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Le doute est un état mental désagréable,
mais la certitude est ridicule.

Doubt is not a pleasant condition,
but certainty is an absurd one.

Voltaire, Lettre a Fréderic le Grand, 1767
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|. Introduction

|.1. Obijectives and Outline

A major aim in this work was to characterize, in detail, two self-organization
processes of both fundamental scientific and biotechnological interest: the
formation of solid-supported lipid bilayers (SLBs) and the ordering in two
dimensions of proteins bound to SLBs. A second objective was to demonstrate the
value of combining advanced surface-sensitive characterization techniques, in
particular atomic force microscopy (AFM) and quartz crystal microbalance with
dissipation monitoring (QCM-D) (and to some extent ellipsometry), in order to
obtain a detailed description of self-assembly processes confined to two
dimensions.

Chapter I will give a brief overview of the biomolecules involved in this study,
the employed characterization techniques and the solid supports used. The
approach taken to combine AFM and QCM-D on identical supports is presented
in Chapter II. Two technical bottle-necks, the deposition of mica on QCM-D
crystals and the control of the interaction between the AFM-tip and solid-
supported lipid assemblies, had to be solved in order to take advantage of the
complementarities of these techniques and are described. Chapter III covers the
characterization of the formation of SLBs by the technique of vesicle spreading
and addresses the question of how lipids are distributed between the SLB-leaflets.
Chapter IV is dedicated to the adsorption and two-dimensional (2D) self-assembly
of the protein annexin A5 on SLBs.

This work has given rise to several articles, published in or submitted to peer-
reviewed journals. They constitute the scientific backbone of this thesis and are
implemented in their original style. In order to put the work presented in these
publications into a broader perspective and to shine light on relevant issues that
are not explicitly covered by the articles, these are preceded by brief
introductions.

Uniting physically advanced characterization techniques, biological specimens as
well as material science behind solid surfaces, this thesis is part of a truly
interdisciplinary enterprise. The scope of this work prohibits covering all aspects
in detail and I ask for forgiveness (and feedback), in case specialists in each of the
fields may discover some shortcomings in the presentation.

1.2,
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Chapter I (English version)

Supported Lipid Bilayers

[.2.1.  Lipids and their self-organization

Much of the fascinating properties of lipids result from the molecules’ ambivalent
attitude towards water. Lipid molecules typically consist of a hydrophilic head
group and one or several hydrophobic tails, the combination of which determines
their properties, including the self-assembly behavior.

[.2.1.1.  The molecular properties of lipids

The most common lipids in biological membranes are phospholipids, their name
stemming from the phosphate' found in their headgroups. The phospholipids’
polar (and thus hydrophilic) headgroups can be distinguished by their size and
charge (Figure I.1).
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FIGURE I.1 Structure and nomenclature of some common lipid headgroups. Charges at around
physiological pH are indicated. The amino group in PE and PS can be deprotonated at higher pH,
while the carboxyl group in PS can be protonated at lower pH. The chemical link including the
tails is added for DOPC, DOTAP and DPPE-Ic-biotin. Counter ions were omitted for reasons of
clarity.

In the frame of our study we used phosphatidylcholine (PC), essentially for the
zwitterionic property of this naturally most abundant headgroup, and
phosphatidylserine (PS), as it carries an overall negative charge at neutral pH. The
list of headgroups relevant for our study 1is complemented by

" The presence of phosphorus provides a rather convenient way to quantify the overall
phospholipid concentration in a given solution'.
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T TSupported Lipid Bilayers

trimethylammonium-propane (TAP), an artificial, cationic group, earlier used to
study the (electrostatic) interaction with nucleic acids™, and biotinoyl-
aminohexanoyl-phosphatidylethanolamine (PE-Ic-biotin), designed for specific
binding of streptavidin (Figure I.1).

The tails are non-polar (and thus hydrophobic) acyl chains. The length of the
chains and the number of double bonds can vary substantially. Most common acyl
chains have a length between 14 and 20 carbons and none or one double bond
inducing a kink in the otherwise straight chain. Table I.1 summarizes the
properties of some common tails and their nomenclature. Tail combinations used
in our study were mostly di-oleoyl (DO), to form DOPC, DOPS and DOTAP,
though di-palmitoyl (DP) was used for the biotin-tagged lipid (DPPE-Ic-biotin).

TABLE I.1 Nomenclature and structure of some common lipid tails.

Number of Number of

Name Structure carbon double
atoms bonds
Myristoyl (M) CH;(CH,),,COO- 14 0
Palmitoyl (P) CHj;(CH,)4,CO0- 16 0
Stearoyl (S) CHj;(CH,),CO0- 18 0
Oleoyl (O) CHj;(CH,;),CH=CH(CH,),COO- 18 1
Linoleoyl (L) = CH3(CH,)4CH=CHCH,CH=CH(CH,),COO- 18 2

1.2.1.2.  Self-assembly

The amphiphilic nature of the lipid molecules is at the origin of their tendency to
self-assemble in aqueous solution. As the ordering of water in the environment of
the hydrophobic tails is associated with entropic costs (the hydrophobic effect"),
the lipids self-assemble and form a shield of headgroups that hides the tails from
the surrounding water®’.

The shape of the assembly depends on the molecular structure of its constituents
and in a simple approximation, it can be determined by the shape factor’
(Figure 1.2, see figure legend for details). Lipids have been observed to assemble
into a multitude of shapes, among them planar bilayers, micelles, hexagonal or
inverted hexagonal phases and tubes (Figure 1.2). However, the naturally most
abundant self-assembly structure are bilayers. In this structure, two lipid
monolayers are apposed such that the tails are sandwiched between two sheets of
headgroups (Figure 1.2).

" Note that the fundamental concept of ordering of water is reassessed today as newly developing
techniques allow probing the molecular structure of water at interfaces™’.
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FIGURE 1.2 Schematic presentation of various shapes of lipid assemblies. In a simple

14
approximation’, the shape of the assembly is determined by the shape factor, P = —— with v,

a,

C

ay and 1. being the volume occupied by the hydrocarbon chain(s), the optimal headgroup area and
the critical chain length, respectively. P =1 corresponds to an apparent cylindrical shape of the
lipid molecules, leading to bilayer-like aggregates.

In the following, the influence of the headgroup and the tails on some essential
properties of lipid bilayers is briefly summarized:

14

Lipid bilayers exist in different thermodynamic phases, in particular the gel
phase, Lg, and the liquid crystalline phase (henceforth called fluid phase), L.
The phase transition temperature, T,,, increases with tail length and strongly
decreases with the number of double bonds (Table 1.2). Also, the nature of the
headgroup and the presence of (divalent) ions can influence T,. The
coefficient of lateral diffusion is generally around a few um?/s in the fluid
phase® and decreases by at least two orders of magnitude in the gel phase. In
mixtures of different lipids, separation between two thermodynamic phases
can occur.

The charge of the lipid bilayers is essentially determined by the charge of the
constituting headgroups. Note that all (phospho)lipids are either charged or
zwitterionic at neutral pH. The charges and/or the polarity of the headgroups
can have various consequences on the interaction of the headgroups with its
environment, i.e., surrounding lipids, ions or water.

The surface area occupied per lipid molecule can vary considerably
(Table 1.2), depending on temperature, ionic strength, headgroup and tail.
Double bonds in the tails tend to increase the surface area.

Bilayers are highly selective in their permeability. While water can be shuttled
rather fast (30-40 pm/s)® through fluid membranes, the membrane is highly
impermeable to common ions, such as Na" (lO'loum/s)9 and CI’ (10'7um/s)9.
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H" and OH™ are in the intermediate range (1..10*um/s)'’. Permeability is
affected by the charge and the size of the molecules and by the composition of
the membrane, in particular its cholesterol content.

e The solubility of lipid monomers in aqueous solution is in general very low
(~10"° M)' and decreases with the tail length. For comparison, the total lipid
concentrations usually employed in our studies were in the range of 10 M.
The residence time of lipids in the bilayer is typically in the range of hours”'".

e Due to the energy barrier associated to moving a polar headgroup through the
hydrophobic interior of the membrane, the exchange of lipids between the two
leaflets of a bilayer (flip-flop) is considered difficult. Flip-flop rates observed
experimentally on non-stressed fluid bilayers are typically in the range of
hours to days'''. Flip-flop rates depend strongly on the headgroup
composition and temperature and increase slightly with tail length'"'*.

TABLE 1.2 Some basic properties of common lipids.

Lipid T (°C) Sﬁgﬁi?i}?f M"le"(‘;ﬁ;xf ight "
DOPC 229 72 786.15
DPPC 41.39 44.5 734.05
egg PC Y 159 62 760.09 ™
DPPE 63° 691.97
egg PEY 42 744.05"
DOPS -11° 679 810.04
PSY 50-100°
DOTAP ~0P 698.55
DPPE-CAP-biotin 1053.40

% at room temperature; ° from egg-yolk; © surface area depends on pH and presence of multivalent
ions; ¢ from beef brain; © from ref. ¢; ? from ref. '°; & in 100 mM LiCl, pH 7.4, from ref. '¢; b
average molecular weight

Lipid bilayers constitute the two-dimensional continuum into (and onto) which
proteins are embedded (and attached), forming highly complex and dynamic
assemblies: biological membranes.

1.2.2.  Biological membranes and their models

Biological membranes play key roles in cell life, acting as transporters, barriers or
communicators between the inside and outside cellular worlds and participating in
various intra- and extracellular processes.

The history of unraveling the nature of biological membranes®'” is an excellent

example for truly interdisciplinary work, inspired by biology, chemistry and
physics over the 20" century. Using the film balance, developed by Langmuir'®
shortly before, Gorter and Grendl" determined that the surface area covered by a
monolayer of lipids extracted from red blood cells corresponded to about two
times the outer surface of red blood cells. Although their calculation contained

I-5
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some errors, they concluded correctly that the cells are covered by a bilayer.
Robertson, confirming this observation by electron microscopy, proposed the
bilayer structure to be universal for all cells and organelles®. Later, differential
scanning calorimetry, X-ray diffraction, magnetic resonance methods and
fluorescence®' provided evidence for phase transitions in membranes, the structure
and flexibility of the bilayer and the mobility, in two dimensions, of the
incorporated lipids*. These ingredients, together with the notion of peripheral and
integral membrane proteins, formed the building stones for the fluid mosaic model
by Singer and Nicolson™ (Figure 1.3).

FIGURE 1.3 The fluid mosaic model for biological membranes as initially proposed
by Singer and Nicolson®. Adapted from ref. 7.

Since the end of the 80’s, it has been increasingly recognized that lipids and
membrane proteins can segregate into nm- to um-sized dynamic domains that
fulfill distinct biological functions, such as sorting, trafficking and signaling®*.
Also the dynamic aspects of the asymmetry of lipid distribution between the
leaflets of an SLB have been recognized®-". It should be born in mind that the
plasma membrane for some cells is renewed within about one hour’', reflecting
that not only the membrane itself but also its interaction with the environment is
highly dynamic. These investigations have been made possible by advances in
techniques with high spatial or temporal resolution such as atomic force
microscopy, nuclear magnetic resonance (NMR) or various fluorescence
techniques.

Solving the enigmas of membrane structure and function has always required the
interplay between investigations of whole cells and of simplified models of
biological membranes. Some of them are liposomes and giant vesicles in solution,
lipid monolayers at the air-water interface, black lipid films, membrane patches at
pipettes and solid-supported membranes (Figure 1.4). The model systems that are
used in this study, unilamellar vesicles and supported lipid bilayers, will be
described in more detail.

I-6
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g)

FIGURE 1.4 Models of biological membranes: (a) liposomes: hollow spheres (25 nm to 100 um in
diameter) enveloped by a bilayer of lipid molecules; (b) lipid monolayers at the air-water interface;
(c) black lipid membranes suspended over an aperture between two aqueous phases; (d) Langmuir-
Blodgett method, which allows the transfer of lipid mono- and multi-layers from the air-water
interface to a solid support; (e) self-assembled monolayers (SAMs, e.g., thiols on Au or silanes on
glass or silica), a second lipid layer can be deposited by spontaneous disruption of liposomes; (f)
deposition of a polymer coating with tethers followed by the spontaneous spreading of liposomes,
so that the polymer creates a cushion between support and bilayer; (g) spontaneous spreading of
liposomes or membranes on mica, glass, and silica.

1.2.2.1. Unilamellar vesicles

Since the establishment of vesicles (or liposomes) as model systems in the 60’s a
multitude of preparation techniques®™* has emerged to create unilamellar
vesicles, among them sonication, extrusion®, detergent dialysis, reverse phase

I-7
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evaporation®®, solvent injection’”®, or electroformation®. With this battery of

methods unilamellar vesicles with a mean radius ranging from ~10 nm (by
sonication) up to ~50 um (by electroformation) and a more or less narrow size
distribution™ can be prepared.

Consisting, in their most simple form, of a closed bilayer that separates an inner
compartment from the outside, these systems allowed, in conjunction with theory,
to study a multitude of principle features of lipid bilayers, such as their
mechanical properties”*®, membrane adhesion and fusion®*’] membrane

permeability® or lipid diffusion in membranes.

In our studies, sonicated unilamellar vesicles (SUVs) where employed (for a
preparation procedure see ref. *°). Each of these small vesicles with a mean
diameter between 20 and 30 nm accommodates around 3000 lipid molecules. The
SUVs’ high curvature induces constraints on the packing of lipids that can lead to
an asymmetrical distribution between the inner and the outer leaflet both in
number (60-75% of the total lipid content reside in the outer leaflet®™*) and in
species® ™. Also, the amount of confined water is rather small, making up less
than 30% of the total vesicle volume. Even though SUVs are likely not
thermodynamically stable, the barrier for spontaneous fusion into larger vesicles
is so high, that they can remain trapped in their metastable phase for weeks or
months under appropriate storing conditions.

1.2.2.2.  Supported lipid bilayers

Following the pioneering work by McConnell and collaborators®’, (models of)
biological membranes deposited on solid supports have become very popular’>>,
both for studying basic membrane processes and for possible biotechnological
applications®>°. The growing interest in confining (model) membranes on
surfaces has been nourished by the emergence of a multitude of surface-sensitive
characterization methods (see below), advanced surface patterning methods>"®°

and liquid handling systems (microfluidics)®'.

A multitude of methods has been proposed to create supported lipid bilayers
(SLBs) and related hybrid forms, the most common being Langmuir-type
approaches (Langmuir-Blodgett or Langmuir-Schifer deposition)®*®, micelle
dilution®*®” and, in particular, the spreading of vesicles on various preconditioned
supports (Figure 1.4)°*%%72 Each method provides model membranes with
particular characteristics in their capacity to mimic certain parameters of a
biological membrane, their quality and their stability and, consequently, may find
use in different applications.

Different characterization techniques have traditionally been used to investigate
the physico-chemical and structural properties of respective surface-confined lipid
structures. The physical parameters measured by different techniques are often not
straightforwardly comparable (see also below). As an example, single residual

1t is often neglected, though, that the size distribution of vesicles can be rather large and that its
determination is not a trivial task***'.
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Annexin A5

vesicles are immediately apparent by atomic force microscopy (AFM) (under
proper imaging conditions, see also Chapter II), while the persistence of such
small defects would hardly be detected by optical methods such as fluorescence
recovery after photobleaching (FRAP). Comparative approaches to characterize
the bilayer quality with a multitude of techniques or to characterize different
approaches of bilayer preparation with the same technique®*®® are yet rare, which
makes it difficult to compare the quality of supported lipid membranes formed by
different methods.

The formation of SLBs by spontaneous deposition of vesicles on hydrophilic solid
supports is attractive by its simplicity. It has been demonstrated that SLBs with
very few defects can be formed with this one-step procedure (see Chapter III).
The fact that SLBs form a fluid two-dimensional space allowing free diffusion in
translation and rotation of lipid molecules and lipid-associated proteins makes
them well suited to analyze lipid domain formation”™', intermembrane
interactions®*™ or membrane processes such as protein adsorption®*®, protein
self-assembly’*'"*® protein localization at lipid phase boundaries®’, and protein

function®.

However, a comprehensive physical understanding of the driving forces and
structural intermediates in the SLB-formation process started to emerge only
recently. Both theoretical and experimental work during the last decade has
considerably improved the understanding of the mechanisms underlying the
formation of SLBs. Interestingly, the choice of the solid support appears critical
for the formation of an SLB. While SLBs form on silica, glass, or mica, they do
not form on gold or (in some cases) TiO2 in otherwise identical conditions. A
better understanding of the mechanisms of SLB formation — with extensive
interaction between theory and experiments — will improve the preparation of
SLBs and other surface-confined lipid structures, such as tethered®™*”, polymer-
cushioned®*"**® or pore-spanning’’** lipid membranes. Elucidating the formation
of SLBs is one focus of the work presented in this thesis. The results, together
with a brief overview of the mechanisms involved in and the parameters
influencing SLB-formation are presented in Chapter II1.
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[.3.  Annexin A5

[.3.1. Fundamentals and biological function

The protein annexin A5 constitutes a member of the annexin superfamily
(reviewed in refs. **°*). These proteins share the property to interact with
negatively charged lipids in a calcium dependent manner. While the C-terminal is
highly conserved among the annexins and comprises the (primary) sites for
membrane binding, their individuality is determined by the variable N-terminal.
For annexin A5, the N-terminal is short, which makes it the prototype of the
annexins.

While the function of annexin A5 (as that of most other annexins) is presently not
well understood, it has been proposed to be involved in membrane-related
processes, such as the inhibition of blood coagulation’>*®, acting as protective
shields against thrombosis’”,

Besides functional aspects, annexin A5 is particularly interesting for
biotechnological applications as it combines (at least) three attractive properties:
(i) reversible adsorption to membranes that can be tuned by the Ca**-content in
solution and by the DOPS-content in the membrane, (ii) the ability of the
membrane-bound protein to form extended two-dimensional (2D) assemblies of
controlled structure and (iii) very good long-term stability.

1.3.2.  Structure and membrane binding properties of Annexin
A5

The monomer of annexin A5 (Figure 1.5a) consists of four domains, each of them
being around 70 amino acids long and consisting of five alpha helices, making up
a total mass of 35 kDa. In side-view, annexin A5 presents an overall flat, slightly
curved shape (Figure 1.5b). X-ray crystallographic data has revealed a (varying)
number of bound calcium ions, all of them being located in peripheral loops at the
convex side of the molecule”**'*. Annexin A5 binds with its convex side to the
membrane, and the Ca’"-binding sites have been implicated in the membrane
interaction”. Little is, however, known about their exact role and stoichiometry.
The overall structure of annexin A5 appears to change little upon binding to the
membrane'®' (see also below) and the geometry of membrane and annexin A5
suggests a close proximity between a large part of the convex periphery of
annexin A5 and the lipid headgroups'®. Fluorescence measurements, though,
indicate a conformational change in a loop in domain III that contains the
molecule’s only tryptophan at position 187 (Trp-187)'"'". In accordance, two
different 3D structures have been found. While otherwise being identical, the loop
was buried in the interior of the domain (and no Ca”" binding was present there) in
one structure'*'%® whereas the loop stuck out and bound Ca®' in the other
structure'**'”7. More recently, it has been confirmed that the protein can also bind

to pure DOPC and to pure cholesterol monolayers at high Ca*" concentrations'®®.
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FIGURE 1.5 Atomic model of annexin AS5. (a) Top view of a monomer of annexin A5 with
annotated domains'®. (b) Side view of a monomer. The lower (convex) side binds to the

membrane. (c) The crystallographic trimer'” viewed along the three-fold axis (top-view). Adapted
from ref. "',

1.3.3.  Self-assembly of Annexin A5

When confined in two dimensions, as by the adsorption to lipid bilayers (mica-
SLBs'®) or to monolayers (at the air-water interface' '), annexin A5 is commonly
observed to undergo supramolecular self-assembly''’. The self-assembly steps
involved are schematically shown in Figure 1.6.

FIGURE 1.6 Scheme of the 2D self-assembly of annexin A5 on a negatively charged phospholipid
membrane'**'"2. Monomeric annexin A5 binds to the membrane in a calcium-dependent manner
where it forms trimers. The trimers crystallize in two dimensions. The holes in the honey-comb-
like p6-lattice can be filled by additional non-crystalline trimers (marked in red), also called
“central trimers”. At high protein coverage, a transition into a more densely packed crystal form
(p3) can occur.
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Annexin AS5’s most common 2D crystalline assemblies exhibit p3 or p6
symmetry, though other forms have also been observed'"”. Reviakine et al. have
demonstrated that the transition between the low density p6-crystal and the high
density p3-crystal is reversible on mica-SLBs containing DOPS, concluding that
this solid-solid phase transition is of first order''>. Importantly, a trimer of annexin
AS (Figure [.5c) was identified as the building block not only in all two-
dimensional crystals of membrane bound annexin A5'" but also in all reported
three-dimensional crystals of the soluble protein’.

Isolated membrane-bound trimers have frequently been observed in non-
crystalline form underlining the stability of this oligomer confined in two
dimensions. In strong contrast, trimers could not be observed in solution under
physiological conditions'®. As the structural differences between surface-bound
and soluble annexin A5 are rather small it may be tempting to attribute the
protein’s propensity for trimerization and crystallization to short-ranged and
orientation-dependent attractive interactions that can act in a significant manner
only when the protein is suitably pre-oriented, such as by the binding to the
membrane. Indeed, a rather simple model based on localized short-range
interactions with strong orientation-dependence was able to reproduce the main

features of the phase transition between the crystalline states of annexin A5''*.

While the structural intermediates and the final states in the process of adsorption
and self-assembly of annexin A5 have been investigated extensively'*,
comparably little is known about the kinetics of this process. The kinetics is
expected to be of relevance both for the biological function of annexin A5 and for
its biotechnological applications. The characterization of the kinetics of
adsorption and self-assembly, presented in Chapter IV, constitutes a second focus
in this work. Our investigations also revealed some surprises about the self-
assembly of annexin A5 on SLBs formed on other surfaces than mica. Notably,
we find that the 2D-crystallization is strongly constraint on SLBs formed on silica

or glass.
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|.4. Characterization techniques

The emergence of research fields coined by terms such as “nanotechnology” and
“biotechnology” would not have been possible without the development of
advanced characterization techniques that link the nanoscopic, microscopic and
macroscopic levels. The ideal of an analytical tool that can see and measure
everything from the size of an atom to the size of a cell, however, is likely to
remain a distant goal for some time ahead. Each technique presents advantages
and limitations in terms of the parameters characterized, the required
environment, the invasiveness, the resolution in time and space. Consequently, a
multitude of methods is necessary to give a comprehensive picture of relevant
parameters and to allow for the identification of artifacts. Complementary aspects
and in situ combination on the same specimen promise results that are more than
just the sum of the results of the constituent techniques.

Interfaces, in particular solid-liquid interfaces, constitute by their nature a
playground for many particular physical effects. Utilizing these effects, a
multitude of surface-sensitive techniques has emerged over the last century. Some
methods exploit the interface for the generation of a measurable signal (such as
surface plasmon resonance (SPR)''", ellipsometry''®, sum-frequency generation
(SFG)", fluorescence interference contrast microscopy (FLIC)"'®!'  reflection
interference contrast microscopy (RICM)'® or the surface force apparatus
(SFA)"), its confinement (total internal reflection fluorescence microscopy
(TIRFM)'?!, total internal reflection microscopy (TIRM)'?, surface-plasmon
fluorescence spectroscopy (SPFS)'*) or its enhancement (surface-enhanced
Raman scattering (SERS)). Other techniques simply utilize the interface in order
to immobilize the sample and/or to confine it into two dimensions (atomic force
microscopy (AFM), quartz crystal microbalance with dissipation monitoring
(QCM-D))™.

For the studies presented here, we have made extensive use of several surface-
sensitive methods. Whereas AFM, QCM-D and the combination of both
techniques (see Chapter II) constitute the main focus, results were further
complemented by ellipsometry. A common denominator of these techniques is
their applicability in aqueous environment, close to physiological conditions.
However, the measurement principles and thus the extracted parameters differ
substantially. In the following a brief overview of the techniques is given and
some complementarities are outlined.

1.4.1.  Atomic Force Microscopy (AFM)

Since the invention of the scanning tunneling microscope'>* a vast range of
scanning probe techniques has seen the day. The working principle is the same for
all of them: a tiny probe moves over a sample with (sub-) nanometer precision in

¥ The list of enumerated techniques, all of which are applicable in liquid environment, is
supplemented by a large range of surface characterization techniques that operate in air or in
vacuum, such as scanning tunneling microscopy (STM), scanning electron microscopy (SEM) or
X-ray photoelectron spectroscopy (XPS).
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order to detect local physical or chemical (or biological) properties. Probably the
most prominent member of these techniques today is the AFM'*>'*°, which allows
to take a direct look and touch on objects in the nanometer scale in virtually any
environment. In the following, I will focus on the application of AFM in liquid.

1.4.1.1.  The working principle

In the AFM a microscopic probe (the tip) is mounted on a soft cantilever, the
deflection of which can be monitored with high precision by an optical detection
system (Figure 1.7). The sample is moved with respect to the tip by means of
piezoelectric elements (the scanner) and the interactions between the apex of the
tip and the sample are controlled by a feedback loop. Consequently, information
about the surface topography of the sample, but also about the interaction forces
between tip and sample (both normal forces and friction) can be obtained.

a)
Laser
Mirror
\ 4-segment
j Photodetector
|I|III
Cantilever 7
l v, Feedback
Sample loop
| 2
174':!
Y| Scanner

FIGURE 1.7 (a) Schematic presentation of the AFM-setup. (b) Scanning electron micrograph of a
cantilever commonly used for measurements in fluid. The AFM-tip is situated at the end of the
cantilever (¢).

In order to illustrate the sensitivity and geometry of the AFM-setup we may
substitute a molecule as small as a protein by a medium-sized strawberry. This
would imply that we were to use a tip the size and the shape of the pyramid in
front of the Louvre in Paris to scan the contours of the fruit. Moreover, with
today’s resolution it would (almost) be possible to detect the seeds on the surface
of the strawberry!" With a cantilever spring constant, k, of a few 10 mN/m and a
sensitivity in the measurement of the deflection, X, of better than 1 A, forces
F = k-x in the order of pN can in principle be detected.

v In order to be consistent with the pressure exerted between tip and sample, however, the
strawberry should stand the pressure of a heavy motorbike parked on it.

I-14



Characterization techniques

In the traditional and most straightforward mode of operation, the tip is
maintained in permanent contact with the sample while scanning over it (contact
mode) (Figure 1.8a). Normal forces can be kept at a low level (50-100 pN) by
adjusting the cantilever deflection with the feedback loop. Lateral forces,
however, may reach considerably higher values'?’, in particular upon approach of
specimens with high aspect ratio, and can significantly perturb soft samples. This
limitation was overcome by promoting the oscillation of the cantilever and
measuring the modulation in amplitude induced by the vicinity of the sample as a
signal instead of the static deflection of the cantilever (tapping mode)
(Figure 1.8b). Tapping mode is better adapted for imaging molecules with high
aspect ratio, such as isolated proteins, fibres or nucleic acid strands (DNA). The
intrinsic resolution of tapping mode is though somewhat lower'”® and,
consequently, contact mode remains a valuable alternative for high-resolution
imaging of samples with small surface corrugations, such as protein two-
dimensional crystals'®®'#*3!,
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FIGURE 1.8 Schematic presentation of the two most common AFM-imaging modes. (a) Contact
mode: the tip is approached towards the sample until a predefined cantilever deflection is reached.
Upon scanning, the deflection (force) is maintained constant by adjusting the distance between tip
and sample. The normal movement of the tip with respect to the sample gives the topographic
information (height image, red dotted line). (b) Tapping mode: The amplitude of the vibrating
cantilever is reduced upon approach. During scanning the amplitude is maintained constant. The
normal movement of the tip with respect to the sample gives the topographic information (height
image, red dotted line). (c) The sample is scanned line by line (red dotted arrows). The direction
in which the scan line (the line pattern) is traced defines the fast (slow) scan axis.

1.4.1.2.  Biological AFM

The potential of AFM in aqueous environment became apparent soon after the
introduction of the AFM, when biological specimens could be characterized with
molecular resolution'**'**. By now a great variety of biomolecules - proteins,
lipids, nucleic acids - and their assemblies, up to the level of cells'** and
organelles'”, has been taken “under the tip” in order to be imaged, pulled or
moved.
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Due to their biological relevance and potential biotechnological applications, lipid
assemblies have been attractive objects for AFM-investigations. The possibility of
forming supported lipid membranes flat on the nanometer scale, made of various
lipid compositions, has allowed for detailed studies of phase transitions'>’'**'*
domain formation”*">"" 13141 "and the interaction of proteins’>®14>!43
peptides with membranes . Numerous studies have reported on the physical
properties of SLBs and SLB-patches>'*'** or immobilized vesicles"”'*"!,
Until recently, however, surprisingly few studies were dedicated to the kinetic
aspects of SLB-formation'>">*. The experimental difficulties associated with
imaging different lipid structures (see Chapters II and III) may provide an
explanation.

77,144

2D crystalline assemblies of membrane (bound) proteins have early been
identified as promising objects to obtain sub-nanometer lateral resolution'*”'**!*°.
In conjunction with other structural methods (X-ray crystallography and
transmission electron microscopy), structural questions could be settled, such as
subunit stoichiometry'>’, handedness'>’ and tilt'*®. Thanks to its application in-
situ, dynamic aspects of molecular structure and function could be mapped' ™.
A milestone, in particular with respect to the studies presented in Chapter IV, is
the monitoring of the self-assembly of annexin A5 into 2D crystals by Reviakine
and coworkers''*'*,
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FIGRUE 1.9 Forces commonly observed for the interaction of biomolecules and their assemblies
(lower panel). The upper panel shows the force range accessible by AFM and other techniques.

In comparison to 2D crystals, high-resolution imaging of less ordered assemblies
has proven more difficult, though some successes have recently been reported'®'”
13 With the recognition of the role that fibrous structures play in many diseases
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(Alzheimer’s disease, prion-mediated diseases, late-onset diabetes), AFM has
become attractive to study the structure and formation of amyloid fibrils'®*'*. On
the level of single molecules, structural aspects of DNA have been mapped™'®®
and changes in coiling and polymerase activity could be followed in real time'®”
1 Despite some remarkable exceptions”, the imaging of single proteins has
proven difficult'*"'".

Apart from imaging, important contributions in the characterization of
biomolecules came from force measurements'’'. By pulling on single molecules,
the AFM allowed exploring mechanical and thermodynamic properties such as the
resistance to external force'”*'”, the unfolding of proteins'”* or DNA'" and the
unzipping of proteins from membranes' . Figure 1.9 may give an impression of
the force range covered by biomolecular interactions and the force range
accessible by AFM and other techniques.

1.4.1.3.  The intricate interaction between tip and sample

Literature is rich in examples on the multitude of effects that can come into play
when an AFM-tip, mediated by the aqueous environment, gets in touch with a
(soft) specimen. Illustrative examples are the delicate role of solution ions in the
immobilization and high-resolution imaging of DNA'**'**!"" and proteins'"™*'®!,
the notorious overestimation of the width of DNAm, the relative ease with which
many protein 2D-crystals can be imaged as compared to non-ordered protein
assemblies or isolated proteins'’’, the effect of electrostatic interactions on the
apparent height of lipid bilayers'® or proteins'®?, tip-induced lipid ordering'® or
the “water-ski” effect'*’ and contrast inversion’'* that occur on lipid bilayers

upon modulation of scanning speed or force.

From the understanding of such phenomena unique approaches to characterize
specimens at the nanometer scale have emerged. Some of them are the mapping of
surface charges'**'* down to submolecular level', the monitoring of tip-induced
conformational changes in proteins'® and lipid assemblies'*®'™ or the
development of functionalized AFM-tips or supports'*’.

While these developments broaden the range of applications for the AFM they
also clearly demonstrate the intricacy of AFM-imaging'?’. Many things need to
come together to allow for the proper imaging of biological specimens,
importantly, (i) the proper immobilization of the sample, (ii) a well defined and
appropriate tip-shape and (iii)) a well controlled interaction between tip and
sample. Despite tremendous advances and a longstanding recognition of these
aspects, imposed constraints remain substantial and generic approaches to tackle
these limitations are scarce. Therefore, the AFM investigation of biological
specimens remains a task that requires advanced experimental skills, patience, and
a profound understanding of what is happening when the AFM-tip touches the
sample (for illustration see also Chapters II and III).

Thanks to its application in-situ, the AFM features the unique potential to follow,
with a spatial resolution in the (sub-)nanometer range, the kinetics of processes in
real time. However, a limiting factor to date is the time of image acquisition being
in the range of minutes for commercially available AFMs. With the advent of
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short cantilevers'”’, modified experimental design'®’'®* and controllers'”® an

image acquisition rate of one second has become reality'', joined with an
enhanced force sensitivity'*". While these advances are very promising, it remains
to be demonstrated that they can be combined with high lateral resolution.

1.4.2. Quartz Crystal Microbalance with  Dissipation
Monitoring (QCM-D)

The QCM-D technique, based on the traditional quartz crystal microbalance

(QCM), was developed in the 90’s by Rodahl and coworkers'™*. Enabling the

quantification of deposited masses and the characterization of the viscoelastic

properties of thin layers, the technique has by now become an established tool in

research relating surfaces and soft matter.

While the adsorption of proteins to solid supports'®'® was one of the first

applications, various biologically relevant questions have since been investigated
by QCM(-D), such as the action of enzymes'”, the hybridization of nucleotide

strands™**""; functional aspects of supported lipid membranes (SLBs)***2%,
DNA-drug interactions”’, protein cross-linking?*®**, the adhesion and spreading
of cells*' ™!,

Thanks to monitoring the dissipation (D), the QCM-D is more than a mass sensor,
providing additional information about the structural state of the adsorbed film.
This renders the technique particularly promising as a characterization technique
for the development and validation of bio-functionalized surfaces’”?'>*"% for
biomedical, sensing”'* or bio-chip applications. Some examples, besides
supported lipid bilayers*%*2°¢13220 " are polyelectrolyte multilayers™'***, thin
polymer coatings®* or anti-coagulant coatings®*®**.

1.4.2.1.  The working principle

The QCM-D technique is based on measuring the resonance behavior of a quartz
crystal oscillator operating in shear mode. Due to its piezoelectric properties, the
mechanical oscillation of the quartz can be excited by applying an oscillating
electric field across the crystal. Once excited, the free mechanical oscillation can
be monitored by measuring the decaying electric field. From the decay curve the
resonance frequency, f, and the dissipation, D, are deduced (Figure I.10, see the
figure legend for details). Tracking the changes, Af and AD, of the two
parameters, induced by the deposited material, allows characterizing adsorption
processes and structural changes of the surface adlayer in real time. The time
resolution of the QCM-D technique is in principle limited by the decay time of the
oscillation (range of milliseconds). Today’s instruments commonly operate at a
resolution slightly better than one second, an important difference to the time
resolution of the AFM (see Chapter II).
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FIGURE 1.10 Schematic presentation of the QCM-D working principle. The piezoelectric quartz
crystal is sandwiched between two gold electrodes (a). The application of an electric field across
the crystal results in shear motion of the crystal (b). Resonance in the shear motion can be excited
with an oscillating field of appropriate frequency (c). After cutting the driving circuit, the freely
decaying oscillation of the crystal is monitored (d, e). The temporal change in the crystal’s

movement, A(t), can be fitted by A(t) =A exp(— 7t Dt)sin(Zizﬁ + ¢) in order to extract the

resonance frequency, f, and the dissipation, D (D is the reverse of the well known Q-factor).
Attachment of a rigid mass (d) to the crystal’s surface will only lead to a decreases in f, while a
soft (viscoelastic) mass (e) will also affect D. Monitoring changes in f and D allows thus to follow
interfacial processes in real time.

L

1.4.2.2.  Determining adsorbed masses

Already in the 50’s Sauerbrey”” derived a simple relationship between the
adsorbed mass, Am, and the change in frequency, Af:

V. P, Af Af
_q_pzq_n:_c n. (1)
2f, n n

Am =
which laid the fundamentals for the conventional use of the QCM as a mass
sensor. The speed of sound, v = 3340 m-s™, and the density, py = 2.65 g-cm™ are
properties intrinsic to the quartz, while the fundamental frequency, fo, is
determined by the thickness, t;, of the quartz plate (to a first approximation,
f, = v, /2t,) which can be reproduced with an accuracy of far better than 1%.

The mass sensitivity constant, C, is thus independent from the adsorbate and
determined without any further need for calibration. For commonly used sensors
(fo=5MHz), C=17.7 ng-cm™Hz". The resolution in frequency is currently in
the range of 0.2 Hz (in liquid), corresponding to a mass resolution of a few
ng-cm”. Apart from the oscillation at the fundamental mode (n=1), higher
harmonics can also be excited ( f, = nf; with the overtone number, n=3, 5, 7).

While thin film monitors based on the Sauerbrey equation do an excellent job in
many applications in air and in vacuum, it is important to note that the equation is
vstrictly valid only for adsorbed masses that are (i) small (compared to the mass
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of the crystal), (i1) evenly distributed, (iii) rigid and (iv) coupled with no slip. Out
of the enumerated limitations, the constraint on rigidity is particularly severe for
biological applications. As both the bulk liquid and most biomaterials are soft
matter, equation (1) becomes an approximation of per se uncertain accuracy.

1.4.2.3.  The dissipation

In contrast to rigid films, the viscoelastic properties of soft matter give rise to
energy dissipation (AD >0). Consequently, monitoring of the dissipation has
resulted in a couple of substantial improvements in the characterization of soft
matter, both on the qualitative and on the quantitative level.

Qualitatively, the dissipation allows to trace phase transitions, i.e. to distinguish
between different “adsorption states” of the surface-bound material. This is
particularly illustrated by its capacity to distinguish between intact adsorbed
vesicles and supported lipid bilayers (SLBs). This distinction, first reported by
Keller and Kasemo® has pioneered significant advances in the understanding of
the process of SLB-formation*’?'*?'®, Other examples are the stiffening of a
protein film upon crosslinking” or the hybridization of immobilized nucleotide
strands”®. Minor differences in the adsorption behavior and in particular its
coverage dependence are best visualized in the AD-Af-plot, and can serve as a
marker for anomalous adsorption (for an example see figure 2 in Paper V).

crystal adlayer fluid
(s M ) {Py, M)

MAXIMLUIm
shear
displaceament

e

Oy
FIGURE I.11 The viscoelastic model according to Voinova et al.>*. The shear wave excited by the
quartz crystal propagates and is dissipated in the adsorbed media. The model describes the
relationship between the viscoelastic properties (viscosity, 1¢ , and shear modulus, ) of a film of
homogeneous thickness, &g, and density, pg, immersed in a Newtonian bulk liquid (with density, py,
and viscosity, n;) and the corresponding changes in frequency, Af,, and dissipation, AD,, for
multiple overtones (N=1, 3, 5, 7). A fitting routine, implemented in the software QTools (Q-

Sense, Sweden), enables to deduce the properties of the adsorbed film from the QCM-D
response”'?,

The door to quantitative approaches has been opened by the development of
advanced models that account for the viscoelastic properties of the bulk fluid
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and/or the adsorbed film . In particular, the model by Voinova et a
established a relationship between the properties of an adsorbed layer (i.e., its
thickness, density, viscosity and shear modulus) immersed in bulk liquid on the
one hand and the shifts in frequency and dissipation (at several overtones) on the
other hand (Figure 1.11, see the figure legend for details).

At first hand, the model offered a possibility to evaluate the accuracy of the
Sauerbrey approximation'>. As a rule of thumb, equation (1) is not valid for thin
films (immersed in aqueous environment) that exhibit AD/Af<0.2-10°Hz™. In
order to determine the correct adsorbed mass for such highly dissipative films
and/or to deduce the viscoelastic properties together with the film thickness, the
full model has been applied successfully to various adsorbed layers®'****,
including protein films™****2 layers of vesicles’'® and aqueous films of
immobilized DNA®’'. It should, however, be kept in mind that the model may still
be an oversimplified representation of reality. In particular, the assumption of film
homogeneity and the description of the viscoelastic properties by a simple Voigt-
Kelvin (or Maxwell) model may not hold for some applications.

1.4.2.4. The role of water

The QCM-D senses all material that is mechanically excited. Measured masses
therefore include water that is coupled to the adsorbed film. This is an important
difference compared to optical mass-sensitive techniques (such as SPR,
ellipsometry, reflectometry or optical waveguide lightmode spectroscopy
(OWLS)). Being sensitive to changes in the optical density between adsorbate and
bulk water they essentially sense the dry adsorbate mass. This renders optical
techniques and QCM-D highly complementary as their combination allows
determining the hydration state of soft layers'****2"#° In some cases, such as
immobilized polymers in brush-conformation or immobilized nucleotide strands,
water can contribute more than 90% of the mass, thus significantly increasing the
sensitivity of the QCM-D*'. Furthermore, the amount of water that is sensed per
unit of dry mass may vary as a function of coverage and can thus have some

influence on the apparent kinetics of adsorption and desorption processes™°.

It should be noted that the role taken up by water in the dissipative processes is
currently not entirely understood. Depending on the environment, water may
exhibit different apparent properties, ranging from a rigid body (when being
confined in holes of a rigid film)>"**%, over a highly viscoelastic material (in
conjunction with a viscoelastic matrix)*®' to bulk water (when being
unconfined)>**®,

1.4.2.5.  The influence of the oscillations on the solid-liquid interface

Given that the solid-liquid interface is mechanically excited, one may be
concerned, whether the oscillation can influence interfacial process or even lead to
slip”. Under common operating conditions, the amplitude of oscillation does not
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exceed 1 nm in aqueous media”. Even though the oscillation with high amplitudes
(10 nm and more) has been shown to appreciably influence interfacial processes
such as adsorption, desorption or local mixing®*'**, no or minor effects have yet
been observed for low oscillation amplitudes®” on hydrophilic surfaces.
Consequently, the above-mentioned non-slip condition seems to hold for the
QCM-D in liquid and the technique is thus essentially non-invasive.

1.4.2.6.  Support materials

In contrast to most optical techniques that rely strongly on the optical properties
of the interface, the sensing capabilities of the QCM-D rely on the quartz crystal
itself. Hence, the crystal can be covered with a multitude of supports without
perturbing the QCM-D signal. Common examples are thin films of metals (Au),
oxides (SiO,, TiO,) or polymers that can be applied by evaporation, sputtering or
spin-coating, respectively. The limiting factor is the thickness of the applied film.
Rigid films can be applied in thicknesses that exceed 10 um without disturbing
the signal appreciably, as demonstrated for glued metal foils*** or mica®'® (see
also Chapter II).

1.4.2.7.  Modes of operation

In the framework of the present studies the QCM-D has been operated in two
principally different modes of operation, exchange mode and flow mode
(Figure I.12). Whereas the exchange mode constitutes the simplest and most
robust mode of operation, the flow mode is superior at relatively small sample
concentrations (less than 5 pg/mL) as the flow limits depletion (enrichment) of the
bulk upon adsorption (desorption) of sample to (from) the sensor surface or the
chamber walls.

¥i Borovsky et al.**’ report an empirical formula of A= 1.4 Q V for the maximum amplitude, A (in
pm), with Q (= D™") and V being the quality factor and the drive voltage (in Volt), respectively. For
common experimental values of V=0.14 mV (corresponding to a driving voltage of 1 in QSoft
(Q-Sense, Sweden)) and D=350-10° in water (20-10° in air) this gives an amplitude of
A=0.6 nm (10 nm).
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FIGURE 1.12 Schematic description of the liquid-handling system for QCM-D measurements. The
liquid path is indicated with arrows. (a) The exchange mode allows for rapid exchange of different
solutions. The control valve is closed by default and only opened for rapid liquid transfer. The
solution is (i) transferred from the reservoir to the T-loop and (ii) remains there during a given
time (2 min in our experiments) for temperature stabilization prior to (iii) delivery to the sensor
cell. Steps (i) to (iii) are repeated for subsequent samples or rinsing steps. The cross-section of the
sensor cell (right) reveals the axial symmetric flow geometry. The liquid is injected over the center
of the crystal (impinging jet) and leaves at its periphery. The liquid volume in the sensor cell is
~50 pL. 1.5 mL and 0.5 mL of liquid are required for complete exchange in the T-loop and in the
sensor cell, respectively. Each exchange step takes a few seconds. (b) Flow mode: The liquid
flows continuously through the chamber, driven by a peristaltic pump. Usual flow rates are in the
range of 1 uL/s. T-loop and valve are bypassed.

1.4.3.  Ellipsometry

The principle of ellipsometry has already been elucidated more than a century
ago’” 2" The technique is based on the measurement of the changes in the
polarization of elliptically polarized light upon reflection at an interface. The
ellipsometric angles are sensitive to thin films of organic material deposited on the
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reflecting surface, down to masses in the range of a few ng-cm™. The instrument
comes in different setups, of which the null-ellipsometer is likely the most robust.

1.4.3.1.  The null-ellipsometer

In the null-ellipsometer setup, the polarizing angles of two prisms, the polarizer,
P, and the analyzer, A, are adjusted by stepping motors such as to minimize the
intensity of the outcoming light™ (figure I.13a-b, see legend for details). The time
resolution is in the range of several seconds and limited by the stepping motors.
The ellipsometric angles, A and , can be directly determined from P and A,
respectively, with some simple selection rules®’. The (complex) reflection
coefficients for the light polarized parallel, r, and perpendicular, r,, to the plane
of incidence, are related to the ellipsometric angles by

:—p =tan¥ exp(iA). (2)

S

The relationship between the film properties and the ellipsometric angles is in
general not linear. Using an established model, however, both the thickness, d,
and the refractive index, n, of a surface-bound film can, in principle, be
determined®*’***. Assuming the Lorentz-Lorenz relation for the solution-
containing film to be correct, the adsorbed (dry) mass, m, can then be derived

248
as

m:3(lcl\—p(n§ +2)—Vp(n§ —1)} M 4(n—n,), 3)

2
o n-+?2

with A,, M,, V,, and n, the molar refractivity per unit volume, the molecular
weight and the partial specific volume of the probe and the refractive index of the
buffer, respectively. In practice, the errors associated with d and n-n, can be rather
high, in particular for nanometer-thin films. The errors are, though, covariant, i.e.,
the product d(n-n,) and thus the adsorbed mass can be determined with much
better accuracy.

It should be noted that the relationship between the film properties and the
ellipsometric angles, in addition to being non-linear, depends strongly on the
angle of incidence and the employed support. The scenario is further complicated
for applications in liquid, as the light path usually crosses additional interfaces
and bulk matter, such as the walls of the cuvette or the aqueous solution. This may
rationalize the importance of well-controlled surfaces, a well-designed liquid cell
and good calibration in order to correctly determine m (or even d and n) by
ellipsometry. In case a good calibration is not available or only relative changes
are of interest, changes in A (or y) are often directly employed as a measure for
the adsorbed mass, e.g., for kinetic analysis**. This approach should though be

Vil deally, the outcoming intensity should be zero, in german “null”, hence the name of this setup.
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employed with care, as the assumed linearity between m and A cannot be taken for
granted.

reflecting
a) surface (sample)
in xy-plane

: Z plane-polarized \ KN
fast axis light photo-
slow axis incident and reflected analyzer Diode
ki light in yz-plane (prism)

elliptically
polarized light

~~ compensator (birefringent plate)

plane-polarized
light

polarizer (prism)

circular
’ monochromatic

s’ "
& light
/
circular
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b) sample in cuvette

decomposition of light
into components parallel
and normal to the plane of
incidence

FIGURE I.13 Schematic description of the null-ellipsometer setup. (a) The polarizing prism P (the
polarizer) generates plane-polarized light of well-defined directionality from the monochromatic
light of the laser source. The compensator (usually a birefringent plate) transforms the plane-
polarized light into elliptically polarized light which, by reflection on the sample surface, further
changes its polarization. The orientation of the polarizer will be adjusted such that the light
reflected from the sample is linearly polarized. Only in this case, the orientation of the analyzing
prism A (analyzer) can be adjusted such that the outcoming light is extinguished. Interfacial
changes on the sample will require readjustment of both polarizer and analyzer to keep the
outcoming light minimized. This task is taken over by computer controlled stepping motors (b)
which in this way enable to monitor the changes in A and P in real time. (c) Schematic
presentation of the cuvette for measurements in liquid. Images kindly provided by Wim Hermens
(University of Maastricht, The Netherlands).

1.4.3.2.  Support materials

In principle, ellipsometry can be employed on any reflecting (preferably optically
non-active) support. The ellipsometric response is, though, strongly interface
dependent. Consequently, sensitivity varies as a function of the interface and each
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type of support requires separate calibration. In particular, calibration can be
obscured by surface roughness (in the nanometer range) and can add errors in case
absolute adsorbed masses are to be compared. In the scope of our studies, silica
(in the form of wafers) is a particularly suited material, exhibiting low roughness
and high ellipsometric contrast. The feasibility of mica-ellipsometry has been
demonstrated recently”’, though the determination of absolute masses has proven
cumbersome.

Ellipsometry is unique in that it can be employed for measurements both at the
solid-liquid and at the air-liquid interface. This property is particularly interesting
for applications involving lipids as it allows linking the world of lipid monolayers
(at the air-water interface)™' with that of solid-supported lipid bilayers®*. Further
potentials of ellipsometry lie in its application at multiple wavelengths
(spectroscopic ellipsometry) or with lateral resolution (microscopic ellipsometry).

1.4.3.3. Modes of operation

The ellipsometer was operated with an open cuvette system (Figure I.13¢c)*
kindly made available by Wim Hermens (University of Maastricht, The
Netherlands) and operated in either stirring or still mode. The solution (~3 mL)
was stirred with a magnetic stirrer (~1000 rpm) placed on the bottom of the
cuvette. Samples were pipetted at appropriate concentrations into the buffer.
Rinses were realized by injecting ~30 mL of buffer (injection rate ~1 mL/s) while
simultaneously sucking off excess liquid. Alternatively to maintaining constant
stirring the stirrer could be turned off a few seconds after the injection of the
sample, allowing for adsorption from still solution.

This setup has some remarkable advantages which are of particular interest for
kinetic measurements. As the system is open, it allows for easy titration of sample
or ions (such as Ca’") and thus enables easy acquisition of, e.g., adsorption
isotherms®>. Furthermore, the stirring setup allows for measurements with
constant adsorption rates (in the case of transport limited adsorption) over a
sufficiently large (compared to the size of the laser beam) uniformly accessible
surface®®. Drawbacks are a relatively large sample volume and rather ill-
controlled rinsing, which renders desorption measurements cumbersome.
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1.5. Solid Supports

The studies presented in this thesis may serve as an excellent demonstration of the
pivotal role that the nature of the solid support can play in processes of adsorption
and self-assembly. While some results were expected, such as the role of the
surface charge in the process of SLB-formation® (see Chapter III), others, among
them the observation that annexin A5 does not crystallize on silica-SLBs'*® (see
Chapter IV), came as a surprise. They all stress the importance of a thorough
understanding of interfacial processes in aqueous environments. Still, many
questions remain open or lively debated, some of them being very fundamental,
such as understanding the nature of interfacial water on the molecular level®® in
general and of the thin water film between an SLB and a solid support”>"’ in
particular. Below, an overview over the solid supports employed in this study is
given and relevant physico-chemical properties of the supports’ surface are
reviewed briefly.

.5.1. Mica

Mica was already appreciated in the Middle Age. People in the region of Moscow
(Russia) employed the mineral as window glass (“muscovy glass”), hence the
name of mica’s most common form, muscovite (Figure 1.14). The historical use
illustrates the remarkable property of mica to be cut into large, transparent and
flexible sheets. Today’s extended use in research stems from a need of ideally flat
surfaces that enable the direct investigation of interactions between surfaces”’ >
or give a suitable featureless support for the immobilization and topographic
investigation of (bio)molecules'”'”. Indeed, cm’sized surfaces of atomic
flatness can be generated with relative ease® and are routinely used for
measurements by SFA or AFM.

FIGURE 1.14 A natural sample of muscovite mica.

Muscovite mica is a layered alumina silicate of stoichiometry
K(S13A1040)Alx(OH),. It is composed of two tetrahedral sheets of (Si,Al),Os that
are linked by a central layer of Al,(OH),. The net negative charge of these
sandwich structures is balanced by a layer of hexagonally coordinated potassium
ions (Figure 1.15)*°. Upon cleavage, the potassium layer becomes disrupted,
exposing a hydrophilic surface.
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FIGURE .15 Atomic model of the layered structure of mica. (a) A sheet of AL(OH), is
sandwiched by two oppositely oriented tetrahedral sheets of (Si, Al),Os in which Os forms the
backbone of the tetrahedrons, that are filled with (Si, Al),. Cleavage occurs along the interlayer
potassium ions, exposing the hexagonal layer of basal oxygen (b)**’. Image adapted from ref. '”°.

In aqueous solution the potassium ions dissociate and become exchanged by
hydrogen or other cations®®'. The ion exchange regulates the surface charge of
mica which is usually negative, though in magnitude dependent on the electrolytes
in solution”***® (see also Chapter III). Optically, mica is a slightly birefringent
material, i.e., the propagation of light is different along two directions normal to
the crystalline layers.

Despite its common use in research and industry — mica is an excellent insulator,
with good chemical and thermal inertness — automated cleavage has so far
remained elusive. Sophisticated manual skills (and time) are required in order to
create mica sheets of suitable thickness with cleavage planes of good quality. This
currently imposes constraints on the use of mica for some applications, such as the
deposition of mica on QCM-D sensors, an issue that will be investigated in detail
in Chapter II.

[.5.2. Silicon and silica

Silicon-based materials have experienced a tremendous boost during the last 50
years, in conjunction with the development of the semiconductor industry. Large
single crystals of silicon are today grown routinely with high purity and further
processing (cutting, etching and polishing) generates flat decimeter sized discs
(wafers) with a roughness of only a few Angstroms. Furthermore, methods have
been and are currently developed to create controlled patterns in silica on the scale
of micrometers or nanometers.

With the interest of patterning and nanofabrication for the design of biofunctional
surfaces®***2% and the relevance of connecting biology with electronics’>*%’,
silicon-based surfaces become increasingly wused in bio(techno)logical
applications. It is not to forget that silica in its colloidal form is already well
established for the purification of biomolecules by liquid chromatography*®® or

thin layer chromatography.

When exposed to air, a surface layer of ~1 nm thickness becomes quickly
oxidized, generating an amorphous film of silica (SiO,) on silicon surfaces.
Thicker oxide layers can be grown in a controlled manner by various treatments,
such as oxygen plasma, UV/ozone or baking in oxygen. Alternatively, bulk silica
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materials — both amorphous (vitreous silica) and crystalline (quartz) — can be
polished to obtain similarly flat surfaces. Thin films of amorphous silica are also
generated by physical vapor deposition, such as evaporation or (reactive)
sputtering. For example, sputtering is the method of choice to coat QCM-D
sensors with silica. The intrinsic roughness of these films is usually a little higher,
biased by the roughness of the underlying support.

A key characteristic of the siloxane (Si-O-Si) surface of silica is that the so-called
“residual valences” react with ambient water such that the surface becomes
covered with silanol (SiOH) groups. The fully hydroxylated surface is hydrophilic
and accommodates 4-5 SiOH groups per nm”, a value that is shared by both
amorphous and crystalline silica®®~’’. While the silanol groups remain largely
stable upon drying at 120-150°C in air, close to complete dehydroxylation can be
achieved by extended thermal treatment (several hours at up to 1100°C). It is
notable that the re-hydroxylation of such hydrophobic (pyrogenic) siloxane
surfaces in water can be very slow, particularly at pH <5 (in the order of years).
Hydroxylation is though catalyzed at elevated temperatures and in slightly basic
solution***"!,

The surface charge of silica originates from the deprotonation of the SiOH group
and is negative above pH 2. The magnitude of the charge is dependent on the
hydroxylation state and generally increases with increasing pH and ionic
strengt}1226792'275 (see also Chapter III). In parallel, silica starts to dissolve above
pH 8-9 7.

Given the influence of the state of hydroxylation on the surface chemistry, its
hydrophobicity and its charge, an obvious question is whether it may influence the
adsorption of organic molecules from aqueous solution or the properties of
adsorbed films. Indeed, such variations have been reported and may be related to
the method of surface preparation, different degrees of hydroxylation as well as
contaminants®®27!276278

1.5.3.  Other supports

Whereas the above-mentioned surfaces were chosen as model surfaces, other
surfaces have important prospects in biotechnological applications, too. Some of
these surfaces are titanium oxide, already intensely exploited as implant material
(artificial hip-joints, dental implants)®”, polymers (such as polystyrene, the
traditional support for cell-culture), glass, for applications that involve optical
microscopy, hydroxyapatite®™® or gold®™'. The range of surfaces, both inorganic
and organic, is growing together with the development of new materials and the
demand of surface-sensitive techniques™>>%*.
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l.1. Obijectifs

Un des buts majeurs de mon travail de thése était la caractérisation détaillée de
deux processus d’auto-organisation supramoléculaire présentant un intérét a la
fois en science fondamentale et en biotechnologie : la formation de bicouches
lipidiques sur support solide (SLB) et I’assemblage bidimensionnel (2D) de
protéines liées a cette membrane lipidique. Un deuxieme objectif était de
démontrer D'intérét de combiner plusieurs techniques de caractérisation de
phénomenes de surface, permettant une description détaillée des processus d’auto-
organisation 2D. Nous avons notamment utilisé la microscopie a force atomique
(AFM), la microbalance a cristal de quartz avec mesure de dissipation (QCM-D)
sur supports identiques et également, en partie, I’ellipsométrie.

