e., an interface without interfacial layer and with no roughness.[107] 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 in going
from the lower medium to the upper medium.[100] At a real interface, however, the
refractive index does not change abruptly from one medium to another; the interface is
not smooth and as a result one has a minimal but non-zero reflectance at the Brewster
angle. For an ideal air/water interface, the Brewster angle is 53.1". In practice, the
reflectance of pure water at the Brewster angle is non-zero (hence the use of the more
correct term pseudo-Brewster angle) but very low (1.2 x 10®) such that it can still be
used to study monolayers (Fig 2.9a). 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

(Fig 2.9b) For example, for a DPPC lipid monolayer in the LE/LC coexistence phase, the
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thickness of the monolayer is ~0.15 nm. and has a refractive index of ~1.4 which can
increase the reflectance by a factor of 35.[100, 108] The difference in reflectance at the
air/water with and without a monolayer film being present is very large and can be used
as imaging contrast. The reflectance at the air/water interface is strongly dependent on the
interface properties such as the molecular density and the optical anisotropy (ny # n;) in

the interfacial region.[107]
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Figure 2.9  Schematic diagram of the BAM principle. In (a), water surface is
illuminated with pure vertically linearly polarized light at the Brewster angle (Nwater =
1.33). In (b), addition of monolayer film and illumination with pure vertically linearly
polarized light at the Brewster angle.
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2.6 Brewster Angle Microscopy Instrumentation

The BAM setup used in this work was custom-built by L. Antal (Machine Shop of
the Department of Chemistry and Biochemistry, The Ohio State University) and
assembled and optimized by H. Castada. It is composed of a goniometer on which an
emission and detection arms are fixed, a small black cabinet encloses the setup (Fig.
2.10). The goniometer permits the angular positioning of the arms in a range from 40 to
60°. The arms support all the opto-mechanical components of the BAM setup: the laser
source is found on the emission arm, while an objective lens, a tube lens, a polarizer, and
a charge-coupled device (CCD) camera are found on the detection arm. Finally, a large
black-coated plexiglass housing with sliding doors of easy access. The housing protects
the setup against air currents and dust as well as 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 trough before filling with water. The black glass serves to absorb the
refracted beam from reaching the detector. Most of the final images taken were cropped
from a 600 pm x 600 pm size to a narrow strip to show the most resolved regions of the
images. No other additional image processing was done with the images. In the following
sections, a brief instrumental overview of the above-mentioned opto-mechanical
components will be given. For further details concerning the BAM setup, the reader is

referred to the M.Sc. thesis of H. Castada.[109]
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Figure 2.10 Brewster angle microscope and KSV Langmuir trough.

2.6.1 Opto-mechanical Components

He-Ne Laser Source

A He-Ne laser (Research Electro-Optics) acts as the light source for the BAM and
provides a highly p-polarized (> 500:1) light beam at 632.8 nm wavelength with an

output power of 17.0 mW.

Neutral Density Filter, Polarizer, Objective lens, and Tube Lens
The power of the output light is first attenuated by a neutral density filter CVI
Melles Griot) located between the laser source and the polarizer. The highly p-polarized

(500:1) output light from the laser source is then further filtered with a Glan-Laser calcite
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polarizer (GL 10A, Thorlabs; 12 mm x 13.7 mm (W x L) with a 10 mm x 10 mm
aperture, wavelength range: 350-700 nm, extinction ratio: 100000:1, damage threshold:
10 J/lcm? @ 532 nm).

The objective lens used in the BAM setup is an infinity-corrected Nikon CF Plan
EPI lens (courtesy of Dr. James Rathman of the Department of Chemical and
Biomolecular Engineering, The Ohio State University). It has a working distance of 20.5
mm, "chrome-free” (CF) with a linear magnification 20x, and a numerical aperture (NA)
of 0.35. The infinity-corrected lens is used with a tube lens that has a focal length of 200
mm (MXA22018 CFI; Nikon). The tube lens is needed to focus the collimated light onto

the CCD.

CCD Camera

The BAM images were recorded with 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 pym x 24 ym (W x
H), thus giving an image viewing area of 12.3 mm x 12.3 mm. The image acquisition was
performed with the Andor Solis software and CCI-010 PCI controller card with 16-bit

1MHz, 500KHz, 62KHz and 31KHz pixel readout rate options.

2.6.2 Alignment Procedure
The alignment of the CCD camera with the optical axis is done by placing a gold

mirror is on a sample stage located between the two arms of the goniometer. The He-Ne
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laser source is then turned on and the output light then passes through the neutral density
filter and then the polarizer. The light then impinges and reflects on the gold mirror at the
Brewster angle. The reflected light then passes through the objective and tube lens to
finally reach the CCD. For optimization purposes and to avoid damaging the CCD
camera, the polarizer is slightly rotated such that only a small amount of light is allowed
to reach the CCD. An image can then be taken and its horizontal (x-axis) and vertical (y-
axis) can then be adjusted; if the image is offset too low or too high from the center, the
knob at the back of the goniometer can be used for adjustment. If the image obtained
from the CCD is too much to the left or to the right of the objective lens, a Vernier micro-
caliper on which the objective lens is mounted has the ability to be adjusted in both the x

and y directions.

