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Abstract

As the representative two dimensional model systems at the air-water interface, amphiphilic
monolayers have been extensively studied in interfacial science. Proteins, because of their
particular importance in nature, are of special importance in many fields. The interest in
phospholipid monolayers is prompted by the observation that, as one of the most important
components of lecithin, they provide the simplest model systems. Since the phenomenon of
penetration was first discovered by Schulman and Hughes, there are a variety of biological
and industrial motivations for studying mixed monolayers that consist of insoluble and
soluble components, in particular mixed lipid-protein systems. Along with the application of

many new optical methods, direct structural and morphological analysis becomes available.

In this work, we performed penetration experiments with [-lactoglobulin and B-casein,
proteins with globular and random coil structure, respectively. The aim of our study was to
analyze the effect of protein adsorption and penetration into DPPC monolayers at the air-
water interface. A circular trough equipped with a Brewster Angle Microscope (BAM) was
applied to monitor surface dynamics and the corresponding monolayer morphology. We
observed that protein penetration into this monolayer induces the formation of a condensed
phase under the condition where no phase transitions occur in the pure DPPC monolayer (low
enough surface pressure). The shape of the induced domains is quite similar to that of pure
DPPC domains. For a better understanding of the effects of penetrating proteins into a lipid
monolayer, Synchrotron Gracing Incidence X-ray Diffraction (GIXD) and Fourier Transform
Infrared Spectroscopy (FT-IR) measurements were performed. Using these techniques the
mixed lipid-protein layers were further characterized. It is found that the two-dimensional
aggregation is certainly caused by the monolayer compression due to increased protein
adsorption and the hydrophobic interaction between the lipid molecules. Furthermore, when
the penetration starts from a point within the phase transition region, deformation of DPPC

domains can be observed.

We also analyzed adsorption and penetration of dodecyl dimethyl phosphine oxide into a
DPPC monolayer. It is found that under certain conditions a phase transition in the lipid
monolayer occurs, which is very similar to the effect found with the proteins. Thus, proteins

as well as low molecular-weight surfactants induce phase transitions in insoluble lipid

- ——r——

-
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monolayers at a molar area much smaller than the critical value at which a phase transition in

such monolayers occurs without the penetrating soluble molecules.

Meanwhile, 2 new model is proposed to describe the 2D aggregation of the lipid monolayers
caused by additional protein adsorption. A set of equation of state for penetrated monolayers
was derived by the simultaneous solution of the corresponding equation of state and Pethica’s
equation. The application of the model to the experimental results shows that the additional
presence of B-lactoglobulin leads to an increase in the monolayer coverage, that is, the DPPC
aggregation is induced by the second component. The equations of state for mixed
monolayers are derived for the cases that DPPC aggregates do not yet occur, and that this
aggregation is induced by the penetrated species. The values calculated for the surface
pressure, critical surface concentration for aggregation to a condensed phase and the time
when the aggregation commences were found to be in a satisfactory agreement with

experimental data.

Key words: phase transition, penetration, Brewster Angle Microscopy (BAM), Fourier

Transform Infrared Spectroscopy (FT-IR), Synchrotron Gracing Incidence X-ray Diffraction
(GIXD),
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1. INTRODUCTION

1.1 General Introduction

Amphiphilic monolayers at the air-water interface are representative two dimensional model
systems and the object of extensive studies in interfacial science for a long period of time. In
principle, two kinds of monolayers can be generalized. In the first case the amphiphiles are
dissolved in an aqueous solution and adsorb at the interface. Here, they form adsorption
layers, which are also designed as Gibbs monolayers. The well-known Langmuir monolayers
are formed by spreading of long chain amphiphiles, which are insoluble in water. The

ampbhiphiles are dissolved in an organic solvent and then spread onto the aqueous surface [1].

Besides the two pure systems mentioned above, mixed monolayers are also frequently used
model systems. Mixed monolayers consisting of two surface-active species fall into three
categories, (a) those in which both species are soluble, (b) those in which both species are

completely insoluble, and (c) those in which one species is soluble and the other insolubie [2].

Monolayers of amphiphilic molecules at the air-water interface receive their increasing
interest from several important facts: (a) They serve as well defined model systems to study
biological membranes, the interaction of proteins at interfaces, and technically important
surfactants. (b) They comprise the structures, which, after controlled formation, are
transferred onto solid supports to yield (thin organic) Langmuir-Blodgett layers. After
improved preparation the latter may find different technical applications as electronic devices
or as matrices for functional organic molecules. (¢) They are of intrinsic interest as two-

dimensional physical systems offering a variety of independent parameters.