Le Chapitre I introduira bricvement les molécules biologiques et les supports
solides employés pour ces travaux, ainsi que les techniques de caractérisation
utilisées. L approche suivie pour combiner ’AFM et le QCM-D sur des supports
identiques sera présentée dans le Chapitre II. Deux obstacles techniques majeurs
ont di étre résolus pour pouvoir profiter pleinement de la complémentarité entre
ces deux techniques : le dépdt de mica sur les capteurs QCM-D et le contrdle de
I’interaction entre la pointe AFM et les lipides dépos€s sur support solides. Le
Chapitre III traitera de la formation des SLBs par la technique d’étalement des
liposomes et posera la question de la distribution des lipides entre les deux
feuillets des SLBs. Le Chapitre IV présentera les résultats obtenus sur 1’adsorption
et I’assemblage 2D de la protéine annexine A5 au niveau de bicouches supportées.

Ce travail a abouti a plusieurs articles, publiés ou soumis a des journaux a comité
de lecture. Ils forment la colonne vertébrale de cette these et sont insérés dans leur
style original. Dans le but de donner une perspective plus large et d’adresser
certains aspects du travail non couverts par les publications, ces articles seront
précédés par de bréves introductions.

En unissant les aspects physiques des techniques de caractérisation, les
échantillons biologiques et la science des matériaux des supports solides, cette
thése se situe dans le cadre d’une entreprise véritablement interdisciplinaire.
L’étendue de ce travail rend impossible de couvrir tous ses aspects en détail et je
souhaite que les spécialistes de chaque domaine ne me tiendront pas rigueur des
défauts dans la présentation et m’informeront de ces erreurs ou incorrections.

I-1



Chapitre I (Version francgaise)

|.2. Les bicouches lipidiques déposées sur supports
solides

[.2.1. Les lipides et leur propriété d’auto-assemblage

Les propriétés fascinantes des lipides résultent en grande partie de Dattitude
ambivalente de ces molécules en contact avec 1I’eau. Typiquement, les lipides sont
composés d’une téte polaire et d’une ou plusieurs queues hydrophobes. Les
combinaisons de la téte hydrophile et des queues hydrophobes sont déterminantes
pour les propriétés de ces molécules, en particulier leur propriété d’auto
organisation.

[.2.1.1.  Les propriétés moléculaires des lipides

Les phospholipides constituent le groupe de lipides le plus abondant dans les
membranes biologiques. Leur nom provient de la présence d’un groupement
phosphate’ au niveau de leur téte. Les tétes polaires peuvent étre distinguées en
fonction de leur taille et de leur charge (Figure I.1).

DO-phosphatidylcholine (PC) égﬁvfi‘g\;\/o}(\/\/\w
E 0
H,r?;i 2
phosphatidylsérine (PS) egzcx,o—?%:—
9
acide phosphatidique (PA) Ho-fi-0-
[}

phosphatidyléthanolamine (PE) HH—'N/\/ o
o9
phosphatidylglycérol (PG) ro A oo
=]
(o]
J\/\/\/W
DO-triméthylammoniumpropane (TAP) ;g)\;&o\(\w/\/\/\
o
. . . th\m 2
DP-phosphatidyléthanolamine- .,_Z_ﬁ.; 0 o Ao~

Q 0 H\Ig
cap-biotinyl (PE-cap-biotine) & “/\/\;‘rn :ME‘@W\/T\/\/\/\/\/\/\/

FIGURE .1 Structure et nomenclature de quelques tétes lipidiques. Les charges a pH
physiologique sont indiquées. Les groupements amines dans la PE et la PS peuvent étre
déprotonés a des pH plus élevés. En revanche, le groupement carboxylate dans le PS sera protoné
a faible pH. Les liaisons chimiques et les queues sont ajoutées pour les DOPC, DOTAP et DPPE-
lc-biotine. Les contre-ions ne sont pas présentés sur la figure pour des raisons de clarté.

" La présence du phosphore permet de quantifier relativement simplement la concentration d’une
solution donnée en phospholipides’.
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Dans le cadre de ces recherches nous avons utilisé la phosphatidylcholine (PC),
pour sa nature zwitterionique et son abondance dans les membranes biologiques,
et la phosphatidylsérine (PS), portant une charge globale négative a pH neutre.
Nous avons également utilisé dans nos travaux des lipides portants le
triméthylammonium-propane (TAP), un groupement artificiel cationique,
précédemment employé pour des études d’interaction (€lectrostatique) entre
membranes et acides nucléiques™, et la  biotinoyl-aminohéxanoyl-
phosphatidyléthanolamine (PE-Ic-biotine), intéressante pour sa liaison spécifique
avec la protéine streptavidine (Figure I.1).

Les queues sont formées par des chaines acyles et donc non polaires. La longueur
des chaines et le nombre de doubles liaisons peuvent varier considérablement. Les
chaines les plus courantes ont une longueur entre 14 et 20 atomes de carbone.
Elles sont soit saturées, ne possédant alors aucune double liaison. Elles peuvent
également étre insaturées et posséder une ou plusieurs doubles liaisons, induisant
un coude (« kink ») dans les chalnes autrement droites. La nomenclature et la
structure de quelques chalnes communes sont rassemblées dans la Table I.1. La
combinaison des chalnes majoritairement employée dans notre étude est le di-
oleoyl (DO), pour former les molécules de DOPC, DOPS et DOTAP. Le di-
palmitoyl (DP) a été employé pour la DPPE-Ic-biotine.

TABLE I.1 Nomenclature et structure de quelques chaines acyles.

Nombre Nombre de

Nom Structure d’atomes de doubles

carbone liaisons
Myristoyl (M) CHj;(CH,),CO0O- 14 0
Palmitoyl (P) CH;(CH,)4,CO0- 16 0
Stéaroyl (S) CH;(CH,);COO- 18 0
Oléoyl (O) CH;(CH,),CH=CH(CH,),COO- 18 1
Linoléoyl (L) CH;(CH,),CH=CHCH,CH=CH(CH,);COO- 18 2

[.2.1.2.  L’auto-assemblage des lipides

La nature amphiphile des lipides est a 'origine de leur tendance de s’auto-
assembler en solution aqueuse. L’organisation des molécules d’eau dans
I’environnement des queues hydrophobes est associ€e a un colit entropique (I’effet
hydrophobe") et, par conséquent, les lipides s’auto-assemblent pour former un
bouclier de tétes polaires séparant les queues de 1’eau environnante et permettant
ainsi d’abaisser ce cotit entropique®’.

La forme des assemblages dépend de la structure moléculaire des ses constituants.
En premiére approximation, la forme est déterminée par le facteur de forme’

" Le concept fondamental de la structuration de 1’eau est réévalué aujourd’hui a la suite de
I’émergence des nouvelles techniques permettant de sonder la structure supramoléculaire de 1’eau
a proximité des interfaces™”.
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(Figure 1.2, voir la légende pour plus de détails). Les lipides forment une
multitude d’assemblages, entre autre des bicouches planes, des micelles, des
phases hexagonales et hexagonales inverses ou des tubes (Figure1.2).
L’assemblage le plus fréquent dans la nature est la bicouche lipidique. Dans cette
structure, deux monocouches lipidiques sont apposées, les queues hydrophobes
des lipides étant alors prises en sandwich entre les deux couches de tétes polaires
(Figure 1.2).

micalles sphérqueeas,
micelles cylindrigues,
phase hexagonale

becouches planes,
VvESsICUles,
tubes

ICEEs InvErses,
phase hexagonale inverse

FIGURE 1.2 Présentation schématique de divers assemblages lipidiques. En premiére

v 1
approximation’, la forme de I’ensemble est déterminée par le facteur de forme, P = —— (v -

a
c 0
volume occupé par les chaines, a, — surface optimale de la téte, |, - longueur critique de la chaine).
P =1 est équivalent a une forme apparente cylindrique des molécules, amenant aux assemblages
de type bicouche.

La nature de la téte polaire et des queues hydrophobes a une grande influence sur
quelques propriétés essentielles des bicouches lipidiques :

e Les bicouches lipidiques existent en différentes phases thermodynamiques, en
particulier la phase gel, Lg, et la phase cristal liquide (également nommée la
phase fluide), L,. La température de transition, T, entre ces deux phases
augmente avec la longueur des chaines hydrophobes et diminue fortement
avec le nombre de doubles liaisons. La nature de la téte et la présence des ions
(divalents) peuvent également influencer la valeur de T,,. Le coefficient de
diffusion latérale est de quelques um?/s en phase fluide® et diminue d’au
moins deux ordres de grandeur en phase gel. Dans un mélange de lipides, une
séparation entre deux phases thermodynamiques peut avoir lieu.

e La charge des bicouches lipidiques est essentiellement déterminée par la
charge des tétes polaires. Tous les (phospho-) lipides sont soit chargés,
positivement ou négativement, soit zwitterioniques a pH neutre. Les charges
et/ou la polarité des tétes peuvent influencer la nature de I’interaction avec

14
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leur environnement, c'est-a-dire, les lipides voisins, les ions en solution et
I’eau.

e L’aire moyenne occupée par molécule dans une bicouche peut varier
considérablement, en fonction de la température, de la force ionique, et de
propriétés de la téte et des queues des lipides (Table 1.2). En régle générale, les
doubles liaisons augmentent la surface moléculaire.

e Les bicouches lipidiques sont fortement sélectives dans leur perméabilité. Les
molécules d’eau peuvent traverser les membranes fluides relativement
rapidement (30-40 um/s)®, tandis que la membrane est fortement imperméable
aux ions, comme le Na™ (107"° um/s)’ et le CI' (107 pmy/s)’. La perméabilité
est intermédiaire pour les ions H et OH™ (de 1 4 10-4 um/s)lo. Elle est affectée
par la charge et la taille des molécules et par la composition de la membrane,
en particulier son contenu en cholestérol.

e La solubilité des monomeres de lipides en solution aqueuse est en général tres
faible (~10""M)'° et diminue avec la longueur des chaines. Pour indication, la
concentration totale des solutions lipidiques utilisées dans nos travaux est de
I’ordre de 10* M. Le temps de résidence d’un lipide dans la bicouche est
typiquement de I’ordre de quelques heures’”'".

e En raison de la barricre énergétique associée au déplacement de la téte polaire
a travers I’intérieur hydrophobe de la membrane, 1’échange de lipides entre les
deux feuillets d’une bicouche (le flip-flop) est difficile. La vitesse de flip-flop
pour les bicouches fluides non perturbées est typiquement de I’ordre de
I’heure ou du jour'' . Elle dépend fortement de la nature de la téte polaire et
de la 1t;aflé‘lpéra‘fure et elle augmente faiblement avec la longueur des
chaines .

TABLE 1.2 Propriétés de quelques lipides typiques.

Aire par lipide *®  Masse moléculaire ”

Lipide Tw (°C) A (g/mol)
DOPC 2229 72 786.15
DPPC 41.39 44.5 734.05

pC® -159 62 760.09"
DPPE 63° 691.97
PE " 42 744.05"
DOPS -11° 679 810.04

ps 9 50-100°
DOTAP ~0P 698.55
DPPE-CAP-biotine 1053.40

9 3 température ambiante ; * extrait du jaune d’ceuf ; © la surface varie en fonction du pH et de la
présence des ions multivalents ; 9 extrait du cerveau de beeuf s ref. O D ref. 13 : ® dans 100 mM
LiCl, pH 7.4, ref. 16 M mass moléculaire moyenne

Les bicouches lipidiques constituent un continuum 2D dans lequel (ou auquel) des
protéines peuvent étre incorporées (ou associées). L’ensemble forme une
assemblage a la fois complexe et dynamique : les membranes biologiques.
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1.2.2. Les membranes biologiques et leur modéles

Les membranes biologiques jouent un réle clé dans la vie cellulaire. Elles agissent
en tant que barricres, transporteurs ou « centrale » de communication entre
I’intérieur et I’extérieur de la cellule et elle participent a de nombreux processus
intra- et extracellulaires.

L’histoire de la révélation des mystéres des membranes biologiques®'” constitue
un excellent exemple d’un travail véritablement interdisciplinaire, inspir€ a la fois
par la biologie, la chimie et la physique a travers le 20 siécle. En utilisant un
systéme développé par Langmuir'® pour caractériser les films monomoléculaires a
I’interface air-eau, Gorter et Grend!"’ détermineérent, en 1925, que la surface
couverte par une monocouche de lipides extraits de globules rouges correspondait
a deux fois la surface extérieure de ces cellules. Malgré quelques erreurs dans
leurs calculs, ils conclurent correctement que les cellules sont couvertes d’une
bicouche lipidique. Robertson confirma cette observation par microscopie
électronique et proposa que la structure de la bicouche était universelle pour
toutes les cellules et organelles®. Plus tard, des techniques telles que la
microcalorimétrie différentielle, la diffraction de rayons X, les méthodes de la
résonance magnétique électronique et nucléaire, et de fluorescence®' ont permis de
caractériser et de mesurer expérimentalement les transitions de phase, la structure
et la flexibilité de la bicouche et la mobilité, en deux dimensions, des lipideszz.
Ces ingrédients, conjointement a la notion de protéines membranaires (liées a la
membrane de manicre périphérique ou intégrale), formaient la base du modele de
mosaique fluide proposé par Singer et Nicolson® (Figure L.3).

FIGURE 13 Le modéle de mosaiques fluides de membranes biologiques
initialement propose par Singer et Nicolson”. Image adaptée de la ref. .

Depuis la fin des années 1980, il est de plus en plus reconnu que les lipides et les
protéines membranaires peuvent ségréger en domaines dynamiques d’une taille de
quelques nm a quelques um *2*. Ces domaines, appelés radeaux membranaires,
accomplissent des fonctions biologiques bien distinctes, telles que le tri, le
transport, et la signalisation® > 2°*’2* De plus, ’aspect dynamique de la
distribution asymétrique des lipides entre les deux feuillets de la membrane a été
mis en evidence”"’. Le fait que la membrane plasmique de certaines cellules se
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renouvelle en une heure’' refléte que non seulement le comportement de la
membrane mais aussi son interaction avec I’environnement est d’une nature trés
dynamique. Ces avancées dans la compréhension ont été rendues possible grace
aux progres de techniques ayant une haute résolution spatiale ou temporelle, en
particulier I’AFM, la résonance magnétique nucléaire ou des techniques basées
sur la fluorescence.

La résolution de la structure de la membrane et de sa fonction a toujours nécessité
I’interaction des recherches sur des cellules entiéres et sur des systemes modeles
simplifiés des membranes biologiques. Les modeles les plus courants de
membranes biologiques sont : les liposomes et les vésicules géantes en solution,
les monocouches lipidiques a D’interface air-eau, les membranes suspendues
(« black lipid membranes »), les fragments de membranes sur pipette et les
membranes supportées (Figure 1.4).
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FIGURE 1.4 Mode¢les de membranes biologiques : (a) liposomes : sphéres creuses (de 20 nm a
100 um en diameétre) entourées d’une bicouche lipidique; (b) monocouche lipidique a I’interface
air-eau; (c) membrane lipidique suspendu sur un orifice entre deux phases aqueuses (« black lipid
membranes »); (d) film de Langmuir-Blodgett (la méthode de Langmuir-Blodgett permet le
transfert de mono- ou multicouches lipidiques de ’interface air-eau sur support solide); (e)
monocouches auto-assemblées (SAM, par exemple, thioalkanes sur Au ou alkoxysilanes
fonctionnalisés sur verre ou sur silice), une deuxiéme couche lipidique peut étre déposée par
rupture spontanée de liposomes; (f) déposition d’un polymére avec encrage (« tether ») suivie par
I’étalement spontané de liposomes, le polymeére crée un coussin mou entre support et bicouche; (g)
étalement spontané de liposomes ou de membranes sur mica, verre et silice.

1.2.2.1. Les vésicules unilamellaires

Depuis I'introduction des vésicules (ou liposomes) comme systeme modele dans
les années 1960, plusieurs techniques de préparation®>>*, telles que la sonication,
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I’extrusion™, la dialyse de détergent, I’évaporation en phase reverse*’, I’injection
en présence de solvant’ %, ou I’électroformation®, ont été mises au point pour
créer des vésicules unilamellaires. L’ensemble de ces méthodes permet la
préparation de vésicules avec un rayon de ~10nm (par sonication) jusqu’a
~50 um (par électroformation) et avec une distribution de taille plus ou moins

111

étroite .

Les vésicules unilamellaires, dans leur forme la plus simple, sont constituées
d’une bicouche sphérique fermée qui sépare un compartiment intérieur de
I’extérieur. Ces systémes ont permis, conjointement avec des méthodes
théoriques, d’étudier les propriétés principales des bicouches lipidiques, telles que
leur comportement mécanique***, les phénoménes d’adhésion et de fusion™*’, la
perméabilité des membranes™ ou la diffusion des lipides dans les membranes.

Les vésicules unilamellaires que nous avons utilisées pour I’ensemble de nos
travaux ont été préparées par sonication (SUV, pour « sonicated unilamellar
vesicles » ou pour « small unilamellar vesicles ») (la procédure de préparation est
décrite dans I’article *). Chacune de ces vésicules a un diamétre compris entre 20
et 30 nm et contient environ 3000 molécules de lipides. La courbure élevée des
SUVs contraint ’arrangement des lipides, ce qui conduit & une distribution
asymétrique des molécules entre les feuillets internes et externes, a la fois en
nombre (60-75% du contenu total en lipides réside dans le feuillet extérieur™*) et
en espéce’’. De plus, le volume d’eau confiné est faible et représente moins de
30% du volume total des vésicules. Les SUVs ne sont probablement pas
thermodynamiquement stables. Cependant, la barriere s’opposant a la fusion
spontanée des vésicules est suffisamment élevée pour maintenir les SUVs dans
leur phase métastable pour des semaines et des mois sous conditionnement
appropriées.

[.2.2.2.  Les bicouches lipidiques supportées

Depuis les travaux pionniers de McConnell et coll.”’, les (modéles de) membranes
biologiques déposées sur support solide sont devenus trés populaires®>, aussi
bien pour I’étude fondamentale des membranes que pour des applications
potentielles dans le domaine de la nano-bio-technologie®®. L’intérét croissant
dans le confinement des membranes sur des surfaces a été alimenté par
I’émergence d’une multitude de techniques de caractérisation de phénomenes de
surface (voir ci-dessous), des méthodes avancées de nano-structuration
« patterning »*>° "% et des techniques microfluidiques®’.

Une multitude de méthodes a été proposée pour créer des bicouches lipidiques
supportées (SLB) ou d’autres types de membranes hybrides supportées. Les
approches les plus communes sont les méthodes de type Langmuir (déposition de
type Langmuir-Blodgett ou Langmuir-Schifer)®®, la méthode de dilution des
micelles®®®’ et, principalement, la méthode de 1’étalement des vésicules sur des
supports preconditionnés (Figure L.4)°"***72  Chaque méthode induit des

iii

I1 est souvent négligé que la distribution de taille peut étre assez large et que sa détermination
n’est pas une tiche triviale**'.

I-9



Chapitre I (Version francgaise)

caractéristiques propres dans la capacité des membranes modeles ainsi formées de
mimer certains parametres de la membrane biologique, sa qualité et sa stabilité.
En conséquence, les applications peuvent varier entre ces différentes approches.

Il est remarquable que différentes techniques ont traditionnellement été employées
pour caractériser les propriétés physico-chimiques et structurales des divers types
d’assemblages lipidiques mentionnés ci-dessus. Les parametres physiques fournis
par des techniques différentes ne sont souvent pas comparables de maniére
directe. Ainsi, d et la méthode du retour de fluorescence apres photoblanchiment
(FRAP) sont communément utilisés pour caractériser la formation des SLBs.
Alors que la présence de vésicules résiduelles dans une membrane est facilement
détectée par AFM (sous certains conditions d’imagerie, voir Chapitre II), la
détection de défauts aussi petits est difficile par FRAP. Des études comparatives,
(1) soit de la caractérisation de la qualité d’une bicouche par une multitude de
techniques, (ii) soit de la caractérisation des différentes types de membranes
supportées par une méme technique®™®®, sont rares. Ceci rend difficile la
corrélation des résultats publies dans ce domaine.

La formation spontanée de SL.Bs par dépot de vésicules sur des supports solides
hydrophiles est attrayante par sa simplicité. Des SLBs contenant peu de défauts
peuvent étre fabriquées par cette méthode en une seule étape (voir Chapitre III).
Les SLBs constituent un espace fluide 2D, qui permet aux lipides et aux protéines
associées de diffuser, en translation et en rotation. Cette propriété rend les SLBs
bien adaptés pour I’analyse de la formation des domaines lipidiques’>™®!, des
interactions entre membranes®”® ou des processus membranaires, tels que
I’adsorption des protéines®*™ et leur auto-assemblage’’"*, la localisation des
protéines sur les bords des phases lipidiques®’ et la fonction des protéines®.

Une compréhension physique des forces motrices et des étapes intermédiaires de
la formation des SLBs n’a émergé que récemment. Les études théoriques et
expérimentales pendant la derniere décennie ont considérablement amélioré la
compréhension des mécanismes sous-jacents a la formation des SLBs. Il est
intéressant de noter que le choix du support est critique pour la formation des
SLBs. Tandis que les SLBs de DOPC se forment sur des surfaces de silice, de
verre ou de mica, elles ne se forment pas sur I’or ni sur TiO2 dans des conditions
de salinité et de pH identiques® ' **'®. Une meilleure compréhension des
mécanismes de formation des SLBs devrait améliorer la préparation des bicouches
déposées sur support solide et d’autres membranes confinées a des surfaces, telles
que les «tethered »-SLBs™®, les SLBs supportées sur coussin de
polyméres®*’>* ou les membranes suspendues’ . La formation des SLBs a
constitué un enjeu majeur du travail présenté dans cette thése. L’ensemble des
résultats concernant la formation des SLBs et la description des mécanismes et
des parametres influencant leur formation seront présentées dans le Chapitre II1.
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L’annexine A5

.3. L’annexine A5

1.3.1. Propriétés fondamentales et fonction biologique

La protéine annexine A5 est un membre de la superfamille des annexines (revue
dans les références ***). Ces protéines partagent la propriété d’interagir avec des
phospholipides négativement chargés sous I’influence des ions calcium. Le
domaine C-terminal, responsable de la liaison a la membrane, est conservé parmi
les annexines. L’extrémité N-terminale confére 1’individualité des annexines.
Dans le cas de I’annexine A5, 1’extrémité N-terminale est réduite, conférant a
cette protéine une propriété prototype des annexines.

Bien qu’il soit communément admis que les annexines sont impliquées dans
divers processus transmembranaires, comme [’exocytose, la régulation de la
coagulation sanguine ou de I’inflammation, leurs fonctions physiologiques
précises sont encore mal définies. L’annexine A5 pourrait étre impliquée dans des
processus d’inhibition de la coagulation sanguine’>®, agissant comme écran de
processus thrombotiques’**.

Hormis I’aspect de fonction biologique, 1’annexine AS est particulierement
intéressante pour ses applications biotechnologiques potentielles grice a une
combinaison de plusieurs propriétés: (i) sa liaison avec la membrane est
réversible et peut étre controlée par la concentration en ions calcium en solution et
par le taux de DOPS dans la membrane ; (ii) une fois liée a la membrane,
I’annexine A5 a la capacité de former des assemblages 2D de structure controlée ;
(111) enfin, la protéine présente une stabilité remarquable.

[.3.2. La structure moléculaire et la liaison de I'annexine A5
aux membranes

Le monomere d’annexine A5 est composé de quatre domaines homologues en
séquence et en structure' . Chaque domaine contient environ 70 acides aminés
arranggés sous forme de cing hélices a. Vue du coté, ’annexine A5 présente une
forme plate, 1égérement courbée (Figure 1.5). Les donnés de cristallographie des
rayons X ont mis en ¢vidence un nombre (variable) d’ions calcium au niveau de
boucles localisés sur la face convexe de la molécule” "', L’annexine A5
s’associe a la membrane par sa face convexe, et les sites de liaison du calcium ont
été impliqués dans cette interaction”. La nature exacte de la liaison et la
steechiométrie de sites de liaison reste pourtant mal connue. La structure globale
d’annexine A5 change peu lors de I’interaction de la protéine avec la membrane'’’
(voir ci-dessous). Les géométries de la membrane et de la protéine suggerent une
forte proximité entre une grande partie de la surface convexe de ’annexine A5 et
les tétes polaires des lipides'®®. Cependant, des mesures de fluorescence ont mis
en ¢évidence un changement de conformation d’une boucle dans le domaine III,
contenant 1’unique résidu tryptophane de la molécule (Trp-187)'*'**. Deux
structures 3D, avec une forte similitude globale mais avec une différence dans le
positionnement de cette boucle, ont été résolues. Dans une structure'*'?®, la
boucle est située a I’intérieur du domaine III et la protéine ne présente pas de site
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de liaison de calcium a cet endroit. Dans I’autre structurel%’m, la boucle est
exposée et présente un ion calcium lié. L’annexine A5 peut également s’associer
aux membranes de DOPC pur et aux monocouches de cholestérol pur en présence
de concentrations élevées de calcium'®,

FIGURE 1.5 Mode¢le atomique de I’annexine AS. (a) Monomere, vue révélant 1’organisation
symétrique en quatre domaines de la molécule. Les domaines de la protéine sont annotés'™. (b)
Vue de coté d’un monomere. La face inférieure, convexe, s’associe a la membrane. (c) Le trimére
crystallographique'®, observé selon ’axe de symétrie d’ordre trois. Adapté de la réf. "',

[.3.3. L’auto-assemblage de I'annexine A5

Une fois confinée en deux dimensions, suite a la liaison aux bicouches (SLBs sur
mica'®®) ou aux monocouches (a I'interface air-eau''®) lipidiques, 1’annexine A5
présente la propriété de s’auto-assembler'''. Les étapes de I’auto-assemblage sont
présentées schématiquement sur la Figure 1.6.

Les phases cristallines les plus communes de l’annexine A5 présentent une
symétric p3 ou p6, mais d’autres formes ont également été observées''.
Reviakine et coll. ont utilis¢ I’AFM et des SLBs sur mica contenant du DOPS
pour étudier la transition entre la forme cristalline p6 (avec une densité
relativement faible des protéines) et la forme p3 (avec une densité plus forte). Ils
ont trouvé que la transition est réversible, amenant a la conclusion qu’il s’agit
d’une transition de phase de premiére ordre entre les deux phases solides''.
Remarquablement, le trimeére d’annexine A5 (Figure L.5) a été identifié comme
structure de base non seulement dans tous les cristaux 2D de la protéine associés a

TER ; . i 99
la membrane''?, mais aussi dans tous les cristaux 3D de la protéine®.

Des trimeres isolés, liés a la membrane, ont fréquemment été observés sous forme
non cristalline, ce qui souligne la stabilit¢ de cet oligomere associ¢ a une
bicouche. Par contre, la forme trimérique n’a encore pas pu étre mis en évidence
en solution sous conditions physiologiques'”. Comme les différences structurales
entre la forme immobilisé en 2D et la forme soluble sont faibles, il est tentant
d’attribuer la propension de I’annexine A5 de former des trimeres et des cristaux a
des interactions attractives de courte portée avec une forte dépendance de
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I’orientation, c’est-a-dire a des interactions qui ne peuvent prendre effet que
lorsque la protéine est pré-orientée de manicre appropriée, par exemple par
interaction avec la membrane. Les caractéristiques principales de la transition de
phase entre les états cristallins d’annexine A5 ont pu en effet étre reproduites avec

. . r . . 114
un simple modele basé sur ce type d’interaction .

membrane phospholipidigue négatvement chargde

FIGURE 1.6 Présentation schématique de 1’auto-assemblage 2D de I’annexine A5 sur une
membrane phospholipidique de charge négative'”™''>. L’annexine A5 existe sous forme
monomérique en solution. La protéine s’associe a la membrane de maniére calcium dépendante,
puis forme des triméres. Les trimeres cristallisent en 2D. La symétrie p6 du cristal ressemble a une
structure en nid d’abeilles. Les vacances dans ce nid d’abeilles peuvent étre remplis par des
trimeéres supplémentaires non cristallins (les « triméres centraux », marqués en rouge). A
couverture élevée de la protéine, la transition en une phase cristalline plus dense (p3) peut se
produire.

Alors que les états intermédiaires et finaux du processus d’adsorption et de 1’auto
assemblage d’annexine A5 ont ét¢ étudiés de maniére extensive'®, peu de
données existent sur la cinétique de ce processus. La connaissance de cette
cinétique est cependant importante dans le contexte de la fonction biologique et
des applications biotechnologiques de cette protéine. La caractérisation de la
cinétique de la liaison de I’annexine A5 a la membrane constitue un deuxieme
enjeu dans ce travail, et est présentée dans le Chapitre IV. Nos études ont abouti a
quelques résultats surprenants concernant la nature de 1’auto-assemblage de
I’annexine A5 sur des SLBs supportées par des solides autres que le mica. Nos
résultats indiquent, que la formation de cristaux 2D est fortement contrainte sur
silice et sur verre.
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l.4. Les techniques de caractérisation

L’émergence des domaines de recherche périphrasés par les termes
“nanotechnologie” et “biotechnologie” n’aurait pas été possible sans le
développement de techniques de caractérisation avancées, qui relient les mondes
nanoscopique, microscopique et macroscopique. L’idéal d’un outil analytique qui
est capable de voir tout, de la taille d’un atome jusqu’a la taille d’une cellule
vivante, restera vraisemblablement un but lointain pour encore longtemps. Chaque
technique présente des avantages et des limitations en ce qui concerne les
parameétres caractérisés, le milieu nécessaire, la perturbation de 1’échantillon, et la
résolution spatiale et temporelle. Par conséquent, une multitude de méthodes est
requise pour donner une image détaillée des parametres pertinents et pour
permettre d’identifier d’éventuels artefacts. Les aspects complémentaires de
différentes méthodes et/ou une combinaison in Situ sur un méme échantillon
promettent plus de résultats que la somme des résultats obtenus par les techniques
constituantes.

Les interfaces, en particulier 1’interface solide-liquide, constituent par leur nature
un terrain d’exploration pour beaucoup d’effets physiques. Une multitude de
techniques de caractérisation de phénomeénes de surface exploitant ces effets, a
émergé au cours du 20°™ siécle. Quelques méthodes exploitent I’interface (i) pour
la génération d’un signal (telles que la résonance plasmonique de surface
(SPR)'", l’ellipsometrie“6, la génération de fréquence somme (SFG)'”, la
microscopie de fluorescence interférentielle (FLIC)''®''®, la microscopie
interférentielle par réflexion (RICM)'® ou I’appareil de force (SFA)’), (ii) pour
son confinement (microscopie de fluorescence a réflexion totale interne
(TIRFM)'?!, microscopie a réflexion totale interne (TIRM)'%, spectroscopie de
fluorescence par plasmons de surface (SPFS)'??) et (iii) pour son amplification
(diffusion Raman amplifiée par la surface (SERS)). D’autres techniques utilisent
I’interface pour I’immobilisation de 1’échantillon et/ou pour son confinement en
deux dimensions (microscopie a force atomique (AFM), microbalance a cristal de
quartz avec mesure de dissipation (QCM-D))".

Pour les travaux présentés dans ce manuscrit, nous avons employ¢ de manicre
extensive plusieurs techniques de caractérisation de phénoménes de surface,
principalement I’AFM et la QCM-D. La combinaison de ces deux techniques
(voir Chapitre II) a constitué¢ un enjeu majeur de ce travail. Les résultats ont été
complétés par D’ellipsométrie. Un dénominateur commun de ces techniques est
leur utilisation en milieu aqueux, proche des conditions physiologiques. Par
contre, les principes de la mesure et, par conséquent, les parametres extraits
différent de maniere substantielle. Les trois techniques sont introduites bri¢vement
ci-dessous avec une mise en perspective de leurs complémentarités.

¥ La liste des techniques énumérées, utilisables en milieu liquide, est complémentée par une
gamme de techniques de caractérisation de surface dans I’air ou sous vide, telles que la
microscopie a effet tunnel (STM), la microscopie électronique de balayage (SEM) ou la
spectroscopie de photo-électrons induits par rayons X (XPS).
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1.4.1. La microscopie a force atomique (AFM)

Depuis I’invention de la microscopie a effet de tunnel'™ une multitude de

méthodes basées sur le principe de sonde locale a vu le jour. Le principe de
fonctionnement est identique pour toutes : une petite sonde balaye la surface d’un
échantillon avec une précision de 1’ordre d’un nanomeétre (ou mieux) pour sonder
les propriétés locales physiques ou chimiques (ou biologiques). La microscopie a
force atomique (AFM)'**'* occupe une place prédominante parmi ces techniques.
Cette technique permet de voir et de toucher, en direct, des objets a 1’échelle de
nanometre dans virtuellement tout milieu.

.4.1.1.  Le principe de fonctionnement

Dans I’AFM, une sonde microscopique (la pointe) est montée a I’extrémité d’un
levier. La déflection de ce levier est mesurée avec haute précision par un systeme
optique de détection (Figure 1.7). L’échantillon est balay¢ par la pointe grace a des
éléments piézo-Electriques (le scanner) et les interactions entre 1’extrémité de la
pointe et I’échantillon sont contrdlées par une boucle de rétro-controle. Le
systtme permet donc d’obtenir des informations sur la topographie de
I’échantillon, et permet de caractériser les forces d’interaction entre pointe et
¢chantillon (les forces normales et les forces de friction).

a)
Laser
!
Mirroi A
irroir
\m Photo detecteur
X a 4 segments
Levier ]
X
| i Boucle de
Echantillon rétro-controle
E |
.?l.
x.y| Scanner

FIGURE 1.7 (a) Présentation schématique de I’AFM. (b) Micrographie (par microscopie
électronique a balayage) d’un levier utilisé pour les mesures en milieu liquide. La pointe se situe a
I’extrémité du levier (c).

Pour illustrer la sensibilité et la géométrie de I’AFM, imaginons qu’une molécule
de la taille d’une protéine ait la largeur d’une fraise de taille moyenne. Cela
impliquerait I’utilisation d’une pointe de la taille et de la forme de la pyramide du
Louvre a Paris pour sonder les contours du fruit. De plus, avec la résolution
actuelle il serait (presque) possible de détecter les grains sur la surface de la
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fraise!” Avec une constante de raideur k du levier de quelques 10 mN/m et une
sensibilité de la mesure de la déflection x de mieux d’un Angstrom, des forces
F =k-x de I’ordre de pN peuvent en principe étre détectées.

Dans le mode traditionnel et le plus direct d’opération, la pointe est maintenue en
contact permanent avec I’échantillon pendant le balayage (mode contact)
(Figure 1.8a). En ajustant la déflection du levier par la boucle de rétro-controle, les
forces normales peuvent étre maintenues a un niveau faible (50-100 pN).
Toutefois, les forces latérales peuvent atteindre des valeurs considérablement plus
élevées'?’, en particulier pour les échantillons rugueux (« high aspect ratio »). Par
conséquent, la pointe peut perturber, de manicre significative, les €chantillons
« mous ».

oiischon rim
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FIGURE 1.8 Présentation schématique des deux modes d’imagerie par AFM. (a) Mode contact : la
pointe est approchée vers 1’échantillon jusqu’a ce que la déflection du levier atteigne un seuil
défini a ’avance. Pendant le balayage, la déflection (la force) est maintenue constante par ré-
ajustement de la distance entre pointe et échantillon. Le déplacement, vertical et horizontal, de la
pointe par rapport a I’échantillon est équivalent a la topographie de I’échantillon (image de
hauteur, ligne rouge discontinue). (b) Mode tapping : la pointe est approchée de 1’échantillon
jusqu’a ce que I’amplitude de vibration du levier atteigne un niveau inférieur a un seuil défini a
I’avance. Pendant le balayage I’amplitude est maintenue constante. Le mouvement normal de la
pointe par rapport de 1’échantillon donne I’information topographique (image de hauteur, ligne
rouge discontinue). (c) Le balayage se fait ligne par ligne (fleches rouges discontinues). La
direction de balayage rapide correspond a 1’orientation d’avancement d’une ligne. La direction de
balayage lent est définie par I’orientation d’avancement de I’ensemble des lignes.

Cette limitation a été surmontée avec I’avenement du mode basé sur I’oscillation
du levier (mode tapping). Dans ce mode, la variation de 1’amplitude de
’oscillation induite par la proximité de 1’échantillon est mesurée a la place de la
déflection statique de levier (Figure 1.8b). Le mode tapping est mieux adapté pour
I’imagerie des molécules ayant une hauteur élevée par rapport a leur
environnement, telles que les protéines isolées, les fibres ou les fragments

Y Pour étre en accord avec la pression exercé entre la pointe et 1’échantillon, la fraise devrait
cependant supporter la pression exercée par une lourde moto stationnée sur elle.
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d’acides nucléiques (ADN). La résolution intrinséque du mode tapping est
cependant sensiblement inférieure & celle du mode contact'*® et le mode contact
est mieux adapté pour I’imagerie a haute résolution des échantillons de faible
rugosité, tels que les cristaux 2D de protéines' 213!,

[.4.1.2. L’AFM en biologie

Le potentiel de I’AFM en milieu aqueux est devenu apparent peu de temps apres
I’introduction de I’AFM, grace a des images de résolution moléculaire
d’échantillons biologiques'**'**. Depuis, une grande variété de molécules
biologiques —protéines, lipides, acides nucléiques, leurs assemblages, méme des
organelles'™ ou des cellules'?®, ont été touchées « par la pointe » pour étre
imagés, bougés ou étirés.

En raison de leur importance biologique et de leur potentiel pour des applications
biotechnologiques, les assemblages lipidiques ont été des objets attrayants pour
des études par AFM. La possibilité de former de membranes planes a 1’échelle du
nanometre, de composition variée, a permis des études détaillées des phénomenes
de transition de phase'*”"**"** de la formation de domaines’*”>"" 13141 ¢t de
I’interaction de protéines”"'**'* ou de peptides’”'** avec des membranes. Des
nombreuses études ont portée sur les propriétés physiques des SLBs et des
fragments de SLBs'*'* ou des vésicules immobilisées""'***!. Toutefois,
jusqu'a treés récemment, peu d’études ont été dédides aux aspects cinétiques de la
formation des SLBs'>*"*. Les difficultés expérimentales assocides a 1’imagerie
des structures lipidiques hétérogeénes expliquent cette lacune (voir les Chapitres I1
et III).

Des assemblages 2D de protéines membranaires et de protéines associées a des
membranes ont été¢ identifiés rapidement comme des objets prometteurs pour
I’imagerie & haute résolution, a I’échelle du nanométre ou mieux'>"'"*>'*>. En
conjonction avec d’autres méthodes de détermination de structure
(cristallographie de rayons X et microscopie électronique a transmission), des
questions pertinentes sur la structure des protéines, telles que la stoechiométrie de
leurs sous unités' >, leur « handedness » ~ ou leur inclinaison par rapport a la
membrane'™®, ont été clarifiées. Grace a I’application in-situ de I’AFM, des
aspects dynamiques de la structure moléculaire et de la fonction des protéines ont
pu étre cartographiés'>'®’. Le suivi de ’auto-assemblage de la protéine annexine
A5 en cristaux 2D, en temps réel''>'** constitue un événement marquant, en
particulier par rapport aux études présentées dans le Chapitre IV.

Par comparaison aux cristaux bidimensionnels, I’imagerie a haute résolution des
assemblages moins ordonnés s’est avérée plus difficile. Cependant, quelques
succés ont été rapportés récemment'® ', Avec la reconnaissance du role
important de I’agrégation de peptides sous forme de structures fibreuses dans des
nombreuses maladies (la maladie d’Alzheimer, la maladie de Parkinson et
d’autres maladies lies aux prions, la diabéte de type II), ’AFM est devenue
attractive pour étudier la structure et la formation des fibres amyloides'**'®. Au
niveau de la molécule unique, des question concernant la structure des acides
nucléiques ont été abordés™ ® et des changements dans leur enroulement et dans
Iactivité des polymérases ont pu étre suivis en temps réel'®""®. Malgré quelques

I-17



Chapitre I (Version francgaise)

exceptions remarquables’”, ’imagerie de molécules uniques des protéines reste
oo o1 127,170
difficile =" ™.

Outre I’imagerie, I’AFM a fourni des contributions importantes sur la
caractérisation des propriétés mécaniques des molécules biologiques par
I’approche de la spectroscopie de force moléculaire'”'. En appliquant une force
d’étirement sur des molécules uniques, I’AFM permet d’explorer les propriétés
mécaniques et thermodynamiques, telles que la résistance des protéines aux forces
externes' ' "°, le dépliement des protéines'’* ou des acides nucléiques'”” ou
I’extraction de protéines des membranes' . La Figure 1.9 dresse un tableau des
forces observées pour quelques interactions biologiques et de la gamme des forces

accessible par AFM et par d’autres techniques.

Aspiration par micropipette B ———
Pinces optiques <>
Détachement par flux de cisaillement _
SFA _
Mesure de force (AFM) _
Force minimale d’'imagerie (AFM) O
Bruit thermique (AFM) O
1012 10 106
————F——+—— Force(N)
Rupture d’'une liaison covalente O
Liaison biotine-streptavidine @)
Résistance de kinésine (« stalling force ») O
Etirement des domaines de titine O
Etirement de DNA O
Pénétration de la pointe AFM dans une SLB O
Arrachement d'un lipide de la SLB O

FIGRUE 1.9 Forces typiquement observées pour I’interaction des biomolécules et leurs
assemblages (tableau inférieur). Le tableau supérieur montre les gammes de force accessibles par
AFM et par d’autres techniques.

1.4.1.3. La complexité de l'interaction entre pointe et échantillon

La littérature est riche en exemples d’une multitude d’effets qui peuvent intervenir
quand une pointe AFM touche des échantillons (mous) en milieux aqueux.
Quelques exemples illustratifs sont le role délicat des ions en solution pour
I’immobilisation et 1’imagerie a haute résolution des acides nucléiques'*®'**!"” et
des protéines'*'®!, la surestimation notoire de la largeur des acides nucléiques'”’,
la facilit¢ avec laquelle des cristaux 2D peuvent étre imagés par rapport de
I’imagerie des protéines sous forme d’assemblages non ordonnés ou de molécules
uniques'”’, Ieffet des interactions électrostatiques sur la hauteur apparente des
bicouches lipidiques'™ et des protéines'®, 1a réorganisation des lipides induite par
la pointe'® ou bien les effets de type «ski nautique »* et d’inversion de
contraste”'*® qui peuvent se produire sur des bicouches lipidiques en changeant
la vitesse ou la force de balayage.
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Des approches originales de caractérisation des échantillons a 1’échelle du
nanometre ont émergé de la compréhension de tels effets. La cartographie des
charges surfaciques'®* '™ jusqu’au niveau submoléculaire'®’, la mesure des
changements de conformation des protéines'” et des assemblages lipidiques'*®'**
induites par la pointe ou le développement des pointes et des supports
fonctionnalisés' en sont quelques exemples.

Tandis que ces développements élargissent les possibilités d’application de
I’AFM, ils démontrent aussi la complexité de I’imageric par AFM'’. De
nombreux parametres doivent étre ajustés et controlés pour obtenir de « bonnes »
images d’échantillons biologiques. Particulie¢rement importants sont: (i)
I’immobilisation adéquate de 1’échantillon, (ii) la forme de la pointe bien définie
et appropriée et (iii) le controle de I’interaction entre pointe et échantillon. Malgré
beaucoup d’avancées technologiques et une reconnaissance de longue date de ces
aspects, les contraintes restent importantes et des approches générales pour
s’attaquer aux limitations sont rares. En conséquence, 1’imagerie par AFM des
échantillons biologiques reste un travail demandant de 1’expérience, de la patience
et une grande attention envers ’interaction entre pointe et échantillon (pour des
exemples illustratifs voir les Chapitres II et III).

Grace a son application in situ, ’AFM a le potentiel unique de suivre, avec une
résolution spatiale de 1’ordre d’un nanometre, la cinétique de processus en temps
réel. Toutefois, un facteur limitant aujourd’hui est le temps d’acquisition des
images, qui est de l’ordre d’une minute pour les AFM commercialement
disponible. Avec I’avénement des leviers courts'” et des modifications dans la
construction et le contrdle de I’appareillage’""'**'* une vitesse d’acquisition de
I’ordre d’une seconde est devenue possible'’, conjointement avec une
augmentation de la sensibilité en mesure de force'”’. Tandis que ces avancées sont
fort prometteuses, il reste a démontrer qu’elles peuvent étre combinées avec une
haute résolution latérale.

1.4.2. Microbalance a cristal de quartz avec mesure de
dissipation (QCM-D)

La méthode QCM-D a été développée dans les années 1990 par Rodahl et coll.'*

a partir de la méthode classique de la microbalance a cristal de quartz (QCM). Elle

est aujourd’hui établie comme outil de caractérisation des surfaces et des couches

minces molles, permettant de mesurer la masse déposée sur une surface et de

caractériser les propriétés viscoélastiques de couches minces.

. s . 195-1 L kL 5
L’adsorption des protéines sur supports solides'”'® a été une des premiéres

applications de la QCM(-D). Depuis, de nombreux questions de pertinence
biologique ont été étudides, telles que I’action d’enzymes'”, I’hybridation de
brins d’acides nucléiques (DNA)™**!; des aspects fonctionnels des bicouches
lipidiques supportées™> 2%, les interactions drogue/DNA*”, la réticulation des
protéines®®*%, I’adhésion et I’étalement des cellules®' "

Grace a la mesure de la dissipation (D), la QCM-D est plus qu’un capteur de
masse. Elle fournit également des informations sur la structure des films adsorbés.
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Cela rend la technique particuliecrement prometteuse comme outil de
caractérisation pour le développement et pour la validation des surfaces bio-
fonctionnalisées™>'>*" pour des applications biomédicales, des capteurs®'* ou des
bio-puces. Outre les SLBs**2%0215220 "jos muylticouches des polyélectrolytes™'
22 des couches minces de polyméres® ou les couches anti-coagulantes™®*** ont
¢galement été étudides.

1.4.2.1.  Le principe de fonctionnement

La méthode QCM-D est basée sur la mesure du comportement de résonance d’un
oscillateur a cristal de quartz en mode de cisaillement. Grace a ses propriétés
piézo-électriques, les oscillations mécaniques du quartz peuvent étre excitées par
I’application d’un champ électrique oscillatoire a travers le cristal. Une fois excité,
I’oscillation libre (et décroissante) mécanique peut étre suivie par mesure du
champ électrique correspondant. A partir de la courbe de résonance, la fréquence,
f, et la dissipation, D, sont déduites (Figure I.10, voir la 1égende pour de plus
amples détails). Le suivi des variations, Af et AD, des deux paramétres, induites
par le matériel déposé, permet la caractérisation en temps réel des processus
d’adsorption et des changements structuraux des couches déposées. La résolution
temporelle de la méthode est en principe limitée par le temps de décroissance de
I’oscillation (a 1’échelle de la milliseconde). Actuellement les instruments
communs permettent une résolution inférieure & une seconde, une différence
importante par rapport a la résolution temporelle de I’AFM (voir Chapitre II).

d) e) e —
 —— _
I'._ o R - i

FIGURE 1.10 Présentation schématique du principe de fonctionnement de la technique QCM-D.
Le cristal de quartz piézo-électrique est pris en sandwich entre deux électrodes en or (a).
L’application d’un champ électrique a travers le cristal induit son cisaillement (b). La résonance du
mouvement de cisaillement peut étre obtenue par un champ oscillatoire électrique de fréquence
adaptée (c). Apres arrét de 1’excitation, 1’amortissement de 1’oscillation du cristal est suivi (d, ¢).
La variation temporelle de [I’élongation, A(t), est caractérisée par la relation

A(t) =A exp(— bl Dt)sin(27zft + ¢) pour extraire la fréquence propre de résonance, f, et la
dissipation, D (D est le la réciproque du facteur de qualité, Q). La déposition d’une masse rigide
(d) sur la surface du cristal conduit & une diminution de f, tandis qu’une masse molle (et

viscoélastique) affecte également D. La mesure des variations de f et D permet de suivre des
processus a |’interface, tels que 1’adsorption, en temps réel.
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1.4.2.2. La détermination de la masse adsorbée

Dans les années 1950, Sauerbrey””’ a déduit une relation simple entre la masse
adsorbée, Am, et le changement en fréquence, Af :

VP, Af Af
_q_pq_n:_c n (1)

Am = B
2f, n n

Cette formule constitue le fondement de 1’utilisation de la technique QCM comme
capteur de masse. La vitesse de propagation du son, v, = 3340 m-s™, et la densité,
Pq=2.65 g-em” sont des propriétés intrinséques du quartz. La fréquence
fondamentale, fy, est déterminée par I’épaisseur, t;, du cristal (en premicre
approximation, f; =uv, /2t ) qui peut étre reproduite avec une précision meilleure

que 1%. La constante de sensibilit¢é de masse, C, est alors indépendante du
matériel adsorbé et ne nécessite aucune calibration supplémentaire. Pour des
capteurs communs (fo=5MHz), C=17.7ng-em®Hz'. La résolution en
fréquence est actuellement d’environ 0.2 Hz (en milieu liquide), ce qui correspond
a une résolution massique de quelque ng-cm™. Hormis 1’oscillation en mode
fondamental (n=1), d’autres harmoniques peuvent également étre excitées
(f, =nf,,n=3,5,7 étant ’ordre de ’harmonique).

Alors que les capteurs de masse basés sur 1’équation de Sauerbrey fonctionnent
pour des nombreuses applications a 1’air ou sous vide, il est important de noter
que I’équation n’est valide que pour des masses adsorbées qui sont (i) faibles (par
rapport de la masse du cristal), (i1) rigides, (iii) distribuées de manieére homogene
et (iv) couplées au cristal sans glissement (« slip»). Parmi les limitations
énumérées, la contrainte sur la rigidité est particulierement sévére pour des
applications biologiques. Le milieu aqueux et la plupart des biomatériaux sont en
effet des maticres molles et, par conséquent, 1’équation (1) devient une
approximation avec une précision pPer se inconnue.

1.4.2.3. Ladissipation

Par opposition aux films rigides, les propriétés viscoélastiques de la matiere molle
donnent lieu a une dissipation d’énergie (AD > 0). La mesure de la dissipation a
conduit 2 un nombre d’améliorations dans la caractérisation d’échantillons —
polymeres, échantillons biologiques, sur le plan qualitatif mais aussi sur le plan
quantitatif.

Qualitativement, la dissipation permet de détecter des transitions de phase, i.e. de
distinguer les états différents d’un matériel déposé. Ceci est particulierement bien
illustré par la capacité de la dissipation de distinguer entre des vésicules intactes et
des bicouches lipidiques déposées sur un support solide. Cette distinction, mise en
évidence par Keller et Kasemo®, a été a la base d’un progrés significatif dans la
compréhension du processus de la formation des SLBs*"*'>*'®. La rigidification
d’une couche de protéines par cross-linking®® ou I’hybridation de brins d’acides
nucléiques® en sont d’autres exemples. Des faibles variations dans le
comportement d’adsorption, en particulier en fonction de la couverture, peuvent
étre mises en évidence au niveau du graphe AD-Af. L’utilisation de ce mode de
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représentation nous a permis d’identifier un comportement « anormal »
d’adsorption de protéines (un exemple est donné dans I’article II - figure 2).

L’analyse quantitative de processus d’adsorption par QCM-D a été rendue
possible grace au développement de modeles qui prennent en compte les
propriétés viscoélastiques des couches déposées et des milieux liquides™****. En
particulier, le modele de Voinova et coll.*® établit une relation entre, d’un coté,
les propriétés de la couche déposée (son €paisseur, sa densité, sa viscosité et son
module de cisaillement) et immergé dans un milieu liquide et, de ’autre coté, les
variations de fréquence et de dissipation (sur plusieurs harmoniques)
(Figure I.11).

cristal couche milieu liquide
mince
Py M 1y) (P M)

déplacement
maximal en
cisaillament

FIGURE I.11 Le modéle viscoélastique de Voinova et coll.”*’. Une onde cisaillante créée dans le
cristal de quartz se propage et se dissipe dans le matériel adjacent. Le mod¢le décrit la relation
entre, d’un coté, les propriétés viscoélastiques (la viscosité, n; et le module de cisaillement, L)
d’une couche d’épaisseur homogene, &; et de densité pg, immergée dans un milieu liquide de type
Newtonien (de densité p, et de viscosité 1) et, de I’autre coté, les changements correspondants en
fréquence, Af,, et en dissipation, AD,, pour de multiples harmoniques (n =1, 3, 5, 7). Une routine
numérique, implémentée dans le logiciel QTools (Q-Sense, Suéde), permet, a partir de la réponse
QCM-D, de remonter aux propriétés de la couche déposée’'.

Ce modele a permis d’évaluer la validité d’application de I’équation de
Sauerbrey’'? : en premiére approximation, I’équation de Sauerbrey n’est pas
valide pour des couches minces (en milieu aqueux) caractérisées par un rapport
AD/Af<0.2-10°Hz". Le modele a été utilisé avec succés dans le cas de différents
types de couches’***, telles que des couches de protéines’™"2"2 de
vesicules’'®, ou des couches de brins d’ADN immobilisés®!, permettant de
déterminer la masse exacte de ces couches fortement dissipatives et/ou de déduire
leurs propriétés viscoélastiques, le modele a été appliqué avec succeés pour.
Cependant, ce modele constitue certainement une représentation simplifiée de la
réalité. En particulier, ’approximation d’une couche mince homogeéne dont les
propriétés viscoélastiques obéissent au modele de Voigt-Kelvin (ou de Maxwell)
n’est valable que pour certains systémes.
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1.4.2.4. Ler6le de I'eau en QCM-D

La méthode QCM-D est sensible pour toute matiére mécaniquement excitée par
’oscillation du cristal de quartz. Une caractéristique essentielle de signal QCM-D
est que la masse mesurée inclut 1I’eau associée a la couche adsorbée. Ceci est une
différence notable par rapport aux techniques optiques. En effet, des techniques
comme le SPR, Dellipsométrie, la réflectométrie ou la spectroscopie a guide
d’onde (OWLS) sont sensibles aux changements de I’indice de réfraction (de la
densité optique) entre 1’adsorbat et le milieu aqueux. Ainsi, essentiellement la
masse seche de 1’adsorbat contribue au signal pour autant que I’eau associée ait le
méme indice de réfraction que 1’eau « bulk ». Cette différence rend les techniques
optiques et la méthode QCM-D complémentaires, leur combinaison permettant de
déduire 1’état d’hydratation d’une couches déposée'”**%*1"*° Dans certains cas,
comme celui de polymeéres immobilisés dans la conformation « brosse » ou pour
des brins de nucléotides immobilisés, 1’eau peut contribuer pour plus de 90% de la
masse totale’. Ceci peut étre utilis¢ pour augmenter considérablement la
sensibilité de la méthode QCM-D*'. En outre, la fraction d’eau détectée par unité
de masse seche peut varier en fonction de la couverture de surface, et ainsi
influencer la cinétique apparente des processus d’adsorption ou de désorption™ et
rendre I’analyse du signal complexe.

Le role de I’eau dans les processus dissipatifs n’est actuellement pas compris en
détails. En fonction de I’environnement, 1’eau peut présenter des propriétés
apparentes trés différentes : confinéde dans les interstices d’une couche rigide,
I’eau apparait comme une masse rigide™’ ", alors qu’elle apparait fortement
viscoélastique dans une matrice viscoélastique™'; en absence de confinement,
I’eau exhibe ses propriétés ordinaires macroscopiques™>>*.

1.4.2.5. L’influence des oscillations sur I'interface solide-liquide

Etant donné que I’interface solide-liquide est agitée mécaniquement, il est logique
de se demander si I’oscillation du cristal de quartz peut avoir une influence sur les
processus a l’interface, comme par exemple la production de phénomenes de
« glissement »*°. Dans les conditions habituelles d’utilisation, 1I’amplitude de
I’oscillation est inférieure & 1 nm en milieu aqueux”. Alors qu’il a été mis en
évidence que des oscillations d’amplitudes élevées (10 nm et plus) peuvent
influencer des processus d’adsorption ou de désorption ou induire une agitation
locale®*'?®, aucun effet (ou des effets mineurs) n’a été observé pour des
amplitudes faibles’” sur des surfaces hydrophiles. Par conséquent, la technique
est essentiellement non perturbante et la condition de « non-glissement »
mentionnée ci-dessus est considérée valable pour les mesures de QCM-D.

¥i Borovsky et coll.** proposent la formule empirique : A= 1.4 Q V pour I’amplitude, A (en pm).
Q=1/D et V sont, respectivement, le facteur de qualité et la tension appliquée au cristal (en V).
Les valeurs habituelles de V =0.14 mV (correspondant a une « driving voltage » de 1.0 en QSoft
(Q-Sense, Suéde)) et de D = 350-10"° en milieux aqueux (20-10°° dans 1’air) donnent une amplitude
de A=0.6 nm (10 nm).
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1.4.2.6.  Les supports utilisables

En contraste avec la plupart des techniques optiques qui dépendent fortement des
propriétés de I’interface, les capacités de mesure de la méthode QCM-D ne
dépendent que du cristal de quartz. Le cristal peut étre couvert d’une multitude de
supports sans perturber le signal. Les exemples les plus courants sont des couches
minces de métal (Au), d’oxydes (SiO,, TiO,) ou de polymeres qui peuvent étre
déposées, respectivement, par évaporation, la pulvérisation ou « spin-coating ».
L’épaisseur de la couche déposée est un parametre limitant. Des couches rigides
peuvent atteindre des épaisseurs de plus que 10 um sans trop perturbé le signal,
comme ceci a été mis en évidence pour des feuilles de métal*** ou du mica®"’
collés sur le cristal de quartz (cette question est abordée au Chapitre II).