2.6.3 Image Focusing Procedure

The image focusing is done with the help of a micrometer-graduated glass ruler.
The graduation lines on the ruler are separated by an equal distance of 20 um. The stage
micrometer ruler was then placed onto the sample stage on top of a black background.
The Brewster angle was then adjusted to obtain a minimum reflection. Images are then
taken to completely resolve the lines on the micrometer. The knob at the back of the
goniometer as previously mentioned and the Vernier caliper on which the objective lens

is mounted are used in this process.
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2.6.4 Image Quality, Optical Artifacts, and BAM Resolution

The images obtained with the BAM setup are not without artifacts. For example,
the oblique positioning of the CCD camera and objective lens relative to the surface
results in proper focusing only in the middle of the image. As mentioned previously the
low intensity of the reflected light due to the absence of an abrupt change in the refractive
index at the interface can affect the contrast in the images observed. In addition, a small
amount of scattering of the incident light beam along its trajectory resulting from defects
of the optical components induces interference fringes and/or parasitic light which also
decreases imaging contrast. Hence, the optics that are in the path of the incident beam
must be of good quality.[100]

The BAM resolution is determined by the numerical aperture (NA) of the
objective lens. Formally, the resolution (R) is defined by the simple mathematical relation

R = 2/(2NA) (2.:55)

where A refers to the wavelength. Hence, considering an objective lens with a 20x
magnification, 0.35 NA and a laser source that emits at a 633 nm wavelength, calculated

BAM resolution is therefore 2.2 pm.[110]

2.6.5 BAM Imaging
To reduce the amount of light that may reach the CCD a black plate was

purchased from (Biolin Scientific, Inc.). The dimensions of the glass plate are 40 mm x
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30 mm and 4 mm thickness. The black plate was laid flat at the bottom of the trough to
absorb the refracted light and prevents diffraction of the laser beam and therefore

minimizes the scattering of light which therefore contributes to a shaper BAM image.
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3. ZWITTERIONIC PHOSPHOLIPID MONOLAYERS AT THE
AIR/WATER INTERFACE WITH VARIED TEMPERATURE AND
COMPRESSION RATES

DPPC and DPPE two zwitterionic phospholipids that are found in PS (Fig. 3.1).
Both phospholipids have two saturated 16 carbon alkyl tails but differ with respect to the
headgroup, therefore any differences in the properties between both lipids can be
attributed to the headgroup. These properties include the electrostatic charge, molecular
size, state of hydration, and hydrogen bonding ability between the headgroups.[111] In
the coexistence region of a monolayer the domain morphology observed are a direct
indication of the molecular interactions between the lipids. The differences of the domain
morphology with respect to temperature and compression rate can therefore shed some
insight on the intermolecular interactions between the lipids.

The main phase transition temperature is a very important parameter that is
dependent on the molecular interactions of the lipid.[51] The main phase transition
temperatures (gel phase to liquid crystalline phase) of the bilayers of DPPC and DPPE
are 41 and 63 °C, respectively which also corresponds to the transition temperature in a
monolayer.[112-114] Even though both lipids are zwitterionic, DPPE's transition
temperature is significantly greater than DPPC. To explain this difference it is important
to describe the types of molecular interactions between the lipids. The headgroup of

DPPC has three methyl groups attached to a nitrogen atom, while DPPE has three
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hydrogens, thus giving DPPC and DPPE cross-sectional areas of ~46.6 A? and ~38 A?,
respectively.[112, 115] Also at small MMAs, DPPE can exist in an untilted conformation
because of the smaller headgroup unlike DPPC. DPPC exist in a tilted conformation at a
low MMA to avoid the strong electrostatic repulsive interactions between the
headgroups. DPPE molecules however interact via hydrogen bonding and can therefore
overcome these repulsive interactions which will be explained later.[54] The smaller
headgroup of DPPE also increases the van der Waals interaction between the alkyl
tails.[54] Van der Waals interactions alone cannot explain the large difference in the
transition temperature. It is believed that the hydrogen bonding between the phosphate
and ammonium groups headgroups in DPPE are responsible for the higher transition
temperature.[54, 111] In PE, each amine and phosphate can participate in two hydrogen
bonds.[54] The strength of one N-H---O is approximately (8 kJ/mol), however the length
of the hydrogen bond also plays a role.[116]

In relation to hydration, infrared (IR) spectroscopy has been used to investigate
hydration sites of lipids and how the hydrogen bonding network is affected in the
presence of different headgroups.[117-118] IR spectroscopy studies have shown that
water molecules that reside at the air/water interface of polar headgroups act as hydrogen
donors and form strong hydrogen bonds with the lipid phosphate and carbonyl
groups.[117] Water molecules hydrate the lipid molecules and therefore reduce lipid-lipid
interactions. Adsorption isotherms of PE and PC illustrated that PC has a greater affinity
for water then PE.[119] It is believed that lipids participating in hydrogen bonding with

each other have a lower affinity for water.[54]
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The experiments presented in this chapter used a Langmuir trough coupled with a
BAM to obtain isotherms and images of domain morphology from a pure insoluble
monolayer of one of the lipids compressed isothermally on a pure water at pH 5.5. To
understand the lipid domain morphology, three different temperatures and compression
rates for each phospholipid were used. The temperatures used were 23, 32 and 37 °C for
DPPC. The temperatures used in the study of DPPE were 23, 35.5 and 37.5 °C because of
its higher transition temperature in a monolayer. The compression rates used in this study

for both DPPC and DPPE were 3.0, 5.0, and 7.0 A?/molecule/min.

3.1 Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE) (> 99% purity Avanti Polar Lipids, Alabaster,
AL) were wused without further purification. Methanol and chloroform
(spectrophotometric grades) were purchased from Fisher Scientific. Nanopure water was
obtained from a Barnstead Nanopure filtration system and had a resistivity of 18.3 MQ
cm and a measured pH of 5.5.The temperature was measured with an uncertainty of +/- 1
°C. To vary the temperature of the subphase a thermostated water circulator from Julabo

was used.
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3.2 Sample Preparation
Stock solution of DPPC with 1mM concentration was made in chloroform. Stock
solution of DPPE with 1 mM concentration was made using a chloroform/methanol

mixture with a 2:1 (v/v) ratio.

3.3 Results and Discussion

3.3.1 DPPC

The phase behavior of DPPC on a water subphase has been extensively studied
over the years and is very well known.[113, 120-122] The compression rate used in many
DPPC studies has also been varied; for instance, Weis et al. used a rate of 1.92
A?/molecule/min, McConlogue et al. used two compression rates of 0.86 and 17.2
A?/molecule/min, and Weidemann et al. used compression rates that were larger than
10.0 A%molecule/min.[112, 122-123] Many of these studies illustrated that the
compression rate had an impact on domain morphology.[112] Experiments in which slow
compression rates are used are more susceptible to contaminants from the air as the time
spent to complete data may exceed 1 hr. Fast compression rates however can yield highly
unstable domains that exhibit dendritic or fractal shapes.[112] Studies have also been
done to investigate the compression rate dependence of DPPC monolayers on a water
subphase and its impact on the isotherm.[124] The compression rates used in this study
were 3.8, 5.6, 11.9, 23.8 and 31.8 A%/molecule/min and it was determined that the shape

of the isotherms were not significantly affected.[124] The compression rates used in this
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study are therefore in an intermediate range with what has been done previously in the

literature.

