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Preamble

This thesis is part of an ANR project called Banana Slip, which brings together
collaborators from the Institut Lumiere Matiere in Lyon: Claire Loison, Laurent
Joly, and Ludovic Gardré, as well as our team from the Institut Charles Sadron
in Strasbourg: Pierre Muller, Thierry Charitat, Fabrice Thalmann and myself.
This project combines the expertise of our collaborators in molecular dynamics
(MD) simulation of phospholipids with our experimental expertise on supported

phospholipid layers, reflectivity and tribology.

This document will begin with an introduction in Chapter |, presenting the
lubrication of biological interfaces and our current physical understanding of
the topic. In Chapter Il, we outline the experimental and theoretical methods
and materials used in this thesis. This will be followed by Chapter lll, focusing
on the structural analysis of charged and zwitterionic supported layers. Chap-
ter IV details the friction experiments conducted on zwitterionic and charged
phospholipid layers, while the final results are presented in Chapter V, which
showcases the findings from the TriboFRAPP setup dedicated to the localization

of sliding planes.
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Chapter |

Introduction

Friction is an essential force that shapes nearly every moment of our lives,
whether we are aware of it or not. From the moment we wake up to when we

go to bed, we continuously experience friction in various forms.

In some instances, maximizing friction is necessary, such as when we hold
our coffee cup in the morning or when we ride our bike or drive our car. In
these cases, increased friction is beneficial. However, in many situations, we
want to minimize friction. To achieve this, the friction between two surfaces
is often reduced with the help of what we call a "third body", more commonly

referred to as a lubricant.

The examples are numerous. Since the Industrial Revolution, humanity has
developed many situations where two surfaces in contact must be lubricated.
In our modern world, the impact of friction and wear on energy consumption
is significant: approximately 23% of the world’s total energy consumption is
attributable to friction, and of that, 20% is specifically due to frictional losses
[1]. Reducing friction and preventing wear by developing new surfaces and
lubricants could greatly increase energy efficiency and help reduce CO; emis-

sions.
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| do not usually like to distinguish between nature and humans, but it is
interesting to draw a parallel regarding lubrication. Since the advent of the first
machines, we have primarily relied on oil-based lubricants. In contrast, nature,
through the course of evolution, has developed water-based lubricants that
largely outperform our oil-based solutions. Our joints are perfect examples;

they provide long-lasting and very efficient lubrication.

This thesis will focus on lubrication in biological systems, with a particular
emphasis on phospholipid layers, which are among the main biological lubri-
cants. The strategy we adopt to study lubrication is distinct from typical bi-
ological and biomechanical studies, which often examine in vivo or complex
systems closely resembling biological joints. Here, we approach this from a
physicist’'s perspective, aiming to extract essential components of the effi-
ciency of biolubrication to gain insights that are crucial not only for maintain-
ing joint health but also for advancing synthetic lubricants inspired by nature’s
efficiency.

The purpose of this section is to establish the foundational context for this
research project, we will present the theoretical basis of friction necessary for

this thesis and the state-of-the-art in synovial joint lubrication.

1.1 Introduction on friction

Since the first pre-historic spark produced by the friction of flint and hard stone,
our comprehension of friction has significantly evolved. The study of friction,
defined as the force opposing the relative motion of two solid surfaces in con-
tact (we depict the situation in Figure I.1), originates in the early scientific work

of Guillaume Amonton in 1699 and Charles-Augustin de Coulomb in 1785 [2].

Their work created the basis of modern friction research. Amonton’s early

4



Chapter I. Introduction

Figure I.1: Schematic representation of a dry contact between two bodies
in relative motion: the normal force F,, the friction force F; and the relative
velocity V are represented on the graph as well as the size of the contact L.
Adapted from [3].

findings established that the tangential frictional force Fy was directly propor-
tional to the normal force Ft, Coulomb expanded on this, developing the con-

cept of friction coefficient, u such that:

Ft

= F_n (1.1)

u

One can note that the relationship is independent of the apparent contact
area between surfaces and the sliding velocity. This general relation surpris-
ingly holds for many non-deformable solids and dry contacts as long as the

contact is not adhesive [4].

Later, the field of tribology (derived from the Greek word "tribos," mean-
ing "to rub") was formally defined by Peter Jost in 1966 [5]; it encompasses
the principles of friction, wear, and lubrication. Specifically, in the case of sur-
faces lubricated by a "third body", the assumption of velocity independence
no longer holds (See Figure 1.2 for a schematic representation). Even a soft

film of nanometric thickness can lead to deviation from Coulomb’s law [6, 7].

5
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A Fn B Boundary lubrication
S =~ _— Mixed lubrication

v \ First bodies

Third 7boidy7

First bodies

A .
>»>

V4

Figure 1.2: (A) Schematic of a lubricated contact by a third body sandwiched
by the two first bodies. (B) Stribeck curve illustrating the typical variation of
the friction coefficient u as a function of the hydrodynamic parameter Z.

Friction is considered to be an energy dissipation process. Solid dry friction
is typically associated with wear and a high friction coefficient. Therefore, a
lubricant is usually introduced to minimize surface degradation and energy
dissipation.

Lubricants, characterized by their viscosity, form a thin layer that reduces
friction and wear. The dynamic viscosity, n, of a lubricant influences the sys-
tem’s lubrication regime, as described by the Stribeck curve (see Figure 1.2),

which maps out different regimes based on the hydrodynamic parameter:

nvL

Z= F (1.2)

where V is the relative velocity, L is the contact length, and Fy is the normal
force.

The Stribeck curve identifies three primary lubrication regimes:

e Boundary (or dry) lubrication: High friction level with solid surfaces

making direct molecular contact
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e Mixed lubrication: Friction gradually decreases as the lubricant inter-
mittently separates the surfaces, allowing some asperities to remain in

contact.

e Hydrodynamic or fluid film lubrication: A thin lubricant film fully sep-
arates the surfaces, achieving low friction as the surfaces glide without

direct contact.

In the case of fluid film lubrication, friction arises as the viscous film is
sheared. The energy dissipation occurs within the film, and the friction force
can be expressed as [8]:

AnVv

Ft = P (1.3)

where d represents the thickness of the film and A the contact area.

This equation is fundamental in fluid film lubrication, where friction is lin-
early dependent on velocity. Additionally, friction may depend on contact pres-
sure and temperature, through a change of the viscosity n. Boundary lubrica-
tion is more challenging to predict since energy dissipation can result from
irreversible processes such as the breaking and reforming of adhesive bonds
[9]. While boundary friction is more specific, a general observation is that
friction in this regime shows a limited dependence on velocity.

It becomes evident that we must define and understand the lubrication
regime in which biological joints operate before going further in the friction

model description.
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1.2 Biolubrication in joints

When living and moving, mammals, including humans, generate numerous
sliding and shearing interactions between organs and tissues, as seen in syn-
ovial joints and in the lubrication of the cornea. The most remarkable fric-
tion properties are found in major joints, such as the knee and hip, where the
load is among the highest in the human body (up to 20 MPa). These sys-
tems can achieve an exceptionally low friction coefficient, down to u = 0.001
[10, 11, 12]. This value of u under such high pressures has yet to be matched
either in nature or synthetically. The current challenge in biotribology is, there-

fore, to decipher the mechanisms behind this highly efficient lubrication.

Osteoarthritis (OA) is a pathological condition affecting joints, with recent
studies indicating that approximately one in seven Americans are affected by
this disorder [13]. OA is characterized by severe pain and a significant reduc-
tion in mobility. The origin of OA is multifactorial, with hereditary factors and
obesity being well-documented contributors [13]. While the condition arises
from a complex interplay of factors, it has been demonstrated that OA is asso-
ciated with increased friction, with friction coefficients in affected joints reach-
ing u =~ 0.01; an order of magnitude higher than that of healthy joints [10].
This increased friction suggests a potential disruption of the lubricating mech-

anisms within the joint.

Understanding the pathways and components involved in joint lubrication is
therefore crucial for elucidating the mechanisms underlying OA and for devel-
oping potential therapeutic strategies. Investigating the lubrication properties
of healthy joints could provide insights into the dysfunctions present in patho-

logic joints.
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1.2.A Structure and composition of cartilage

|
A B First body

Cartilage
musculo- |

ligamentous-

system Third body
T u
Bone 0 First body
Cartilage

___— Synovial I
membrane

Joint cavity Articular C Articular surface Zones
cartilage S, @70 N ® o« | Spefda
g
5 " © e ©
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® ®© @ >
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) ®

, )
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Compressive modulus
collagen X and GAG

Figure 1.3: (A) lllustration of a major joint: two bones separated by the joint
cavity. Articular cartilage is present at the bone surface, shown with molecular
details. (B) Tribological triplet as a simplified view of the system. (C) Cartilage
tissue is divided into four main zones above the subchondral bone. The super-
ficial zone forms the lubricated, articulating surface. Chondrocytes constitute
less than 10% of the cartilage volume. The composition of matrix components,
including collagen types and glycosaminoglycans (GAGs), as well as the tissue
modulus, varies with depth. Adapted from [11, 14].

The composition of the biological joints is rather complex. In this thesis,
we will detail only compounds relevant to lubrication. A good review of re-

cent progress on biolubrication and joint composition can be found here [9]

9
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and with a more biological point of view here [15]. By oversimplifying the
situation, we can reduce the system to a tribologic triplet composed of the
cartilage, the synovial fluid (SF), and the musculo-ligamentous—joint system
[3, 10, 16]; a schematic of the situation is represented in Figure 1.3.B. It works
as follows: the movement is controlled by the motor endplate of the musculo-
ligamentous—joint system, the cartilage provides an efficient load transmis-
sion with maximum dumping, and friction reduction is given by the SF. We will

shortly enumerate the composition of cartilage.

Articular cartilage (see Figure 1.3 for an overview), which coats the ends
of bones in synovial joints with a thickness of 1-4 mm [17], is specialized to
transmit joint loads while maintaining a low friction coefficient. This cartilage
is @ highly structured connective tissue composed of a sparse distribution of
chondrocytes (specialized cells in cartilage that produce and maintain the ex-
tracellular matrix, they represent about 2-5% of the volume [18]) within a

dense extracellular matrix.

Articular cartilage is organized into zones: superficial, middle, and deep,
each with varying collagen orientations and proteoglycan concentrations (see
Figure 1.3.C). The superficial zone, in particular, contains a high concentration
of type Il collagen aligned parallel to the surface [19, 20], optimizing it for
shear and tensile stress resistance. The middle zone forms a transitional layer,
and the deep zone, adjacent to the subchondral bone, supports load-bearing

functions.

Water, comprising around 70% of articular cartilage’s wet weight [21], is its
most abundant component, functioning as a medium for nutrient transport to
the chondrocytes, which lack direct blood supply. Other primary constituents
include collagen [19] (55-75% of the dry weight, mostly type Il), proteoglycans
(also called lubricin, about 15-30%) [22], and lipids, primarily phospholipids

10



Chapter I. Introduction

(~10%) [23].

Collagen is a structural protein whose network imparts tensile stiffness
and structural integrity, while lubricin is another biopolymer that binds to
hyaluronic acid (HA) to form a hydrogel-like matrix, crucial for resistance to
compressive forces [24]. We show in Figures I.3 and 1.4 an illustrative descrip-

tion of articular cartilage.

HA and phospholipids are also primary components of both the cartilage
surface and SF. The viscosity of SF relies heavily on HA, a linear polysaccha-
ride. Phospholipids, typically known as cell membrane components, also form
several stacked bilayers on the cartilage surface, separated by thin water films
[25], and exist as multilamellar vesicles within the SF [26] (further details on
phospholipids are given in Chapter 2). The next section will discuss their es-

sential role in joint lubrication.

1.2.B Model of lubrication

So what makes biological joints such a good lubricating system? Much work
has been done to explain the mechanism by understanding the role of SF and
cartilage surface lubricants. However, the exact lubrication mechanism re-
mains unknown. Given the huge complexity of the joint, it is very likely that
the answer is not unique, meaning that biological joints possess various dissi-

pation pathways, from boundary lubrication to fluid lubrication [9, 10].

1.2.B.i Fluid film lubrication

Historically, models for joint lubrication were first inspired by human-engi-
neered machine lubrication. The initial models developed were fluid film lubri-
cation models that provide lubrication with a film of a few tens of nanometers

[27, 28], preventing contact between cartilage surfaces. Consequently, lubri-

11
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cation was mainly dependent on the viscosity of SF, particularly on HA. How-
ever, it became evident that this type of dissipation mechanism alone could
not explain the excellent lubrication properties of joints, especially under high
physiological pressures on the order of tens of MPa. In this study, we focus
specifically on the scenario when loads are high, and cartilage surfaces are in

molecular contact.

As in boundary lubrication, dissipation occurs in the sheared molecular-thick
film. This phenomenon justifies the possibility of studying both in vivo and ex
vivo conditions, as well as reproducing the friction of biological systems us-
ing model systems with simpler surfaces like glass or mica. This has led to a
vast literature on the friction of boundary lubricants in vivo and ex vivo, with
varying degrees of biological resemblance. The principal cartilage lubricants
are HA, phospholipids, and lubricin. A large variety of studies exist on the lu-
brication provided by each of these lubricants individually and in combination.
The latest review by J. Klein’s group [9] provides a detailed overview of these
studies. In Figure 1.4.B, we present selected findings from Seror et al. [29]
where they measured using a surface force apparatus the frictional properties
of HA and phospholipid vesicles between mica surfaces, achieving physiolog-
ical friction coefficient u. This study is one of many in the field, and here, we

summarize their conclusions.

Their vision, shared by the community, is that phospholipids, HA, and lu-
bricin work cooperatively. We show a schematic of their interpretation of
boundary lubrication in Figure 1.4.B. In this model, lubricin is attached to the
cartilage surface within the collagen network, HA interacts with lubricin and
becomes immobilized, and HA then forms complexes with layers of phospho-
lipids in contact with SF. Although this model suggests cooperation between

these components, their effects on friction are not equal. Notably, phospho-

12
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Figure 1.4: Lubrication by HA and phospholipids (A) Friction up to physio-
logically high pressures between sliding surfaces bearing boundary layers of
surface-attached HA to which neutral phospholipid small unilamellar vesicles
had been added. Friction forces Fs as a function of load F,,, measured with the
surface force balance method. The shaded area includes all the Fg versus Fp
profiles under water. The gray symbols represent the limiting profiles across
water (highest and lowest u values at the high pressure indicated; the broken
line indicates the mean value over all measurements). The red symbols rep-
resent Fs versus Fp profiles across a 0.15 M salt solution. (B) Structure of the
cartilage boundary lubricant layer, proposed by Seror et al.. [29]

lipid layers alone are the only ones among the three to provide an ultra-low

friction coefficient (u=0.001) [25, 30, 31, 32].

This specific role of phospholipids as lubricants appears to extend even to
studies on SF lubrication. In SF, particularly in multilamellar vesicular phases,

the presence and composition of phospholipids control lubrication, as shown

13



Chapter I. Introduction

in [10].

1.2.B.ii Hydration lubrication

From a complex description involving many components in cartilage lubrica-
tion, we have isolated a potentialy key element behind the efficiency of bio-
logical joints: phospholipids. In boundary lubrication, the frictional properties
depend on the molecular structure of the lubricant. So what exactly in the
structure of phospholipid layers makes them efficient lubricants? Another way
to put this question is: where is the energy dissipated when phospholipid lay-

ers are sheared?

A first conjecture, proposed by Hills at the beginning of the century [25],
suggested that sliding would occur between the phospholipid tails via van der
Waals (vdW) interactions. According to this model, at the surface of cartilage,
the phospholipid layers would facilitate lubrication through tail-to-tail dissipa-
tion, a mechanism closely resembling classical boundary lubrication with oil.
We present an illustration of Hills model in Figure I.5. Early studies on biolog-
ical boundary lubricants [33] were influenced by the formalism developed for
petroleum-based lubricants, where lubrication primarily depends on tail-to-tail

interactions.

In 2002, not long after Hills hypothesis, a new paradigm emerged in the
field after successive studies by J. Klein’s group. They first investigated the
lubrication of hydrated ions using a surface force balance [34] and found that
hydration water could lead to highly effective lubrication. Later, they observed
that hydrated surfactant layers were more efficient lubricants than dry mono-
layers [35]. Their conclusion was that they were witnessing a shift in the sliding
plane, from tail-to-tail interactions to the water layer between the surfactant

and the mica substrate, leading to enhanced tribological properties. The dissi-
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Figure 1.5: (A) Representation of Hill's model, adapted from [11]. A lipid
monolayer is adsorbed onto the cartilage surface through interactions between
polar heads and the negatively charged cartilage surface, with dissipation oc-
curring between the lipid tails. (B) Hydration lubrication mechanism, adapted
from [11]. The assembly and complexation of phospholipid layers on the sur-
face expose the phospholipid heads, with dissipation occurring in the hydration
layer.

pation mechanism was thus associated not with tail interactions but with the
shear of the hydration layer, a dissipation mechanism that became known as

"hydration lubrication”.

This discovery initiated a large number of publications based on the princi-
ple of hydration lubrication, including studies on polymer brushes [36], vesi-
cles [37, 38], and bilayers [39]. A common structural feature among these
systems is that they all contain a phosphocholine (PC) group, the head group
of the most common type of phospholipid in biology (see Chapter Il.1 for more
on lipid types and structure). A unique characteristic of this zwitterionic group
is its strong affinity for water due to dipole-dipole interactions, with PC heads,

typically binding 10-15 water molecules [40].

J. Klein’s group proposed a theory to explain hydration lubrication (illus-
trated in Figure 1.5.B). According to this model, the strong interaction of water

with the hydration shell of phospholipid heads helps resist high loads by pre-

15



Chapter I. Introduction

venting the water layer from being squeezed out, while still allowing some
fluidity within the layer. The hydration water viscosity was approximately 250

times that of bulk water [41].

Boundary (BL) Mixed Hydrodynamic
Load@ Velocity

€ W(classic BL)

M~ 0.01
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Figure 1.6: The 'modified’ Stribeck curve with boundary hydration lubrication,
adapted from [33]. In the classical Stribeck curve (shown in blue), the friction
coefficient u increases nonlinearly as the lubricant film thickness h approaches
molecular thickness in the mixed and boundary lubrication (BL) regimes. In
the case of aqueous BL (dashed area), the friction coefficient u remains low,
comparable to that in the hydrodynamic regime (u~0.001).

From this point, the hydration lubrication model became a widely accepted
concept in the community and is now regarded as a fundamental framework.
This type of lubrication has been observed in systems beyond phospholipids
and is currently used as inspiration for developing new, efficient lubricants
[33]. This mechanism also highlights the contrast introduced earlier: nature
relies on water-based lubrication, in contrast to human-engineered, oil-based
lubrication systems. It is often said that hydration lubrication can violate the
Stribeck curve by providing high lubrication for boundary lubricant films, with
friction levels similar to fluid film lubrication under low-load conditions [33, 7].

This observation is illustrated in Figure I.6.

Consequently, hydration lubrication is regarded as one of the primary mech-
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anism in biolubrication. However, despite this mechanism being well estab-
lished, no direct experimental observation of a slipping plane in the water lay-
ers within stacks of phospholipid layers has been made. Most prior work has
focused on single supported bilayers and monolayers of DPPC in the gel phase
(refer to Chapter II.1 for details on phospholipid phases), where no-slip con-
ditions were observed between the tip and the bilayer [42]. Experimentally
measuring the velocity field within nanometric-thick films remains challeng-
ing. Molecular dynamics (MD) simulations, however, address this limitation. In
a recent MD study by collaborators of our team [43], it was shown that when
stacks of gel-phase DPPC bilayers are sheared, sliding indeed occurs within

the water layers, supporting the hydration lubrication model (see Figure 1.7).

Gel phase Liquid crystalline phase Gel phase Liquid crystalline phase
DPPC @ 298K DLPC @323 K DPPC @298 K DLPC@323K

Pressure gy T

force " ﬁ‘::’

Monolayer

Water @&

;;;;;;;;;;;;;;;

(B -0 0 1010 0 10-10 0o 10
force Velocity (m/s)

Ny =12 N =17 Ny, =12 Ny, =8 Ny, =12 N =17 Ny, =12 ny, =8

Figure 1.7: (left) Bilayer stacks in an MD simulation under varying hydration
levels (denoted by nyy,, the number of water molecules per lipid). From left to
right: DPPC gel phase at 293 K with ny,_ = 12; DLPC fluid lamellar phase at 323
K with hydration levels of ny,. =17, 12, and 8, respectively. Constant normal
pressure is applied, and two shear forces are exerted on the outer monolayers.
(Right) Illlustration of the associated shear planes. Adapted from [43].

However, in the fluid phase and under low hydration conditions, dissipation

can also occur between lipid tails, suggesting a mixed-lubrication scenario.
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Recently, J. Klein’s group published a study examining friction in partially de-
hydrated phospholipid layers treated with Dimethyl sulfoxide (DMSO). Surpris-
ingly, they observed no significant change in friction, indicating that other dis-
sipation pathways, or alternative lubrication mechanisms beyond hydration,
may contribute to phospholipid layer lubrication. This finding introduced am-

biguity into the hydration lubrication model.

This ambiguity inspired our project, in which we sought to study the effect
of hydration on friction experimentally and to identify the location of slidding
planes in a manner analogous to the MD work of our project collaborator [43]. |
recently discovered that H. Briscoe, in his review on hydration lubrication [33],
also proposed addressing this ambiguity in mixed lubrication scenarios by per-
forming ‘readily’ experiments consisting of relative humidity (RH)-controlled
friction experiments on supported phospholipid layers. This is the strategy we
adopted in this work, with the subtle nuance that "readily"” might not be the

ideal term to describe the challenges we faced in this study.

1.3 Goal of the project

The reason H. Briscoe and our group propose studying RH-controlled friction
experiments on supported phospholipid layers is as follows: by doing so, we
are working with a substrate at the air/solid interface, allowing the water lay-
ers between the phospholipid layers to be in equilibrium with the vapor phase.
We illustrate this in Figure 1.8, which depicts what we call a trilayer, consist-
ing of three layers of phospholipids deposited on a solid substrate using the
Langmuir-Blodgett method (see Chapter Il.1 for more information on the sam-

ples).

Due to this geometry, a strong osmotic pressure Pgo arises [44]. Indeed, if
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Figure 1.8: (Left) Osmotic pressure as a function of relative humidity (RH).
(Right) Schematic of a phospholipid trilayer deposited on a solid substrate.
The first and second water layers, dywi1 and dy2, are shown. The water film
between the second and third layers, with pressure p; and chemical potential
Ui, is in equilibrium with the vapor phase, characterized by pressure p, and

chemical potential uy.

we apply the Gibbs-Duhem relation at constant temperature for the vapor and

liquid phases of the water layers, assuming the liquid is incompressible and

the vapor behaves as an ideal gas, we obtain:

p
M — Msat = Vm,w (I — Psat) and Nv_Usat=kBT|n( z ), (1.4)

Psat

where p; and py are the pressures of the liquid and vapor, respectively, psat

. . 3,
is the water saturation pressure, and Vim,w = 30A° is the molecular volume of

water.

The balance of chemical potentials leads to:
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kg T p
P1— Psat = v |n( : ) (1.5)

m,w Psat

Combining these equations yields the expression for the osmotic pressure:

kgT p
PO=PV—Psat—V |n( V). (1.6)

m,w Psat
Since py — psat is negligible compared to kgT/Vm w In(pv/psat), we can ap-
proximate the relationship between the osmotic pressure and relative humidity

as.

kgT RH
Po = In( ) (1.7)
Vw100

where RH = 100p,/psat. The osmotic pressure Po is plotted in Figure 1.8,
indicating very high pressure at low RH, on the order of almost a GPa. This
pressure is negative, as it represents an attractive pressure, and it contributes
to the disjoining pressure of the water layers. Thus, this situation is twofold
interesting. First, by controlling the RH, we can adjust the osmotic pressure
in the layer. By measuring the variation of the second water layer dy2, we
can deduce other physical interactions between the second and third layers
(see Figure 1.8). Notably, the significant osmotic pressure allows us to study
the strong repulsive hydration forces and electrostatic interactions [45]. Li Fu,
a former PhD student of the team, conducted preliminary experiments using
neutron reflectivity on DSPC trilayers [46]. These initial experiments showed
that there is an effect on the phospholipid trilayer structure. In this study,
we will use neutron and X-ray reflectivity to comprehensively characterize the

structure of DPPC trilayers at varying humidity levels from low to high RH.