1.4.2.7. Les modes d'utilisation

Dans le contexte de nos travaux, la méthode QCM-D a été utilisée dans deux
modes différents de manipulation des liquides : le mode « échange » et le mode
« flux » (Figure 1.12). Le mode échange constitue la maniére la plus simple et la
plus robuste d’utilisation. Le mode flux est par contre mieux approprié dans le cas
d’échantillons de concentrations relativement faibles (moins de 5 pg/mL), la
déplétion du milieu liquide associée a 1’adsorption de 1’échantillon étant limitée.
Le flux limite également 1’enrichissement du milieu liquide avec 1’échantillon (de
la surface active ou des parois de la cellule) pendant le rincage.
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FIGURE 1.12 Description schématique de la manipulation de liquides en QCM-D. La direction du
transport du liquide est indiquée par des fleches. (a) Le mode « échange » permet I’échange rapide
de solutions. La vanne de controle est en position fermée par défaut et ouverte uniquement pendant
le transfert rapide de liquide. La solution est (i) transférée du réservoir a la boucle de stabilisation
en température (T-loop) ou (ii) elle réside pendant 2 min, (iii) avant d’étre délivrée a la cellule de
mesure contenant le capteur (Cellule avec capteur). Les étapes (i) a (iii) sont répétées pour chaque
échantillon et chaque étape de ringage. La coupe a travers la cellule (a droite) révele la géométrie
symétriquement axiale du flux. Le liquide est injecté au dessus du centre du cristal (mode
« impinging jet ») et sort par la périphérie. Le volume de la cellule et de ~50 pL. 1.5 mL et 0.5 mL
de liquide sont respectivement nécessaires pour un échange complet du liquide dans la T-loop et
dans la cellule. Chaque échange prend quelques secondes. (b) Mode « flux » : le liquide est injecté
a travers la cellule en continu, au moyen d’une pompe péristaltique. Le débit habituel est de
1 uL/s, environ. La T-loop et la vanne sont hors circuit.

1.4.3. L’ellipsométrie

Le principe de D’ellipsométrie a été €lucidé il y a plus d’un siecle
technique est basée sur la mesure du changement de 1’état de polarisation d’une
lumiere incidente elliptiquement polarisée pendant sa réflexion sur une interface.
Les angles ellipsométriques sont sensibles a la présence de couches minces

245247
. La
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organiques déposées sur la surface réfléchissante, permettant de détecter des
dépots de lordre de quelques ng-cm™. Plusieurs types d’ellipsométre sont
disponibles, I’ellipsometre a méthode de zéro étant probablement le plus robuste.

1.4.3.1. Le ellipsometre a méthode de zéro

Dans I’ellipsométriec a méthode de zéro, les angles de polarisation de deux
prismes, le polariseur, P, et I’analyseur, A, sont ajustés par de moteurs pas-a-pas,
de sorte que I’intensité de la lumiére émise soit minimale (« null ellipsometer »*")
(figure I.13a-b, voir la légende pour de plus amples détails). La résolution
temporelle est limitée par les moteurs pas-a-pas et est de plusieurs secondes. Les
angles ellipsométriques, A et y, sont déterminés a partir des angles P et A,
respectivement, en utilisant quelques simples régles de sélection®. Les
coefficients (complexes) de réflexion de la lumiére polarisée parallele, r, et
perpendiculaire, rs, par rapport au plan d’incidence, sont liés aux angles
ellipsométriques par

:—p = tan ¥ exp(iA). (2)

S

La relation entre les propriétés de la couche déposée et les angles ellipsométriques
est en général non linéaire. L ’épaisseur, d, et I’indice de réfraction, n, de la couche
peuvent, en principe, étre déterminés par modélisation a partir d’une modele
approprié¢ de I’adsorbat®*’**®, La masse (séche) adsorbée, m, peut alors étre
déterminée, a condition que la relation de Lorentz-Lorenz s’applique a la couche

contenant les molécules adsorbées et la solution,

m:3[$—p(n§ +2)—Vp(n§ —1)} n+hy d(n-n,), 3)

2
o n-+?2

ou A,, M,, V, et n, sont, respectivement, la réfractivité molaire par unité de
volume, la masse moléculaire, le volume partiel spécifique de I’échantillon et
I’indice de réfraction de la solution®*®. En pratique, les erreurs associées a d et n-
N, peuvent étre élevées, en particulier pour des couches trés minces (d’une
¢paisseur de ’ordre de 1 nm). Etant donné que les erreurs sont covariantes, le
produit d(n-ny) et donc la masse adsorbée peuvent étre déterminés avec une
meilleure précision.

Il est notable que la relation entre les propriétés de la couche déposée et les angles
ellipsométriques, outre sa non linéarité, dépend fortement de I’angle d’incidence
et des supports employés. Le scénario se complique encore pour des applications
en milieu liquide, parce que la lumiére traverse des interfaces et de la matiere
supplémentaires, telles que la solution ou les parois de la cellule. Ceci explique
I’importance d’utiliser des surfaces controlées, une cellule expérimentale adaptée

Yii 1déalement, I’intensité de la lumiére sortante devrait étre nulle, « null » en allemand, d’ou le
nom de ce mode d’utilisation.
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et une calibration adéquate pour pouvoir aboutir a une détermination, absolue, de
m (ou également de d et de n). Si une telle calibration n’est pas disponible,
I’évolution de I’angle A (ou y) permet de déterminer la variation de la masse
déposée, par exemple, lors d’une analyse cinétique d’une processus
d’adsorption®”. Les résultats obtenus par ellipsométrie doivent étre considérés
avec précaution car 1’hypothése sous-jacente d’une relation linéaire entre m et A,
n’est pas garantie pour tout type d’échantillon.

reflecting
a) surface (sample)

in xy-plane

; plane-polarized \ N
fast axis light bhioto:
slow axis incident and reflected analyzer Diode
lightin yz-plane (prism)
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compensateur analyseur
olariseur
P ,4_

FIGURE I.13 Description schématique de I’ellipsométre a méthode de zéro. (a) Le prisme
polariseur P génére une Ilumiére plane polarisée d‘orientation définie de la lumiere
monochromatique d’une source laser. Le compensateur (habituellement une plaque biréfringente)
transforme la lumiére polarisée plane en lumiére elliptiquement polarisée. La traversée de
I’échantillon induit une variation de la polarisation de la lumiére incidente. L’orientation du
polariseur est ajustée de sorte que la lumiere réfléchie par I’échantillon soit linéairement polarisée.
L’orientation du prisme analyseur A est alors ajustée de maniére a ce que I’intensité de la lumiére
sortante soit proche de zéro. Les changements des propriétés de l’interface nécessitent un
ajustement concerté du polariseur et de I’analyseur pour maintenir 1’intensité de la lumicre sortante
minimale. L ajustement est assuré par deux moteurs pas-a-pas, contrdlés par un ordinateur (b), qui
assure la mesure des variations de A et P, lors de 1’adsorption a I’interface, en temps réel. (c)
Présentation schématique de la cuvette utilisée pour la mesure en milieu liquide. Images fournies
par le Prof. Wim Hermens (Université de Maastricht, Pays Bas).
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1.4.3.2.  Les support utilisables

En principe, Iellipsométrie peut étre employée sur toute surface (de préférence
optiquement non active). Cependant, la réponse ellipsométrique est fortement
dépendante de la surface. En conséquence, la sensibilité varie en fonction de
I’interface et chaque type de support nécessite une nouvelle calibration. En outre,
la calibration peut étre rendu difficile par la rugosité de la surface (a 1’échelle du
nanometre), ce qui peut induire des erreurs de détermination de masses absolues.
Dans le cadre de nos travaux, nous avons utilisé des supports de silice (sous forme
de « wafer ») qui sont particulicrement bien adaptés, en raison de leur faible
rugosité et de leur fort contraste ellipsométrique. La possibilité d’utiliser des
supports de mica en ellipsométrie a récemment été démontrée™. Cependant, la
détermination absolue de la masse déposée sur mica est plus difficile.

L’ellipsométrie présente la propriété unique de pouvoir étre employée pour des
mesures a ’interface solide-liquide aussi bien qu’a I’interface air-eau. Cette
propriété est particulierement intéressante pour les membranes lipidiques car elle
permet une corrélation entre le monde des monocouches lipidiques (2 ’interface
air-eau)™' et le monde des bicouches déposées sur support solide®.
L’ellipsométrie présente d’autres potentiels comme I’application a multiples

longueurs d’onde (I’ellipsométrie spectroscopique) et I’imagerie par ellipsométrie.

1.4.3.3. Les modes d’utilisation

L’ellipsométre que nous avons utilisé est un systéme de cuvette ouverte
(Figure I.13¢)*, qui nous a été rendu accessible gracieusement par le Prof. Wim
Hermens (Université de Maastricht, Pays Bas). La solution (~3 mL) est agitée par
un barreau magnétique (~1000 rpm) situé au fond de la cuvette. Les échantillons
sont injectés dans la solution a une concentration désirée. Des ringages sont
réalisés par injection de ~30 mL de solution (débit de ~1 mL/s) en aspirant I’exces
de liquide simultanément. Un autre mode de fonctionnement consiste a stopper
I’agitation pendant quelques secondes apres I’injection de [’échantillon, de
maniere a suivre 1’adsorption en absence d’agitation.

Le systeme présente des avantages remarquables, en particulier pour les mesures
de cinétique. Etant donné que la cuvette est ouverte, le systtme permet de
modifier & volonté le milieu ou les ions (tels que le Ca™) et rend possible
’acquisition des d’isothermes d’adsorption”. En outre, le mode d’agitation
génére une vitesse d’adsorption constante (a condition que [’adsorption soit
limitée par le transport des molécules vers I’interface) sur une surface
uniformément accessible d’une taille suffisamment grande (c’est-a-dire par
rapport a la taille du faisceau laser)”*. Les inconvénients du systéme « cuvette
ouverte » sont le volume relativement élevé et le rincage relativement mal
contrdlé, ce qui rend la mesure de la désorption et 1’échange de 1’échantillon
difficilement controlable.
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|.5. Les supports solides

Les travaux présentés dans ce manuscrit pourraient servir comme une excellente
démonstration du réle essentiel de la nature du support solide dans les processus
d’adsorption et d’auto-organisation. Tandis que certains résultats était attendus,
tels que le role de la charge surfacique sur le processus de formation des SLBs®
(voir Chapitre I1I), d’autres ont ¢été surprenants, tels que [’absence de
cristallisation de la protéine annexine A5 sur des SLBs déposées sur silice'™ (voir
Chapitre IV). Dans leur ensemble, les résultats soulignent I’importance d’une
bonne compréhension des processus a I’interface entre un support solide et le
milieu aqueux. Beaucoup de questions restent encore ouvertes ou vivement
débattues. Certaines sont fondamentales, telles que la compréhension, a I’échelle
moléculaire, de la nature de I’eau a I’interface™ et, en particulier, de la couche
mince d’eau entre les SLB et le support solide”> 2.

.L5.1. Le mica

Le mica a déja été utilisé au Moyen Age. Le peuple de la région de Moscou en
Russie a employé ce minéral comme base pour les fenétres (“le verre de
Moscou”), d’ou le nom de la forme la plus courante du mica, le muscovite
(Figure 1.14). Cette utilisation historique illustre la propriété remarquable du mica
de se cliver en feuillets transparents, flexibles et de tailles relativement grandes.
Aujourd’hui, son utilisation extensive en recherche provient d’un besoin de
surfaces idéalement planes pour [’étude des forces d’interactions entre
surfaces*’**® ou comme support non contrasté pour I’immobilisation et 1’étude

des propriétés topographiques de molécules (biologiques)'*”'™. En effet, des

surfaces planes a 1’échelle atomique sur une aire de quelques cm’ peuvent étre
259

générées de manicre relativement facile™” et sont utilisées en routine pour des

mesures par SFA ou par AFM.

FIGURE I.14 Un échantillon naturel de mica de type muscovite.

Le mica de type muscovite est un silicate d’aluminium de structure stratifi¢e avec
la composition chimique suivante K(SizAlO;¢)Al,(OH),. 11 est composé d’un
empilement de couches, chacune d’entre elles constituée de deux feuillets
tétraédriques de (Si,Al),Os, liées par un feuillet central d’Al,(OH),. La charge
globale négative de ce sandwich est contrebalancée par une couche d’ions
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potassium coordonnés sous forme d’hexagones (Figure 1.15)*°. Le clivage se fait
au niveau de la couche de potassium, exposant une surface hydrophile.

a) b) 53k
-3 -3 | |
—— i i ' Al -
o
o TPy Si, Al J
| o K
e+ OH J J g
=)

FIGURE I.15 Mode¢le atomique de la structure stratifiée du mica. (a) Un feuillet d’Al,(OH), est
pris en sandwich entre deux feuillets de structures tétraédriques de (Si, Al),Os, orientés de maniére
opposés. Os forme des tétraedres, qui sont rempli par un atome de Si ou d’Al. Le clivage se produit
au long de la couche des ions potassium, exposant la couche des oxygenes basales en forme
d’hexagones (b)**’. Image adaptée de la réf. '”°.

En milieu aqueux les ions potassium se dissocient et ils sont échangés par des
protons ou par d’autres cations®®'. L’échange d’ions détermine la charge de la
surface du mica. La charge est habituellement négative et sa grandeur dépend de
la concentration d’électrolytes en solution®***** (voir Chapitre III). Optiquement,
le mica est un matériel faiblement biréfringent, c’est-a-dire que la propagation de
la lumicre est différente selon deux axes normaux aux couches cristallines.

Malgré son utilisation courante dans la recherche et dans I’industrie — le mica est
un excellent isolant avec des propriétés chimiques et thermiques intéressantes —
I’automatisation de processus de clivage reste difficile. La production de feuillets
d’une épaisseur convenable avec deux surfaces de bonne qualité¢ nécessite une
expérience manuelle sophistiquée et demande beaucoup de temps. Cela impose de
contraintes sur 1’utilisation du mica pour certaines applications, telle que le dépot
du mica sur les capteurs QCM-D, une question étudiée en détail au Chapitre II.

.5.2. Le silicium et la silice

L’utilisation des matériaux basés sur le silicium a connue une croissance énorme
lors des dernieres 50 années, en conjonction avec le développement de 1’industrie
des semi-conducteurs. Des larges cristaux monolithiques de silicium sont
aujourd’hui produits en routine avec une haute pureté. De procédés
supplémentaires (coupe, gravure a I’eau forte, polissage) permettent de générer de
disques d’une taille de plusieurs décimetres (les wafers) avec une treés faible
rugosité (quelques Angstrom). De plus, des méthodes pour créer des nano-
structures de géométrie controlée sur silicium, a 1’échelle micrométrique ou
nanométrique, ont été¢ développées, ou sont en cours de développement.

Avec I’attraction du patterning et de la nano-fabrication pour le développement de
surfaces  biofonctionnalisées’'***?° et I'intérét de lier la biologie a
I’electronique’?®’, les surfaces basées sur le silicium deviennent de plus en plus
utilisées dans des applications bio(techno)logiques. De plus, 'utilisation de la
silice sous forme des particules colloidales est déja établie pour la séparation et la
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268

purification des biomolécules par chromatographie en liquide™ ou en couche

mince.

Suite a I’exposition a I’air des surfaces de silicium, une couche mince d’une
épaisseur de ~1 nm est rapidement oxydée, générant ainsi une couche amorphe de
silice (Si0,). Des couches d’oxyde plus épaisses peuvent étre produites de
maniere contrdlée par différentes méthodes, telles que le traitement de plasma
d’oxygene, le traitement par lumicre ultraviolette et ozone ou le traitement
thermique. Des blocs de silice — sous forme amorphe (la silice vitreuse) et
cristalline (le quartz) — peuvent également étre polis pour obtenir des surfaces
avec une rugosité similaire a celle des wafers de silicium. Des couches minces de
silice amorphe sont aussi créées par déposition de vapeur de plasma, telle que
I’évaporation ou la pulvérisation de type réactif. La pulvérisation est la méthode
de choix pour déposer de la silice sur les capteurs QCM-D. La rugosité
intrinséque de ces couches est souvent légérement plus élevée, induite par la
rugosité du support.

La silice avec ses groupements siloxanes (Si-O-Si) possede une propriété clé, les
« valences résiduelles » qui réagissent avec 1’eau environnante pour couvrir la
surface avec des groupements silanol (SiOH). Une surface complétement
hydroxylée est fortement hydrophile et contient 4-5 groupements SiOH par nm?,
une valeur partagée par des silices amorphes et cristallines”®*"". Le groupement
silanol résiste a un séchage a I’air a 120-150°C. Pourtant, la surface peut étre dé-
hydroxylée de manicre presque totale par un traitement thermique de quelques
heures a 1100°C. Il est notable, que la ré-hydroxylation d’une telle surface
hydrophobe de siloxanes (la silice pyrogénique) dans [’eau peut étre
excessivement lente, en particulier a pH <5 (a 1’échelle de quelques années).
L’hydroxylation est cependant catalysée a température élevée et dans des
solutions légérement basiques™®*"".

La charge surfacique de la silice est négative a pH>2 et provient de la
déprotonation des groupements SiOH. La magnitude de la charge dépend de 1’état
d’hydroxylation et augmente généralement avec le pH et la force ionique*’*>”

(voir aussi Chapitre III). En parallele, la silice commence a se dissoudre a pH > 8-
9269,

Etant donné I’influence de 1’état d’hydroxylation sur la chimie, I’hydrophobicité
et la charge de la surface, on peut se demander si I’hydroxylation peut aussi
influencer 1’adsorption des molécules organiques du milieu aqueux et les
propriétés des couches organiques déposées. En effet, de telles variations ont été
observées et peuvent étre lices a la méthode de la préparation de la surface, a 1’état
d’hydroxylation et 4 la présence de contaminations®®*"!#7-78,

1.5.3. D’autres supports

Pendant que les surfaces décrites ci-dessus ont été choisies comme surfaces
modeles dans nos travaux, d’autres supports offres de possibilités aussi
importantes pour les applications biotechnologiques. L’oxyde de titane, déja
couramment utilisé comme matériel pour la fabrication des implants (articulations
artificielles, implants dentaires)’””, les polyméres (le polystyréne et le support
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traditionnel pour la culture de cellules), le verre, pour des applications en
microscopie optique, I’hydroxyapatite®™ ou Ior®™' sont quelques exemples. La
gamme des surfaces, inorganiques aussi bien qu’organiques, accroit avec le
développement de nouveaux matériaux et avec les exigences des techniques de
caractérisation de phénoménes de surface”** %,
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Il. New tools to characterize the
process of 2D supra-molecular
self-organization

Investigating supra-molecular self-organization requires the ability to focus
equally well on the growing assembly as on the molecular entities it is made of.
Tools that allow such a “split vision™ are not readily available. The coming
chapter briefly describes some of the technical challenges that we encountered in
the course of our studies. Some of them have led to rather interesting findings and
original developments, as witnessed by the included papers; others may be of help
to rationalize our experimental approach. It should not stay unmentioned that a
part of the work presented here originated from artifacts that bothered a seemingly
certain world. I hope that the results demonstrate that it was worth trying to
understand them, in many cases.

II.1. The interactions between the AFM-tip and solid-
supported soft molecules

[I.L1.1. Understanding the interaction between the AFM-tip and
surface-bound lipid assemblies

A crucial part of each scanning probe technique is the scanning probe itself. The
probes for AFM investigations in liquid are commonly made of silicon-nitride, the
surface layer of which becomes similar to silica upon exposure to air (or treatment
by UV/ozone)*™. It appears generally little acknowledged that, given its surface
chemistry, the tip is prone to become covered with lipid material, either from
lipids in solution or upon first contact with the lipid-covered support.

Paper I provides evidence that this is indeed the case and exploits this
circumstance to investigate the interaction of two lipid-covered solid objects. The
experimental results strongly suggest that both hemifusion and fusion can occur
between a planar solid-supported lipid bilayer and a bilayer-like structure on the
nanometer-sized tip (Scheme II.1). Interestingly, the interaction between SLBs
had been studied previously by SFA, though using two supports of macroscopic
curvature. While hemifusion was frequently observed™, fusion was only obtained

" This term was, to my knowledge, initially coined by Prof. Bengt Kasemo, though in a rather
different context.
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for bilayers that were lifted from the solid support by a polymer cushion®’. This
illustrates the effects that membrane curvature and the solid support can have on
the interaction of membranes. In addition to fusion events, Paper I also reports on
a constant force of ~60 pN upon retraction of the AFM-tip from the (hemi-)fused
state, that was maintained over distances of more than 100 nm. We interpreted

these observations tentatively as the formation of tube-like structures, as
288

43,289-291

investigated by others with AFM™" and other techniques

) supporit | b) | | c) | |
Sliding Hemifusion Fusion
SCHEME I1.1 The three different regimes of interaction between the lipid-coated AFM-tip and a
bilayer-coated planar support, according to Paper I. In the sliding regime, the lipid structures on

both tip and support remain intact. A dynamic connection is established across one or both lipid
monolayers in the regimes of hemifusion and fusion, respectively.

Lipid structures such as surface-bound vesicles and bilayer patches are known to
be easily modified by the AFM-tip*'>'"'>| and observed artifacts were mostly
attributed to the soft and fragile nature of lipid assemblies or to rather weak
immobilization. The results presented in Paper I suggest the specific interactions
between the lipid-covered tip and the sample as another important source of
artifacts.

FIGURE II.1 Examples of artifacts in the AFM-imaging of lipid bilayer patches. All images were
obtained after incubation of SUVs made of DOPC/DOPS (molar ratio 4:1) in 10 mM CaCl, on a
silicon wafer. (a) Tapping mode (height image). Two plane levels, separated by ~4.5 nm (c.f.
cross-section in inset) are likely to correspond to the solid support and the top of a bilayer.
Accordingly, an incomplete bilayer covers most of the surface. Close to the bilayer edges,
anomalous transients in the height are evidenced (arrowhead in inset), indicating instabilities of
the imaging at this location. Image size (z-limit): 2.5 um (20 nm). (b-c) Contact mode images on
the same sample at another location. The height between the two features differs by only a few
Angstroms (inset in b) and the contrast appears inversed. A slightly better contrast is revealed in
the friction image (c). Image size (z-limit/friction limit): 2.5 pm (2 nm/5 mV).

We have indeed observed effects such as tip-instabilities (Figure II.1a) or the
disappearance (and inversion) of contrast (Figure II.1b) that may be explained by
such interactions (Scheme II.2b). A strong (undesired) attraction of the lipid-
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covered tip may in particular be promoted on incomplete bilayers, as the barrier
for (hemi-)fusion is expected to be substantially lowered in the vicinity of freely
accessible bilayer edges. This rationalizes our initial difficulties to reproducibly
image intermediates in the process of SLB-formation.

In order to remedy this shortcoming, we attempted to coat the tip with a lipid
repelling polymer. The simple physisorption of poly(ethylene glycol) (PEG) to the
tip proved in principle successful, as demonstrated in Paper III. Very careful
operation in tapping mode at minimum forces was though required to maintain the
functionality of the tip-coating. A more resistant coating could be obtained by
grafting PEG to a backbone of poly(L-lysine) (PLL), that adsorbs to the tip by
electrostatic interactions® > (Scheme I1.2b)". The success of this method to obtain
reliable images of surface-confined lipid structures is demonstrated in Paper IV.

_scan dirgchion artifactual lipid bilayer

scan diraction

\ H;J

b) rm

SCHEME 11.2 The possible influence of lipid-mediated tip-sample interactions on the imaging of
lipid assemblies. (a) Lipid material is likely to be present on a common AFM-tip. The interactions
between the lipid-covered tip and the lipid sample can induce reassembly of the lipid material, in
particular in the vicinity of bilayer edges, thus prohibiting proper tracking (thick dotted line) of the
lipid sample. (b) By coating the tip with a lipid-repelling polymer, such as PLL-g-PEG, such
unwanted interactions can be circumvented and the lipid patch is traced correctly (thick dotted
line).

11.L1.2. AFM-imaging and lateral mobility of surface-bound
molecules - the quest for non-crystalline annexin A5

While it is well established that the immobilization of the sample is one of the
crucial aspects for successful AFM-imaging of biological specimens'?’, it is

i Covalent binding of PEG groups to a surface is another interesting approach to achieve resistance

to lipid or protein adsorption®”.
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sometimes overlooked that the 2D movement of surface-confined molecules can
be considerable.

A simple but illustrative example may be proteins, such as annexin AS, that bind
to one or a few lipid molecules in a fluid membrane. Providing that the coverage
is low, protein molecules diffuse in two dimensions with about the same speed as
the lipids, covering an area of several square micrometers within one second. In
comparison, for an image size and an imaging speed adapted to resolve a protein,
the scanning AFM-tip covers less than 0.1 um” over this time. Thus the tip is
much to slow to image a freely diffusing protein and the molecules, although
present, may not be visible.

While imaging is effectively inhibited, a random encounter of the tip with
diffusing molecules, their oligomers or small clusters may in some cases be
sufficient to track their presence, as is illustrated in Figure II.2. Whether
molecules are effectively tracked, is determined by a rather intricate interplay of
the scanning speed, the applied force, the diffusion speed of the molecules and
their 2D concentration. In particular, tracking will be improved with increasing
coverage as the diffusion speed decreases and the probability of encounter
increases. As an example, the effect of mobility on AFM-imaging was exploited
in Paper I, in order to ascertain the presence of a layer of non-crystalline (and thus
mobile) annexin A5 oligomers on silica-SLBs in contrast to the solid 2D-crystals
that are commonly formed on mica-SLBs.

SOV A AW

| 2nm

FIGURE I1.2 Following the formation of annexin A5 crystals. The image (contact mode) was
acquired a few minutes after the injection of 20 ug/mL annexin AS into the AFM-cell. Prior to
exposure to annexin A5 the mica support had been covered with an SLB formed from SUVs
containing DOPC/DOPS (1:2). Bright flat spots (white asterisk) with diameters of ~100 nm and
more and a height of ~2.2 nm (cross section) cover the lower, left and right part of the image.
These are (growing) 2D crystals of annexin A5'*%. Crystals are not clearly discernible in the
image’s middle-upper part, though smaller objects of various heights (cross section) are detected
that generate a rough overall aspect of this zone. These objects are likely to be diffusing
molecules, oligomers or clusters of annexin AS. Notably, such objects are less frequently observed
in the space between the crystalline patches. Image size (z-limit): 20 pm (8 nm). Slow scan
direction: downwards.
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11.L1.3. Surface roughness: effects on AFM-imaging and self-
assembly

Roughness limits the quality of AFM-imaging as it enhances both tip-convolution
effects'?’ and tip-sample interactions (c.f. Paper I) and, therefore, smooth surfaces
are in demand. Besides mica, silica-wafers or glass, exhibiting a roughness of a
few Angstroms', are attractive. Template stripping methods have been developed
during the last decade to generate surfaces of gold®**® or titanium®’ with a
roughness well below 1 nm. Furthermore, thin polymer-coatings (spin-coated or
plasma-treated) present an alternative, yet little explored way to generate smooth
surfaces.

By far the most commonly used surface for high-resolution imaging, however, is
mica. Due to the ease of preparing clean surfaces with atomic flatness over large
areas, it is the ideal support for applications that require a hydrophilic surface.
This and the promises of mica to study the formation of SLBs"? and the 2D
crystallization of annexin A5"212 constituted the principal driving forces for the
development of mica-coated QCM-D sensors, presented in Paper II, for combined
QCM-D — AFM studies.

FIGURE II.3 Imaging vesicles and bilayer patches on a rough silica surface as it is present on
standard QCM-D sensors. Image size (z-limit): 750 nm (40 nm). The adsorption of SUVs of
DOPC/DOPS (4:1) was followed by QCM-D and interrupted at an intermediate surface coverage
corresponding to a frequency shift of -37 Hz before transfer of the sample to the AFM. Both
vesicles (arrowheads) and bilayer patches (asterisks) can be discerned, despite the support’s
corrugations in the nanometer range (c.f. Paper I).

Although it may be undesired for many applications, roughness is a relevant
parameter that can influence the adsorption of biomolecules™®. Surface

" The given numbers are root mean square (rms) values measured over a surface area of a few

um’,
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corrugations impose local geometrical constraints on the adsorbents which may be
crucial for self-assembly processes, such as SLB-formation or 2D protein
crystallization. In addition, supports of biotechnological interest frequently exhibit
some degree of roughness’ and surface-sensitive techniques, complementary to
AFM, often impose constraints on the support’s smoothness. This motivates the
desire to push the limits of AFM-imaging on rough supports.

In this context, it is interesting to note that 2D protein crystals can, in principle, be
resolved on glass'® and even on rougher surfaces such as sputtered gold””’, the
ultimate success is though expected to be very dependent on the proteins under
study. Figure II.3 demonstrates that also vesicles and bilayer patches can be
imaged with acceptable quality on a silica-coated QCM-D sensor, which has a
roughness of 1.4 nm. Paper I further explores the impact of roughness on AFM-
imaging, SLB-formation and protein 2D crystallization.
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II.2. Combining AFM and QCM-D

[1.2.1. Promises

Considering today’s technical state of the art, AFM and QCM-D are highly
complementary in many respects, as may be appreciated from the comparison in
table I1.1.

TABLE II.1 An overview of complementary aspects of AFM and QCM-D.

QCM-D AFM
information of the adsorbent’s mass and local structural information (nm-
of its average structural state range, single molecule imaging)
average viscoelastic information local viscoelastic information
temporal resolution of better than a temporal resolution in the minute
second range
can be operated in liquid can be operated in liquid

applicable on various (smooth)

applicable on various (thin) supports supports

time consuming and prone to

easy to use X
ytou artifacts

Of particular interest for our studies is the complementarity in the spatial and
temporal resolution. The combination of both techniques provides information on
the ensemble - with high temporal resolution — together with a very local picture -
of a spatial resolution down to the level of the basic entities of interest — a duality
of focus that is advantageous for the characterization of self-assembly processes.

QCM-D provides information about all adsorbed material (including trapped
water), while AFM can sometimes be selective in its perception, as we have
demonstrated for non-crystallized annexin A5 molecules. In the light of numerous
potential imaging artifacts on soft specimens, QCM-D provides a valuable control
for the interpretation of AFM data. Furthermore, the ease of use of QCM-D and
the overall structural information that it provides, enables screening for relevant
experimental conditions which allow for optimized, yet more laborious, structural
investigations by AFM.

While the dissipation contains valuable information about the viscoelastic
properties of the adsorbed layer and indications about its structural state, an
unambiguous interpretation of this parameter in terms of the adsorbent’s
supramolecular structure is often difficult, in particular for biological systems that
can exhibit a significant degree of complexity. In this respect, the spatially
resolved information from a few AFM-images can confirm the interpretation of
QCM-D data and/or improve the interpretation of many QCM-D measurements.
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The nature of the support can considerably influence processes of adsorption and
self-assembly. Thus only the use of identical supports for both techniques
guarantees a comparability of the results. The synergy-effects, described above
and summarized in Scheme II.3, can thus only be fully exploited if identical
supports are used for both AFM and QCM-D.

fa
QCM- D | AFM
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e | x : -:::d- ; :::-
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Scheme I1.3 Some synergy effects of combining QCM-D and AFM on identical supports.

[1.2.2. Challenges

A successful combination of QCM-D and AFM should exploit the potential of
both techniques, without inducing severe constraints. As described previously, the
possibilities of AFM-imaging can be best used on smooth surfaces. In contrast,
the most common coatings on QCM-D sensors, such as evaporated gold or
sputtered silica, exhibit a roughness that would constrain, in particular, the
imaging of proteins. Fortunately, the QCM-D sensors can be coated with various
thin films while maintaining their sensitivity. A rarely used, but not
unknown®***% deposition method is to glue sheets, a few pm thin, onto the
sensor. Concerns were though raised whether the thickness and the heterogeneity
of the resulting glue-sheet compound would affect the sensitivity of the QCM-D
Sensor.

In Paper II we demonstrate that it is possible to glue mica on QCM-D sensors and
that, indeed, a sensitivity close to that of common surfaces can be obtained.
Importantly, we could show that the QCM-D response of the coated crystal,
exposed to air and immersed in aqueous solution provides good indications about
the sensor’s reliability prior to the measurement. The successful mica-coating
marks a milestone in our study, without which much of the work in Papers IV, V
and VI would not have been possible.
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While the gluing procedure is now fairly reproducible and well controlled, the
cleavage of mica remains an obstacle for the large-scale preparation of mica-
coatings of good quality. Advances in the reproducible cleavage of mica into
~5 um thin sheets of perfect flatness on both sides of the sheet would constitute
considerable potential not only for mica-QCM-D but also for other techniques
such as SFA.

It should be noted that the developed deposition method can be generalized for
other thin films, such as template stripped gold or titanium, making a wider range
of flat supports accessible for QCM-D studies. In these cases the critical step of
mica-cleavage is omitted and such a deposition is expected to be straightforward.

11.2.3.  Limits in combining AFM and QCM-D: AFM and
Kinetics

Papers I to VI illustrate that many of the above-mentioned expectations in
combining QCM-D and AFM-imaging for studying self-assembly processes have
been fulfilled. Our technical approach was, though, rather simple: measurements
by QCM-D and AFM, respectively, were performed in physically separated
instruments, and the samples were either prepared independently for both
measurements or transferred from the QCM-D to the AFM. The nature of our
studies may suggest a combination in situ of AFM and QCM-D as the next
promising step in instrumental development. While such a combination seems
technically feasible, one important constraint is imposed by AFM for combined
kinetic studies.

Various examples (Figure 11.4) provide evidence that the bulk transport conditions
can be considerably modified in the vicinity of the cantilever-mounted AFM-tip
as compared to the rest of the measurement chamber’®'. This can be readily
rationalized by the fact that the thickness of the depletion layer, i.e., the solution
layer next to an adsorbing surface that becomes depleted in sample, can easily
reach 10 pm under common experimental conditions**. In comparison, the AFM-
tip has a height of ~3 um and thus, the tip and a substantial part of the cantilever
that hold it will induce heterogeneities in the depletion layer, and in this way
affect the local adsorption rate.

This effect currently limits the use of AFM for the quantitative analysis of
adsorption kinetics. In particular, a reliable correlation of the local adsorption
kinetics under the AFM-tip with the overall kinetics measured over the QCM-D
sensing area is rendered difficult. This constraint is of general character for the
combination of AFM with other surface-sensitive techniques, as many of them
rely on the averaging of a signal over a more or less extended surface area. It
should, however, be noted that notwithstanding this constraint, the in-situ
combination of QCM-D and AFM has important prospects for other applications,
such as tribology***>** or the investigation of viscoelastic properties of thin films.
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FIGURE I1.4 Examples of the influence of the AFM-cantilever on adsorption kinetics. The
position of the tip and the cantilever relative to the imaged surface is indicated schematically with
solid lines. (a-b) The images were acquired a few minutes after the injection of 20 ug/mL annexin
A5 into the AFM-cell. Prior to exposure to annexin A5 the mica support had been covered with an
SLB formed from SUVs containing DOPC/DOPS (1:2). Bright flat spots (white asterisk in b) with
diameters of ~100 nm and more represent growing 2D crystals of annexin A5'**. Crystallization is
appreciably slowed down under the tip and the cantilever, suggesting that the cantilever limits the
access of annexin A5 to the surface. This effect persists for different scan angles (90° in A, 0° in
B). Image size (z-limit): 20 um (15 nm). Slow scan direction: downwards. (c) 100mg/L of SUVs
of DOPC were injected in the AFM-cell in 2 mM EDTA on mica, followed by successive rinses in
buffers solution containing 2 mM EDTA and 2 mM CaCl,, respectively. As a result, (incomplete)
bilayers are formed over a large area of the surface, while the brighter zone in the centre hosts
vesicles as identified by imaging at lower image size (not shown). Size and shape of the vesicle
rich zone correlate well with that of the cantilever. Again, the surface heterogeneity is likely due to
the restrained access of vesicles to the zone under the cantilever (c.f. Paper IV). Image size (z-
limit): 80 um (30 nm).
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Supported lipid bilayers (SLBs) and two-dimensional protein assemblies formed on solid supports of
various roughnesses were characterized by atomic force microscopy (AFM). The presence of SLBs was
detected reliably by force measurements and by imaging. Three types of responses could be distinguished
depending on the applied loads. These responses are interpreted as due to transient restructuration of the
lipid assembly in the region of contact between lipid-covered support and AFM tip, driven by hydrophobic/
hydrophilic interactions. Two-dimensional crystals of streptavidin could be resolved on SLBs formed on
silicon wafers, whereas annexin A5, previously shown to crystallize on mica-SLBs, formed a close-packed
noncrystalline assembly on lipid bilayers supported by silicon wafers.

Introduction

Atomic force microscopy (AFM) is recognized for its
potential in providing a diversity of information such as
topography, elastic properties, and interaction forces, in
liquids, at supramolecular and submolecular levels. An
important limitation of topography studies by AFM is its
requirement for flat surfaces. The resolution of AFM
images is indeed limited due to tip-convolution effects.?
The use of rough surfaces would increase the difficulties
in extracting the signal of the adsorbent in the recorded
topography. In addition, increased tip—sample interac-
tions would risk enhancing mechanical damage on soft
samples. This explains why AFM imaging studies are
usually performed on atomically flat surfaces, such as
mica or highly oriented pyrolytic graphite (HOPG).3 6 The
characterization of biomolecules by force spectroscopy’®
is though not limited to flat surfaces.

On the other hand, most substrates with (bio)chemical
properties of interest for fundamental research and
biotechnological applications are difficult or impossible
to render atomically flat. In particular, surface sensitive
methods such as quartz crystal microbalance with dis-
sipation monitoring (QCM-D), surface plasmon resonance,
or ellipsometry, commonly used to investigate adsorption
processes, require surfaces that are not atomically flat,

* Corresponding author. Phone: +33 557 96 34 58. Fax: +33
55796 34 84. E-mail: a.brisson@iecb-polytechnique.u-bordeaux.fr.

T Part of the Langmuir special issue entitled The Biomolecular
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for example, gold, sputtered silica, or silicon wafers
(despite some recent progress®).

Next to other physicochemical properties of surfaces
which are determinants for the adsorption of biomolecules
and the conformational state of the adsorbent, such as
their chemical nature, charge, hydrophilicity, or structure,
the role of surface roughness in adsorption phenomena is
poorly characterized. Roughness imposes local geometrical
constraints on the adsorbents which can be crucial for
self-assembly processes, particularly when the sizes of
self-assembled domains exceed the characteristic dimen-
sions of the surface features. Thus, roughness is expected
to influence the formation and organization of self-
assembled biomolecular systems such as supported lipid
bilayers (SLBs)* or two-dimensional (2D) crystals of
proteins.1!

The objective of this study was to evaluate the pos-
sibilities of the AFM technique to characterize adsorption
phenomena on solid supports of various roughnesses. We
focused on two model systems, SLBs and 2D crystals of
proteins, grown on SLBs, for their potential interest as
biocompatible surfaces. Vesicles with a lipid composition
of dioleoylphosphatidylcholine (DOPC)/dioleoylphospati-
dylserine (DOPS) (molar ratio 4:1) were chosen as they
form essentially defect-free SLBs as shown by AFM on
flat mica surfaces'? and by QCM-D on rough surfaces.?
The proteins streptavidin* and annexin A5 were also
previously shown to self-assemble into 2D crystals on mica-
SLBs.

The literature on lipid assemblies deposited on solid
supports and investigated by AFM is extensive.?16 While
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many studies performed on mica were mostly descriptive
and information on the distribution of fluid-phase and
solid-phase domains in lipid mixtures?'”18 or the transition
from vesicles to bilayer disks'? could be obtained by using
contact mode AFM at lowest force, the critical influence
of the tip—sample interactions in the case of lipid systems
has been identified with the exemplary water-skiing effect
reported by Radler et al.’® Mechanical interactions
between tip and SLBs and their influence on the imaging
of SLBs has since been addressed in several publications
measuring normal?2! and lateral (friction)?>2® forces.
Jumps on bilayers have frequently been reported and have
been interpreted as a breakthrough of the tip in the
bilayer.2%.22

In this paper, tools to characterize SLBs on rough
surfaces are presented. As for studies with flat surfaces,
an understanding of the interaction between tip and
bilayer is important for the interpretation of the data.

Materials and Methods

Materials. DOPC and DOPS were purchased from Avanti
Polar Lipids (AL). N-(6-((Biotinoyl)aminohexanoyl-dipalmi-
toylphosphatidylethanolamine, triethylammonium salt (DPPE-
Ic-biotin), was purchased from Pierce (IL). Recombinant rat
annexin A5 was overexpressed in Escherichia coli.*® Lyophilized
streptavidin and other chemicals were purchased from Sigma.
Ultrapure water with a resistivity of 18.2 MQ was used, prepared
with a Maxima system (USF ELGA, France).

Muscovite mica plates of 11 mm diameter were purchased
from Metafix (Montdidier, France). Plates of (11 x 11) mm? of
pure silicon wafer and wafers thermally coated with 500 nm of
silica were provided by the CEA (Grenoble, France). QCM-D
sensor crystals, covered with 100 nm of evaporated gold and
reactively sputter-coated with 50 nm silicon oxide, were pur-
chased from Q-Sense (Gothenburg, Sweden).

A buffer solution made of 150 mM NaCl, 2 mM NaNg3, and 10
mM HEPES, pH 7.4, was prepared in ultrapure water, and 2
mM EDTA or CaCl, was added as indicated in the text.
Streptavidin was resuspended in EDTA-containing buffer at 1
mg protein per mL.

Lipid Vesicle Preparation. Lipids were dissolved in chlo-
roform, mixed in desired amounts, dried under a stream of
nitrogen followed by drying in a vacuum desiccator overnight,
resuspended at 1—2 mg/mL final concentration, and vortexed in
EDTA-containing buffer. Lipid mixtures were homogenized by
five cycles of freeze—thawing and subsequent vortexing. Small
unilamellar vesicles (SUVs) were obtained by sonication with a
tip-sonicator (Misonix, NY) operated in a pulsed mode at 30%
duty cycle for 30 min with refrigeration, followed by centrifugation
inan Eppendorfcentrifuge (10 min at 16 000g) to remove titanium
particles. SUV suspensions were stored at 4 °C under nitrogen
and used within 4 weeks.

Support Preparation. Mica disks were glued to Teflon-coated
(Bytac, Norton) metal disks using a two-component epoxy glue.
Uniform surfaces were obtained by cleavage with Scotch tape
and immediately covered with buffer solution.

Silica and silicon substrates were cleaned by two cycles of
exposure to 2% sodium dodecyl sulfate (SDS) solution for 15 min,
rinsing with ultrapure water, blow-drying with nitrogen, and
exposure to UV/ozone for 10 min. For UV/ozone treatment, the
substrates were placed in the vicinity of a mercury grid lamp
(BHK, CA), mounted into a home-built chamber and driven by

(17) Rinia, H. A.; Kruijff, B. D. FEBS Lett. 2001, 504, 194—199.

(18) Reviakine, I.; Simon, A.; Brisson, A. Langmuir 2000, 16, 1473—
1477.

(19) Radler, J.; Radmacher, M.; Gaub, H. E. Langmuir 1994, 10,
3111-3115.

(20) Franz, V.; Loi, S.; Muller, H.; Bamberg, E.; Butt, H.-J. Colloids
Surf., B 2002, 23, 191-200.

(21) Muller, H.; Butt, H.-J.; Bamberg, E. J. Phys. Chem. B 2000, 104,
4552—4559.

(22) Schneider, J.; Dufréne, Y. F.; Barger, W. R., Jr.; Lee, G. U.
Biophys. J. 2000, 79, 1107—1118.

(23) Grant, L. M.; Tiberg, F. Biophys. J. 2002, 82, 1373—1385.

Langmuir, Vol. 19, No. 5, 2003 1633

asuitable power source (BHK). Ozone is produced from the oxygen
present in ambient air by the emitted UV light of wavelength
185 nm. By this treatment, the surface is cleaned from traces of
organic contaminants?* and rendered hydrophilic.?> Substrates
cleaned in this way were stored in air. Prior to use, they were
re-exposed to UV/ozone for 10 min, attached to Teflon-coated
metal disks using double-sided tape (Tesa, Hamburg, Germany),
and immediately covered with buffer solution.

For simplicity, UV/ozone-treated silicon wafers will hereafter
be referred to as “silicon wafers”. Note, however, that due to
exposure to oxygen in ambient air and due to the UV/ozone treat-
ment, these wafers are covered by an oxide layer that is several
nanometers thick.?* Thermally silica-coated wafers and silica-
coated QCM-D sensor crystals will be referred to as “silica-coated
wafers” and “silica-coated quartz crystals”, respectively.

Sample Preparation. If not stated otherwise, substrates were
covered by 100 uL of calcium-containing buffer to which a SUV
suspension was added at 0.1 mg/mL final concentration. After
30 min of exposure, vesicles present in solution were removed
by cycles of exchange of the lipid solution with buffer solution,
by pipetting.

Atomic Force Microscopy. AFM measurements were per-
formed in liquid using a Nanoscope IV-Multimode (Veeco,
Dourdan, France), equipped with a J-scanner (120 um). The
contact mode fluid cell was washed by sonication in subsequent
baths of ethanol and ultrapure water, followed by extensive
rinsing in ethanol and blow-drying in a stream of argon. Tubings
were sonicated in ethanol and water and rinsed with water. The
O-ring was rinsed with water. Oxide-sharpened silicon nitride
cantilevers with nominal spring constants of 0.06 and 0.32 N/m
(Digital Instruments, CA) were exposed to UV/ozone (BHK) for
10 min prior to use. The spring constants were recalibrated using
the unloaded resonant frequency.?6

The liquid-covered substrates were installed in the AFM cell
using the O-ring and rinsed with 1 mL of buffer. The AFM was
equilibrated for 1 h prior to imaging. Sample solution or buffer
was injected with a syringe when necessary.

Images acquired in constant force contact mode were recorded
at a scanning rate of 4—8 Hz and a scan angle of 90°. Images
were flattened and plane-fitted except when otherwise stated.
Roughness values given are root-mean-square (rms) values
determined from (500 x 500) nm2images, if not otherwise stated.

Contact mode force—displacement curves were acquired at
approach and retraction speeds of 350 nm/s (unless otherwise
stated) and converted to force—distance plots.2” Repulsive and
adhesive forces are denoted with positive and negative signs,
respectively. Friction data were obtained by subtracting friction
images recorded in trace and retrace, which averages out
irregularities due to surface roughness.?® Values are given in
millivolts corresponding to the response of the photodiode, which
is assumed to be proportional to the friction force.

Results

Lipid Bilayers on Solid Supports. Solid supports
and substrates covered with SLBs of DOPC/DOPS (molar
ratio 4:1) were characterized in calcium-containing buffer
by imaging in contact mode and by force—distance curves.

Imaging Solid Supports. The surface roughness of the
solid supports used in this study (mica, silicon wafer, silica-
coated wafer, and silica-coated quartz crystal) was char-
acterized by contact mode AFM. On mica, no corrugations
were discernible, the surface being flat over areas larger
than (10 x 10) um? (not shown) and exhibiting a surface
roughness of less than 0.05 nm, considered as the noise
limit of our equipment. Silicon wafers (Figure 1A) were
essentially flat on scales of 50 nm and larger but showed
surface features of subnanometer height and lateral
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Figure 1. AFM images of UV/ozone-treated solid supports (A—C) and of DOPC/DOPS SLBs deposited on respective supports
(D—F). Cross sections measured along the black lines are presented for each image. Image size, 500 nm. (A) Silicon wafer. Z-scale,
black-to-white: 2 nm. Inset: 10x magnified view of protrusions of 3—6 nm diameter and subnanometer height (Z-scale, 1 nm).
(B) Silica-coated wafer. Undulations of subnanometer height and lateral dimensions of ~50 nm are observed (cross section). Z-scale,
2 nm. Inset: 5x magnified, showing protrusions with a diameter of 5—15 nm. Note that tip-convolution effects might enhance the
lateral size of small features. (C) Silica-coated quartz crystal. Grains of 30—70 nm diameter and up to ~5 nm height are observed,
reflecting the roughness of the underlying template of evaporated gold. Z-scale, 10 nm. Inset: 5x magnified, revealing a subgrain
structure of 3—6 nm diameter (Z-scale, 2 nm). (D) Silicon wafer with an SLB. Protrusions are no longer visible. Z-scale, 2 nm. (E)
Silica-coated wafer, covered by an SLB. The surface undulations of 50 nm lateral size are still apparent, while the smaller protrusions
have disappeared. Z-scale, 2 nm. (F) Silica-coated quartz crystal, covered by an SLB. Subgrain structures are smoothened, whereas
the grains remain visible. Z-scale, 10 nm.
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dimensions of 3—6 nm (Figure 1A, inset), the surface
roughness being small (0.14 + 0.01 nm). On silica-coated
wafers (Figure 1B), both small features of 5—15 nm lateral
extension (Figure 1B, inset) and faint undulations of ~50
nm lateral scale (Figure 1B, cross section) contributed to
a slightly increased roughness of 0.19 + 0.02 nm. The
surface roughness was considerably larger for silica-coated
quartz crystals used for QCM-D (1.2 £+ 0.1 nm). Grains
with lateral dimensions of 30—70 nm and heights of 5 nm
and larger could be discerned, likely to originate from the
underlying template of evaporated gold (Figure 1C). In
addition, a substructure with a characteristic lateral
extension of 3—6 nm was resolved (Figure 1C, inset).

Imaging SLBs. We have demonstrated previously by
AFM on mica'? and by QCM-D on silica-coated quartz
crystalst® that SLBs made of DOPC/DOPS (4:1) were
continuous and essentially devoid of defects. When the
images at low scanning force, F5a" ~ 200 pN,?8 taken on
SLB-covered substrates (Figure 1D—F) are compared with
those of the bare substrates (Figure 1A—C), an important
difference is revealed. Surface features of lateral dimen-
sion comparable to the thickness of a bilayer disappear
(Figure 1D,E) or remain only faintly resolved (Figure 1F).
The smoothening effect is manifested in decreased values
for the surface roughness, being 0.06 &+ 0.01 nm, 0.14 +
0.01 nm, and 1.0 4+ 0.1 nm for the silicon wafer, the silica-
coated wafer, and the silica-coated quartz crystal, re-
spectively. However, grain structures (Figure 1F) or
surface undulations (Figure 1E) with lateral dimensions
larger than the bilayer thickness are reproduced. The
appearance of the mica surface in the presence of a bilayer
did not change (not shown).

Force Measurements on Solid Supports. Force—distance
curves recorded on clean supports (Figure 2A) are
characteristic of solid substrates under the buffer condi-
tions applied here.?® Van der Waals forces and electrostatic
forces are essentially balanced, resulting in small forces
(<50 pN) of repulsion upon tip approach and adhesion
upon tip retraction. Force curves were reproducible and
independent of lateral position, tip, and applied load (up
to 15 nN).

Force Measurements on SLBs. Force—distance curves
on SLB-coated supports differed from what was observed
on bare substrates. Typical curves are shown in Figure
2B—D for asilica-coated wafer. Three distinctive responses
were obtained, depending on the load, Fstt, applied: (i)
At low load, a first repulsive regime upon approach and
no or small rupture forces (|Foe'| < 0.6 nN) upon
retraction were measurable (Figure 2B). (ii) Above a
threshold load, F;:3" ~ 4.9 nN in Figure 2C, the repulsive
regime was followed by a jump, di%5" = 3.9 nm (Figure 2C,
arrowhead), and a second repulsive regime. Considerable
pull-off forces, Fi ~ —2.2 nN in Figure 2C, were
measured upon retraction. (iii) At loads larger than a
second threshold load, Fir3' ~ 12.2 nN in Figure 2D, a
second jump, di3" = 1.5 nm (Figure 2D, arrowhead),
occurred, followed by hard-wall contact. Upon retraction,
two pull-off events, Figs ~ 1.1 nN and Fiy ~ —1.6 nN
(Figure 2D, asterisks), could be observed.

The onset of the first repulsive regime occurs at a
separation of ~9 nm from hard-wall contact (cf. Figure
2D). This distance is close to the thickness of two lipid
bilayers, indicating that apart from the bilayer on the
solid support, a second bilayer must be present on the tip.

(28) The index “scan” refers to forces applied during scanning; in
contrast, the index “stat” is used for forces applied in static lateral
positioning of the tip with respect to the sample.
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Figure 2. Force—distance curves on a silica-coated wafer
without (A) and with (B—D) an SLB present, recorded in
calcium-containing buffer (a, approach; O, retraction). No (B),
one (C), or two (D) jump-in (arrowheads) and pull-off (asterisks)
events can be observed, depending on the applied load.
According to our interpretations, the onset of the first repulsive
regime at a distance of ~9 nm (D) is due to the presence of a
second bilayer on the tip. With increasing load, the lipid material
between tip and support is compressed and displaced in two
sequential steps, each of them corresponding to the displace-
ment of one bilayer. Upon retraction, a small constant negative
force (C, inset) was often observed at separations beyond 10
nm, extending over several tens of nanometers, indicating that
the tip can maintain some form of contact with the sample over
distances exceeding the thickness of two bilayers.

The mostdirectinterpretation of the force—distance curves
presented here is that they reflect the interaction between
solid supports coated by an SLB and that with increasing
load, the lipid material between tip and support is
compressed and displaced in two sequential steps, each
of them corresponding to the displacement of one bilayer.
A distance of ~7 nm is measured between the onset of the
firstrepulsive regime and the position after the first jump
(cf. Figure 2D) corresponding to the displacement of one
bilayer and subsequent compression of the remaining
bilayer between tip and support.

Note that upon retraction a small constant negative
force, Fiat ~ —0.06 4+ 0.05 nN, was often observed at
separations beyond 10 nm (cf. Figure 2C, inset). This force
extended sometimes over distances of several tens of
nanometers, indicating that the tip can maintain some
form of contact with the sample far beyond separations
corresponding to the thickness of two bilayers.

It was possible to switch between the three responses
described above by varying Ftat below or above the char-
acteristic threshold values, Firy and Fo. The qualita-
tively different responses persisted at varying velocities
of approach and retraction (20—1600 nm/s). Forces and
distances of jump-in and pull-off were reproducible with
some statistical spreading (in the order of 10%).

Qualitatively similar force curves were obtained on all
solid supports investigated. On mica, silicon wafers, and
silica-coated wafers, the response was laterally invariant,
but measured forces could vary considerably (in the order
of 100%) upon exchange of the tip. Since the response was
laterally invariant, we attribute these changes to the exact
nature of the lipid deposit present on the tip apex and not
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Figure 3. Effect of applied scanning force on AFM images of a lipid bilayer supported by a silica-coated wafer. The force was
increased stepwise in intervals of 0.3 nN per 12 scan lines from ~100 pN to ~11 nN (A—C) and subsequently decreased in intervals
of 0.3 nN per 8 scan lines until retraction of the tip (D—F). Flattened height images (A,D) were rotated by 90° with the slow scan
axis as indicated by the white arrows. Cross sections of the nonflattened height images (B,E) show the z-movement of the scanner.
The apparent regular steps of dcant = 1.6 Nm height are due to the change of the scanning force, as the scanner movement compensates
for the cantilever deflection. To determine effective jump heights of the tip with respect to the substrate, dcant Was subtracted from
heights apparent in (B) and (E). As the force was ramped manually, some irregularities did occur (# in E). (C) and (F) show friction
data. (A—C) At low forces, the smooth bilayer was revealed (A) with friction below the detection limit. A first jump-in (arrowhead)

of 4.0 nm at ;3" ~ 4.9 nN did not change the appearance either of the height image or of the friction. After a second jump-in (double

arrowhead) of 1.8 nm at F; 55" ~ 10.2 nN, the height image resembled that of the silica substrate and friction increased abruptly.
(D,E) The friction decreased proportionally to the applied load. After a first pull-off event (asterisk) of —1.7 nm at Fygy ~ 2.6 NN,
the height image again resembled a smooth bilayer and friction was below the detection limit. The second pull-off (double asterisk)

at Fog' ~ —2.8 nN retracted the tip from the surface.

to a (permanent) reorganization of the lipid assembly
induced by the tip. On silica-coated quartz crystals,
however, measured forces varied laterally (in the order of
100%), likely due to geometrical constraints on the
interaction between tip and substrate, imposed by the
elevated surface roughness.

Force Measurements upon Scanning. To investigate
dynamic aspects of the tip—sample interaction, images
were recorded while the load was varied upon scanning,
and responses were compared to force—distance curves
acquired under static conditions.

At scanning forces, F5@" used to record the images
described in the above section (Figure 1), the tip im-
mediately lost contact when decreasing the scanning force
to zero. Correspondingly, force curves recorded before and
after the acquisition of the images (Fs%t = Fscan) were
similar to those in Figure 2B.

To study the effect of the scanning force on the
appearance of the image, Fs@"was firstincreased in small
regular intervals from ~100 pN to ~11 nN and then
decreased until detachment of the tip from the sample,
while imaging a lipid bilayer supported on a silica-coated
wafer (Figure 3). Together with the height images (Figure
3A,D), friction data were also recorded (cross sections
shown in Figure 3C,F) to provide complementary infor-
mation about the interaction between tip and sample.