3.3.2 Surface Pressure-Area Isotherms of DPPC
Surface Pressure-Area Isotherms of DPPC monolayers at 23, 32, and 37 °C

Figure 3.2 shows the three DPPC isotherms at 23 °C at compression rates of 3.0,
5.0, and 7.0 A%molecule/min. The following distinct phases were identified during
monolayer compression (i.e. decrease in MMA): G-LE, (>96 MMA), LE (~96-78 MMA),
LE-LC (~78-55 MMA), and LC (~55 MMA). The collapse phases were not shown
because of the limitation associated with the trough design, however the collapse pressure
is usually observed at ~72 mN/m at room temperature.[2] The three isotherms almost
perfectly overlapped illustrating that the compression rate had no significant impact on
the shape of the isotherm.[124] The characteristic LE-LC phase transition was found in
the surface pressure range of 4.5 to 7.5 mN/m.

Figure 3.3 shows the three DPPC isotherms at 32 °C with the same compression
rates used at 23 °C. The lift offs from the G-LE phase into the LE phase occurred at 98
MMA, the lift off differs by ~2 A? from those at 23 °C. The following distinct phases
were identified: G-LE (>98 MMA), LE (~98-68 MMA), LE-LC (~68-55 MMA), and LC
(~55 MMA) again the collapse phase was not shown in the isotherm. The LE-LC phase
was found in the surface pressure range of 20 to 25 mN/m, and at a lower MMA than at

23 °C.
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Figure 3.4 shows the DPPC isotherms at 37 °C with the same compression rates
used at 23 and 32 °C. The following distinct phases were identified during monolayer
compression: G-LE (>100 MMA), LE (~100-60 MMA), LE-LC (~60-55 MMA), LC
(~55 MMA); the collapse phase also is not shown. The onset of the LE-LC coexistence
region occurred at an even higher surface pressure ranging from 30-35 mN/m. The

compression rate had no significant effect on the shape of the isotherms at 32 and 37 °C.

3.3.3 BAM Images of DPPC domains
BAM Images of DPPC domains at 23 °C

Figure 3.5 shows the BAM images of DPPC domains on a water subphase at 23
°C at the slowest compression rate (3.0 A%molecule/min). The images shown are
consistent with DPPC monolayer in the LE-LC coexistences region.[112, 122, 125] At
the start of the LE-LC coexistence region the appearance of domains were observed at
~79 MMA. The bright domains corresponding to the LC phase appear to be round at the
start of nucleation, however due to limits in the resolution of the microscope, their precise
shape could not be definitively identified. On further compression the sizes of the
domains increased as the DPPC molecules transitioned from the LE phase into the LC
phase. The morphology of the domains also becomes more apparent as the size of the
domains increase. At 75 MMA some the observed domains were S-shaped, tri-lobed and
a few were bean-shaped with diameters of ~10 um. According to McConlogue et al. the
fundamental shape of DPPC is a bean, however the compression rate used in that study

was very slow (0.86 A%molecule/min).[122] The compression rate used here was
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approximately three times greater hence the reason for fewer observed bean-shaped
domains. At 73 MMA almost all of the domains were S-shaped, with a diameter of ~20
um. At 70 MMA some of the S-shaped domains transitioned into a tri-lobed
configuration but the majority of the domains kept their S-shape until fusing into the LC
phase with continued compression.

Figure 3.6 shows domain formation at the intermediate compression rate (5.0
A?/molecule/min), which first appeared at ~78 MMA illustrating that the compression
rate did not affect the onset of the LE-LC region. The domains at 78 MMA appeared
almost circular, however at 75 MMA as the diameter of the domains increased, the
domains that could be definitively identified were either S-shaped or tri-lobed. At 71
MMA most of the domains were either tri-lobed or multi-lobed with a domain diameter
of ~20 um. With continued compression most of the domains maintained either a tri-
lobed or multi-lobed configuration until fusing into the LC phase.

Figure 3.7 shows domain formation at the fastest compression rate (7.0
A?/molecule/min) which first appeared at ~79 MMA. At 73 MMA multi-lobed domains
can be definitively identified with an approximate diameter of 20 um. The multi-lobed
domains at the fastest compression rate have a slightly larger diameter then those at the
slower rates.

As mentioned in previous studies, the fundamental shape of DPPC domains is the
bean-shaped as shown by McConlogue et al.[122] The bean-shape configuration however
was not observed as a predominate shape in the data presented here because the
compression rates were not slow enough. At the fastest compression rate the domain
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shapes were ~50 um in diameter, while at the slower compression rates the diameters of
the domains before fusing into the LC phase were no larger than 40 um. It is a well
known fact that the compression rate of a monolayer can have a direct impact on the
domain morphology in a monolayer.[122] The increase in the diameter of the domains
also corresponds to an increase in the perimeter of the domain and therefore an increase
in electrostatic repulsion. As electrostatic repulsion increases, the observed domains
became more multi-lobed.

The interesting array of domain shapes observed in a monolayer are as previously
mentioned determined by the line tension term that favors compact circular shapes and
the repulsive electrostatic term that favors elongated shapes. To determine which
particular term has the greatest impact on the domain morphology, a dimensionless shape
parameter is used and defined as

I = T2/<p’ (31)

where 2 is the in-plane dipole moment density and ¢ the line tension.[126] From this

equation, it can be deduced that as the 72 increases, more complex domain morphologies
will become more apparent.