The second advantage of this geometry is that, after characterizing the
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Figure 1.9: Diagram representing the main idea of the ANR project. It draws
an analogy between the friction of a shoe on a banana peel and the friction of
lipid layers. The question is whether the shoe slips on the banana peel or if the
banana slips on the ground. For our system, the goal is to determine whether
the sliding occurs within the water layer or between the chains of the phos-
pholipids. Drawing created by Thierry Charitat and used with his permission.

evolution of dy, with respect to RH variation, we can establish an experimen-
tal model that allows us to finely control hydration simply by changing RH.
Therefore, by conducting friction experiments at a fixed RH, we may be able to
relate friction to hydration. One distinctive aspect of this project is the devel-
opment of a unique experiment: the TriboFRAPP setup. This setup combines
velocimetry and tribometry experiments. The objective is to measure the ve-
locity field of sheared phospholipids, hoping to fully characterize the location
of the sliding plane and the mechanisms of energy dissipation. Figure 1.9 il-
lustrates the project’s concept, drawing an analogy to the friction of a banana

peel.
In this project, we aim to address the following questions:

1. What are the correlations between the structure and tribology of lipid
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trilayer?
2. What are the velocity profiles within the lipid stack, and where does the

dissipation occur:
(i) between the leaflets of a bilayer?
(i) at the lipid-water interface?
(iii) within the confined water films?
3. What is the role of the hydrodynamics within the confined water layers?

4. Are there different friction regimes correlated with the localization of en-
ergy dissipation?

Furthermore, we sought to study the impact of negatively charged phospho-
lipids on lubrication, a factor that is largely unexplored. This effect may be rele-
vant, as synovial fluid contains negatively charged phospholipids, representing
approximately 10-15% of the total phospholipids present in articulations [10].
The pH, which affects the charge, also modulates the friction coefficient be-
tween cartilage surfaces [47]. More broadly, charge effects clearly play a role
in superlubricity, as demonstrated recently using charged surfactants [48] and
between charged surfaces in the presence of monovalent [49] or multivalent

salts [50].

Therefore, we aim to investigate how charged lipids may enhance or disrupt
lubrication under different charge densities. This led us in Chapter Ill to ex-
plore the physical interactions in mixtures of charged and neutral phospholipid
layers. In this chapter we explored an highly counter-intuitive electrostatic
phenomenon: namely, the attractive interaction between similarly charged

membranes.
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Materials and methods

1.1 Sample preparation

II.L1.A Lipids

Membrane compartmentalization is essential for life. Among the numerous
components of biological membranes, lipids are the primary constituents of
cellular membranes [51]. They form their structural backbone, making them
a central focus in membrane biophysics research [52]. A wide variety of lipids
exists across different kingdoms of life. Within a single organism, lipid com-
positions can vary between organelles, plasma membranes, and even within
various regions of the same membrane, often exhibiting asymmetric distribu-
tions. Despite this complexity, specific general observations can be made.
This brief section discusses the essential properties of lipids relevant to my
thesis. For further information on membrane biology, readers are directed to
[51], and for a detailed exploration of membrane biophysics, to [52].

Defining lipids can be challenging due to their extensive diversity, but one

common characteristic they share is amphiphilicity. Each lipid molecule com-
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Figure Il.1: Schematic views of an amphiphilic molecule and the different
self-assembled structures of amphiphilic molecules: monolayer at air/water
interface; bilayer in aqueous solution; liposomes and micelles in bulk solution.

prises a hydrophobic (apolar) and a hydrophilic (polar) component. The hy-
drophobic parts, typically made up of hydrocarbon chains, do not mix well
with water. This behavior stems from the stable hydrogen-bonding network
formed by water, which excludes nonpolar substances like oils. The hydropho-
bic tails are paired with hydrophilic head groups. These head groups are polar,
either charged or neutral, allowing them to form hydrogen bonds with wa-
ter molecules, making them inherently hydrophilic (see Figure Il.1). This am-

phiphilic property is crucial for lipid self-assembly in agueous environments.
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Lipids aggregate to minimize the exposure of hydrocarbon chain with water,
leading to various structural arrangements based on the specific geometries

of the lipid heads and tails [45].

The simplest structure that forms at the air-water interface is a lipid mono-
layer. In more complex configurations, such as lipid bilayers, two monolayers
align tail-to-tail, resembling a thin layer of oil in water. In biological systems,
multiple lipid bilayers can organize into multilamellar structures, as seen on
the cartilage surfaces in joints [9]. Due to their amphiphilic nature, lipids can-
not tolerate open ends; they naturally fold in on themselves to create closed,
spherical structures known as unilamellar and multilamellar vesicles, or lipo-

somes.

In summary, the aggregation of lipids in water is fundamentally driven by
the properties of water itself. The existence and stability of lipid-based struc-
tures are intricately linked to water, which is why it is often referred to as the

"biological solvent" [52].

This study focused on a specific group of lipids: phospholipids (PL). These
make up about 50-60% of the lipid composition in plasma membranes [52] and
are similarly abundant in healthy human knee joints [10]. As a result, they are

of significant interest in studies related to lubrication and membrane physics.

The first element to consider when determining phospholipid types is the
head group. The most common type comprising approximately 68% of lipids
in joint membranes is phosphatidylcholine (PC) [10]. This zwitterionic head
contains a choline and phosphate group, resulting in a neutral molecule. An-
other essential type of phospholipid is the negatively charged phosphatidylser-
ine (PS), which constitutes about 10% of the total composition of the plasma
membrane and articular joints. PS has a serine group instead of choline, giving

it a net negative charge of -e at physiological pH.
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Figure 11.2: (A) Lipid composition of synovial fluid from the knee joints of dogs
and healthy human volunteers. (B) Distribution of acyl chains in the total phos-
pholipid extract, shown as molar percentages of saturated, monounsaturated,
and polyunsaturated acyl chains. (C) Molar percentage of saturated, monoun-
saturated, and polyunsaturated acyl chains. Adapted from Trunfio-Sfarghiu et
al [10].

The second component to consider is the type of fatty acid tails. Phospho-
lipids contain two fatty acid chains. While the cellular lipids contain a wide
variety of chain types [53], in joints, they typically have 16 to 22 carbons per
chain with unsaturated, mono, and polyunsaturated phospholipid. In Figure
I1.2, the work of Trunfio-Sfarghiu et al.,[10], displays the distribution of lipids in
healthy dog and human joints.

Phospholipid nomenclature generally uses four letters: the first two letters
denote the fatty acid chain type, while the last two indicate the head group.
This study used phospholipids with either 16-carbon palmitoyl chains (16:0-
16:0, DP) or 18-carbon stearoyl chains (18:0-18:0, DS) without unsaturation,
specifically DPPS, DPPC, and DSPC. A summary of the phospholipids used, in-
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cluding their chemical structures and main transition temperatures Ty, (from
gel to fluid phase), is provided in Table II.1. Phospholipids were all purchased
from Avanti Polar Lipids, and the main transition temperatures were obtained

from their documentation [54].

The chain length and degree of unsaturation substantially impact the ther-
modynamic properties of phospholipids, especially their main transition tem-
perature, Ty. The phospholipids selected for this study have T, values above

room temperature and represent those commonly found in biological joints

(see Figure 11.2).

Table I1.1: Phospholipids used in this study and their properties

Name Abbreviation Tm Charge
1,2-dipalmitoyl-sn-glycero-3-phosphocholine DPPC 41°C 0
1,2-distearoyl-sn-glycero-3-phosphocholine DSPC 55 °C 0
1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine DPPS 54°C -e
DSPE-NBD DSPC DPPC DPPS
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Figure I1.3: Different types of lipids used in this work with their chemical
structure and schematic representations. From left to right: DSPE with fluores-

cent labeling by NBD; zwitterionic DSPC and DPPC; charged DPPS with counter
ion.

In fluorescence experiments, we used DSPE containing a fluorescent NBD

(7-nitro-2-1,3-benzoxadiazol-4-yl) group attached to its head (see Figure I1.3).
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Its absorption spectrum peaks at approximately 460 nm, suitable for our FRAPP

experiments.

11.1.B Supported phospholipid layers: Langmuir-Blodgett

deposition
11.1.B.i Generalities

The current advancements in membrane physics owe much to study of sup-
ported phospholipid layers. These typically consist of phospholipid bilayers de-
posited onto a solid substrate and have been widely used to investigate mem-
brane fluidity, phase separation, diffusion, and interactions between phospho-
lipid membranes and proteins or other objects [55]. The planar geometry of
such systems makes them ideal for comparisons with theoretical models, as

will be explored in the next chapter.

Various experimental techniques exist for transferring lipid layers onto solid
substrates, though each method has unique properties and limitations. For
a recent review comparing methods for creating solid-supported bilayers, see
[56]. This work focuses on creating highly controlled phospholipid layers. The
aim is to develop a model system incorporating charged and zwitterionic phos-
pholipids at the air/solid interface while minimizing defects (see Figure 11.4). In

this case, the Langmuir-Blodgett deposition method is particularly well suited.

11.1.B.ii Langmuir-Blodgett deposition

Old techniques don’t necessarily mean outdated methods. The Langmuir-
Blodgett (LB) deposition technique, developed by Irving Langmuirin 1917 [57],
involves transferring a monolayer of lipid molecules from the air-water inter-

face to a solid substrate. Later, Katherine Blodgett extended this approach to
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multilayer deposition [58]. While LB deposition can produce multiple layers,
depending on lipid type, this flexibility is unavailable with vesicle fusion depo-
sition, another standard technique often used with LB. A more recent method,
spin coating, offers speed but not the same level of control or quality as LB,
which gives fewer defects for the transferred layers. This study describes the
deposition of DSPC and DPPC trilayers onto glass or silica substrates using LB.
Neutral phospholipids are generally limited to three layers, as discussed in the
next section. For more than three layers, the Langmuir-Schaeffer deposition
technique is used [59]. However, three layers suffice as we control the sec-
ond water layer (see Chapter 1.3). For anionic DPPS phospholipids and certain
DPPS/DPPC mixtures, it was possible to deposit more layers. We display the

graphical representation of the trilayer and pentalayer in Figure 11.4.

11.1.B.iii Substrate cleaning

The first critical step is substrate cleaning. Both glass and silica substrates fol-
lowed a similar protocol. The glass substrates used were commercial soda lime
microscope slides (76 x 26 mm) [60]. In contrast, the silica substrates were
atomically smooth polished [61] with varying sizes depending on the experi-
ment. Glass substrates were used for tribology and FRAPP experiments, and
silica substrates were used for reflectivity. While mica is a popular substrate
due to its ultra-low roughness (angstrom level) [56], its birefringence makes
it unsuitable for optical setups. Soda-lime glass has a roughness of approxi-
mately 0.8-1 nm [56, 62], which can be reduced with base bath treatments,
although results may vary depending on the glass type and carry some risk of
increased roughness.

To ensure a highly hydrophilic substrate free from organic residues, the

standard cleaning method involves ultrasonic baths of solvents from less polar
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Figure 11.4: Schematic representation of the lipid layers at the solid/air inter-
face studied in this thesis. On the left a trilayer and on the right a pentalayer.
The first layer, closest to the substrate, is always a layer of neutral molecules
(DPPC or DSPC). The other layers are made up of a fraction j of charged lipids
(DPPS) and 1—j of neutral lipids (DPPC). The different thicknesses of water are
shown, as well as the exchange of water with air at a controlled relative hu-
midity RH. Water molecules are not shown. Black dots represent counterions.

to more polar: chloroform, acetone, ethanol, and Milli-Q water. The substrate
is then dried with nitrogen gas and exposed to UV/ozone or plasma treatment
before a final rinse with Milli-Q water. Immediately afterward, the microscope

slide is immersed in the Langmuir-Blodgett trough.

I1.1.B.iv Langmuir isotherm

The trough, typically made of low-energy materials like Teflon, holds ultrapure
Milli-Q water as the subphase. For our experiments, we used a Nima KSV large
trough [63] (see Figure 11.5). The substrate is first dipped into the subphase.

Phospholipid molecules, acting as surfactants, modify the interface energy by
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localizing at the air/water interface. Since the phospholipids used here are
insoluble in water, they do not form micelles or vesicles. When added, they
remain at the surface, allowing precise control over the phospholipid amount

at the interface.

Figure I1.5: (Left) Langmuir-Blodgett trough (Nima-KSV). (Top right) Wilhelmy
plate used to measure surface tension. (Bottom right) Schematic view of the
monolayer at the water/air interface and compression barriers.

The phospholipid solution was prepared at 1 mg/ml in chloroform for DSPC
and DPPC. DPPS, which is less soluble in chloroform, required a solvent mix-
ture of chloroform:methanol:water at a ratio of 70:29:1 to fully solubilize it at
1 mg/ml (for DPPS and DPPC/DPPS mixtures). Proper solubilization is essential
for accurate phospholipid transfer to the air/water interface. Sometimes, mild
heating and sonication of the DPPS solution were necessary for homogeniza-
tion. The solution was then added drop-by-drop to the water surface using a
Hamilton syringe. Slow, controlled deposition ensures a monolayer formation

almost perfect, as the solvent evaporates in a few tens of minutes, leaving
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phospholipids at the water’s surface.

After transferring a known quantity of phospholipids to the interface, we
measure the surface tension changes induced by phospholipids, especially
during monolayer compression. The Wilhelmy plate method, which uses fil-
ter paper as a tensiometer, is illustrated in Figure II.5. This paper is designed
to be highly hydrophilic, ensuring that the contact angle, 6, between the liquid
phase and the paper reaches zero. When the paper contacts the interface, a
wetting force arises F = ylcos(6) where [ = 2w + 2d is the perimeter of the
paper, where w and d are the paper’s width and thickness, respectively. The
paper is attached to a microbalance, allowing for the measurement of F. The
Archimedean force, tension, and weight remain stable with a constant water

level. With 6 = 0, we obtain directly the surface tension 7y as:

r=" (1.1)

This measurement is not absolute; the microbalance was initialized to zero
before depositing phospholipids at the interface. In this way, we measure what

is known as the surface pressure, TT, defined as:

M=vo—7v (11.2)

where v, represents the subphase surface tension without the monolayer, and
Y is the surface tension with the phospholipid monolayer present. It corre-
sponds also to the pressure acting on the barriers (see Figure I1.5). This mea-
surement is essential for determining the state of the monolayer. Using two
Teflon barriers, we can compress the monolayer and control the area per lipid,
a, available for each phospholipid molecule. Predicting the surface pressure

variation, TT, as a decreases, can be challenging. The phase state of these
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2D monolayers is highly influenced by the phospholipid’s tail length and head-
group type [64].

Isotherms depend on various interactions, including van der Waals attrac-
tions between tails, electrostatic interactions, and hydration forces that vary
with headgroup types. Experiments were performed at a constant temperature
of 25°C, maintained by a thermostated bath. By gradually compressing the
layers (compression speed of 10 mm/min), we recorded isotherms for DPPC,

DPPS, and DSPC, shown in Figure II.6.
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Figure 11.6: Isotherms (25°) obtained on the Langmuir trough for DPPS (—),
DPPC (—), and DSPC (- - =) monolayers studied in this work. The gas (G), lig-
uid expanded (LE), liquid condensed (LC), and solid (S) phases are represented
schematically.

The lipid layers undergo phase transitions through several distinct phases:
liquid-expanded (LE)-gas (G) coexistence, LE, liquid-condensed (LC), solid/gel
(S), and ultimately, the collapse of the layers. For DPPC specifically, a plateau

is observed, corresponding to the coexistence of the LE and LC phases. Each
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time, we stopped in the gel phase before the collapse of the layer.

11.1.B.v Langmuir-Blodgett deposition

For the transfer of the lipid layer onto the substrate, the surface pressure was
maintained at TT = 40 mN/m, corresponding to the gel phase. The gel phase
is usually where |dTT/da]| is the highest, providing the best transfer. When the
substrate is pulled out of the subphase (at the slow speed of 4 mm/min), the
monolayer deposits on the substrate; as the monolayer transfers, the barriers
compress the monolayer, targeting the gel phase value to compensate for the

material lost.

|
—— DSPC monolayer

' 1) 2
——- DSPC 2nd fail ! (1) (2) |
14— DSPC trilayer 'l . Osmotic
= = DSPC 4th fail : pressure
DPPS pentalayer :
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Figure I1.7: Transfer rate curves representing the position of the substrate zg
as a function of the area of the barrier. Black (—, top) for a monolayer of DSPC
with a failure during deposition of the second layer. In blue (—, middle) for
DSPC with the deposition of a trilayer and a failure during the deposition of the
4th layer. In pink ( , bottom), deposition of a pentalayer of DPPS.

As the substrate is pulled out of the water, a monolayer approximately 2-

3 nm thick is deposited on the macroscopic substrate. The substrate is then
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dipped again into the subphase, resulting in the formation of a bilayer. After
the deposition of the third layer, we obtain a trilayer exposed to air, as shown
in Figure 1.7. For DSPC and DPPC, this represents the limit of the number of
layers that can be stacked by classical LB deposition. If an attempt is made to
deposit a fourth layer, the third layel is re-transferred to the air/water interface

(see Figure 11.7, blue dashed line).

In contrast, for DPPS and DPPS/DPPC mixtures with a mass fraction of DPPS
greater than j = 0.6 (where j = mppps/(Mppps + Mpppc)), it is possible to stack
an indefinite number of layers [59]; in our experiments, we limit the stacking

to five layers, referred to as pentalayers.

To quantify the quality of the deposition, a good approach is to compute the

transfer ratio TR defined as:

TR = AAtrough

= 7 (1.3)
AAsubstrate

If TR =1, it indicates that all the area compressed AAtrough is transferred to
the substrate characterized by a deposition surface AAsypstrate, Which implies
that the density of the monolayer is conserved. Typically, the transfer ratios
are slightly less than one. Figure Il.7 compares the transfer rate curves for

DPPS pentalayer and DSPC trilayer depositions.

The value of TR is representative of the deposition quality, as observed
experimentally in friction experiments, reflectivity measurements, and using
Atomic Force Microscopy (AFM) (see Appendix A and [46, 56]). The substrates
are in contact with air, so they are sensitive to contamination and are used as

quickly as possible to minimize contamination.
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11.1.B.vi Influence of ambiant humidity

One significant finding in my thesis regarding deposition quality is the influ-
ence of RH, which has not been previously mentioned in the literature. | hope
this discovery will assist future students working in the field, as it was a game-

changer for my research.

During the first year of my PhD, we observed a correlation between the time
of year and deposition quality; at certain times, it was impossible to deposit
second or third layers of phospholipids. Notably, winter proved to be more
conducive to layer deposition. As we conducted RH-controlled experiments,
we found that in winter, RH levels in the room dropped to 30-40% due to

heaters.

Initially, we assumed that local RH around the interface would not vary sig-
nificantly and that conditions in the three-phase contact zone would remain
stable, leading us to believe that changes in RH would have no effect. How-
ever, it became evident in my thesis that low RH improved deposition quality.
Although we do not have a quantitative analysis of this effect, we can com-
pare the deposition of DSPC trilayers without RH control under poor conditions
to those where we managed the RH. In the latter case, we injected dry air
(RH=3%) into the laminar flow hood containing the Langmuir trough, allowing

us to achieve a local equilibrium of 30% RH.

We did not measure local RH around the substrate, but since we began con-
trolling the RH (with an environmental RH of 30%), we have not experienced
any failed depositions. Regarding interpretation, as discussed in Chapter llI,
low RH corresponds to strong osmotic pressure. This osmotic pressure sta-
bilizes the layer and prevents re-transfer to the water interface. Dipping the

substrate vertically into the water may induce shear on the already deposited
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layer. The osmotic pressure would help to "glue" the confined layers together.
This concept of binding layers also applies to anionic DPPS phospholipid layers,

where we can stack more layers.

The electrostatic attraction mediated by ionic correlation enhances deposi-
tion. This analogy taken from Ivan Palaia’s thesis [65], which studied electro-
static strong coupling in clay, is particularly insightful. He uses the metaphor
of ionic correlation attraction resembling a zip. An illustration of my interpre-

tation in the case of LB deposition is shown in Figure II.7.

11.2 Neutron and X-rays reflectometry

Reflectometry with neutrons (NR) and X-rays (XR) enables the investigation
of thin film structures at interfaces with sub-nanometer resolution (~ 0.1 nm),
facilitated by the short wavelengths of these probes [66]. In this work, only
elastic scattering specular reflectivity measurements are performed. The inci-
dent beam, characterized by an angle 6;, reflects in the plane of incidence at

the same angle, allowing analysis of the vertical structure of the film.

The momentum transfer vector, q, describes the change in the wavevector
upon surface interaction and is defined as q = ki—K; (see Figure 11.8). For spec-
ular reflectometry, only the component perpendicular to the surface q = g-e;
is relevant, enabling detailed measurements of layer thickness, roughness,
and density at the interface. Although not performed here, off-specular reflec-
tivity can also be used to obtain information on lateral features of the sample,
such as surface homogeneity and interfacial roughness. The theoretical foun-
dation and much of the information in this chapter are derived from the book

by Jean Daillant and Alain Gibaud [66] and Florence Blachon’s Thesis [3].

Figure 1.8 provides a schematic of specular reflectivity, illustrating the g
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vector perpendicular to the surface.

A
qzez
k| kf
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Figure 11.8: Geometry of a specular reflectivity experiment on a plane in-
terface between two media of index ni1 and n;. The incident beam (light,
neutrons, X-rays) of wave vector k; makes an angle of incidence 6; with the
interface. The reflected beam with wave vector ky is symmetrical with respect
to the normal to the interface (specular direction) and the transmitted beam
makes an angle 6:. The transfer wave vector q is perpendicular to the inter-
face.

11.2.A Comparison of X-ray and Neutron Reflectometry

X-rays reflectometry and neutron reflectometry each bring unique interaction
mechanisms, which lead to distinct advantages and limitations in their applica-
tions. X-rays interact with the electron cloud of atoms, where the scattering in-
tensity is mainly proportional to the atomic number Z. This allows for detailed
structural analysis, although it also introduces a risk of ionization damage to
samples.

Neutrons interact directly with atomic nuclei and are non-destructive, which

is particularly useful for studying soft matter and biological interfaces. Neu-
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trons penetrate deeply into materials with minimal scattering or absorption,
but this characteristic makes them more difficult to detect. Consequently, de-
tection statistics are lower, and the accessible wave vector transfer range is
limited to around g, = 3nm~1, about half that of X-rays, which slightly limits

resolution.

However, with neutrons, we have the advantage of isotopic contrast. This
is very helpful in soft matter, particularly in cases with solvents. Heavy water
(D20) interacts differently from ordinary water (H,O), allowing us to adjust

contrast and refine the analysis further, as we will detail in the next sections.

11.2.B Scattering Length Density

XR and NR use Scattering Length Density (SLD) to characterize interactions at
material surfaces. The nuclear SLD,, for NR is defined as
S bj

SLD, = =2

(11.4)

m

where b; is the coherent scattering length of the j-th nucleus within a vol-
ume V. For X-rays reflectometry, an analogous measure is the electron den-
sity (ED), computed by substituting atomic number Z; for b;. ED is linked to
the electron scattering length density SLDx by

SLDyx =re x ED (11.5)

where re =2.81 x 10~1°m.

NR and X-rays reflectometry provide complementary insights because X-
rays scattering increases proportionally with atomic number, whereas neutron

scattering varies significantly by element and isotope and can even appear
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random (see [67] for a list of neutron scattering lengths). This variability is
especially useful in contrast variation techniques. For instance, the scattering
lengths b of H,O and D0 differ substantially (with values of by,0 =—0.374 x
10> m and bp,0 =0.667 x 107> m).

11.2.C Optical Index

Reflectometry measures spatial variations in scattering profiles for thin films
by examining the refractive index n of each medium. For both X-rays and

neutrons, the refractive index is described as:

ApAZ2
2T

n~1l-— (11.6)

where Ap = SLD1—SLDg is the contrast between the scattering length den-
sities of adjacent media and A is the wavelength of the incident radiation. In

both cases, the refractive index can be complex:

n~1l—6—if (11.7)

where the real part, § = ApA2/2m, describes phase changes and the imag-
inary component B represents absorption. This absorption factor is typically

small, especially in organic materials, and can often be neglected.

11.2.D Critical Angle for Total Reflection

For neutron and X-ray reflectometry, the incident wave undergoes total reflec-
tion if the angle of incidence 6; is less than a critical angle 6. Snell’s law

describes the relationship at an interface:
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cos(6;) = ncos(6yr), (11.8)

where 6y is the angle of the transmitted wave. Total reflection occurs when

6t = 0, leading to the condition for the critical angle 6:

X

Ocr = ) (11.9)
T

In terms of the wave vector q;, the critical wave vector q.r associated with

Ocr is given by:

Ger = 4/TDp. (11.10)

Experimentally, measuring 6. or q¢r allows us to calculate Ap, giving insight

into layer compositions and interface structure in multilayered samples.

II.2.E Fresnel Reflectivity and Multilayer Systems

I1.2.E.i Fresnel Reflectivity

At an ideal interface separating two media with refractive indices n; and n;

(like Figure 11.8), the reflection coefficient r is:

nisin @i —nysin Bt
r_

= , ; ’ (11.11)
nisin@+ nysin B¢

yielding the Fresnel reflectivity:
N1 sin 6, — n5 sin 6¢ |2

nisin @+ nysin B

This reflectivity varies with incidence angle 6; and neutron wavelength. For
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angles above the critical angle 8¢, the transmitted wave vector approximates

as.

ki = k4/sin 8; — sin O¢. (11.13)
When 6; > 6c, the reflectivity simplifies to:

16m2p2
Rr(qz) ~ 7 (1.14)

z

characteristic of specular reflection from a smooth, flat interface.