Over a rather long period, due to technical limitations, substantial experimental results on
amphiphilic monolayers were only obtained from surface pressure (IT) ~ molecular area (A)
isotherms, so that no direct information was available on the orientational and positional order
of molecules in the monolayers. In the last decade, rapid progress in the understanding of
Langmuir monolayers has been made, particularly as the development of highly sensitive
experimental techniques has provided textural and structural information on the condensed

monolayer phases.

During the last decade main interest has been focused on phase transitions and ordering in
two dimensions [3 -10]. An important aspect for the evaluation of the phase behavior of

Langmuir monolayers is their thermodynamic characterization. A prerequisite for the
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formation of well developed condensed phase textures is that a plateau region in the surface
pressure (I1) ~ area (A) isotherm exists in an accessible temperature region. A plateau region
typically represents a two-phase coexistence region of a fluid-like low-density phase and a
condensed phase. To optimize the conditions for nucleation and growth of domain textures,
the main transition point for this first order phase transition should have a measurable surface

pressure.

The application of new sensitive optical methods, such as synchrotron X-ray diffraction,
fluorescence microscopy, and Brewster Angle Microscopy (BAM), have revealed a world of
rich and intriguing phenomena in the structural and morphological study [11]. The molecular
organization of condensed monolayer phases affects their optical properties. In particular,
Brewster angle microscopy offers a powerful method to visualize the morphology of
amphiphilic monolayers on a microscopic scale without requiring probe molecules [12-14].
The optical anisotropy resulting from differences in the molecular tilt is the basis of the
contrast mechanism. Large differences in size and shape have been found. The application of
BAM has provided experimental evidence that a large number of condensed phase domains in
Langmuir monolayers have a well-developed inner texture, which is due to the orientational

order of the tilted amphiphilic molecules [15-22].

The introduction of synchrotron X-ray diffraction at grazing incidence (GIXD) has provided
access to the lattice structure and the positional order of condensed monolayer phases on the
molecular scale [23-25]. In recent papers, correlations between the microscopic crystal
structure and macroscopic textural features have been demonstrated by coupling GIXD and
BAM results. Recent systematic studies have shown that textural and structural properties of
the condensed phase of Langmuir monolayers are strongly affected by the chemical structure

of the amphiphiles [26-30].

In a series of papers beginning in 1985, Dluhy and his coworkers demonstrated the feasibility
of acquiring IRRAS spectra from monolayers of single and double-chain amphiphiles at the
A-W interface [31-35]. This initial success has triggered a recent expansion of activities in
this area. Though many problems were encountered, IR spectroscopy still provides several
well-known advantages for the molecular characterization of lipids and proteins. This
technique monitors molecular vibrations that produce dipole moment oscillations. The
observed frequencies are dependent on molecular conformations and configurations. Many

biophysical issues such as lipid acyl chain conformation, head group structure and
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interactions with ions, protein secondary structure, and the orientation of ordered regions can

thus be addressed [36-42].

Proteins, because of their particular importance in nature, are of increasing interest in many
fields. The interest in phospholipid monolayers is prompted by the observation that these
lipids, as one of the most important components of lecithin, are the key components in many
biological systems. Because of their ideal amphiphilic properties at the air-water interface,
phospholipid monolayers provide the simplest model for studying penetration systems [43 -
45].

The phenomenon of penetration of insoluble monolayers of cholesterol, hexadecyl alcohol,
etc., by long-chain water-soluble compounds such as sodium salts of long-chain alkyl sulfates
was first discovered by Schulman and Hughes [46 - 48]. Since then, much interest arose from
biological implications of penetration experiments involving biologically significant material,
excited particularly by analogies between the monolayer and biological membrane structures
[49 - 56]. The kinetic and equilibrium properties of many penetration systems have been

extensively investigated [57 - 86].

Along with the experiments, a series of theoretical work was published aiming at a systematic
theoretical analysis [87 - 109]. In spite of wide interest there have been serious limitations in
the theoretical and experimental treatment even of the simplest penetration systems. In most
cases, the theories did not provide analytical expressions for equatiohs of state of penetrated
monolayers. Consequently a theoretical analysis of the fundamental properties of insoluble
monolayers, such as the main phase transition of first order and the corresponding two-phase
coexistence region, has not been performed. It has been shown that the application of some
known theoretical approaches on the experimental data of a simple model system was limited

in quite a narrow region of the molecular area or the surface pressure [110].

Recently a set of equations of state for penetrated monolayers was derived by the
simultaneous solution of the corresponding equation of state and Pethica’s equation [110,111].
The theoretical treatment of penetrated monolayers, which is able to condense two-
dimensionally, is based on the generalized Volmer equation of state and the quasi-chemical
model of the aggregation equilibrium. It has been shown that this theoretical model can be
used to describe the equilibrium protein penetration into Langmuir phospholipid monolayers

in the whole two-phase coexistence region [112]. This protein isotherm takes into account a
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two-dimensional aggregation of the lipid, which was experimentally corroborated by the

lysozyme penetration into DPPC monolayers.