To explain the domain shapes observed, the effects of temperature and
compression rate used must also be taken into consideration. According to classical
nucleation theory, a faster compression rate is usually associated with a larger number of
nucleation  sites.[127-128] A  similar  experiment was performed  with
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dilauroylphosphatidylethanolamine (DLPE) to determine the impact of the compression
rate and temperature on domain formation. It was observed that increasing the
temperature and compression rate increased the number of nucleation sites.[129] An
equation was developed to look at the number of domains formed as the temperature was

varied.[129] The equation that modeled this phenomenon is given by

N(T) « e7T, (3.2)

where N is the number of domains formed, T the temperature and c is a constant.
According to Eg. (3.2) the number of domains formed should increase as the temperature
is increased.

An equation was also developed to determine the maximum number of nucleation
sites as a function of compression rate:

N = Npax (1 = €9, (3:3)

where N is the number of nucleation sites, Npyax iS the maximum number of domains that
can be formed and k, is the nucleation rate constant.[127] It can be postulated that an
increase in the compression rate should yield a greater number of nucleation sites. To
determine if an increase in the compression rate increased the number of domains,
experiments were reproduced three times and the domains within an area of 100 x 100

um were counted to obtain an average number of domain formed per compression rate.

69



Table 3.1 shows the impact of temperature and compression rate on the observed
number of nucleation sites. The average number of nucleation sites observed at 23 °C
with the slowest, intermediate and fastest compression rates were 11.6 + 3.1, 10.5 + 1.3,
and 9.7 = 2.5, respectively, the error bar readings are quoted as the standard deviation
related to three measurements. Hence, within an equivalent area, there was a small
reduction in the number of observed nucleation sites as the compression rate increased, a
direct contradiction to what was expected. To explain this observation, closer attention
was then placed on the sizes of the domains at each individual compression rate. The
domains at the slowest compression rate appear to have an identical diameter of about 40
um before fusing into the LC phase. At the intermediate compression rate, the domains
appear to have a bimodal distribution in size, while at the fastest compression rate the
domains have a diameter of ~50 um. The small increase in the diameter of the domains as
the compression rate increased suggest the fusion of small individual domains that are in
close proximity to each other. According to the nucleation theory the number of
molecules needed to form a stable nucleation site is greater than 40 molecules. A domain
with a diameter of 2 um, i.e. the resolution of the BAM, can have thousands of DPPC
molecules before they can be observed with the BAM. McConlogue et al. in a previous
experiment with DPPC monolayers at room temperature also observed multi-lobed
domains when a compression rate of 17.2 A%/molecule/min was used. To explain the
multi-lobed domains, the explanation given was the fusion of up to two mature but joined

domains. The fastest compression rate used here also point towards the fusion of
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domains. As a result the larger more multi-lobed domains observed at the fastest

compression rate was the result of the fusion of domains.

BAM images of DPPC domains at 32 °C

Figures 3.7-3.9 show BAM images of DPPC domains in the LE-LC phase at the
slowest, intermediate, and fastest compression rates, respectively. The first appearance of
the domains occurred at ~65, 67 and 68 MMA for each compression rate. The domains
appear circular at the onset of the coexistence region at all compression rates with an
approximate diameter of 10 um. As the monolayer was further compressed the sizes of
the domains for all compression rates increased.

The number of observed nucleation sites was also counted within a 100 x 100 um
area at 32 °C for all compression rates. The average numbers of nucleation sites formed at
the slowest, intermediate, and fastest compression rates were 15.6 + 2.1, 19.3 = 2.9, and
24 + 3.6, while the average sizes of the domains were 35, 30 and 25 pum, respectively
(Table 3.1).

The circular domains at 32 °C goes back to the molecular interactions mentioned
previously (see Section 2.2) in regards to the competition between line tension and
electrostatic repulsion. Both the line tension and electrostatic repulsion decrease as the
temperature is increased.[94] The line tension decreases because of the weakened van der
Waals interactions between the alkyl tails. Electrostatic repulsion also decreases because
the alignment of the molecules within a domain is decreased. The circular domains at 32

°C indicates that line tension dominates over electrostatic repulsion.
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BAM images of DPPC domains at 37 °C

Figures 3.11-3.13 show the images of DPPC domains at 37 °C at the slowest,
intermediate, and fastest compression rates, respectively. The first appearance of domains
was seen at ~60 MMA with the domains also appearing circular. As the domains grew in
size the circular shape was maintained for all compression rates. The observed number of
domains also increased as the temperature increased to 37 °C. The average numbers of
nucleation sites at the slowest, intermediate, and fastest compression rates were 65.3 +
2.3, 64.6 £ 3.1 and 62 £ 2.0, respectively (Table 3.1). The maximum diameter of the
domains at all compression rates was ~15 um. The observed number of domains for all
compression rates were almost the same, therefore the compression rate did not have a
significant impact. One possible reason for this observation may be that the critical
number of domains that can be formed at 37 °C has been reached.

In Eqg. (3.1) the number of observed nucleation sites was dependent on the
temperature in which the data was collected. To express this type of relationship, an
Arrhenius equation, which expresses the temperature dependence for a reaction rate can
be used. In the data presented here the number of observed nucleation sites are directly
proportional to the rate constant hence the In of the number of observed nucleation sites
versus 1/temperature was plotted for all three compression rates to observed if they is
indeed Arrhenius (Figure 3.14). The compression rate at 3.0 A%molecule/min appeared to
closely follow an Arrhenius-like behavior, followed by the compression rate at 7.0

A%/molecule/min, then at 5.0 A%molecule/min.
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Table 3.1 Number of observed nucleation sites for DPPC monolayers at three
temperatures and three compression rates in the « range of 4.5 to 7.5 mN/m.