I1.2.E.ii Reflection from a rough Stratified Interface

The Abeles matrix formalism provides an efficient way to calculate specular
reflectivity for a stratified interface as a function of the perpendicular mo-
mentum transfer q,. It models multilayers with distinct thickness, SLD, and

interface roughness for each layer represented in Figure 11.9.

The perpendicular momentum transfer, q;, is defined as:

4t
qz=75in9=2kz, (11.15)

where 6 is the angle of incidence and A is the wavelength. The SLD profile
SLD(z) varies along z, and is approximated using discrete layers with proper-

ties dm and SLDp,.

In layer m, the wave vector k,, accounts for refraction as:

km = /k2— 4n(Apm), (1.16)

where Apm = SLDy— SLDg is the SLD difference between the layer and the
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dze;

Figure 11.9: Geometry of a specular reflectivity experiment on a multilayer
interface. Each layer m is characterized by a scattering length density SLD,
and a thickness d,. An interface between 2 layers m and m+ 1 by a roughness

Om,m+1-

incident medium.

The Fresnel reflection coefficient between two adjacent layers mand m+ 1

Km — Km+

L exp(—2kmkma102 (11.17)

'mm+l1=—""—"—"T""—"" ),
Km + Km+1 m,m+1

where oy m+1 represents the RMS roughness at the interface between lay-
ers m and m+ 1. This exponential factor accounts for diffuse scattering due to

roughness, which diminishes reflectivity.

To account for the thickness dm,, we define the phase factor Bm:
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Bo =0, (11.18)
Bm = Kmdm, (11.19)

where ( is the imaginary unit. Each m layer is characterised by a matrix ¢y
which allows to calculate the amplitude of the beams reflected and transmitted

at each layer:

= exp(Bm) I'm,m+1€Xp(Bm) . (11.20)

Im,m+1€Xp(—Bm) exp(—Bm)

The total reflectivity of the multilayer structure is determined by calculating

the ordered product of the characteristic matrices of each layer:

M=] [cm. (1.21)
m
The reflectivity R is derived from matrix M:

2

M
=22 (11.22)

Moo

where Mi1g and Mgg are elements of M, encapsulating cumulative effects

across all interfaces.

The Abeles matrix formalism allows refining complex multilayer models by

fitting calculated reflectivity to experimental data, adjusting parameters dp,

Pm, and Om,m+1.
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II.2.F Comparison of simple interfaces

To illustrate the reflectivity formalism described above, we present in Figure
[1.L10 various reflectivity models alongside their corresponding SLD profiles.
We modeled a smooth air/silica interface using X-rays (grey solid line). At
low g, values, we observe a plateau corresponding to total reflectivity. As g,

increases, R decays due to partial transmission into the second medium.

Also shown is the 1/q;‘ approximation (green dotted line), which accurately
predicts Fresnel reflectivity for g, > g¢r. In pink, we depict the same interface
with a roughness of 0 = 0.3 nm, resulting in a faster reflectivity decay. Finally,
we calculate the reflectivity for an air/water/silica interface with a water film
of thickness d = 3 nm and roughness o = 0.3 nm, where we clearly see the

characteristic Kiessig fringes due to interference.

T ATS (D) I 20 T e
. — 1r/ 31 /
100 = Air/Si 0=0.3nm (2) 1T & /.
\ — -+ Air/H,0/Si 6= 0.3 nm d=3nm (3) |_15F ] i
£ 16m2SLDs?/q* £ ]
10—2 L N C /
< (3) ’
. JIA] GO s i
1074} = !
— /
35 '
Loel 3 j (2)
) (1)
op——— L .
L —4 =2 0 2 4
Z [nm]

Figure 11.10: (Left) Examples of specular reflectivity (x-rays) curves calcu-
lated with for a (1, —) perfectly flat Si/air interface, (2, ) a Si/air interface
with a roughness of 0.3 nm, (3, - = =) a 3 nm thick water layer with a roughness
of 0.3 nm, (4, ---) large g approximation. (Right) Corresponding SLDx profiles.
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11.3 Experimental devices

II.3.A Neutron reflectometer D17 (Institut Laue-Langevin)

D17 side view of TOF mode

Double chopper Collimation slits Multi-detector

/y /y ‘/\ Detector tube

. ISampIe
|
e
| =
!
| | —— ||I
|

Focusing supermirror guide

D17 Humidity chamber

Goniometer axe

Bloc Silicium
Aluminium
covering

| H0.D0 T,

Figure I1.11: (Top) Geometry of the D17 reflectometer. The double chopper is
used to control the wavelength distribution of incident neutrons. The sample
is placed vertically on the goniometer. The 2d detector measures the intensity
collected on each pixel and the time of flight, leading to the wavelength of the
neutrons detected. (Bottom) Schematic view and photograph of the humidity
chamber with the sample in place. The temperature of the sample Ts, the
chamber T¢, and the solvent cuvettes Ty are tuned. Scheme adapted from
[68].
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The neutron reflectivity experiments were carried out at the Institut Laue-
Langevin de Grenoble (ILL) on line D17, in collaboration with Giovanna Frag-
neto. D17 is a neutron reflectometer working in a horizontal geometry (the
sample surface is vertical and the detector moves in the horizontal plane, see
Figure 11.11). The pixels of the two-dimensional detector were calibrated at the

start of the experiment. For more details on D17 the reader can refer to [69].

Reflectivity measurements on D17 were carried out in time of flight mode
(TOF), using a wavelength range from 0.2 to 3 nm and two different angles of
incidence of 0.8° and 3.2°, which enabled us to cover a wave vector range g,

from 0.005 to 3 nm™1.

The samples, made up of 1 x 5 x 5 cm? silicon blocks on which the lipid
layers are deposited, are placed vertically in a humidity chamber which is itself
mounted on a goniometer. During neutron reflectivity experiments, an area of
several square centimeters was illuminated by the incident beam while at the

same time ensuring to avoid over-illumination.

The humidity chamber developed at ILL is used to control the temperature
and relative humidity (RH) of the sample (see Figure II.11, bottom). The hu-
midity is set by controlling the temperature difference between the sample,
the chamber enclosure and the temperature of the solvent reservoirs (H2O,
D> 0 or a mixture of these). The relative humidity can thus vary between 5 and
90%, while controlling the temperature of the sample and the isotopic contrast

of the solvent present between the layers.

The reflectivity curves are obtained after subtraction of the background and

normalization with the measurement of a direct beam.
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11.3.B Reflectivity experiments at SIRIUS beamline (SOLEIL)

X-rays reflectivity experiments were performed at synchrotron SOLEIL on SIR-

IUS beamline, in close collaboration with Arnaud Hemmerle [70].

SIRIUS (Soft Interfaces and Resonant Investigation on Undulator Source) is a
beamline allowing structural studies in an energy range from 1.4 to 13 keV. It is
particularly well suited for the study of condensed matter, and in particular soft
interfaces as air/water interface, Langmuir monolayers, Langmuir-Blodgett,
biomimetic systems,... SIRIUS is optimized for diffraction (GIXD), scattering
(GISAXS) and fluorescence (XRF) in grazing incidence conditions and it is also

possible to perform specular and off-specular reflectivity experiments.

The specular reflectivity measurements were performed on lipid layers de-
posited on silicon substrates. The X-ray beam energy was 8 keV, which corre-
sponds to a wavelength of 0.155 nm. The incident beam is 500 um wide and
70 um high, giving a footprint on the sample that is 500 um wide and 18 mm
long, thus avoiding over-illumination.. The footprint of the beam on the sample

was moved by 1 mm every 30 min, which prevents sample degradation.

The reflectivity curves are obtained after subtraction of the background and

normalization by the measured of a direct beam intensity.

11.4 Modeling the reflectivity of phospholipid lay-
ers

To fit our experimental reflectivity data, we model our supported phospholipid
layers using a stratified model, dividing the system into layers with specific
thickness, SLD values and interbilayer roughness. Below, we detail the model

structure and the SLD values used for XR and NR analysis.
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Supported lipid layers are planar structures well-suited for stratified mod-
els. Here, we describe a trilayer model for XR and NR, though this approach
also applies to pentalayers. Each leaflet is divided into a head group and a
tail group. For high-resolution XR data, we added an additional layer for the
central methyl group between the two leaflets. The water layers are modeled
separately, and an oxide layer is included on the silica substrate. Solvent frac-
tions are incorporated into the phospholipid headgroup layer. In the analysis,
we fixed the SLD to one we computed (shown in Table 1 for XR and Table 2 for
NR), and the thickness and roughness and the solvent fraction (for heads) of
each layer are free parameters.

Table 11.2: Neutron scattering length density of used phospholipids

Name Structure bn Vi [NnM3] | SLDNn [10~% nm—2]
PC head | C19H180gPN | 60.054 0.319 1.88
PS head | CgH11010PNa | 81.55 0.31 2.63

DS tail C3aH70 -35.836 0.917 -0.39

DP tail C3o0He62 -32.5 0.825 -0.39

Table I1.3: X-ray scattering length density of used phospholipids

Name Structure Zeal | Vin [Nnm3] | SLDx [10~4 nm—2]
PC head | C19H180gPN | 164 0.319 14.45
PS head | CgH11010PNa | 172 0.31 15.5
DS tail C34H70 274 0.917 8.4
DP tail C30He62 274 0.825 8.4
CHs CHs 9 0.038 6.65
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Table 11.4: Scattering length density of solvents and substrate

Material | SLDn [10=% nm~—2] | SLDx [10~% nm—2]
H,O -0.56 9.41

D,0 6.36 -

Si 2.07 18

SiO; 3.41 19

We report in Figure 11.12 a model of SLDx and SLD, profiles for a trilayer
composed of a DPPC layer as the first layer and two DPPS layers as the second
and third layers. Both profiles are calculated using H>O as the solvent. We
display the profiles with solid lines representing a roughness of 0 = 0.3 nm and
dotted lines representing profiles without roughness, which clearly delimitates

the slabs.

NR and XR experiments were performed in humidity chambers, allowing for
fine control of RH. The goal of the XR and NR experiments here is to measure
the evolution of hydration of phospholipid heads at various RH values (or os-
motic pressures). NR experiments were conducted in contact with H,O and
D, 0O vapor, allowing for co-refinement of the reflectivity profiles (see Appendix
B). This method usually enhances the resolution of fitted parameters; however,
it assumes that the exchange between vapor phase and phospholipid heads
is complete, which, in our case, is uncertain. To address this uncertainty, we
decided to fix the fraction of solvent in phospholipid heads to the value ob-
tained from XR experiments. Since XR experiments are performed solely with
H>0O and XR provides high resolution, this approach is justified. Lastly, since it
is difficult to distinguish between free water and water bound to phospholipid

heads, we imposed a constraint on the thickness of the phospholipid heads,
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Figure 11.12: SLD profiles in the case of a trilayer for X-rays (SLDx, in red, left
axis) and for neutrons (SLDp, in blue, right axis). The dotted line shows the
profiles without roughness to highlight the slab model. A schematic represen-
tation of the trilayer with lipids and counterions (black dots) is also shown.

denoted as dnheaq. If the thickness of the tail of the corresponding leaflet is

dtail, We express dhead as:

Vm, head * dtail

dhead =
Vm,tail

where Vi head and Vi tail are the theoretical volumes of the head and tail,

respectively.

We define the second water layer thickness dy> as

dw2 =dS+2fsoIdhead (1.23)
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where ds is the thickness of the second water slab and fso is the water fraction
in the head slab. fso was first fitted on XR experiments and found to be equal

to 0.38 for PS and PC heads.

11.5 Micro Visio Scratch setup

To study the rheology of phospholipid layers, we used two setups. The first
is the MVS or "Micro-Visio-Scratch", developed by the MIM team from Institut
Charles Sadron [71, 72]. This setup was used in Chapter V for DSPC experi-
ments related to pressure, velocity, and temperature. The remaining friction
experiments were conducted using the triboFRAPP setup, described in the next

section.

The MVS is a tribometer with an in situ view of the contact, allowing mea-
surement of contact surface for transparent substrates. It consists of a mo-
torized table with a humidity/temperature chamber. The normal force range
Fn attainable was 0.1-2 N. The spherical indenter used was BK7 glass with a
radius of 51 mm. The main advantages of this setup are the direct visualiza-
tion of the contact and the ability to program a range of various velocities and
pressures at specific distances. A schematic of the setup is shown in Figure

11.13.

11.6 TriboFRAPP setup

One of the most significant and rewarding parts of my thesis work has been
improving the triboFRAPP setup. This setup is a collaborative project from
two teams of the Institut Charles Sadron, combining the MIM team’s expertise

in tribology and contact mechanics, particularly the contributions of Christian
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Figure 11.13: Scheme of MVS setup [73]. A load system enables contact
between a spherical indenter and the sample. Sensors measure friction and
normal forces in a temperature- and humidity-controlled environment. A CCD
camera allows recording of the contact between the indenter and the sample
from below, provided the sample is transparent.

Gauthier and Anne Rubin, with the engineering insights of Damien Favier, who
has substantial experience in the development of friction experiments. The
setup also draws from the expertise of FRAPP (Fluorescence Recovery After
Patterned Photobleaching) velocimetry from Thierry Charitat and Pierre Muller
(Mcube team).

The triboFRAPP began taking shape in 2015 during Li Fu’'s Ph.D. project.
Fu’'s work focused on developing setup, which ended in a publication in 2016
[74]. 1 will begin by describing the concept of the original setup developed by

Fu, followed by an overview of the improvements we implemented during my
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thesis.

11.6.A Previous setup: piezoelectric modulation

This unique setup combines two experimental techniques: a nano-tribometer,
which provides in situ measurements of shear forces, and a fluorescence photo-
bleaching-based velocimetry device (FRAPP), which captures velocity field in-
formation and diffusion. The primary challenge lies in achieving precise veloc-
ity measurements within a nanometer-scale film, which is confined and sub-

jected to shear forces over a micrometer-sized contact area.

The nano-tribometer captures the confined shear forces by controlling the
sliding motion and measuring both the normal load force F, and the tangential
force Fi. These forces enable the calculation of the mean contact pressure
P = Fn/A and the mean shear stress T = F¢/A, with A representing the contact
area. This setup also includes a visualisation system (using a CCD camera) to
monitor the real-time contact area between the tip of an AFM and the surface.

The system uses two force sensors with a high precision in the uN range.

In typical FRAP experiments (with only one P: Fluorescence Recovery Af-
ter Photobleaching), photobleaching is achieved using a circular beam, which
enables the investigation of the transport dynamics of fluorescent molecules
by measuring the recovery of fluorescence signal. In FRAPP experiments, the
bleaching and the detection processes utilize a fringe pattern. This modifica-
tion enhances the resolution of diffusion measurements and permits velocime-
try [75, 76].

The FRAPP setup (illustrated in Figure 11.14) is adapted from the work of
Davoust et al. [75]. It is essential to outline the specifications of the optical
setup. There are three key requirements: (1) the ability to produce a fringe

pattern with configurable fringe spacing i, (2) numerical control over the posi-
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tion of the fringes, and (3) numerical control of the laser intensity, which can

operate in two modes: full intensity and low intensity (bleaching and reading

phase).
Force detector | | NanoTribo-FRAPP
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Mirror |/ CCD
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Figure 11.14: FRAPP experimental setup in the initial configuration. The setup
is divided into two parts: a NanoTribo section providing an in-situ view of the
contact and friction measurement, and the FRAPP interferometry setup, which
produces a fringe pattern on the sample and records fluorescence recovery
after photobleaching. The distances a and D can be adjusted to control the
fringe spacing i.

The setup consists of an interferometer based on beam separation and re-
combination. A laser beam with a wavelength of 488 nm is split into two beams
using a semi-reflective plate: one is sent directly to the substrate, while the
other is reflected off a mirror before generating a fringe interference pattern.
This configuration allows for the adjustment of fringe spacing by controlling

the position of the mirror, which changes 6, the angle between the two inter-
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fering beams. The fringe spacing is defined by i = A/2sin(6/2). To spatially
control the position of fringes, the mirror is mounted on a piezoelectric device
alimented with a sinusoidal frequency v = 705 Hz. The amplitude u is such that
the phase difference between the two beams reaches m. During the reading
phase, the fringes oscillate, and a photomultiplier measures the fluorescence
contrast. The signal is processed with a lock-in amplifier, allowing synchronous
detection by selecting the piezoelectric pulsation w = v/(2m). This type of de-
tection dramatically increases the signal-over-noise ratio allowing precise fluo-
rescence measurement for nanoscopic films. Finally, The intensity modulation
is done with a Pockels cell positioned in the beam between a polariser and an
analyzer. By turning on or off the Pockels cell intensity, we can go from low to

high intensity of the laser (Azurlight System-fiber laser 2W).

11.6.B FRAPP theory
Here we detailed the FRAPP signal theory, originally described by Davoust et
al. [75].

The interference setup creates an intensity pattern described by:

I =1Ip(1 + cos(qgox)) (1.24)

where Iy is the maximum intensity, and qo = 2n/i represents the wave vector
of the fringe pattern. Photobleaching generates a concentration of fluorescent
markers modeled as:

c(x, t =0)=coe X! (11.25)

with K = alpAt, where a represents bleaching kinetics, I, is the bleaching laser

intensity, and At is the exposure time.

If the photobleached fringes move with velocity Vs, this adds a phase qoVst
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to the cosine term. The concentration profile can be Fourier-expanded as:

¢}
cx,t=0)=co > An(K,0)e/90x (11.26)
n=—0oo
where A,(K,0) = (—1)"I,(K)e K, and I, is the modified Bessel function of
the first kind. Each harmonic decays with characteristic diffusion time 74 =
1/(Dn?q?):
c(g, t) = coAn(K, 0)e~Pn*a’t, (11.27)

The detected fluorescence signal F(t) at the photomultiplier is:
F(t) = colo [Ao + A1(K, 0)e~P95t cos(e(t) + quSt)] (11.28)

where ¢(t) is the phase shift of the interfered beams, which is modulated by
the lock-in:

¢(t) = ¢o + usin(wt). (1.29)

Expanding F(t) in harmonics sum, we get:

F(t
% = Ao + A1(K, 0)Jo(u)e 2%t cos(do + goVst)
0

+ 2A1(K, 0))1(u)e~P%t sin(do + goVst) sin(wt)
+ 2A1(K, 0)J2(u)eP9%t cos(¢o + qoVst) cos(2wt)
+ - (11.30)

Where J; is the it" Bessel function of the first kind. It can be observed that

2 .
bagt, allowing measurement of the

the two first harmonics are decreasing as e~
diffusion time T4 at all harmonics. They are all modulated by sinusoidal func-

tions of frequency gqoVs. Thus, from a velocimetry perspective, we can directly
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measure the velocity of a layer moving at Vs by extracting the frequency of
the fluorescence signal. With the lock-in amplifier, we could select the first
and second harmonics. In this work, ¢g, the phase shift between the bleaching
and reading beams, was always zero. In this configuration, the first harmonic

is null, so we focused on the second harmonic, f,(t):

f2(t) = 2A1(K, 0)2(u)eP%" cos(go + goVst). (1.31)

It is clear from this computation that the measurement of the velocity Vs
is sensitive to potential phase shifts of the fringe pattern, denoted as ¢:. The
main issue with the setup described above is its instability with temperature
changes. A change of 1°C could result in a phase shift of several fringe spac-
ings over the course of hours (see Chapter V). In the next part, we will describe

the new interferometer we installed on the setup to counter phase shift.

11.6.C New setup: Pockels cell modulation

To tackle this issue, we aimed to implement a symmetric interferometer with
electro-modulation, ensuring that both interfering beams travel the same op-
tical path. We anticipated this design would enhance stability against temper-
ature fluctuations (see Chapter V for results). Our intention was to adopt the
interferometer design from [77], which employs Pockels cells to modulate the
phase of two beams separated by a Wollaston prism. The new interferometer
setup is depicted in Figure I.15. The laser beam passes through the first Pock-
els cell, used for intensity modulation as in the former setup. The new Pockels
cell is positioned afterward and is oriented such that its principal axes are at
45° to the electric field of the beam (fixed by an analyzer at the end of the

intensity Pockels cell). The phase modulation Pockels cell is driven by a sinu-
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Tribology ForceNdRe_IE?ctor A : Analyzer
: P : Polarizer
CDD S : Shutter
N % :
Photomultiplier
f S
Ct— |_1
t CI A/2 Plate
Fresnel
bi-prism
\/ Wollaston
prism
S
................ 1
Phase . Pockels > V=705 Hz Lock-in
modulation = cell h amplifier
.............. A
Intensit_y : Pockels P Computer
modulation cell
—— P
Laser
A=488 nm
FRAPP

Figure 11.15: Modified FRAPP setup using two Pockels cells for modulation of
laser intensity and phase. The distances t and f can be adjusted.

soidal voltage of frequency v,

the two projections (p and s)

introducing a phase shift ¢, = usin(wt) between

of the electric field. As in the previous setup, the

amplitude is u = . The laser beam then travels through a Wollaston prism

(with principal axes parallel to the Pockels cell axes), which splits the beam

into two with a characteristic angle of 30°. To make the two beams parallel,

a Fresnel biprism with geometry adapted to the Wollaston prism is used. The

polarization of one beam is rotated by 45° using a half-waveplate. The beams

interfere after passing throug

h a lens.
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We end up with a system similar to the Young'’s double-slit experiment. The
fringe spacing is given by:

(=—, (11.32)

where f is the focal length of the lens and t is the distance between the two
beams when they arrive at the lens (see Figure I1.15). One drawback of this
setup compared to the previous one is that it is inherently more difficult to
change the fringe spacing i. One option is to modify the focal length or t. To
change t, we developed home-made support for the Fresnel biprism and the
half-wave plate (see Figure 11.16). This small support allows us to move the
position of the Fresnel prism in the direction perpendicular to the beam. By
adjusting the distance between the Wollaston prism, we can control t. In our
setup, using lenses of 10 cm and 30 cm focal lengths, we can achieve a range

of approximately 1 to 100 microns.

Aside from the development of the interferometer, we collaborated with
Damien Favier to create a humidity system and a humidity chamber tailored
for the triboFRAPP setup. This enhancement enabled us to conduct experi-
ments under controlled RH and temperature conditions. An image of the new
tribology section is shown in Figure I11.16. Additionally, a view of the interfer-
ence pattern at i = 23 um is provided, along with a close-up of the contact

surface between a BK7 indenter and a glass substrate at F, = 0.5N.

11.6.D TriboFRAPP for supported phospholipid layers

We conclude this chapter with a qualitative summary of the triboFRAPP project
setup and its underlying concept. Figure I1.17 visually explains the FRAPP pro-
cedure adapted to supported phospholipid layers. By photobleaching with a

fringe pattern and recording the fluorescence contrast, we can measure the
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Figure 11.16: (Left, Top) Photograph of the open sample environment with the
tribology head and force transducers. (Left, Bottom) Photograph of the new op-
tical interferometer with the Wollaston prism, Fresnel biprism and lens. (Right,
Top) Interference pattern and image of the sphere-plane contact. (Right, Bot-
tom) Schematic view of the fringes and definition of the interfringe i.

diffusion of fluorescently labeled supported phospholipid layers.

The project’s novelty is its combination of velocimetry and shear layer ve-
locity measurement. By analyzing fluorescence contrast, we can extract veloc-
ity, potentially identifying the slipping plane within fluorescently tagged layers.

Before exploring the friction and FRAPP experiments, we first characterize

and study the physical interactions of zwitterionic and charged phospholipids.
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Figure 11.17: Summary of Tribo-FRAPP experiments. (Top) The fringe pattern
is imprinted on the lipid layer by photobleaching. A rift velocity Vs implies a
modulation of the fluorescence signal shown in the lower left figure. Lipid diffu-
sion leads to homogenisation of the fluorescence and an exponential decrease
in fluorescence contrast (figure bottom left). (Bottom, right) Geometry of the
sphere-plan contact in the case of a trilayer and possible location of the sliding
planes.

1.7 Stress-augmented thermal activation

A missing part of the study of boundary lubrication in phospholipids is develop-
ing a theoretical framework to describe friction, especially hydration friction.

A commonly used model in boundary friction is called the Stress-Augmented
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Thermal Activation model [78]. This model encompasses theories capable of
connecting molecular-scale behavior to macroscale friction.

Eyring in 1936 [79] and Prandtl in 1928 [80] developed the model in paral-
lel. It is based on the concept that an applied mechanical force on molecules
couples with the thermal energy the molecules possess, which can increase
the rate of certain processes; in our case, sliding. Other processes described

by this model can include chemical reactions and fluid flow.

A B -

Figure 11.18: (A) Schematic of the plane of molecules from the Eyring model
[79]. A is the distance between molecules, A1\, represents the cross-sectional
area, A3 is the typical thickness of the molecular plane involved in shear, and
f is the molecular force acting on the molecules. (B) Potential well from [79].
(C) Potential well from Briscoe and Evans [81]. Q is the intrinsic energy barrier
modified by a work term fA/2. T and P represent shear stress and normal
pressure, respectively, while ¢ and Q are activation volumes.