Previously, the penetration experiments were mostly limited to the thermodynamic
description. Essential progress in this work has been achieved not only in the theoretical
description of the penetration process, but also in the direct experimental characterisation of
the condensed phase which is formed during the penetration of soluble components into a
Langmuir monolayer. Using Brewster angle microscopy, which allows direct characterisation
of the long-range orientational order, owing to the optical anisotropy induced by tilted
aliphatic chains, an interesting phenomenon was observed, namely that protein penetration
can induce first-order phase transitions in fluid (gaseous) Langmuir monolayers of
dipalmitoylphosphatidylcholine (DPPC). Further experiments illustrated that not only the
adsorption of protein, but also of soluble amphiphilic molecules can induce the same
aggregation due only to an increase in the surface pressure beyond a specific value. The use
of Brewster angle microscopy made it possible to observe directly the development or change
of the condensed phase domain morphology during the penetration process. Coupling with
Grazing incidence X-ray diffraction intéresting results on the lattice structure and thus on the

composition of the condensed phase domain were provided [112-114].

In this work, the theory of penetration, including dynamics of soluble surfactant and protein
adsorption and penetration, and also the dynamics of 2D aggregation in Langmuir monolayers
induced by the penetration of soluble components is systematically reviewed (chapter 2). In
the experimental part (chapter 4), the results of penetration into DPPC monolayers by proteins,
B-lactoglobulin and B-casein, and soluble surfactants, Dodecyl Dimethyl Phosphine Oxide
(C12DMPO) are reported in detail, obtained by means of a specially designed circular
penetration trough. In order to interpret the mechanisms of observed interesting phenomena
and to obtain structural information, FT-IR and Grazing incidence X-ray diffraction are

carried out. Based on experimental results and theoretical analysis, discussion and

conclusions are given in chapter 5 and 6 respectively.

1.2 Fundamentals of Physical Chemistry

1.2.1 Surface Tension and Surface Pressure

The boundary region between two bulk phases, especially the air-liquid interface, is not a

simple mathematical two-dimensional plane without thickness. Indeed, it can be regarded as a
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region of finite thickness across which the internal energy, density, or any other
thermodynamic property changes gradually. The free energy change of the area region can be

wriiten as:

dG = —SdT +VdP + ydd+ ) pdN (1-1)

Hence, the surface tension can be obtained:

oG
= — 1-2
4 [BAJ’I‘,P,N ( )

For a surface covered by an insoluble monolayer, the surface pressure I, the two-dimensional
analogue of the hydrostatic pressure, is defined as the difference between the surface tension

of pure solvent and the film-covered surface, i.e.,

M=y, -7 (1-3)

where yp and y are the surface tension of the pure solvent and the film-covered surface [115].

1.2.2 Phase Transition and State of Monolayers

The isothermal measurement of surface pressure of amphiphilic monolayers upon changing
the area per molecule is called IT- A isotherm. The area of the monolayer is varied by
moving a barrier across the surface. A

When the monolayer is compressed,
the pressure becomes measurable in
a well-defined molecular area (A)

by using a film balance.

There are some gross differences

found in the behavior of wvarious

surface pressure ([1)

types of films, which is in analogy

to bulk matter, allow them to be

characterized as gaslike, liquidlike,
and solidlike. Fig. 1-1 shows the area (A’/molecule)

characteristic shape of a generalized

IT- A isotherm. Neglecting details, Fig. 1-1. Monolayer phase going along an isotherm
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the single-phase regions are designated as gaseous (G), liquid (L) and solid (S) state. There
are characteristic differences in the three types of state. The lower the temperature, the lower
is the surface pressure of the plateau, but the more extended is the area range for the plateau.
The dotted line with an apex forms the border of the two-phase coexistence region for the
main transition LC — LE characteristic for this type of isotherm. The apex represents the
critical temperature Ty, above which a condensed phase cannot be formed. For the type of
isotherms at temperatures higher than T, a continuous increase of surface pressure with
decreasing area per molecule suggests that over the whole range no phase transition to the
condensed state exists. The complexity of the behavior undoubtedly arises from the fact that
film-forming molecules are all polar-nonpolar in type. The polar end (or head) interacts
strongly with the water substrate, and this may be in a structured way with much hydrogen
bonding, ion atmosphere, while the nonpolar sections (or tails) also interact, but with each

other and in some different way.

1). Gaseous films (G). The gaseous film is considered to be a diluted surface solution of
surfactant in a pure solvent. The film obeys the equation of state of a more or less perfect gas;
the area per molecule is large compared to the actual molecular area, and the film may be

expanded indefinitely without phase changes. Its surface pressure can be put into the form

= -%zln fIN? (14)

0

where Apis the molar area of the solvent and £’ is the activity coefficient of the solute in the

surface phase. As with bulk matter, this state should always be reached at sufficiently large

molecular areas.