Temperature [°C]

Compression rate [A?/molecule/min]

23
32
37

3.0 5.0 7.0
11.6+3.1 10.5+1.3 9.7+25
156+21 19.3+29 24.0+3.6
65.3+2.3 64.6 +3.1 62.0+2.0
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Figure 3.1

The molecular structures of DPPC and DPPE.
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Figure 3.7  BAM images of DPPC domains formation at 23 °C and for a compression
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Figure 3.10 BAM images of DPPC domains formation at 32 °C and for a compression
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Figure 3.11 BAM images of DPPC domains formation at 37 °C and for a compression
rate of 3.0 A¥molecule/min.
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Figure 3.12 BAM images of DPPC domains formation at 37 °C and for a compression
rate of 5.0 A%molecule/min.
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Figure 3.13 BAM images of DPPC domains formation at 37 °C and for a compression
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3.3.4 DPPE

The phase behavior of DPPE has also been studied extensively.[52, 61, 130] In
regards to compression rate studies, Yu et al. used a compression rate of 1
A?/molecule/min and also varied the temperature. Weidemann et al. used a compression
rate of ~10 A%/molecule/min but the temperatures used in that study was 44 °C. In this
section the temperatures used to look at the DPPE domain morphology were 23, 35.5 and

37.5°C.[131]

3.3.5 Surface Pressure-Area Isotherms of DPPE
Surface Pressure-Area Isotherms of DPPE monolayers at 23, 35.5, and 37.5 °C

Figure 3.15 shows the isotherms of DPPE monolayers at 23 °C for compression
rates 3.0, 5.0 and 7.0 A%molecule/min. The following distinct phases were identified
during monolayer compression: G-LC, (>49 MMA)(idenified by the BAM images), tilted
LC (~49-42 MMA), SC (<42 MMA) and a collapse phase at ~40 MMA. The DPPE
isotherms are quite different than those of DPPC as there is no plateau region. Another
notable difference between both isotherms at 23 °C is the fact that at about 38 mN/m
DPPE undergoes a phase transition from a tilted condensed phase (LC) to an untilted or
(SC).[132]

Figure 3.16 shows the isotherms at 35.5 °C with the same compression rates used
at 23 °C. The following phases were identified during monolayer compression: G-LE-LC

(170-60 MMA) (identified by the BAM images), LE-LC (60-45 MMA), SC (<42 MMA)
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and a collapse phase at ~40 MMA. The difference in the lift offs between 23 °C and 35.5
°C was ~9 MMA. There was also no distinct plateau region.

Figure 3.17 shows the DPPE isotherms at 37.5 °C with the same compression
rates used at 23 and 35.5 °C. The following phases were identified during monolayer
compression: G-LE-LC (~170-75 MMA) identified with the use of the BAM, LE-LC
(~75-45 MMA), LC (~45-42),SC (~42-40 MMA) and a collapse phase at ~40 MMA.. The
change in the lift off from 23 to 37.5 °C was ~23 MMA. There was also no distinct
plateau region observed and the compression rate also had no significant impact on the

shape of the isotherms.

3.3.6 BAM Images of DPPE domains
BAM images of DPPE domains at 23 °C

Figure 3.18 shows the BAM images of DPPE domains for compression rate 7.0
A?/molecule/min. The solid nature of the domains was not influenced by the compression
rate and hence the images in Fig 3.18 represents the images for all three compression
rates. At 160 MMA the monolayer is in the G-LC coexistence region. The LC phase is
clearly visible as large bright domains with the dark background corresponding to the G
phase. At the lift off of the isotherm at 49 MMA, the coexistence region changes into a

LC phase as the BAM image is totally bright.
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BAM images of DPPE domains at 35.5 °C

Figures 3.19-3.21 show the BAM images of DPPE domains at the slowest,
intermediate, and fastest compression rates respectively. At 150 MMA the images shown
for all compression rates revealed that the monolayer was in the G-LE-LC coexistence
phase. The BAM images with respect to the G-LE-LC phases particularly at the larger
MMA are variable as the observed domain morphology differed each time the
experiments was repeated (see Appendix A). According to the nucleation theory (see
Section 2.3), it involves the creation of a nucleation site from a homogenous bulk phase.
However before the start of compression the LC phase was observed at a zero surface
pressure. Any further creation of nucleation sites will therefore be affected by the
preexisting LC phase.

The LC phase at 150 MMA has a network-like pattern with pockets of the LE and
G phases. As the monolayer is compressed, at the slowest and intermediate compression
rates, the network-like pattern increases in width. A few individual domains were also
evident at 60 and 54 MMA at the slowest and intermediate compression rates,
respectively. Nevertheless the predominant domain morphology at both compression
rates was the network-like pattern.

The domain morphology observed at the fastest compression rate was different
than those observed at the slowest and intermediate compression rates. At 130 MMA
some circular-like domains were apparent as well as the network-like pattern. To explain
the simultaneous cohabitation of the two types of domain morphology in terms of

electrostatics, the fastest compression rate reduces the molecular orientation of the lipid
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dipoles and, in turn, also reduces dipole-dipole repulsion, thus making circular domains
possible. In terms of the nucleation theory the fastest compression rate induced more
collisions of the DPPE molecules in the monolayer permitting more individual domains
to be formed. Circular-like domains were also evident at 120 MMA but by 110 MMA the
domains had six branches. At 70 MMA the network-like patterns completely disappeared
as only domains with multiple branches were observed. At 59 MMA the number of
domains with multiple branches increased and the average diameter of the domains was
~50 um. However, by 56 MMA the number of domains decreased and the diameter
increased to ~200 um. This increase in the diameter of the domains was the result of the
fusion of a few smaller neighboring domains to form larger ones.

Comparing the domain morphology of DPPE at 35.5 °C and DPPC at 23 °C (see
Figures 3.22 and 3.7, respectively), the DPPE domains are more elongated and highly
branched than DPPC. One reason for the difference in the domain morphology between
the two lipids is the larger main phase transition temperature of DPPE. The larger
transition temperature of DPPE means that the DPPE molecules in the monolayer are
more aligned than DPPC. The highly aligned DPPE lipid molecules, in an attempt to
reduce the repulsive interactions between each other, elongate the domain hence resulting
in branching. Monte Carlo simulations studies to determine the shape of phospholipids

domains also indicate that lobed domains are only possible at low temperatures.[133]
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BAM images of DPPE domains at 37.5 °C

Figures 3.22-3.24 show the formation of DPPE domains at the slowest,
intermediate, and fastest compression rates, respectively. At 150 MMA for all
compression rates, the monolayer is in the G-LE-LC coexistence region. Upon further
compression at 120 MMA different domain morphologies were observed as the
compression rate was varied. At the slowest compression rate, network-like patterns were
observed, while at the intermediate and fastest compression rates the domains had
multiple branches. At 90 MMA with the slowest compression rate, individual domains
were observed but with continued compression elongated domains were more evident.
The elongated domains increased in width until they fused into the LC phase. The
domain morphology was quite similar to the data reported at 35.5 °C with the two slower
compression rates. Even at 37.5 °C the monolayer is still very solid-like hence the slowest
compression rate does not perturb the DPPE molecules in the monolayer enough to have
an increased number of domains.