With increasing load, two steps showed up in cross
sections of untreated®® height images (Figure 3B, ar-
rowheads), indicating abrupt approaches of the tip toward

(30) The cross sections of the untreated height image show the
z-movement of the scanner, which can reveal jumps of the tip with
respect to the distance from the substrate (Figure 3B, E, see figure legend
for details); the common flattening treatment removes this information.
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the substrate. The first jump-in of d3%5" = 4.0 nm occurred
at Fia" ~ 4.9 nN without significant changes in the
appearance of the treated or nontreated height image,
resembling an SLB (Figure 3A). The friction remained
insignificant (Figure 3C). The second jump-in of di55" =
1.8 nmoccurred at Fj5" ~ 10.2 nN. The appearance of the
heightimage changed abruptly, resembling the underlying
substrate, and the friction increased significantly. Upon
further increased load, the friction increased proportion-
ally to the applied load, whereas the topography remained
unchanged.
With decreasing load, the friction decreased propor-
scan

tionally to the applied load. A first pull-off event of d;;;,

scan

= —1.7 nm occurred at Fy:, ~ 2.6 nN (Figure 3E,
asterisk), upon which the appearance of the heightimage
changed back to that of an SLB and the friction diminished
toinsignificant values. Height images and friction did not
change until the tip detached entirely from the surface
(Figure 3E, double asterisk), at a negative load of Fy:" ~
—2.8nN. Correspondingly, force curves recorded with Fstat
> Fat (Psat > 55 were similar to those in Figure 2C
(Figure 2D) showing one (two) jumps upon approach and
one (two) pull-off events upon retraction. Also, friction
forces measured after the second jump-in and before the
first jump-off were similar to forces measured on the bare
surface at comparable loads (not shown), in agreement
with observations by Grant and Tiberg.?®

When, after scanning with high loads, the tip was
reapproached at low scanning force, the original image of
a smooth bilayer was obtained without visible damage
(not shown). Responses were reproducible upon repeated
variation of the scanning force on the same area, indicating
that changes in the bilayer assembly are transient.
Threshold forces for jump-in (Frs", Fig") and pull-off
(Fe, Ferah) could deviate by 10% and 50%, respectively,
whereas the jump heights could deviate by 10—20% (n =
6) with the same tip on the same surface. Variations were
larger after tip exchange, though the qualitative response
remained the same.

Taken together, three types of responses could be
observed, depending on Fs©@" which are interpreted as
follows: (i) When scanning below a threshold force (Fsca"
< F&M the (lipid-covered) tip is close to the SLB,
following its topography, exhibiting low friction, and
immediately losing contact upon decrease of Fs¢@" to zero.
(if) When scanning above a threshold force (Fsa" > "),
topography and friction responses remain essentially
unchanged but a jump-in event indicates that lipid
material corresponding to one bilayer is displaced between
tip and substrate. A negative force is required to pull the
tip off the sample. (iii) When imaging above a second, yet
higher threshold force (F* > F%3"), the aspect of the
height image and the friction measured indicate that the
tip is close to the underlying substrate, revealing its
structural details and exhibiting enhanced friction. Ad-
ditional lipid material is displaced upon a second jump-
in.

A remarkable adhesion mechanism keeps the tip in
contact with the SLB-covered substrate in cases ii and iii.
First, the adhesion does not fatigue when pulling the tip
off the surface at Fig" < Fan < 0 < F;a" and Fog' < Fsean
< F5", respectively. Second, the adhesion is maintained
while scanning; that is, rearrangements of the lipids in
the vicinity of the tip do not perturb its adhesion.

Qualitatively similar responses were obtained for SLBs
on silicon wafers and mica. On silica-coated quartz
crystals, some of the responses could coexist depending
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Figure 4. AFM image of a 2D crystal of streptavidin grown
on an SLB of DOPC/DOPS/DPPE-Ic-biotin (7:2:1) on a silicon
wafer. The Fourier transform (not shown) shows diffraction
peaks up to 1/2.5 nm~* and confirms the c222 symmetry of the
crystalline assembly as described by Reviakine and Brisson
(ref 14). Image size (z-scale), 100 (2.5) nm.

on the scanning force and the scanned substrate geometry.
The appearance of the height image was irregular,
fluctuating between SLB and substrate during one scan
line and for subsequent scan lines (not shown).

Protein Assemblies on SLBs. The possible influence
of the support roughness on the property of 2D organiza-
tion of proteins on SLBs was investigated by using two
model systems, streptavidin and annexin A5, which have
previously been shown to form 2D crystals on mica-
supported SLBs 6141518

2D Crystalline Assembly of Streptavidin. For strepta-
vidin, a silicon wafer was first coated with an SLB made
of DOPC/DOPS/DPPE-Ic-biotin (7:2:1) in calcium-con-
taining buffer. AFM characterization by force curves and
imaging in contact mode gave responses typical of an
essentially defect-free SLB (not shown). Thisisin contrast
with results obtained on mica where numerous defects
have been observed in SLBs containing biotinylated
lipids.*

2D crystalline domains of streptavidin were observed
tocover the entire surface 1 h after addition of streptavidin
(40 ug/mL). Grain boundaries could be resolved (not
shown). The crystalline organization was readily apparent
(Figure 4) and was similar to that reported before on mica-
SLBs.* This demonstrates that protein 2D crystals can
be resolved unambiguously on bilayers formed on a support
with small corrugations.

Close-Packed Assembly of Annexin A5. In the case of
annexin A5, while 2D crystals form reproducibly on mica-
SLBs containing 15—20% DOPS,%18 no 2D crystals were
observed on silicon wafers or silica-coated wafers under
otherwise identical conditions. Instead, a close-packed
assembly of annular objects with a diameter of around 14
nmwas resolved (Figure 5), the global appearance of which
was stable for several hours. The annular objects can be
unambiguously identified as trimers of annexin A5, which
are the building blocks of annexin A5 2D crystals.®! The

(31) Oling, F.; Bergsma-Schutter, W.; Brisson, A. J. Struct. Biol. 2001,
133, 55—-63.
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Figure 5. AFM image of the annexin A5 close-packed assembly formed on an SLB of DPPC/DOPC/DOPS (3:3:1) on a silicon wafer.
The annular objects (insets) with a diameter of 14 &= 2 nm (n = 5) are trimers of annexin A5. No long-range order is revealed. Scan

size (z-scale), 500 (2) nm.

difference in diameter of the objects measured here (14
nm) and by electron microscopy (10 nm)3! is attributed to
tip convolution and drifts due to the use of an O-ring. The
trimers disappeared after rinsing with EDTA-containing
buffer, as expected (not shown).

To investigate whether this difference originated from
a lack of mobility of annexin A5 molecules on silica-SLBs,
defects were created in the 2D close-packed assembly of
annexin A5 trimers and the kinetics of healing of these
defects was followed (Figure 6). To make defects in the
protein assembly, the AFM tip was used to scan an area
of (500 x 500) nm? of the surface with an elevated force
(~5 nN). Zoom-out images recorded at minimum force
immediately afterward revealed a hole with adepth of 2.1
nm (Figure 6A). The defect was found to heal within
seconds (Figure 6B,C). A subsequent zoom-in resolved the
close-packed assembly of annular objects (not shown).
These observations confirm that (i) the distortion of the
protein—lipid assembly by the tip does not disturb the
functionality of the bilayer as a fluid matrix for bound
proteins and (ii) bound proteins can diffuse laterally in a
rapid manner. Note also that a transient thin-out of the
protein layer close to the defect area (arrowhead in Figure
6A) occurs immediately after scratching, which isafurther
indication of the high lateral mobility and thus noncrys-
tallinity of the protein layer.

Discussion

Tocharacterize SLBs formed on various solid supports,
two types of AFM measurements were combined: force—
distance curves, referred to as “static mode” as they do
not involve lateral movement of the tip with respect to the
support, and AFM images, referred to as “scanning mode”.
We show that both in static mode and in scanning mode
three regimes of interaction between tip and SLBs can be
obtained by operating below or above certain threshold
loads, F;3, Fit and Fa", Fi", respectively. These
results are interpreted according to a schematic model
presented in Figure 7.

In the first regime, the tip interacts with the bilayer
with little or no adhesion and slides over the bilayer (Figure
7A). In the second and third regimes, the tip indents the
bilayer(s) (Figure 7B,C). These regimes are thus termed
“sliding regime” (Figure 7A), “first indentation regime”
(Figure 7B), and “second indentation regime” (Figure 7C),
respectively. In the indentation regimes, forces, Fom
(F) and Foa' (Fi), respectively, of several nano-
Newtons are necessary to pull the tip off the lipid layer.
The adhesion between tip and SLB does not fatigue over
time and remains upon local distortion of the bilayer
induced by the movement of the tip through the bilayer.
At the same time, the SLB is not permanently perturbed
since the effects are reproducible. The rupture forces are
expected to originate from the cohesion of the lipid
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Figure 6. Healingofadefectcreated in aclose-packed assembly
of annexin A5 trimers on a lipid bilayer of DOPC/DOPS (4:1)
supported on a silicon wafer. Successive images were acquired
immediately (A), 20 s (B), and 40 s (C) after scratching acentral
area of (500 x 500) nm? with a force of 5 nN. The defect shows
a maximum depth of 2.1 nm (cross section in (A)) and heals
within seconds. As annexin A5 molecules in solution were rinsed
away before scratching, healing must result from the lateral
diffusion of lipid-bound annexin A5. Note a temporary thin-out
of the protein layer close to the defect (white arrowhead in (A)).
The contamination (black arrow) provides a reference for the
lateral position. The resolution was limited to 128 x 128 pixels
per image in order to decrease the image acquisition time to
about 20 s. Scan size, 3 um. Z-scale, 5 nm.

Langmuir, Vol. 19, No. 5, 2003 1639

b N 1

Figure 7. Schematic model representing the three regimes of
tip—sample interactions described in this paper. (A) In the
sliding regime, the lipid structures covering both tip and solid
support remain intact. (B) A continuous lipid film with a
hydrophobic interior is formed between the (moving) tip and
the solid support in the first indentation regime. (C) Contact
between tip and solid support is established in the second
indentation regime while a continuous lipid structure is
maintained around the interface of tip and support. The lipid
structures are thought to be dynamic, continuously reforming
upon lateral movement of the tip and stabilized by hydrophobic
interactions of the lipid film.

B ——

assembly around the tip since the interaction between tip
and solid support is too small to account for the measured
forces.

We propose that the described regimes are associated
with molecular rearrangements of the highly mobile lipids
in the vicinity of the tip driven by hydrophobic/hydrophilic
interactions. The simple model in Figure 7 explains our
results and helps to interpret previous studies.?%2332 In
the indentation regimes, a hydrophobic continuum is
formed by the tails of the lipids, which links the tip and
the substrate together (Figure 7B,C). Upon scanning, this
hydrophobic continuum can move with the tip due to rapid
rearrangements of the lipids, leaving an intact bilayer
behind. A barrier needs to be overcome to switch between
the different molecular organizations, as reflected by the
threshold forces upon approach and retraction of the tip.

In addition to the molecular rearrangements driven by
hydrophobic interactions, a component of mechanical
compression cannot be neglected in the tip—bilayer
interaction as indicated in the repulsive zones and by the
fact that the jump distances do not correspond exactly to
a bilayer thickness.

The mechanism proposed here is analogous to what
can be observed for a hydrophilic tip interacting with a
hydrophilic substrate via a water film formed by capillary
forces inambient air.233 In the present case, a hydrophobic
continuum is formed in a hydrophilic surrounding, held
together by hydrophobic interactions, whereas the water
meniscus constitutes a hydrophilic continuum in a hy-
drophobic surrounding (air).

The hypothesis that the silicon nitride tip is covered
with lipid structures is supported by the fact that it is
expected to be hydrophilic, as already reported by oth-
ers.2%2 |t is thus reasonable to expect the tip apex to
become covered with lipid structures once exposed to it.
In the present model, the lipid assembly on the AFM tip
is represented as an ideal SLB following the tip topog-
raphy, although the exact organization of the lipid layer
is not known and is likely to be more complex. As the tip
shape and the lipid deposition are ill controlled, the
conformation of the lipid assembly on the tip apex is
expected to vary from tip to tip, which readily explains
the variations observed for the jump-in and pull-off forces.

Double jumps or single jumps have been reported before
to occur over distances corresponding to one or two

(32) Dufréne, Y. F.; Boland, T.; Schneider, J. W.; Barger, W. R.; Lee,
G. U. Faraday Discuss. 1998, 111, 79—94.
(33) Cappella, B.; Dietler, G. Surf. Sci. Rep. 1999, 34, 1-104.
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bilayers, depending on the size of the AFM tip.?2%? In
addition, the hysteresis between jump-on and pull-off
events has been reported previously and has received
several interpretations.?2332 Grant and Tiberg?® speculate
about energy dissipation during the squeeze-out of the
bilayer from the contact zone, kinetically limited healing,
or material trapped irreversibly in the contact zone for
bilayers of DOPC and a silica tip. These reasons alone
would make it unlikely for the tip to stay in the first
indentation regime upon scanning at negative loads. We
propose lipid rearrangements in the vicinity of the tip due
to hydrophobic/hydrophilic interactions as an explanation
of the observed response.

On the same lines, the formation of tubelike structures
might give an explanation for forces present after retrac-
tion at distances by far exceeding the thickness of two
bilayers. It is known that lipid tubes can be drawn from
lipid vesicles,?43% and corresponding force measurements
by AFM have recently been reported.3¢

The proposed mechanism is expected to occur for fluid
SLBsthat adsorb to supportand tip. SLBs made of DOPC/
DOPS (4:1) used here are indeed liquidlike as supported
by the facts that (i) scratches in adsorbed noncrystalline
protein assemblies heal quickly and (ii) the SLBs are
defect-free and defects cannot be induced by scratching
with the tip. Also, diffusion constants of 2—2.8 x 10712 m?
s19and 0.7—1 x 10712 m2 s7137 characteristic for fluid
bilayers, have been reported for similar lipid mixtures on
mica and glass, respectively. It remains to be elucidated
whether a similar interaction between SLB and tip will
occur with gel-phase bilayers as constrained lipid diffusion
might prevent the dynamic lipid structure in the vicinity
of the tip from being maintained upon scanning. However,
the tip may create a local environment such that the global
diffusion constant of the SLB is not the determining factor.
Also the tip material used, in particular its hydrophilicity,
is expected to have an influence on the interaction between
tip and SLB.

The characterization of tip—sample interactions as
reported here, whether in static mode (with its potential
application in force mapping?®38:3°) or scanning mode, could
be particularly useful for a simple and unambiguous
detection of the presence of lipid bilayers on rough
supports, as standard imaging conditions involving low
loads might make the detection of bilayers ambiguous.
However, it was shown that the bilayer-covered silica-
coated quartz crystal creates a rather complex response
due to its large roughness, likely to impose geometrical
constraints on the lipid-mediated tip—supportinteraction.

It is not entirely clear whether the images at low loads

(34) Karlsson, M.; Sott, K.; Cans, A.-S.; Karlsson, A.; Karlsson, R.;
Orwar, O. Langmuir 2001, 17, 6754—6758.

(35) Evans, E.; Yeung, A. Chem. Phys. Lipids 1994, 73, 39—56.

(36) Maeda, N.; Senden, T. J.; Meglio, J.-M. D. Biochim. Biophys.
Acta 2002, 1564, 165—172.

(37) Cézanne, L.; Lopez, A.; Loste, F.; Parnaud, G.; Saurel, O;
Demange, P.; Tocanne, J.-F. Biochemistry 1999, 38, 2779—2786.

(38) Dufréne, Y. F.;Barger, W.R.; Green, J.-B. D.; Lee, G. U. Langmuir
1997, 13, 4779—4784.

(39) Rotsch, C.; Radmacher, M. Langmuir 1997, 13, 2325—2832.
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reflect the true topography of the bilayer, shown to
intimately track support features larger than the bilayer
thickness. It cannot be excluded that the bilayer spans
over larger valleys being suspended over a limited number
of protrusions but that even minimized forces exerted by
the tip press the bilayer into the valley. Investigations
are under way to answer this question.

Protein crystals can clearly be imaged with submo-
lecular resolution on surfaces with small roughness such
as silicon wafers and silica-coated wafers.*%4! For rougher
surfaces, for example, the silica-coated quartz crystal, this
could not be done successfully. Somewhat surprisingly,
the annexin A5 trimers did not crystallize on lipid bilayers
supported by a silicon wafer or asilica-coated wafer under
conditions where they do crystallize on a mica-SLB. This
suggests that the support properties have an influence on
the bilayer, which in turn has an influence on the protein
crystallization process. Factors changed are the roughness
of the support, even though to a small extent, and possibly
the fluidity of the bilayer. The SLB clearly remains in the
fluid phase, but it can be speculated that a minor change
in the lipid diffusion coefficient®®” might influence the 2D
rearrangement of membrane-bound annexin A5. Further
work will aim to elucidate the origin of such variations in
the 2D crystallization behavior of proteins.

Conclusions

It was shown that the AFM is a versatile tool to
investigate SLBs and protein assemblies on rough sur-
faces. Due to a combination of imaging modes and force
measurements, local properties of SLBs such as roughness
or mechanical properties can be characterized. The
understanding of the interactions between the SLB and
the lipid-covered tip, proposed to be driven by hydrophobic/
hydrophilic interactions, is crucial in order to correctly
interpret the observed responses.

Itcould be shown that the properties of the solid support,
mediated by the bilayer, can have a crucial impact on the
self-organization of proteins on SLBs. This can have
important consequences for the use of these systems as
building blocks in biofunctional surfaces.
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Quartz crystal microbalance with dissipation monitoring (QCM-D) has developed into a recognized
method to study adsorption processes in liquid, such as the formation of supported lipid bilayers and
protein adsorption. However, the large intrinsic roughness of currently used gold-coated or silica-coated
QCM-D sensors limits parallel structural characterization by atomic force microscopy (AFM). We present
a method for coating QCM-D sensors with thin mica sheets operating in liquid with high stability and
sensitivity. We define criteria to objectively assess the reliability of the QCM-D measurements and
demonstrate that the mica-coated sensors can be used to follow the formation of supported lipid membranes
and subsequent protein adsorption. This method allows combining QCM-D and AFM investigations on
identical supports, providing detailed physicochemical and structural characterization of model membranes.

Introduction

Besides the potential application of supported lipid
bilayers (SLBs) and two-dimensional (2D) ordered protein
assemblies as building blocks in biofunctional surfaces,*
the self-assembly mechanisms driving the formation of
these structures are of fundamental scientific interest.512
From previous studies on the formation of SLBs by
spreading of vesicles on hydrophilic supports®6912-23 and
on the 2D crystallization of proteins on lipid mem-
branes,37:1024-26 g qualitative picture of structural inter-
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mediates and driving forces is emerging, whereas a
guantitative characterization of the self-assembly kinetics
is still largely lacking. These studies have also shown
that combining information from various surface-sensitive
methods is required to get a detailed description and
understanding of such processes. However, a direct
correlation of results obtained from different surface-
sensitive methods is hampered by the fact that they use
various types of support materials, which play a deter-
mining role in the adsorption process investigated. In
particular, we have shown recently that the nature of the
surface can influence the pathways of SLB formation as
well as the nature—order versus disorder—of protein
assemblies.5.7:12.27

In this study, we present a method to deposit mica sheets
on QCM-D sensors for measurements in liquid. Our
objective is to perform studies of adsorption processes, by
QCM-D and AFM, allowing parallel physicochemical and
structural analysis on identical supports.

Quartz crystal microbalance with dissipation monitor-
ing (QCM-D), a technique that provides information of
bound mass, water content, and viscoelastic properties of
surface-bound material,?® has become popular to inves-
tigate the formation of SLBs'?7%6 as well as interactions
of SLBs with proteins and other biomolecules.?°35

Among materials currently used in surface-sensitive
methods, which include glass, gold, graphite, mica, silica,

(26) Oling, F.; Bergsma-Schutter, W.; Brisson, A. J. Struct. Biol. 2001,
133, 55—63.

(27) Richter, R.; Brisson, A. Langmuir 2003, 19, 1632—1640.

(28) Hook, F.; Larsson, C.; Fant, C. In Encyclopedia of Surface and
Colloid Science; Somasundaran, P., Ed.; Marcel Dekker: New York,
2002; pp 774—791.

(29) Glasmastar, K.; Hook, F.; Kasemo, B. J. Colloid Interface Sci.
2002, 246, 40—47.

(30) Kastl, K.; Ross, M.; Gerke, V.; Steinem, C. Biochemistry 2002,
41, 10087—10094.

(31) Govorukhina, N.; Bergsma-Schutter, A.; Mazéeres-Dubut, C.;
Mazeéres, S.; Drakopoulou, E.; Bystrykh, L.; Oling, F.; Mukhopadhyay,
A.; Reviakine, I.; Lai Kee Him, J.; Brisson, A. In Annexins: Biological
importance and annexin-related pathologies; Bandorowicz-Pikula, J.,
Ed.; Landes Bioscience/Eurekah.com: Georgetown, TX, 2003; pp 37—
55.

(32) Larsson, C.; Rodahl, M.; H66k, F. Anal. Chem. 2003, 75, 5080—
5087.

(33) Richter, R.; Lai Kee Him, J.; Brisson, A. Mater. Today 2003, 6,
32-37

(34).Fant, C.; Elwing, H.; Hook, F. Biomacromolecules 2002, 3, 732—
741.

(35) Hook, F.; Ray, A.; Nordén, B.; Kasemo, B. Langmuir 2001, 17,
8305—8312.
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silicon, or titanium oxide, mica is unique for its intrinsic
hydrophilicity and because it is easily cleaved into large
(cm?) atomically flat areas, making it an ideal surface for
imaging by AFM.?7:3637 Previous attempts to develop mica-
coated sensors for QCM so far focused on applications in
gaseous environment3®-4° or, when applied in liquid,
resulted in limited stability, preventing quantitative
evaluation.*

The objectives of this work are (i) to demonstrate the
feasibility of performing QCM-D experiments in liquids
on micawith high stability and sensitivity, (ii) to evaluate
how the reliability of mica-QCM-D can be ensured on the
guantitative level, (iii) to demonstrate that mica-QCM-D
allows to follow self-assembly processes such as SLB-
formation or protein 2D crystallization, and (iv) to
demonstrate the potential of a combination of AFM and
QCM-D on identical supports.

Materials and Methods

Materials. Dioleoylphosphatidylcholine (DOPC) and dio-
leoylphospatidylserine (DOPS) were purchased from Avanti
Polar-Lipids (AL). Recombinant rat annexin A5 was over-
expressed in Escherichia coli and purified as previously de-
scribed.” Other chemicals were purchased from Sigma. Ultrapure
water with a resistivity of 18.2 MQ was used (Maxima, USF
ELGA, France).

Muscovite mica disks of 12-mm diameter were purchased from
Metafix (Montdidier, France). QCM-D sensor crystals (5 MHz)
with gold electrodes, reactively sputter coated with 50 nm silicon
oxide, were purchased from Q-SENSE (Gothenburg, Sweden).
Low viscosity epoxy glue (EPOTEK 377) was purchased from
Gentec Benelux (Waterloo, Belgium).

A buffer solution made of 150 mM NaCl, 2 mM NaNs;, and 10
mM HEPES, pH 7.4, was prepared in ultrapure water, and either
2 mM EDTA or CaCl, was added as indicated in the text. Small
unilamellar vesicles (SUVs) of desired lipid mixture were
prepared by sonication as described earlier.2 Before use, vesicle
suspensions were diluted at 0.1 mg/mL. Annexin A5 was used
at a concentration of 20 ug/mL.

Preparation of Mica-Coated QCM-D Sensors. Prior to the
mica deposition, the QCM-D sensor crystals were rinsed in water
and ethanol, blow-dried with nitrogen, and exposed to UV/ozone
(BHK, CA) for 10 min.?” Mica disks were cleaved with Scotch
tape, until a thin sheet (<100 um thickness) devoid of cleavage
steps—as checked by eye—remained on the tape. The tape—mica
sheet was subsequently cut into disks of 9.5-mm diameter using
a punch and die set (Precision Brand, IL).

QCM-D sensors were coated with mica as schematically
described in Figure 1. Mica was applied in an oven at 50 °C at
low humidity (RH < 0.2). A droplet of ~0.2 uL undiluted epoxy
glue was deposited in the center of the active electrode of the
QCM-D sensor. The tape—mica sheet was placed concentrically
on top of the droplet, the mica side facing the glue. Capillary
forces ensured spreading of the glue along the interface without
entrapment of bubbles. The resin was polymerized under pressure
(using a home-built press) at 150 °C for 1 h, after which the
system was cooled overnight to room temperature and stored
until use.

Before use, excess of glue was scratched off around the mica
sheet. The tape was peeled off, uncovering a surface of freshly
cleaved mica (Figure 1B). If necessary, the mica sheet was
subsequently thinned by tape peeling until a stable oscillation

(36) Shao, Z.; Mou, J.; Czajkowsky, D. M.; Yang, J.; Yuan, J.-Y. Adv.
Phys. 1996, 45, 1—86.

(37) Muller, D. J.; Schoenenberger, C.-A.; Schabert, F.; Engel, A. J.
Struct. Biol. 1997, 119, 149—157.

(38) Berg, S.; Ruths, M.; Johannsmann, D. Phys. Rev. E 2002, 65,
026119.

(39) Berg, S.; Johannsmann, D.; Ruths, M. J. Appl. Phys. 2002, 92,
6905—6910.

(40) Berg, S.; Ruths, M.; Johannsmann, D. Rev. Sci. Instrum. 2003,
74, 3845—3852.

(41) Xu, B.; Wang, H.; Wang, Y.; Zhu, G; Li, Z.; Wang, E. Anal. Sci.
2000, 16, 1061—-1063.
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Figure 1. Schematic presentation of the preparation of a mica-
coated QCM-D sensor: (A) A droplet of glue is sandwiched
between the QCM-D sensor and a mica sheet covered with
adhesive tape. (B) Hardening of the glue under press. (C) The
tape is peeled off uncovering a surface of freshly cleaved mica,
(D) resulting inamicadisk of a few micrometer thickness glued
on the QCM-D sensor.

of the mica-coated QCM-D sensor could be obtained at several
overtonesinair (see below). A stably operating mica-coated sensor
was immediately covered with buffer.

Quartz Crystal Microbalance with Dissipation Moni-
toring (QCM-D). QCM-D measurements were performed with
the Q-SENSE D300 system equipped with an Axial Flow
Chamber (QAFC 301) (Q-SENSE AB, Gothenburg, Sweden).42
Briefly, upon interaction of (soft) matter with the surface of a
sensor crystal, changes in the resonance frequency, f, related to
attached mass (including coupled water), and in the dissipation,
D, related tofrictional (viscous) losses in the adlayer are measured
with a time resolution of better than 1 s.

Measurements in liquid environment were performed at a
working temperature of 24 °C in exchange mode.? Resonance
frequency and dissipation were measured at several harmonics
(15, 25, 35 MHz) simultaneously. For every experiment, fand D
were recorded prior to mica deposition (in air) and after mica
deposition (in air and with added liquid). If not stated otherwise,
(i) changes in dissipation and normalized frequency (Afnorm =
Af./n, with n being the overtone number) are presented and (ii)
adsorbed masses, Am, are calculated according to the Sauerbrey
equation,*® Am = —C-Afnorm, With C = 17.7 ng-cm=—2-Hz 1.

For transferring the QCM-D sensors with adsorbed material
from the QCM-D chamber to the AFM, sensors were unmounted
with the aid of a suction holder (Meni CUP, Menicon Pharma,
llikirch Graffenstaden, France), ensuring that the sample
remained permanently covered with liquid.

Atomic Force Microscopy (AFM). AFM measurements
were performed in liquid using a Nanoscope VI-Multimode
(VEECO, Dourdan, France), equipped with a J-scanner (120 um).
Before use, the contact mode fluid cell was washed by sonication
in successive baths of ethanol and ultrapure water, followed by
extensive rinsing in ethanol and blow-drying in a stream of
nitrogen. Oxide-sharpened silicon nitride cantilevers with a
nominal spring constant of 0.06 N/m (Digital Instruments, CA)

(42) Rodahl, M.; Hook, F.; Krozer, A.; Brzezinski, P.; Kasemo, B.
Rev. Sci. Instrum. 1995, 66, 3924—3930.
(43) Sauerbrey, G. Z. Phys. 1959, 155, 206—222.



QCM-D on Mica in Liquid

Langmuir, Vol. 20, No. 11, 2004 4611

Table 1. Parameters Investigated to Evaluate the Reliability of a QCM-D Measurement on Mica

air—mica transition mica—buffer transition stability mica
Af air—mica ADair—mica Afnmica—buﬁ‘er ADnmica—buffer |Af/t| |AD/'(| cleavage
(—kHz) (1079) (—Hz/v/n) (1076-y/n) (Hz/ h) (1078 /h) plane
ideal? 10 0 675 + 10° 268 + 10° <1 <0.1 no steps
acceptableP 5-50 0-50 100—125% 100—115% <5 <1 few small steps

a Assuming the glue—mica compound as a rigid mass. P Resulting in reliable measurements. ¢ Calculated from ref 46.
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Figure 2. QCM-D response for the deposition of SUVs made
of DOPC/DOPS (molar ratio 2:1) (A) and DOPC/DOPS (1:2) (B)
onto a mica-coated QCM-D sensor in the presence of 2 mM
calcium. Upper (lower) panel: changes in frequency (dissipation)
at 15 MHz (—=0-), 25 MHz (—O-), and 35 MHz (---+). Arrows
indicate rinses with buffer.

were exposed to UV/ozone (BHK, CA) for 10 min and rinsed with
buffer prior to mounting in the AFM cell.

The mica-coated QCM-D sensors, covered with the sample,
were attached to Teflon-coated (BYTAC, NORTON, OH) metal
disks using double-sided tape (TESA, Hamburg, Germany) and
installed on the AFM scanner. The AFM was equilibrated for
5—15 min prior to imaging.

Images were recorded in constant force contact mode at
scanning rates of 4—8 Hz and a scan angle of 90°. Images were
first-order plane-fitted and subsequently zero-order flattened.

Results and Discussion

Formation of Supported Lipid Bilayers (SLBs) on
Mica-Coated QCM-D Sensors. To investigate the
feasibility of quantitative QCM-D on mica-coated sensors,
we selected as model system the formation of SLBs from
SUVs made of DOPC and DOPS, a system that has been
well characterized by AFM on mica® and by QCM-D on
silica.'?

Figure 2 demonstrates that the process of SLB formation
on mica can be followed by QCM-D at several overtones
(15, 25, and 35 MHz). Frequency and dissipation reveal
a two-phase behavior, reflecting the initial adsorption of
intact vesicles followed by the formation of an SLB. The
final frequency shift, Af = —25 + 1 Hz, was similar for all
lipid mixtures investigated and matches values previously
obtained on silica for lipid mixtures containing less than
50% DOPS.*? Low final dissipation shifts (AD < 0.2:1075)
witness a good quality of the bilayer.%®

A bilayer could easily be formed with SUVs containing
an amount of DOPS as high as 67% (Figure 2B) or 80%
(data not shown). SLB formation on silica at such high
vesicle charge was not achieved, hampered by phenomena
of restructuration.*? A detailed investigation of the influ-
ence of the support on the SLB formation is beyond the
scope of this paper and will be reported elsewhere.

Stability, Sensitivity, and Reliability of QCM-D
Measurements on Mica-Coated Sensors. Previous

attempts to develop mica-coated sensors for QCM, when
applied in liquid, resulted in limited stability and did not
allow reliable quantitative investigations.*! In addition,
well-resolved responses could only be obtained at one
frequency.38-4°

The experimental data shown in Figure 2 are exemplary
for the stability, sensitivity, and reliability that can be
obtained with the applied procedure of mica deposition:
after about 5 min of equilibration, a stability of better
than 1 Hz/hour (0.3-10-%/hour) in frequency (dissipation)
is reached; noise levelsare around 0.2 Hz (0.05-107%), which
issimilar to noise levels recorded for silica-coated sensors;
final frequency and dissipation shifts are as expected for
an SLB.1%16

Inour initial attempts, however, we observed deviations
from the expected QCM-D responses, such as variations
in the frequency and dissipation shifts for the formation
of an SLB. Indications of limited stability and sensitivity
can still be seen for the 7th (3rd) overtone in Figure 2A
(2B). This demonstrates that the very high load of the
mica—glue compound (several micrometers thick) or its
heterogeneous structure may perturb the QCM-D signal.
The mica preparation procedure, in particular the steps
involving mica cleavage (cf. Figure 1), turned out to be
critical to obtain measurements of high quality and
reliability.

Criteria of Reliability of a QCM-D Measurement
on Mica. To establish an objective assessment of the
reliability of a measurement, we evaluated how several
parameters accessible by QCM-D were influenced by
subtle variations in the deposition of the glue—mica
compound (Table 1). These parameters were assessed by
measuring changes in the QCM-D response upon ap-
plication of the mica coating and upon application of the
buffer solution.

(1) Application of the Glue—Mica Compound. The
changes in frequency, Afair-mica gand dissipation, ADar—mica
associated with the application of the mica sheet were
recorded. Reliable measurements showed frequency
changes of Afair-micajn the range of 5—50 kHz, which gives
an estimate** for the maximum thickness of the mica layer
of around 3 um. AD&r-mica ranged from 5—50-1075. This
is low with respect to the elevated change in frequency,?®
indicating that the glue—mica compound behaves as a
rigid mass. Direct observation of characteristic color
changes of the mica sheets*® provided an independent
evaluation of the thickness and confirmed the value of
several micrometers obtained by QCM-D. In addition, this
optical effect also allowed detection of steps in the mica
cleavage plane as well as areas devoid of mica. Reliable
measurements showed either no step or only few small
steps. In contrast, thicker mica layers and layers showing

(44) The use of the Sauerbrey relation*? is justified given the low
dissipation changes. A frequency change of 50 kHz corresponds to an
adsorbed mass of 885 ug cm~2. Assuming the density of mica of 2.8 g
cm~3, this gives a thickness of around 3 um. The glue layer contributed
to less than 5 kHz to the frequency response, as measured after removing
all mica from the QCM-D sensor. This corresponds to a thickness of less
than 1 um assuming a density of the glue of 1 g cm~3.

(45) Israelachvili, J. N. J. Coll. Int. Sc. 1973, 44, 259—-272.
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large steps in the mica surface usually produced mea-
surements of limited quality.

(2) Application of the Buffer Solution. The changes in
frequency, Af mica-buffer ‘and dissipation, ADmica-buffer ra.
sulting from the application of the buffer solution on the
mica-coated sensors were analyzed. Reliable measure-
ments showed variations in Af,mica-buffer//n from —670 to

—830 Hz and in AD,mica-buffer /n from 270 to 310-10-.
These values are close to theoretical values*” of Af,mica-buffer/
Vn = —675 + 10 Hz and AD,me-buffer.\/n = 268 +
10 1078, expected for the viscous response induced when
arigid support is exposed to buffer.#648 The error margins
are though rather high, with negative (positive) deviations
of up to 25% (15%) for f (D). The origin of these deviations
is at present not clear. With the data currently available,
no direct correlation between Afair—mica  Apair-mica
Af mica—buffer - qnq ADmica-buffer coyld be established. This
indicates that the variations are not due to a systematic
influence of the thickness of the mica—glue compound on
the responses in Af mica-buffer gnd Apmica-buffer |nstead, we
speculate that minor stresses in the glue—mica compound
may be released upon application of the solution thus
changing the “baseline”.

The long-term stability of the signal was in best cases
within instrumental error (<1 Hz/hour), indicating that
the glue—mica compound was stable against water uptake
or dissolution. Drifts observed in particular cases are thus
likely to be attributed to stress-release or the formation
of cleavage planes in the glue—mica compound.

Taken together, 9 out of 25 measurements showed to
be reliable, that is, (i) the mica sheet completely covered
the central part of the sensor (6-mm diameter), (ii) at least
two overtones showed sufficient stability (|Af/t] <5 Hz/h,
|AD/t| < 1-107%h), and (iii) they exhibited the expected
final shiftsin frequency (Af=—25 £+ 1 Hz) and dissipation
(AD < 0.3-107%) for the formation of an SLB. All nine
reliable measurements showed the acceptable character-
istics given in Table 1 for at least two overtones and only
one false positive was observed, demonstrating the validity
of the criteria. Out of the last 10 measurements, 8 were
reliable demonstrating the success of the mica deposition
method. We emphasize that the possibility to record
frequency and dissipation at several overtones is of high
value to assess the reliability of the measurements.

The changes in f and D observed upon application of
the mica and the buffer solution suggest that a properly
prepared mica—glue compound, despite its thickness of
several micrometers, does not perturb the QCM-D re-
sponse to interfacial processes, that is, it behaves like a
rigid mass. In consequence, this indicates that measured
changes in f and D on mica supports can be interpreted
in the same way as on silica or other commonly used
surfaces.

Combining QCM-D and AFM on the Same Sample.
To demonstrate the potential of combined measurements
by QCM-D and AFM on mica, we studied the adsorption
of the protein annexin A5 to SLBs made of DOPC/DOPS.
Annexin has the potential to crystallize in two dimensions
and the conditions for crystallization have been charac-
terized before.?”

(46) Rodahl, M.; Kasemo, B. Sens. Actuators, A 1996, 54, 448—456.
(47) The changes in frequency and dissipation are given by Af =

—ca/nfyppy, and AD = 2¢ /fpomy/n (¢ = 0.64:1077 m2 s kgL is a
material constant, n the overtone number, fo =5 MHz the fundamental
frequency).*® The given values were obtained by assuming a density
and a viscosity of the liquid of oy =1.0gcm=—3and 5, =8.9:10 3N sm~2,
respectively.

(48) Kanazawa, K. K.; Gordon, J.G., I11. Anal. Chem. 1985, 57,1770—
1771.
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Figure 3. QCM-D response for the adsorption of annexin A5
on SLBs of different lipid composition: (A) DOPC/DOPS (1:1)
in 200 4M calcium. (B) DOPC/DOPS (1:4) in 2 mM calcium.
Changes in frequency (—O—) and dissipation (---) are shown at
25 MHz. Arrows indicate rinses with buffer.
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Figure 4. AFM image on a central area of the mica-coated
QCM-D sensor after adsorption of annexin A5 (same experiment
as in Figure 3B). Image size (z-limit): 250 nm (1 nm). A layer
of p3-crystals covers entirely the surface. Grain boundaries
(arrowhead) and the lattice (white lines) can be discerned.

The adsorption curves for annexin A5 on SLBs contain-
ing different amounts of DOPS (50% and 80%) (Figure 3)
show monotonic Kinetics (in frequency). The proteins
remain stably bound after removing excess proteins from
solution. The dissipation remains almost unchanged
(AD < 0.1-107%) throughout the entire adsorption process,
suggesting a tight association of the protein with the SLB.

Observation of the protein films by AFM immediately
after adsorption in the QCM-D chamber—Figure 4 shows
a representative image of the central area on the QCM-D
sensor—allows a direct correlation with the QCM-D
response. DOPC/DOPS—SLBs were completely covered
by 2D crystalline assemblies. The assemblies could be
identified as the p3 (Figure 4) or the p6 (not shown) crystal
forms of annexin A5.78 The AFM-images demonstrate thus
that the final frequency shifts measured by QCM-D can
be attributed to a complete layer of crystallized proteins.

Since the packing of the proteins in the crystals*®* and
the protein molecular weight are known, the system allows

(49) Oling, F.; Sopkova-De Oliveira Santos, J.; Govorukhina, N.;
Mazéres-Dubut, C.; Bergsma-Schutter, W.; Oostergetel, G.; Keegstra,
W.; Lambert, O.; Lewit-Bentley, A.; Brisson, A. J. Mol. Biol. 2000, 304,
561-573.

(50) Oling, F.; Bergsma-Schutter, W.; Brisson, A. J. Struct. Biol. 2001,
133, 55—63.
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Table 2. Dry and Wet Mass of 2D Crystalline Layers of
Annexin A5

plane group symmetry p6 p3

AfP -178+1 -19.0+1 Hz

ADP 0.1+0.1 0.1+£0.1 10-6
Mqcm-p? 315+ 18 336 + 18 ng-cm—2
unit cell dimensions

A=b 17.7¢ 9.4 4+ 0.04d nm

y 120°¢ 120d deg
proteins per unit cell o 3d

My 35.6 kDa
Mprotein 196 + 3 232+ 4 ng-cm—2
MH,0 119+ 21 104 £ 22 ng-cm-—2
Mu,0/MacM-b 38+5 31+5 %

de 25+0.3 2.8+ 0.3 nm

a Calculated from ref 43. P Averaged over 2—3 measurements.
¢ From ref 50. @ From ref 49. ¢ The density of proteins and buffer
solution were 1.35 g cm~3 and 1.00 g cm~3, respectively.

a direct determination of the water content and its
contribution to the QCM-D signal (Table 2). Acomparison
of the dry mass per area, Mpyoein, With the wet masses
obtained by QCM-D, mgcm-b, gives a solvent content (an
effective thickness) of 38 + 5% and 31 + 5% (d = 2.5 +
0.3 nm and d = 2.8 + 0.3 nm) for the p6 and p3 lattices
of annexin A5, respectively.

Remarkably, the solvent content is at the lower limit
of previously reported estimates for globular proteins. For
comparison, albumin and ferritin both adsorbing at
submonolayer coverage on a solid support showed ~43%5!
and ~56%°? of solvent content, respectively. For strepta-
vidin, coupled to an SLB containing lipids with a CAP-
biotin linker, a solvent content of ~55%%2 was reported.
We thus tentatively attribute the low solvent content
observed for the annexin A5 layers to its dense 2D
crystalline packings together with the tight association of
annexin A5 to the membrane. The mass fraction of the
solvent of a 3D crystal® of annexin A5 (~43%>%*) is larger
than the solvent content for the equivalent p3-crystal
obtained by QCM-D (31 4+ 5%). However, as the proteins

(51) Hook, F.; Vorss, J.; Rodahl, M.; Kurrat, R.; Boni, P.; Ramsden,
J. J.; Textor, M.; Spencer, N. D.; Tengvall, P.; Gold, J.; Kasemo, B.
Colloids Surf., B: Biointerfaces 2002, 24, 155—170.

(52) Caruso, F.; Furlong, D. N.; Kingshott, P. J. Colloid Interface Sci.
1997, 186, 129—140.

(53) Swairjo, M. A,; Concha, N. O.; Kaetzel, M. A.; Dedman, J. R;;
Seaton, B. A. Nat. Struct. Biol. 1995, 2, 968—974.

(54) The reported Matthew coefficient, My = 2.5 A3-Da! (PDB
number 1A8A), gives a volume fraction of the solvent of 51%. Assuming
asolvent density of 1.0 g-cm~3 and a protein density of 1.35 g-cm~3, this
corresponds to a mass fraction of 43%.
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in the 3D crystal form parallel sheets that are separated
by a solvent layer of approximately 0.8 nm (as estimated
from the 3D structure), the effective solvent content of
the protein sheets is ~31%, in agreement with the QCM-D
results.

Conclusion and Perspectives

We show here that thin mica sheets can be deposited
(glued) on QCM-D sensors, allowing measurements with
high stability and sensitivity giving reliable quantitative
information. On the basis of frequency and dissipation
measurements at multiple overtones, criteria are identi-
fied which allow to characterize the quality of the mica—
glue compound and to predict the reliability of a particular
measurement.

With this development, the analysis of adsorption
processes via the combined use of QCM-D and AFM, on
identical surfaces, becomes feasible. Enabling more quan-
titative approaches in the study of processes of adsorption
and self-assembly, such as SLB-formation and protein
2D crystallization, this is expected to give valuable new
insight in their kinetics and their driving forces. An
example is presented here with the monitoring of the 2D
crystallization of proteins.

Improvement in the deposition of mica (in particular a
better control of the mica cleavage) is expected to further
increase the throughput and the reliability of QCM-D
experiments on mica surfaces. Similar approaches may
be pursued for other materials that can be applied (glued)
as thin layers.5556
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IIl. The formation of solid-supported
lipid bilayers

The formation of supported lipid bilayers (SLBs) by spreading of (small) vesicles
from solution has been pioneered about 20 years ago by the group of
McConnell®'. Recent years have seen considerable advances in the understanding
of this self-organization process which will be outlined here.

[11.1. The mechanism of SLB-formation

In order to satisfactorily describe the mechanism of SLB-formation, two critical
steps in the formation of supported lipid bilayers need to be understood: (i) the
adhesion and rupture of vesicles on the support and (ii) the evolution of the
supported bilayer patches thus formed into a complete SLB. Some theoretical and
experimental contributions reported to date, including our work, will be briefly
discussed here. Scheme III.1 provides an overview of mechanisms of vesicle
rupture that have been reported or suggested in literature.

‘B OO = OO6

ll ﬂ
] | l
_m:_r:j_

Scheme III.1 Mechanisms of vesicle rupture: (a) an isolated adsorbed vesicle ruptures
spontaneously, driven by its support-induced deformation; (b) neighboring adsorbed vesicles fuse
and eventually rupture; (c) the active edge of a supported bilayer patch induces the rupture of a
neighboring vesicle; (d) the cooperative action of several neighboring vesicles leads to the rupture
of a first vesicle (at the critical vesicular coverage). The active edge thereby exposed catalyzes the
rupture of adjacent vesicles.

[11.1.1. Adhesion and rupture of isolated vesicles

During the 90s Seifert and Lipowsky***">~%* developed a theory that considers
the lipid bilayer as a thin (with respect to the bending radii) and flexible two-
dimensional continuum embedded in three-dimensional space. Besides
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considerable success in describing various shape changes of giant vesicles in
solution, the theory also treated the adhesion and shape changes of isolated
vesicles that encounter a surface®®. Briefly, adhesion and deformation of the
vesicle are determined by the balance between the gain in adhesion energy (as
given by the adhesion area) and the cost in curvature energy (as given by the
bilayer’s bending rigidity). According to this model the adsorption behavior of
vesicles should vary as a function of their size. In particular, adsorbed vesicles
above a certain threshold size were predicted to rupture spontaneously
(Scheme IllI.1a). In addition, neighboring vesicles that are too small to rupture
individually may fuse into a larger vesicle which eventually ruptures
(Scheme III.1Db).

An AFM-study by Reviakine and Brisson'”, performed with egg-PC-vesicles on
mica, indeed reported a clear size-dependence of the rupture propensity in
calcium-free solution. The study also found indications for fusion events and thus
provided support to the applicability of the model for small vesicles. It presents
one of the rare examples of a quantitative treatment of the surface-induced rupture
of small vesicles reported to date.

The predictions by Seifert and Lipowsky are, however, based solely on the
comparison of the energies associated with the initial and final shapes. As
considerable barriers may be associated to events like rupture and fusion, it is not
straightforward to postulate that the shape-transitions towards the
thermodynamically favorable shape will indeed take place within experimental
time scales. It should furthermore be kept in mind that for small vesicles the
bilayer thickness becomes comparable to its bending radius, limiting the
applicability of the outlined continuum approach.

Indeed, the theory still lacks satisfactory application on other supports than mica.
From the experimental data reported so far on titanium oxide®'®, platinum®'® and
silica'® (see also Paper III) no clear evidence for fusion or for a size dependence
of the deformation of vesicles' and their propensity to rupture could be found.
While the experimental data available appear insufficient for a rigorous
comparison with theory", the results provide a first illustration of the important
role of the solid support in the stability of adsorbed vesicles.

It should also be mentioned that a model has more recently been proposed by
Zhdanov and Kasemo that treats the dynamics of vesicle rupture in terms of
stress-induced fracture®®®. While its direct applicability to experimental data is
limited, the model provides a rationale to include the influence of neighboring
vesicles in the phenomenon of vesicle rupture. On the experimental side, evidence
was found that the vesicle rupture is a thermally activated process®' "%,

! Reimhult et al.*'® actually found that the inner height (i.e., the total height decreased by the
thickness of the incorporated lipid bilayers) of titanium-bound vesicles was proportional to the
inner diameter of the corresponding free vesicle, suggesting that the surface-induced flattening is
not dependent on vesicle size.

216,217,220 -

" Paper III, the supplementary information of Paper IV and references indicate promising

model systems and experimental approaches to further investigate this question.
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[11.1.2. The critical vesicular coverage

An intriguing effect of the cooperative action of surface bound vesicles, which
proved relevant for the conditions commonly employed to form SLBs, was
reported by Keller and coworkers. Using a combination of QCM-D and SPR*"
together with computer simulations®®’, the group could show (i) that isolated
vesicles of egg-PC remain intact when bound to a silica support and (ii) that a
certain surface density of vesicles was required in order to initiate the
decomposition of surface-bound vesicles into bilayer patches. We will
henceforward denote this density (and the effect) as the critical vesicular
coverage. As QCM-D and SPR give average information about the adsorbed
material, a small fraction of prematurely ruptured vesicles may potentially go
undetected”'®. Our AFM-images in Paper III, however, provide direct evidence
that silica wafers can indeed be covered with vesicles that remain stable for more
than several hours, being devoid of bilayer patches over areas of several square
micrometers.

If surface-bound vesicles do not move laterally - as seems the case on silica under
some relevant conditions (discussed below and Paper III) - the interaction of the
vesicles over long distances (i.e., more than several vesicle diameters) is
considered unlikely. Consequently, the critical coverage is thought to originate
from a local effect that involves a limited number of neighboring vesicles. Due to
the statistic distribution of vesicles over the surface, this local effect, however,
translates into an apparent critical coverage of the ensemble. The effect may be
less localized under conditions that allow for the lateral rearrangement of surface-
bound lipid material.

What is the nature of the effect that makes coverage a trigger for vesicle rupture?
In the framework of the above-described interactions, we propose that the
support-induced stress (or deformation) of an adsorbed vesicle is further enhanced
by the adsorption of vesicles in its vicinity. When a certain local confinement of
neighboring vesicles - corresponding to the critical coverage - is reached, the
stress on the vesicle becomes sufficient to induce its rupture (Scheme II1.1d). A
similar mechanism was proposed earlier by Zhdanov and Kasemo®”. They
concluded that, for laterally mobile vesicles, an elevated coverage would be
needed for such a mechanism to take effect (Scheme II1.2b). Note that a high
vesicular coverage may actually not be required, provided that the shape
relaxation of two or more neighboring vesicles is constrained by their lateral
immobilization (Scheme III.2a). Once one vesicle has ruptured, the rupture of
neighboring vesicles is catalyzed by the active edge of the formed bilayer patch
(see below). Our experimental findings related to the phenomenon of critical
vesicular coverage are presented and further discussed in Papers I1I and IV.
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SCHEME I11.2 Possible scenarios of the mutual interaction of neighboring vesicles. The surface-
induced flattening of a newly adsorbing vesicle induces the deformation of a neighboring one. If
sliding and rolling are inhibited (a), the deformation represents a persisting stress for the vesicles,
and facilitates their rupture. Sliding or rolling along the surface can release the stress (b). Thus, if
sliding or rolling is enabled, neighboring vesicles can only induce added stress (and thereby
rupture) when a high overall packing of vesicles on the surface is attained.

[11.1.3. Growth and coalescence of supported bilayers

Once a vesicle has ruptured, the resulting bilayer patch exposes an edge
These edges are energetically unfavorable and, at least from a thermodynamic
perspective, expected to promote the interaction with adjacent lipid material, such
as the rupture of surface-bound vesicles (Scheme III.1c¢) or vesicles from solution.
Provided the density of neighboring vesicles is sufficiently high, such a process
can propagate in a cascade of rupture events across several neighboring vesicles
leading to the formation of extended bilayer patches®’ (Paper III). On the same
lines, adjacent bilayer patches are usually expected to coalesce in order to
minimize the edge length'™* (Papers III and IV). Taken together, these effects
increase the size of individual bilayer patches and the overall bilayer-coverage of
the surface and will - in the ideal case - lead to a complete defect-free SLB.

308,309

The efficiency of the edge-induced processes relies strongly on the spatial
arrangement of the bilayer patches and the vesicles. Paper IV illustrates that
dynamic changes of the patch shape, enabled by the lateral mobility of lipid
material on mica, can considerably influence the bilayer growth. As a detailed
understanding of the (molecular) dynamics of edge-promoted processes is yet
lacking, it appears difficult to set a limit on the maximum distance at which such
effects can take place. In Paper IIl we show, however, that a vesicle can be
situated as close as a few nanometers to the edge without getting ruptured,
suggesting that the edge almost needs to contact a vesicle to induce its rupture.

In some cases the spatial arrangement of surface bound vesicles and bilayer
patches may actually inhibit further propagation of the vesicle growth. For
example, a vesicle that is located sufficiently distant from an edge to remain
undisturbed may still prevent the encounter of other vesicles from solution with
the edge (Scheme II1.3). Such a vesicle, trapped in a bilayer hole, will thus stop
the further propagation of bilayer growth. From simple geometrical considerations
such an effect would be expected to be more pronounced for larger vesicles.
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Indeed, a considerable amount (~1% of surface coverage) of residual vesicles has
been reported in the case of larger egg-PC-vesicles on silica®'®, while close to
ideal bilayers can be formed with SUVs (paper III).

Scheme I11.3 A “trapped” vesicle. The surface-bound vesicle is located sufficiently far away to
remain unaffected by the bilayer edges though close enough to prevent the edge-induced rupture of
other vesicles from solution. We propose such an arrangement to inhibit the further propagation of
bilayer growth, leaving trapped vesicles as defects.

l11.1.4. Lateral mobility of vesicles and bilayer patches

The lateral mobility and shape changes of surface-bound bilayers and vesicles
(not to be confounded with the lateral diffusion of the lipid molecules) is of
potential importance for several steps involved in the formation of SLBs. Effects
can be expected for the phenomenon of critical vesicular coverage or for the
fusion of surface-bound vesicles, as partly discussed above. Paper IV reports on
the enhanced coalescence of bilayer patches induced by dynamic shape changes of
the supported bilayer.

Using reflection interference contrast microscopy (RICM), Ridler et al.’>*!%3!!
observed that lipid bilayers, continuously formed from a deposited blob of
concentrated DOPC in water, easily slide over surfaces of both mica and silica,
while other hydrophilic surfaces (MgF,) completely inhibited sliding. The kinetics
of the sliding motion on mica could be described quantitatively by the shear flow
of the thin water film that is sandwiched between the solid support and the
bilayer™>**® and a spreading coefficient of ~40 pm?/s was obtained®'".

The work by Rédler and coworkers demonstrates that the 2D mobility of surface-
confined lipid assemblies can be high®'%. In strong contrast, we observed small
vesicles and bilayer patches - formed from a mixture of DOPC and DOPS (molar
ratio 4:1) in calcium-containing solution - to be entirely immobile on silica. Some
mobility was retained on mica under otherwise identical conditions (c.f. Paper V)
or with egg-PC in magnesium-containing solution'*’. The kinetics of bilayer
shape changes was, however, much slower than postulated from the action of a
lubricating water film'*’. These discrepancies may in part be explained by the
differences in the composition of the employed aqueous solutions, in particular,
the pH (pure water usually has a pH around 6 while we used pH 7.4) and the
presence of divalent ions. Indeed, Cremer and Boxer’" reported a strong pH-
dependence of bilayer spreading and found that spreading of PS-containing
bilayers was facilitated (in the absence of divalent ions) as compared to PC-
bilayers. The seemingly surprising range of variations in mobility illustrates the
current lack in understanding of the coupling between the bilayer and the solid
support.
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The investigations by Rédler et al. gave rise to the idea that sliding-promoting (or
“self-healing”) surfaces should be ideal for the formation of defect—free
SLBs>**'"°. In conjunction, it was found that surface-bound bilayer patches could
increase in area by up to 6%’ providing at least some material to cover
defects’'*. Our results, however, indicate that close to perfect bilayers can also be
obtained when bilayer patches and vesicles are virtually pinned to the surface
(Paper I1I).
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I1l.2. Pathways of vesicle deposition and SLB-
formation

From the point of view of vesicle stability four main pathways of vesicle
deposition can be identified (Scheme III.4). Adsorbed vesicles either (i) remain
intact, giving rise to a supported vesicular layer (SVL) or rupture, (ii)
spontaneously or (iii) after interaction with neighboring vesicles, in order to
initiate the formation of an SLB. In a fourth scenario vesicles do not adsorb at all.
Which pathway of vesicle deposition will be taken, is essentially determined by
the interplay of bilayer-support, inter-bilayer and intra-bilayer interactions. In
principle, the relative contribution of these interactions will be susceptible to the
nature of the support (its surface charge, chemical composition, and roughness),
the lipid vesicles (their composition, charge, size, and physical state), as well as
the aqueous environment (the pH and ionic strength). In the following section the
relative role of some of these parameters will be discussed.
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Scheme I11.4 Pathways of vesicle deposition: (a) vesicles adsorb intact (SVL-formation); (b)
adsorbed vesicles rupture spontaneously initiating SLB-formation; (c) vesicles rupture upon
interaction with neighboring vesicles and trigger SLB-formation; (d) vesicles do not adsorb.

L | | |

[11.2.1. Electrostatic interactions

Several studies have pointed to the influence of the charge of support and lipids as
well as the ionic strength of the solution on the adsorption of vesicles’'~'%213-1°,

In particular, it was shown that the pH and the ionic strength of the solution®" as
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well as the vesicle charge’ can be used to switch from the regime of SVL-

formation to SLB-formation on glass. In systematic studies on silica and mica,
reported in Papers III and IV, respectively, we provide evidence that all four
pathways of vesicle deposition outlined in scheme III.4 can actually be generated
by varying one experimental parameter only: the vesicle charge. These studies, yet
mainly based on qualitative considerations, suggest that provided charges are
present, the SLB-formation process will be strongly influenced by electrostatic
interactions. Consequently, adjustments in the pH or the ionic strength are
expected to constitute relatively simple means to optimize the formation of SLBs
for a given surface and a given lipid composition.

It should be noted that the electrostatic interaction, usually considered long-range,
becomes confined to only a few nanometers for the electrolyte concentrations
(150 mM NaCl) used in our studies™. Therefore, even the initial interactions
between the support and the lipid vesicles or between two vesicles are likely to be
influenced not only by mean electrostatic interactions and van der Waals forces
(as described by the DLVO-theory’) but also by other short-range forces (such as
steric interactions) and the discreteness of surface groups. This renders the
microscopic picture of interactions involved in the adsorption process as well as a
quantitative treatment of our data rather complex".