2). Liquid films (L). Such films are coherent in that some degree of cooperative interaction is
present; they appear to be fluid (as opposed to rigid or showing a yield point) and their IT- A
plots extrapolate to zero at areas larger (up to several times larger) than that corresponding to
a molecular cross section so that some looseness or disorganization in the structure is

indicated. There are at least two distinguishable types of L films.

(a) Liquid expanded films (LE). On compression of a gaseous film, a first-order transition to
the LE state may occur. One may apply the two-dimensional analogue of the Clapeyron

equation,
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dil _ AH (1-5)

dt TAA

where 4H is the latent heat of vaporization of the LE state. The LE state may generally be
observed with long-chain compounds having highly polar groups, such as acids, alcohols,
amides, and nitriles. The IT - A plots tend to extrapolate to a value in the range of 40 ~ 70 A®
at zero I1, depending on the compound. Such monolayers are fluid and coherent (and thus
liquid-like), yet the average intermolecular distance is much greater than for bulk liquids. A
typical bulk liquid is perhaps 10% less dense than its corresponding solid state, yet a liquid
expanded monolayer may exist at molecular areas twice that for the solid-state monolayer.
This type of film has a rather high compressibility if compared to bulk liquids but appears to

be surface potential probing. Characteristically, LE films may show a first-order transition to

gaseous films at low pressures.

(b) Liquid condensed films (LC). The LC type film is of relatively low compressibility. It can
be viewed as a semisolid film having more or less solvent molecules between the polar heads.
On compression, the solvent molecules are squeezed out until a solid film is obtained, or in
some cases where the polar heads are large they may gradually assume a staggered

arrangement.

3). Solid films (S). The term solid is really a rheological one; a solid film should exhibit a
static shear modulus. The general appearance of S-type films is that of a high density and
either rigid or plastic phase. Most fatty acids and alcohols exhibit this type of film at
sufficiently low temperatures or with sufficiently long chain lengths. This area is probably
that of close-packed hydrocarbon chains. Alternatively, there may be a break at lower

pressures to a LC type behavior [1,3,5,11,108].

1.3 Surface Properties of Lipids and Proteins

In many body organs, there is a large surface area relative to the volume of tissues. Major
representatives among the biological surface-active molecules being self-assembled at this
interface are lipids and proteins. It is obvious that lipids and proteins provide a variety of
functions at bio-interfaces. From a biological viewpoint their role as surfactants, i.e., as
molecules able to reduce the surface tension at interfaces, is especially important. On the
other hand, their surface activity is displayed in the bilayer of biological membranes. It is the

lipids in biological membranes, which primarily provide the structural framework of a
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membrane, while the proteins 32‘:;49 . Oligosaccharide
carry out the  chemical
processes that are special to
membranes. Biological
membranes are the substrate for ~ Inside
adsorption and  desorption
processes of lipids and proteins
from the liquid medium

. Hydrophilic zones
surrounding the membrane and

E] Hydrophobic zones
give the most prominent
example of liquid interfaces, . . .
Fig. 1-2. Fluid mosaic model
where  proteins, whether
membrane bound or extracellular, interact with lipids (Fig. 1-2). The surface properties of
these substances at interfaces have a fundamental physiological role; some examples are the

interface of plasma and organelle membranes, the alveolar surface, stomach wall, etc.

Interactions of lipid monolayers with proteins have been an active research topic for a number
of years. Various combinations of lipids and proteins were used in these studies aiming to
determine the adhesion and degree of penetration of proteins into the lipid monolayers, and to
model some reactions that take place at the membrane surface — for instance, enzyme-
substrate and antigen-antibody reactions. The influence of various factors on these
interactions — lipid structure, lipid phase state at the interface, initial surface pressure of the
film, bulk and surface protein concentrations, lipid and protein charge, the presence of ions

and anesthetics in membrane interactions, pH, etc. — was established [116].

Generally, the mechanisms of incorporation of protein into lipid monolayers can be grouped
into three categories: (a) free penetration, typical of lecithin; (b) binding-mediated penetration,
typical of cholesterol and some glycosphingolipids; (c) binding-inhibited penetration, typical
of the albumin-ganglioside system and a specific lipid hapten-antibody system [104].

Due to their amphiphilic character, most lipids and proteins readily form stable
monomolecular films at the air-water interface. Spread monolayers of pure (phospho)lipids
have been widely used for a long time in studying the kinetics of spreading, determination of
the occupied area per molecule, type of the surface pressure-area isotherms, lateral and

normal molecular interactions, lateral diffusion of molecules in the plane of the surface, etc.