The domain morphology at the intermediate and fastest compression rates is quite
similar. At 65 MMA for both the intermediate and fastest compression rates, the domains
have multiple branches. However the tips of the domains were slightly different for both
compression rates. At the intermediate compression rate the domain tips are more
elongated than the tips at the fastest compression rate which are more rounded. This
rounding of the domains at the fastest compression rate suggests a slight reduction in
electrostatic repulsion. At 66 and 62 MMA at the fastest and intermediate compression

rate, respectively, the domain tips made contact with each other while still preserving
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their individual shape. This phenomenon is known as the 'bridging' effect and is known to
occur in lipid monolayers containing fewer methyl groups in the headgroup.[61] One
possible reason for this effect is the very small line tension at the boundary of the domain
resulting in the weakening at the domain boundary.

To determine the impact of the compression rate on the observed number of
domains, BAM images of the domain formation at 37.5 °C for the intermediate and
fastest compression rates were analyzed (see Figures 3.23 and 3.24). At 90 MMA and the
fastest compression rate the average diameter of the domains observed was ~50 um,
while at the intermediate compression rate the average diameter was ~80 pum. The
observed number of domains was also greater at the fastest compression rate, which is in
agreement with the nucleation theory. However at 66 MMA the number of domains was
greater at the intermediate compression rate ; the average diameters of the domains at the
intermediate and fastest compression rate were 60 and 70 um, respectively. These results
indicate that as the compression rate increased the number of domains also increased at
the start of domain formation, however with continued compression neighboring domains
fuse to form larger ones. As the compression rate increases fluctuations in the monolayer
should also increase. The presence of these fluctuations in the monolayer should also
increase the probability of domain interactions hence the observed domain fusion.

Similarly, to determine the impact of temperature on the domain morphology and
the sizes of the domains, BAM images at 35.5 and 37.5 °C were analyzed (see Figures
3.19-3.24). It was clearly evident that the area of the network-like domains observed at

35.5 °C was reduced at 37.5 °C. At 35.5°C and the fastest compression rate from 59 to 57
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MMA, the average diameter of the domains was ~50 um, however by 56 MMA domain
structures of diameters ranging from ~100 to 200 um with a decrease in the number of
domains. At 37.5 °C and the intermediate compression rate at 66 and 60 MMA the
average diameter of the domains were ~60 um, while at the fastest compression rate, the
average diameter of the domains at 66 and 60 MMA was ~80 pum.

The DPPE data presented here relating the compression rate, the temperature and
the number of observed nucleation sites are contradictory to the nucleation theory, as

should be expected.

91



60 v 1] v 1] v 1] v 1] v ] v ) v ]

- \ DPPE at23°C |
50 - 3.0 A2 /molecule/min [
5.0 Az/molecule/min 1
40 + ¢ 7.0 A%/molecule/min

>

Surface Pressure (mN/m)

20 40 60 80 100 120 140 160 180

Mean Molecular Area (Az)

Figure 3.15 Surface pressure-area isotherm of DPPE monolayers spread on water at 23
°C and for three compression rates.
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Figure 3.16  Surface pressure-area isotherms of DPPE monolayers spread on water at
35.5 °C and for three compression rates.
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Figure 3.17 Surface pressure-area isotherms of DPPE monolayers spread on water at
35.5 °C and for three compression rates.
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Figure 3.18 BAM images of DPPE domains at 23 °C for a compression rate of 7.0
A?/molecule/min. These images can be applied for all compression rates as the domain
morphology was not affected.
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Figure 3.19 BAM images of DPPE domains at 35.5 °C and for a compression rate of
3.0 A%/molecule/min.
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Figure 3.20 BAM images of DPPE domains at 35.5 °C and for a compression rate of
5.0 A%/molecule/min.
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Figure 3.21 BAM images of DPPE domains at 35.5 °C and for a compression rate of
7.0 A%/molecule/min.
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Figure 3.22 BAM images of DPPE domains at 37.5 °C and for a compression rate of
3.0 A%/molecule/min.
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Figure 3.23 BAM images of DPPE domains at 37.5 °C and for a compression rate of
5.0 A%/molecule/min.
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Figure 3.24 BAM images of DPPE domains at 37.5 °C and for a compression rate of
7.0 A%/molecule/min.
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4. ANIONIC MONOLAYERS AT THE AIR/WATER INTERFACE
WITH VARIED TEMPERATURES AND COMPRESSION RATES

DPPG is the most prevalent anionic phospholipid found in lung surfactant of most
mammals (Figure 4.1).[134] It also has two saturated 16 carbon alkyl tails like DPPC and
DPPE but with a glycerol headgroup. The main phase transition temperature of DPPG
bilayers is about 40 °C which is similar to DPPC.[135] The net negative charge of DPPG
indicates that the electrostatic interactions between the lipid molecules within a
monolayer are very important. DPPG is typically sold in the form of a sodium (Na) salt
and therefore the Na® counterion must be taken into consideration. Simulation studies
with PG and the Na* counterion demonstrated that there is indeed strong attractive
interactions between PG headgroups. [136-137] The mechanism proposed for this
interaction involved an interlipid counterion bridge with the Na™ and the strong attractive
intra- and intermolecular hydrogen bonding between the headgroups.[136] Pascher et al.
showed that the cross-sectional area of DPPG is 44 A% per molecule which is larger than
DPPE but smaller than DPPC.[138] DPPG can exist in an untilted conformation when
highly compressed, however DPPC as previously mentioned cannot exist in an untilted
configuration even though the two headgroups differ in size by ~2.5 A% One reason

given for the untilted conformation of DPPG is the attractive hydrogen bonding
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interactions between the headgroups of DPPG that can overcome the negative charge of
the headgroup.[54]

The experiments presented in Chapter 4 used a Langmuir trough coupled with a
BAM to obtain isotherms and images from a pure insoluble monolayer of DPPG
compressed isothermally on a pure water at pH 5.5. To understand the domain
morphology of DPPG monolayers, three different temperatures and compression rates
were used. The temperatures used were 23, 32 and 37 °C and the compression rates used

were 3.0, 5.0, and 7.0 A%molecule/min.