The concept is straightforward: if we consider molecules trapped in a poten-
tial well, coupled with a mechanical force f (see Figure 11.18), we can calculate
the rate at which molecules cross the energy barrier using the Arrhenius rate

equation:
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ki = Ae—(Q—fA/2)/ksT (11.33)

where the energy barrier Q is reduced by the work done by the mechanical
force fA/2. Here, A represents the typical distance between molecules, and A
is a constant. This modification introduces an asymmetric energy barrier (see
Figure 11.18). The equation above expresses the forward rate where the energy
barrier is lowered; in the opposite direction, the well increases by the work

term, leading to a backward rate:

kp = Ag~(Q+A/2)/keT, (1.34)

Substracting these two rates yields the overall net reaction rate:

knet =Ae—O/kBT (ef)\/ZkBT_ e—f)\/ZKBT) (”35)

A
=2Ae‘0/kBTsinh(2fk T). (11.36)
B

This rate induces molecular movement in the work plane at a given molec-

ular velocity:

A
v=2vf)\e‘Q/kBTsinh( 4 ) (1.37)
2kgT

where vf is the vibration frequency of the sliding molecules, and A is the
distance between molecules. In their pioneering work on dry surfactant mono-
layers [81], Biscoe and Evans adapted this equation to investigate the influ-
ence of sliding velocity V, load pressure P, and temperature T on boundary

friction within these monolayers.
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They proposed that the molecular velocity is proportional to the sliding ve-
locity V and decomposed the energy barrier term into two components: Q, the
intrinsic barrier, and PQ, an energy term arising from the pressure exerted by
the contact with the tip. Here, Q = A1A2A3 represents the pressure activation
volume (see Figure 11.18). In experiments, shear stress is typically measured
rather than the molecular friction force, so they related the friction force f to
the shear stress T using T = f/(A1A2), with A1\, as the cross-sectional area

(depicted in Figure 11.18).

The work term then becomes fA/2 = T¢ = TAA1A2/2. It is important to note
that the activation volumes Q and ¢ are defined as cross-sectional area times

activation length. By defining Vo = vfA, an unknown velocity, we obtain:

T
V= 2V0e_(Q+PQ)/kBTsinh(—¢), (11.38)
kgT

From this expression, we derive a direct relationship between macroscopic
guantities such as 7, V, P, and T and microscopic volumes ¢ and Q. We can

then express the shear stress T as:

kgT 4
T=%sinh_l (V_e—(O+PQ)/kBT), (11.39)
0

This model has been successfully used to study the boundary friction of
hydration water around confined ions [41, 82]. However, to our knowledge,
it has not yet been applied to hydration lubrication of phospholipid layers.
Typically, this expression effectively captures the behavior of boundary friction
and Newtonian fluids, though predicting Q, ¢, and Q is challenging, as they are

often treated as fitting parameters.
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Structure of charged phospholipid

layers

Il11.1 Introduction

Surfaces immersed in water naturally acquire charges, leading to complex in-
teractions mediated by mobile ions. Historically, the first approach to address
this many-body problem was through a mean-field description, known as the
Poisson-Boltzmann or Weak Coupling (WC) theory. WC theory has one principal
hallmark: it predicts only repulsion between charged bodies [83, 84]. How-
ever, when ionic correlation becomes significant, the WC theory fails, and the
system enters the SC regime, where correlation can lead to the electrostatic
attraction between like-charged surfaces [84, 85]. Although counter-intuitive,
this attraction appears to be quite universal and is necessary to explain the
cohesion of cement [86], biopolymers such as DNA [87] or microtubules [88],
mica surfaces [89], vesicles [90], or layers of charged phospholipids [59]. Until

recently, the SC regime was restricted only to systems with multivalent coun-
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terions, but recent studies have demonstrated that in nanoconfined water,
monovalent counterions can also induce attraction [59, 86, 91]. This occurs
as the out-of-plane dielectric constant approaches its optical value [92], en-
hancing ionic correlations. This work will explore the conditions under which

SC attraction emerges in nanoconfined environments.

Zwitterionic phospholipids in the multilamellar phase have long been a
valuable model for physicists to probe neutral surface interactions through
nanoconfined water [93]. The flat geometry of this model and the ability to
perform pressure-distance measurements make it ideal for comparison with
theoretical models. It is particularly adapted for studying the hydration force,
a repulsive force that appears between polar surfaces [45]. This interaction is
known to prevent the collapse of neutral matter by dominating van der Waals
attraction at separation below 2 nm. Initially thought to be universal and de-
pendent only on the structuring of water near interfaces, it has recently been
shown to be surface-specific [94]. It has been demonstrated that charged
phospholipids exhibit enhanced water ordering around their heads [95, 96],
but to our knowledge, there has been no quantitative analysis of their hydra-
tion repulsion. Therefore, our motivations in this chapter are threefold: we
aim to quantify hydration repulsion for negatively charged phospholipids, de-
termine how this force balances with SC attraction, and finally, decipher when

SC attraction appears in phospholipid layer interactions.

Our strategy was to study various mixtures of negatively charged DPPS
phospholipids and zwitterionic DPPC phospholipids deposited on a silica sub-
strate. Our model system, consisting of phospholipid layers at an air/solid
interface, significantly differs from the geometry of biological phospholipid

membranes. However, this geometry uniquely allows for studying physical
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interactions between phospholipid layers. The water layers confined between
the phospholipids are in equilibrium with their vapor phase. Due to the equal-
ity of the chemical potential between these phases, a high osmotic pressure

arises [44]

py = BT ( RH ) (I11.1)
=—In|—|, .
°~vu \100

as explained in Section I.3. This pressure contributes to the disjoining pres-
sure of the water films. By measuring the variation in water layer thickness
with changes in RH, we can deduce the underlying physical interactions in the
system. We tuned the osmotic pressure by controlling RH, and the changes in

layer spacing were measured using neutron and X-rays reflectivity.

By employing a model for the disjoining pressure, we fitted the second wa-
ter thickness and extracted hydration constants for DPPS in the gel phase. We
argue that in nanoconfined water, where the dielectric constant decreases to-
ward its optical value, SC attraction becomes significant even at a low DPPS
fraction. Our model successfully describes the system’s behavior by balancing
DPPS and DPPC hydration repulsion with SC attraction, revealing the complex

interplay between nanoconfined charged surfaces.

111.2 Charged phospholipid layers deposited on
silica

Samples consist of an odd number of phospholipid layers deposited at the
air/silicon interface. The substrates were polished to be atomically smooth, as

described in [61]. We used zwitterionic phospholipid DPPC and anionic phos-
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Figure Ill.1: Schematic of charged trilayer and pentalayer, featuring a mix-
ture of DPPS (purple head) and DPPC (blue head) with a corresponding neg-
ative surface charge density, os. DPPS heads are associated with a counte-
rion. The specular incoming and reflected beams are represented in red, with
gz = 4m/Asin @ as the wave vector transfer. We obtain the scattering length
density (SLD) by fitting the specular reflectivity. dw1 and d\> are shown, defi-
nition of dy> is detailed in section 1.2

pholipid DPPS. The first layer transferred to the substrate was always com-
posed solely of DPPC since neutral phospholipids adhere more strongly to the
substrate [59], improving the overall deposition quality. We studied six differ-
ent DPPC/DPPS mixtures with varying DPPS mass fractions j = mppps/(mppps +
mpppc), Where j takes on the values 0, 0.2, 0.6, 0.7, 0.8, and 1. All samples

were prepared using the Langmuir-Blodgett (LB) technique (see Section 11.1.B
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for further details). LB generally limits the deposition to three layers (trilayer)
for neutral phospholipids. However, for DPPS fractions above 0.6, we could
stack additional layers, indicative of the SC attraction regime. We limited our-
selves to five layers (pentalayer) at j = 0.7 and j = 0.8. No signs of phase
separation between the two lipids were observed during deposition for any
mixtures or in the AFM experiment we performed at j = 0.6 (shown in Ap-
pendix A). Typically, phase separation in DPPC/DPPS mixtures is triggered by

the presence of Ca2* counterions [97].

I11.3 Results: Neutron and X-Ray reflectometry

experiments

I11.3.A Measuring Reflectivity

We employed neutron reflectivity (NR) and X-ray reflectivity (XR) to achieve
high-resolution characterization (~ 0.1 nm) of trilayer and pentalayer phospho-
lipid structures. NR measurements were carried out on the D17 reflectometer
at the Institut Laue-Langevin (ILL) in Grenoble, France, while XR experiments
were conducted on the Sirius beamline at Synchrotron SOLEIL in Paris-Saclay,
France, using an 8 keV X-ray beam (wavelength A = 0.155 nm). Further exper-

imental details can be found in Section I1.2.

The reflectivity, R(qz), is the ratio of the intensity of the specular reflected
beam to that of the incident beam. It is expressed as a function of the wave
vector transfer, g, = 4n/Asin 6, where 6 is the grazing angle of incidence and
reflection. Figure Ill.1 shows a schematic of the reflectivity setup. XRR and NR
experiments were performed in humidity-controlled chambers, allowing pre-

cise control of RH. Figure Ill.2 presents R(q) profiles for j = 0 (pure DPPC) and
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Figure 111.2: NR and XR data are presented as ng on a semilog scale. NR data
show D0 contrast, while XR is performed with H,O. Blue markers correspond
to DPPC and purple markers to DPPS. Reflectivity is shown at RH ranging from
5% to 90%, with each humidity profile successively shifted by 1.5 decades for
clarity. Solid lines represent the best fits corresponding to the SLD, profiles,
and dashed lines are associated with SLDy, both depicted in Figure II1.3.

j =1 (pure DPPS) at T = 293K, with XR at RH = 5% and 90%, and NR at RH
ranging from 5% to 90%. The profiles of the remaining mixtures are included

in the Appendix B.
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111.3.B Scattering Length Density Profiles

Reflectivity analysis is inherently model-dependent. In our case, experimen-
tal data are interpreted using a classical slab model. Our system, composed
of stacked phospholipid layers, is particularly well-suited for this approach.
Each part of the lamellar sample is characterized by thickness, scattering
length density (SLD), and an inter-slab roughness. These parameters define
the SLD profile, which is then related to the reflectivity, R(qz;), through the
Névot-Croce/Parratt formalism [98]. The NR and XRR data were analyzed us-
ing the refnx Python package [99]. Further details on the fitting procedure and

model constraints can be found in Section I1.2.

We achieved highly accurate fits across all DPPS fractions for the XRR and
NR data, providing consistent results. For simplicity, only the SLD profiles
corresponding to Figure 1.2 are shown in Figure Ill.3. Additional profiles and

structural parameters for all samples are provided in the Appendix B.

For NR, we used two isotopic water contrasts: H,O with an SLD of —0.56 x
10~*nm~2 and D,0 with an SLD of 6.36 x 10~4nm~2. Using multiple contrasts
in NR generally helps to constrain the fit and improve the robustness of the
analysis. However, two assumptions must hold: first, that H,O/D,0 exchange
does not alter the structure of the phospholipid layers, which is typically as-
sumed to be true, and, second, that the solvent exchange is complete. The
latter assumption is less certain for phospholipid layers at the air/solid inter-
face, as hydration water molecules are strongly bound to the phospholipid
heads, especially when the water film becomes very thin, such as in highly

charged phospholipid layers.

In the DO experiments, we found clear evidence that solvent exchange
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Figure 111.3: SLD profiles for NR (solid lines, right axis) and XR (dashed lines,
left axis). The color coding follows Figure 111.2. All profiles have been centered
on the midpoint of the bilayer tails.

was incomplete. The fitted SLD values for the heavy water layers (shown in
the Appendix B) ranged between 5 x 10~4nm~—2 and the value for pure D>O.
In extreme cases, this corresponded to approximately 2 out of every 10 water
molecules remaining as H>0. Accurately determining the SLD and thickness of
the water layers is challenging. To bypass this limitation, we used the XR data
as a reference, fixing the fraction of water in the phospholipid head region
to match the XR analysis. Since the XR data was conducted entirely in H,O

and provides very accurate thickness measurements, it serves as a reliable
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reference. All relevant structural informations, such as the area per lipid and

hydration number, are provided in the Appendix B.7.

I11.3.C Second water thickness d,,>

This study focuses on the second water layer, whose thickness, dw2, accounts
for the solvation water within the head region, as explained in Section Il.2. This
approach avoids the need to differentiate between solvation water and bulk
water in the layer and also allows for comparison with numerical simulation
results. The first water layer, dy1, located between the substrate and the first
DPPC layer, remains highly confined (< 1 nm). In this asymmetric case, a
complex balance between van der Waals forces, electrostatic interactions, and
roughness-related interaction leads to strong adhesion between the bilayer

and the substrate [100].

We extracted dy> in Figure lll.4 (Right) from the SLD profiles, with an RH
ranging from very dry conditions (RH = 3-4%) to high humidity (RH = 90%). At
low humidity, dw> reaches a minimum of roughly 0.6-0.7 nm, corresponding to
the thickness of the phospholipid heads. Under these high osmotic pressure
conditions, the phospholipid heads are in close contact, leaving only the last
hydration water molecules. As RH increases, the osmotic pressure decreases,
and dy> increases accordingly. This trend is also apparent in the x-ray SLDy
profiles shown in Figure 1l.3, where there is a change from single to double
head peaks, and in the neutron SLD, profiles, where the height and width of

the peak increase, indicating more D,0 in the layer.

In Figure 1ll.4, the significant reduction in dw> for DPPS compared to DPPC
suggests the presence of attractive interactions, as previously observed in

double DPPS bilayers [59]. Interestingly, when examining d\> variations with
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Figure 111.4: Variation of water thickness dw> with DPPS fraction (Left) and
with RH (Right).

J, aninitial increase in dw> occurs atj = 0.2, followed by a decrease up toj = 1.
This behavior is more clearly depicted in Figure Ill.4(Left), which shows dw>

variations with changing DPPS fraction at fixed RH.

I11.4 Discussion: modeling interactions

In this second part of the chapter, we will attempt to model the behavior of

dw> reported in Section I11.3.

111.4.A Neutral Phospholipids

The structure of DPPC phospholipid layers in the gel phase has been exten-
sively studied and is well established. Therefore, it serves as a reliable starting
point to validate our experiment. For DPPC, or j = 0, the behavior of dy> can
be described using only the osmotic pressure Po and the hydration pressure

Pn = Pon,pc exp(—2z/zn pc) (see [45]). At equilibrium, the following relationship
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holds:

—Po = Ph. (11.2)

In the case of air/solid phospholipid layers, the vdW pressure can be ne-
glected, as it stays several orders of magnitude smaller than Po and Py, below

2 nm (see Figure 111.7).

This results in a direct relationship between RH and dyw>. From the fit shown
in Figure IIl.7, we extracted the hydration pressure constants Ponpc = (5.7 £
1.9) x 10°Pa and zn pc = 0.205 + 0.02 nm, which are consistent with literature

values for DPPC in the gel phase [93, 94, 101, 102].

111.4.B Weak or Strong coupling?

We then aimed to understand the variation of dyw> for j > 0. The question is:

are we in the WC or SC regime?

At first glance, we suspected that the behavior of dy, might indicate a
crossover between the WC and SC regimes. It is tempting to associate the bell
curve shape observed with a crossover signature. To determine whether the

system falls into the WC or SC regime, we calculate the coupling parameter:

2 30
_I. . 9 25, (111.3)
Hac €;

[

where [g is the Bjerrum length, ugc is the Gouy-Chapman length, g the
counterion valency and os the surface charge density. For = < 12, the cou-

pling between ions is low, indicating the WC regime characterized by repulsion.
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Figure IIl.5: Representation of the variation in dy> thickness for changes in
DPPS fraction and RH. (A) The 3D plot shows the model’s prediction. (B, Right),
we show dy» extracted from SLD in two different representations. (B, Left) We
limit ourselves to data points at 4 constant RH. Minimization for the fit was
done globally, all fits share the same 2 parameters, namely DPPS hydration
constants Pno,ps and zn ps.
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Above this value, correlations become significant, leading to SC attraction [84].

The key to understanding monovalent counterion electrostatic attraction is
that = scales inversely with the square of the permittivity. A standard surface
charge density in bulk water (1 e=/nm?) with €, ~ 80 gives = = 4 [59], which
corresponds to the WC regime. However, water with a low rotational degree
of freedom, such as hydration water, potentially leads to lower permittivity,

resulting in significantly higher = values.

Figure IIl.6A illustrates how = varies with €, and os, ranging from bulk to
optical values across our DPPS fractions (assuming a surface charge density
of ops = 0.5/0.42e~/nm? and opc = 10~3e~/nm?, leading to a total surface
charge density, depending on the DPPS fraction j, of os = jops + (1 — j)opc).
If e indeed decreases toward the optical value, as measured experimentally
and numerically in recent studies [91, 92], Figure IlIl.6 shows that all charged

mixtures discussed in this paper would fall into the SC regime.

We also compared the WC pressure,

(ksT)2meger

Puce = , 1114
WC o272 (11.4)

to SC and hydration pressures for two charged surfaces at distance z in
Figure Ill.7. Even at the highest humidity studied, the WC pressure is at least
two orders of magnitude lower, allowing us to neglect this contribution to the

disjoining pressure balance.
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Figure 111.6: (A) Variation of the coupling parameter = as a function of the
relative dielectric constant and the DPPS fraction. The corresponding surface
charge density os is shown on the top x-axis and is calculated using ops =
0.5/0.42e~/nmZ2. The solid line represents = = 12, marking the boundary
between the WC and SC regime [103] for monovalent counterions (g=1). The
dashed line indicates the boundary for divalent counterions (g=2). (B) The
dielectric constant model is adapted from [92] and represent capacitors in
series. In this layer model, we define bound hydration water with a dielectric
constant €, = 2.1, close to the optical value €, and thickness z, and free bulk
water with a bulk dielectric constant epyk. In blue, we depict an example with
Zn,pc corresponding to the DPPC hydration decay length, and in purple with
Zn,ps corresponding to the DPPS hydration decay length.

111.4.C Charged phospholipids

Two key aspects must be considered when modeling charged phospholipids.

First, water interacts specifically with the lipid heads. We modeled the behavior
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of the system by incorporating the hydration repulsion of lipid mixtures [104],

so we have:
, ) z
Ph (2,)) = Pon,tot () exp | — — |, (111.5)
Zn,tot (/)
with:
. ~ Zh,PC .Zh,PS
log (Poh,tot () = (1 =) log (Pon,pc) + log (Pon,ps), (111.6)
Zn,tot Zh,tot
and:
Zh,tot = (1 —j)Zn,pc + jZn,ps. (11.7)

Here, Pon,ps, Znps, Ponpc, and z,pc are the hydration constants related to

DPPS and DPPC, respectively.

The second important point is to model the permittivity. We adapted the
approach from Fumagalli et al. [92], where only a few water molecules near
the surface are considered "frozen" with a dielectric constant of 2.1, while the
water farther from the surface retains its bulk value. In our model, the thick-
ness of the frozen water layer corresponds directly to the correlation length of
hydration water, zn tot (See Section 1ll.4.E for more justification). Treating the
system as three capacitors in series (see inset of Figure IIl.6B for more details

on the model), we obtain an effective permittivity dependent on j and z:
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z

2Zhtot , (Z—=2Zntot)
€i €bulk

€ (111.8)

As for neutral phospholipid, at equilibrium, the total pressure balance is

given by:

—Po = Psc + Ph. (111.9)

Where we added the SC electrostatic attraction term

2
Psc=2ﬂ150§kBT( 'UGC—l). (11.10)
z

In Figure IIl.5, we performed a global fit across all DPPS fractions, with two
fitting parameters: Pon ps and zn ps. The fits match the data well for all relative
humidity values and DPPS fractions. Our fitted hydration constants for DPPS
are Phps = 4.1+ 1.1 x 10°Pa and z,ps = 0.41 £ 0.08 nm, indicating a more
substantial correlation length compared to neutral DPPC. This result aligns with
both experimental and numerical observations. It was not possible to fit the

data using bulk permittivity values.

The balance between hydration repulsion and SC attraction dictates the
variations in dy2. We present the model’s prediction in Figure Ill.5. We plotted
the hydration and SC pressures in Figure 1ll.7. These graphs show that when
DPPS is added at a low fraction, the resulting increase in hydration pressure
dominates over SC attraction. At a certain point, depending on the relative

humidity, the SC attraction becomes dominant, leading to a decrease in dy:>.

As the DPPS fraction increases, although the variations in thickness are
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Figure 111.7: (Left) Osmotic pressure versus dy for all DPPS fractions. Dashed
lines represent the best fit obtained from the sum of hydration and SC pres-
sures, Psc + Pn. (Right) Representation of the different contributions to pres-
sure. For negative pressure as Pygqw and Psc, the absolute value is taken.
Pyaw = —H/6md3. The Hamaker constant is H = 4.75-10721 ). Both pressures
are calculated assuming €, = 80. When the permittivity approaches its optical
value, H decreases to 1.7 - 10721, Pyc is computed using the surface charge
density os, corresponding to j = 0.2.

minor, the changes in pressure are significant. Without the rise in hydration
pressure, the system would undergo a rapid collapse driven by SC attraction.
The introduction highlights that hydration pressure is the final barrier against

vdW attraction for neutral surfaces. Here, we show that hydration pressure

plays a protective role against SC attraction.

111.4.D Limits of the model

Many questions arise from these findings. The first that comes to mind is
whether it is possible to trigger vesicle adhesion with monovalent counterions,
similar to what has been observed with divalent ions [90]. Figure Ill.6 shows

that due to the low dielectric permittivity, the = value would already be in the
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SC regime at separations above 2 nm. To our knowledge, no experimental
observations of this phenomenon exist, and the opposite is typically observed.
For instance, in the multilamellar phase described here, indefinite swelling was

reported [105].

The first criterion for the applicability of SC theory, as used in this chapter,
is, of course, a high =, but there is another essential criterion. Situations exist
where the system’s geometry determines the validity of the SC. To estimate
this, we must compare the lateral counterion distance a; to the thickness of

the water layer dy» [84]. Specifically, SC holds if:

dWZ <daj. (“'11)

This situation is represented in Figure 1l11.8. Thus, SC holds only at small
wall separations. Above aj, represented in the blue zone in Figure IIl.8, SC
interactions diminish, as recently demonstrated in [91]. Therefore, we propose
that the main criterion for SC attraction between membranes is comparing the
lateral counterion distance and membrane separation. We represented a; in
Figure 1.8 for g = 2. The effect of having divalent ions is to increase the lateral
distance, which may be a decisive factor in triggering SC attraction between

vesicles.

We then asked ourselves whether predicting the water thickness in a double
bilayer system was possible, as reported in [59]. To this end, we incorporated
vdW pressure terms were added to our model, and the osmotic term was re-
moved. The results are shown in Figure 111.8. The model nicely predicts the
water thickness dw2 = 0.2 — 0.3nm observed in several references [59] for

j=0, and for j = 1, it also accurately captures the experimental observations
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for DPPS. Without osmotic pressure, our model does not predict an increase
in water thickness upon adding charged phospholipids but rather a monotonic
decrease. The thickness dy> remains below a; for all DPPS mixtures, both
at air/solid and modeled water/solid interfaces, supporting the use of the SC

model.

We believe the main reason behind the observation of SC attraction trig-
gered by monovalent ions is the osmotic pressure that confines the layers,
allowing the thickness to reach values below the counterion lateral distance.
There is no osmotic pressure in the double-double bilayer at the water inter-
face. However, during the sample fabrication, the substrate alternates be-
tween air and water, leading to phases where the water layers are confined by
osmotic pressure. This suggests that the deposition process may be the key to

triggering SC attraction by monovalent ions.
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Figure 111.8: Prediction of dy, for DPPS/DPPC mixtures in double bilayer ge-
ometry, shown in solid black line. The counterion-counterion distance aj is
represented for g =1 in black and g = 2 in white dashed lines.
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111.4.E Numerical simulations (Collaboration with ILM (Lyon))

This thesis is part of an ANR project called Banana_Slip, in collaboration with
Claire Loison, Ludovic Gardré, and Laurent Joly, who are doing theory and nu-
merical simulations at the Institut Lumiere Matiere in Lyon. They carry out
numerical simulations using the Gromacs package versions 2023.4 or 2024.3
[106], the C36-CHARMM36 force field [107] for DPPS (negatively charged) and
its sodium counterion (Na*) and the OPC water model [108]. The OPC water
model is known to predict the dielectric properties of water more accurately

than the mTIP3P force field typically used in CHARMM [109].

Two monolayers, each made up of 100 DPPS molecules, were first built up in
the gel phase and then assembled in two layers separated by a solvent of 200
sodium ions and 7000 water molecules with periodic boundary conditions in
the three dimensions (see Figure 1l1.9 for snapshots of the simulated systems).
The monolayers were progressively dehydrated by progressive removal water
molecules, leading to stronger confinement. Each system is characterized by
its Hydration Number (HN): the number of water molecules per lipid that varies

from 35 (7000/200) down to O.