[11.2.2. The solid support

Probably being the most complex and most enigmatic parameter, the role of the
solid support in the process of SLB-formation can not be underestimated.

Work on different supports has pointed out that hydrophilicity is a necessary but
not a sufficient condition to promote the rupture of vesicles and subsequent SLB-
formation. A number of reports has actually revealed difficulties to form SLBs on
surfaces such as gold®, TiO, or SrTiO,"**'® or platinum®'®, leaving silicon-based
materials, such as glass, SisNy or silica and mica as the most common surfaces
used for the preparation of SLBs.

While surface roughness in general was shown to have considerable effects on the
spreading of bilayers over solid supports’'**"*, SLB-formation appears to be only
little affected by roughness in the nanometer range, such as it is exhibited by the
silica-coated QCM-D crystal (see Figure I1.3, papers I and III)". Also, no clear
evidence has yet been found for a critical role of surface defects (“hot spots”)’'” in
the SLB-formation process. Although relatively little acknowledged in literature,

il The Debye length, characteristic for the range of electrostatic interactions, is 0.8 nm for 150 mM
NaCl’.

¥ Complementary measurements at lower ionic strength (and varied pH) may provide an attractive
mean to investigate the role of electrostatic interactions quantitatively, as the electrostatic
interactions become longer-ranged.

" It is remarkable that SLBs can even be formed on silica films exhibiting extreme roughness and
porosity at the nanoscale, such as aerogels or xerogels, as recently shown®'’. Under such extreme
conditions, however, the kinetics of SLB-formation and the quality of the final bilayer seem
substantially affected.
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the surface preparation may considerably influence the kinetics of lipid deposition
and the nature of the lipid assembly that is ultimately formed (paper III). The
hydroxylation state of silica surfaces, for example, can vary considerably, as a
function of the manufacturing procedure, exposure to high temperature or to basic
solutions®”. As the hydroxylation influences the charge’'® and other physico-
chemical properties of silica surfaces, it may affect the lipid deposition process.

The solid support has the appeal that it constitutes one of very few experimentally
accessible parameters that affects only one variable in the interplay of bilayer-
support, inter-bilayer and intra-bilayer interactions. Comparative approaches
employing different surfaces under identical conditions can therefore be used to
pin down the genuine influence of the solid support, both qualitatively and
quantitatively, in the SLB-formation process®’**'®*!"* In a pioneering study
using QCM-D to monitor vesicle deposition, Keller et al.”” demonstrated that
SUVs of egg-PC remain intact on gold while they form SLBs on silica. Later, the
same technique was used to correlate the tendency of rupture with the flattening
of vesicles on various supports'®2'®.

A systematic and comparative study of the SLB-formation on silica and mica,
reported in Papers III and IV, enabled us to directly compare the influence of
electrostatic interactions as well as the role of calcium in the bilayer-support
interactions. The study illustrated that the role of the support can be rather
complex, pointing out that appropriate future investigations will demand a better
general understanding of processes at the solid-liquid interface down to the level
of molecular interactions. In this context I will briefly compare the physico-
chemical properties of mica and silica when immersed in aqueous solution. In
particular, the charge of the employed surfaces is reviewed in more detail, giving
credit to the recognized importance of electrostatic interactions.

[11.2.3. Mica and silica in aqueous solution — a comparison

The combination of electrostatic interaction and van der Waals forces, as
described by the DLVO-theory’, is commonly considered to give a satisfactory
description of the interactions between hydrophilic surfaces, such as mica and
silica, at distances of more than a few nanometers’. A wealth of studies has
though provided strong indications for substantial differences in how water and
electrolytes interact with surfaces of mica®*****>'? and silica®”******'. While the
nature of these interactions is still object of intense discussion (see references
274321 and *** for some different views) this has implications for the surface
charge (and thus the magnitude of electrostatic interactions) as well as for short-
range i7nteracti0ns (such as steric interactions) that are not covered by the DLVO-
theory".

111.2.3.1. DLVO-forces

The high negative lattice charge (2.1 per nm?®) of mica is balanced by the
interlayer potassium. Upon immersion in aqueous solution, the potassium ions
dissociate and the surface charge becomes determined by the binding of other
cations (H' or metal ions) from solution. Using SFA, Pashley and
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Israelachvili*******"® investigated the surface charge density, oo, and the surface

potential, o, of mica as a function of the type of electrolyte. Ion adsorption could
be described by a mass action model in which (hydrated) cations adsorb
competitively to mica. These studies, experimentally limited to electrolyte
concentrations of 10 mM and lower, revealed a detailed picture of the influence of
the ionic strength, the valence of the cations and the pH on the surface charge.
Values of 6, between -0.015 and -0.25 charges per nm” and of y, between 30 and
150 mV were obtained. Further electrophoretic measurements provided C-
potentials in a similar range'*”* (see the Appendix for a more detailed
overview).

On silica, the surface charge originates from the deprotonation of the silanol
groups. The point of zero charge of silica is around pH 2 **°. The magnitude of the
negative surface charge increases with increasing pH and with increasing
concentration of (monovalent) electrolytes (see references >"> and the Appendix
for a more detailed overview; surprisingly no (recent) data on the influence of
multivalent ions on the silica charge was found). For illustration, close to
physiological conditions (pH 7, 100 mM monovalent salt) a surface charge
density of around -0.2 per nm” has been reported®’**”*, corresponding to 5 % of
ionized silanol groups. Note that even at high pH and ionic strength ionization is
far from complete. Moreover, hydroxyl groups in partly dehydroxylated surfaces
were found to be more acidic, giving rise to comparable or even higher surface

charges despite the restricted number of ionization sites®®.

The surface charges reported for mica and silica are in the same range, suggesting
that the experimental conditions (pH, electrolyte, surface preparation) may
determine which of the surfaces is more charged. While a direct comparison by
Toikka et al.’'® revealed a somewhat higher potential for silica at 0.2 mM NaCl
and pH 5.8, they also noted substantial differences between different silica
preparations. Furthermore, a few seconds of exposure of mica to air between
cleavage and immersion in solution were found to substantially decrease the
surface charge.

The van der Waals attraction on mica is larger than on silica. Non-retarded
Hamaker constants of A =2-102"J (0.8-10%°J) have been reported for two
surfaces of mica (silica) interacting in water’.

[11.2.3.2. Short-range interactions

In pure water, the DLVO-theory describes the interaction between two mica
surfaces well down to zero separation®'”. The addition of electrolyte though leads
to additional cation-type dependent repulsive forces at short range (nm)*®**%
which were interpreted as due to the adsorption of (hydrated) ions. These
repulsive interactions become pronounced at NaCl-concentrations as low as
10 mM, while concentrations of CaCl, in the range of 1 M are needed to produce
a similar effect. Also, divalent cations have been observed to resist rinsing when
incubated at > 100 mM -,
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For silica, repulsive non-DLVO forces at nm-separation have been observed even
in pure water. While some experimental work indicates that the interfacial water
adopts some degree of order”’**% the forces were observed to decrease in the
presence of monovalent ions> ', giving support to the (albeit controversial®) idea
of hydration forces. For the interaction of small monovalent ions (such as Na',
K") with silica, ion exchange seems to be prevalent as described by the classical
theory of the electrostatic double layer’”®. Consequently, the adsorption of alkali
metal ions varies little between species. Out of the divalent metal ions, calcium
shows particular affinity to silica and coordinative binding to the silanol group has
been invoked®.

l11.2.4. Other parameters

Without aiming for completeness, a number of additional parameters are listed
below which have been shown to influence vesicle deposition and SLB-formation
on solid supports.

Calcium ions: Divalent ions in general and calcium in particular appear
notoriously surprising. The ions do not only participate in the screening of
charges, thereby modifying the electrostatic interactions. They also directly
interact, in often subtle ways, with surfaces and lipids’***°. As a general trend,
calcium has been found to promote the adsorption and rupture of vesicles and
SLB-formation'***">**’_ Often minor concentrations (mM and below) of the ion
are sufficient to generate significant effects. Illustrating examples of the role of
calcium are presented and discussed in Papers III, [V and V.

Vesicle composition: Inhomogeneous lipid distributions and its effects on the
process of SLB-formation have so far been little addressed. Papers IV and V
demonstrate that, induced by the mica support and in conjunction with calcium,
DOPS can be distributed asymmetrically between the two leaflets of an SLB that
was formed from vesicles containing a mixture of DOPC and DOPS. Effects of
the support on the charge distribution within the outer lipid leaflet of surface-
bound giant vesicles (GUVs) have been reported earlier’®. These findings suggest
that the heterogeneous distribution of lipid species in SLBs may actually be more
prominent than commonly appreciated.

Physical state of the vesicle: While most studies of bilayer formation were
performed with fluid bilayers, the effect of cooling vesicles below the phase

transition temperature has been investigated recently”.
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111.3. Persisting questions and perspectives

The above-given overview demonstrates that considerable advances have been
made during the last decade in understanding the process of SLB-formation. In
particular, a multitude of phenomena that are involved in the SLB-formation
process have been uncovered and led to a qualitative understanding of the
involved mechanisms. A number of issues, however, remain unsolved, some of
which are outlined below:

e A better understanding of the interaction of vesicles with the solid support
appears as one important objective for future work. The interest is
fundamentally scientific on one hand, as described above. On the other hand,
the improved understanding of surface-induced vesicle rupture may lead to
improved protocols to form SLBs on supports other than mica, silica or glass,
both of inorganic and organic nature, including approaches such as tethered®,
polymer-cushioned®’** or pore-spanning lipid bilayers’'*.

e The differences in mobility of lipid assemblies on mica and on silica, reported
in Papers III and IV, cannot be satisfactorily explained by the difference in
roughness of these two supports. They illustrate the importance of
understanding the nature of the thin solution layer that is sandwiched between
the solid support and the lipid bilayer. Experimental approaches are desirable
that allow for a quantitative comparison of the thickness and structural aspects
of this layer. Elucidating the nature of the solution layer may also be the key
to understand other subtle events, such as the 2D mobility of lipid molecules
in the support facing monolayer or the asymmetric inter-leaflet distribution of
lipids in mixed lipid systems (c.f. Paper V).

e Fusion of surface-bound vesicles, predicted by theory™, has been suggested
from experimental data on mica'>, but no clear evidence has so far been
found on silica. It remains to be settled, under which conditions fusion can
occur.

e A rigorous comparison between theory and experiment requires quantitative
data. The studies outlined in Papers I, IIl and IV provide a multitude of
experimental model systems together with the technical know-how to
approach the questions of SLB-formation in a more quantitative manner. For
example, a combination of QCM-D and AFM (and optical techniques) can
provide reliable measurements of the quantifications of the critical vesicular
coverage. Furthermore, the size and to some extent the shape of small surface
bound vesicles can be determined from AFM data, allowing the flattening of
single vesicles to be quantified. Transmission electron cryo-microscopy
(Cryo-TEM) on nanoparticles may provide a complementary approach to
address this question.

e (Currently, little is known about the molecular mechanisms underlying the
rupture of vesicles. This is illustrated by the fact that debate persists about the
orientation (or sidedness) of the leaflets of a surface-bound bilayer patch as
compared to their orientation in the original vesicle'™?****°  Settling this
question may allow further conclusions about rupture mechanisms to be

II-12



Persisting questions and perspectives

drawn. It should be noted that the sidedness may vary depending on the type
of rupture mechanism involved.

A question that has as yet received little attention concerns the role of lipid
transfer from the bulk to the surface and vice versa®®*** in the final phase of
SLB-formation. Two scenarios may rationalize the relevance of this issue. (i)
The critical vesicular coverage for SLB-formation can be high, corresponding
to a rather dense packing of vesicles. In comparison, rather simple geometrical
considerations and recent experimental results’” suggest that the lipid mass
contained in a densely packed layer of vesicles may exceed what is needed to
form an SLB. Thus, given appropriate conditions, lipid material would need to
leave the surface in the final phase of SLB-formation. (ii) On the other hand,
under the conditions reported so far for silica (c.f. paper III and ref. *'°), the
SLB-formation does not go to completion, when removing the vesicles from
solution after the critical vesicular coverage is reached. This indicates that the
critical vesicular coverage alone is not sufficient to accomplish the formation
of an SLB, but that the presence of lipid material in solution is also required.
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ABSTRACT Supported lipid bilayers (SLBs) are popular models of cell membranes with potential biotechnological
applications, yet the mechanism of SLB formation is only partially understood. In this study, the adsorption and subsequent
conformational changes of sonicated unilamellar vesicles on silica supports were investigated by quartz crystal microbalance
with dissipation monitoring and atomic force microscopy, using mixtures of zwitterionic, negatively charged, and positively
charged lipids, both in the presence and in the absence of Ca®" ions. Four different pathways of vesicle deposition could be
distinguished. Depending on their charge, vesicles i), did not adsorb; ii), formed a stable vesicular layer; or iii), decomposed into
an SLB after adsorption at high critical coverage or iv), at low coverage. Calcium was shown to enhance the tendency of SLB
formation for negatively charged and zwitterionic vesicles. The role of vesicle-support, interbilayer, and intrabilayer interactions

in the formation of SLBs is discussed.

INTRODUCTION

Supported lipid bilayers (SLBs') are popular as model
systems for cell membranes (Watts et al., 1984, 1986;
Sackmann, 1996; Salafsky et al., 1996) and are promising for
future applications in diagnostic devices and biomimetics
(Cornell et al., 1997; Reviakine et al., 1998; Bieri et al.,
1999; Kung et al., 2000). The creation of SLBs by the
spreading of lipid vesicles on hydrophilic supports, pio-
neered by McConnell’s group (Watts et al., 1984; McCon-
nell et al., 1986), is attractive because of its simplicity and
reproducibility. Considerable work, both experimental
(Nollert et al., 1995; Radler et al., 1995; Keller and Kasemo,
1998; Cremer and Boxer, 1999; Jass et al., 2000; Keller et al.,
2000; Reviakine and Brisson, 2000; Johnson et al., 2002;
Reimhult et al., 2002a,b) and theoretical (Lipowsky and
Seifert, 1991; Seifert, 1997; Zhdanov et al., 2000; Zhdanov
and Kasemo, 2001), has been devoted to understanding the
driving forces involved in the adsorption of vesicles from
solution and in the mechanisms of SLB formation.

Using techniques such as fluorescence microscopy
(Nollert et al., 1995; Cremer and Boxer, 1999; Johnson
et al., 2002), quartz crystal microbalance with dissipation
monitoring (QCM-D) (Keller and Kasemo, 1998; Reimhult
et al., 2002b), and atomic force microscopy (AFM)
(Reviakine and Brisson, 2000), it has been established that
vesicles made of PC lipids in the fluid phase form SLBs on
silica, glass, or mica, whereas they do not rupture, forming
stable supported vesicular layers (SVLs) on other surfaces
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such as titanium oxide or gold. Several studies have pointed
to the influence of electrostatic interactions in general and the
vesicle charge in particular on SLB formation (Nollert et al.,
1995; Réadler et al., 1995; Cremer and Boxer, 1999). It is also
well established that calcium can induce aggregation of
negatively charged vesicles in solution (Wilschut et al.,
1981; Marcelja, 1992) and influence the SLB formation of
charged and neutral lipids (McLaughlin et al., 1978; Nollert
et al., 1995; Reviakine and Brisson, 2000; Ekeroth et al.,
2002) or the lipid domain distribution in SLBs (Reviakine
et al., 2000). Although a clearer picture of the intermediates
involved in SLB formation is emerging from recent studies,
a detailed description of the respective contribution of the
vesicle-support, intervesicle, and intravesicle interactions is
still lacking.

We report here on a systematic study of the influence of
vesicle charge and calcium-EDTA balance on the process of
vesicle adsorption and SLB formation on silica. In this study,
we combined a surface-sensitive method with high time
resolution, QCM-D, and an imaging method with high
spatial resolution, AFM, to investigate the behavior of
vesicles with varying net charges, from positively charged
pure dioleoyltrimethylammonium-propane (DOTAP) to
mixtures of neutral dioleoylphosphatidylcholine (DOPC)
and negatively charged dioleoylphospatidylserine (DOPS).

QCM-D, providing information about the mass and the
conformational changes of adsorbed material, has been
shown to be a useful tool to study the formation of SLBs
(Keller and Kasemo, 1998; Keller et al., 2000; Reimhult
et al.,, 2002a,b). In particular, the concept of an elevated
critical vesicular coverage required to induce the decompo-
sition of adsorbed vesicles into bilayer patches originated
from QCM-D studies (Keller et al., 2000; Zhdanov et al.,
2000).

AFM allows investigating the morphology of single
vesicles and isolated bilayer patches (Jass et al., 2000;
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Pignataro et al., 2000; Reviakine and Brisson, 2000;
Muresan and Lee, 2001) and following the formation of
SLBs (Reviakine and Brisson, 2000), providing structural
details of the SLB formation process.

Using this combined approach of QCM-D and AFM,
several qualitatively different pathways of vesicle adsorption
and SLB formation have been identified and characterized,
and are reported here.

MATERIALS AND METHODS
Materials

DOPC, DOPS, and DOTAP were purchased from Avanti Polar Lipids
(Alabaster, AL). Lyophilized cholera toxin B-subunit pentamer (BS),
polyethylene glycol (PEG; average molecular weight 8 kDa), and other
chemicals were purchased from Sigma (St. Louis, MO). Ultrapure water
with a resistivity of 18.2 M{) was used, prepared with a Maxima system
(USF ELGA, Trappes, France). QCM-D sensor crystals (5 MHz), reactively
sputter-coated with 50 nm silicon oxide, were purchased from Q-SENSE
(Gothenburg, Sweden). Plates of (11 X 11) mm? of silicon wafer were
provided by the Commissariat a I’Energie Atomique (Grenoble, France).

Buffer preparation

A buffer (buffer A) made of 150 mM NaCl, 2 mM NaNj3, and 10 mM
HEPES, pH 7.4, was prepared in ultrapure water. EDTA or CaCl, was added
to buffer A at 2 mM (final concentrations), respectively, as indicated in the
text.

Vesicle preparation

Lipids were dissolved in chloroform, mixed in desired amounts, dried under
a stream of nitrogen followed by drying in a vacuum desiccator overnight,
resuspended at 1-2 mg/mL final concentration, and vortexed in EDTA
buffer. Lipid mixtures were homogenized by five cycles of freeze-thawing
and subsequent vortexing. Small unilamellar vesicles (SUVs) were obtained
by sonication with a tip sonicator (Misonix, Farmingdale, NY) operated in
a pulsed mode at 30% duty cycle for 30 min with refrigeration, followed by
centrifugation in an Eppendorf centrifuge (10 min at 16,000 X g) to remove
titanium particles. SUV suspensions were stored at 4°C under nitrogen and
used within two weeks. Before use, vesicle suspensions were diluted to 0.1
mg/mL. Lipid concentrations were deduced from the mass of the lipids
dissolved and, if applicable, by phosphorus content determination (Rouser
et al., 1975) of the final lipid suspensions. Errors of <10% were obtained.

Protein preparation

B5 was resuspended in ultrapure water at 1 mg protein per mL. Before use,
the solution was diluted to 10 wg/mL in the buffer used in the concerned
measurement.

Substrate preparation

The QCM-D sensor crystals and silicon wafers were cleaned by two cycles
of exposure to 2% sodium dodecyl sulfate solution for 15 min, rinsing with
ultrapure water, blow-drying with nitrogen, and exposure to ultraviolet
(UV)/ozone for 10 min. For UV/ozone treatment, the substrates were placed
in the vicinity of a mercury grid lamp (BHK, Claremont, CA), mounted into
a home-built chamber and driven by a suitable power source (BHK). Ozone
is produced from the oxygen present in ambient air by the emitted UV light
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of wavelength 185 nm. By this treatment, the surface is cleaned from traces
of organic contaminants (Vig, 1987) and rendered hydrophilic (Keller and
Kasemo, 1998). In addition, the treatment enforces the formation of a thin
layer of silica on the silicon wafer (Vig, 1987). The chemical nature of the
surface of the silica wafers is thus expected to be similar to the silica coat on
the QCM-D sensor crystals. Cleaned substrates were stored in air. Before
use, they were re-exposed to UV/ozone for 10 min.

Quartz crystal microbalance
with dissipation monitoring

QCM-D measurements were performed with the Q-SENSE D300 system
equipped with a QAFC 301 axial flow chamber (Q-SENSE), as described in
detail elsewhere (Rodahl et al., 1995). Upon interaction of (soft) matter with
the surface of a sensor crystal, changes in the resonance frequency, f, related
to attached mass (including coupled water), and in the dissipation, D, related
to frictional (viscous) losses in the adlayer are measured with a time
resolution of better than 1 s.

Measurements were performed in exchange mode, i.e., a volume of ~0.5
mL of temperature-stabilized and degassed sample liquid was delivered to
the chamber containing the sensor crystal (internal volume, 50 uL) to ensure
a complete exchange of the liquid. Signal distortion (peaks of |Af| < 5 Hz
and |AD| < 0.6 - 1076 are commonly observed) upon flushing is limited to
a few seconds. In this way, processes of adsorption and surface adlayer
changes can be followed in situ while subsequently exposing different
solutions to the surface. Measurement data for f and D were acquired at
several harmonics (15, 25, and 35 MHz) simultaneously. All measurements
were performed at a temperature of 24-25°C, to within 0.05 K.

If not stated otherwise, changes in dissipation and normalized frequency
(Afnorm = fu/n, with n being the overtone number) of the third overtone (n =
3, i.e., 15 MHz) are presented here. Adsorbed masses, Am, are deduced
according to the Sauerbrey equation, Af,om = —Am/C, with C = 17.7 ng
em ™2 Hz ™", valid for thin, rigid films coupled without friction to the sensor
surface. The equation has been demonstrated to be valid for lipid bilayers on
surfaces (Keller and Kasemo, 1998) and to slightly underestimate the mass
of adsorbed, nonruptured SUVs (error in the order of 5% (Reimhult et al.,
2002b)).

Atomic force microscopy

AFM measurements were performed in liquid using a Nanoscope VI-
MultiMode (Veeco, Dourdan, France), equipped with a J-scanner (120 wm).
The tapping-mode fluid cell was washed by sonication in successive baths of
ethanol and ultrapure water, followed by extensive rinsing in ethanol and
blow-drying in a stream of nitrogen.

Oxide-sharpened silicon nitride cantilevers with a nominal spring
constant of 0.06 N/m (Digital Instruments, Santa Barbara, CA) were
exposed to UV/ozone for 10 min, immersed in a 3% PEG solution for 1 h
and extensively rinsed with buffer before mounting in the AFM cell.

Silicon wafers were attached to Teflon-coated metal disks (BYTAC,
Norton, OH), using double-sided tape (TESA, Hamburg, Germany) and
covered with buffer. Vesicle solutions were added in desired concentrations,
incubated for desired times, extensively rinsed with buffer, and installed on
the AFM scanner. The AFM was equilibrated for 30 min before imaging. For
further incubation of vesicles, the AFM head was unmounted and sub-
sequently remounted without disrupting the liquid film present on the wafer.

Images were acquired in tapping mode at a scanning rate of 1 Hz and
a scan angle of 90°. A resonance frequency ~7 kHz was chosen with low
free amplitude (0.3-0.4 V) and low load upon scanning. Images were
flattened and plane-fitted except when otherwise stated.

Lipid structures such as surface-bound vesicles are known to be easily
modified by interactions with the AFM tip (Jass et al., 2000; Reviakine and
Brisson, 2000; Richter and Brisson, 2003). Images were recorded in tapping
mode with PEG-modified tips as this setup was observed to show the
smallest tip-sample interactions. The substrate of choice for the AFM studies
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was the silica wafer because its flatness allows easy detection of objects in
contrast to the rough QCM-D crystal surface (Richter and Brisson, 2003).

RESULTS
Pathways of vesicle deposition by QCM-D

Three basic types of QCM-D responses were obtained,
depending on the lipid mixture used and the calcium-EDTA
balance (Fig. 1).

Formation of a supported vesicular layer

Upon adsorption of SUVs made of DOPC and DOPS (molar
ratio 1:1) in the presence of EDTA, the frequency decreases
monotonically and equilibrates slowly at a level of Af, =
—54 = 4 Hz (Fig. 1 A). The dissipation increases and
equilibrates at an elevated level of ADg, =2.9 = 0.3 - 10~ 6
These Afs, and ADyg, values are representative of the
formation of a flexible layer of vesicles, as reported
previously by Keller and Kasemo (1998) for egg yolk
phosphatidylcholine (egg-PC) on gold. f and D remain stable
upon rinsing with buffer, indicating that the vesicles are
adsorbed in a stable manner at timescales investigated here.

Formation of a continuous SLB: case 1

The QCM-D response observed when adsorbing SUVs made
of DOPC/DOPS (molar ratio 4:1) in the presence of EDTA
shows a two-phase process (Fig. 1 B). The initial phase is
similar to the case described above. However, after reaching
extremes, Afmin = —58 Hz and AD, = 2.4 - 10°, a second
phase is observed, which is characterized by an increase of
the frequency and a decrease of the dissipation, equilibrating
at levels of Afgn = —24.5 Hz and ADg, = 0.1 - 1079,
respectively. This behavior is similar to a response pre-
viously reported for egg-PC on silica (Keller and Kasemo,
1998; Keller et al., 2000), which was interpreted as follows:
the first phase reflects the adsorption of a vesicular layer of
elevated coverage, Afy,i, being a measure for the vesicular
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coverage; the second phase corresponds to the formation of
a continuous SLB. The value of Afg, = —24.5 Hz
corresponds to an adsorbed mass of 434 ng/cm”. Taking
into account the average molecular lipid weight and the lipid
molecular area, this value supports the view of a continuous
hydrated SLB (Keller and Kasemo, 1998).

If rinsing with buffer is performed before the expected
minimum frequency, the Af and AD signals remain constant
(data not shown). In contrast, rinsing after the minimum
frequency results in further increase of f and decrease of D,
indicating ongoing vesicle decomposition (Keller et al.,
2000) (data not shown).

To verify whether lipids covered the entire silica surface,
the B5 protein was used as a reporter of accessible silica
surface. Control experiments showed indeed that BS5 is
adsorbing onto silica at high coverage (Af = —15 Hz, data
not shown) as well as to mica but not to DOPC/DOPS SLBs
(Reviakine and Brisson, 2000). No binding of BS was
detectable after formation of a DOPC/DOPS SLB (data not
shown), indicating that the SLB was continuous.

Formation of a continuous SLB: case 2

Fig. 1 C shows the adsorption behavior of pure DOTAP
SUVs in EDTA. Upon adsorption, the frequency decreases
monotonically, reaching an equilibrium level of Afz, =
—20.5 Hz. The dissipation shows a peak (AD,,,, = 0.6 1076)
soon after the onset of adsorption (at Af = —12 Hz) before
equilibrating at a level of ADg,, = 0.2-10~°. Further addition
of B5 resulted in low amounts of adsorption (|Af| = 0.5 Hz,
data not shown), indicating that an SLB covered most of the
surface, but local defects estimated to represent <5% of the
surface subsisted.

For this response, not reported in the literature before, we
propose the following interpretation: i), an SLB is formed,
covering most of the surface, and ii), the onset of bilayer
formation occurs at low surface coverage, in opposition to
case 1, indicating that either adsorbed SUVs rupture
spontaneously, or that only a few contacts between adsorbed

c FIGURE 1 QCM-D responses for
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FIGURE 2 “‘Snapshots” of the SLB-formation process for DOPC/DOPS (4:1) on a silica wafer by AFM. The support was subsequently exposed to lipid
concentrations (exposure time) of (A) 0 wg/mL (0 min), (B) 1 ug/mL (5 min), (C) 5 wg/mL (3 min) + 8 wg/mL (8 min), (D) 7 ug/mL (10 min) + 10 wg/mL (15
min), (E) 16 pwg/mL (10 min), and (F) 25 pg/mL (10 min) before rinsing with buffer and imaging. To minimize the effect of tip artifacts, a new spot on the
wafer was used for each AFM image. Image size (z-scale), 2 wm (50 nm). (B, inset) Cross section showing a circular object of 12-nm height and 25-nm width
identified as an adsorbed vesicle. Tails along the scan direction are believed to be due to a combination of weak tip-sample interaction and low gains chosen for
image acquisition. (B—E) Vesicular coverage increases. (E) At high coverage, bilayer patches (asterisk) are observed.

Biophysical Journal 85(5) 3035-3047
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FIGURE 3 AFM images of an event of vesicle rupture and bilayer patch
formation. The images were subsequently recorded on the same spot at
a stage of bilayer formation of DOPC/DOPS (4:1) corresponding to Fig. 2 D.
The slow scan direction is indicated (arrows). Fast scan direction from right
to left. Image size (z-scale), 250 nm (40 nm). (A) First image, all vesicles are
intact. (B) Second image, two vesicle segments are resolved (arrowheads)
followed by a bilayer domain, indicating the rupture of vesicles. Cross
sections of subsequent scan lines (right), the right vesicle (white arrowhead)
is transformed into a bilayer patch induced by the AFM tip. The left vesicle
next to it (black arrowhead) remains intact at scan line 2. At scan line 3, the
left vesicle is ruptured, likely induced by the “‘active edge” of the bilayer
patch originating from the vesicle ruptured first. The height between the red
markers, 4.1 nm, corresponds to the thickness of a bilayer. (C) Third image,
the rupture of single vesicles induced the transformation of adjacent vesicles
into a stable bilayer patch. A small gap (a few nanometers) separates the
patch edges from neighboring intact vesicles. A part of the image is distorted
because the tip was accidentally retracted from the surface.

vesicles are necessary to induce the formation of bilayer
patches.

Vesicle deposition and bilayer formation by AFM

Whereas QCM-D allows a global characterization of the
vesicle deposition process with high temporal resolution,
AFM was employed to provide information on the local
organization of surface-bound lipid material. We focused on
the two pathways that lead to SLB formation. ‘“‘Snapshots”
of the process of vesicle adsorption and SLB formation were
recorded after adding SUV solutions of increasing concen-
tration in a stepwise fashion. For practical reasons, calcium-
containing buffer was used for these experiments.

3039

Formation of a continuous SLB: case 1

A series of images obtained for vesicles of DOPC/DOPS (4:1)
is shown in Fig. 2. Adsorbed SUVs are resolved as round
objects with a minimum diameter of 20-25 nm and
a minimum height of 12 nm, as previously described
(Reviakine and Brisson, 2000). The vesicular coverage
increased (Fig. 2, B—D) with increasing vesicle exposure. At
an elevated coverage, flat patches appeared (asterisk in Fig. 2
E) and were determined to be supported bilayers (see below)
that eventually formed a continuous defect-free bilayer (Fig.
2 F). The imaged lipid structures were stable and no lat-
eral diffusion could be detected over the timescale of 1 h. Bi-
layer patches show predominantly convex but noncircular
shapes. The size distribution of surface-bound vesicles did not
change with increasing surface coverage, as evaluated by the
eye.

Occasionally, the AFM tip was observed to induce the
rupture of a vesicle (Fig. 3), which allowed us to access
details of the process of SLB formation. As the vesicle
decomposition is fast compared to the scan speed of the
AFM, only a segment of the originally intact vesicle (white
arrowhead in Fig. 3, A and B) was observed, whereas the rest
was transformed into a bilayer (Jass et al., 2000). The rupture
of a single vesicle induced the transformation of neighboring
adsorbed vesicles into a bilayer patch (Fig. 3 B). The bilayer
nature of the resulting patches is deduced from their
homogeneous flatness and their height of ~4 nm. Bilayer
patches corresponded in size to the merging of 5-50
immobilized vesicles, as determined by counting of the
vesicles present before and after patch formation. Note that
a small gap (a few nanometers) separates the patch edges
from neighboring unruptured vesicles. A detailed analysis of
the tip-induced vesicle decomposition event shown in Fig.
3 B provides further information on the process of rupture
propagation. Considering that one vesicle (white arrowhead)
is ruptured at the scan line shown in cross section 2, a second
vesicle next to it (black arrowhead) remains intact at this
scan line, whereas it is ruptured at the subsequent scan line
(cross section 3). Similar images were found repeatedly, and,
because tip-induced rupture events are extremely rare, we
must conclude that the rupture of the second vesicle (black
arrowhead) was induced by the rupture of the first vesicle
(white arrowhead) within ~1 s, most likely due to the
““active edge”” effect. The fact that no larger vesicle could be
detected by AFM in the vicinity of ruptured vesicles suggests
that fusion between vesicles does not take place in this
system.

Formation of a continuous SLB: case 2

A similar series of AFM images was recorded to follow the
process of SLB formation with SUVs of DOTAP (Fig. 4). At
low lipid coverage, flat patches with a height of ~4 nm are
observed, as expected for bilayer patches. The smallest

Biophysical Journal 85(5) 3035-3047



3040

FIGURE 4  ““Snapshots’ of the SLB-formation process for DOTAP on
a silica wafer. The support was subsequently exposed to lipid concentrations
(exposure time) of (A) 1 wg/mL (4 min) + 2 pg/mL (20 min), (B) 5 wg/mL
(6 min) + 8 ug/mL (20 min) + 25 ug/mL (20 min), and (C) 130 wg/mL (30

Biophysical Journal 85(5) 3035-3047
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FIGURE 5 AFM images subsequently recorded on the same spot at an
early stage of bilayer formation of DOTAP. The slow scan direction is
indicated (arrows). Fast scan direction from left to right. Image size
(z-scale), 1 um (20 nm). (A) First image, vesicle segments (white
arrowhead) indicate rupture induced by the AFM tip. Rarely, entire
vesicles (black arrowhead ) can be observed. (B) Second image, all vesicles
have transformed into bilayer patches (arrowheads).

patches have a diameter of 40 nm, as expected for single
ruptured SUVs. The diameter of the patches ranges from 40
nm to 250 nm, corresponding to approximate vesicle sizes of
25—125 nm. The size distribution is thus considerably larger
as compared with DOPC/DOPS (4:1). Note the dumbbell-
like shape of some bilayer patches (arrowhead in Fig. 4 A),
which appears to be the result of two or more decomposed
vesicles. The patch morphology was stable upon repeated
imaging.

Bilayer patches coalesce with increasing vesicle exposure
(Fig. 4, A and B) and finally form a film that entirely covers
the surface (Fig. 4 C). A number of elevated objects of ~20
nm diameter, observed initially predominantly at the edges
of growing patches (arrowhead in Fig. 4 C), remain when
the SLB formation is complete. They do not diffuse and are
stable upon enhanced forces exerted by the AFM tip. The
fact that they are immobilized together with the lipids
suggests that these defects result from contaminations in the
DOTAP solution.

Occasionally, the presence of immobilized unruptured
vesicles was detected at low lipid coverage (Fig. 5). Most of
these vesicles could be visualized only in part (white
arrowheads in Fig. 5 A)—despite exceptions (black ar-
rowhead in Fig. 5 A)—and were transformed into a bilayer
patch during the first scan, indicating a high susceptibility to
interactions with the AFM tip. The fact that the AFM signal

min) before rinsing with buffer and imaging. To minimize the effect of tip
artifacts, a new spot on the wafer was used for each AFM image. Image size
(z-scale), 1 um (20 nm). (B) Flat domains with a height of ~4 nm (inset,
height between red markers, 4.1 nm) identified as bilayer patches. (A) The
dumbbell-like shape of a patch (white arrowhead ) appears to be the result of
two decomposed vesicles. With increasing coverage, domains merge (A and
B) and eventually form a continuous bilayer (C). Elevated objects of ~20 nm
diameter, initially observed predominantly at (B) the edges of growing
patches (black arrowhead ), remain upon completion of the SLB formation
and are suggested to result from contaminations in the DOTAP solution.
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is highly sensitive to the presence of vesicle remnants and
that most bilayer patches are devoid of any associated
remnants indicates that the DOTAP vesicles rupture spon-
taneously before interaction with the tip.

Charge dependence of vesicle adsorption
and SLB formation

The three pathways of vesicle deposition presented above
reveal the influence of the charge of SUVs on the process of
vesicle deposition and SLB formation. The effects of lipid
composition and calcium-EDTA balance were then in-
vestigated in a systematic manner by QCM-D. The de-
position of SUVs made of the lipid mixtures DOTAP,
DOPC/DOTAP (molar ratio, 4:1), DOPC, and DOPC/DOPS
(4:1, 2:1, 1:1, and 1:2) was followed both in the presence of
the calcium chelator EDTA (Fig. 6 A) and in the presence of
Ca’”" ions (Fig. 6 B). The results are summarized in Table 1.

In the presence of EDTA, SLB formation of case 1 was
observed for pure DOPC and at low positive (DOPC/
DOTAP (4:1)) and negative (DOPC/DOPS (4:1, 2:1))
vesicle charges. At high negative charge (DOPC/DOPS
(1:2)), no adsorption was measurable over the time range of
2 h (|Af| < 1 Hz, data not shown). This situation is herewith
referred to as the fourth pathway.

In the presence of Ca’*t ions, bilayer formation was
initiated for all lipid mixtures investigated (Fig. 6 B). Pure
DOTAP showed SLB formation of case 2. For pure DOPC
and mixtures with low content of charged lipids (DOPC/
DOTAP (4:1)) and DOPC/DOPS (4:1, 2:1), the SLB was
complete (case 1) and stable. At intermediate (DOPC/DOPS

(1:1)) and high (DOPC/DOPS (1:2)) negative lipid charge,
an additional process set in during SLB formation that we
refer to as restructuration and describe hereafter.

In the case of bilayer formation of case 1, |Afi,| showed
pronounced charge dependence (Fig. 7 A). |Afinin| increased
when scanning from positive charge to negative charge, both
with Ca®" ions and with EDTA. At a given charge content,
|Afinin] Was smaller in the presence of Ca®* ions. A final
frequency shift of Afg, = —24.5 = 0.5 Hz (n = 13) was
measured for all lipid mixtures studied, except for DOTAP
and for conditions leading to restructuration (see below). The
low value obtained with DOTAP (Afs, = —20.5 * 0.5 Hz,
n = 4) could in part be attributed to an incomplete coverage
of the silica surface, as described above. In addition, differ-
ences in molecular weight, surface area occupied per li-
pid molecule, or hydration of the lipid headgroup between
DOTAP and either DOPC or DOPS are likely to explain
remaining deviations.

Kinetics of initial vesicle adsorption
and SLB formation

In terms of kinetics, two phases need to be distinguished: i),
the initial adsorption of vesicles, and ii), vesicle adsorption
and conformational changes at elevated surface coverage.

Kinetics of the initial adsorption of vesicles

In the presence of EDTA, lipid mixtures with positive
(DOTAP, DOPC/DOTAP (4:1)), neutral (DOPC), and low
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TABLE 1 Parameters measured by QCM-D for the deposition of vesicles with varying lipid composition
Lipid ratio . .
[Ca] A in M AD, .« Afin Mg, ADg, [ Vesicle deposition

DOTAP  DOPC  DOPS  (mM) (Hz) (ng/em® (1075 (Hz) (ng/em®  (107%  (min) pathway

1 - - 0 - - 0.8 -20.5 363 0.2 10 SLB (I)

1 4 - 0 -32 566 1.5 —24.5 434 0.1 3 SLB (II)

- 1 - 0 —52 920 2.4 -25 443 0.15 3 SLB (II)

- 4 1 0 —60 1062 2.4 —24.5 434 0.1 4.5 SLB (II)

- 2 1 0 —62 1097 2.5 —24.5 434 0.1 80 SLB (II)

1 1 0 —54 956 29 - - - - SVL

- 1 2 0 0 0 0 - - - - No adsorption

1 - - 2 - - 0.75 —20.5 363 0.35 11 SLB (I)

1 4 - 2 —26 460 1.4 —24.5 434 0.1 2 SLB (II)

- 1 - 2 =35 620 1.8 —24.5 434 0.2 2.6 SLB (II)

- 4 1 2 =51 903 2.3 —24.5 434 0.1 33 SLB (II)

- 2 1 2 -53 938 1.8 —24.5 434 0.1 8 SLB (II)

- 1 1 2 —59 1044 2.1 - - - 17* SLB (II), restructuration

- 1 2 2 —65 1151 2.8 - - - 57* SLB (II), restructuration

*Extrapolated estimates.

negative (DOPC/DOPS (4:1)) charge show similar initial
adsorption rates. Kinetics slow down with increasing
negative charge (DOPC/DOPS (2:1, 1:1)), and no adsorp-
tion is detected with DOPC/DOPS (1:2). A similar trend is
observed in the presence of calcium, though the slowdown
of kinetics is shifted toward higher negative-charge content.
Considering the experimental setup chosen (essentially
standing liquid), it is likely that adsorption is transport-
controlled (Adamczyk et al., 1994) at net-positive, net-
neutral, or low net-negative vesicle charge. The decreased
rate of initial adsorption observed at high negative vesicle
charge indicates that the adsorption becomes limited by an
energy barrier. The barrier increases with increasing
negative lipid charge and decreases in the presence of
calcium.

Kinetics of SLB formation

Both in the presence of EDTA and in the presence of
calcium, the time, tg; g, needed to form an SLB is smallest
for DOPC and DOPC/DOTAP(1:4) and increases with
increasing negative vesicle charge (Fig. 7 B). For DOPC- or
DOPS-containing mixtures, bilayer formation is faster in
calcium than in EDTA. For high positive lipid charge (pure
DOTAP), note the extended time with slow adsorption rate
before equilibration (Fig. 6).

Reproducibility

In the initial stage of investigations related to this study, it
turned out that the preparation of both surface and SUVs
could critically influence the process of vesicle deposition. In
particular, the tendency to form SLBs and the quality of
formed bilayers as well as the onset and extent of re-
structuration (see below) varied considerably. Rigorously
following the above-indicated preparation protocol, how-
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ever, enabled us to obtain reproducible results. Variations
indicated as error bars above are derived from two to three
measurements performed with the same SUV solutions of
varied age (some hours to two weeks).

Restructuration

An additional response, not reported in the literature before,
was observed for SUVs with intermediate and high negative
lipid charge (DOPC/DOPS (1:1, 1:2)) in the presence of
Ca”" ions. During SLB formation, the increase in frequency
and the decrease in dissipation were followed by a slow
decrease/increase in f and D, respectively. For DOPC/DOPS
(1:2), this process sets in early, whereas for DOPC/DOPS
(1:1) (Fig. 8, referred to hereafter) the onset is near the end of
SLB formation. The dissipation change, corresponding with
AD = 1.3 - 107° per hour of this ongoing process, is high
with respect to the frequency change, Af = —10 Hz per hour,
indicating the presence of lipid material deposited in
a flexible state. The surface adlayer remained essentially
stable upon rinsing with a calcium-containing buffer (see
arrow 1 in Fig. 8), though the dissipation continued to
increase. In contrast, rinsing with EDTA (arrow 2 in Fig. 8)
had a striking effect. An instantaneous increase in dissipation
by more than 1 - 107® was followed by a quick increase/
decrease in f and D, respectively. Further rinsing with
calcium-containing buffer (arrow 3 in Fig. 8) resulted in final
values for frequency, Afi, = —24 Hz, and dissipation, ADg,
=02 - 1076, which are characteristic of a complete SLB.
The formed bilayer was stable upon re-exposure to calcium-
containing buffer or lipids (data not shown).

To better understand this process, lipids present in solution
were washed away shortly after the maximum/minimum
dissipation and frequency, respectively (dashed curves in
Fig. 8). An initial increase in f and decrease in D were
observed, which is believed to reflect ongoing vesicle
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FIGURE 7 (A) Relationship between the local minimum frequency,
|Afminl, and the fractional lipid charge, o (identical with average number of
charges per lipid molecule). Data are derived from lipid mixtures showing
bilayer formation of case 1 as presented in Fig. 6 in the presence of EDTA
(open circles) and calcium (filled circles), respectively. (B) Graph showing
the time needed for bilayer formation, tg; g, versus o. Data are derived from
lipid mixtures showing bilayer formation as presented in Fig. 6 in the
presence of EDTA (open circles) and calcium ( filled circles), respectively.
ts.p is determined from the onset of adsorption to equilibration of the signals
in f and D. For DOPC/DOPS (molar ratio 1:1 and 1:2), extrapolated
estimates are given.

decomposition (cf. Fig. 1 B). However, f subsequently
decreased and D increased slowly (arrow 2' in Fig. 8). Since
no extra lipid material was present in solution, these changes
must correspond to a change of conformation or restructura-
tion of the material adsorbed on the silica surface. The
changes observed in f and D indicate that the restructured
material was highly flexible and that additional water was
associated with it.

DISCUSSION

In this study, we combined QCM-D and AFM methods to
investigate the deposition of lipid vesicles of different net
composition on silica surfaces. The main results are
schematically described in Fig. 9. Three different pathways
of vesicle deposition are distinguished: i), formation of
a vesicular layer (scheme C), ii), formation of an SLB where
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FIGURE 8 Restructuration of the adsorbed material into a more flexible
conformational state after the onset of bilayer formation. QCM-D response
for the adsorption of DOPC/DOPS (molar ratio 1:1) to SiO; in the presence
of 2 mM CaCl,. Changes in frequency (upper panel) and dissipation (lower
panel) are given for two experiments, i), continuous line with closed circles,
and ii), dashed line. In i), lipids present in solution were washed away ~65
min after the onset of restructuration (asterisk) by rinsing with calcium-
containing buffer (arrow I). A subsequent rinse with EDTA (arrow 2)
resulted in a collapse of the flexible adlayer. The final values of Af and AD
after re-exposure to calcium (arrow 3) confirmed the formation of a complete
SLB. In ii), removal of lipids present in solution was performed before the
onset of restructuration by rinsing with calcium-containing buffer (arrow
1"). A decrease in fand an increase in D (arrow 2") confirmed restructuration
of surface-bound material in the absence of vesicles in solution.

vesicle decomposition occurs either at a high surface
coverage (scheme B), and iii), at low surface coverage
(scheme A). A fourth scenario corresponds with the absence
of vesicle adsorption (scheme D).

Our results show that, for the lipid systems presented here,
the net charge of the vesicles is the determining parameter for
the type of pathway of vesicle decomposition.

Influence of the lipid charge on the vesicle
deposition pathway

The processes of lipid vesicle deposition and SLB formation
are governed by many types of interactions, as already
extensively investigated experimentally and theoretically
(Lipowsky and Seifert, 1991; Israelachvili, 1992; Seifert,
1997; Cremer and Boxer, 1999; Reviakine and Brisson,
2000; Zhdanov et al., 2000; Zhdanov and Kasemo, 2001;
Reimhult et al., 2002a): i), the interaction between lipid
vesicles and the support, ii), the interaction between adsorbed
vesicles, and iii), the molecular interactions within adsorbed
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FIGURE 9 Schematic presentation of the pathways of vesicle deposition
and SLB formation described in the text. (A) Formation of an SLB triggered
at low vesicular coverage. (B) Formation of an SLB triggered at high
vesicular coverage. (C) Formation of an SVL. (D) Inhibited adsorption.

vesicles, characterized by the bending modulus. It is logical
to consider that electrostatic forces contribute to these three
interactions, although a detailed description of their role as
compared with other interactions such as that of van der
Waals and steric interactions (Israelachvili, 1992) remains to
be elucidated. Phenomenologically, a vesicle will rupture
if the deformation that results from the three types of
interactions exceeds a given threshold value. We will con-
sider briefly our results according to this basic framework.

The fact that DOTAP SUVs, which are positively charged,
rupture individually on negatively charged silica supports
(Ducker et al., 1992; Arai et al., 1996) must reflect a strong
vesicle-support electrostatic interaction, and possibly a re-
duced stability of isolated vesicles. On the other hand, the
slow late stage of bilayer formation could result from an
electrostatic repulsion between adsorbed DOTAP patches
and SUVs in solution.

Vesicles with low positive (DOPC/DOTAP (4:1)), neutral
(DOPC), or negative charge (DOPC/DOPS (4:1, 2:1))
adsorb but are not sufficiently deformed to auto-decompose.
To induce decomposition, additional stress has to be
provided by cooperative action of neighboring vesicles,
ie., a critical vesicular coverage is needed for bilayer
formation (Keller et al., 2000; Reviakine and Brisson, 2000;
Zhdanov et al., 2000). The fact that vesicle decomposition
does not occur upon rinsing before the minimum frequency
indicates that decomposition starts at or ~Af,;, and justifies
using |Afinin| as a measure for the critical coverage. The
increase of the critical coverage with decreasing vesicle
charge (Fig. 7 A) is likely to reflect the fact that the
interaction between vesicle and support is becoming less
attractive as its electrostatic component diminishes, van-
ishes, or becomes repulsive for low positive, neutral, or
negative vesicle charge, respectively. Interestingly, the
dependence between |Afii| and the fractional lipid charge,
o, is linear (Fig. 7 A), which deserves further investigation.

For vesicles with high net negative charge (DOPC/DOPS
(1:1)), a stable SVL is obtained, indicating that, due to the
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combination of decreased vesicle-support interaction and
increased intervesicle repulsion, vesicle decomposition
cannot be initiated even at the highest attainable coverage.
This adsorption barrier is responsible for the decreased initial
adsorption rates observed for vesicles with a high net
negative charge (DOPC/DOPS (2:1, 1:1)) and, eventually,
the inhibition of adsorption for the highest negative charge
employed (DOPC/DOPS (1:2)).

Effect of calcium

Calcium has already been reported to play an essential role
in the process of bilayer formation, even at millimolar
concentrations (McLaughlin et al., 1978; Gregory and
Ginsberg, 1984; Feigenson, 1989; Leckband et al., 1993;
Nollert et al., 1995; Reviakine et al., 2000). Our results
confirm that calcium shifts the ability of bilayer formation
toward higher negative vesicle charge. It is likely that this is
due to the ability of the bivalent ion to ‘‘bridge’” negatively
charged entities such as the carboxylate groups in DOPS,
the phosphate groups in DOPC and DOPS, or negative
charges on the silica surface. In particular, the increase of
the initial adsorption rates in the presence of calcium for
DOPC/DOPS mixtures of composition ratio 2:1 and lower
indicates the increased interaction between lipids and
support.

Lateral organization

AFM provides local structural information on the formation
of SLBs and further supports the interpretation of the QCM-
D signal. The visualization of single vesicles, as well as
patches of supported bilayers, gives insight into the structural
changes of the surface-bound lipid material.

The case of DOPC/DOPS (4:1) is a typical example of
bilayer formation induced at an elevated critical vesicular
coverage. The use of the AFM tip as nanotweezers to
induce the rupture of single vesicles allowed following the
decomposition of neighboring vesicles into a bilayer patch.
The obtained images suggest that supported bilayer
domains grow by interaction of their active edges with
adjacent vesicles. The visualization, in subsequent scan
lines, of intermediate states of the bilayer domain growth
(Fig. 3) allows estimating the propagation time to be in the
order of 1 s. Domain growth stops as soon as a gap
between the bilayer patch and neighboring vesicles is
present. As supported vesicles and bilayer patches do not
diffuse (at the timescale of minutes), the growth of SLBs in
the absence of vesicles in solution is slow or eventually
halts. The contribution of additional vesicles from solution
is required to initiate new cascades of vesicle rupture
events. This process, combined with formation of new
bilayer patches, continues until eventually the whole
surface is covered (Reviakine and Brisson, 2000; Zhdanov
et al., 2000).
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In the case of the DOPC/DOPS (4:1) mixture, our results
indicate that bilayer formation does not involve fusion of
surface-bound vesicles because 1), the size distribution of
surface-bound vesicles did not change dramatically with
increasing surface coverage, and ii), no indications of fusion
intermediates could be found when inducing the formation of
bilayer patches by the AFM tip (Fig. 3).

For both SLB-formation pathways, stable bilayer patches
of noncircular shape have been observed. This indicates
support-induced constraints on the lipid mobility, as a non-
constrained patch would adopt the thermodynamically
favorable circular shape (Muresan and Lee, 2001). It is
unclear, though, whether the mobility constraints are
prevalent in the entire support-facing monolayer or only on
its edges.

We suggest that the large size distribution of bilayer
patches, observed for DOTAP at low coverage, originates
from a large size distribution of vesicles present in solution.
The formation of DOTAP-SUVs by sonication might be
more difficult due to the elevated charge density, as
compared with DOPC. It is considered less likely that the
bilayer patches are the result of the fusion of several small
vesicles on the surface since this should result in more
homogeneous surface coverage than observed.

Even though the overall results obtained by AFM and
QCM-D confirmed each other, it should be underlined that
the supports used for AFM and QCM-D were not identical.
Notably, the fact that SLB formation with DOTAP was
found to be complete on silica wafers by AFM, whereas
some uncovered support was detected by QCM-D, could be
due to varying surface roughness or slightly different
chemical properties of the support. Also, a detailed analysis
of adsorbed lipid material in terms of surface coverage was
not attempted here because of difficulties to independently
extract accurate values from AFM and QCM-D data.

Restructuration

For a number of lipid compositions, a restructuration of
surface-bound lipid material into a more flexible state upon
association of water was observed to set in before the SLB
formation was finished. This underlines that SLB formation
is largely dependent on the lipid composition, and that the
exposure of vesicles to a solid support can lead to more
diverse structures than SVLs and SLBs.

Restructuration was characterized by kinetics significantly
slower than the bilayer formation. Calcium plays an
important role in this process, as it was never observed in
EDTA and as the flexible structure collapses within seconds
after exposure to EDTA. It remains to be elucidated which
parts of the surface-bound lipid material—vesicles or bilayer
patches—participate in the restructuration, and what is the
mesoscopic structure of the flexible adlayer. However, since
restructuration is not reinduced by adding Ca®" ions or
vesicles on a continuous bilayer formed by collapse with
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EDTA (Fig. 8), we tentatively propose that restructuration is
triggered by active bilayer edges.

The influence of electrostatic interaction in general and the
lipid charge in particular on vesicle deposition and SLB
formation has frequently been reported (Nollert et al., 1995;
Cremer and Boxer, 1999; Egawa and Furusawa, 1999). We
could demonstrate that the variation of the lipid charge only
can lead to several different vesicle deposition pathways.
Notably, the pathway of bilayer formation induced at low
vesicular coverage could be observed for the first time by
QCM-D, which allowed a direct comparison of the two
pathways of bilayer formation reported. The charge changes
the balance between vesicle-support, intervesicle, and intra-
bilayer interactions and is thus a determinant of the vesicle
deposition pathway.

It is understood that the two pathways of SLB formation
established here are not exclusive. Other pathways are
possible, including an intermediate step of fusion of surface-
bound vesicles, as observed for small vesicles of egg-PC on
mica (Reviakine and Brisson, 2000). The three types of
interactions (bilayer-support, interbilayer, and intrabilayer)
might also influence the molecular interaction of lipids in
a bilayer, e.g., leading to segregation (Reviakine et al., 2000)
or changes in the bilayer fluidity, and thus indirectly change
the stability of adsorbed vesicles and the vesicle decompo-
sition pathway.

The results obtained by AFM confirm the interpretation of
QCM-D data on SLB formation presented here as well as by
Kasemo and co-workers (Keller and Kasemo, 1998; Keller
et al., 2000; Reimhult et al., 2003). The study emphasizes the
complementarity between QCM-D, which is a quick and
straightforward method and enables screening for relevant
experimental conditions, and AFM, which allows detailed
structural investigation, yet is more laborious for soft samples.

It can be anticipated that the combination of these
techniques as well as other techniques such as fluorescence
microscopy (Boxer, 2000; Johnson et al., 2002; Kiessling
and Tamm, 2003) or spectroscopy (Watts et al., 1986),
surface plasmon resonance (Keller et al., 2000), and
ellipsometry (Benes et al., 2002) will help to improve the
description of the SLB-formation pathways. Important
questions to be answered are the exact role of vesicles in
solution in the late stage of the SLB-formation process, the
influence of lateral diffusion of adsorbed vesicles/bilayer
patches, the role of fusion intermediates, the orientation of
the lipid layers after vesicle rupture, the critical vesicular
coverage preceding SLB formation, and the possible loss of
surface-bound lipid material.

CONCLUSION

This report demonstrates that the variation of the charge of
lipid vesicles allowed tuning the pathway of bilayer
formation. It was established that several pathways of
vesicle deposition and bilayer formation are possible. The
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lipid charge changes the balance between vesicle-support,
intervesicle, and intrabilayer interactions, thus becoming
a determinant of the vesicle-deposition pathway. Calcium
was shown to enhance the tendency of bilayer formation.

The basic techniques employed, AFM and QCM-D, were
shown to be highly complementary for this study, providing
an effective characterization of both the overall dynamics
and a spatially resolved picture of the lipid deposition
process. The ability to predict and control the formation of
SLBs is a potentially important step toward designing
biofunctional surfaces.
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ABSTRACT

Supported lipid bilayers (SLBs) are popular models of cell membranes with potential
biotechnological applications and an understanding of the mechanisms of SLB-formation is now
emerging. Here we characterize, by combining atomic force microscopy (AFM), quartz crystal
microbalance with dissipation monitoring (QCM-D) and ellipsometry, the formation of SLBs on mica
from sonicated unilamellar vesicles using mixtures of zwitterionic, negatively and positively charged
lipids. The results are compared with those we reported previously on silica (Richter et al., Biophys. J.