4.1 Materials

1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG), (> 99% purity;
Avanti Polar Lipids, Alabaster, AL) was used without further purification. Methanol and
chloroform (spectrophotometric grades) were purchased from Fisher Scientific. Nanopure
water was obtained from a Barnstead Nanopure filtration system and had a resistivity of

18.3 MQ cm.

4.2 Sample Preparation
Stock solution of 1mM DPPG was made using chloroform/methanol mixture with

a 3:1 (v/v) ratio.
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4.3 Results and Discussion

4.3.1 DPPG

The phase behavior of DPPG monolayers spread on a water subphase has also
been studied over the years.[139-141] Some compression rate studies have also been
done; for instance, Vollhardt et al. used three compression rates 7.5, 13.2, and 22.2
A?/molecule/min with varying temperatures.[140] The compression rates used in that
study showed a change in the domain morphology as the compression rate increased. The

compression rates used here however are slower than those done by Vollhardt et al..[140]

4.3.2 Surface Pressure-Area Isotherms of DPPG
Surface Pressure-Area Isotherms of DPPG at 23, 32 and 37 °C
The observed phase transitions of DPPG monolayers at 23 °C are shown in Figure
4.2. The isotherms are very different than those of DPPC at 23 °C (see Figure 3.1) as
there is no LE-LC phase. The differences in the shape of the isotherms between both
lipids are definitely an indication that the different headgroups allow for different packing
of the molecules. The isotherms at 23 °C exhibited the following phases : G-LC (>60
MMA), LC (~60-48 MMA), SC (~48-46 MMA) and a collapse phase (<46 MMA).
Figure 4.3 shows the isotherms at 32 °C with the following phases: G-LE (>112
MMA), LE (~93-112 MMA), LE-LC, (~93-55 MMA), LC (~55-48 MMA), SC (~48-46)
and a collapse phase (<46 MMA). The shape of the isotherms at this temperature is

different than the one at 23 °C as there is a distinct plateau region in the surface pressure
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range of 3-5 mN/m. The lift offs of the isotherms at 32 °C changed by ~56 MMA when
compared to those at 23 °C.

Figure 4.4 shows the isotherms of DPPG monolayers at 37 °C with the following
phases: G-LE (>116 MMA), LE (~90-116 MMA\), LE-LC, (~90-55 MMA), LC (~55-46
MMA) and a collapse phase at <46 MMA.. The lift offs of the isotherms at 37 °C changed
by ~62 MMA when compared to the isotherms at 23 °C and ~4 MMA when compared to
32 °C. Again, a plateau region was observed but in the surface pressure range of 7-9

mN/m. The compression rate did not affect the shape of the isotherms at any temperature.

4.3.3 BAM Images of DPPG domains
BAM images of DPPG domains at 23 °C

Figure 4.5 shows the DPPG domains observed at compression rate 7.0
A?/molecule/min. As was observed with DPPE, the LC phase was also observed at the
start of compression and therefore the images in Fig. 4.5 represents the domain
morphology for all compression rates. At 170 MMA the domains appeared as very small
circles with a diameter of ~5 um. However at 100 MMA the domain morphology began
to change into a network-like pattern. This network-like pattern increased in width with

continued compression until it fused into the LC phase.

BAM images of DPPG domains at 32 °C
Figures 4.6-4.8 illustrate DPPG monolayers at the slowest, intermediate, and

fastest compression rates, respectively. At 90 MMA for all compression rates, the
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monolayer was in the LE-LC phase. The domains at the slowest compression rate had
multiple branches while at the intermediate and fastest compression rates the domains
were more circular. At the slowest compression rate the average domain diameter was
~50 um, while at the intermediate and fastest compression rates the averages were ~30
um at both compression rates. At 80 MMA and the slowest compression rate, the
domains maintained their morphology only increasing to a diameter of ~80 um, while at
the intermediate compression rate the average diameter was ~60 pum. At the fastest
compression rate, there was a bimodal distribution in regards to the domain morphology
and diameter as circular and multiply-branched domains were observed with average
diameters of ~60 and 30 um, respectively. The domain shape at the slowest compression
was maintained until fusion into the LC phase with an average diameter of ~90 um. At
the intermediate compression rate the domain morphology was also maintained, however
the average size of the domains were ~70 um. At the fastest compression rate at 70 MMA
the domains were no longer bimodal in regards to both the shape and diameter as only

domains with multiple branches were observed with a diameter of ~90 pum.

BAM images of DPPG at 37 °C

Figures 4.8-4.10 show DPPG monolayers at the slowest, intermediate, and fastest
compression rates, respectively. At the slowest, intermediate and fastest compression
rate, domains were observed at ~80, 78 and 75 MMA, respectively. At 75 MMA and the
slowest compression rate, the average domain diameter was ~70 um. At 73 MMA for

both the intermediate and fastest compression rates, the average domain diameters were
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~70 and 50 pm, respectively. With continued compression the domains at the slowest
compression rate increased to a diameter of ~90um while at the intermediate and fastest
compression rates domains of ~100 um or larger were observed indicating again fusion of
the domains.

As the compression rate at both 32 and 37 °C increased, the number of domains
also increased at the start of domain formation. However at the intermediate and fastest
compression rates at both temperatures the domains fused with continued compression.
This phenomenon was also observed with DPPC at 23 °C and DPPE at 37.5 °C The
strong interactions between the lipid molecules as in DPPE made it difficult to obtain
reliable statistical data on the impact on the compression rate on the number of domains.