The SLD, and SLDyx profiles in the direction normal to the bilayers were
calculated by averaging the products of the number density of each atom by
its corresponding neutron scattering length or electron number (for the atom
[, Zi+ qi where Z; is the electron number and qg; the partial charge of the force
field) over equilibrated snapshots. The neutron scattering length for each of

the atom types was taken from [111].

The numerical and experimental scattering length density profiles are shown

in Figure 111.10 for neutrons (SLDy, left) and X-rays (SLDx, right). The numerical
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Figure 111.9: Typical snapshots of the simulated systems. Periodic boundary
conditions are used in the three dimensions, with simulation boxes depicted
by blue frames. After cooling towards 293K, the lipids are in a L;g gel phase.

A, B, C, and D correspond to final systems after dehydration, equilibration for
hydration numbers of 35, 25, 15, and 5, respectively. Water molecules are
represented by red dots at the position of the oxygen, Sodium ions by big
yellow spheres, and the bonds of DPPS lipids by cylinders. Hydrogens are not
shown. lllustration adapted from Claire Loison and created using VMD [110].

profiles shown correspond to HN equivalent to the number of water molecules
per lipid calculated from the experimental profiles: between 0 and 2 water
molecules per lipid at low humidity (RH=5+2%, black lines and symbols) and
between 4 and 6 water molecules at high humidity (RH=90+5%, pink lines
and symbols). For the experimental profile, only the part consisting of the sec-
ond and third monolayer is represented, shifted to center the water layer with
the one of the simultations. In all cases, the agreement between the different
profiles is remarkable. It is important to note that: (i) the experimental pro-
files correspond to an average over lateral scales much larger than the size of
the simulated systems, which explains why certain details are smoothed out
on the experimental profiles (hole of the methyl groups, for example); (ii) the

numerical profiles are calculated averaging over the positions of the atoms in
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Figure I111.10: (Left) Solid lines correspond to the scattering length den-
sity profiles obtained by neutron reflectivity for HR=5% (black curve) and
RH=90% (pink curve). HR=5% (black curve) corresponds to HN= 3.5 + 0.25
water molecules per lipid and HR= 90 % (pink curve) to HN= 4.75 + 0.25
water molecules per lipid. The symbols correspond to the SLD, profiles cal-
culated from numerical simulations for hydration numbers of HN=0 (x) and
HN=3 (). (Right) Same figure as on the left but for X-rays reflectivity for
HR=5% (black,HN=1.75 % 0.25 water molecule per lipid) and HR=90 % (pink,
HN= 6.75 + 0.25 water molecules per lipid). The symbols correspond to the
SLDx profiles calculated from numerical simulations for hydration numbers for
HN=0 (x) and HN=6 ().

the snapshots while the experimental profiles are fits using only a few boxes.

From the numerical simulations, using the MDanalysis package [112], it is
also possible to calculate the polarization density profiles of the water molecules
in the z direction (perpendicular to the layer plane) P,(z) in the direction nor-

mal to the bilayers.

We compare them with the Landau-Ginzburg (LG) model proposed by Schlaich

et al. [94], which predicts the variation in the polarisation of water molecules
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between two layers separated by a distance d:

sinh(z/zn)

; , (1n.12)
sinh (d/(2zn))

Pz(z, d) = Po

with two parameters, Pg the polarization at the surface and z, a characteristic

length scale per curve, i.e. per d value (itself depending on HN).

To fit the numerical results, we limit the z-range to the region with a local
density of OPC molecules (popc(2) = 32 molecules/nm3, to be compared to
the bulk OPC density at 293K and 1 bar of 33.6 molecules/nm3, value set to
exclude the phospholipid head region). The thickness of this region is used as
the d parameter of the LG model. Within this region, the profiles were fitted

with the equation I1l.12 with two parameters (Pg, zn) per curve, i.e. per d value.

The resulting fits are shown in Fig. lll.11 for HN ranging from 20 to 35. For
values of HN below 20, the curves are very close to a straight line and the fits
are no longer sensitive to the value of z, (relative error greater than 100%).
The corresponding values of z, as a function of d are plotted in Figure Ill.11
(Right), showing that z, is almost constant and equal to 4.8 £ 0.5 nm. These
results are in perfect agreement with the values of z, ps obtained from the
modeling of the interaction potential as described above and strongly support
the interpretation of the experiments described previously (see Figure l1ll.5),

and illustrated by the horizontal purple area.

Finally, we can try to compare the water thickness obtained experimentally
(due to different HR value) with the thickness deduced from the numerical sim-
ulations for the different hydration number HN. Figure I11.12 (Left) shows the
thickness d of the water layer, determined from numerical simulations using

the density criterion described above (). We observe a linear behaviour cross-
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Figure I11.11: (Left) Water dipolar polarization profiles, within the solvent
layer of thickness d, for system of different hydration number. The dashed
vertical lines indicate the surface positions at £d/2. The d values are given in
the legends. Solid lines are fits according to Eq. lll.12 leading to the parameter
Zn,ps (functions are only drawn inside the fitting range). (Right) Variations of
zn,ps for different hydration level, i.e. different d. The error bars are obtained
from the square root of the covariances of the fit. The purple rectangle cor-
responds to the acceptable range for describing the experimental data. The
green rectangle corresponds to the confinements obtained in the experiments.

ing the x-axis for a number of water molecules ny,0, where ny,o corresponds
to the number of water molecules inside the head region per lipid head. A

linear fit gives ny,0 = 8 £ 1, in qualitative agreement with the literature [113].

The fit also makes it possible to determine the value dg, negative value of
the intercept of the linear fit for HN=0, which makes it possible to estimate
at what depth the water penetrates the heads. This value enables to shift
the thickness d determined numerically to obtain a value d — dp more directly
comparable with the water thickness dy, > measured experimentally. All the
experimental (neutron and X-rays) and numerical values are shown in Figure
[11.12 (Right), together with the linear law corresponding to the expected value

for a water layer of density pn,o0:
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Figure 111.12: (Left) () Raw thickness d of the water layer determined from
numerical simulations using the density criterion described in the text as a
function of the number of water molecules HN per lipid. Water thickness dy
determined experimentally by neutron reflectivity (©) or X-rays reflectivity (%)
as a function of the number of water molecules per lipid determined from
SLD profiles. The straight line corresponds to the best fit giving the depth of
penetration of water into the lipid heads dg. (Right) Same figure as left but with
the numerical thickness of the water layer taking into account the penetration
of water into the d — do heads. The dashed line corresponds to the expected
value for a bulk water layer.

PH,0A W 2HN
= " S dw

= (11.13)
2 AszO

HN

where A is the surface area per lipid and pn,0 the bulk water number density.
Again the agreement between experiments and numerical simulations is very

good.

Numerical simulations of DPPS monolayers carried out by our collabora-
tors at ILM have produced some very interesting initial results, which are in
very good quantitative agreement with our neutron and ray reflectivity experi-

ments. They confirm that we are characterising the structure of the water layer
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with excellent resolution and that the thicknesses measured for the water layer
in strong confinement are realistic. They also provide independent confirma-
tion of the value of the hydration length of the PS heads, which is higher than
that of the PC heads. This last point is an important validation of the analysis

of interactions between charged membranes in the strong coupling regime.

111.5 About counterions

Until now in this work, we have not discussed the counterions present in our
system. This subject remains under debate. We used DPPS with sodium coun-
terions. During the deposition procedure, the DPPS monolayer was in contact
with bulk Milli-Q water. Although the water is deionized, its pH rapidly de-
creases to 5.5-6 upon contact with air due to the dissociation of CO,; and the
resulting increase in hydrogen ion concentration. Recent studies have also
shown that Milli-Q water can be contaminated with calcium ions [114]. The
concentration of calcium ions in the bulk solution is likely several orders of
magnitude higher than the amount of sodium ions added by the 2D monolayer
deposition at the air/water interface. Consequently, sodium ions are proba-
bly rapidly exchanged for protons or calcium ions. This raises the question of

which counterions are present in our supported phospholipid layers.

In XR experiments, we are sensitive to the number of electrons present in
the system. Whether we have Na*, H* (which are often associated with anions
like hydrogenocarbonates), or calcium ions, the effective number of electrons
Ne per PS head is approximately the same. NR does not provide sufficient
precision with a single contrast, as the solvent does not exchange well, making

proper analysis difficult.
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Figure I11.13: Comparison of X-ray SLD between DPPS trilayer with Na* coun-
terions and DPPS pentayer with Cs* counterions at RH = 90%.

To demonstrate that SC attraction is possible with monovalent ions, we at-
tempted to deposit a DPPS pentalayer with Cs* ions. We succeeded in LB
deposition with a 1 mM concentration of Cs* in the solution, allowing for po-
tential ion exchange. We then measured XR and extracted the SLDx profile
shown in Figure 1ll.13. This profile was compared to the SLDx of a DPPS tri-
layer without Cs* ions in the buffer. To fit the reflectivity profiles, we allowed
the SLD of the PS heads to be a free parameter. Typically, the SLD is fixed
at 15.5 x 10~*nm~2, calculated using a number of electrons of Ne = 172 per
head with a theoretical volume of V,y, = 310 A3. This SLD takes into account
Na* ions. If Nat, Ca2*, or protons were exchanged for Cs* ions, it would add
44 electrons per PS head, resulting in an SLD of 19.5 x 10~*nm~2. During
the fitting procedure, allowing the SLD of the heads to vary while maintain-

ing the same volume and water content found in DPPS trilayers, we obtained
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this value precisely. This strongly indicates Cs* ion exchange and proves that
SC attraction can occur with monovalent ions, as the water thickness remains
comparable to that of DPPS without Cs* and the successful deposition of a pen-
talayer. However, this does not specify which ions are present in the general

case.

I11.6 Conclusion

This study provides a comprehensive analysis of the interplay between SC at-
traction and hydration repulsion in nanoconfined water between charged phos-
pholipid layers. Our experimental results reveal that hydration water signifi-
cantly reduces the screening of electrostatic interactions, leading to conditions
where SC attraction becomes significant even with monovalent counterions.
The balance between SC attraction and hydration repulsion governs the behav-
ior of charged phospholipid layers. These findings enhance our understanding
of the fundamental forces in biological and colloidal systems, particularly un-

der nanoconfinement conditions.
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Chapter IV

Hydration lubrication in neutral and

charged phospholipids

IV.1 Introduction

If you were to ask a tribologist about their primary goal, they might say it
is to understand the molecular origins of macroscopic friction. Although fric-
tion is well understood at the macroscopic level, linking it to molecular-scale
physical interactions remains one of the major challenges in current friction re-
search. This chapter will focus on exploring the frictional properties of stacked
phospholipid layers. We will build on the knowledge developed in Chapter lll,
particularly on our understanding of the physical interactions within zwitteri-
onic and charged phospholipid layers, to investigate whether friction can be

linked to these interactions.

Upon further reflection, the tribologist might express a desire to control fric-

tion at the molecular or nanoscopic level. In this chapter, we aim to take steps
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toward realizing that goal. Specifically, we can precisely control the thickness
of water layers between phospholipids, allowing us to examine how hydration
modulation can influence friction. This is particularly relevant because hydra-
tion lubrication (as discussed in Chapter I) is considered the primary mecha-

nism behind the efficient lubrication of phospholipid layers.

IV.2 Measuring macroscopic friction

We studied zwitterionic DPPC and DSPC phospholipid layers, charged DPPS lay-
ers, and mixtures of DPPC and DPPS layers using the same procedure outlined

in Chapter IIl.

Water vapor

Bottom contact view

Figure IV.1: Scheme of the friction experiments on a phospholipid trilayer. A
white light microscope image of the contact zone is also shown.

However, in this case, the layers were deposited on a commercial soda-
lime glass substrate (see Figure IV.1). While the roughness of soda-lime glass
is higher than that of a polished silica substrate, typically ranging from 1 to

20 nm [62], we do not expect this to significantly impact the friction behavior
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of supported phospholipid layers. This is because, in the gel phase, friction is
generally less influenced by substrate roughness compared to the fluid phase
[31, 14]. Any potential drawbacks of increased roughness are, in our view,
outweighed by the advantages of using a transparent and non-birefringent
substrate. The transparency allows for direct visualization of the contact area
through white-light interference, and it is also essential for the FRAPP (Fluo-
rescence Recovery After Patterned Photobleaching). In the tribology commu-
nity, mica is commonly chosen as a substrate due to its extremely low rough-
ness when freshly cleaved [62]. However, mica is birefringent, which makes
it unsuitable for FRAPP experiments or common optical setups, as discussed
in Chapter V. Accurate measurement of the contact area is critical, as friction
force Ft is typically normalized by the contact area when compared to models

[78].

In our experiments, we used a spherical borosilicate glass indenter with a
radius of curvature of 51 mm. Upon contact between the substrate and the
indenter, we observed the formation of Newton’s rings, as shown in Figure
IV.1. From these images, we extracted the contact area via image analysis.
We report in the Appendix C the evolution of the contact area A as a function
of the applied normal force F,, which follows the Derjaguin, Muller, and Toporov
(DMT) theory [115]. This theory describes the contact mechanics between two

elastic, adhesive bodies.

Additionally, in the Appendix C, we provide predictions for the variation
of the interlayer water thickness dyw> under surface contact pressure for all
humidities investigated in this study. Notably, the contact area did not change
as a function of relative humidity (RH) or the type of substrate used. Whether

the substrate was bare, coated with a monolayer, trilayer, or pentalayer of
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phospholipids, the contact area remained load-dependent only.

Fs static friction Fk kinetic friction
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Figure IV.2: Friction profile of DSPC trilayer at RH = 30% (black) and RH =
70% (gray), measured at T =298K, F,=0.5N, and V =10um/s.

In Figure IV.2, we show the typical evolution of the friction force F; for a
DSPC trilayer in controlled humidity experiments. The system was sheared at
a constant velocity of V = 10umy/s, and three distinct regimes were observed.
Initially, in the elastic deformation regime, F; increases linearly. Once the fric-
tion reaches Fg, the static friction threshold, the system begins to move. After
the indenter moves beyond the initial contact zone, the friction force reaches
a plateau corresponding to the kinetic friction force Fk. In this study, and in
the subsequent analyses, we consider F; as the average value of the plateau,
representing the kinetic friction. While static friction Fs is of interest, it is less
relevant for studies focused on sliding friction, particularly in comparison with
biolubrication, where dynamic friction is more pertinent. Even though our sys-
tem differs from the complex, fluid-based, and multicomponent friction found

in biolubrication, we aim to simulate conditions similar to extreme situations
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Figure IV.3: Friction force comparison between glass-glass, glass-DSPC
monolayer, and glass-DSPC trilayer. Sliding speed: V = 10um/s, normal force:
Fn=0.5N, and relative humidity: RH = 70%.

in joints. In these scenarios, where cartilage surfaces come into direct contact,
pressures can reach approximately 20-25 MPa [116]. In our experiments, this

corresponds to a normal force of F, = 0.5N with the indenter.

IV.3 Friction on neutral phospholipid layers

IV.3.A Glass and phospholipid friction comparison

Investigations of phospholipid friction is a well-established field, and the lubri-
cation efficiency of supported layers is not a novel discovery. However, the
remarkable efficiency of these layers still warrants attention and justifies the
interest in studying such biolubricants. In Figure IV.3, we compare the friction
forces for a glass-glass contact, a glass-DSPC monolayer, and a glass-DSPC
trilayer. The friction experiments were conducted under the same conditions.

Glass-glass friction resulted in a friction force on the order of Fr = 1N, with
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Figure IV.4: (Left axis, black symbols) Variation of the friction force at dif-
ferent relative humidities (RH) for both monolayer and trilayer DPPC. (Right
axis, blue symbols) The variation of dw> and dyi is shown with blue markers.
Schematics of both situations are presented together with the associated sym-
bol. Sliding speed: V =10 um/s, normal force: F, = 0.5N.

clear evidence of stick-slip phenomena, as already documented in the liter-
ature. This type of friction is associated with wear and irreversible plastic

deformation of the surfaces, consistent with previous work [117].

Strikingly, when a DSPC monolayer was added, the friction force decreased
by an order of magnitude, and wear was eliminated. This result is particu-
larly astonishing-how a nanometric film can so drastically reduce friction is
remarkable. Moreover, adding two additional layers to form a DSPC trilayer
led to another order of magnitude reduction in the friction force, showcasing

the impressive lubrication properties of these multilayers.

IV.3.B Tuning friction with relative humidity

This section serves as a foundational point in my thesis, highlighting the sig-

nificance of phospholipid layers deposited at the air/solid interface, not only
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for studying physical interactions but also for investigating friction. The abil-
ity to tune friction is a highly relevant topic in current interface science. For
phospholipid friction, this tuning is often achieved by numerical studies either
by adjusting the hydration number per lipid, H, [43, 118], or even by using
topologically manipulated membranes via electrostatic forces [119]. Molecu-
lar dynamics (MD) simulations are typically the most effective tool for linking
structural properties to frictional behavior. However, thanks to our previous re-
flectivity experiments and analysis of physical interactions between layers, we
can precisely control the number of water molecules per phospholipid, making
our experimental system a suitable candidate for studying and tuning friction

in @ manner analogous to MD simulations.

In Figure IV.4, we report the variations of the frictional force F; as a function
of RH at constant normal force F, = 0.5N and sliding speed V = 10um/s. The
results are shown for a DSPC trilayer and monolayer. We have performed sim-
ilar experiments on DPPC trilayers (see Appendix C), which exhibit the same
behavior. The plot also shows the variations of dw> and dyi1, which are consis-
tent for both DPPC and DSPC (see Appendix C). At low humidity, the trilayer
friction is equivalent to that of a monolayer sample, with Fy ~ 0.06 — 0.08 N.
As RH increases, the friction decreases monotonically to Ft & 0.01 N, reaching
values comparable to the superlubricity observed in articular joints [9]. The
monolayer, however, remains constant across all RH levels, indicating that F;
is well correlated with the increase in dy2, whereas the monolayer system re-

mains highly confined, with minimal variations in dy1.

This result is particularly interesting because it indicates that the nanoscopic
water layer thickness dy> can indeed significantly influence macroscopic fric-

tion, as Ft decreases by nearly an order of magnitude. This finding underscores
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the crucial role of hydration water in phospholipid lubrication. However, many
questions remain unanswered. Are we witnessing a shift in the sliding plane or
dissipation mechanism, from friction dominated by phospholipid chains to that
dominated by the water layer, as observed in numerical simulations [43]? And
is it possible to model this behavior using the formalism introduced in Chapter

11?7 These questions will be addressed in the following sections.

IV.3.C Systematic investigation of friction

A common approach in macroscopic friction studies is to investigate how the
friction force varies with macroscopic quantities changes and determine if any
laws govern this behavior. We begin by exploring how friction varies with
changes in sliding velocity V. Due to experimental limitations, velocity ex-
periments are often conducted at low speeds, even though biological contact
speeds during activities like sprinting or intense running can reach velocities
on the order of meters per second [120]. Typical sliding speeds are usually on
a fraction of a mmy/s. In this work, we reached velocities ranging from 1 um/s

to 100 um/s.

Regarding normal pressure P = F/A, where Fy, is the normal force and A is
the contact area, our experimental macroscopic friction setup, adapted to solid
mechanics systems, allowed us to measure normal forces in the range of 0.1 to
2 N. Using a spherical indenter with a large radius of 51 mm (designed with low
curvature to achieve the lowest possible normal pressure), we achieved normal
pressures between 20 and 50 MPa, which is above the maximum pressures

observed in human joints.

We began by examining how the shear stress T = Fi/A, where F; is the

frictional force and A is the contact area, varies with changes in V and P, at
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Figure IV.5: Shear stress variation as a function of sliding velocity V (left with
P=0.5 N) and contact pressure P (Right with V =10 um/s) at different RH.

fixed humidity levels ranging from 20% to 80%. The results are shown in Figure
IV.5. As expected, we observe the same behavior as in Figure IV.4, where RH
controls the shear stress, decreasing from 3—4 MPa at low humidity to 0—1 MPa
at high humidity for a given P and V. What is particularly interesting is how
T varies: T increases linearly with P, and its dependence on V appears to be
logarithmic or follows a sinh™! trend. This is significant, as it corresponds to
the hallmark behavior of boundary lubrication models, which will be discussed

in detail in the following section.

IV.3.D Stress-augmented thermal activation of hydration

barrier

IV.3.D.i General discussion

The stress-augmented activation model, also known as the Eyring/Prandtl model,

is based on the coupling of thermal energy and mechanical stress to overcome
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an energy barrier. This model is commonly used to describe sliding friction
processes or, more generally, any process that can be modeled by molecules
traversing a potential barrier (see Section II.7 for more details). It was first
successfully applied to describe the friction of surfactant monolayers [81], and
more recently to the friction of hydration water [82]. More broadly, it is used to
model solid friction, or boundary lubrication [78]. The model connects macro-
scopic friction quantities to molecular/microscopic parameters. Typically, the

shear stress T is expressed as:

kgT 4 QP
T=—"sinh~L (—exp(o+ )) (IV.1)
¢ Vo ksT

Here, T relates macroscopic values such as sliding speed V, temperature T,
and contact pressure P, to microscopic quantities such as Q, the energy bar-
rier, and Q and ¢, which represent the pressure and shear activation volumes,
respectively. Vj is the velocity intrinsic to the system. A full derivation of the

model and more details are provided in Section II.7.

We were both puzzled and excited by our observation of the behavior of T
with respect to V. It appears to exhibit a sinh~! dependence, which is a signa-
ture of a barrier-crossing model. To our knowledge, this is the first experimental
study to observe this sinh~! dependence, which had only been previously ob-
served numerically [121]. In experimental studies, high shear rates typically
result in a In(V) dependence for 7, as sinh™!(x) — In(x) for x > 1. At high

shear stresses, this model also captures the linear dependence of T on P.

As discussed earlier, we initially attempted to model the sinh™! behavior
using the Eyring model. However, it was impossible to fit our data with rea-

sonable physical parameters. What is possible, however, is to model the data
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using an extension of the Eyring model that includes flows of different sizes
and dissipation mechanisms. Essentially, this leads to a sum of two sinh™!
terms with different activation volumes and energy barriers, as theoretically
developed by Ree and Eyring [122]. While this model worked, it lacks ele-

gance and can easily lead to overfitting.

Another approach is to consider two distinct regimes, each characterized by
different dissipation mechanisms, resulting in two distinct slopes in the In(V)
dependency. In the following, we will assume that each phospholipid layer is
trapped in different potential wells, as depicted in Figure IV.6. These wells are
determined by local physical interactions, and different sliding planes or flow

regimes would correspond to different slopes in In(V).

The next question is whether we can apply the insights developed in Chap-
ter 3 regarding structure to model friction using the Eyring model. We begin
by attempting to model the third layer in contact with air. It is reasonable
to assume that the activation energy Q depends on the hydration level of
the phospholipid heads, given its role in modulating friction. A plausible hy-
pothesis is that the energy barrier Q corresponds to the energy required to
dehydrate a phospholipid. Baumgart et al. [123] have already computed this
value when modeling diffusion in supported phospholipid bilayers (see Section
[I.7 for more details). Here, we propose extending this concept to shear pro-
cesses. This energy is directly related to RH, and for DSPC or DPPC, it can be

expressed as:

dw2
Q1 = aPon,pcZn,pc €Xp | — , (IV.2)
2Zn,pC

where Pon,pc = 5.7 x 10° Pa and Zn,pc = 2.05nm are constants from Chapter
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dwlI [

Figure IV.6: Stress-augmented thermal activation of a trilayer. Each layer is
trapped in a different potential well with an energy barrier Q. The area per

lipid, a, is obtained from reflectivity analysis, with a = 47R% for DSPC."

3, and dy2 is modeled using hydration and van der Waals pressures:

Ponh,pcVm RH
dwr =2 In In ) V.3
w2 h,PC ( KT (100)) (IV.3)

Figure IV.8 shows the behavior of Q; under these conditions.

Next, we address the modeling of activation volumes. Activation volumes
are the product of a cross-sectional area and an activation distance (see Figure
IV.6 and Section 11.7). For Q, which represents the volume that must be crossed
for shear to occur, a reasonable assumption is that the area corresponds to the
area of lipid, for DSPC and DPPC we could extract a similar value in gel phase

from XR and NR analysis from Chapter Ill, detailed in Appendix B of a =47 AZ,
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while the activation distance, here in the plane of the load, is reasonably taken
as the water layer thickness, dw>. Therefore, Q1 = adw2, assuming dissipation

occurs within the water layer.

For ¢, the shear activation volume, the situation is more complex. The liter-
ature contains some ambiguity about its definition, as the activation distance
is parallel to the cross-sectional area because it is encompassed in the plane
of the shear stress. The activation distance is interpreted as the spacing be-
tween phospholipids as it corresponds to half the barrier spacing b. However,
modeling the area is problematic because it is associated with the number of
molecules involved in the shear, which is hard to predict, which is why we treat
it as a fitting parameter in our model and will be denoted ¢; for the hydration

lubrication. Both volumes are represented in Figure IV.8.