2003, 85, 3035-3047). As on silica, electrostatic interactions were found to determine the pathway of
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lipid deposition. However, fundamental differences in the stability of surface-bound vesicles and the
mobility of SLB-patches were observed, and point out the determining role of the solid support in the
SLB-formation process. The presence of calcium was found to have a much more pronounced
influence on the lipid deposition process on mica than on silica, suggesting a specific interaction
between (negatively charged) lipids, calcium and mica. In addition, we show that the use of PLL-g-
PEG modified tips considerably improves the AFM-imaging of surface-bound vesicles and bilayer

patches and evaluate the effects of the AFM-tip on the apparent size and shape of these soft structures.
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INTRODUCTION

Supported lipid bilayers (SLBs), formed by the spreading of vesicles from solution (Watts et al.,
1984; McConnell et al., 1986), have already found widespread use as mimics of cell membranes (Watts
et al., 1984; Sackmann, 1996; Salafsky et al., 1996; Reviakine et al., 1998; Milhiet et al., 2002; Yip et
al., 2002) and are attractive as building blocks for biotechnological applications (Sackmann, 1996;
Boxer, 2000; Reviakine and Brisson, 2001; Kam and Boxer, 2003; Larsson et al., 2003). It is only in
the recent years that a detailed image of the structural intermediates of the formation of SLBs is
emerging from both experimental (Rédler et al., 1995; Keller and Kasemo, 1998; Jass et al., 2000;
Keller et al., 2000; Reviakine and Brisson, 2000; Johnson et al., 2002; Reimhult et al., 2003; Richter et
al., 2003) and theoretical studies (Seifert and Lipowsky, 1990; Seifert, 1997; Zhdanov et al., 2000),
though many issues about the formation of SLBs remain to be explored. We do not have, at present, a
comprehensive understanding of the driving forces of the SLB-formation process (Nollert et al., 1995;
Reviakine and Brisson, 2000; Zhdanov and Kasemo, 2001; Reimhult et al., 2002b; Richter et al.,
2003). In particular, the role of the solid support in the rupture of vesicles and the promotion of SLB-
formation (Keller and Kasemo, 1998; Starr and Thompson, 2000; Reimhult et al., 2003; Richter and
Brisson, 2004) remains poorly understood.

Silica-based surfaces and mica are the prototypes of solid supports that are currently used to form
solid-supported lipid bilayers. Notably, previous studies have provided indications for some differences
in the SLB-formation process on these supports, such as the role of calcium (Reviakine and Brisson,
2000; Richter et al., 2003) and the influence of the vesicle size on rupture (Reviakine and Brisson,
2000; Reimhult et al., 2002b). A detailed comparison of the SLB-formation process between these
surfaces is though still lacking.

A multitude of techniques, such as fluorescence microscopy (Nollert et al., 1995; Johnson et al.,
2002), quartz-crystal microbalance with dissipation monitoring (QCM-D) (Keller and Kasemo, 1998;

Keller et al., 2000; Reimhult et al., 2002a; Reimhult et al., 2002b; Reimhult et al., 2003; Richter et al.,
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2003; Seantier et al., 2004), atomic force microscopy (AFM) (Jass et al., 2000; Reviakine and Brisson,
2000; Richter et al., 2003; Tokumasu et al., 2003; Seantier et al., 2004), surface plasmon resonance
(SPR) (Keller et al., 2000) and ellipsometry (W. T. Hermens, personal communication) has been used
to investigate the SLB-formation process. We have recently illustrated the complementary nature of
AFM and QCM-D for the analysis of vesicle adsorption and SLB-formation on silica (Richter et al.,
2003). Giving access to spatially resolved structural information on the nanometer scale and overall
adsorption and reorganization dynamics, respectively, the combination of both techniques has enabled
the identification and characterization of several different SLB-formation pathways stressing the
importance of electrostatic interactions in the SLB-formation process. Others have pointed out the
complementary aspects between QCM-D and optical surface-sensitive methods, such as SPR (Keller et
al., 2000) or ellipsometry: while optical methods allow measuring the dry mass of the adsorbed lipids,
QCM-D provides not only the hydrated mass, but also a direct mean (the dissipation) to distinguish
between different phases of the adsorbate - surface-bound vesicles or bilayer patches (Keller et al.,
2000). As such, the combination of QCM-D and SPR has allowed establishing the concept of local
critical vesicular coverage (Keller et al., 2000). Recent work has also demonstrated that in-situ
measurements on mica can be performed both with ellipsometry (Benes et al., 2002) and with QCM-D
(Richter and Brisson, 2004) in a reproducible manner, opening up for the joint use of QCM-D,
ellipsometry and AFM on this support.

In this study, we combine sequential measurements by QCM-D and AFM on identical supports,
complemented by ellipsometry, to characterize the vesicle adsorption and the SLB-formation on mica.
As in a previous study on silica (Richter et al., 2003), we employ vesicles with varying net charges,
from positively charged dioleoyltriammonium-propane (DOTAP) to mixtures of zwitterionic
dioleoylphosphatidylcholine (DOPC) and negatively charged dioleoylphophatidylserine (DOPS). This

allows for a quantitative comparison between the lipid deposition on mica and on silica and gives new
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insight in the role of the solid support, the lipid mixture and the calcium-EDTA balance in the SLB-

formation process.
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MATERIALS AND METHODS
Materials:

Dioleoylphosphatidylcholine (DOPC), dioleoylphospatidylserine (DOPS) and
dioleoyltrimethylammonium-propane (DOTAP) were purchased from Avanti Polar-Lipids (AL, USA).
Lyophilized poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-PEG) with a 20 kDa poly(L-lysine)-
backbone, side chains of 2 kDa poly(ethylene glycol) and a grafting ratio of g =3.4 (Huang et al.,
2002) was synthesized and kindly provided by the group of M. Textor (ETH, Zurich, Switzerland).
Other chemicals were purchased from Sigma. Ultrapure water with a resistivity of 18.2 MQ was used
(Maxima, USF ELGA, France).

Muscovite mica disks of 12 mm diameter were purchased from Metafix (Montdidier, France).
QCM-D sensor crystals (5 MHz), reactively sputter-coated with 50 nm silicon oxide, were purchased
from Q-SENSE (Gothenburg, Sweden). Low viscosity epoxy glue (EPOTEK 377) for the mica-gluing
was purchased from Gentec Benelux (Waterloo, Belgium).

A buffer solution made of 150 mM NacCl, 3 mM NaNs and 10 mM HEPES, pH 7.4, was prepared in
ultrapure water, and either 2 mM EDTA or 2 mM CaCl, were added as indicated in the text. Small
unilamellar vesicles (SUVs) of desired lipid mixture were prepared by sonication as described earlier
(Richter et al., 2003). Before use vesicle suspensions were diluted at 0.1 mg/mL if not otherwise stated.
Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D):

QCM-D measurements (Rodahl et al., 1995) were performed with the Q-SENSE D300 system
equipped with an Axial Flow Chamber (QAFC 302) (Q-SENSE AB, Gothenburg, Sweden). Briefly,
upon interaction of (soft) matter with the surface of a sensor crystal, changes in the resonance
frequency, f, related to attached mass (including coupled water), and in the dissipation, D, related to
frictional (viscous) losses in the adlayer are measured with a time resolution of better than 1 s.

The QCM-D sensor crystals were coated with mica and verified to operate stably and reliably

according to a previously described protocol (Richter and Brisson, 2004).
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Measurements were performed in exchange mode (described in detail elsewhere (Richter et al.,
2003)), if not otherwise stated. This mode allows following processes of adsorption and surface adlayer
changes in situ while sequentially exposing different solutions to the surfaces. Resonance frequency
and dissipation were measured at several harmonics (15, 25, 35 MHz) simultaneously. The working
temperature was 24°C. Occasionally, flow mode was employed, i.e., the sample was continuously
delivered to the measurement chamber (flow speed 80 pL/min) by the aid of a peristaltic pump
(ISM832A, Ismatec, Ziirich, Switzerland).

If not stated otherwise, changes in dissipation and in normalized frequency (Afuom = Afy/n, with n
being the overtone number) of the third overtone (n = 3, i.e., 15 MHz) are presented. Adsorbed masses,
Am, are calculated according to the Sauerbrey equation (Sauerbrey, 1959), Am =-C-Afyom, with
C=17.7ng-em™-Hz"'. The equation has been demonstrated to be valid (within 5% error) for lipid
bilayers or adsorbed non-ruptured SUVs on rigid sensor coatings with a thickness ranging from several
nanometers (such as evaporated gold or sputtered silica (Keller and Kasemo, 1998; Reimhult et al.,
2002b)) to several micrometers (such as glued mica-sheets (Richter and Brisson, 2004)).

For transfer of QCM-D sensors with adsorbed material from the QCM-D chamber to the AFM, the
sensors were unmounted with the aid of a suction holder (Meni CUP, Menicon Pharma, Illkirch
Graffenstaden, France), ensuring that the sample remained permanently covered with liquid.
Ellipsometry:

Ellipsometry is an optical technique based on the measurement of changes in the ellipsometric
angles, A and ¥ (Cuypers et al., 1983; Tompkins, 1993), of elliptically polarized light upon reflection
at a planar surface. These changes are sensitive to the presence of thin deposited films and,
consequently, the method allows monitoring adsorption phenomena in situ, at the solid-liquid interface,
with a mass resolution in the range of 5 to 10 ng-cm™. The employed null-ellipsometer setup has a time

resolution of 10 to 15 s and is described in detail elsewhere (Cuypers et al., 1983; Corsel et al., 1986).
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In the present study we consider the change in the angle A only, which is roughly proportional to the
(dry) lipid mass adsorbed to mica (Benes et al., 2002).

Measurements were performed in an open cuvette system (Corsel et al., 1986), at room temperature.
Mica disks were glued on an aluminum slide over a hole (8 mm diameter) using melted wax (Benes et
al., 2002). The backside of the mica discs was rendered opaque with emery paper prior to gluing onto
the aluminum slide. Uniform mica-surfaces were obtained by cleavage of the front side with adhesive
tape and immediately mounted in the buffer-filled cuvette. The buffer (~3 mL) was stirred with a
magnetic stirrer (~1000 rpm). Samples were pipetted at appropriate concentrations into the buffer.
Rinses were realized by injecting ~30 mL of buffer (injection rate ~1 mL/s) while simultaneously
withdrawing excess liquid.

Preparation of PLL-g-PEG-coated AFM tips:

Oxide-sharpened silicon nitride cantilevers with a nominal spring constant of 0.06 N/m (Digital
Instruments, CA, USA) were rinsed in water and ethanol, blow-dried with nitrogen, and exposed to
UV/ozone (BHK, CA, USA) for 10 min (Richter et al., 2003). The cleaned tips were transferred
immediately into a solution of 1 mg/mL PLL-g-PEG in 10 mM HEPES, pH 7.4. After 30 min of
immersion, the tips were withdrawn, rinsed with ultrapure water and blow-dried with nitrogen.
PLL-g-PEG-modified tips were stored on Gel-Pak (Scotch, CA, USA) under nitrogen and used within
four weeks.

Atomic Force Microscopy (AFM):

AFM measurements were performed in liquid using a Nanoscope [V-Multimode (VEECO,
Dourdan, France), equipped with a J-scanner (120 um). Before use, the tapping mode fluid cell was
washed in successive baths of ethanol and ultrapure water, followed by extensive rinsing in ethanol and
blow-drying in a stream of nitrogen. Tubings and O-ring were sonicated in ethanol and water, rinsed

with ethanol and blow-dried in nitrogen.
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For AFM-investigations subsequent to QCM-D measurements, mica-coated QCM-D sensors,
covered with the sample, were attached to Teflon-coated (BYTAC, NORTON, OH, USA) metal disks
using double-sided tape (TESA, Hamburg, Germany) and installed on the AFM scanner. In all other
cases, mica disks were glued to Teflon-coated metal disks using the epoxy glue. Uniform surfaces were
obtained by cleavage with adhesive tape and immediately covered with buffer solution. The AFM was
equilibrated for 5 to 30 minutes prior to imaging.

Images were recorded in contact mode or tapping mode as indicated. Contact mode images were
acquired at scanning rates of 4-8 Hz while manually adjusting the force to a minimum (< 200 pN).
Tapping mode images were acquired at scanning rates of 1-2 Hz. A resonance frequency ~7 kHz was
chosen with low free amplitude (0.4-0.6 V) and minimum load upon scanning. Images were first-order

plane-fitted and subsequently zero-order flattened except otherwise stated.
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RESULTS

The formation of SLBs from SUVs made of DOPC and DOPS (molar ratio 4:1) in 2 mM CaCl, has
already been well characterized by QCM-D on silica (Richter et al., 2003) and to some extent by AFM
on mica (Reviakine and Brisson, 2000) and was chosen as a reference system in our study. The overall
kinetics of the SLB-formation process on mica by QCM-D (figure 1) reveals a two-phase behavior. In
the first phase the frequency decreases beyond -25 Hz (Afi, = -39 Hz) while the dissipation increases
(ADpax = 1.6~10'6), evidencing the adsorption of a substantial amount of non-ruptured vesicles. Final
shifts in frequency (Afg, =-25 Hz) and dissipation (ADg, < 0.2-10°) after the second phase match
values previously obtained on silica (Keller and Kasemo, 1998; Richter et al., 2003) and indicate the
presence of an SLB. AFM-imaging of the final state of the surface adlayer revealed a flat surface
devoid of defects on areas of 25 um” and more and confirmed the presence of a confluent (ideal)
bilayer (figure 6B).

The early phase of SLB-formation

In some measurements, the SLB-formation process was interrupted by rinsing with buffer at an early
stage, i.e., long before the maximum in dissipation and minimum in frequency were reached
(figure 2A). As the surface coverage is low, interactions between vesicles are expected to be negligible
and hence the stability of isolated vesicles can be investigated. After rinsing, the frequency
(dissipation) slowly increased (decreased), indicating that vesicles are not stable. AFM-images of the
surface one hour after rinsing (figure 2B and C) revealed the presence of two types of objects,
identified as immobilized vesicles and bilayer patches, respectively, from their apparent shapes and
heights (Reviakine and Brisson, 2000; Richter et al., 2003). We believe that the distribution of vesicles
and bilayer patches revealed in the image closely resembles the true distribution and is not significantly
altered by the imaging process (see also below).

The smallest vesicles and bilayer patches had an apparent diameter of ~25 nm and ~28 nm (for

details of the size determination see the Supplementary Information), respectively, close to the size
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expected from SUVs. Notably, the size of both vesicles and SLB-patches was heterogeneous, i.e. both
small and large patches (vesicles) were present, indicating a rather weak dependence of the rupture
tendency on the vesicle size over the size distribution observed here. (Almost) all lipid patches
exhibited a circular shape.

Both vesicles and bilayer patches were found not to move laterally over the time range of 10
minutes and more (except at relatively high imaging forces). AFM images acquired at low lipid
coverage (c.f. figure 2B) did only exceptionally (presumably due to tip artifacts) reveal vesicles or
bilayer patches that disappeared upon imaging.

In order to verify whether lipid material desorbs from the mica-surface, we monitored the SLB-
formation process by ellipsometry. As this optical technique senses the dry mass, net-desorption of
material would be directly detected as an increase in the ellipsometric angle A. After interrupting the
SLB-formation process at a lipid coverage corresponding to about 30% of a complete SLB (figure 2D),
A remained stable, confirming that lipid material did not desorb. Therefore, we interpret the QCM-D
response after the rinsing step as shown in figure 2A as due to the decomposition of surface-bound
vesicles into bilayer patches, the increase (decrease) in frequency (dissipation) being caused by the loss
of water associated to and the changes in the rigidity of the lipid structures. Consequently, the QCM-D
data indicate that the typical time for the spontaneous transition of isolated mica-bound vesicles into
bilayer patches is in the range of minutes to hours. This is a remarkable difference compared to isolated
vesicles on silica which remained stable over days under identical conditions (Richter et al., 2003).

Stability and mobility of small SLB-patches

In order to investigate the stability of bilayer patches, a certain area was imaged repetitively with
varying forces (figures 3). While almost all SLB-patches remained immobile and kept their initial
shape, connections between a few distant patches (asterisks in figure 3B) were established, likely
induced by the AFM-tip that was temporarily operated at an elevated force. The resulting patches

clearly reshaped into circular objects (figure 3C), the area of which corresponded roughly (for details
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see the Supplementary Information) to the sum of the areas of the initial patches, confirming that
coalescence events were tracked. The centre of mass of the merging patches remained approximately
fixed during the merger event. Given the image acquisition time of around 2 minutes and the fact that
connections are visible over several scan lines (corresponding to around 0.2 s each), the time needed
for coalescence and reshaping can be estimated to be in the range of a few seconds to a few minutes.
We note that, in contrast to our observation on mica, small SLB-patches of stable non-circular shape
were observed on silica (Richter et al., 2003).

The lateral movement of lipid material associated with the coalescence of two patches (figure 4A)
can trigger (a cascade of) subsequent events of coalescence with other neighboring patches (figures 4B-
D), leading to substantial modifications in the organization of the surface-bound lipid material. It is
easily conceivable that also intact adsorbed vesicles can be ruptured by contact with the approaching
(active) edge of a neighboring bilayer patch. Shape changes due to coalescence can thus play a
significant role in the organization of lipid material during the SLB-formation process.

The late phase of SLB-formation

Figure 5A demonstrates that after rinsing at a later stage, i.e., shortly after the minimum (maximum)
in frequency (dissipation) is reached, a considerable rearrangement of the surface-bound lipid material
takes place within minutes. In the absence of vesicles in solution, Af increased above -25 Hz (to
-16 Hz) and AD decreased to 0.4-10, indicating that the major part of adsorbed vesicular material was
transformed into bilayers patches. Corresponding AFM-images showed indeed extended domains of
lipid bilayers coexisting with a small number of vesicles (figure 5B) and ellipsometry experiments
indicated that no significant desorption occurred in similar conditions (figure 5C).

Interestingly, non-circularities persisted on large patches (i.e. with a radius larger than ~200 nm)
over times of one hour and more. Surprisingly, patch boundaries with local radii of curvature smaller

than 150 nm (arrowheads in figure 5B) could be found, indicating the presence of forces/obstacles that
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counteract the shape equilibration that would be expected from minimization of the line tension (Rédler
et al., 1995; Muresan and Lee, 2001).
AFM-images acquired after interrupting the SLB-formation at an even later stage, showed an
apparently confluent bilayer in which local defects persisted (figure 6A). Elongated defects of several
micrometers in length and down to a few nanometers in width could be observed, which were

particularly frequent after incubation with SUV solutions at low concentration (10 pug/mL). Notably,

the apparent local radius of curvature of the bilayer boundary at the ends of some of these defects
(arrowheads in figure 6A) was in the range of 10 nm. Given our experimental conditions, we estimate
that such small radii are at the limit of resolution. It is therefore not clear, whether the apparent
topography reflects a truly continuous bilayer boundary or whether, instead, it marks the endpoint of a
zone (dotted line in figure 6A) at which two patch boundaries appose with each other without
coalescing, the gap between them being small enough to remain unresolved by AFM. Whatever the
true topography, some of these defects remained stable over hours, again indicating the presence of
forces that inhibit shape equilibration (Benvegnu and McConnell, 1992).

Subsequent re-incubation as well as incubation without interruption led to bilayers that were close to
defect-free, as seen from the AFM-images (figure 6B). In order to verify whether defects persisted that
were invisible to AFM, some DOPS-containing bilayers were incubated with the protein annexin A5
and the growth of two-dimensional crystals was followed as described elsewhere (Reviakine et al.,
1998). Round-shaped crystals were observed as expected for undisturbed crystal growth (Reviakine et
al., 1998) (not shown), while elongated discontinuities in the supporting bilayer are expected to locally
prevent crystal growth thereby distorting the crystal’s shape.

Influence of the vesicle charge and the presence of calcium on the SLB-formation on mica

The vesicle charge and the presence of calcium were previously shown to have a pronounced
influence on the lipid deposition pathways on silica (Richter et al., 2003). For comparison, we followed

the global kinetics of lipid deposition on mica for vesicles of varying charge in the presence of the
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calcium chelator EDTA and in the presence of 2 mM calcium ions, respectively, by QCM-D. The
vesicle charge was varied by mixing appropriate amounts of positively charged (DOTAP), zwitterionic
(DOPC) and negatively charged (DOPS) lipids. For a quantitative comparison of the lipid deposition
process, the minimum in frequency, Afyi,, and the maximum in dissipation, ADp,x, were determined.
SLB-formation, if occurring, was additionally characterized by the time, ts; g, required to attain stable
values in frequency, Afg,, and dissipation, ADg,. Furthermore, the stability of adsorbed isolated vesicles
was checked by interrupting the SLB-formation at low coverage. Table 1 and figures 7 and 8§
summarize the obtained results.

In the absence of calcium, SUVs made from DOPC adsorbed to mica (figure 7B) but did not rupture

at moderate lipid concentrations (100 ug/mL), in agreement with previous studies (Reviakine and

Brisson, 2000). In contrast, SLB-formation was observed on silica (Richter et al., 2003). Rather small
amounts of negative charges (20% DOPS) were sufficient to completely inhibit lipid adsorption.
Similarly, vesicle adsorption was hampered on silica with increasing negative vesicle charge, although
inhibition occurred only at considerably higher negative charge (50% DOPS) (Richter et al., 2003).
These observations suggest that the (electrostatic) repulsion between negatively charged vesicles and
the support is stronger with mica than with silica. In conjunction, we note that no SLBs could be
formed on mica with DOPS-containing SUVs. For comparison, SLB-formation was inhibited on silica
only at a DOPS-content of 33% and more (Richter et al., 2003).

QCM-D responses indicated the formation of SLBs for all types of positively charged SUVs
investigated. These observations are qualitatively similar to silica. It is though notable, that the
formation of mica-SLBs with pure DOTAP-SUVs (figure 7C) exhibited very low dissipation values
(ADpmax < 0.5-10°°) throughout the whole SLB-formation process. Corresponding values on silica were
slightly higher (ADpax =0.840.1-10°) (Richter et al., 2003), indicating that the tendency towards

immediate rupture of isolated DOTAP-vesicles is even more pronounced on mica.
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The formation of a supported vesicular layer (SVL) with DOPC-SUVs (figure 7B) deserves some
additional attention. The adsorption of these vesicles was partly reversible (Reviakine and Brisson,
2000), which is exceptional for the vesicle-surface interactions that we have so far investigated on
silica and on mica. The frequency shift of |Afyim| = 103 Hz, indicates a high surface coverage (Keller
and Kasemo, 1998). Interestingly, the QCM-D responses after the addition of calcium (figure 7B)
suggest that the SVL is converted into a complete supported lipid bilayer, even though no vesicles were
present in solution. Furthermore, the maximum dissipation shift for the mica-supported vesicular layer,
ADpax = 10-10°, is remarkably high, resulting in a ratio between dissipation and frequency of
AD ax/| Afiin| = 0.10-10°Hz". This is significantly more than on silica (0.06-10'6-HZ'1) (Richter et al.,
2003), and indicates that DOPC vesicles become less flattened on mica than on silica (Reimhult et al.,
2002b)’

In the presence of calcium, SLBs were formed over the entire range of lipid mixtures investigated.
Notably, SLBs could be formed from vesicles containing as much as 80% DOPS. A detailed
examination revealed a tendency of tsi g and |Afy,| to decrease towards higher negative charges
(figure 8). This evidences that increasing DOPS-content facilitates SLB-formation on mica. Notably,
the opposite was observed on silica. The influence of calcium on the SLB-formation process for
DOTAP-containing vesicles was minor.

Isolated mica-bound vesicles that contained only DOPC or small amounts of DOTAP were found to

be stable over minutes and hours (figure 7A), similar to the results obtained on pure silica (Keller et al.,

' For simplicity, we have compared the ratio of ADy,,/|Afi|- Note, however, that in addition to the flattening of the vesicle,
the inter-vesicle interaction at high surface coverage can affect AD/Af. This potential artifact can be avoided by comparing
the AD/|Af|-values at low vesicular coverage (Reimhult et al., 2002b). Corresponding values are 0.14-10°-Hz" and 0.08-10°
S.Hz' (at n = 7) on mica and silica, respectively, supporting our conclusions that DOPC vesicles become more flattened on

silica.

Paper IV - 15



Paper IV — Submitted to Biophysical Journal
2000). Isolated vesicles from all lipid mixtures containing 20% and more DOPS, however, slowly but
measurably transformed into SLB-patches.

Influence of the AFM-tip on the imaging of lipid vesicles and SLB-patches

Lipid structures such as surface-bound vesicles or bilayer patches are known to be easily modified
by interactions with the AFM-tip (Jass et al., 2000; Reviakine and Brisson, 2000; Richter and Brisson,
2003; Liang et al., 2004). During initial investigations with non-modified tips it became apparent that
the lipid material can mediate strong tip-sample interactions (Richter and Brisson, 2003), which renders
the imaging of heterogeneous lipid structures such as coexisting bilayer patches and vesicles unstable
and prone to artifacts (in particular for low scan speeds and small image sizes). As demonstrated by the
AFM-images shown here, the modification of the AFM-tip with PLL-g-PEG resulted in an improved
control in imaging such lipid structures down to image sizes of 1 um and less. When forces exerted by
the AFM-tip were adjusted to a minimum, vesicles and bilayer patches could be imaged intact (c.f.
figure 5B). Alternatively, increased forces could be employed to induce the rupture of vesicles
(arrowheads in figures 2B and C), the coalescence of bilayer patches (c.f. figures 3 and 4) or the
displacement of lipid structures (not shown).

Imaging in tapping mode provided least disturbance of the lipid material, though also images in
contact mode could be obtained with only minor artifacts, such as occasional tip-induced vesicle
rupture. In particular, small bilayer patches appeared (almost) circular and immobile both in tapping
and contact mode, indicating that small lateral forces did not significantly alter the location or overall
shape of the patches.

Effects of the AFM-tip on the apparent size of the bilayer patches

We did, however, observe small but significant variations in the apparent sizes of the patches,
depending on the applied force (see Supplementary Information). The apparent radius (height) of the
bilayer patches was observed to decrease by around 5 nm (0.2 nm) when increasing the normal force by

around 200 pN from the minimum force required for proper tracking of the surface. Similarly, the
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height of surface-bound vesicles was observed to vary by a few nanometers. This indicates that the
forces exerted by the tip can induce lateral or normal compression of the lipid assemblies (as well as
the tip-coating). Next to tip-convolution effects, the sample deformation thus renders the determination
of the correct size of adsorbed vesicles and bilayer patches a complex task, as discussed in the

Supplementary Information.
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DISCUSSION

In this study, we combine QCM-D, ellipsometry and AFM to provide a detailed picture of the
pathways of deposition of lipid vesicles on mica. Previous experimental (Keller et al., 2000; Reviakine
and Brisson, 2000; Johnson et al., 2002; Richter et al., 2003) and theoretical (Seifert and Lipowsky,
1990; Seifert, 1997; Zhdanov et al., 2000) studies have shown that adsorbed lipid vesicles can
transform into bilayer patches via (at least) three different mechanisms: (i) spontaneous rupture of
isolated vesicles, (ii) rupture of vesicles induced by high vesicle density (critical vesicular coverage)
and (iii) rupture of vesicles induced by the (active) edge of a bilayer patch. We show here that, by
varying the vesicle composition and the calcium-EDTA balance, all above-described mechanisms can
be reproduced on mica, and that significant differences exist between mica and silica.

Rupture of isolated vesicles

The time from adsorption to rupture of isolated vesicles, i.e. surface-bound vesicles at sufficiently
low coverage, can vary widely. Whereas we found DOTAP to rupture faster than what can be resolved
(~1s) by the employed techniques, DOPC-vesicles were stable (figure 7A) in 2 mM CaCl, over
experimental time scales (~1 h). Both extremes can be understood from a thermodynamic perspective
of the interaction between vesicle and support and have been described before (Lipowsky and Seifert,
1991; Seifert, 1997; Reviakine and Brisson, 2000).

We report here on an intermediate time range (minutes to hours) that is needed for DOPS-containing
vesicles to rupture in the presence of calcium, which highlights the importance of the kinetic
perspective (Zhdanov and Kasemo, 2001). The parameters that govern the rupture dynamics remain to
be elucidated and will be discussed further below.

Rupture induced by critical vesicular coverage

The pathway of vesicle rupture induced by the cooperative action of neighboring adsorbed vesicles
has been described and characterized in detail on silica (Keller et al., 2000; Reimhult et al., 2002a;

Reimhult et al., 2002b; Richter et al., 2003). Similar to silica (Keller et al., 2000), isolated vesicles
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containing pure DOPC or DOPC/DOTAP (4:1) were observed to be stable when adsorbed on mica in
the presence of calcium (c.f. figure 7A). The formation of SLBs at higher surface coverage evidences
that the influence of neighboring vesicles is necessary to induce the rupture of the first vesicles,
indicating that the phenomenon of critical vesicular coverage is also present on mica (Reviakine and
Brisson, 2000).

Coexistence of several vesicle rupture mechanisms

Once a few vesicles have ruptured by one of the two above-described mechanisms, further vesicle
rupture can also be induced by the (active) edge of bilayer patches, enhancing the growth of bilayer
patches and, eventually, leading to the formation of an SLB.

As mentioned above it takes minutes to hours for isolated DOPS-containing vesicles to rupture (c.f.
figure 2). On the other hand, the time needed to form an SLB is in the range of a few minutes with the
employed lipid concentration (~100 pg/mL). This raises the question whether the combination of
rupture of isolated vesicles and edge-induced rupture is sufficient to explain the SLB-formation at such
short time scales. If vesicle adsorption is much faster than the rupture of isolated vesicles, the surface
density of intact vesicles may locally become elevated. This suggests in alternative that rupture induced
via the critical vesicular coverage coexists with the rupture of isolated vesicles. Future theoretical
treatments, similar to the ones described earlier by Zhdanov et al. (2000) may allow distinguishing
between these two scenarios. Also, as the time needed to establish the critical vesicular coverage is
dependent on the bulk lipid concentration, this experimental parameter provides the means for
controlling the balance between the rupture of isolated vesicles and rupture induced by the critical
vesicular coverage.

We note that the presence of a local minimum in frequency and a local maximum in dissipation, as
commonly observed by QCM-D, is a necessary but not a sufficient condition to identify the critical
vesicular coverage as the unique mechanism for the formation of the first bilayer patches. Additional

AFM-imaging - allowing for the examinations on the level of a single vesicle - or interrupted QCM-D
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measurements — allowing for the investigation of the overall stability of the adsorbed lipid material -
are required to ascertain that the critical vesicular coverage is the only rupture-initiating mechanism
present.

The role of shape changes in bilayer patches

AFM data indicate that the interactions between lipids and the mica support are sufficiently strong in
order for SLB-patches and bound vesicles to be stably located in the presence of small and transient
forces. On the other hand, the interactions are sufficiently weak to allow for movements and/or
reshaping in the presence of permanent forces, such as the line tension of small non-circular patches
(c.f. figure 3) (Muresan and Lee, 2001). This sliding motion has important consequences, as reshaping
patches can catalyze mergers with neighboring patches (c.f. figure 4) or vesicles and thereby enhance
vesicle rupture via active bilayer edges.

It may be tempting to postulate that such an effect can be of considerable value to fill up defects in
the bilayer during the final stage of SLB-formation. In the light of our observation that the propensity
for shape changes is decreased (at least locally) at higher coverage (figure 6A) such a conclusion
appears premature. However, as demonstrated earlier for silica (Richter et al., 2003), close to defect-
free SLBs can be formed without reshaping being present. A potential origin for the decreased speed of
shape relaxation may be the presence of contaminations in the bilayer or on the solid support.

Taken together, our results demonstrate that the time scales associated with the different
mechanisms of vesicle rupture can vary. As the mechanisms of vesicle rupture can coexist and exhibit
some degree of interdependence, a multitude of SLB-formation pathways can occur.

Comparing silica and mica - the role of calcium

Several pronounced differences in the deposition of lipid vesicles and in the SLB-formation on mica
and silica supports can be deduced. For simplicity, we distinguish two situations, namely the absence

and the presence of calcium.
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In the absence of calcium, repulsive (attractive) interactions between negatively (positively) charged
vesicles and the negatively charged support are stronger on mica than on silica. This underlines the
important role of electrostatic interactions and suggests that mica may be more strongly negatively
charged than silica®.

We found that vesicles made of DOPC become less flattened on mica than on silica. In opposition,
the attractive van der Waals forces are expected to be higher on mica than on silica’. This may indicate
that electrostatic double layer forces are sufficiently strong to outweigh the van der Waals forces,
despite the small surface potential of DOPC under the employed conditions (Egawa and Furusawa,
1999). Alternatively, additional short-ranged forces may substantially influence the vesicle-support
interaction®. While it remains difficult to identify the exact nature of the interaction forces, this
example is illustrative for the subtleties of the vesicle-support interactions.

The presence of calcium has a remarkable effect on the lipid deposition on mica as evidenced by the
fact that SLBs can be formed at a DOPS-content of 80% and more (Reviakine et al., 2001; Richter and
Brisson, 2004). Recent results (Richter et al.) indicate that, during SLB-formation, DOPS-molecules
become distributed asymmetrically between the two SLB-leaflets. Calcium’s exceptional capacity to
promote SLB-formation correlates thus with our finding that DOPS molecules become enriched in the
SLB’s mica-facing side, suggesting the presence of a particular calcium-mediated interaction between
mica and DOPS. It is tempting to identify the (re)distribution of DOPS within and in-between (flip-

flop) the leaflets of adsorbed vesicles as the determinant parameter for the slow rupture kinetics that we

? Surface charges around 0.1 electron per nm™ have been reported for both mica (Pashley, 1981a; Pashley, 1981b) and silica
(Bolt, 1957; Considine and Drummond, 2001), with significant variations as a function of electrolyte concentration, pH and
surface preparation (Toikka and Hayes, 1997; Morigaki et al., 2002; Penfold et al., 2002).

* Non-retarded Hamaker constants of A =2-102°J (0.8-10°° J) have been reported for two surfaces of mica (silica)
interacting in water (Israelachvili, 1992).

* Silica and mica are known to exhibit remarkable differences in their short-range interactions (Chapel, 1994; Israelachvili

and Wennerstrom, 1996).
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observed for isolated DOPS-containing vesicles. Interestingly, Yaroslavov et al. (1994; 1998) have
reported that a membrane-binding polycationic polymer can induce the redistribution of negatively
charged lipids towards the outer leaflet of SUVs, although the mechanism of this polycation-induced
flip-flop remains little understood. It appears conceivable that the calcium-mediated interaction
between mica and DOPS, in conjunction with the stress that other vesicle-support interactions exert on
the vesicle, may enhance lipid flip-flop in mica-bound vesicles, thereby promoting their rupture.

We note that the SLB-promoting effect of calcium is not restricted to DOPS but extends also to
DOPC. While calcium was observed to facilitate adsorption and SLB-formation on silica, too, the
effect was considerably less pronounced.

Mica-bound lipid material retained some degree of mobility, whereas bilayer patches were found to
be immobile on silica. Could a difference in the roughness of the two supports explain this effect
(Rédler et al., 1995)? The roughness of silica wafers employed in the reference study (Richter et al.,
2003), was in the range of 0.1 nm (Richter and Brisson, 2003), i.e., well below what is generally
considered the thickness of the water layer between the lipids and the solid support (Bayerl and Bloom,
1990; Johnson et al., 1991). We therefore refrain from attributing the observed differences entirely to
roughness. Other effects may be induced by the nature of the interactions between the solid support and
bilayer patches and/or their boundary.

The current study thus underlines the important role of the solid support in determining the lipid
deposition pathway. Whereas the investigations undertaken in this work identified important
parameters that determine the lipid deposition pathway, it is hoped that further detailed comparative
studies on mica, silica and other surfaces (such as titanium oxide) at varying ionic strength and calcium
content will provide access to information on the quantitative as well as molecular level. In particular,
such investigations may help to separate the contribution of vesicle-support, inter-vesicle and intra-
bilayer interactions, respectively, in the lipid deposition process and, in particular, to elucidate the

molecular nature of the calcium-mediated interaction between DOPS and the support.
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Combining QCM-D, AFM and Ellipsometry

We emphasize the importance of combining QCM-D, ellipsometry and AFM to obtain the results
reported in this study. The application of all techniques on an identical support allowed obtaining
kinetic information about the adsorption, desorption and rupture of vesicles with high time resolution
as well as detailed information about local structural changes of the lipid assemblies. While the multi-
technique approach gives an improved control over possible experimental artifacts, the combination on
an identical support opens up for a detailed quantitative investigation of SLB-formation or other self-
assembly processes.

Influences of the AFM-tip on the appearance of immobilized vesicles and SLB-patches

The modification of the AFM-tip with a lipid-repelling polymer proved essential in order to
reproducibly obtain images of different coexisting lipid structures. Both SLB-patches and vesicles
could be imaged stably and without lateral displacement. Furthermore, controlled tip-forces allowed
investigating shape transitions such as patch movement and coalescence or vesicle rupture. Such events
can potentially be exploited to quantify the influence of the tip on the apparent size of surface-bound
vesicles and bilayer patches. In particular, the coalescence of patches can be exploited to determine the
correct size of bilayer patches and the rupture of adsorbed, flattened vesicles can be used to estimate
the diameter of the corresponding non-flattened vesicle as well as to evaluate the influence of the tip on

the apparent width of a vesicle (see Supplementary Information).
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CONCLUSION AND PERSPECTIVES

The combination of QCM-D, AFM and ellipsometry has allowed identifying and characterizing a
multitude of processes that take place from the adsorption of vesicles to the formation of a complete
SLB on mica. While most of these processes act locally, their interdependence and kinetics determine
together the overall dynamics of the SLB-formation process.

Our study provides evidence for important differences in the interaction of lipids with silica and
mica, stressing the importance of the solid support, the calcium-EDTA balance and electrostatic
interactions in the SLB-formation process.

The improved imaging of surface-confined lipid structures demonstrated in this study together with
the exploitation of the shape transitions (Supplementary Information) for size determinations open up
for the reliable quantification of adsorbed lipid material and for the investigation, in detail, of the shape

of surface-bound vesicles.
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TABLES

TABLE 1

Parameters measured by QCM-D for the deposition of vesicles with varying lipid composition.

lipid ratio [Ca] Afpn ADpax Afsn ADgn tsip  vesicle deposition stability of vesicles
DOTAP DOPC DOPS (mM) (Hz) (10°) (Hz) (10°) (min) pathway at low coverage

1 - - 0° - 05 25 02 12 SLB fast rupture®

1 4 - 0¢ 35 27 27 08 3 SLB no rupture, no desorption

- 1 - 0¢ -103 100 - - - SVL no rupture, slow desorption
9 1 0° -13 20 - - - SVL -

- 4 1 0° 0 0 - - - no adsorption -

1 - - 2 - 03 -24 02 10 SLB fast rupture”

1 4 2 32 1.8 =265 0.5 3 SLB no rupture, no desorption

- 1 - 2 -50 40 -25 0 5 SLB no rupture, no desorption

- 9 1 2 50 26 -25 0 33 SLB -

- 4 1 2 45 25 26 02 33 SLB slow rupture”

- 2 1 2 34 1.7 255 02 5 SLB slow rupture”

- 1 1 2 36 1.5 255 02 13 SLB slow rupture®

- 1 2 2 34 15 255 02 2 SLB slow rupture®

- 1 4 2 33 10 26 02 13 SLB slow rupture®

* rupture within seconds or less after adsorption; ° rupture within minutes or hours after adsorption; ©

measured in the presence of 2 mM EDTA
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FIGURE LEGENDS
FIGURE 1
QCM-D response, i.e., changes in frequency (-o-) and dissipation (---), for the deposition of SUVs
composed of DOPC/DOPS (molar ratio 4:1) on mica in 2 mM CacCl,. Lipid exposure starts at 0 min.
The peak in dissipation and the minimum in frequency indicate the presence of intact vesicles bound at
an intermediate state. The final frequency shift of -25 Hz and the low final dissipation shift indicate the
presence of an SLB. A rinse with buffer (arrow) does not affect the SLB.
FIGURE 2
SLB-formation from SUVs made of DOPC/DOPS (4:1) interrupted at an early stage. (A) QCM-D
response (frequency, Af (-o-), and dissipation, AD (---), at 25 MHz): after the rinse (arrow), the
adsorbed vesicles are not stable. (B-C) Two sequential images recorded after transfer of the mica-
coated QCM-D sensor to the AFM: vesicles and bilayer patches, identified by their height and shape
(cross-section in inset, green and red arrowheads, respectively) coexist. A few vesicles (asterisks)
become ruptured by the influence of the AFM-tip. Image size (z-scale): 1 wm (20 nm); the slow scan
direction (contact mode) is indicated (arrows). (D) Changes in the ellipsometric angle, AA: after the
rinse (solid line, arrow) at AA =-0.18°, corresponding to 30% of a complete SLB, the signal remains
stable confirming that lipid material is not desorbing. For comparison, the response for the formation of
a complete SLB is shown (dotted line), resulting in AA =-0.6°. Lipid deposition for the ellipsometry
measurements was performed at concentrations of ~5 ug/mL (solid line) and ~10 pg/mL (dotted line),
respectively.
FIGURE 3
Sequential AFM-images (contact mode) before (A), during (B) and after (C) the merger of bilayer
patches of DOPC/DOPS (4:1). Images A and C are scanned at lowest possible forces (~100 pN). In

image B the force was slightly increased (~300 pN) inducing the merger (arrowheads) of several
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patches (asterisks). Image size (z-scale): 1.25 um (10 nm); the slow scan direction is indicated
(arrows).
FIGURE 4
Sequential AFM-images (contact mode) of coalescence events of bilayer patches of
DOPC/DOPS (4:1). After the tip-induced merger of patches 1-3 (A), the coalescence with patches 4
(B), 5-6 (C) and 7 (D) is induced by the movements of the reshaping patch. Image size (z-scale):
1.75 um (10 nm); the slow scan direction is indicated (arrows).
FIGURE 5
SLB-formation from SUVs made of DOPC/DOPS (4:1) interrupted at a late stage. (A) QCM-D
response (frequency, Af (-0-), and dissipation, AD (---), at 25 MHz): after the rinse (arrow) close to the
minimum in frequency, surface-bound lipid material undergoes quick structural changes. (B) AFM-
image (tapping mode) taken after the transfer of the sample: extended patches coexist with a few
vesicles (asterisks). The bilayer patches exhibit edges with small local radius of curvature (<150 nm,

arrowheads). Image size (z-scale): 1.5 wm (20 nm). (C) Changes in the ellipsometric angle, AA: after

rinsing (solid line, arrow) at AA =-0.41°, corresponding to 68% of a complete SLB, the signal remains
stable confirming that lipid material is not desorbing. The response for the formation of a complete
SLB is shown for comparison (dotted line). Lipid deposition for the ellipsometry measurements was
performed at concentrations of ~20 pug/mL (solid line) and ~10 pg/mL (dotted line), respectively.
FIGURE 6

(A) AFM-image of an SLB formed from a solution of 10 ug/mL SUVs made of DOPC/DOPS (4:1) and
interrupted at a very late stage (contact mode). Numerous elongated defects persist. The ends of some
of these defects (arrowheads) appear sharp. It is not clear whether these ends indeed represent a true
bilayer boundary with a small but finite radius of curvature (~15 nm). Alternatively, these points may

mark the limits of an unresolved gap (dotted line) between two bilayer patches. (B) AFM-image of an
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SLB formed from a solution of 100 ug/mL SUVs made of DOPC/DOPS (4:1) (tapping mode). The
bilayer is ideal without visible defects, except for two protrusions (arrowheads), likely to be trapped
vesicles. Image size (z-scale): 10 um (10 nm).
FIGURE 7
QCM-D responses (frequency, Af (-o0-), and dissipation, AD (---)) for the deposition of 0.1 mg/mL
SUVs composed of different lipids on mica. Lipid exposure starts at 0 min. (A) DOPC in 2 mM CaCl,
(25 MHz, flow mode): after the rinse (black arrow) at an early stage of SLB-formation, Af and AD
remain stable, indicating that adsorbed vesicles are stably bound and do neither desorb nor rupture; re-
incubation with SUVs (white arrow) leads to completion of the SLB-formation. (B) DOPC in 2 mM
EDTA (35 MHz, flow mode): formation of an SVL exhibiting high dissipation; a rinse with EDTA-
containing buffer (black arrow) leads to partial desorption of the vesicles; a rinse with calcium
containing buffer (black dotted arrow) leads to the formation of an SLB, as characterized by a
frequency shift of -26 Hz and a very low dissipation shift; subsequent addition of SUVs in 2 mM CaCl,
(white arrow) does not further affect the SLB. (C) DOTAP in 2 mM EDTA (35 MHz, flow mode):
formation of an SLB; vesicles rupture instantaneously upon adsorption.
FIGURE 8
The local minimum in frequency, |Afyi| (A, C), and SLB-formation time, tsi g (B, D), as a function of
the fractional lipid charge, o, (= average number of charges per lipid molecule). Data for mica (filled
circles) and silica (open circles, adapted from ref. (Richter et al., 2003)) are shown in the presence of
2mM EDTA (A, B) and 2 mM calcium (C, D), respectively. Data are given for lipid mixtures and
conditions that lead to SLB-formation; |Afu,| is indicated only if the SLB-formation exhibits a local

minimum in frequency.
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SUPPLEMENTARY INFORMATION
Manuscript title: Following the formation of supported lipid bilayers on mica — a study combining
AFM, QCM-D and ellipsometry

Authors: Ralf P. Richter and Alain R. Brisson

Evaluating the effect of the AFM-tip on the apparent size of vesicles and bilayer patches

Both vesicles and bilayer patches are by nature soft and compressible objects. Therefore, the
apparent size of these objects, as measured by AFM, is potentially affected not only by the tip-
convolution (leading to size overestimation for lateral features) but also by the compression of the
objects (leading to size underestimation). While the question of deformation of vesicles normal to the
surface has been addressed recently (Liang et al., 2004), little experimental data is available about the
lateral deformation of vesicles and bilayer patches. We demonstrate here how shape changes that were
observed in our study, namely, the coalescence of pairs of bilayer patches into larger patches and the
transformation of vesicles into bilayer patches, can be used to address this question.

1. Determining the true size of bilayer patches from their apparent size in AFM-images

The apparent radius of the bilayer patches was observed to decrease by around 5 nm when
increasing the normal force by around 200 pN from the minimum force (50-100 pN) required for
proper tracking of the surface. This indicates that increased forces can indeed lead to the lateral
squeezing of soft material, though it is unclear whether the observed effects can be attributed to the
compression of the lipid patch, to the soft coating of the AFM-tip (the radius of gyration of the PEG-
chains is in the range of 2 nm (Kenausis et al., 2000)) or to both effects. In the frame of this work we
assume that the interplay of compression effects and tip-convolution will determine the apparent patch
radius (scheme SI.1). In the following we will show that, based on a simple model, the real size of
bilayer patches can be determined from their apparent size by analyzing the merger of two neighboring

patches into one larger patch.
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We utilize the assumption that the area covered by the initial patches with real radii ry and rg is

conserved upon merger into one patch with radius rag:

SAB=ﬂr§B=”r§+7zrf32=SA+SB- (1)
Furthermore, we define the apparent radii as

I =r,+Ar fori=A, Bor AB ()
and assume that the perturbations Ar are induced locally upon scanning of the patch-boundaries, i.e., Ar
is not dependent on the patch size'. Note that Ar is a function of the height, h", over the mica surface at
which the patch size is measured and depends on the normal force applied by the scanning tip, Fyp, (c.f.

scheme SI.1). It is convenient to define the ratio k = r; /r, with 0 <k <1 as well as

e Tatla e _ 14K 4 i 0<c<y2 12041, )

Y V1+k?

The apparent areas occupied by the merged patch and the merging patches are then

Sy = n(r,fgp )2 = 7Z'(FAB + AI’)2 and (4a)

SP 4 SP = ”l(r:pp )2 + (ré"pp )2 J = z[(rAB + Ar)2 + 2CAIT 5 + Ar? ], (4b)

respectively, resulting in a change in apparent area upon merger of

AS®P =S | g0 _ S _ oo AP P + (1—2C)7Ar? = 2CAArT g + Ar . (4¢)
It follows that

AS® =0 for Ar=0, (5a)

AS®" > 0 for Ar >0 as well as (5b)

AS™ <0 for Ar <0 and r,, > |Ar/2c|. (5¢)

" For simplicity we consider only the average radius and average perturbations and do not take into account asymmetric

perturbation as, e.g., induced by the tip scanning in contact mode. Similar conclusions hold though for the asymmetric case.
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The relations 5a-c imply that for sufficiently large patch sizes (r,; > |Ar/ 2c

), the underestimation

(overestimation) of the patch size always leads to negative (positive) values of AS®™. AS*® becomes
zero only if the apparent patch sizes equal the real sizes. Furthermore, the magnitude of the change in
apparent area increases as a linear function of the (real and apparent) patch sizes. Consequently,
measuring AS™" for some merger events such as those shown in figure 3 should enable to verify
whether the apparent patch size corresponds to the real patch size.

In figure SI.1 AS®® is plotted as a function of r’® (obtained at different heights, h") for a few

merger events. Both negative and positive values of AS*"*

were observed, indicating that indeed both
tip-induced compression and tip-convolution effects can influence the apparent patch size significantly.
Smallest perturbations (AS** ~ 0) were in most cases obtained when the patch size was determined at
a height between 1.5 and 0.3 nm below the top of the patch.

In order to get an estimate of the relative influence of squeezing and tip-convolution we plotted the
apparent patch radius as a function of h™ (figure SI.2). At lowest forces (Fep = 50-100 pN), the apparent
radius coincides with the true radius at heights close to the top of the patch (h”~ 4.3 nm) and tip-
convolution effects lead to a considerable overestimation with decreasing heights (~15 nm over a
height range of 3 nm). For slightly increased forces (F, = 300 pN), the true radius is obtained at a
height between 2.9 and 3.9 nm, thus giving an underestimation of 2 to 6 nm at heights close to the top
of the patch.

In conclusion, over a reasonable range of low forces (<300 pN) within which the normal tip-forces
can be maintained experimentally, the apparent radius of a bilayer patch, determined at a height close

to the top of the patch, will be close (within ~5 nm) to its true radius. For the following investigations

we thus use the patch size measured at minimum forces as a representation of the true patch size.
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2. Relationship between the radii of a small vesicle and of its resulting bilayer patch
Having established a method to determine the true size of bilayer patches, we can now estimate the
size of the corresponding vesicles. Geometric constraints on the packing of lipids lead to unequal
repartition of lipid material in the inner and outer leaflet of small vesicles. The amount of lipid material
that can occupy each leaflet is assumed to be determined by the radii of the inner and the outer leaflet,

ri and r,, respectively (c.f. scheme SI.2). The difference of the radii, r, =r, —r,, corresponds to the
thickness of a lipid monolayer (2.5+0.5 nm)". Furthermore it is reasonable to assume S, = (S, +S,)/2

with S;, S, and S, being the area of the inner and outer leaflet of the vesicle as well as the planar bilayer
patch formed from the vesicle, respectively. The relationship between r; and the radius of the bilayer

patch, rp,, of

h=3 (\/ rp2 — T — rml) (6a)

is easily obtained. Equation 6a can be well approximated by the linear relationship™
i=30—h). (6b)
Furthermore the ratio of lipid repartition between the membrane leaflets is described by

261, + 12
o 1+ i_ml ml‘ 7
S. r? (7)

For the smallest measured patch radius, r, = 14+2 nm, we obtain an inner radius of the vesicle of

ri =5.8+1.3 nm, and an outer vesicle radius of r, =r, +2r,, =10.8+1.8nm, close to the expected size

" The chosen assumptions imply that the packing of the lipid material is determined by the lipid headgroups in the inner
leaflet and by the lipid tails in the outer leaflet (i.e., the shape of a lipid molecule is approximated as a cylinder).
Alternatively, one may consider the lipid packing to be determined by the headgroups in both leaflets (i.e., approximate the
lipid shape as a truncated cone with the lipid head being located on the cone’s base). In this case r, becomes I,
Im = 5+1 nm (the thickness of a lipid bilayer), and r, =r; + r,. While the choice of the model strongly affects the lipid
repartition ratio, S,/S;, the difference in the vesicle radius is small (1.3 nm).

" The linear form overestimates r; by less than 0.2 nm for r, > 10 nm.
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of SUVs. The lipid repartition ratio between the outer and the inner leaflet is around 2.0, in accordance
with commonly given values of 1.5 to 3 (Yeagle, 1987).

Taken together the proposed model allows deducing the size of a spherical vesicle from the size of
the corresponding bilayer patch with an error of a few nanometers.

3. The flattening of surface-bound vesicles

Upon encounter with the surface, adsorbing vesicles become flattened. We selected events of vesicle
rupture into bilayer patches to compare the dimensions of the flattened vesicle, as measured by AFM,
with the size of the corresponding spherical vesicles, as calculated according to equation 6b. In
figure SI.3A the apparent height of the surface-bound vesicles is plotted as a function of the diameter of
the corresponding spherical vesicle. It is immediately apparent that the heights are much smaller than
the diameter of the initial vesicle, indicating substantial flattening. Interestingly, the height increases
close to linearly with the vesicle size, though the linear fit does not go through the plot’s origin. This
can be rationalized by the fact that the vesicle’s shell (the bilayer) does not contribute to the flattening.

Therefore we will henceforward operate with vesicle dimensions, that are reduced by the thickness of
the included bilayer(s), i.e., the inner height, h** =h®*" —4r  =h®*" —10nm, and the inner diameter,

2r; (c.f. figure SI.3A). Consequently, we find that the apparent inner height corresponds to only 20% of
the vesicle’s original inner diameter.

We performed some measurements at varying forces on some of the vesicles to investigate whether
the flattening could, at least in part, be due to elastic deformations induced by the AFM-tip. Indeed, the
height was observed to change, though only by a few nanometers over a force range of 100 to 300 pN.
An example of the height variation is given by the three experimental points at 2r;=163 nm in
figure SI.3A, which all belong to the same vesicle. Similar experimental observations have been
reported by Liang et al. (2004). In addition, an estimate of the normal indentation of the vesicles using

the Hertz contact model (Laney et al., 1997; Liang et al., 2004) gave small but significant indentations
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of 3-4 nm (6-8 nm) at forces of 100 pN (300 pN)iV. In conclusion, while the measured heights may
slightly underestimate the true heights, they do not change our finding that surface-bound vesicles are
considerably flattened.
Having evaluated both r; and h;, it becomes eventually possible to calculate the expected width of
the surface-bound vesicle. We assume that the inside shape of the flattened vesicle can be modeled as a
spherical cap’. As the surface area of the spherical unbound vesicle with radius r; should correspond to

the surface area of the spherical cap, characterized by its height, h;, and width,

d, =d—4r, =d-10nm (c.f. scheme SI.3), we obtain 41> = ﬂ(%diz + hf) or

d, =8r’ —2h> . (8)
In figure SI.3B both the apparent width, d®" - as measured by AFM at a height, h ~ 5 nm - and the

calculated width, d; - using equation 8 and h*” - are plotted against 2r;. Notably, the apparent width is

significantly larger than the calculated width for small vesicle sizes with deviations of 20 nm and more.
Based on the performed calculations and our results for the bilayer we suggest that this overestimation
is due to tip-convolution effects. Almost surprisingly, apparent and calculated values correspond well
for larger vesicle sizes, suggesting that the overall influence of the tip cancels out to give close to real
values for the dimensions of the adsorbed vesicle. Additional measurements on a larger population of

large vesicles appear though necessary to ensure the significance of this observation.

¥ The numbers were obtained with a bending modulus, k = 0.25- 1017 (Seifert and Lipowsky, 1995), a Poisson ratio,
v =0.5 (Laney et al., 1997), and a thickness of 4.5 nm of the bilayer and a tip radius of 20 nm.
¥ For large vesicles (r, >> Ar) the form of a spherical cap was indeed predicted for surface-bound vesicles with constant

surface area and variable inner volume (Seifert and Lipowsky, 1990). Furthermore, calculations using the shape of a half-

ellipsoid gave very similar results, indicating a relatively weak dependence of the calculated width on the shape model.
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Summary and Outlook

The possibility to track events of vesicle rupture and patch coalescence allowed us to investigate the
error associated to measuring the size of vesicles and bilayer patches by AFM. The size of bilayer
patches and the height of immobilized vesicles can be measured with fairly good accuracy under
appropriate conditions, the measured width of the vesicle, though, was considerably overestimated.