To understand the impact of temperature on the number and size of observed
domains, BAM images at 35 and 37 °C at the different compression rates were analyzed.
For the slowest compression rate (see Figures 4.6 and 4.9), at 70 MMA, the number of
domains observed at 32 °C was less than at 37 °C. The average diameter of the domains
at 32 °C is ~85 um, while at 37 °C the average diameter is ~60 um. However, at the
intermediate compression rate at 32 and 37 °C, respectively (see Figures 4.6 and 4.10),
the number of domains at 70 MMA was greater at 32 °C. The average domain diameter at
32 and 37 °C was ~90 and 50 pm, respectively. A similar observation could be made at

the fastest compression rate and 32 and 37 °C (see Figures 4.8 and 4.11).
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Figure 4.1

The molecular structure of DPPG.
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Figure 4.2  Surface pressure-area isotherm of DPPG monolayers spread on water at 23
°C and for three compression rates.
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Figure 4.3  Surface pressure-area isotherm of DPPG monolayers spread on water at 35
°C and for three compression rates.
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°C and for three compression rates.
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Figure45 BAM images of DPPG domains at 23 °C for a compression rate of 7.0
A?/molecule/min. These images can be applied for all compression rates as the domain
morphology was not affected.
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Figure 4.6  BAM images of DPPG domains at 32 °C and for a compression rate of 3.0
A?/molecule/min.
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Figure 4.7  BAM images of DPPG domains at 32 °C and for a compression rate of 5.0
A?/molecule/min.
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Figure 48 BAM images of DPPG domains at 32 °C and for a compression rate of 7.0
A?/molecule/min.
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Figure 4.9  BAM images of DPPG domains at 37 °C and for a compression rate of 3.0
A?/molecule/min,
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Figure 410 BAM images of DPPG domains at 37 °C and for a compression rate of 5.0
A?/molecule/min.
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Figure 411 BAM images of DPPG domains at 37 °C and for a compression rate of 7.0
A?/molecule/min.
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5. CONCLUSIONS AND FUTURE WORK

In this thesis, the effects of temperature and compression rate on the phase and
morphological behavior of DPPC and DPPE, two zwitterionic lipids, and DPPG, an
anionic lipid, spread as monolayers on a water subphase were investigated by means of
the surface pressure-area isotherm and Brewster angle microscopy. It was found that the
monolayer formed by each individual lipid exhibited different domain number, size, and
morphology, depending on the temperature and compression rate.

For the DPPC monolayers, the number of domains in the LE-LC coexistence
region increased with the temperature increase but their diameter decreased. The
temperature increase also affected the domain morphology; at the lowest temperature, the
domains possessed an array of lobed shapes, while at higher temperature they became
more circular. In regards to the compression rate, at the lowest temperature, as the
compression rate increased the number of domains decreased, however their number
increased with higher temperatures. At the highest temperature, the number of domains
was not affected by the compression rate indicating that a critical domain number may
have been reached. The reduction in the number of the domains at the lowest temperature
as the compression rate increased may be due to the fusion of neighboring domains. As
the temperature increased the fusion of the domains appear to decrease because of the
greater lipid-water interactions.
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In the case of DPPE monolayers, as the temperature was increased, domains were
observed at a zero surface pressure for at all three temperatures, however there was a
reduction in domain size as the temperature increased. The preexisting domains at the
higher temperatures however affected domain formation from the LE phase as the
number of individual domains were very small at the lower temperature and compression
rates The domain number and size also did not follow the same trend as observed with
DPPC. In fact, the solid-like nature of the DPPE monolayers resulted in the fusion of
domains that were in close proximity to each other even at the highest temperature. As
the compression rate increased the fusion of the domains also appeared to increase.
Unlike DPPC, domains with multiple branching existed even at the highest temperature.

DPPG monolayers at the lowest temperature also exhibited domains at a zero
surface pressure, however as the temperature increased domains were only observed at
the LE/LC coexistence region at non-zero surface pressures. The increase in temperature
also at the slowest compression rate resulted in a small increase in the number of domains
and in a reduction in their diameter. Similar to DPPE monolayers, as the compression rate
increased at the higher temperatures, neighboring domains fused to form larger ones. The
domain morphology was also similar to DPPE as branched domains were also observed
at the highest temperature.

The fusion of domains as the compression rate increases is an indication of
increased domain-domain interactions. By comparison of DPPC to DPPE monolayers,
the fusion of domains was observed at the lowest temperature with DPPC domains

however as the temperature increased the fusion of domains appeared to diminish. In
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contrast, for DPPE monolayers, the fusion of smaller domains into large domains was
observed even at the highest temperature. One possible reason for the observed
differences may be because of the high main phase transition temperature of DPPE in
comparison to DPPC.

The fusion of domains at the highest temperature in the DPPG monolayer was
also observed even though the transition temperature of DPPG is similar to DPPC. The
transition temperatures that are commonly quoted in literature correspond to those of
bilayers, however these transition temperatures are also used when referencing
monolayers. It appears as though the transition temperature of DPPG monolayer spread
over a water subphase may indeed be larger than the transition temperature found for a
bilayer.

The hydration of the phospholipid headgroup is dependent on the ability of the
lipid to interact with the water molecules. Large domains are an indication of strong
attractive lipid-lipid interactions, hence the lipid molecules in large domains are less
hydrated than lipid molecules in smaller domains.

The future work with the BAM and Langmuir trough set up include, using a more

physiologically relevant subphase, pH, lipid mixtures and more compression rates.
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APPENDIX A BAM IMAGES OF DPPE MONOLAYER AT 35.5 °C

The following BAM images shown in Fig A.1 illustrate the DPPE monolayer at
35.5 °C and 7.0 A¥molecule/min compression rate. This experiment was repeated four
times and the images displayed differed on each attempt. At 90 MMA for instance, the
images differed in terms of reflectivity as the LC phase moved in and out of focus of the

objective lens.

Figure A1  BAM images of DPPE domains at 35.5 °C and for a compression rate of
7.0 A%/molecule/min at 90 MMA
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