Finally, Vo is an unknown velocity constant, estimated as Vo = bvf = 0.2 x
1072 x 1011 m/s, where Vr is the frequency of attempted rearrangements, typi-
cally related to the vibrational frequency of molecules, which is around 1011 Hz

for fatty acid chains [81].

The fit is shown in Figure IV.7 with solid lines and accurately predicts the
behavior of T across the entire range of RH and P. However, there are two

instances where the model fails to capture the behavior: at low V and high RH.

One possible explanation could be a change in the sliding plane, shifting
from the second water layer to the first water layer for example. To explore
this possibility, we attempted to fit the data using an activation volume Q; =
a-d;, where d, = 8nm is the thickness of the DSPC trilayer, as extracted from
reflectivity data [46]. To model the energy barrier, we used measurements

from Briscoe et al. [81], who studied a monolayer of fatty acid tails. They
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Figure IV.7: (Left) Shear stress variation as a function of sliding velocity V,
with constant normal force F, = 0.5N. (Right) Shear stress variation as a
function of contact pressure P with constant sliding speed V = 10um/s. Both
figures show different relative humidity (RH) values. At RH = 20%, we display
two fits: one model for hydration lubrication (solid line) and one for tail lubri-
cation (dashed line).

found a Q value on the order of 20 kgT for the same Vjy. It is worth noting that
at low humidity, it can be challenging to distinguish between the friction of
the tails and low hydration energy, as both are of the same order (see Figure
IV.8). As before, we took ¢ as a free parameter, denoted ¢,. The results are
shown in dashed lines in Figure IV.7. Strikingly, this second model appears to
close the gap, fitting the part where the hydration model failed. This suggests
a potential change in the sliding plane at low speeds and low humidity/high.
However, the second model could not capture the behavior observed in the

pressure experiments.

The shear activation volume ¢; remains constant across all humidity levels,
while ¢, increases with RH, indicating that more molecules are involved in the
frictional process as hydration increases. Notably, ¢, moves from a value

similar to ¢1 to approximately three times its magnitude.
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Figure 1V.9: (Left) Effective viscosity as a function of sliding velocity (V).
(Right) Variation of T with temperature (T). Sliding speed: V = 10um/s, normal
force: F, = 0.5N. The dashed line represents the hydration lubrication model,
and the solid line corresponds to Eyring with free parameters

From our calculations (see Figure IV.8), the number of molecules involved
ranges from a few tens to hundreds. A small number, on the order of tens,
implies that a high stress is applied to a low number of molecules, leading to
high localized friction. In contrast, when hundreds of molecules are involved,

the value aligns with more typical figures reported in the literature [81, 78].
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IV.3.D.ii Effective Viscosity and temperature dependence

Since we know the thickness d\y» of the water film, it is possible to compute an

effective viscosity using the expression:

Td 2
Ne = VW . (IV.4)

The results for the variation with sliding velocity are shown in Figure IV.9. As
the sliding velocity increases, we observe a decrease in the effective viscosity,
indicative of shear-thinning behavior, as expected from the Eyring sinh law
across all humidity levels. This also provides an estimate of the hydration
water’s viscosity, which we found to be 4 to 6 orders of magnitude higher than
that of bulk water [118]. This is a rough viscosity estimation since we cannot

explicitly determine if the dissipation occurs solely in the water layer.

We studied the influence of temperature on friction properties. It was im-
possible to fit the temperature experiments using the previously developed
model (see dashed line in Figure IV.9). However, it was still possible to fit the
data by allowing all physical parameters to vary freely (see solid lines in Figure
IV.9). In this way, we obtained values for the activation energy and activation
volumes that seemed reasonable, but they are difficult to interpret and should

be taken cautiously, as we likely overfitted the data.

IV.4 Friction on charged phospholipid layers

After successfully studying zwitterionic phospholipids, we investigated charged
phospholipids, specifically DPPS. While the influence of charged phospholipids

on friction properties has been observed recently [124], no quantitative anal-
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ysis has been conducted. Here, we have all the necessary information to ad-
dress this gap. In Figure IV.10, we show how the shear stress T varies with
the DPPS fraction j. This figure illustrates that the friction properties rapidly
decrease until monolayer behavior is reached, which is exactly what was ex-

pected.

Indeed, in Chapter 3, we demonstrate that the addition of DPPS phospho-
lipids alters the hydration constants of phospholipids by increasing correlation
length z,. As we are also able to predict variations in dy> Consequently, we
can attempt to compute Q, the energy required to dehydrate a mixture of DPPS

and DPPC phospholipids. If j represents the fraction of DPPS, we then have:

dw2
Q = aPn,totZn,tot EXP | — , (IV.5)
Zh,tot

To obtain a direct expression for dyw2, we must neglect the repulsive compo-
nents in strong coupling pressure. This is a reasonable approximation because
the repulsive forces become significant only when dyy; is less than an angstrom
(see Chapter 3). By balancing strong coupling, osmotic pressure, and hydra-

tion pressure, we derive a direct relationship between dyw2, RH, and os:

5 kgT kgT 100
dw> = —Zhiot In 2T[lbUS P + Pr v In RH . (IV.6)
tot tot Y M

We show how Q varies with DPPS fraction change in Figure IV.10. Even
though the prediction is imperfect, it predicts reasonably well, as there is no
fitting in this case-we took ¢; from the previous section. This demonstrates
that energy dissipation occurs in the water layers via dehydration of phospho-

lipid heads. As we increase the DPPS fraction j, we observe an increase in Q,
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Figure IV.10: Shear stress as a function of RH for varying fractions of DPPS.

Hypothetical locations of the slipping plane are indicated.

leading to a rise in the shearing stress. When the shearing stress surpasses
the threshold of 20 kgT, the shear remains constant at the value observed for
the DPPC monolayer or low-humidity DPPC trilayer. This reinforces the idea
that multiple sliding planes compete. When Q is below the threshold, lubrica-
tion occurs in the second water layer; above it, dissipation may localize in the
first water layer (see Figure IV.10). This also aligns with the findings of the pre-
vious chapter, where we identified an increase in the correlation length zp ps

for DPPS. Altogether, this study provides a solid foundation for understanding

hydration lubrication in both charged and neutral phospholipids.
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IV.5 Conclusion

In this chapter, using a model system of phospholipid layers deposited at the
air/solid interface, we could study the friction of phospholipids in a highly con-
trolled manner analogous to MD simulations. We successfully tuned friction
by controlling the hydration of our phospholipid layers, highlighting the critical
role of water in lubrication. By applying the Eyring model, combined with the
knowledge built in Chapter Ill, we could relate friction to the hydration pressure

of zwitterionic and charged phospholipids.

113



Chapter IV. Hydration lubrication in neutral and charged phospholipids

114



Chapter V

TriboFRAPP experiments: localiza-

tion of sliding planes

V.1 Introduction

This chapter focuses on developing a system to measure friction and quan-
tify the flow of molecules involved in shear, commonly referred to as the third
body [125]. In boundary lubrication systems such as phospholipids, where fric-
tion is directly linked to the molecular state, it is highly relevant to probe and
determine the movement of molecules involved in the process. However, com-
bining friction measurements with molecular motion detection is a significant

challenge.

Since the pioneering work of Evans and Sackmann [126, 127] on the fric-
tion of supported phospholipids, no clear evidence of a sliding plane within the
water layer has been demonstrated. The work of Klein et al. [35, 128, 129]

highlighted the remarkable lubricating properties of hydration water. How-
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ever, typical setups like the Surface Force Apparatus (SFA) or Quartz Crystal
Microbalance (QCM) [130] allow only for friction and surface interaction mea-
surements without directly probing molecular movement. Although systems
combining friction and fluorescence imaging exist [30], they do not provide

guantitative information on molecular dynamics.

More recently, microfluidic devices [131] have been used to measure in-
terleaflet friction in supported bilayers by inducing flow-related friction. While
MD simulations can easily access molecular movement, experimental valida-
tion remains limited. In a recent MD study [43], they examined the location
of sliding planes in sheared DPPC multilayers in both the gel and fluid phases,
showing that the position of the sliding plane changes with phase and hydra-

tion levels.

In this chapter, we aim to develop an experimental analog to MD simula-
tions to address this gap. Inspired by the FRAPP experiments [75], which have
been used to probe liquid movement near walls [130] and polymer flow [132],
our team has developed a unique experimental setup. This setup combines
friction measurements containing in situ visualization of the surface contact
with a velocimetry FRAPP experiment [74] (see Chapter 2.2 for details on the
setup). The velocimeter can probe the velocity of the nanometer-thick layer

confined and sheared over a micrometer-scale contact area.

V.2 Improvement of the setup

V.2.A Interferometer

The triboFRAPP experiment is a unique setup developed in a collaboration be-

tween the Mcube team and the MIM team from the Institut Charles Sadron,
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before my arrival [46]. One of the first tasks of my PhD was to modify the
interferometer. All the details regarding the setup and its operation are pre-
sented in Section I1.6.C. The previous interferometer, which is the same as the
one used by Davoust et al. [75], is of the amplitude-difference type. This kind
of interferometer splits the laser beam in two using a semi-reflective plate:
one beam goes directly to the substrate, while the other passes over a mir-
ror mounted on a piezoelectric device before being directed to the substrate.
This produces interference fringes that can be spatially electro-modulated (see

Figure V.1 without indenter and substrate contact).
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Figure V.1: (Right) Zoom-in view on the interference fringe of the setup,
displaying the microscopy image of the interference pattern at i = 23 um. (Left)
Fringe shift alongside temperature evolution.
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For the modulation of the fringe position, the system worked perfectly. How-
ever, we observed a drift in the position of the fringes (of the order of 10-20 in-
terfringes over 12 hours). This shift was correlated with temperature changes,
as reported in Figure V.1. We hypothesized that this effect might arise from
the difference in the path length of the two beams. Despite room temperature
regulation, we detected temperature changes of around 1°C, likely caused by

door opening. Additionally, localized heating from the laser during the bleach-
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ing phase, particularly on the mirror, could contribute to the shift. A change of
1°C and the resulting alteration in the refractive index can significantly affect
the phase between the two beams, as the length difference in the setup was
on the order of a meter, leading to fringe shifts. Although the drift is slow, it
poses a problem for studying the diffusion of highly confined and hence solwly

diffusing molecules like phospholipids at the air/solid interface.

To address this, we sought to implement a symmetric interferometer with
electro-modulation, ensuring both interfering beams share the same optical
path, which we expected would result in stability against refractive index changes.
We aimed to implement the interferometer design from [77]. This setup uses
Pockels cells to modulate the phase between two beams separated by a Wol-
laston prism, with full details of the setup provided in Section I1.6.C. We per-
formed the same fringe position measurements under identical temperature

shifts, and the results are shown in Figure V.1.

The results are conclusive: the new setup exhibited almost no phase shift

and was stable against temperature variations.

V.2.B Validation of the setup

FRAPP experiments can be used to probe the diffusion or velocity of a sheared
layer. In this study, we focus on the velocimetry of phospholipid layers. To vali-
date the FRAPP setup, we first tested whether the system is capable of detect-
ing the movement of a slide. The FRAPP system relies on the photobleaching
of fluorescent molecules. In this study, we used phospholipids modified with
NBD fluorophores attached to the head group (DSPE-NBD). For labeled phos-
pholipid layers, we used 4% DSPE-NBD mixed with DSPC. Although 4% is quite

high, it was necessary to obtain a good fluorescence signal.
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We deposited a labeled layer on the same glass substrate as used in Chap-
ter 4. Figure V.2 explains the experimental procedure. In the triboFRAPP setup,
the substrate is typically fixed, and the tribometer moves. For this validation,
we reversed the configuration by fixing the substrate to the tribometer to con-
trol its position and velocity. The first phase involves photobleaching, for which
we used our laser at 1 W for 8 seconds. The resulting pattern on the substrate

can be seen in Figure V.2.
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Figure V.2: (Top) Protocol for FRAPP measurement. (Bottom) Contrast inten-
sity of FRAPP experiments at different V of the monolayer sample.

During the reading phase, we waited 10 seconds before moving the sub-
strate at V = 20um/s. The resulting fluorescence contrast intensity is shown
in Figure V.2 For the first 10 seconds, we observed a constant value, and then,
once the plate started moving, we observed a sinusoidal modulation of the
intensity. When the photobleached pattern moved out of the beam zone, the

signal dropped to zero. The fringe spacing used throughout the study was fixed
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at i=23 £ 2um. By extracting the frequency v of the intensity oscillation, we
can calculate the velocity as V = v - i. We successfully recovered the imposed
velocity and repeated the experiment for V = 10um/s and V = 1um/s (see
Figure V.2). Each velocity was accurately measured by extracting the intensity

frequency.

The new setup is not only more stable with respect to temperature, but
it also provides better contrast intensity. This is remarkable, as these tests
were performed on a nanometric fluorescent monolayer, yet we obtained a
clear sinusoidal signal with almost no noise, demonstrating the sensitivity of
the setup. This improvement may stem from several optimizations detailed in

Section 11.6.C.

V.3 Velocimetry experiments

V.3.A DSPC monolayer

In Chapter 4, we used the Eyring model to describe the friction behavior and
to predict potential sliding planes. In this section, we will evaluate whether
those predictions were accurate. We begin by studying the DSPC monolayer
deposited on a glass substrate. In the standard configuration, the substrate is
fixed, and the spherical indenter (51 mm, BK7) is in motion. This is the same

indenter used in Chapter 4.

To maintain consistency with the previous chapter, we selected a similar
configuration: the normal force F, was set to 0.5 N, and shear was applied at
V = 10um/s. The FRAPP experiment allows control of both RH and tempera-
ture; here, we report results at RH = 30% and T = 20°C in Figure V.3. In the

figure, two regimes are shown: the indenter in motion (blue) and the indenter
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Figure V.3: (A) Scheme of the FRAPP experiments on the DSPC monolayer.
(B) Contrast intensity with a zoom in blue on the part corresponding to the
friction measurement. (C) FFT of the contrast intensity. Frequency is directly
converted to velocity Vs = vi. Experimental conditions: RH=30%, T = 20°C,
Fn=0.5Nand V=10 um/s.

at rest (red). A zoomed-in section of the friction measurement is displayed,
where we overlay the corresponding friction force to observe both friction and

layer entrainment.

We can clearly distinguish modulation in the fluorescence signal. The am-
plitude is lower than in the previous section, which is expected, as the con-
tact area is only a fraction of the laser beam area (1 mm? compared to 0.2
mm?). Additionally, it is unlikely that the entire layer is in motion; in the case
of a gel phase layer, as we observed in the previous chapter, the behavior is
well-described by boundary lubrication theory. This effect is even more pro-

nounced for a monolayer in direct contact with the substrate, where strong ad-
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hesion generates high shear stress associated with a low number of molecules
involved in the flow. Overall, these factors may reduce the fluorescence con-

trast.

To confirm that the observed modulation in the signal was due to move-
ment, we performed an FFT on the blue (moving) and red (static) sections of
the signal. These results are reported in Figure V.3. We then directly converted
the modulation frequency into the velocity of the layer, Vs. This velocity was
found to be equal to V, the entrainment speed, which is reasonable given the

nanometric thickness of the film in the context of boundary lubrication.

The friction experiments in Chapter 4 suggest that RH does not influence
the tribology of the DSPC monolayer. To verify this, we repeated the triboFRAPP
experiments at various RH levels. The fluorescence signals are included in the
Appendix D, while a summary of the results is shown in Figure V.4. This fig-
ure compares the friction force of the DSPC monolayer with and without NBD
fluorescent markers. The friction force was consistently found to be constant.
The results are reasonably consistent, even with the high percentage of flu-
orescent markers used in these experiments. This friction comparison helps
validate our velocimetry experiments, as it is essential that they reflect the

same tribological behavior.

In the same figure, we also present the FFT of the sliding part at various
RH levels (7%, 30%, 50%, and 70%), providing a representative sample of all
RH conditions tested. In all cases, we found that the layer was moving at the
velocity of the indenter. However, the amplitude of the FFT peak decreased as
RH increased. Although it might be tempting to conduct a quantitative analy-
sis of the fluorescence signal amplitude, it is highly sensitive to experimental

parameters such as alignment, bleaching conditions, initial bleaching zone,
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Figure V.4: Friction force comparison between DSPC monolayer and DSPC
labeled with NBD. FFT of contrast intensity are detailed in the Appendix D.

artifacts, and acquisition settings.

Interestingly, we observed that the monolayer was always in motion, sug-
gesting that dissipation occurs within the water layers. From XR and NR exper-
iments, where dy1 was measured and found to remain nearly constant, it was
previously unclear whether dissipation occurred in the water layers or between
the indenter and the monolayer tails. Here, we demonstrate the presence of

hydration lubrication even in the case of a DSPC monolayer.

V.3.B DSPC trilayer

The previous section demonstrated that the triboFRAPP system can reliably
probe molecular motion within a monolayer. In this section, we extend its
application to a DSPC trilayer to investigate the localization of sliding planes.
In these experiments, one of the layers was labeled with NBD and triboFRAPP
measurements were performed under three distinct conditions, as illustrated
in Figure V.5. Since layer flip-flop occurs on timescales of hours for fluid phases

[133], we expect this phenomenon to be negligible, especially in the gel phase
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at the air/solid interface, where phospholipid diffusion is minimal.

NBD1 NBD2 NBD3

Figure V.5: Scheme of the DSPC trilayer labeled with NBD in the first, second,
and third layers.

While the quantification of diffusion using the FRAPP setup could offer insights-
such as examining the impact of RH on phospholipid diffusion and linking this
to dehydration energy through an Arrhenius process similar to the work of
Baumgart et al. [123], here diffusion measurements were not the primary
focus of this work. Notably, at ambient humidity (RH = 45-60%), all layers
appeared immobilized with negligible diffusion. Though increasing the temper-
ature may have activated diffusion, we opted to concentrate on velocimetry,

as phospholipid diffusion has been widely characterized in prior studies [3].

In Figure V.6, we present velocimetry results for three experimental scenar-
ios at RH levels of 30%, 50%, and 80%, with a shear velocity V = 10 um/s
and a normal force F, = 0.5 N. The fluorescence signals correspond to the
kinetic friction plateau discussed in Chapter 4, assuring that velocimetry was

conducted under the same measurement conditions as Ft.

The FFT of these signals is also shown. When all three layers exhibited
motion, sliding was inferred to occur within the first water layer. This was
observed at both RH = 30% and RH = 70%. At RH = 50%, however, only the
third layer in contact with air was observed to move, indicating a transition in

the sliding plane. At low RH, sliding occurs within the first water layer; above

124



Chapter V. TriboFRAPP experiments: localization of sliding planes

Ft
RH=30% RH=50% RH=80% “|F V=10 pm/s

ul

514000\ NSNS
=) \/ /
S 12000 4t { F .
£
% 10000 \/\/V\_/\\A/\/\/\/ LM A J\N\W/v\/
T
T 8000 N L L N N N N L L
(s‘ 0 5 10 15 200 5 10 15 200 5 10 15 20
time [s] time [s] time [s]
2 le7 .
—— NBD1
S NBD2
S 1k 1 | 1 | i —— NBD3
E
L A\
0 = /j\ —_—T 1 e "
5 10 5 10 5 10
Vs [um/s] Vs [um/s] Vs [um/s]

Figure V.6: FRAPP experiments on DSPC trilayers with corresponding FFT
analysis.

30% RH, it shifts to the second layer, and at RH = 70%, it returns to the first

water layer. These observations align with the predictions made in Chapter IV.

To clarify the relationship between shear stress and velocity, we considered
slip within both water layers. At low shear velocities, friction is expected to
occur primarily in the first water layer. Repeating the experiments at V =
1 um/s (see Appendix D) showed that all layers were in motion across all
RH levels, confirming that at low velocities, the slipping plane lies in the first
water layer. At V =10 um/s, Figure V.7 suggests that this speed falls near the
threshold for transitions in sliding planes. So, it would have been interesting to
reach higher velocities. However, due to time constraints, we could not extend

triboFRAPP experiments to higher velocities.

Figure V.7 summarizes the findings at V = 10 um/s. At low humidity, the
friction of the trilayer is comparable to that of the monolayer, with dissipation
occurring primarily in the first layer. Above 30% RH, the friction decreases as

the slipping plane shifts to the second water layer, where the energy required
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to dehydrate the phospholipids is reduced. Interestingly, at high humidity, the
shear reverts to the first layer, which is unexpected, as one might anticipate
that slipping would occur more readily in the second layer due to energetic

considerations.

Figure V.7: Friction force for DSPC monolayer and trilayer at different RH, ac-
companied by an understanding of the sliding planes and microscopy images
of the surface contact.

Initially, we were skeptical about this result. However, microscopic images
of the surface contact at the end of shear testing reveal a noticeable accu-
mulation of material for both low and high RH conditions (see Figure V.7). In

contrast, no accumulation is observed for the monolayer or in cases where the
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second water layer provides lubrication. This accumulation could occur when

the entire trilayer is displaced, resulting in additional material collecting on the

tip.

It is relatively straightforward to understand that at low humidity, the entire
trilayer could be mobilized. However, it is surprising to observe this behavior

at high RH.

One possible explanation is that at high humidity, water adsorption on the
glass indenter might lead to the formation of a thin water layer, potentially
reaching a thickness of approximately 1 nm [46, 44]. This water layer could
interfere with the phospholipid layers hydrophobic part and disrupt the first
layers, as reported in previous studies [56]. Thus, the scenario could be more
complex, as depicted in Figure V.7, where the structural integrity of the layers

may be significantly affected.

V.4 Conclusion

In this chapter, we developed a unique experimental setup, the triboFRAPP
system, to measure friction and probe molecular motion within phospholipid
layers. Through a series of velocimetry experiments, we examined both mono-
layer and trilayer configurations of DSPC phospholipids at varying humidity
levels and shear velocities. Our results indicated that the slipping planes var-
ied with hydration; at low humidity, friction occurred primarily in the first water
layer, while at intermediate levels, it shifted to the second layer and surpris-
ingly returned to the first layer at high humidity. We attribute this last obser-
vation to a potential disruption of the layers caused by water adsorbed on the

indenter.
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Chapter Vi

Conclusions and perspectives

In this thesis, we present a coherent analysis of phospholipid boundary lubrica-
tion friction. Our strategy for this project focused on studying a model system
in which we could precisely control hydration levels and electrostatic interac-
tions to elucidate energy dissipation pathways in multilamellar phospholipid

lubrication.

The first step involved studying the structure of supported DPPC and DPPS
phospholipid trilayers and pentalayers using XR and NR. This approach pro-
vided detailed insights into the hydration of our samples, which was essen-
tial for linking structural properties to frictional behavior. In the process, we
were able to investigate the physical interactions between the layers. Notably,
we report an experimental measurement of the emergence of strong coupling
(SC) electrostatic attraction with monovalent counterions, whereas multivalent

counterions are typically considered to be required to trigger SC attraction.

In hydration water layers, where the degrees of freedom of water molecules

are restricted, the dielectric constant of water decreases to the optical value,
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thereby enhancing electrostatic interactions. We successfully modeled the ex-
perimentally observed behaviour using a disjoining pressure model. To accu-
rately describe the system, three key components were necessary: the SC
attractive pressure, a modified hydration pressure accounting for the different
hydration repulsions of PS and PC head groups, and the assumption that the
dielectric permittivity of water bound to phospholipid heads reaches an optical

value of approximately 2.1.

By incorporating these factors, we obtained the first estimation of the hy-
dration correlation length, z, ps, for PS head groups. Notably, PS head groups
interact more strongly with water than PC head groups. Our collaborators from
ILM (Lyon) on the project performed MD simulations on two DPPS monolay-
ers, enabling the extraction of SLD profiles that were directly comparable to
our experimental measurements. These simulation results were in excellent
agreement with our experiments, further confirming our high resolution mea-

surement.

Additionally, by applying a Landau-Ginzburg model, the simulations yielded
a numerical value for the correlation length of PS head groups, znps, which
closely matched our experimental findings. These MD simulations confirmed
the validity of our continuous model, a significant result given our sub-nano-
metric working distances where the continuous model might otherwise be
questioned. Surprisingly, this model holds effectively even down to molecular-

scale separations.

Our work also reveals that at sub-nanometric distances, physical interac-
tions become highly correlated. Specifically, water interacts strongly with
phospholipid head groups, creating repulsive forces; however, this strong in-

teraction simultaneously reduces water’s permittivity, thereby amplifying elec-
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trostatic attraction. This chapter, therefore, advances our understanding of the
physics within this challenging regime where interactions are tightly intercon-

nected.

One area that remains unclear is the counterion distribution within the wa-
ter layers. According to SC theory, counterions are expected to organize them-
selves into a two-dimensional correlated lattice structure [84]. However, this
prediction has yet to be observed experimentally. Using our model system, we
aim to investigate whether counterion crystallization can indeed occur within

these water layers.

In December 2024, we plan to conduct an experiment at the Sirius Beamline
at SOLEIL (Paris, France) utilizing their advanced X-ray reflectivity fluorescence
techniques in conjunction with GIXD and GISAXS experiments. These methods
will be applied to charged DPPS layers, in which the counterions have been
exchanged with Cs* ions. Our preliminary results suggest successful transfer
of Cs* ions into the layers, which is a promising indication for these future

experiments.