While the study demonstrated the feasibility of this approach to investigate the size and the shape of
soft material, there is room for improvement. This includes the use of larger vesicles to increase the
size range investigated. Another improvement would be approaches of image reconstruction
(Villarrubia, 1994; Williams et al., 1996), which could be reliably achieved by co-incubation of

vesicles with particles of similar size and shape.
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APPENDIX
Determination of the apparent lateral dimensions of vesicles and bilayer patches
The apparent area occupied by a lipid bilayer patch, S**, was determined with the particle analysis
routine integrated in the Nanoscope software (VEECO, Dourdan, France). The average apparent radius,

PP =+ (§*P/7r). The average apparent radius of surface-bound

r**?, of a bilayer patch was calculated as r
vesicles was calculated as the geometric mean of the radii measured along the fast and the slow scan
axis. The apparent radius along the slow scan axis was determined as half the measured vesicle

diameter. The radius along the fast scan axis was measured only on the side on which the tip

approaches the vesicle, in order to avoid errors due to improper sample tracking.
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FIGURE LEGENDS

FIGURE SI.1

app

Change in the apparent area, AS™ , upon merger of two bilayer patches (c.f. figure 3) as a function

of ry’. Each set of symbols, connected by a line, represents the values that were determined from

measurements of the patch sizes before and after the same merger event at different heights over the
surface. The arrow indicates the evolution of the height. The height varies by 0.5 nm from symbol to
symbol, spanning over a distance from 2.8 nm to 0.3 nm from the top of the patch (4.6+0.2 nm). The
forces, Fip, varied between 100 and 300 pN for different merger events. Changes in Fy, before and
after the merger were though corrected for by taking into account the change in apparent radius of
stable patches that were located in the proximity of the merging patches. r " is normalized by ¢ (c.f.

equation 4). Both negative and positive values of AS*®

occur, indicating the presence of compression
and tip-convolution effects, respectively. Close to zero area changes, i.e., the condition for the
determination of the true patch size from the apparent patch size (c.f. equation 5), are usually obtained
at heights within 1.5 nm from the top of the bilayer.
FIGURE SI.2

Apparent radius, r'*", of some bilayer patches measured as a function of the height, h", over the mica
surface. The patches resulted from coalescence of two patches and were imaged at forces, Fyp, between
100 and 300 pN. Dotted lines mark the confidence-range of the true patch radius (c.f. figure 1). At
lowest normal forces, the apparent radius coincides with the real radius for heights of 4.4 nm, i.e., close
to the top of the bilayer (#8 and #23). For slightly increased forces, the real radius is found at heights of
2.9 to 3.9 nm (#2, #7 and #20). The apparent radius varies by around 15 nm over the investigated
height range, likely due to the interplay of compression and tip-convolution.
FIGURE SI.3

Comparison of the apparent dimensions of the flattened vesicle with the calculated dimensions of

the corresponding spherical vesicle. (A) Apparent height, h*®, versus the diameter, 2r,, of the
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corresponding spherical vesicle. r, was determined from the size of the corresponding bilayer patch

(equation 6b). The close to linear relationship (dotted line) crosses the origin when the inner

dimensions, h™ =h®" —10nmand 2r;, are employed instead, giving a proportionality of
h®"/2r. =0.2. (B) Apparent widths, d** and d*" =d ¥ —10nm (+), and calculated widths, d and

d, =d —10nm (x, calculated according to equation 8, using h*"), versus the diameters, 2r and 2r;. At

small vesicle size, the apparent width overestimates the calculated width by 20 nm and more, indicating
the effect of tip-convolution. Surprisingly, the error diminishes at larger vesicle size. The linear

relationship (dotted line) of d,/2r, =1.38 is close to the maximum attainable value of 1.41.
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SCHEME SlI.1

An AFM-tip imaging a bilayer patch. Tip convolution (black solid line) leads to an apparent patch
size, r™, that increases with decreasing height, h, at which it is measured. Depending on the tip-force,
Fip, the edges of the bilayer (or the tip coating) may become laterally compressed, leading to a
decreased apparent patch size (yellow dotted line).
SCHEME SI.2

The model of a small spherical vesicle. The two lipid monolayers are confined between the radii, r;
and r,.
SCHEME S1.3

A spherical cap as the model of a surface-bound, flattened vesicle.
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FIGURE SI.1
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FIGURE SI.3
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On the effect of the solid support on the inter-leaflet distribution of lipids in supported

lipid bilayers
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ABSTRACT

The adsorption and spreading of lipid vesicles on solid supports has become a popular way to create
supported lipid bilayers (SLBs) but little attention has yet been paid to the possible redistribution of
lipid material between the two leaflets of an SLB. We use the technique of Quartz Crystal
Microbalance with Dissipation Monitoring (QCM-D) to follow the adsorption of prothrombin on SLBs
formed from sonicated unilamellar vesicles containing mixtures of dioleoylphosphatidylcholine
(DOPC) and dioleoylphospatidylserine (DOPS). The specific interaction of prothrombin with
negatively charged lipids is quantified and serves as a reporter of the content of accessible DOPS in

SLBs. We compare results obtained on silica and mica and find that the underlying support can induce
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substantial redistribution of lipid material between the two leaflets. In particular, SLBs formed on mica
showed a substantially depleted amount of accessible DOPS in the presence of calcium. The

mechanisms that lead to the lipid redistribution process are discussed.
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INTRODUCTION
Supported lipid bilayers (SLBs) have become popular' as model systems for cell membranes™* and
as a building block for biofunctional surfaces’”. The creation of SLBs by adsorption and spreading of

vesicles on hydrophilic supports® is attractive by its simplicity and important insights into the nature of

9-24 21-23

this self-organization process have been gained during the last years” ~". Recent studies by us and

9,12,25,26
others™ =~

provide evidence that the solid support plays a determinant role in the lipid deposition
process, giving rise to a multitude of SLB-formation pathways or even preventing SLB-formation.

In addition, the solid support can have pronounced effects on the properties of the SLB, once
formed. This may be illustrated by our observation that annexin A5, a protein that adsorbs to DOPS-
containing bilayers in a calcium-dependent manner”’, self-assembles into two-dimensional (2D)

829 whereas only a close-packed layer of annexin A5 can be found

crystals on SLBs formed on mica
on silica-SLBs under otherwise identical conditions™. While the origin of this effect remains unclear, it
prompted us to further investigate the properties of DOPS-containing SLBs on mica and silica.

Little attention has so far been paid to the trans-bilayer distribution of lipids in SLBs that are formed
from vesicles containing a mixture of different types of lipids. Commonly, the lipid molecules are
assumed to be distributed equally between the two SLB-leaflets, neglecting that the solid support may
interact differently with the support-facing (proximal) and the bulk-facing (distal) leaflet.

The objective of this study was to develop an assay that allows measuring the amount of DOPS
accessible in the distal leaflet of SLBs formed on silica and on mica. A promising strategy to quantify
the amount of accessible lipids is to follow the adsorption of a molecular entity that binds specifically
to the lipid in question. An important and - as the example of annexin A5 demonstrates - non-trivial
prerequisite for such an assay is that the adsorption and 2D organization of the molecule is not biased
by the underlying solid support.

Here we make use of the quartz crystal microbalance with dissipation monitoring (QCM-D)

technique to follow the adsorption of prothrombin to DOPS-containing SLBs. As annexin AS,
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31,32

prothrombin binds to DOPS, in a calcium-dependent manner” ~°. However, no membrane-induced

clustering has been reported to date. The QCM-D technique is by now established as a versatile tool to

12,21,26 - .33
“7 or protein adsorption”. Recently, we

characterize interfacial processes such as SLB-formation
have demonstrated that QCM-D measurements can be performed on mica-coated sensors™, opening up
for comparative measurements between silica and mica.

After establishing that prothrombin is indeed a suitable reporter for the DOPS-content in SLBs we

demonstrate here that the solid support can indeed have a profound influence on the trans-bilayer

distribution of DOPS.
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MATERIALS AND METHODS
Materials:

Dioleoylphosphatidylcholine (DOPC) and dioleoylphospatidylserine (DOPS) were purchased from
Avanti Polar-Lipids (AL, USA). Lyophilized prothrombin (factor II) from human plasma and other
chemicals were purchased from Sigma. Ultrapure water with a resistivity of 18.2 MQ (Millipore,
Molsheim, France) was used.

QCM-D sensor crystals (5 MHz) with a final coating of 50 nm reactively sputter-coated silicon
oxide were purchased from Q-SENSE (Gothenburg, Sweden). Muscovite mica disks of 12 mm
diameter and low viscosity epoxy glue (EPOTEK 377) for the mica-coating of the QCM-D sensors
were purchased from Metafix (Montdidier, France) and Gentec Benelux (Waterloo, Belgium),
respectively.

A buffer solution made of 150 mM NaCl, 3 mM NaNs and 10 mM HEPES, pH 7.4, was prepared in
ultrapure water, and 2 mM CaCl, or EDTA were added, as indicated in the text. Small unilamellar
vesicles (SUVs) of desired lipid mixture were prepared by sonication as described earlier”. Lipid
concentrations were deduced from the mass of the lipids dissolved and checked by phosphorus content
determination®® of the final lipid suspensions. Errors of less than 10% were obtained. Before use
vesicle suspensions were diluted at 0.05 mg/mL, if not otherwise stated.

Lyophilized prothrombin was reconstituted in ultrapure water as described by the manufacturer.
Small aliquots were stored at -20°C. Before use the prothrombin solution was thawed at 4°C and used
within two days. The protein concentration was determined from optical density measurements at a
wavelength of 280 nm using €50 = 1.53 g'l-L-cm'l.

Substrate preparation:

Silica-coated QCM-D sensors were cleaned by two cycles of exposure to 2% sodium dodecyl sulfate

solution for 15 min, rinsing with ultrapure water, blow-drying with nitrogen, and exposure to

ultraviolet (UV)/ozone21 (BHK, Claremont, USA) for 10 min. Cleaned substrates were stored in air and
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again exposed to UV/ozone (10 min) prior to use. Mica was glued on QCM-D sensor crystals and
verified to operate stably according to a previously described protocol®.
Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D):

QCM-D measurements were performed with the Q-SENSE D300 system equipped with an Axial
Flow Chamber (QAFC 302) (Q-SENSE AB, Gothenburg, Sweden) as described in detail elsewhere®”.
Briefly, upon interaction of (soft) matter with the surface of a sensor crystal, changes in its resonance
frequency, Af, related to attached mass (including coupled water), and in its dissipation, AD, related to
frictional (viscous) losses in the adlayer are measured with a time resolution of better than 1 s.

The system was operated in slow flow mode. Degassed sample liquid was continuously delivered to
the measurement chamber by the aid of a peristaltic pump (ISM832A, Ismatec, Ziirich, Switzerland).
The T-loop in the measurement chamber was bypassed and flow rates were kept sufficiently low (40 or
80 uL/min, as indicated in the text) to ensure stable operation at a working temperature of 24°C. In
order to switch between sample liquids, the flow was interrupted for a few seconds without disturbing
the QCM-D signal. A lag time of 2 to 4 minutes remained until the sample reached the QCM-D sensor.
With this setup, adsorption and interfacial processes can be followed in situ while subsequently
exposing different solutions to the surface. The system can be operated at relatively small sample
concentrations (1 pg/mL and less) as the flow limits depletion (enrichment) of the bulk upon adsorption
(desorption) of sample to (from) the sensor surface or the chamber walls.

Resonance frequency and dissipation were measured at several harmonics (15, 25, 35 MHz),
simultaneously. If not stated otherwise, changes in dissipation and normalized frequency
(Afyorm = Af/n, with n being the overtone number) of the third overtone (n =3, i.c., 15 MHz) are
presented. Adsorbed (wet) masses, Am, were calculated according to the Sauerbrey equation®,
Am = -C-Afyorm, with C=17.7 ng-cm'z-Hz'l. The equation has been demonstrated to be a good
approximation for lipid bilayers, adsorbed non-ruptured SUVs or globular proteins on the supports

12,18,22

investigated here . The validity of the equation was further verified by comparison with the
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RESULTS

SLB-formation and prothrombin adsorption

In a first step towards using prothrombin as a reporter of the content of accessible DOPS in SLBs,
we characterized the adsorption of prothrombin on model SLBs of DOPC/DOPS (molar ratio 4:1) on
silica and of DOPC/DOPS (1:1) on mica. Both the formation of the SLB and the adsorption/desorption
of prothrombin were followed by QCM-D (figure 1).

The QCM-D response upon exposure of lipid material to the support revealed, as expected, a
characteristic two-phase behavior, reflecting the initial adsorption of intact vesicles which is followed

12,22

by the formation of an SLB ~°°. The final frequency shift of -25+1 Hz and the low dissipation shift of

less than 0.2:10° confirm the formation of a lipid bilayer that entirely covered the support with no or
only minor defects'®*.

On a silica-SLB (figure 1A), stepwise addition of prothrombin solution of increasing concentration
induced a stepwise decrease of the frequency, indicating adsorption, until equilibration. Rinsing with
prothrombin-free buffer caused desorption of more than 80% of the prothrombin over the time scale of
one hour. Addition of a buffer containing the calcium chelator EDTA resulted in rapid unbinding of the
remaining prothrombin. The results confirm (i) that the adsorption of prothrombin is reversible and (ii)
calcium dependent, as previously known®'.

Whereas the frequency provides information on the adsorbed amounts, the dissipation can reveal
details about the “pathway” of adsorption taken by the prothrombin. It is interesting to note that, after
an initial increase with decreasing frequency, the dissipation decreased (figure 1A, asterisk) once the
amount of prothrombin adsorbed was higher than an amount corresponding to Af=-28 Hz. The
decrease in dissipation clearly indicates a rigidification of the adsorbed layer when approaching high
protein coverage.

In order to further characterize the state of the prothrombin layer, we make use of the AD-Af-plot

(graph A in figure 2). The plot relates the changes in dissipation (i.e., the rigidity of the adlayer) to
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changes in frequency (i.e., the adsorbed mass). Consequently, such a graph gives a qualitative
fingerprint of how the conformational state (rigid/mon-rigid) of the adsorbed layer evolves with
coverage3 338 As time is not explicit in this plot, it allows for the direct comparison of adsorption and
desorption data of several measurements with varying kinetics. Notably, the AD-Af-plots corresponding
to both the adsorption phase and the desorption phase superposed exactly. In addition, the AD-Af-plots
were identical, both when the bulk prothrombin concentration was increased stepwise (c.f. figure 1A)
or when it was maintained at maximum (68 pg/mL) throughout the entire adsorption process (data not
shown).

These observations, together with the observed complete reversibility, confirm that the adsorbed
amounts of prothrombin are determined entirely by the equilibrium between the prothrombin
concentration in the bulk and on the surface and do not dependent on the history of adsorption. This
corroborates the validity of our working hypothesis that prothrombin binding can be characterized by
the amounts of prothrombin adsorbed at equilibrium for several bulk concentrations.

On SLBs formed on mica (Figure 1B) an adsorption curve for prothrombin similar to that observed
on silica-SLBs was obtained. Again the adsorption is almost completely reversible' and the AD-Af-plots
(graph B in figure 2) for adsorption and desorption follow (i) closely each other as well as (ii) the plots
for the silica-SLB (graph A in figure 2). This indicates that the adsorption processes on mica and silica
are identical, and thus that the adsorbed amounts on mica and silica can be strictly compared in order to
deduce the amount of accessible DOPS.

Dependence of prothrombin adsorption on the DOPS-content

In a second step we measured the adsorption of prothrombin to SLBs over the range of DOPS-
contents for which SLBs could be obtained, and systematically investigated the adsorbed amounts at

(or close to) equilibrium for various bulk prothrombin concentrations. We employed the AD-Af-plot to

" Adsorption was reversible to within less than 10% of the maximum coverage. The remaining frequency shift of -3 Hz may

be attributed to minor drifts on the generally less stable mica surfaces.
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distinguish between typical and anomalous adsorption behavior. Indeed, most adsorption curves
resulted in the typical AD-Af-plots (c.f. graphs A-B in figure 2), with some exceptions (described below
in paragraph “Reproducibility”, figure 1C and graph C in figure 2) that were discarded. The results for
silica and mica are shown in figure 3.
(Almost) no prothrombin adsorbed to pure DOPC, demonstrating the specificity of prothrombin for

DOPS. As expected from previous studies®'~

, adsorbed amounts increased with increasing DOPS-
content. Importantly the adsorbed amounts vary widely over the entire range of accessible DOPS-
concentrations, confirming that prothrombin is a suitable reporter of the DOPS-content. The maximum

amounts of bound prothrombin were identical for silica and mica (Afy. = -52+2 Hz), corresponding to

a mass of 920435 ng-cm™. Comparing the QCM-D mass, that includes coupled water, with reported

values of the dry protein mass (~350+60 ng-cm™ *'

), we obtain an effective water content of 55 to 70%,
which is in the upper range reported for (sub)monolayers of globular proteins”. The resulting density of
~1.13 gem™ (assuming a protein density of 1.35g-cm™) gives an effective thickness of the
prothrombin layer of around 8 nm, in agreement with available structural data for the prothrombin
molecule ***.

Intriguingly, the amounts of adsorbed prothrombin for a given nominal DOPS-content (i.e., the
content determined by the molar mixing-ratio of DOPC and DOPS) differ markedly between silica-
SLBs and mica-SLBs. For example, at a nominal DOPS concentration of 20%, the exposure of
prothrombin at a concentration of 8.5 ug/mL led to frequency shifts of -30 Hz with a silica-SLB and
-5 Hz with a mica-SLB (figure 3). For a given DOPS-content, the adsorption of prothrombin was

systematically higher on silica than on mica, indicating that the amount of accessible DOPS, i.e. the

DOPS in the distal lipid leaflet, was higher on silica than on mica. The data demonstrate that the

T For comparison, albumin, ferritin and fibrinogen, both adsorbing at submonolayer coverage on a solid support, showed a
solvent content of ~43%, ~56%" and ~64%, respectively. For streptavidin, coupled to a biotinylated-SLB, a solvent

content of ~55% was reported*'.
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underlying support has a profound influence on the amount of DOPS that is accessible to the protein,
and provide indications for an unequal distribution of DOPS molecules between the distal and the
proximal leaflet in the SLB on at least one of the solid supports.

In order to investigate which of the solid supports induces an asymmetry in the lipid distribution, we
hypothetically assumed a balanced lipid distribution between the two leaflets of the SLB on either
silica or mica, taken as a reference, and estimated the amount of accessible DOPS on mica (silica), by
comparing the adsorbed amounts of prothrombin with the corresponding “reference” (table 1). The
ratio between the nominal and the accessible DOPS-content obtained for silica was smaller than 0.5,
for the nominal DOPS-contents of 5, 10 and 20%. A ratio of 0.5 corresponds to the extreme situation,
for which the entire DOPS-content in the bilayer is contained in the distal leaflet. Values below 0.5 are
thus physically not reasonable. This inconsistency disproves that mica can be a proper reference and, in
consequence, indicates that the DOPS-distribution is asymmetric in mica-SLBs.

In contrast, the results obtained for mica with the silica-“reference” remain consistent in the frame
of this comparison. Thus, while the presentation in table 1 allowed determining that the distribution of
DOPS in mica-SLBs must be asymmetric, it does not enable us to draw any conclusions about the
distribution on silica. In principle, the lipid distribution may or may not be asymmetric on silica and
independent reference data would be needed to settle this questioni“.

Analysis of the kinetics of adsorption of prothrombin

The full reversibility of prothrombin adsorption implies that one important prerequisite for a simple
kinetic model, the Langmuir model, is fulfilled*’. Plotting the equilibrium adsorbed amounts against

the bulk concentration of prothrombin (figure 4), however, reveals sigmoid-shaped (and not Langmuir-

i In recent investigations with annexin A5 *, we determined the calcium concentration, [Ca],,, that is needed to attain half-
maximal protein coverage on SLBs formed from DOPC/DOPS (4:1) and found 0.2 mM on silica. This value agrees well

with those previously reported on SLBs formed by Langmuir-Blodgett deposition*’ (0.2 mM for DOPC/DOPS (4:1)) and on
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isotherm-like) curves, that become particularly apparent for low DOPS-content. In order to compare
our data with kinetic constants reported in literature, we have, though, attempted to fit our results to the
Langmuir isotherm by neglecting the equilibrium adsorbed amounts at low protein concentration
(table 2). The resulting effective dissociation constants, Kp, vary between 0.2 and 0.02 uM over a range
of 10 to 50% DOPS. These values are in the range of 0.3 to 0.01 uM reported previously for less than
50% DOPS****° A more rigorous comparison of our results with those reported in literature is
obscured by variations in the experimental conditions (such as calcium content and temperature) and
the methods used to determine kp. We therefore did not attempt to employ literature data as an
independent reference to evaluate the DOPS-distribution.

Influence of the history of the SLB on the amount of accessible DOPS

In order to investigate the influence of the SLB-formation process on the amount of accessible
DOPS in mica-SLBs, we performed the prothrombin test on SLBs that were formed from vesicles
(DOPC/DOPS (4:1)) at extreme concentrations of 0.5 mg/mL and 0.015 mg/mL which mark the limits
of the experimentally accessible time range for SLB-formation (~30 s to ~20 min). The prothrombin
adsorption behavior was identical in both cases (data not shown), indicating that the SLB-formation
time does not influence the amount of accessible DOPS.

Also, varying the delay time from SLB-formation to prothrombin exposure over a range of 5 to 60
minutes did not significantly alter the prothrombin adsorption, indicating that slow lipid redistribution
between the two leaflets of the mica-SLB is not responsible for the varying amount of accessible
DOPS.

Reproducibility

Most of the QCM-D responses obtained for the adsorption and desorption of prothrombin resulted in

the typical AD-Af-plot, shown for graphs A and B in figure 2. In some cases, however, significantly

vesicles* (0.13 mM and 1 mM for DOPC/DOPS (3:1) and (5:1), respectively), suggesting that the inter-leaflet distribution

of DOPS in silica-SLBs is indeed symmetrical.
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different responses were observed. An example is given in figure 1C, corresponding to a
DOPC/DOPS (2:1)-SLB on mica. At a prothrombin concentration of 8.5 ug/mL, the frequency
decreased surprisingly (to around -40 Hz of adsorbed prothrombin) whereas the dissipation increased to
anomalous levels. A similar phenomenon could be observed at 68 pg/mL and both effects lead to
characteristic changes in the slope in the AD-Af-plot (graph C in figure 2). In accordance with these
results, the dissipation does not decrease to values close to zero after close-to-complete desorption of
prothrombin. Such an anomalous behavior was occasionally observed for SLBs both on silica and on
mica and the reason for this behavior is at present not clear. The analysis of freshly prepared
prothrombin stock solution by SDS-PAGE analysis revealed some faint bands in addition to the main
band, which became more pronounced when the protein was stored at 4°C for a few days (and even
faster when kept at room temperature), and thus suggests protein degradation as a possible reason for
the observed anomalies. It is notable that the AD-Af-plot allows discriminating between different types

of adsorption phenomena and we used this plot as a quality control of our experimental data.
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viscoelastic model’’ as implemented in the software QTools 2 (Q-Sense, Gothenburg, Sweden).
Deviations of less than 5% were obtained.
Analysis of adsorption kinetics:
Dissociation constants, kp, and maximum adsorbed amounts, Afy,,., were determined by fitting the
equilibrium frequency shifts, Af., established at various bulk concentrations, ¢, of prothrombin to the

Langmuir isotherm, Af, = Af.x x ¢/ (kp + C).
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DISCUSSION

Lipid redistribution induced by the nature of the solid support

The prothrombin assay described here provides evidence for substantial differences in the amount of
DOPS present in the distal SLB-leaflet between SLBs formed on mica and on silica, from SUVs with
identical DOPS-content. Our results allow attributing these differences to a surface-induced
redistribution of DOPS between the two SLB-leaflets.

In particular, the comparison between mica and silica provides indications that the distal leaflet in
mica-SLBs is depleted in DOPS. As no indications were found for significant changes in the amount of
DOPS in the distal leaflet after completion of SLB-formation, the lipid redistribution must occur during
the SLB-formation process. Furthermore, as changes in the SLB-formation kinetics over the
experimentally accessible time range (in the order of 10 to 10° seconds) did not significantly alter the
amount of accessible DOPS, we conclude that the lipid redistribution process takes place on time scales
below 10 seconds.

We have previously shown that bilayer patches of sizes ranging from 10 to 1 pm® present an
intermediate state in the SLB-formation'>*"*. The flip-flop of a lipid molecule across a closed bilayer
is commonly considered a slow process (hours and more)’'~2, due to the barrier associated to shuttling
the hydrophilic lipid headgroup through the bilayer’s hydrophobic interior. On the other hand, a lipid
transfer across the edge of the bilayer patches would not be hampered by this barrier and would
therefore be much faster. Given that the area covered by a diffusing lipid molecule is in the order of
1 um?s™ >, we obtain a time of less than 1 s for the lipid transport towards the edge. Assuming that the
transfer across the edge occurs at similar time scales or faster’*, this mechanism of lipid redistribution
is consistent with the limit experimentally observed for the redistribution time.

Importantly, the proposed mechanism of lipid redistribution implies that the SLB-formation time is
sufficient to install an equilibrium state in the lipid distribution with respect to the interaction of the

involved lipid species with the underlying support. Consequently, the lipid distribution in the final SLB

Paper V - 14



Paper V — accepted in Langmuir
would be determined by the properties of the underlying support rather than the genuine lipid
distribution in SUVs. In particular, the observed lipid redistribution adds a new aspect to the
controversial question of how the lipid leaflets of a rupturing vesicle are oriented on a solid
support>!655
The adsorption behavior of prothrombin — implications for the DOPS-assay

314836 or prothrombin fragment 1 *% is

It has already been reported that the adsorption of prothrombin
not satisfactorily described by the Langmuir model with independent and identical binding sites, even
though the adsorption is fully reversible. The sigmoidal shape of the curves shown in figure 4 and the
dissociation constants obtained in our study (table 2) are consistent with previously reported results. To
avoid interpretational artifacts, we refrained from a more detailed analysis in this study and used the
equilibrium frequency shifts in order to quantitatively characterize the adsorption of prothrombin with
respect to the DOPS-content in the SLBs. We interpret the similitude in the AD-Af-plots (c.f. figure 2)
for most of our measurements over a large range of DOPS-content and for the different supports as a
strong indication that the adsorption pathways are identical. Equilibrium adsorbed amounts of
prothrombin (c.f. figure 3) can thus serve as a reliable reporter for the accessible DOPS-content.

Comments on the dissipation signal

Phenomenologically, the results shown in figures 1 and 2 demonstrate that the dissipation, in
particular the AD-Af-plot, is a sensitive mean to distinguish between different adsorption pathways
and/or to identify anomalies in the adsorption behavior”. The dissipation signal thus constitutes a
relatively simple tool to validate the quality of a measurement and to identify artifacts. Such
information is often more difficult to access with other techniques that are commonly used to
characterize adsorption phenomena, such as surface sensitive optical techniques (e.g., surface plasmon
resonance’’ or ellipsometry) or quartz crystal microbalance without dissipation monitoring™®.

The lateral interaction of neighboring proteins is likely to be at the origin of the coverage-dependent

rigidification of the prothrombin layer, evidenced by the response in dissipation (c.f. asterisks in
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figure 1A-B). It remains unclear, however, whether the observed decrease in dissipation results from
the dense overall packing of prothrombin molecules or from their two-dimensional clustering or
ordering. Complementary studies, e.g., by AFM, may answer this question but are outside the scope of

this work.
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CONCLUSION AND PERSPECTIVES

Our results show that the support has a determining influence on the distribution of lipids between
the two leaflets of an SLB that is formed by the spreading of SUVs. In particular, the distal leaflet of
mica-SLBs can be the considerably depleted in DOPS. This work thus stresses the importance in
understanding the details of the SLB-formation process, in particular the interaction between the solid
support and the lipids, in order to be able to predict and control the properties of SLBs, an important
step towards designing biofunctional surfaces.

The QCM-D technique was shown to be a reliable tool to characterize the adsorption of prothrombin
to SLBs. The dissipation served as an important parameter to distinguish different adsorption pathways

and/or to identify anomalies in the adsorption behavior.
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TABLES

TABLE 1

Comparison of the nominal and the accessible DOPS-content for SLBs on mica (A) and on silica (B),

as obtained by the prothrombin assay (figure 3), considering as references either silica (A) or mica (B).

DOPS-content

hypothetical
support reference nominal accessible” nominal/  proximal leaflet/

(%) (%) accessible distal leaflet”

A mica silica 0 0 - -
10 3+1 33+1.1 57+34
20 7+1 29+0.5 47+1.0
33 13+£2 2.5+0.5 41+1.0
50 20+2 25+0.3 4.0+0.6
67 >55 <1.2 <14
80 > 60 <13 <1.7

B silica mica 0 0 - -
5 16+4 0.31+0.11° -9
10 32+4 0.31£0.05° -9
20 50+2 0.40 £0.02 © -9
33 65+3 0.51 £0.03 0.02 £0.06
50 72+3 0.69 £ 0.03 0.39+£0.06

 The amount of accessible DOPS was determined by fitting the set of equilibrium frequency shifts, Af.,

obtained on a mica-SLB (A) (a silica-SLB (B)) of given nominal DOPS-content to the set of

(hypothetical) reference curves for the silica-SLB (mica-SLB);  Distribution of DOPS between the

proximal and the distal leaflet of the SLB, given by 2 x nominal DOPS-content / accessible DOPS-

content — 1. It is assumed that the nominal DOPS-content corresponds to the overall DOPS-content in

the SLB; © Values for the ratio between nominal and accessible DOPS-content below 0.5 are physically

unreasonable (see text for details) and no meaningful values for the DOPS-distribution between the

bilayer leaflets can therefore be obtained.

TABLE 2

Effective kinetic constants obtained for the adsorption of prothrombin on silica-SLBs

(data from figure 4A, the regime of low coverage (|Af| <20 Hz) was neglected).

DOPS kp Af o
(%) (10% M) (-Hz)
10 21.9+6.9 40.5+3
20 56+23 50+2
33 29+1.0 54.5+2
50 1.9+0.8 53.5+2
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FIGURE LEGENDS
FIGURE 1

Changes in frequency, Af (-O-), and dissipation, AD (---), for the formation of SLBs and the
subsequent adsorption of prothrombin. SLBs were formed from SUVs of a DOPC/DOPS-mixture with
molar ratio 4:1 on silica (25 MHz) (A), 1:1 on mica (15 MHz) (B) and 2:1 on mica (15 MHz) (C). Solid
arrows indicate the exposure of SUVs and prothrombin; associated numbers denote the prothrombin
concentration in pg/mL. Dashed arrows indicate the rinse with buffer containing 2 mM Ca®’, no Ca**
or 2 mM EDTA, as denoted. The decrease in dissipation above around 28 Hz (asterisks in (A) and (B))
indicates a rigidification of the prothrombin layer with increasing coverage. The flow speed was
40 pL/min for the exposure with lipids and prothrombin at a concentration of > 17 ng/mL and
80 uL/min for all other adsorption and desorption steps.
FIGURE 2

Plots of AD versus Af for the adsorption (desorption) of prothrombin on (from) SLBs. Whereas the
plots for the adsorption of prothrombin on DOPC/DOPS (4:1) on silica (A) and on DOPC/DOPS (1:1)
on mica (B) are almost identical, anomalous responses are observed for a measurement with
DOPC/DOPS (2:1) on mica (C). The data corresponds to the measurements shown in figure 1. The
time course, starting at Af = AD = 0 is implicit in this plot and indicated by solid arrows.
FIGURE 3

Equilibrium frequency shifts, Afe, for the adsorption of prothrombin on SLBs of varying nominal
DOPS-content on silica (A) and mica (B). Bulk concentrations of prothrombin were 1.7 (O), 4.3 (L),
8.5 (<), 17 (X), 34 (+) and 68 pg/mL (A), respectively. Lines are included to guide the eye.
FIGURE 4

Equilibrium frequency shifts, Af., as a function of bulk concentrations for the adsorption of

prothrombin on SLBs on silica (A) and mica (B). SLBs were formed from SUVs of DOPC (O) and
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DOPC/DOPS-mixtures (molar ratio) 19:1 (L), 9:1 (), 4:1 (X), 2:1 (+), 1:1 (A) and 1:4 (@). Lines

are included to guide the eye.
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FIGURE 1
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AD

-60 -50 -40 -30 -20 -10 O
Af (Hz)

Paper V - 26



Paper V — accepted in Langmuir

FIGURE 3

N\\ ~
PN A
NV

s o £ 4 0 1
Of B A B

\
0 20 40 60

(%)

(0]
o

nominal

Paper V - 27



Paper V — accepted in Langmuir

FIGURE 4

"
L1 ‘ | ‘\ 1 \AA\A‘AA\A\A\AA\A%AA\A\AA\A\A‘A\A\“\A\“A\A\“\A\ 1 \A‘A\AA\A\A\A“A\“\A\“\“A\“\A\ 1

§30§
5720 ) R
- x|
g, X /é 7777777777 :7
0O 20 40 60 80
[PT] (ng/ml)

Paper V - 28



V. Adsorption and self-assembly of
proteins on supported lipid
membranes

Historically, the desire to form protein crystals, both in 3D and in 2D, has been
largely driven be their usefulness in obtaining information on the protein’s
molecular structure®®, down to the atomic level, by X-ray crystallography and
transmission electron microscopy (TEM). Procedures to obtain crystals have
remained largely empirical, though recent years have witnessed a tendency
towards rationalization of macromolecular crystallization®'?*%. 2D crystals have
been implicated as intermediates in the formation of 3D crystals’™ and 2D
nucleation has been identified as one of the mechanisms by which 3D crystals

grow>>",

The emergence of nanotechnology and biotechnology has added a new
perspective to the applications of macromolecular self-assembly in general and
protein 2D crystals in particular. Biochemical methods allow linking other
biomolecules, such as nucleic acids®®' or proteins, nanoparticles, or more complex
edifices such as membranes'* to self-assembling proteins, and thus enable their
immobilization in two dimensions, in a controlled manner. The variety in phase-
transitions that is often exhibited by crystallizing entities''**** further enriches the
playground for the creation of functionalized surfaces. In this context, annexin A5
is a particularly interesting protein as it unites several interesting properties: (i) it
self-assembles in two dimensions, (ii) it adsorbs quasi irreversibly to membranes
and (iii) it can be released from membranes in a controlled manner (by the
removal of calcium).

While some proteins form 2D crystals in solution®®, we will here focus on the
formation of 2D crystals at interfaces, in particular at the solid-liquid interface. 2D
crystallization at interfaces is highly complex, involving a multitude of processes,
such as the transport of proteins to the interface, their adsorption and diffusion in
two dimensions, the nucleation of the crystal and the adsorption/desorption of
protein molecules to/from the crystal. Self-assembly in two dimensions thus
presents a challenging problem in fundamental science which becomes
particularly interesting, as the limitation to two dimensions is expected to induce a

distinctly different behavior as compared to 3D systerns33 7,

In this chapter we will investigate some of the features of 2D crystallization of
annexin AS. In the course of this study it turned out that the adsorption of annexin
A5 to mica-SLBs exhibits several particularities, as compared to earlier results on
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Chapter IV

other membrane models. Adsorption and crystallization are intimately related and
an important part of the work presented here is thus dedicated to understanding
the adsorption of annexin AS. For the matter of comparison, the adsorption and
crystallization of another protein, streptavidin, are also investigated briefly.
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IV.1. The influence of the solid support

It is commonly believed that the structure and the properties of fluid SLBs are
efficient in screening the interface between the membrane and the bulk liquid
from the influence of the solid support. In this context, our observations that the
solid support can profoundly influence the adsorption of annexin A5 and its 2D
self-assembly constitute maybe the most surprising results in this study.

IVV.1.1. Adsorption of annexin A5 to SLBs on mica and on silica

In the initial phase of our studies we observed strong differences in the adsorption
behavior of annexin A5 on SLBs made on mica and silica, as measured by
QCM-D. For a given DOPS-content in the vesicles from which the SLBs were
formed, the amounts of adsorbed annexin A5 were systematically lower on mica
than on silica (c.f. Paper VI). This prompted us to investigate the inter-leaflet
distribution of DOPS in SLBs. The results are presented in Paper V and provide
evidence that the solid support can induce a considerable asymmetry in the lipid
distribution. In particular, we found that mica can attract DOPS into the support-
facing lipid leaflet, thus depleting the bulk-facing leaflet in this lipid species. This
depletion effect provided a satisfactory explanation for the support-dependent
differences in the adsorption of annexin A5 at short time scales, as discussed in
Paper VI

IVV.1.2. 2D crystallization of proteins on SLBs

While annexin A5 readily crystallizes in two dimensions on mica-SLBs,
crystalline structures of p6 symmetry have as yet remained elusive on silica-SLBs,
as demonstrated and discussed in Papers I and VI.

Recent results illustrate that subtle differences in the support’s properties can
modify the propensity of annexin A5 to order: when annexin A5 is adsorbed to
SLBs made on glass, a surface that is commonly expected to exhibit surface
properties very similar to silica, some small ordered domains could be found
(figure IV.1)

Remarkably, another protein, streptavidin, can be crystallized on SLBs supported
by mica'* as well as by silica wafers (Paper I) and no influence of the solid
support on its adsorption (discussed below) and its self-assembly (paper I) has so
far been observed. This raises the question whether the support-dependence in the
propensity to crystallization may be specific to annexin A5 or its ligand-lipid
DOPS. The exact role of the solid support in the self-assembly process of annexin
A5, however, remains obscure (Paper VI).
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FIGURE IV.1 AFM-image of annexin A5 incubated on glass-SLBs made from SUVs of
DOPC/DOPS (4:1). Some lines with a length between 50 and 250 nm and different orientations
are observed over the entire image. Some of these lines (continued by white lines in the lower right
corner) are parallel and exhibit a regular spacing that is close to the characteristic spacing in p6
crystals of annexin A5 (inset) which are commonly observed on mica-SLBs. Such lines could be
imaged repeatedly and were found to be stable, indicating that the tracked structures are immobile.
The stability and the local order of the observed structure may be indicative for the presence of
nano-crystallites. This image was obtained in collaboration with Remy Bérat and Pierre Bonnafous
in our lab.
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IVV.2. What can the adsorption kinetics reveal about 2D
crystallization?

In many cases, and in particular for annexin AS, the confinement in two
dimensions is a precursor to clustering and 2D crystallization of proteins. The
adsorption of a protein thus influences the kinetics of its 2D reorganization. On
the other hand, the change in the 2D packing, induced by clustering and
crystallization, can modify the space that is available for further adsorption and
thus influence adsorption. Hence, adsorption and 2D reorganization are intimately
linked.

An obvious question that has not been covered explicitly by the included papers
was therefore, what a protein’s adsorption kinetics can reveal about its clustering
or 2D crystallization. From the experimental point of few, this question is relevant
as methods that provide information about adsorbed amounts, such as
ellipsometry or QCM-D, rarely allow distinguishing between the different self-
assembly states (monomers, oligomers, crystals) that are expected to coexist on
the surface'.

Adsorption processes are though notoriously complex®*~*’, as they are influenced

by many, often interdependent, parameters, such as the transport of the molecules
towards the surface (the “mass transport”, by convection or diffusion)******% the
number of available binding sites®’, the affinity and reversibility of binding,
lateral mobility or clustering. It is therefore not straightforward to identify the
exact influence of a given parameter on the adsorption process and appropriate
model systems and experimental setups are needed. The following brief examples
on the adsorption of annexin A5 and streptavidin to SLBs may illustrate what
information about the 2D reorganization of proteins can (or cannot) be obtained
by investigating adsorption kinetics alone.

To measure adsorption kinetics we have chosen an ellipsometry setup (c.f.
Paper VI and refs. ****) that provides constant adsorption rates in the case of
mass-transport limited adsorption”*. For the proteins investigated here we will
indeed see, that the adsorption at low coverage is generally limited by the
transport of the molecules to the surface. The chosen setup thus allows
determining, in a simple way, at which state of surface coverage the adsorption
becomes limited by other factors, such as surface blocking effects.

IVV.2.1. Adsorption of streptavidin to biotinylated SLBs

Streptavidin is popular as a biotechnological too]¥H1422003413%3 thanks to its unique

property of possessing several high-affinity binding sites for biotin. The protein
binds to biotinylated SLBs'**** and has been shown to form 2D crystals of c222-
symmetry on SLBs supported both by mica'* and by silica wafers (Paper I) under
the conditions investigated here.

' For QCM-D, the dissipation can though in some cases serve as an excellent tool to distinguish
different adsorption phases, such as adsorbed vesicles and bilayers (c.f. Chapter III).
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In figure IV.2 the adsorption kinetics for streptavidin on SLBs formed on mica
and on silica wafers", respectively, are presented and compared. We note that the
binding curves superpose well"™. Thus, for streptavidin, both the adsorption
kinetics and the final-adsorption state do not depend on the employed solid-
support.
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FIGURE IV.2 Comparison of the adsorption behavior of streptavidin on SLBs on silica (-0-) and
on mica (-x-). (a) Time-dependent shifts in the ellipsometric angle, A. Streptavidin was incubated
at 5pug/mL on SLBs made from SUVs of DOPC/DOPS/DPPE-CAP-B (6:3:1). (b) Time-
dependent surface coverage. The final surface coverage was assumed to be ~65%, as calculated
from streptavidin’s dimensions and 2D crystalline arrangement'''. The ellipsometric responses in
AA, taken from (a), were scaled accordingly. The regime of mass-transport limited adsorption is
indicated with a dotted line.

IVV.2.2. Adsorption of annexin A5 to DOPS-containing SLBs

As described above, annexin A5 crystallizes readily in two dimensions on mica-
SLBs'*'** while crystallization is not observed on silica-SLBs. The membrane-
induced formation of trimers, believed to be a precursor state of
crystallization'™'"?, however, seems to be present on both types of SLBs (c.f.
Papers [ and VI). A comparison between the adsorption kinetics of annexin AS on
mica-SLBs and on silica-SLBs, as presented in figure IV.3, thus constitutes a rare
occasion to study the effect of 2D crystallization on protein adsorption without the
interference of other parameters.

Remarkably, we find that the adsorption behavior is very similar on both supports,
indicating that the influence of 2D crystallization on the adsorption kinetics is
minor for annexin AS.

i While the presented data has been obtained on silica wafers, it is not yet clear, whether the same
result can be obtained on silica-coated QCM-D crystals that exhibit a considerably higher
roughness (c.f. Paper I).

i The fact that the curves are identical confirms that the shifts in the ellipsometric angle, A, can be
used for a reliable comparison between the adsorption kinetics on mica and on silica wafers (c.f.
Chapter I).
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FIGURE IV.3 Comparison of the adsorption behavior of annexin A5 on a silica-SLB (-o0-, made
from DOPC/DOPS (4:1)-SUVs) and on a mica-SLB (-x-, made from DOPC/DOPS (1:1)-SUVs).
(a) Time-dependent shifts in the ellipsometric angle, A. Annexin A5 was incubated at 2 pg/mL
(5 pg/mL) on the silica-SLB (mica-SLB). (b) Time-dependent surface coverage. The final surface
coverage was taken to be ~75% on the mica-SLB, as expected for a crystal of p6-symmetry'''. The
surface coverage on the silica-SLB was assumed to be similar. The ellipsometric responses in AA,
taken from (a), were scaled accordingly. The time was scaled such that the linear adsorption
regimes (dotted line) superpose.

IV.2.3. Comparing the adsorption kinetics of annexin A5 and
streptavidin

In figure IV.4 the adsorption curves for both annexin A5 and streptavidin on
mica-SLBs are compared”. Even though both processes involve 2D
crystallization, substantial differences are observed. Streptavidin leaves the linear
adsorption regime at ~42% surface coverage, much earlier than annexin A5
(~63%)". Furthermore, the extended final regime of slow adsorption of
streptavidin contrasts with the quickly-reached plateau for annexin AS.

The fact that the adsorption of annexin A5 is mass-transport limited up to very
high levels of surface coverage may be explained by the rapid clustering of the
adsorbed molecules: The tighter packing associated with clustering liberates
membrane space onto which new annexin A5 molecules can adsorb thus keeping
the adsorption rate high. A comparison with the results from figure IV.3b suggests
that the formation of trimers (and not the 2D crystallization) would be responsible
for this effect. A comparison of our results with the adsorption of annexin A5
mutants that do not form trimers may provide a direct mean to test the hypothesis
of clustering-enhanced adsorption.

¥ Note that in order to keep the adsorption kinetics comparable, the curves are normalized for their
expected final surface coverage®’. This is not a trivial step as this can only be done when the final
structure of the protein layer is known (as in our case from AFM-data).

¥ A comparison of the adsorption rates of annexin A5 and streptavidin with those obtained by
others** with a similar setup confirmed that the linear adsorption regime corresponds to the
regime of mass-transport limited adsorption and not to kinetically limited adsorption.
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FIGURE IV.4 Comparison of the adsorption behavior of annexin A5 (x) and streptavidin (+) on
mica-SLBs. The data were scaled such that the linear adsorption regimes (dotted line) superpose.
Final surface coverages of 77% and 66% were assumed for annexin A5 (p6 crystal form) and
streptavidin (c222 crystal form), respectively. Data as in figures IV.2 and IV.3.

In reverse, the slow final adsorption of streptavidin indicates the presence of
obstacles to further binding. Packing constraints, induced by the non-spherical
shape of streptavidin may contribute to this phenomenon as reported for other
proteins with high aspect ratio™. However, if the crystallization of streptavidin
was sufficiently quick, such packing constraints would not occur. Hence, it is
tempting to attribute the slow adsorption kinetics to a slowly progressing
crystallization of this protein. This would point to a marked difference in the
kinetics of crystallization between annexin A5 and streptavidin. Another
possibility that can not be fully excluded is that the availability of binding sites,
i.e. biotynilated lipids, is the limiting factor for further adsorption at high
coverage. Additional measurements on SLBs with varying content in DPPE-CAP-
Biotin may settle this question.

In summary, we find (i) that the adsorption kinetics of streptavidin is independent
of the solid support used, (i) that the effect of 2D crystallization of annexin A5 on
its adsorption kinetics is minor and (iii) that the adsorption kinetics of annexin A5
and streptavidin, albeit both 2D crystallizing proteins, differ markedly. A
comparison of the given results with additional experimental and theoretical
model systems appears though necessary to confirm the exact influence of the
clustering of annexin A5 and the 2D crystallization of streptavidin on the proteins’
adsorption kinetics. Multi-technique approaches may provide a mean to determine
the potential difference between the crystallization of streptavidin and annexin
AS.
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IVV.3. Persisting questions and perspectives

In this study we have clarified some important aspects of the adsorption of
annexin A5 to SLBs and refined the phase diagram of this protein in its
membrane-bound state. The results are expected to constitute a valuable base for
detailed investigations of the dynamics of 2D crystallization of this protein.

With the advent of the AFM, a unique technique has become available to track the
dynamics of protein 2D crystallization down to the level of the crystal’s building
unit. The image sequence in figure IV.5 illustrates that it is possible to follow the
crystallization process of annexin A5 in situ. The rather low scanning speed, the
influence of the AFM-cantilever on adsorption kinetics as well as difficulties to
image proteins in their monomeric state (c.f. Chapter II) currently present some
limitations to the use of AFM that have to be taken into account for the
experimental design. Multi-technique approaches such as the one described in this
study allow, in principle, to quantify both the overall density of surface-bound
proteins, the fraction of proteins that has crystallized and the geometry of the
growing crystals, and provide thus a more detailed picture than AFM alone. Other
techniques, such as fluorescence microscopy’® or TEM'", constitute interesting
complements.

FIGURE IV.5 Growth of a crystalline layer of annexin AS. Annexin A5 was incubated at
20 pg/mL on mica-SLBs of DOPC/DOPS (1:2). All images are acquired with the slow scan
direction from top to bottom; the image acquisition time is ~1 min; incubation times at the end of
each image are indicated (min:s). Image size (z-limit): 10 pm x 5 um (10 nm).

It is expected that images such as the ones in figure IV.5 and the outlined
technical approaches can provide experimental data that allow verifying
theoretical concepts of 2D crystallization®*® and extracting relevant parameters
that characterize the dynamics of this process. Interestingly, the 2D self-assembly
of some molecules that are simpler than proteins, such as formation of molecular
films by molecular beam epitaxy’*’ or the formation of self-assembled
monolayers (SAMs)***** has already been studied previously and quantitative
approaches to describe 2D crystallization phenomena are emerging.
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On the kinetics of adsorption and two-dimensional self-assembly of annexin A5 on

supported lipid bilayers
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ABSTRACT

Annexin A5 is a protein that binds to membranes containing negatively charged phospholipids in a
calcium-dependent manner. Here we use atomic force microscopy, ellipsometry and quartz crystal
microbalance with dissipation monitoring to correlate the adsorption kinetics of annexin AS on lipid
bilayers (SLBs), supported on silica and mica with its two-dimensional (2D) self-assembly. We find
that the adsorption behavior is similar on mica-SLBs and on silica-SLBs, exhibiting a strong
dependence on the concentration of DOPS in the SLB and on the calcium content in solution. On the
other hand, 2D crystals of annexin A5 form readily on mica-SLBs, while these were not found on

silica-SLBs. In addition, we report on long-time effects in the adsorption and 2D crystallization of
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annexin A5 on mica-SLBs, which point towards the protein-induced recruitment of DOPS from the

SLB’s support-facing leaflet.
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INTRODUCTION

Historically, the formation of protein crystals, both in three dimensions and in two dimensions, was
attractive for structure determination (McPherson, 2003), down to the atomic level, by X-ray
crystallography and transmission electron microscopy. Procedures to obtain crystals have remained
largely empirical, though recent years have witnessed a tendency towards rationalization of
macromolecular crystallization (Doudevski et al., 1998; Giegé and Ducruix, 1999; Reviakine et al.,
2001; Chernov, 2003). Two-dimensional (2D) crystals have been implicated as intermediates in the
formation of three-dimensional (3D) crystals (Hemming et al., 1995) and 2D nucleation has been
identified as one of the mechanisms by which 3D crystals grow (Malkin et al., 1995).

In recent years interest has grown in the use of 2D protein crystals for biotechnological applications.
The possibility to link other molecules such as nucleic acids (Larsson et al., 2003) or proteins and more
complex objects such as nanoparticles or membranes (Wetzer et al., 1997; Reviakine and Brisson,
2001; Proux-Delrouyre et al., 2002) to self-assembling proteins and the variety in phases inherent in
many crystallizing systems (Farah et al., 2001; Reviakine et al., 2001) constitute a rich potential
playground for the creation of biofunctionalized surfaces.

2D crystallization at interfaces is highly complex (Doudevski et al., 1998), involving a multitude of
processes, such as the transport of proteins to the interface, their adsorption and diffusion in two
dimensions and the nucleation and growth of the crystal. 2D self-assembly thus presents a challenging
problem in fundamental science which becomes particularly interesting as the limitation to two
dimensions is expected to induce a distinctly different behavior as compared to 3D systems
(Strandburg, 1988).

The protein annexin A5 binds to negatively charged phospholipids, in particular
dioleoylphosphatdylcholine (DOPS), in a calcium-dependent manner (Seaton, 1996). Using
ellipsometry (Andree et al., 1990; Andree et al., 1992), quartz crystal microbalance with dissipation

monitoring (QCM-D) (Govorukhina et al., 2003) and fluorescence techniques (Meers, 1990; Meers and
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Mealy, 1993; Pigault et al., 1994) the adsorption of the protein to various types of lipid membranes has
been investigated and the important roles of the calcium concentration in solution and the DOPS-
content in the SLB have been characterized.

Annexin A5 is commonly observed to undergo 2D crystallization on lipid monolayers at the air-
water interface (Brisson et al., 1999) and on mica-supported lipid bilayers (SLBs) containing DOPS
and the protein’s self-assembly properties have been suggested to be relevant for its biological
function. Using TEM (on lipid monolayers) and atomic force microscopy (AFM) (on SLBs), a trimeric
intermediate - the trimer (Brisson et al., 1991) - and two common crystal forms — a low density form
with p6 symmetry (Brisson et al., 1991; Reviakine et al., 1998) and a high density form with p3
symmetry (Reviakine et al., 2000) - have been identified and the phase transitions between these states
have been investigated (Brisson et al., 1999; Reviakine et al., 2001; Noro et al., 2002), resulting in the
self-assembly scheme presented in figure 1 (Govorukhina et al., 2003). In some cases, other structures
have also been observed (Oling et al., 2001) or crystallization was found to be inhibited (Richter and
Brisson, 2003).

While the intermediates of the self-assembly process and the adsorbed amounts of annexin A5 have
been characterized extensively, relatively little is known about the kinetics of adsorption and self-
assembly of annexin AS. In particular, a correlation between the membrane-binding behavior and the
crystallization behavior is lacking. The kinetics of the self-assembly process is expected to be of
importance for a fundamental description of the 2D crystallization process.

We have recently demonstrated the strength of combining AFM and QCM-D (and to some extent
ellipsometry) for the characterization of processes that involve the adsorption and 2D self-organization
of biomolecules at the solid-liquid interface (Richter et al., 2003; Richter and Brisson, 2004; Richter
and Brisson). AFM gives access to spatially resolved structural information on the nanometer scale,
while QCM-D and ellipsometry allow following the overall binding dynamics, which renders the

techniques highly complementary.
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In this study we combine AFM and QCM-D, complemented by ellipsometry, to characterize the
binding (adsorption and desorption) and the 2D self-assembly of annexin A5 on lipid bilayers
supported by silica and mica. Two parameters of importance for the binding of annexin A5, the calcium
concentration in solution and the DOPS-content in the bilayer were systematically varied over a large
range. The combined study allows correlating the protein’s 2D crystallization with its binding behavior.
We provide evidence for the profound influence of the solid support on the self-assembly behavior of

annexin AS.
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MATERIALS AND METHODS
Materials:

Dioleoylphosphatidylcholine (DOPC), dipalmitoylphosphatidylcholine (DPPC) and
dioleoylphosphatidylserine (DOPS) were purchased from Avanti Polar-Lipids (AL, USA).
Recombinant rat annexin A5 was overexpressed in Escherichia coli (Reviakine et al., 2000). Other
chemicals were purchased from Sigma. Ultrapure water with a resistivity of 18.2 MQ was used
(Maxima, USF ELGA, France).

Muscovite mica disks of 12 mm diameter were purchased from Metafix (Montdidier, France). Plates
of silicon wafer of (11 x 11) mm? (for AFM) were provided by the CEA (Grenoble, France). Slides of
(40 x 8) mm* (for ellipsometry) were cut from silicon wafers from Wacker Chemitronic (n-type,
phosphorus doped), purchased from Aurel GmbH (Landsberg, Germany). QCM-D sensor crystals
(5§ MHz), reactively sputter-coated with 50 nm silicon oxide, were purchased from Q-SENSE
(Gothenburg, Sweden). Low viscosity epoxy glue (EPOTEK 377) for mica-gluing was purchased from
Gentec Benelux (Waterloo, Belgium).

A buffer solution made of 150 mM NaCl, 3 mM NaNs and 10 mM HEPES, pH 7.4, was prepared in
ultrapure water, and EDTA or CaCl, were added as indicated. Small unilamellar vesicles (SUVs) of
desired lipid mixture were prepared by sonication as described earlier (Richter et al., 2003). For SLB-
formation, vesicle suspensions were diluted at 0.1 mg/mL in buffer containing 2 mM CaCl,.

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D):

QCM-D measurements (Rodahl et al., 1995) were performed with the Q-SENSE D300 system
equipped with an Axial Flow Chamber (QAFC 302) (Q-SENSE AB, Gothenburg, Sweden). Briefly,
upon interaction of (soft) matter with the surface of a sensor crystal, changes in the resonance
frequency, f, related to attached mass (including coupled water), and in the dissipation, D, related to

frictional (viscous) losses in the adlayer, are measured with a time resolution of better than 1 s.
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Silica-coated QCM-D sensors were cleaned by two cycles of exposure to 2% sodium dodecyl sulfate
solution for 15 min, rinsing with ultrapure water, blow-drying with nitrogen, and exposure to
ultraviolet light (UV)/ozone (Richter et al., 2003) (BHK, Claremont, USA) for 10 min. Cleaned
substrates were stored in air and again exposed to UV/ozone (10 min) prior to use. Mica-coated QCM-
D sensor crystals were prepared and verified to operate stably according to a previously described
protocol (Richter and Brisson, 2004).

Measurements were performed in exchange mode (Richter et al., 2003), if not otherwise stated. This
mode allows following processes of adsorption and surface adlayer changes in situ while subsequently
exposing different solutions to the surfaces. Occasionally, flow mode was employed (Richter et al., in
press). The working temperature was 24°C.

Resonance frequency and dissipation were measured at several harmonics (15, 25, 35 MHz)
simultaneously. If not stated otherwise, changes in dissipation and/or in normalized frequency
(Afyorm = Af/n, with n being the overtone number) of the fifth overtone (n=35, i.e.,, 25 MHz) are
presented. Adsorbed masses (including coupled water), Am, were calculated according to the Sauerbrey
equation (Sauerbrey, 1959), Am = -C-Af,om, with C=17.7 ng-cm™-Hz". The changes in the viscosity
and density of the buffer upon variation of its content in CaCl, or EDTA significantly influenced the
QCM-D signal. These changes were accounted for by calibration against a clean silica-coated QCM-D
Sensor.

For the transfer of QCM-D sensors with adsorbed material from the QCM-D chamber to the AFM,
sensors were unmounted with the aid of a suction holder (Meni CUP, Menicon Pharma, Illkirch
Graffenstaden, France), ensuring that the sample remained permanently covered with liquid.
Ellipsometry:

Ellipsometry is an optical technique based on the measurement of changes in the ellipsometric
angles, A and ¥ (Cuypers et al., 1983; Tompkins, 1993), of elliptically polarized light upon reflection

at a planar surface. These changes are sensitive to the presence of thin deposited films and,
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consequently, the method allows monitoring adsorption phenomena in situ. The employed null-
ellipsometer setup with a time resolution of 10 to 15 s is described in detail elsewhere (Cuypers et al.,
1983; Corsel et al., 1986). In the frame of the present study we consider the change in the angle A only,
which is approximately proportional to the (dry) protein mass adsorbed to mica or silica (Benes et al.).

Prior to first use, silicon-slides were pre-cleaned by exposure to concentrated detergent solution
(Sparkleen, Calgon, Pittsburg, PA), rinsing with water, exposure to 30% chromic sulfuric acid (80°C
for 20 min) and extensive rinsing in ultrapure water. Further cleaning before each use was performed as
described for silica-coated QCM-D sensors. Mica disks were rendered opaque on their back side with
emery paper and glued on an aluminum slide over a hole (8 mm diameter) using melted wax (Benes et
al., 2002). Uniform mica-surfaces were obtained by cleavage of the front side with adhesive tape and
used immediately.

Measurements were performed in an open cuvette system (Corsel et al., 1986), at room temperature.
The buffer solution (~3 mL) was stirred with a magnetic stirrer (~1000 rpm). Samples were pipetted at
appropriate concentrations into the solution. Such a setup generates constant adsorption rates provided
the adsorption is mass-transport limited (Hermens et al., 2004). Rinses were realized by injecting
~30 mL of buffer (injection rate ~1 mL/s) while simultaneously withdrawing excess liquid.

Atomic Force Microscopy (AFM):

AFM measurements were performed in liquid using a Nanoscope IV-Multimode (VEECO,
Dourdan, France), equipped with a J-scanner (120 um). Before use, the contact mode fluid cell was
washed in successive baths of ethanol and ultrapure water, followed by extensive rinsing in ethanol and
blow-drying in a stream of nitrogen. Tubings and O-ring were sonicated in ethanol and water, rinsed
with ethanol and blow-dried in nitrogen. Oxide-sharpened silicon nitride cantilevers with a nominal
spring constant of 0.06 N/m (Digital Instruments, CA, USA) were exposed to UV/ozone (BHK, CA,

USA) for 10 min prior to use.
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Silicon plates were cleaned as described for the silica-coated QCM-D sensors, attached to Teflon-
coated (BYTAC, NORTON, OH, USA) metal discs using double-sided tape (TESA, Hamburg,
Germany) and immediately covered with buffer solution. Mica disks were glued to Teflon-coated metal
discs using the epoxy glue, cleaved with adhesive tape and immediately covered with buffer solution.
For AFM-investigations subsequent to QCM-D measurements, mica-coated QCM-D sensors, covered
with the sample, were attached to Teflon-coated metal discs using double-sided tape and installed on
the AFM scanner.

Contact mode images were acquired at scanning rates of 4-8 Hz while manually adjusting the force
to a minimum (<200 pN). Images were second-order plane-fitted and subsequently zero-order

flattened except otherwise stated.
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RESULTS

Adsorption of annexin A5 on silica-SLBs

We employed the QCM-D technique to characterize the adsorption of annexin A5 on silica-SLBs.
The measurement shown in figure 2, obtained for an SLB formed from SUVs of DOPC/DOPS (molar
ratio 9:1), is representative of our experimental approach.

The QCM-D response upon exposure of SUVs to the support (figure 2, at 0 min) reveals, as
expected, a characteristic two-phase behavior, reflecting the initial adsorption of intact vesicles that is
followed by the formation of an SLB (Keller and Kasemo, 1998; Richter et al., 2003). The final
frequency shift of -25+1 Hz and the low dissipation shift of less than 0.2-10° confirm the formation of
a lipid bilayer that entirely covered the support with no or only minor defects (Reimhult et al., 2002;
Richter and Brisson).

Incubation of the SLB with annexin A5 (figure 2, solid arrows) leads to adsorption of the protein,
witnessed by the decreases in frequency, in a calcium-dependent manner. As expected (Andree et al.,
1990; Pigault et al., 1994), increasing calcium concentrations enhanced protein binding: while a
negligible amount of annexin A5 bound at 200 uM CacCl,, a coverage of Af =-18+0.5 Hz was reached
for 200 mM. As demonstrated in figure 2 and observed for all measurements, the dissipation remained
almost unchanged throughout the entire process of protein adsorption, suggesting that the protein
associates tightly with the SLB.

The adsorption of annexin A5 at 20 mM CaCl, (figure 2, at 54 min) reveals some typical properties
of the immobilization of annexin A5 on silica-SLBs. The adsorption of annexin A5 reached
equilibrium within a few minutes after exposure for the employed protein concentrations. The final
adsorbed amounts changed only little upon increase of the annexin A5 concentration from 20 to
80 pg/mL. Only a part (here corresponding to 3 Hz) of annexin A5 was displaced upon rinsing in a
buffer solution that contained the same amount of calcium as used during adsorption. Also additional

rinses (figure 2) or continuous flow (in flow mode, data not shown) with such a buffer did not lead to
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further release of annexin AS5. This provides indications for the presence of two different populations of
bound annexin AS: for a given calcium content a small amount of annexin A5 can easily be displaced
(reversible binding) while the rest binds irreversibly.

Annexin A5 could, however, be displaced by rinsing with decreasing calcium concentrations or in
the presence of the calcium chelator EDTA (figure 2, dotted arrows). For DOPC/DOPS (9:1), Af
returned to the value characteristic for a bare SLB at 20 uM CaCl, (not shown) or in the presence of
EDTA. We further tested the reversibility of protein binding at low calcium concentration by
performing several cycles of incubation with annexin A5 at 20 mM CacCl,, followed by rinses in
EDTA-containing buffer, on the same SLB (not shown). We obtained identical QCM-D responses,
which confirms that the silica-SLB can be recovered without significant perturbations and motivates
our approach to perform several incubations with annexin A5 on the same bilayer.

We note also that, once adsorbed, the amount of annexin A5 that remains after rinsing in a buffer
solution of a given calcium concentration is the same independent of the way the protein was incubated
(c.f. figure 2, dotted lines for 2 and 20 mM CaCl,'). The same phenomenon was observed for all
measurements conducted on silica-SLBs, indicating that the reversibility of protein binding is
independent on the history of annexin A5 deposition over the investigated time-scale. In consequence,
our results indicate that the amount of irreversibly bound annexin A5 is entirely determined by the

calcium content, [Ca], in solution and the DOPS-content, [DOPS], in the SLB.

Based on these observations, we investigated the equilibrium adsorbed amounts, Af,, of annexin A5
on silica-SLBs in a systematic manner as a function of [DOPS], [Ca] and the bulk concentrations of the
protein, [AS5]. The results are summarized in figure 3 and table 1.

As already reported by others (Andree et al., 1990; Pigault et al., 1994), we found that the

adsorption of annexin AS5 increases with [Ca] and [DOPS]. The dependence is sigmoidal for both

! The response for 200 uM CaCl, constitutes a notable exception to this observation.
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[DOPS] (at a given [Ca], figure 3) and [Ca] (at a given [DOPS], not shown). In particular, the calcium
concentrations required to reach the half-maximal frequency shift for 0, 5 and 20% DOPS are close to
those reported by Andrée et al. (Andree et al., 1990) on silica-SLBs formed by Langmuir-Blodgett
deposition (c.f. table 1 and figure 7). We note that annexin A5 binds also to pure DOPC at high calcium
concentrations (= 20 mM), as discussed in previous work (Govorukhina et al., 2003).

The maximum adsorbed amount was Af,.x=-18 0.5 Hz, over the entire range of [DOPS]
investigated, suggesting that this value corresponds to the full coverage of the SLB with a monolayer of
annexin AS.

Three different regimes can be discerned in terms of reversibility of annexin A5 binding upon
rinsing in protein-free solution containing the same amount of [Ca] as used for adsorption (figure 3):

(1) Annexin A5 binding was found to be fully irreversible, once the plateau of full coverage is

reached for elevated [DOPS] and [Ca].

(i)  In the range of intermediate binding (i.e. around the inflection point of the sigmoidal curve),
most of the protein was irreversibly bound for [Ca] <2 mM. A small fraction (up to 3 Hz),
however, was bound reversibly for the employed annexin AS concentrations.

(iii)  In strong contrast, binding to pure DOPC, which is considerable at 20 mM calcium and
more, was completely (for 20 mM) or in part (for 200 mM) reversible. Also for SLBs
containing small amounts of DOPS (up to 10%) a part of the adsorption can be reversible at
[Ca] = 20 mM.

Adsorption kinetics of annexin A5: The adsorption of annexin A5 at 200 mM CaCl, and 20 ug/mL

protein concentration (c.f. figure 2, 89 min) is representative for the adsorption kinetics that we
observed under all employed conditions that led to (close-to-) maximal coverage. We note that it takes

less than 5 minutes for the adsorption to reach completion, which is in the time range expected for
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mass-transport limited adsorption®. To further investigate the adsorption kinetics, we performed
measurements by ellipsometry under experimental conditions that provide constant adsorption rates
under mass-transport limited conditions (Hermens et al., 2004). As demonstrated in figure 4, the
adsorption curve is linear up to more than 65% of the final coverage, confirming that the adsorption is
indeed to a large extent mass-transport limited (Andree et al., 1990). Even though some deviations
from the mass-transport limited regime occur at higher coverage, the adsorption goes quickly to
completion.

2D self-assembly of annexin A5 on silica-SLBs

We have previously reported that 2D crystals of annexin A5 are not present on silica-SLBs formed
with DOPC/DOPS (4:1) (Richter and Brisson, 2003); while 2D crystals are commonly observed on
mica (Reviakine et al., 2001). Here we have extended our investigations, using AFM, to a larger range
of DOPS-concentrations (0, 10 and 20%) under conditions for which substantial protein coverage was
expected according to our QCM-D results. Despite numerous trials and the fact that the support was
flat enough to resolve 2D protein assemblies down to the molecular level (Richter and Brisson, 2003),
we did not find any supramolecular structures exhibiting long range order. Neither did we find the
characteristic 2D crystalline patches, that are easily visible on incompletely covered mica-SLBs
(Reviakine et al., 1998).

Instead, we observed characteristic jumps on an otherwise fairly smooth surface which occurred as a
function of the scanning speed and force and led to images exhibiting two different apparent height
levels, separated by ~2 nm (figure 5). These jumps were not observed on SLBs that had not been
incubated with annexin A5, confirming that they are due to the presence of the protein. We suggest that

the “water-skiing effect”, earlier reported by Réadler et. al. (Rédler et al., 1994) on lipid bilayers,

? With the employed setup of still liquid, the adsorbed amount is given by I' =2C+/Dt/ 7z for mass-transport limited
adsorption (Hermens et al., 2004). Assuming a bulk diffusion coefficient, D = 60 um?/s, and a concentration, ¢ = 20 pg/mL,

of the protein, this corresponds to a time, t ~ 200 s, to reach a coverage of I" = 250 ng/cm’.
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provides a reasonable explanation for our observation: at low forces and/or high scanning speed the tip
slides over the layer of annexin A5 molecules while it jumps down through the layer at slightly
increased forces and/or decreased scanning speed. Indeed, the observed jump-height of ~2 nm
(figure 5, inset) is only slightly lower than the height (2.6 nm) of 2D crystals of annexin A5, previously
observed on mica (Reviakine et al., 1998). The occurrence of such sliding and indentation implies that
annexin AS is laterally mobile. We have reported earlier (Richter and Brisson, 2003) that scratches can
be introduced in the annexin A5 layer and that these scratches heal quickly, providing further evidence
for the presence and for the lateral mobility of annexin A5 on silica-SLBs.

We note that the silica supports employed for the QCM-D measurements were considerably rougher
than the supports used for the AFM-investigations (Richter and Brisson, 2003). As roughness is not
expected to improve the propensity to crystallization, we consider it unlikely that annexin A5 does
crystallize on any of the silica supports employed in this study.

The presence of annexin A5 trimers: Evidence has accumulated in previous studies, that the
surface-induced oligomerization into trimers is a precursor to the 2D crystallization of annexin A5
(Oling et al., 2001; Govorukhina et al., 2003). Provided our observations that 2D crystals do not form
on silica-SLBs, an obvious question is whether trimers do actually form on silica-SLBs. The high
lateral mobility of the protein renders the imaging of monomers or oligomers of annexin A5 by AFM
difficult’ and we could not find direct evidence for the presence of annexin A5 trimers on SLBs

composed of DOPC and DOPS only. It should, however, be noted that AFM-images on mixtures of

? The lateral diffusion of SLB-bound annexin A5 can be as high as the diffusion of the lipid molecules to which it is bound,
i.e., in the order of 1 pm’ per second. This is more than the area covered by the AFM-tip (0.1 um® per second) under

common high-resolution imaging conditions. The comparison illustrates the difficulties associated to image mobile proteins

on SLBs.
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DOPC, DOPS and DPPC, showed that trimers of annexin A5 can exist on silica-SLBs (Richter and
Brisson, 2003)*.

Adsorption of annexin A5 on mica-SLBs

Having investigated the adsorption and 2D self-assembly of annexin AS on silica-SLBs we now turn
to its deposition on mica-SLBs. Figure 6 gives an overview of the (equilibrium) adsorbed amounts. The
data were obtained in a similar manner as described for silica, with some modifications that will be
discussed in detail in a later section.

When comparing the adsorption behavior at nominal [DOPS] (figures 6A-D and 3), i.e. the DOPS-
content given by the molar mixing ratio of DOPC and DOPS in the SUVs, we observe that the
adsorbed amounts on mica are generally lower than on silica for a given [DOPS]. This result is not
unexpected. As discussed earlier (Richter et al., in press), the inter-leaflet distribution of DOPS in
mica—SLBs is asymmetric, leading to DOPS-concentrations in the bulk-facing leaflet, i.e. accessible
[DOPS], that are considerably lower than for silica-SLBs.

We have accounted for the for the difference in accessible [DOPS] between SLBs on silica and on
mica, according to earlier quantifications (Richter et al., in press) (figure 6E-H) and find that the
adsorption behavior of annexin A5 on both surfaces is, in many aspects, similar. At low [AS5], the
overall dependence on [Ca] and [DOPS] is the same, within experimental error, as witnessed by
identical values for [Ca] and [DOPS] to reach the half-maximum frequency shifts (table 1). As for
silica, binding is entirely irreversible at high [DOPS] and [Ca] (c.f. figures 3 and 6). Also, the
adsorption of annexin A5 on pure DOPC is very similar on both surfaces, exhibiting a high degree of
reversibility. A remarkable difference, however, is that at an intermediate range of [DOPS] and for

[Ca] < 2mM, mica-SLBs show slightly higher amounts of reversible binding (e.g., compare the binding

* The fact that trimers of annexin A5 could in this case be resolved by AFM may be explained by a decreased lateral

diffusion of the lipids due to the introduction of the DPPC lipids.
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at [DOPS]accessible = 13% and [Ca] =0.2 mM ([DOPS]accessible = 7% and [Ca]=2 mM) on mica
(figure 3) with respective conditions on silica (figure 6)).

2D crystallization of annexin A5 on mica-SLBs

In strong contrast to silica-SLBs, annexin A5 2D crystals could be observed on all types of mica-
SLBs investigated. Figure 7A provides an overview of the self-assembly structures found by AFM, and
the adsorbed amounts found by QCM-D, as a function of [DOPS] and [Ca]. Three different regimes
can be discerned: (i) no adsorption takes place; crystalline patches with (ii) p6 symmetry and (iii) p3
symmetry are present. In all investigated cases and in agreement with previous studies (Reviakine et
al., 2001), exclusively the p6 crystal form could be observed at low coverage of annexin A5 and the p3
crystal form started to appear only after an intermediate of complete surface coverage with the p6
crystal form was surpassed. The combination of QCM-D and AFM on mica allowed to identify
frequency shifts of Af,s=-17.8+1Hz and Af,; =-19 £ 1 Hz as representative for the presence of
complete crystalline layers of p6 and p3 symmetry, respectively (Richter and Brisson, 2004).

It is remarkable, that complete p6 crystals could also be found on pure DOPC at [Ca] 220 mM
(figure 7B). In agreement with QCM-D results, the annexin A5 crystal was found to disappear
completely upon rinsing in 20 mM CacCl,.

Kinetics of adsorption and 2D self-assembly of annexin A5 on mica-SLBs

With the aim to characterize the relationship between adsorption and 2D self-assembly, we
investigated the kinetics of both processes in more detail.

Adsorption kinetics until formation of a complete layer of p6 crystals: Ellipsometric measurements
(figure 8) on SLBs made of DOPC/DOPS (1:2) in 0.2 mM CaCl, showed a linear adsorption regime,
indicating mass-transport limited adsorption, until more than 70% of the apparent equilibrium coverage
of AA =-0.24° which was reached quickly (after around 2 min). Based on further ellipsometry data (not
shown) and on the observation, by AFM, that the transition towards a p3 crystal is rather slow under

the employed conditions, we attribute the shift in A of -0.24° to a complete p6 crystalline layer. Both
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the persistence of the purely mass-transport limited regime and the overall adsorption kinetics are
similar on mica (figure 8) and on silica (figure 4), suggesting a rather limited influence of the
crystallization on the adsorption kinetics.

When does trimer-formation and crystallization start? In order to investigate when the
crystallization of annexin A5 sets in, we followed the adsorption of annexin A5 on mica-SLBs
(DOPC/DOPS (2:1)) by QCM-D and interrupted the adsorption by rinsing after a few Hz of coverage
were reached (figure 9, inset). Subsequent imaging of the surface by AFM revealed small domains
(figure 9) exhibiting the topography of a p6 crystal (not shown). Similar results were obtained on SLBs
formed from DOPC/DOPS (1:2). This demonstrates that a small coverage (<10%) with annexin A5 is
sufficient to initiate crystallization. In agreement, previous studies on lipid-monolayers (Govorukhina
et al., 2003) had reported the presence of trimers for very low concentrations of surface-bound annexin
AS.

Kinetics of p6 crystal growth: We followed the growth of the p6 crystals by AFM in situ, after
injection of annexin A5 on a preformed SLB (figure 10). Initially, a number of small crystalline patches
appeared (figure 10A). The smallest visible patches have a diameter of ~150 nm. Most of the patches
then grow (figure 10B-H) until they cover the entire surface (figure 10I). It is notable that no new
patches are formed after 2.5 min of incubation. Instead, a few patches (figure 10, arrowheads) were
found to diminish in size before disappearing completely.

We note that the time to get to complete crystallization (~12 min) is in the same range as the time
needed for complete adsorption at similar annexin A5 concentrations (figure 2). A rigorous comparison
of the kinetics is though not possible, as the presence of AFM-tip and cantilever is susceptible to
modify the mass-transport conditions for the adsorption of the protein. This is witnessed by the slightly
heterogeneous crystal growth rates in figure 10 (e.g., compare the lower half of figure 10G with the

upper half of figure 10H) and has already been reported elsewhere (Leitner et al., 2000).
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Kinetics of the p6 to p3 transition: Relatively small changes in adsorbed mass upon transition from
a p6 to a p3 crystal’ and relatively slow kinetics rendered reliable measurements of the transition
kinetics by QCM-D or ellipsometry cumbersome. However, both crystal forms could be clearly
distinguished by AFM: at small image sizes, the differences in the crystalline structure were identified
directly (figure 11A), while at large image sizes, both crystalline states could be distinguished by small
but detectable differences in the crystal height (figure 11B-C). We therefore employed AFM to follow
the kinetics of the transition from a p6 to a p3 crystalline state. The observed times for the transition
from a crystalline layer of pure p6 symmetry to pure p3 symmetry ranged from 10 min (e.g., for
DOPC/DOPS (1:1) and 20 mM CaCl,) to 60 min (e.g., for DOPC/DOPS (1:1) and 2mM CaCl,) at
[AS5] =20 pg/mL. These is clearly much longer than what was commonly needed for the formation of a
complete p6 crystalline layer®.

Effects of long time incubation of annexin A5: In the beginning of our investigations on mica-
SLBs, we observed a rather irregular behavior in the adsorbed amount, as measured by QCM-D, and in
the kinetics of p6 crystal growth, as followed by AFM, of annexin A5 at intermediate DOPS-
concentrations, in particular for DOPC/DOPS (4:1) at 2 mM CacCl,. This condition is situated close to
the inflection point of the sigmoidal curves that describe the dependence of adsorption on [DOPS] or
[Ca] (c.f. figure 6). Some scatter is therefore expected as small changes in [DOPS] or [Ca] lead to
rather large changes in the adsorbed amount. However, the observed variations were significantly
larger than expected from the experimental error in [DOPS] and [Ca]. This prompted us to investigate

the long-term crystallization behavior of annexin A5 under this condition (figure 12).

> The difference in protein mass between a complete p6 and a complete p3 crystalline layer is 36 ng/cm’, or 18% of the
mass of a p6 crystalline layer, including its central trimers (Richter and Brisson, 2004).
® The slow kinetics implies that the recruitment of additional proteins from the solution is not mass-transport limited. Hence,

the influence of AFM-tip and cantilever on the kinetics is expected to be small in this case.
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When incubating the protein at 40 ug/mL, p6 crystals were observed. We found that these crystals
grew extremely slowly, over the time span of several hours (figure 12A-E). Eventually though, a p6
crystalline layer formed that covered the entire surface (figure 12F). We emphasize that this strongly
contrasts with previously presented results on the kinetics of adsorption and crystallization. Subsequent
incubation with buffer containing 0.02 mM calcium removed the annexin A5 (and induced a few
defects in the membrane) (not shown). Most intriguingly, immediate re-incubation of annexin A5 as
before led to complete coverage with a p6 crystalline layer within about an hour (figure 12G-L). While
this is still more than what was commonly found for crystallization kinetics, it is significantly less than
what was needed for the first incubation, indicating that the propensity of the SLB to bind annexin A5
has changed considerably. It appears that the long-time exposure of annexin A5 changes the
membrane’s properties. In the light of our results and previous studies (Richter et al., in press), we
propose that annexin A5 is able to induce the enrichment of the bulk-facing SLB-leaflet with DOPS in
the time range of several hours.

The described experiment is illustrative for the dependence of annexin A5 adsorption and
crystallization on the history of a given mica-SLB. Furthermore, the measurement showed that, at least
under some conditions, SLBs can be unstable against rinsing in buffer containing low amounts of
calcium or EDTA. In case such potential problems applied, the above described QCM-D measurements
were performed without repeatedly incubating annexin A5 to a given membrane and with restrictions

on the incubation times.
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DISCUSSION

We have investigated the adsorption and 2D self-assembly of annexin A5 on silica-SLBs and on
mica-SLBs. Figures 3, 6 and 7 provide an overview of the obtained results. Our finding that the amount
of adsorbed annexin AS, both on silica-SLBs and on mica-SLBs, is essentially determined by the
amount of accessible DOPS and by the concentration of calcium correlates well with previous work
(Andree et al., 1990; Andree, 1992; Pigault et al., 1994).

We find that while annexin AS readily 2D crystallizes on mica-SLBs, it does not do so on silica.
This remarkable difference allows us to compare the adsorption of annexin A5 on membranes with and
without crystallization and thus to gain insight into the influence of the crystallization on the adsorption
and on the stability of adsorbed molecules. The behavior of adsorption and desorption is predominantly
very similar on both surfaces indicating that the effects of the crystal are limited. Only in some
exceptional cases, i.e., at intermediate [DOPS] and [Ca] £ 2 mM, we found slightly increased amounts
of reversibly bound annexin A5 on mica-SLBs’.

The desorption of membrane-bound annexin A5

This study provides evidence that, when rinsing in calcium-containing buffer the adsorption of
annexin A5 on pure DOPC can be completely reversible (at 20 mM CaCl,). This strongly contrasts
with our observations on DOPS-containing SLBs and thereby suggests that this adsorption behavior
reflects the genuine calcium-mediated interaction between annexin A5 and DOPC. An alternative
explanation for adsorption of annexin A5 at zero percent nominal DOPS-content would be that DOPC
is contaminated with negatively charged lipids. However, the observed differences in the desorption
behavior on DOPC-SLBs and DOPS-containing SLBs makes this possibility unlikely. The adsorption
of annexin A5 to DOPC has been addressed in several earlier studies, though the conclusions varied

widely. While some reports found no binding to DOPC (Pigault et al., 1994), others indicated

7 Under these particular conditions the incorporation of annexin A5 into a crystal may act as a secondary binding transition

which enhances the apparent binding affinity of annexin AS.
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substantial binding (Andree et al., 1990; Meers and Mealy, 1993; Govorukhina et al., 2003). In addition
to previous investigations (Govorukhina et al., 2003) which suggested that variations in the type of
membrane models (vesicles, lipid monolayers, SLBs) may influence the binding and self-assembly of
annexin A5, we propose that the differences in the bulk concentration of annexin A5 may be at the
origin of the observed variations.

In SLBs containing mixtures of DOPC and DOPS, the adsorption to both types of lipids may
coexist. The interaction with DOPS is much stronger than with DOPC and the former will thus
dominate at high DOPS-concentrations, as observed. Substantial amounts of reversibly bound annexin
A5 for [DOPS]<10% and [Ca] 220 mM (c.f. figures 3 and 6) are though likely to present the
reminiscence of this coexistence.

An interesting finding is that, in terms of reversibility, a minor population of reversibly bound
proteins can coexist with another population of irreversibly bound annexin A5 under conditions of
incomplete coverage at [Ca] <2 mM (c.f. figures 2, 3 and 6). As this response is observed both on
silica and on mica, we consider it unlikely that this effect is induced by crystallization (that would only
occur on mica) or by roughness effects (that would only occur on silica). The coexistence of a (more
stable) trimeric state and a (less stable) monomeric state could provide an explanation for the observed
distinct populations as the surface-induced trimerization of annexin A5 is likely to occur on both types
of SLBs. Indeed, the rate of monomer exchange in a trimer has been reported to be slow (Langen et al.,
1998) and the trimeric state is therefore expected to be stable, both as an oligomer and in its binding to
the membrane. It remains, however, unclear why a distinct population of non-trimerizing monomers
should persist on the surface. Yet another possibility that may be envisaged is the existence of different
populations of trimers. Trimers may, for example, be distinguished by the number of DOPS molecules
with which they interact.

While the differences in the propensity of annexin A5 to crystallize on silica-SLBs and on mica-

SLBs revealed fortuitous for our study, the origin of these variations remains unclear. The support’s
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roughness may be invoked as a potential reason for the non crystallization on silica-SLBs (Richter and
Brisson, 2003). However, the silica supports employed for AFM exhibit a roughness of only a few
Angstroms (Richter and Brisson, 2003), which is little as compared to the thickness of the SLB
(~4 nm) together with the water-layer (~1 nm) (Bayerl and Bloom, 1990; Johnson et al., 1991) that is
expected to space the SLB from the solid support. It is thus doubtful whether roughness alone can
explain the observed effects. Further studies on other similar surfaces such as crystalline silica or glass
may reveal more insight, but are outside the scope of this study.

Kinetics of annexin A5 2D crystallization

Different phases in the 2D self-assembly of annexin A5 on mica-SLBs as well as the principle phase
transitions involved have been described in previous studies (Reviakine et al., 2001; Govorukhina et
al., 2003). In comparison to these reports we have extended the range of employed DOPS-
concentrations (including pure DOPC) and calcium concentrations (0 to 200 mM). We find that the
previously outlined phases and phase transitions apply over the entire range of investigated
concentrations of DOPS and calcium: At low protein coverage the p6 crystalline form can be observed
exclusively, while p3 crystals occur only once the state of complete coverage with a p6 crystal has been
surpassed. Figure 7 demonstrates that the propensity to form p6 and p3 crystals is generally determined
by the concentration of [DOPS] and [Ca]. For a given [Ca], a critical concentration of [DOPS] exists
above which the transition to the p3 crystal form can occur.

The fact that stable 2D crystals of annexin A5 were found at a protein coverage that corresponds
only to a small fraction of the maximum coverage (c.f. figure 9) provides evidence that a low 2D
protein density is sufficient to initiate the crystal’s nucleation and growth.

The growth of p6 crystals: Under the experimental conditions employed, the time window for
crystal nucleation is small (c.f. figure 10). No new crystalline domains appear shortly after the
formation of the first domains. This suggests that the growth of existing crystals keeps the density of

adsorbed non-crystalline proteins sufficiently low to prevent further nucleation. Some crystallites
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actually diminish in size and disappear (c.f. figure 10), which may be indicative of Ostwald-ripening.
Thus, the protein adsorption is expected to limit crystal growth which is consistent with our findings
that (i) adsorption is mass-transport limited up to high coverage and reaches equilibrium quickly as
well as that (ii) crystallization rates and adsorption rates are similar.

Our observation that the crystallization starts at low protein coverage (<10%) (c.f. figure 9) and with
high rates (c.f. figure 10) confirms that the formation of trimers, the precursor of crystallization, is fast
and occurs at very low density of membrane-bound proteins, as previously reported on vesicles (for
annexin A12, another member of the annexin family which exhibits strong similarities to annexin A5 in
its membrane binding properties) (Langen et al., 1998) and on lipid monolayers (Govorukhina et al.,
2003).

In comparison to most other 2D crystals, the p6 crystal form of annexin A5 exhibits a particularity:
the open structure of this crystal form leaves space for the adsorption of additional trimers, that do not
participate in the crystalline lattice. These “central trimers”, once filled, make up one third of the mass
of the p6 crystalline layer, and thus contribute considerably to the adsorbed mass. As the binding state
of central trimers and crystallized trimers is not identical one may expect distinct differences in their
stability. However, as discussed previously, the 2D crystalline state of annexin A5 does not have a
pronounced effect on the stability of surface-bound proteins. Consequently, crystalline trimers and
central trimers should not differ much in their desorption behavior. We found indeed no indications for
different populations of desorbing annexin A5 on mica-SLBs.

The transition from p6 to p3: The solid-solid phase transition from the p6 to the denser p3 crystal
form is of first order (Reviakine et al., 2001). p3 nuclei that form at the grain boundaries or in defects
of the p6 crystallites will be stabilized and grow by the adsorption of additional annexin AS molecules
into liberated surface areas. The membrane surface available for binding is thus determined by the local
fluctuations in the crystalline state and generally expected to be small. Consequently, the adsorption in

this regime is strongly limited by surface-blocking effects, consistent with our finding that the growth
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of p3 crystals is generally slower than the growth of p6 crystals. In addition to these surface blocking
effects, the density of available binding sites, as determined by [DOPS] and [Ca], is expected to restrict
the rates of adsorption and p3 crystal growth. This rationalizes our observation that the p3
crystallization rate increases with increasing [DOPS] and [Ca].

The memory-effect of annexin A5 on SLBs

Figure 12 demonstrates that the long-time incubation of annexin A5 can substantially affect the
membrane’s affinity for this protein. With respect to the previously outlined principal binding
properties of annexin A5 to SLBs, we interpret this as a strong indication that the amount of accessible
DOPS has changed. The memory-effect is established on the time scale of hours. This is in the lower
range of what is generally considered the time for the flip-flop of lipid molecules across the membrane
(Wimley and Thompson, 1990; John et al., 2002; Kol et al., 2003), although little is known about the
effect that the confinement of the membrane to a solid support may have on its flip-flop rate. We have
previously shown that mica can induce the enrichment of the support-facing lipid leaflet in DOPS and
found indications that the asymmetric inter-leaflet distribution of DOPS corresponds to an equilibrium
state (Richter et al., in press). We propose that annexin A5, mediated by the association of its oligomers
with several DOPS molecules, can fix DOPS-molecules to the bulk-facing leaflet and thus shift the
SLB’s equilibrium DOPS-distribution. Such a scenario involves only the interaction of annexin A5
with the lipid headgroups which is consistent with the general picture of the membrane-binding
mechanism of annexin A5 (Oling et al., 2000). We note that the redistribution of negatively charged
lipids induced by membrane-binding molecules has been reported earlier (Yaroslavov et al., 1994;
Yaroslavov et al., 1998), suggesting that such effects may be more frequent than commonly
appreciated.

The combination of AFM, QCM-D and ellipsometry

We emphasize that the combination of a technique with lateral resolution down to the molecular

level, such as AFM, and techniques that measure the total adsorbed amount at high time resolution,
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such as QCM-D or ellipsometry, was an essential prerequisite for this study. The employed techniques
proved highly complementary. AFM provided detailed information on the structure and growth of self-
assembly structures, although its capability to trace adsorbed but laterally mobile molecules is limited
(Richter and Brisson, 2003) and the AFM-cantilever is susceptible to affect adsorption kinetics (Leitner
et al., 2000). QCM-D or ellipsometry, on the other hand, give access to time-resolved information
about the overall adsorbed amount, while being limited in tracing the 2D self-assembly of the protein.
The unexpected observation that the 2D self-assembly of annexin A5 depends distinctly on the solid
support, illustrates the importance of employing identical (in the case of mica) or similar (in the case of

silica) surfaces for all techniques in order to obtain reliable results.
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CONCLUSION AND PERSPECTIVES

We have provided a detailed characterization of the adsorption and 2D self-assembly of annexin A5
on SLBs for a large range of calcium concentrations and DOPS-contents, including pure DOPC. In
particular, the combination of AFM, QCM-D and ellipsometry allowed correlating the kinetics of
adsorption and 2D crystallization.

We found distinctive differences in the self-assembly behavior of annexin A5 on SLBs formed on
silica and mica, respectively. While the origin of these differences remains unclear, our results stress
that the solid support can have a pronounced influence on the properties of SLBs.

While we have predominantly treated the 2D crystallization kinetics in a qualitative manner, the
outlined experimental approaches are expected to be a useful for the quantitative characterization of the

2D self-assembly process (Doudevski et al., 1998).
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TABLES

TABLE 1

Conditions of [DOPS] and [Ca] required for half-maximal binding of annexin A5

[Ca] [DOPS]
(mM) (%)
figure 3 ¥ 0.2 19+1
2 9.5+0.5
20 50+0.5
20..200 0
figure 6 * 0.2 1742
2 10+1
20 6+1
20..200 0
Andréeetal.®  0.036+0.013 100
0.22 +0.06 20
1.5+0.5 5
8.6+2.5 1
>30 0
Pigault et al. ¢ 0.057 50
0.13 25
1 17
3 9.1
7 3.8
12
68 1
Govorukhina et al. 50 0

9 Experimental results obtained by QCM-D on silica-SLBs for the amount of irreversibly bound annexin A5;
Experimental results obtained by QCM-D on mica-SLBs for the amount of irreversibly bound annexin A5; the accessible
DOPS-content is stated as determined in ref. (Richter et al., in press) (see figure 6 for details); © From ref. (Andree et al.,
1990), obtained with SLBs formed by Langmuir-Blodgett deposition; ¥ From ref. (Pigault et al., 1994), obtained with large

unilamellar vesicles; © From ref. (Govorukhina et al., 2003), obtained by QCM-D on silica-SLBs at [A5] = 10 pg/mL.
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FIGURE LEGENDS
FIGURE 1

Schematic description of the 2D self-assembly of annexin A5 on a negatively charged phospholipid
membrane according to (Govorukhina et al., 2003). Monomeric annexin A5 binds to the membrane in a
calcium-dependent manner where it forms trimers. The trimers crystallize in two dimensions. The holes
in the honey-comb-like lattice of p6 symmetry can be filled by additional non-crystalline trimers
(marked in red), also called “central trimers”. At high protein coverage, a phase transition of first order
into a more densely packed crystal form with p3 symmetry can occur.
FIGURE 2

QCM-D response (frequency, Af (-O-), and dissipation, AD (---), at 35 MHz) for a typical
measurement to investigate the adsorption of annexin A5 to SLBs. The SLB was formed by incubation
of SUVs of DOPC/DOPS (molar ratio 9:1) on silica (0 min). The adsorption of annexin A5 at various
concentrations (injections indicated by solid arrows, at concentrations given in pg/mL) was followed in
the presence of 0.2, 2, 20 and 200 mM CaCl, (as indicated). Dotted arrows indicate rinses accompanied
with changes in the calcium concentration (in mM or EDTA, as indicated). The dotted lines indicate the
levels of bound annexin A5 after rinses in 20 mM (lower line) and 2 mM (upper line) CaCl,, which are
independent on the incubation history. Rinses in EDTA lead to complete unbinding of annexin AS.
FIGURE 3

Equilibrium adsorbed amounts, given by the shifts, Af., in QCM-D frequency, of annexin A5 on
silica-SLBs, as a function of the SLB’s DOPS-content, [DOPS], and the concentration of annexin A5

for 0.2 (A), 2 (B), 20 (C) and 200 mM (D) CaCl,. Bulk concentrations of annexin A5 were 20 (x) and
80 ug/mL (<), respectively. The amounts of annexin A5 remaining after rinsing in buffer are also

indicated ([]) and connected by lines to guide the eye.
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FIGURE 4

Adsorption of 2 ng/mL annexin A5 on a silica-SLB made of DOPC/DOPS (4:1) as measured by
ellipsometry in stirred buffer at 2 mM CaCl,. The adsorption rate is constant (dotted line), indicating
mass-transport limited adsorption, until more than 65% of the final coverage.
FIGURE 5

Tracking the presence of annexin AS on silica-SLBs by AFM. While imaging from top to bottom,
the applied force increased, due to thermal drift, from ~50 pN to ~200 pN. These slight variations led
to jumps of 2 nm in the height (cross-section in inset). This effect is attributed to the “water-ski” effect:
at lowest forces (top) the tip is sliding over the disordered layer of laterally mobile annexin A5 while it
penetrates to the underlying SLB at slightly higher forces (bottom). Dotted lines (inset) mark the two
height levels that correspond to the top of the annexin AS (upper dotted line) layer and the top of the
SLB (lower dotted line), respectively. Annexin A5 was incubated on SLBs of DOPC/DOPS (9:1) in
2 mM CaCl,. Image size (z-limit): 2.5 um (10 nm).
FIGURE 6

Adsorbed amounts, given in QCM-D frequency shifts, Af., of annexin A5 on mica-SLBs, as a
function of the SLB’s DOPS-content, and the concentration of annexin A5 for 0.2 (A, E), 2 (B, F), 20
(C, G) and 200 mM (D, H) CaCl,. Annexin A5 was incubated at 20 (x) and 80 ug/mL (<),
respectively. The amounts of annexin A5, remaining after rinsing in buffer are also indicated ([]) and
connected by lines to guide the eye. The abscissa shows the nominal DOPS-content (A-D), given by
the molar mixing ratio of DOPC and DOPS, and the accessible DOPS-content (E-H), i.e. the DOPS-
content in the bulk facing leaflet of the SLB. The accessible DOPS-contents were determined
elsewhere (Richter et al., in press), taking silica-SLBs as reference, to be 3+1%, 7£1%, 13+£2%,
20+2%, >55% and >60% for nominal DOPS-contents of 10%, 20%, 33%, 50%, 67% and 80%,

respectively.

Paper VI - 36



Paper VI — Manuscript in preparation

FIGURE 7

(A) Diagram of the adsorption state of annexin A5 on mica-SLBs as a function of apparent DOPS-
content and calcium concentration. A pair of conditions of ([DOPS],[Ca]) is counted as belonging to
the zones p6 and p3, if at least partial coverage with respective crystalline lattice has been observed
under these conditions. Conditions where approximately half-maximal binding was reached, according
to figure 3 (o), figure 6 (0), Andree et al. (<), Pigault et al. (A) and Govorukhina et al. (#), are
indicated. The range of conditions in which minor amounts of annexin A5 adsorb without inducing
crystallization is considered very narrow and is omitted in the figure. (B) Annexin A5 crystallizes even
on pure DOPC. The p6 crystal was obtained by AFM after incubation of 20 ug/mL annexin A5
(~20 min) at 200 mM CaCl,, and observed to cover the entire surface. Image size (z-limit): 1 um
(5 nm).
FIGURE 8

Adsorption of 5 pg/mL annexin A5 on a mica-SLB made of DOPC/DOPS (1:2) as measured by
ellipsometry in stirred buffer at 0.2 mM CaCl,. The adsorption rate is constant (dotted line), indicating
mass-transport limited adsorption, until more than 70% of the final coverage.
FIGURE 9

AFM-images after an interrupted adsorption of annexin A5 on mica-SLBs of DOPC/DOPS (2:1).
2 ng/mL annexin A5 were incubated at 2 mM CaCl,, until a coverage corresponding to a frequency
shift of -2.5 Hz by QCM-D (flow mode) was reached (inset). The sample was rinsed in buffer
containing 2 mM CacCl, (inset, at 4 min) before transfer to the AFM. Domains of 300 nm to 1.5 um
diameter are visible which did not change in position or size but slightly fluctuated in shape during
subsequent scans (not shown) and were identified as p6 crystalline domains. The apparent coverage

with crystalline domains was ~3%. Image size (z-limit): 20 pm (10 nm).
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FIGURE 10

Growth of a p6 crystalline layer of annexin A5, followed in situ by AFM. Annexin A5 was injected
at 20 ug/mL on mica-SLBs of DOPC/DOPS (1:2). While most crystalline domains grow with time, a
few domains (arrowheads) diminish in size and disappear. All images are acquired with the slow scan
direction from top to bottom; the image acquisition time is ~1 min; incubation times at the end of each
image are indicated (min:s). Drifts are due to instabilities in the AFM-setup. Image size (z-limit):
10 um x 5 um (10 nm).
FIGURE 11

AFM-images of coexisting p6- and p3-crystalline domains of annexin AS. (A) The molecular
organization of the p3 crystal (white lines follow the lattice lines) is predominant. A very small p6
domain (red arrowhead) as well as disordered boundaries (white arrowhead) can be discerned.
80 nug/mL annexin A5 were incubated in 0.2 mM CaCl, on DOPC/DOPS (1:4)-SLBs before image
acquisition. Image size (z-limit): 300 nm (3 nm). (B-C) Regions of p3-symmetry can be distinguished
from regions of p6-symmetry due to slight differences in their height, even at image sizes that prohibit
molecular resolution. The images show the advancement of the p3-crystal (lighter area) after 34 (B)
and 54 min (C) of incubation of 20 pg/mL annexin A5 in 2 mM CaCl, on DOPC/DOPS (1:2)-SLBs. In
(C) only a few small p6 crystalline areas remain (asterisks). Image size (z-limit): 5 um (1 nm).
FIGURE 12

Series of AFM-images demonstrating the memory-effect of annexin A5 on mica-SLBs. Annexin A5
crystals grew (A-F) after incubation of 40 ug/mL annexin A5 on a mica-SLB that was freshly prepared
from SUVs of DOPC/DOPS (4:1) at 2 mM CaCl,. The process of crystal growth is slow (A-E,
incubation times denoted in minutes) and more than 4 hours are needed to reach complete coverage (F).
A rinse in buffer containing 0.02 mM CaCl, displaces all annexin A5 (not shown). Upon re-incubation
with 40 pg/mL annexin A5 in 2 mM CaCl, crystal growth proceeds faster than during the first run (G-

K) and a complete crystalline layer is formed within only 70 min (L). A few defects are visible
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(arrowhead in I) that were introduced upon removal of annexin A5 in buffer containing 0.02 mM
CaCl,. The crystalline domains were identified as p6 crystals by the pronounced and irregular holes in
the lattice, reflecting the absence of some central trimers (inset in J, image size: 250 nm). Image size

(z-limit): 40 um (10 nm).
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V. Conclusions and Perspectives

The focus of this PhD thesis was to characterize the deposition of lipid vesicles
and the formation of supported lipid bilayers on solid supports, and the 2D
assembly of the protein annexin AS5. The main results, listed below, contribute to
our basic understanding of both processes.

Two main methods, AFM and QCM-D, were used extensively, to provide local
topographic information and quantitative physico-chemical characterization of the
interfacial layers, respectively. We have developed a method to combine AFM
and QCM-D on mica and demonstrated the complementarity of both techniques
and the value of their combination for the characterization of 2D self-organization
processes, such as the formation of SLBs and the 2D crystallization of proteins.

We have provided evidence that a multitude of lipid deposition pathways can be
generated on mica and silica and characterized these pathways in detail. Which
pathway will be taken is determined by parameters such as the lipid charge and
the calcium-EDTA balance. Other parameters such as the solution’s pH and ionic
strength are expected to play a similar role. The paramount importance of the
solid support in the SLB-formation process is outlined and essential differences in
the lipid deposition on silica and on mica have been identified. The exact role of
the solid support remains, however, poorly understood. Questions remain, such as
concerning the mechanisms by which the support influences the lateral mobility
of lipid assemblies as well as the properties of the final SLB (e.g., the inter-leaflet
lipid distribution or the propensity of membrane-bound annexin A5 to crystallize).

The characterization methods developed here are expected to be applicable for
various surface-confined lipid assemblies. In particular, they can easily be
extended to more complex systems, such as the formation of SLBs from protein-
containing liposomes as well as polymer-cushioned, tethered or pore-spanning
SLBs. The development of PEG-modified AFM-tips constituted an important
prerequisite for the controlled imaging of lipid assemblies. It brings more
quantitative investigations into reach, and thereby opens up for the further
evaluation of models of SLB-formation.

We have clarified essential aspects of the adsorption of annexin A5 to SLBs and
refined he phase diagram of this protein in its membrane bound state. The results
are expected to constitute a valuable base for a detailed investigation of the self-
assembly dynamics of this protein. The outlined experimental approach, in
correlation with theory, opens the door to the quantitative assessment of
parameters involved in the 2D crystallization of proteins and other
macromolecules.

V-1



Chapter IV

In a more general perspective, the techniques used in this work and the illustrated
complementary aspects make their combined use attractive for the development
and validation of bio-mimetic and bio-functionalized surfaces.
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V. Conclusions et Perspectives
(version francaise)

Les principaux objectifs de ce travail de thése ont été la caractérisation de la
formation de bicouches lipidiques supportées par déposition de vésicules
lipidiques sur support solide, ainsi que 1’étude de I’assemblage 2D de la protéine
annexine AS5. Les résultats majeurs, détaillés ci-dessous, apportent une
contribution notable a notre compréhension générale de ces deux processus.

Deux méthodes principales de caractérisation, I’AFM et le QCM-D, ont été
employées de maniére extensive, fournissant respectivement une information sur
la topographie locale et une caractérisation quantitative des propriétés physico-
chimiques des couches interfaciales. Nous avons mis au point une méthode
permettant de combiner I’ AFM et le QCM-D sur support de mica. Nous avons pu
démontrer la complémentarité de ces deux techniques ainsi que la valeur de leur
combinaison pour la caractérisation des processus d’auto-organisation 2D, tels
que la formation de SLBs et la cristallisation 2D de protéines.

Nous avons montré que le dépot des vésicules lipidiques et la formation des SLBs
peuvent procéder via une multitude de parcours et nous avons caractérisé en détail
les mécanismes associés et les parameétres influengant ces processus. La manicre
dont un SLB se forme est déterminée par la charge des lipides et la balance
calcium-EDTA. Il est trés probable que d’autres parametres, comme le pH de la
solution ou la force ionique, jouent €galement un réle important. L importance
premiere de la nature du support solide a été mise en évidence et des différences
essentielles entre les supports de mica et de silice ont été identifiées en ce qui
concerne la formation des SLBs. Le rdle exact du support solide reste cependant
peu compris. En particulier, les mécanismes par lesquels le support influence la
mobilité latérale des assemblages lipidiques et quelques propriétés de SLBs, telles
que la distribution de lipides de nature différentes entre les deux feuillets de la
bicouche et leur influence sur la capacité de ’annexine A5 a cristalliser en deux
dimensions, restent a clarifier.

Les méthodes développées dans le cadre de ce travail peuvent étre appliquées a la
caractérisation d’autres types d’assemblages lipidiques. En particulier, elles
peuvent étre étendues a des systemes plus complexe, tels que la formation des
SLBs a partir de liposomes contenant des protéines ou a la formation de
membranes ancrées (« tethered »), espacées (« cushioned ») ou suspendues
(« pore-spanning »). Le développement de pointes modifiées par des groupements
de type PEG a apporté une amélioration considérable a I’imagerie contrdlée
d’assemblages lipidiques. Une caractérisation quantitative de la géométrie des
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Chapitre V (version frangaise)

assemblages lipidiques a ainsi été rendu possible, permettant une évaluation plus
rigoureuse des modeles théoriques de la formation de SLBs.

Nous avons clarifié certains aspects essentiels de 1’adsorption de 1’annexine AS
sur des SLBs et affiné le diagramme de phase de cette protéine liée a des
membranes. L’ensemble des résultats constitue une base originale pour une
caractérisation détaillée de la dynamique de I’auto-assemblage de 1’annexine AS.
L’approche expérimentale que nous avons décrite, va permettre une évaluation
quantitative, et corrélable aux modeles théoriques existants, des parametres
impliqués dans la cristallisation 2D des protéines et d’autres macromolécules.

Dans une perspective plus générale, les aspects complémentaires des techniques
utilisées rendent leur utilisation combinée attractive pour le développement et
pour la validation des surfaces bio-mimétiques et bio-fonctionnalisées.
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Appendix

Surface potential and surface charge of silica

TABLE A.1 Surface potential and surface charge of silica as a function of pH and electrolyte as determined by
various methods. y, and . are the surface potential and the {-potential, respectively. Corresponding charges, oo
and o, are determined using the Grahame equation (page 234 in ref. 7.

solution potential surface charge reference (remarks)
Yo Oo 9
pH  salt  mM ) (1311\(;/) am?) ()
4 KNO; 0.1 -60+18 -58+2 -0.015 -0.014 9D
4 1 -39+15 -45+2 -0.020 -0.024
4 10 -45+12 -50+2 -0.073 -0.083
4 100 20+4 22043 -0.092 -0.092
6 0.1 -102422 -85+2 -0.026 -0.019
6.2 1 -82+16 -77+4 -0.055 -0.049
6.2 10 -48+149 -70+2 -0.0799 -0.13
6 100 25469 3616 -0.129 -0.18
7 100 23046 -44+6 -0.14 -0.22
8.2 0.1 -105+20 9342 -0.028 -0.022
8 1 -82+10 -8143 -0.055 -0.054
8 10 -45+129 7842 -0.0739 -0.16
8 100 26469 -50+6 -0.129 -0.26
5.8 NaCl  0.13 -90 -0.023 27459
5.7 1.5 -83 -0.068 (pyrogenic silica)
53 8 -63 0.1
5.6 100 -45 -0.23
5.4 KCl 0.19 -71 -0.019
55 1.6 -69 -0.052
5.1 14 -52 0.1
5.2 140 32 -0.18
6.1 LiCl  0.11 -119 -0.039
5.8 1.1 -104 -0.090
55 11 -96 -0.24
6.0 100 -86 -0.59
5.4 CsCl  0.11 -70 -0.014
53 1.1 -53 -0.03
55 11 -65 -0.13
5.7 100 -54 -0.29
NaCl  0.11 -40° -0.007 3506). 9
1.1 -32 -0.016 (pyrogenic silica,
11 -28 -0.044 pH not determined)
110 23 -0.11
2 NaCl 1 -13 -0.019 273 ©)
2.6 1 -35 -0.028 (cantilever not calibrated)
3 1 -35 -0.027
4 1 -48 -0.029
5.7 0.11 -61 -0.018
5.7 1 -53 -0.028
5.7 10 349 -0.0489
5.7 100 219 -0.0839
7 1 -60 -0.038
10 1 -67 -0.037
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solution potential surface charge reference (remarks)
salt mM Vo Ve 20 %

el
=

(mV) (mV) (nm™) (nm™)

5 NaCl 1 -<0.013 272¢)

5 10 -0.019

5 100 -0.038

5 1000 -0.075

6 1 -0.031

6 10 -0.056

6 100 -0.094

6 1000 -0.14

7 1 -0.063

7 10 -0.11

7 100 -0.2

7 1000 -0.31

8 1 -0.14

8 10 -0.24

8 100 -0.39

8 1000 -0.61

3 NaCl 0.2 -35 -15 -0.019 -0.008 1.4
4 0.2 -55 -30 -0.016 -0.008  (observed variations for
5.8 0.2 -91 -42 -0.030 -0.01 different types of silica)
5.8 2 -54 -0.041

6 0.2 -85 -52 -0.026 -0.012

7 0.2 -82 -62 -0.024 -0.016

8 0.2 -78 -70 -0.022 -0.019

9 0.2 -82 -70 -0.024 -0.019

10 0.2 -82 -82 -0.024 -0.024
5.5 KCl 0.1 -65 -0.012 3o, D
5.5 1 -41 -0.020 (glass cover slips)
5.5 10 -199 -0.0299
5.5 100 -5.59 -0.0469
6.5 KCl 1 -45 -0.023 299

¥y, determined with a colloidal probe AFM, configuration of two um-sized spheres.

® vy, determined with the surface force apparatus.

¢ \yo determined with a colloidal probe AFM, configuration of a um-sized sphere and a planar support.

9 y¢ determined by electrophoretic mobility measurements of a solution of colloidal silica.

¢ &, calculated from the number of protonated SiOH groups as determined from the free ion concentration in a
solution of colloidal silica.

D 50 or o are not given in the references but were determined using the Grahame equation, taking into account
the concentration of H" 2%,

£) Values are likely underestimated due to roughness effects >’

App-3



Appendix

Surface potential and surface charge of mica

TABLE A.2 Surface potential and surface charge of mica as a function of pH and electrolyte as determined by
various methods. y, and . are the surface potential and the {-potential, respectively. Corresponding charges, oo
and o, are determined using the Grahame equation (page 234 in ref. 7.

solution potential surface charge reference (remarks)
Yo Oo 9
pH —salt mMo Gy (1311\(;/) am?) ()
5.7 NaCl  0.04 -123 -0.026 2620)d)
5.7 0.1 -112 -0.032
5.7 14 -143 -0.22
5.7 10 -72 -0.14
5.7 KCl 0.04 -90 -0.013
5.7 0.3 -100 -0.044
5.7 1 -90 -0.065
5.7 10 -55 -0.094
5.4 LiCl 0.1 -90 -0.021
5.4 1 95 -0.072
5.4 10 -114 -0.33
5.4 60 95 -0.55
5.8 CsCl  0.04 -110 -0.020
5.8 0.1 -92 -0.021
5.8 1 -80 -0.052
5.8 H,0f  0.005 -150 -0.009 263b).¢)
58  CaCL® 0.03 -90 -0.066
5.8 0.5 -50 -0.056
5.8 1 35 -0.041
29 H,0!  0.007 -130 -0.11 319b)
49 H,0f  0.007 -100 -0.019
5.1 H,0f  0.007 -165 -0.023
6.2 KBr 0.5 -100 -0.055
6.3 NaCl 5 -100 0.2
6.5 H,0f  0.007 -150 -0.015
8.9 NaCl 0.5 93 -0.049
11.1 KCl 1.2 -67 -0.056
5.8 NaCl 0.2 73 -0.02 318 ), d)
5.8 0.2 210 -0.004"
5.8 2 -5h -0.003"
. 353 b)
6.1 H,Of  0.006 -110 -0.012 (observed memory effect)
55 KCl 1 -110 -0.097 B9
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solution potential surface charge reference (remarks)
Yo Y Oo G
pH salt - mM oy @v)  md)  am?d)
NaCl  0.02 -112 0.015 999
0.2 -80 -0.024  (ph not determined though
2 -65 -0.053 likely to be between 5 and 6)
20 -60 -0.15
CaCl, 0.02 -80 -0.037
0.2 -55 -0.043
2 25 -0.036
20 -12 -0.046
LaCl;  0.02 8
0.2 25
2 45
20 54

9 \yo determined with a colloidal probe AFM, configuration of a um-sized sphere and a planar support.
® vy, determined with the surface force apparatus.
© ¢ determined by the plane interface technique. The configuration involves the measurement of a flow profile
in a rectangular cell with one mica-wall and one silica wall.
4 64 or o¢ are not given in the references but were determined using the Grahame equation, taking into account

the concentration of H™ 2%2.

) 6 are not given in the reference but were determined using the Grahame equation, taking into account the

concentration of H 2%,
") Measurements performed in ultrapure water.

263

£) Other divalent cations gave similar results™”.
") Values obtained upon exposure to air between cleavage and wetting®'.
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Sommaire (version francaise)

Les membranes lipidiques déposées sur support solide sont couramment utilisées comme
modele de membranes cellulaires et présentent des applications potentielles dans le domaine
des biotechnologies. Ce travail de thése a permis de caractériser, en détail, les processus de
dépot de liposomes et la formation des bicouches lipidiques supportées (SLBs) sur support de
mica et de silice. L’ influence de la charge des lipides et le role des ions Ca®* dans la formation
des SLBs ont été caractérisés. De plus nous avons réalisé une étude de la liaison spécifique et
de I’autoassemblage de la protéine annexine A5 sur les SLBs.

Les deux principales techniques de caractérisation utilisées pour cette étude sont la
microscopie a force atomique (AFM) et la microbalance a cristal de quartz avec mesure de
dissipation (QCM-D). Les obstacles techniques majeurs associés a 1’imagerie par AFM des
assemblages lipidiques ont été résolus. L’utilisation en parallele des techniques QCM-D et
AFM sur support de mica a été mise au point. La complémentarité de ces deux techniques a
permis de caractériser la cinétique et de visualiser les structures intermédiaires formées lors
des processus d’auto-organisation bidimensionnelle des lipides et des protéines.

Mots clés : microscopie a force atomique (AFM) ; microbalance a cristal de quartz avec
mesure de dissipation (QCM-D) ; bicouche lipidique déposée sur support solide (SLB) ;
vésicule unilamellaire préparée par sonication (SUV) ; assemblage bidimensionnel ;
dioleoylphosphatidylcholine (DOPC) ; dioleoylphosphatidylsérine (DOPS) ;
dioleoyltrimethylammoniumpropane (DOTAP) ; annexine A5 ; mica ; silice ; calcium

Abstract (English version)

Supported lipid membranes (SLBs) are popular models of cell membranes with potential
biotechnological applications. In this work we characterize the process of vesicle deposition
and SLB-formation on solid supports in detail. In particular, the role of the support (mica and
silica), the lipid charge and the presence of calcium as determinants of the lipid deposition
pathway are highlighted.

We exploit the SLBs as a biomimetic surface, in order to investigate the adsorption and two-
dimensional self-assembly of annexin A5, a membrane-binding protein.

The main characterization techniques are the Quartz Crystal Microbalance with Dissipation
Monitoring (QCM-D) and Atomic Force Microscopy (AFM). These methods are
demonstrated to be highly complementary, providing global kinetic information and local
structural information on the self-organization processes simultaneously. In order to fully
exploit the methods’ complementarities, some technical obstacles had to be overcome. We
identify and remedy artifacts associated with AFM-imaging of surface-confined lipid
assemblies and combine QCM-D and AFM on identical supports, including mica.

Keywords: atomic force microscopy (AFM); quartz crystal microbalance with dissipation
monitoring (QCM-D); supported lipid bilayer (SLB); small unilamellar vesicle (SUV); two-
dimensional self-assembly; dioleoylphosphatidylcholine (DOPC); dioleoylphosphatidylserine
(DOPS); dioleoyltrimethylammoniumpropane (DOTAP); annexin AS; mica; silica; calcium
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