The second part (Chapter 1IV) of this project involved conducting friction
experiments on DSPC/DPPC and DPPS trilayers. Building on the insights gained
in the chapter lll, we established a correlation between friction and hydration
levels. Our findings demonstrate that increasing hydration reduces friction

forces, underlining the critical role of hydration in lubrication.

The primary innovation in this section is that, by employing the Eyring
model and incorporating the physical interactions discussed in Chapter lll, par-
ticularly hydration forces, we were able to predict the friction forces of the

trilayer based on hydration levels and electrostatic interactions. Additionally,
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we propose a hypothesis regarding the location of the slipping planes: they

are situated within the two water layers.

We also addressed whether charged phospholipids enhance or reduce lu-
brication properties. In our experiments, the friction force increased with the
addition of charged phospholipids. This behaviour aligns with our findings from
Chapter llI; specifically, by incorporating PS phospholipids, we strengthen hy-
dration interactions, thereby raising the energy required to dehydrate each
phospholipid and, consequently, increasing friction. In this way, we outline the
energy dissipation pathways that contribute to macroscopic friction, directly

linking molecular interactions to observable frictional forces.

In the last part (Chapter V), we used the TriboFRAPP setup to localize the
sliding planes in DSPC trilayers. We observed that sliding planes are located
within the two water layers, as predicted in Chapter IV. These experiments
serve as a proof of concept for our new setup, as measuring sliding planes in
nanometric films is highly challenging. The success of these initial experiments

is promising for future research directions.

Our observations align with the hydration lubrication model, supporting the
notion that lubrication occurs within the water layers. However, we conducted
these experiments within a limited range of velocities and exclusively in the
gel phase at room temperature. Attempts to perform experiments at T >
Tm of DSPC were hindered by condensation in the setup, which prevented
reliable FRAPP signal measurement. This limitation is particularly unfortunate,
as friction experiments at controlled temperatures showed deviations from the
Eyring model based on hydration lubrication. This suggests the possibility of
an alternative energy dissipation pathway, potentially within the phospholipid

tails. Tail friction could depend on phospholipid tail viscosity, which varies

132



Chapter VI. Conclusions and perspectives

exponentially with temperature, making this a plausible scenario.

An initially surprising observation was that, at high humidity levels, where
the second water layer was highly hydrated, we observed sliding within the
first layer. We hypothesize that this may be due to disruption of the layer
caused by water adsorption on the tip. A potential way to confirm this hypoth-
esis would be to perform symmetric friction experiments, where a monolayer

or trilayer would also be deposited on the tip.

Another interesting experiment to bring this model closer to biological sys-
tems would be to conduct TriboFRAPP experiments on double-bilayer systems

or even on systems made more complex by adding HA or lubricin.

We conclude this thesis by discussing the biological significance of our find-
ings. Effective lubrication in phospholipid layers requires a balance between
load resistance and energy dissipation pathway, giving a low friction coeffi-
cient. Our study reveals that the lubrication mechanism in our model system
operates through the dehydration of phospholipids, which is closely related
to the hydration correlation length, z,. A larger correlation length enhances
the repulsive hydration force, thus increasing load resistance. However, this
also raises the energetic cost required to dehydrate a phospholipid, increasing

friction.

Given that we found significant differences in z,, values between PS and PC
head groups, it is plausible that nature has evolved to find an optimal PS-to-PC
ratio to maximize load resistance without excessively increasing friction. This
balance may be key in biological systems to achieve efficient lubrication under

varying physiological conditions.
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Chapter VI

Résumé en francais

VIl.1 Introduction et motivations

Les membranes lipidiques jouent un réle fondamental dans le fonctionnement
des systemes biologiques. Elles compartimentent et protegent le matériel
génétigue au niveau cellulaire et assurent la lubrification des surfaces biologiques
soumises a des frottements. Au cours de I’évolution, la nature a mis au point
un lubrifiant d’'une efficacité remarquable [9], encore inégalée par les lubrifi-

ants industriels dérivés du pétrole.

Un aspect unique de la lubrification biologique est I'utilisation de I'’eau. Cela
est surprenant, car I'eau, en raison de sa faible viscosité, ne semble pas étre
un lubrifiant idéal. L’'astuce réside dans le confinement de |'eau ; il s’aqgit ici
d’eau nanoconfinée entre les couches de phospholipides [93], présentant des

propriétés physiques tres différentes de celles de I'eau en volume [92, 91].

Pour comprendre I'efficacité de ce lubrifiant biologique, il est crucial d’étudier

les interactions entre les couches de phospholipides via I'eau confinée. L'eau
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hydrate les tétes polaires des phospholipides, limitant ainsi considérablement
le degré de liberté des molécules d’eau [91]. Par conséquent, les interactions
électrostatiques entre les couches de phospholipides sont amplifiées, car I'eau

d’hydratation n’écrante plus ces interactions.

En présence d’eau confinée, ces interactions peuvent générer des forces
de répulsion ou d’attraction [83, 84, 90], ce qui influence directement les pro-
priétés de friction. Comprendre comment I’équilibre de ces forces contribue
a la résistance a la pression ainsi qu’a la dissipation d’énergie lors du cisaille-
ment des couches lipidigues est essentiel pour élucider les mécanismes de

lubrification.

L’objectif de cette these est de relier les interactions physiques, notamment
les forces d’hydratation et les interactions électrostatiques, aux propriétés de
friction des films lipidiques. Nous cherchons a identifier les mécanismes précis
et les lieux de dissipation de I'énergie lors du glissement sur des couches
lipidiques. Pour cela, notre stratégie repose sur I’étude d’un systeme modele

composé de couches de phospholipides déposées sur un substrat solide.
Le projet de these s’articule autour de trois axes principaux :

1. Etude de la structure des couches lipidiques en utilisant la réflectivité
des neutrons et des rayons X. L'objectif est de comprendre les forces

physiques a I'ceuvre dans les couches de phospholipides chargées.

2. Analyse de la friction des couches de phospholipides. Cette partie vise
a corréler les résultats de I'analyse structurelle obtenus par réflectivité

avec les propriétés de friction macroscopique.

3. Développement d’un dispositif expérimental (triboFRAPP) permettant de
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coupler des mesures de friction avec de la vélocimétrie, afin d’'identifier

précisément les plans de glissement.

Figure VIIL.1: Schéma représentant I'identité du projet. Il fait I'analogie en-
tre le frottement d’une chaussure sur une peau de banane et la friction des
couches de lipides. La question est de savoir si la chaussure glisse sur la
peau de banane ou si la banane glisse sur le sol. Pour notre systeme, il s’agit
de déterminer si le glissement se produit dans la couche d’eau ou entre les
chaines des phospholipides. Dessin réalisé par Thierry Charitat et utilisé avec
son accord.

Ce travail s’inscrit dans le cadre d'un projet ANR mené en collaboration
avec une équipe de I'Institut Lumiere Matiere a Lyon et notre équipe a I'In-
stitut Charles Sadron a Strasbourg. Nos collaborateurs se concentrent sur des
simulations numériques des couches de phospholipides. Dans ce qui suit, nous

présenterons le travail expérimental réalisé durant ma these.
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VIl.2 Etude de la structure des couches lipidiques
chargées

Dans ce premier axe de recherche, nous avons étudié les interactions électro-
statiques entre des couches de phospholipides chargés. Nous avons controlé
la densité de charge surfacique os en modulant la proportion de deux phos-

pholipides : le DPPS, chargé négativement, et le DPPC, neutre [59].

La géométrie singuliere de notre systeme a permis de sonder les interac-
tions entre ces couches de phospholipides. Situé a l'interface air/solide, le
systeme est soumis a une forte pression osmotique, résultant de I'équilibre
entre les films d’eau et la vapeur d’eau [44]. Cette pression s’ajoute a la pres-
sion de disjonction, c’est-a-dire a la pression issue des interactions physiques
entre les couches. Un des avantages de la pression osmotique est qu’elle
peut étre contrélée en modulant I’humidité relative (RH). Nous avons mesuré
la variation de I'épaisseur de la deuxieme couche d’eau dy> (voir Figure VII.2)
pour différentes valeurs de RH ainsi que pour divers mélanges. Ces résultats

ont ensuite été comparés a des modeles théoriques.

La géométrie plane de cet échantillon facilite la comparaison entre les don-
nées expérimentales et les modeles théoriques. Pour modéliser le comporte-
ment de dy>, en fonction de la RH et de la densité surfacique de charge,
trois contributions sont prises en compte : la pression osmotique mentionnée
précédemment, la répulsion d’hydratation due aux interactions spécifiques en-
tre les molécules d’eau et les tétes polaires des phospholipides, et I'attraction
électrostatique de couplage fort, résultant des corrélations entre les contre-
ions présents dans le film d’eau. Nous avons pu décrire le comportement de

notre systeme avec seulement deux parametres d’ajustement : la longueur
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Figure VIL.2: (Gauche) Schéma d’une tricouche de phospholipides chargés,
illustrant un mélange de DPPS (tétes violettes) et de DPPC (tétes bleues) avec
une densité de charge surfacique négative os. Les tétes de DPPS sont asso-
ciées a des contre-ions représentés par des points noirs. Les faisceaux inci-
dents et réfléchis spéculaires sont représentés en rouge, avec q, = 4m/Asin@
comme vecteur de transfert. La densité de longueur de diffusion (SLD) est
obtenue en ajustant les profils de réflectivité spéculaire. Les deux épaisseurs
des couches d’eau, dyw1 et dy2, sont également indiquées. (Droite) Variation
de dy2 pour différentes humidités relatives et différents mélanges.

caractéristique de décroissance z,,ps associée aux lipides chargés (DPPS) et la
pression d’hydratation Pon,ps. Si ces deux constantes sont bien établies pour
le DPPC, elles n’avaient pas encore été mesurées pour le DPPS. Nous avons
déterminé que zy ps est deux fois plus grand pour le DPPS que pour le DPPC,

ce qui traduit une répulsion d’hydratation accrue pour les lipides a téte PS.

Un point clé du cadre théorique concerne la permittivité de I'eau. Pour ex-
pliquer I'attraction électrostatique observée expérimentalement, il est néces-
saire d’invoquer une réduction de la constante diélectrique de I'eau d’hydrata-
tion due a la restriction de ses degrés de liberté. L'étude pionniere de Fu-

magalli et al. [92] propose un modele de capacité en série, distinguant I'eau
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proche de l'interface (avec une permittivité proche de la valeur optique) de
I’eau libre, qui se comporte comme en volume. Notre innovation réside dans
I’établissement d’un lien entre I’épaisseur de cette couche d’eau et la longueur

caractéristiqgue de décroissance zy des lipides.

En conclusion, pour décrire les interactions dans un mélange de phospho-
lipides, il est essentiel de considérer a la fois la variation de densité de charge

surfacigue et la répulsion d’hydratation.

Ainsi, ce chapitre a un double intérét : il permet une caractérisation com-
pléte de la structure des couches de lipides, pour comparaison avec des expéri-
ences de friction, et offre une analyse détaillée de I'équilibre entre attraction
électrostatique de couplage fort et répulsion d’hydratation dans I’eau nanocon-

finée entre les couches de phospholipides chargées.

Ce premier axe de recherche a également servi de point de départ a nos
collaborateurs pour des simulations de couches de phospholipides chargés.
En utilisant un systeme analogue, ou ils contrélent le taux d'hydratation des
couches, ils ont obtenu une structure en accord remarquable avec nos résul-
tats expérimentaux. Ces simulations ont permis de déterminer numérique-
ment la valeur de zp ps, en accord quantitatif avec notre mesure. Cette com-

paraison expérimentation/simulation renforce la fiabilité de nos conclusions.

VII.3 Etude de la friction

Dans ce chapitre, nous explorons les propriétés tribologiques des empilement
de couches de phospholipides, en s’appuyant sur les connaissances dévelop-
pées dans le chapitre précédent sur les interactions physiques entre couches

de phospholipides zwitterioniques et chargées. L'objectif principal est de relier
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ces interactions a la friction macroscopique, une démarche innovante dans le
domaine de la tribologie. Alors que la friction est bien comprise au niveau
macroscopique, établir un lien direct avec les interactions moléculaires reste

un défi majeur.

Nous avons premierement utilisé des tricouches de phospholipides neutres
(DPPC, DSPC) déposées sur un substrat en verre. Nous avons mesuré la force
tangentielle, c.-a-d., la force de friction entre notre échantillon et un indenteur
en verre sphérique (rayon de courbure R = 0.051 m) en controlant I'lhumidité
et ainsi I'épaisseur de la deuxieme couche d’eau dy>. Les expériences mon-
trent que I'hydratation joue un réle clé dans la lubrification des phospholipides,
ou la modulation de I'épaisseur d’eau permet de réduire considérablement la

force de friction (voir Figure VII.3).

Bien que révélatrices de I'importance de I'eau dans la biolubrification, ces
expeériences restent insatisfaisantes du point de vue d'un physicien. Pour relier
le taux d’hydratation des couches de lipides a leurs propriétés tribologiques,
nous avons utilisé le modele d’Eyring, que nous avons adapté a notre systeme.
Ce modele décrit la friction comme le passage a travers des puits de potentiel
: chaque lipide est piégé dans un puits, et sous I'application d’une contrainte
de cisaillement, I'énergie Q correspondant a la hauteur du puits de potentiel

est réduite par le travail de la force de friction.

Ce type de modele est généralement bien adapté pour décrire la lubrifica-
tion par des films nanométriques. Habituellement, il est nécessaire d’ajuster
les données expérimentales avec plusieurs parameéetres. Dans notre cas, nous
avons pu déduire ces parametres directement a partir de I'analyse de réflec-
tivité. En particulier, pour I'énergie Q, nous avons montré qu’elle pouvait étre

interprétée comme |'énergie associée a la déshydratation des tétes des phos-
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Figure VIIL.3: (En haut a gauche) Variation du taux de cisaillement T = F/A,
ou F: est la force de friction et A I'aire de contact, en fonction de la fraction
de DPPS et de I'humidité relative (RH). Les marqueurs en forme de cercle noir
vide correspondent a une monocouche de DSPC. Les autres marqueurs corre-
spondent a des tricouches de mélange DPPC/DPPS (seulement la deuxieme et
troisieme couche). Les lignes pointillées correspondent a la prédiction du mod-
ele d’Eyring sans ajustement. (En haut a droite) Valeur de la barriere d’énergie
Q utilisée dans le modele d’Eyring. (En bas) Prédiction des plans de glissement
pour les tricouches.

pholipides.

Une question centrale de ma these était de déterminer si les phospholipides
chargés (DPPS) avaient un effet positif ou négatif sur la lubrification. L'énergie
nécessaire pour déshydrater la téte des phospholipides dépend directement
de la longueur caractéristique de décroissance z,. Par conséquent, le DPPS

devrait augmenter Q, ce que nos expériences confirment. En effet, en aug-
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mentant la proportion de phospholipides chargés, nous observons une aug-

mentation de la force de friction, comme représenté en Figure VII.3.

Pour des systemes fortement chargés, la force de friction est indépendante
de I’lhumidité relative (RH) et de la fraction de DPPS dans nos couches. Ce com-
portement est similaire a celui d’'une monocouche de phospholipides neutres.
Nous interprétons ce phénomene comme un changement de plan de glisse-
ment, passant de la deuxieme a la premiere couche d’eau entre le substrat
et les phospholipides. Lorsque I'énergie de déshydratation des phospholipides
des deuxieme et troisieme couches devient supérieure a celle de la premiere

couche, le glissement se produit dans la premiere couche.

VIil.4 Localisation des plans de glissements

Cette section présente le développement et I'utilisation du dispositif triboFRAPP,
concu pour mesurer la friction et analyser les mouvements moléculaires dans
les couches de phospholipides. L'objectif principal était de comprendre la lo-
calisation des plans de glissement en fonction des conditions d’humidité rela-

tive (RH) et des vitesses de cisaillement.

Le systeme initial a été modifié pour améliorer la stabilité face aux varia-
tions de température, grace a un interférometre symétrique utilisant des cel-
lules de Pockels. Ces optimisations ont éliminé les dérives liées aux variations
thermiques et ont permis de détecter avec précision les mouvements d’une

couche fluorescente de phospholipides.

Le dispositif repose sur le photoblanchiment des molécules fluorescentes,

ici des phospholipides marqués par le fluorophore NBD.
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Les expériences de velocimétrie ont montré que dans une monocouche de

DSPC :

e Le glissement s’effectue dans la premiere couche d’eau, méme a dif-

férents niveaux d’humidité relative.

e Les forces de friction restent constantes, validant que les marquages flu-

orescents n’alterent pas les propriétés tribologiques.
Les expériences sur les tricouches ont révélé que :

e A faible humidité (RH < 30 %), le glissement se produit dans la premiére

couche d’eau, comme pour les monocouches.

e A une humidité intermédiaire (30 % < RH < 70 %), le glissement migre
vers la deuxieme couche d’eau, ou la friction diminue en raison d’une

moindre énergie nécessaire a la déshydratation.

e A forte humidité (RH > 70 %), le glissement revient a la premiére couche
d’eau, un phénomene surprenant, possiblement lié a une adsorption d’eau

sur I'indenteur perturbant la structure des couches.

Les mesures de vélocimétrie sont corroborées par des images de micro-
scopie montrant une accumulation de matériau sur la pointe de I'indenteur. A
faible humidité et a forte humidité, elles montrent une accumulation significa-
tive de matériau, suggérant une mobilisation compléte de la tricouche. A une
humidité intermédiaire, en revanche, peu d’accumulation est observée, ce qui

pourrait indiquer une mobilisation limitée a la troisieme couche uniquement.
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VIl.5 Conclusion

Cette these présente une analyse des mécanismes de lubrification des couches
de phospholipides, en explorant les relations entre hydratation et interactions

électrostatiques

Premieéere partie : Nous avons étudié la structure des tricouches et pen-
tacouches de phospholipides (DPPC/DPPS) par réflectivité des rayons X et des
neutrons. Nous avons mis en évidence |'attraction électrostatique en régime
de strong coupling (SC) avec des contre-ions monovalents, et avons modélisé
ce phénomene a I'aide d’'un modele de pression de disjonction intégrant I'effet
de la faible permittivité de I'eau d’hydratation. Nos travaux ont permis une
estimation expérimentale de la longueur caractéristique de décroissance zj ps

du DPPS, confirmée par des simulations de dynamique moléculaire.

Deuxiéme partie : Les expériences de friction ont montré que I'hydrata-
tion module les forces de friction et que la friction dépend de I'énergie de
déshydration de phospholipides. L’ajout de phospholipides chargés (DPPS)
augmente la friction en renforcant les interactions d’hydratation. Nous pou-
vons comprendre nos résultats en faisant I’hypothese d’une localisation des

plans de glissement dans les différentes couches d’eau.

Derniéere partie : Avec un nouveau dispositif (TriboFRAPP), nous avons pu
localiser les plans de glissement dans des tricouches DSPC. Ces expériences
confirment que la lubrification se produit dans les couches d’eau. Cependant,
a haute humidité, un glissement inattendu dans la premiere couche d’eau a
été observé, possiblement d(i a une perturbation causée par I'adsorption d’eau

sur la pointe.
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Enfin, nos résultats suggerent que dans les systemes biologiques, un équili-
bre entre charge (résistance a la charge) et dissipation d’énergie est néces-
saire pour minimiser la friction. La différence entre les longueurs caractéris-
tiques de décroissances des tétes PS et PC pourrait expliquer un ratio optimal

PS/PC dans les systemes biologiques pour une lubrification efficace.
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AFM on supported trilayer

Atomic Force Microscopy image of a DPPS(60%)/DPPC(40%) trilayer at RH=
30% (ICS, Christophe Contal). No inhomogeneity can be seen, which could be

the signature of a phase separation.

Height 1.0 um

Figure A.1: AFM image of supported trilayer (DPPS(60%) and DPPC(40%))
showing no phase transition (image taken by Christophe Contal, ICS).
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148



Appendix B

Neutron reflectivity

This appendix presents the Neutron reflectivity data measured at ILL (D17) for

all samples investigated in this work:

|

. a pure DPPC trilayer (Trilayer DPPC), section B.1;

N

. a trilayer made of a first DPPC monolayer and two layers composed of

20% DPPS and 80% DPPC (Trilayer P5(20%)-PC(80%)), section B.3;

w

. a trilayer made of a first DPPC monolayer and two layers composed of

60% DPPS and 40% DPPC (Trilayer PS(60%)-PC(40%)), section B.4;

4. a pentalayer made of a first DPPC monolayer and four layers composed

of 70% DPPS and 30% DPPC (Pentalayer PS(70%)-PC(30%)), section B.5;

Ul

. a pentalayer made of a first DPPC monolayer and four layers composed

of 80% DPPS and 20% DPPC (Pentalayer PS(80%)-PC(20%)), section B.6.

For each sample, we display in the first section Data and best fits the re-

flectivity curves, using the Rg* representation. The color scale corresponds to
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the various RH imposed. Lines represent the best fit, using D,0O (solid lines)

and/or H>0 (dashed lines) contrasts.

The corresponding neutron SLD profiles are displayed in the section SLD
profiles. The origin of z axis is placed at the interface between air and the
tail part of the third monolayer. The evolution of the overall thickness with RH
can be seen in the progressive shift to the right of the last interface between
the SiO; layer and bulk silicon when RH is increased. The same RH dependent

color scale as for the reflectivity data is used.

Finally, the parameters of the double contrast fit for different RH values
forthe different samples are given in tables regrouped in section Fitted pa-
rameters. Several parameters are coupled, as can be seen from the fact that
exactly the same values are obtained. Some parameters are fixed (not fitted).

They can be easily detected because they have no associated uncertainties.
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B.1 Trilayer DPPC

B.1.A Data and best fits-Trilayer DPPC
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Figure B.1: NR data of pure DPPC trilayer are presented as Rq;1 on a semilog
scale with two contrasts (top: D0 and bottom: H>0). Solid lines represent the
best fits corresponding to the SLD, profiles.
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B.1.B SLD profiles-Trilayer DPPC

3.5F

RH%
3.0 dv
33
38
45
50
60
70
90

2.5M

2.0f

1.5F

1.0f

SLD[107%A?]

0.5F

0.0

-0.5

—25 0 25 50 75 100 125
z[A 1]

Figure B.2: SLD profiles for NR obtained by combined fitting of reflectivity
data for two contrasts (see Figure B.1).
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B.1.C Fitted parameters-Trilayer DPPC

B.1.C.i Trilayer DPPC (HR=5%)

RH=05 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 17.42 +/- 0.05 -0.39 7.87 +/-0.12 0.0
head PC 6.76 +/- 0.02 1.88 7.87 +/-0.12 0.38
H20 0.49 +/- 0.3 -0.56 7.87 +/-0.12 0.0
head PC 6.76 +/- 0.02 1.88 7.87 +/-0.12 0.38
tail 17.42 +/- 0.05 -0.39 7.87 +/-0.12 0.0
tail 17.42 +/- 0.05 -0.39 5.61 +/- 0.28 0.0
head PC 6.76 +/- 0.02 1.88 5.61 +/- 0.28 0.44 +/- 0.07
H20 3.91 +/-0.11 -0.56 5.61 +/- 0.28 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.1: Best fitted parameters: DPPC trilayer at HR=5%
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B.1.C.ii Trilayer DPPC (HR=33%)

RH=33 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.93 +/- 0.06 -0.39 7.99 +/- 0.02 0.0
head PC 7.73 +/- 0.02 1.88 7.99 +/- 0.02 0.02 +/- 0.02
d20 1.03 +/-0.1 6.36 7.99 +/- 0.02 0.0
head PC 7.73 +/- 0.02 1.88 7.99 +/- 0.02 0.02 +/- 0.02
tail 19.93 +/- 0.06 -0.39 7.99 +/- 0.02 0.0
tail 18.37 +/- 0.12 -0.39 8.35 +/- 0.1 0.0
head PC 7.12 +/- 0.05 1.88 8.35 +/-0.1 0.07 +/- 0.04
d20 0.87 +/- 0.15 6.36 8.35+/-0.1 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.2: Best fitted parameters: DPPC trilayer at at HR=33%
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B.1.C.iii Trilayer DPPC (HR=38%)

RH=38 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.97 +/- 0.03 -0.39 7.99 +/- 0.02 0.0
head PC 7.75 +/- 0.01 1.88 7.99 +/- 0.02 0.02 +/- 0.01
d20 1.19 +/- 0.05 6.36 7.99 +/- 0.02 0.0
head PC 7.75 +/- 0.01 1.88 7.99 +/- 0.02 0.02 +/-0.01
tail 19.97 +/- 0.03 -0.39 7.99 +/- 0.02 0.0
tail 18.42 +/- 0.06 -0.39 8.49 +/-0.11 0.0
head PC 7.14 +/- 0.02 1.88 8.49 +/-0.11 0.01 +/- 0.01
d20 0.84 +/- 0.09 6.36 8.49 +/- 0.11 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.3: Best fitted parameters: DPPC trilayer at HR=38%
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B.1.C.iv Trilayer DPPC (HR=45%)

RH=45 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.97 +/- 0.03 -0.39 7.99 +/- 0.02 0.0
head PC 7.75 +/- 0.01 1.88 7.99 +/- 0.02 0.01 +/-0.01
d20 1.54 +/- 0.05 6.36 7.99 +/- 0.02 0.0
head PC 7.75 +/- 0.01 1.88 7.99 +/- 0.02 0.01 +/-0.01
tail 19.97 +/- 0.03 -0.39 7.99 +/- 0.02 0.0
tail 18.48 +/- 0.07 -0.39 8.64 +/-0.13 0.0
head PC 7.17 +/- 0.03 1.88 8.64 +/-0.13 0.0 +/-0.01
d20 0.89 +/-0.11 6.36 8.64 +/- 0.13 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.4: Best fitted parameters: DPPC trilayer at HR=45%
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B.1.C.v Trilayer DPPC (HR=50%)

RH=50 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.97 +/- 0.03 -0.39 7.99 +/- 0.01 0.0
head PC 7.75 +/- 0.01 1.88 7.99 +/- 0.01 0.01 +/- 0.0
d20 1.94 +/- 0.05 6.36 7.99 +/- 0.01 0.0
head PC 7.75 +/- 0.01 1.88 7.99 +/- 0.01 0.01 +/- 0.0
tail 19.97 +/- 0.03 -0.39 7.99 +/- 0.01 0.0
tail 18.44 +/- 0.06 -0.39 8.41 +/- 0.09 0.0
head PC 7.15 +/- 0.02 1.88 8.41 +/- 0.09 0.0 +/-0.01
d20 1.14 +/- 0.08 6.36 8.41 +/- 0.09 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.5: Best fitted parameters: DPPC trilayer at HR=50%
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B.1.C.vi Trilayer DPPC (HR=60%)
RH=60 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.97 +/- 0.03 -0.39 7.99 +/- 0.01 0.0
head PC 7.75 +/- 0.01 1.88 7.99 +/- 0.01 0.01 +/- 0.0
d20 2.64 +/- 0.04 6.36 7.99 +/- 0.01 0.0
head PC 7.75 +/- 0.01 1.88 7.99 +/-0.01 0.01 +/- 0.0
tail 19.97 +/- 0.03 -0.39 7.99 +/- 0.01 0.0
tail 18.36 +/- 0.06 -0.39 8.51 +/-0.12 0.0
head PC 7.12 +/- 0.02 1.88 8.51 +/-0.12 0.0 +/-0.01
d20 1.38 +/-0.1 6.36 8.51 +/-0.12 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.6: Best fitted parameters: DPPC trilayer at HR=60%
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B.1.C.vii Trilayer DPPC (HR=70%)

RH=70 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.99 +/- 0.01 -0.39 7.99 +/- 0.01 0.0
head PC 7.75 +/- 0.0 1.88 7.99 +/- 0.01 0.0 +/- 0.0
d20 3.59 +/-0.04 6.36 7.99 +/- 0.01 0.0
head PC 7.75 +/- 0.0 1.88 7.99 +/- 0.01 0.0 +/- 0.0
tail 19.99 +/- 0.01 -0.39 7.99 +/- 0.01 0.0
tail 18.1 +/- 0.05 -0.39 8.61 +/-0.12 0.0
head PC 7.02 +/- 0.02 1.88 8.61 +/-0.12 0.01 +/-0.01
d20 1.69 +/-0.1 6.36 8.61 +/-0.12 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.7: Best fitted parameters: DPPC trilayer at HR=70%
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B.1.C.viii Trilayer DPPC (HR=90%)
RH=90 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.99 +/- 0.01 -0.39 7.98 +/- 0.02 0.0
head PC 7.75 +/- 0.0 1.88 7.98 +/- 0.02 0.0 +/- 0.0
d20 5.14 +/- 0.04 6.36 7.98 +/- 0.02 0.0
head PC 7.75 +/- 0.0 1.88 7.98 +/- 0.02 0.0 +/- 0.0
tail 19.99 +/- 0.01 -0.39 7.98 +/- 0.02 0.0
tail 17.64 +/- 0.05 -0.39 8.24 +/- 0.09 0.0
head PC 6.84 +/- 0.02 1.88 8.24 +/- 0.09 0.01 +/-0.01
d20 2.3 +/-0.08 6.36 8.24 +/- 0.09 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.8: Best fitted parameters: DPPC trilayer at HR=90%
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B.2 Trilayer DPPS(100%)

B.2.A Data and best fits-Trilayer DPPS(100%)

Data and best fits are shown in Figure Ill.2 of the main document.
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B.2.B SLD profiles-Trilayer DPPS(100%)

SLD are shown in Figure Ill.3 of the main document.
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B.2.C Fitted parameters-Trilayer DPPS(100%)

B.2.C.i Trilayer DPPS (HR=3%)

RH=3 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 18.79 +/- 0.06 -0.39 6.88 +/- 0.07 0.0
head PS 7.06 +/- 0.02 2.63 6.88 +/- 0.07 0.33
d20 0.0 6.36 6.88 +/- 0.07 0.0
head PS 7.06 +/- 0.02 2.63 6.88 +/- 0.07 0.33
tail 18.79 +/- 0.06 -0.39 6.88 +/- 0.07 0.0
tail 18.69 +/- 0.1 -0.39 7.99 +/- 0.01 0.0
head PC 7.25 +/- 0.04 1.88 7.99 +/- 0.01 0.0 +/- 0.0
d20 0.0 +/- 0.0 6.36 7.99 +/- 0.01 0.0
Sio2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.9: Best fitted parameters: DPPS trilayer at HR=3%
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B.2.C.ii

Trilayer DPPS (HR=30%)

RH=30 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.22 +/- 0.95 -0.39 5.21 +/- 0.13 0.0
head PS 7.22 2.63 5.21 +/-0.13 0.33
d20 0.91 +/- 0.49 6.36 5.21 +/-0.13 0.0
head PS 7.22 2.63 5.21 +/-0.13 0.33
tail 19.22 +/- 0.95 -0.39 5.21 +/- 0.13 0.0
tail 17.83 +/- 1.27 -0.39 6.93 +/-0.42 0.0
head PC 6.91 1.88 6.93 +/-0.42 0.0 +/-0.38
d20 0.03 +/-1.97 6.36 6.93 +/- 0.42 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.10: Best fitted parameters: DPPS trilayer at at HR=30%
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B.2.C.iii Trilayer DPPS (HR=35%)

RH=35 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 18.33 +/- 0.95 -0.39 5.51 +/-0.11 0.0
head PS 6.89 2.63 5.51 +/-0.11 0.33
d20 1.2 +/- 0.48 6.36 5.51 +/-0.11 0.0
head PS 6.89 2.63 5.51 +/-0.11 0.33
tail 18.33 +/- 0.95 -0.39 5.51 +/-0.11 0.0
tail 18.51 +/- 1.22 -0.39 7.56 +/- 0.37 0.0
head PC 7.18 1.88 7.56 +/- 0.37 0.0 +/-0.35
d20 0.0 +/-1.85 6.36 7.56 +/- 0.37 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.11: Best fitted parameters: DPPC trilayer at HR=35%
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B.2.C.iv Trilayer DPPS (HR=40%)

RH=40 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.85 +/- 0.93 -0.39 5.19 +/- 0.14 0.0
head PS 7.46 2.63 5.19 +/-0.14 0.33
d20 0.5 +/-0.49 6.36 5.19 +/-0.14 0.0
head PS 7.46 2.63 5.19 +/-0.14 0.33
tail 19.85 +/- 0.93 -0.39 5.19 +/- 0.14 0.0
tail 17.12 +/- 1.38 -0.39 7.36 +/-0.42 0.0
head PC 6.64 1.88 7.36 +/-0.42 0.0 +/-0.44
d20 0.02 +/-2.18 6.36 7.36 +/- 0.42 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.12: Best fitted parameters: DPPS trilayer at HR=40%
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B.2.C.v Trilayer DPPS (HR=50%)

RH=50 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.79 +/- 0.9 -0.39 5.27 +/- 0.13 0.0
head PS 7.44 2.63 5.27 +/-0.13 0.33
d20 0.71 +/- 0.47 6.36 5.27 +/-0.13 0.0
head PS 7.44 2.63 5.27 +/-0.13 0.33
tail 19.79 +/- 0.9 -0.39 5.27 +/- 0.13 0.0
tail 17.01 +/- 1.32 -0.39 7.12 +/-0.4 0.0
head PC 6.6 1.88 7.12 +/-0.4 0.01 +/-0.42
d20 0.01 +/- 2.08 6.36 7.12 +/-0.4 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.13: Best fitted parameters: DPPS trilayer at HR=50%

167




Appendix B. Neutron reflectivity

B.2.C.vi Trilayer DPPS (HR=60%)
RH=60 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.65 +/- 0.86 -0.39 5.04 +/- 0.13 0.0
head PS 7.38 2.63 5.04 +/- 0.13 0.33
d20 0.88 +/- 0.45 6.36 5.04 +/- 0.13 0.0
head PS 7.38 2.63 5.04 +/- 0.13 0.33
tail 19.65 +/- 0.86 -0.39 5.04 +/- 0.13 0.0
tail 17.02 +/-1.23 -0.39 6.74 +/- 0.39 0.0
head PC 6.6 1.88 6.74 +/- 0.39 0.01 +/-0.39
d20 0.01 +/-1.91 6.36 6.74 +/- 0.39 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.14: Best fitted parameters: DPPS trilayer at HR=60%
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B.2.C.vii Trilayer DPPS (HR=70%)
RH=70 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.51 +/- 0.85 -0.39 5.0 +/- 0.13 0.0
head PS 7.33 2.63 5.0 +/-0.13 0.33
d20 1.2 +/-0.44 6.36 5.0 +/- 0.13 0.0
head PS 7.33 2.63 5.0 +/- 0.13 0.33
tail 19.51 +/- 0.85 -0.39 5.0 +/- 0.13 0.0
tail 17.07 +/-1.23 -0.39 6.84 +/- 0.37 0.0
head PC 6.62 1.88 6.84 +/- 0.37 0.01 +/- 0.37
d20 0.04 +/-1.83 6.36 6.84 +/- 0.37 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.15: Best fitted parameters: DPPS trilayer at HR=70%
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B.2.C.viii Trilayer DPPS (HR=90%)
RH=90 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.77 +/- 0.8 -0.39 5.13 +/- 0.13 0.0
head PS 7.43 2.63 5.13 +/-0.13 0.33
d20 1.78 +/- 0.42 6.36 5.13 +/- 0.13 0.0
head PS 7.43 2.63 5.13 +/-0.13 0.33
tail 19.77 +/- 0.8 -0.39 5.13 +/-0.13 0.0
tail 17.03 +/- 1.0 -0.39 6.55 +/- 0.22 0.0
head PC 6.61 1.88 6.55 +/- 0.22 0.1 +/-0.29
d20 0.07 +/-1.46 6.36 6.55 +/- 0.22 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.16: Best fitted parameters: DPPS trilayer at HR=90%
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B.3 Trilayer DPPS(20%)-DPPC(80%)

B.3.A Data and best fits-Trilayer PS(20%)-PC(80%)
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Figure B.3: NR data for PS(20%)-PC(80%) trilayer are presented as Rq;1 on a

semilog scale with two contrast (D0 and H,0). Solid lines represent the best
fits corresponding to the SLDy, profiles.
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B.3.B SLD profiles-Trilayer PS(20%)-PC(80%)
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Figure B.4: SLD profiles for NR of trilayer with 20% DPPS obtained by com-
bined fitting of reflectivity data for 2 contrasts (see Figure B.3).
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B.3.C Fitted parameters-Trilayer PS(20%)-PC(80%)

B.3.C.i Trilayer PS(20%)-PC(80%) (HR=3%)

RH=3 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 17.79 +/- 0.03 -0.39 12.22 +/- 0.09 0.0
head PS20 6.81 +/- 0.01 2.05 12.22 +/- 0.09 0.38
h20 1.98 +/- 0.02 -0.59 +/- 0.01 12.22 +/- 0.09 0.0
head PS20 6.81 +/- 0.01 2.05 12.22 +/- 0.09 0.38
tail 17.79 +/- 0.03 -0.39 12.22 +/- 0.09 0.0
tail 17.79 +/- 0.03 -0.39 8.25 +/-0.18 0.0
head PS20 6.9 +/- 0.01 2.05 8.25 +/-0.18 0.67 +/- 0.02
h20 3.65 +/- 0.09 -0.59 +/- 0.01 8.25 +/-0.18 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.17: Best fitted parameters: Trilayer PS(20%)-PC(80%) at HR=3%
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B.3.C.ii Trilayer PS(20%)-PC(80%) (HR=38%)
RH=38 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 18.08 +/- 0.06 -0.39 7.51 +/-0.12 0.0
head PS20 6.97 +/- 0.02 2.03 7.51 +/-0.12 0.37
d20 3.43 +/-0.11 5.21 +/- 0.17 7.51 +/-0.12 0.0
head PS20 6.97 +/- 0.02 2.03 7.51 +/-0.12 0.37
tail 18.08 +/- 0.06 -0.39 7.51 +/-0.12 0.0
tail 18.08 +/- 0.06 -0.39 6.24 +/- 0.1 0.0
head PS20 6.97 +/- 0.02 2.03 6.24 +/- 0.1 0.33+/-0.14
d20 4.29 +/- 0.16 5.21 +/- 0.17 6.24 +/- 0.1 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.18: Best fitted parameters: Trilayer PS(20%)-PC(80%) at HR=38%
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B.3.C.iii Trilayer PS(20%)-PC(80%) (HR=60%)
RH=60 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 17.82 +/- 0.07 -0.39 7.76 +/- 0.12 0.0
head PS20 6.87 +/- 0.03 2.03 7.76 +/- 0.12 0.37
d20 5.1 +/-0.15 5.21 +/- 0.17 7.76 +/- 0.12 0.0
head PS20 6.87 +/- 0.03 2.03 7.76 +/- 0.12 0.37
tail 17.82 +/- 0.07 -0.39 7.76 +/- 0.12 0.0
tail 17.82 +/- 0.07 -0.39 6.98 +/- 0.09 0.0
head PS20 6.87 +/- 0.03 2.03 6.98 +/- 0.09 0.37 +/-0.12
d20 4.83 +/- 0.15 5.21 +/- 0.17 6.98 +/- 0.09 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.19: Best fitted parameters: Trilayer PS(20%)-PC(80%) at HR=60%
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B.3.C.iv Trilayer PS(20%)-PC(80%) (HR=70%)
RH=70 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 17.93 +/- 0.1 -0.39 7.87 +/-0.13 0.0
head PS20 6.91 +/- 0.04 2.03 7.87 +/-0.13 0.37
d20 5.75 +/-0.24 5.21 +/- 0.17 7.87 +/-0.13 0.0
head PS20 6.91 +/- 0.04 2.03 7.87 +/-0.13 0.37
tail 17.93 +/-0.1 -0.39 7.87 +/-0.13 0.0
tail 17.93 +/- 0.1 -0.39 6.72 +/- 0.12 0.0
head PS20 6.91 +/- 0.04 2.03 6.72 +/- 0.12 0.36 +/- 0.12
d20 4.76 +/- 0.2 5.21 +/- 0.17 6.72 +/- 0.12 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.20: Best fitted parameters: Trilayer PS(20%)-PC(80%) at HR=70%

176




Appendix B. Neutron reflectivity

B.3.C.v Trilayer PS(20%)-PC(80%) (HR=90%)

RH=90 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 17.99 +/- 0.11 -0.39 7.15 +/- 0.08 0.0
head PS20 6.93 +/- 0.04 2.03 7.15 +/- 0.08 0.37
d20 7.95 +/- 0.27 5.21 +/- 0.17 7.15 +/- 0.08 0.0
head PS20 6.93 +/- 0.04 2.03 7.15 +/- 0.08 0.37
tail 17.99 +/-0.11 -0.39 7.15 +/- 0.08 0.0
tail 17.99 +/-0.11 -0.39 6.94 +/- 0.12 0.0
head PS20 6.93 +/- 0.04 2.03 6.94 +/- 0.12 0.33 +/-0.13
d20 5.78 +/- 0.22 5.21 +/- 0.17 6.94 +/- 0.12 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.21: Best fitted parameters: Trilayer PS(20%)-PC(80%) at HR=90%
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B.4 Trilayer DPPS(60%)-DPPC(40%)

B.4.A Data and best fits-Trilayer PS(60%)-PC(40%))
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Figure B.5: NR data are presented as Rq;1 on a semilog scale with one con-
trast (D,0). Solid lines represent the best fits corresponding to the SLDy, pro-
files.
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B.4.B SLD profiles-Trilayer PS(60%)-PC(40%)
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Figure B.6: SLD profiles for NR obtained by fitting D,O curves (see Figure
B.5).
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B.4.C Fitted parameters-Trilayer PS(60%)-PC(40%)

B.4.C.i Trilayer PS(60%)-PC(40%) (HR=3%)

RH=3 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 18.7 +/- 0.27 -0.39 7.53 +/-0.14 0.0
head PC 6.98 +/- 0.1 2.38 7.53 +/-0.14 0.38
d20_h 0.09 +/-0.12 4.06 +/- 0.06 7.53 +/-0.14 0.0
head PC 6.98 +/- 0.1 2.38 7.53 +/-0.14 0.38
tail 18.7 +/- 0.27 -0.39 7.53 +/-0.14 0.0
tail 18.2 +/- 0.29 -0.39 7.95 +/- 0.06 0.0
head PC 7.06 +/- 0.11 1.88 7.95 +/- 0.06 0.04 +/- 0.03
d20_h 0.18 +/- 0.15 4.06 +/- 0.06 7.95 +/- 0.06 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.22: Best fitted parameters: Trilayer PS(60%)-PC(40%) at HR=3%
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B.4.C.ii Trilayer PS(60%)-PC(40%) (HR=38%)
RH=38 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.73 +/- 0.29 -0.39 6.87 +/- 0.15 0.0
head PC 7.51 +/-0.11 2.33 6.87 +/- 0.15 0.05 +/- 0.06
d20 2.7 +/- 0.55 6.36 6.87 +/- 0.15 0.0
head PC 7.51 +/-0.11 2.33 6.87 +/- 0.15 0.05 +/- 0.06
tail 19.73 +/- 0.29 -0.39 6.87 +/- 0.15 0.0
tail 16.66 +/- 0.37 -0.39 7.97 +/- 0.03 0.0
head PC 6.46 +/- 0.14 1.88 7.97 +/- 0.03 0.2
d20 0.01 +/-0.01 6.36 7.97 +/- 0.03 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.23: Best fitted parameters:
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B.4.C.iii Trilayer PS(60%)-PC(40%) (HR=60%)
RH=60 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.66 +/- 0.31 -0.39 6.14 +/- 0.11 0.0
head PC 7.48 +/-0.12 2.33 6.14 +/- 0.11 0.07 +/- 0.07
d20 2.96 +/- 0.64 6.36 6.14 +/- 0.11 0.0
head PC 7.48 +/-0.12 2.33 6.14 +/- 0.11 0.07 +/- 0.07
tail 19.66 +/- 0.31 -0.39 6.14 +/- 0.11 0.0
tail 16.93 +/- 0.37 -0.39 7.94 +/- 0.05 0.0
head PC 6.57 +/-0.14 1.88 7.94 +/- 0.05 0.2
d20 0.01 +/-0.01 6.36 7.94 +/- 0.05 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.24: Best fitted parameters:
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B.4.C.iv Trilayer PS(60%)-PC(40%) (HR=70%)
RH=70 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.89 +/- 0.12 -0.39 6.36 +/- 0.08 0.0
head PC 7.57 +/- 0.05 2.33 6.36 +/- 0.08 0.03 +/- 0.04
d20 3.79 +/- 0.35 6.36 6.36 +/- 0.08 0.0
head PC 7.57 +/- 0.05 2.33 6.36 +/- 0.08 0.03 +/-0.04
tail 19.89 +/- 0.12 -0.39 6.36 +/- 0.08 0.0
tail 16.5 +/- 0.2 -0.39 7.78 +/- 0.08 0.0
head PC 6.4 +/- 0.08 1.88 7.78 +/- 0.08 0.2
d20 0.01 +/-0.01 6.36 7.78 +/- 0.08 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.25: Best fitted parameters:
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B.4.C.v Trilayer PS(60%)-PC(40%) (HR=90%)

RH=90 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.85 +/- 0.18 -0.39 6.12 +/- 0.07 0.0
head PC 7.55 +/- 0.07 2.33 6.12 +/- 0.07 0.2 +/- 0.08
d20 4,53 +/-0.74 6.36 6.12 +/- 0.07 0.0
head PC 7.55 +/- 0.07 2.33 6.12 +/- 0.07 0.2 +/- 0.08
tail 19.85 +/- 0.18 -0.39 6.12 +/- 0.07 0.0
tail 17.15 +/-0.31 -0.39 6.62 +/- 0.08 0.0
head PC 6.65 +/- 0.12 1.88 6.62 +/- 0.08 0.2
d20 0.02 +/- 0.02 6.36 6.62 +/- 0.08 0.0
SiO2 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.26: Best fitted parameters:

184

Trilayer PS(60%)-PC(40%) at HR=90%




Appendix B. Neutron reflectivity

B.5 Pentalayer DPPS(70%)-DPPC(30%)

B.5.A Data and best fits-Pentalayer DPPS(70%)-DPPC(30%)
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Figure B.7: NR data are presented as Rq;1 on a semilog scale with one con-
trast (D,0). Solid lines represent the best fits corresponding to the SLDy, pro-
files.
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B.5.B SLD profiles-Pentalayer DPPS(70%)-DPPC(30%)
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Figure B.8: SLD profiles for NR obtained by fitting of DO curves (see Figure
B.7).
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B.5.C Fitted parameters-Pentalayer DPPS(70%)-DPPC(30%)

B.5.C.i Fitted parameters (HR=38%)
RH=38 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.61 +/- 0.03 -0.39 5.32 +/- 0.04 0.0
head PS70 7.27 2.47 5.32 +/- 0.04 0.38
d20 2.53 +/-0.04 4.0 5.32 +/- 0.04 0.0
head PS70 7.27 2.47 5.32 +/- 0.04 0.38
tail 19.61 +/- 0.03 -0.39 5.32 +/- 0.04 0.0
tail 19.61 +/- 0.03 -0.39 5.32 +/- 0.04 0.0
head PS70 7.27 2.47 5.32 +/- 0.04 0.38
d20 2.53 +/- 0.04 4.0 5.32 +/- 0.04 0.0
head PS70 7.27 2.47 5.32 +/- 0.04 0.38
tail 19.61 +/- 0.03 -0.39 5.32 +/- 0.04 0.0
tail 17.45 +/- 1.41 -0.39 6.0 +/- 0.13 0.0
head PC 6.77 1.88 6.0 +/- 0.13 0.15 +/- 0.49
d20 0.21 +/-1.88 4.0 6.0 +/- 0.13 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.27:

HR=38%

Best fitted parameters
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B.5.C.ii Pentalayer DPPS(70%)-DPPC(30%) (HR=60%)

RH=60 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.49 +/- 0.03 -0.39 5.53 +/- 0.04 0.0
head PS70 7.23 2.47 5.53 +/- 0.04 0.38
d20 2.9 +/-0.04 4.0 5.53 +/- 0.04 0.0
head PS70 7.23 2.47 5.53 +/- 0.04 0.38
tail 19.49 +/- 0.03 -0.39 5.53 +/- 0.04 0.0
tail 19.49 +/- 0.03 -0.39 5.53 +/- 0.04 0.0
head PS70 7.23 2.47 5.53 +/- 0.04 0.38
d20 2.9 +/-0.04 4.0 5.53 +/- 0.04 0.0
head PS70 7.23 2.47 5.53 +/- 0.04 0.38
tail 19.49 +/- 0.03 -0.39 5.53 +/- 0.04 0.0
tail 17.36 +/-1.42 -0.39 6.0 +/- 0.13 0.0
head PC 6.73 1.88 6.0 +/- 0.13 0.16 +/- 0.49
d20 0.34 +/-1.9 4.0 6.0 +/- 0.13 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.28:
HR=60%

Best fitted parameters:
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B.5.C.iii Pentalayer DPPS(70%)-DPPC(30%) (HR=70%)

RH=70 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.44 +/- 0.03 -0.39 5.45 +/- 0.04 0.0
head PS70 7.21 2.47 5.45 +/- 0.04 0.38
d20 3.2 +/- 0.05 4.0 5.45 +/- 0.04 0.0
head PS70 7.21 2.47 5.45 +/- 0.04 0.38
tail 19.44 +/- 0.03 -0.39 5.45 +/- 0.04 0.0
tail 19.44 +/- 0.03 -0.39 5.45 +/- 0.04 0.0
head PS70 7.21 2.47 5.45 +/- 0.04 0.38
d20 3.2 +/-0.05 4.0 5.45 +/- 0.04 0.0
head PS70 7.21 2.47 5.45 +/- 0.04 0.38
tail 19.44 +/- 0.03 -0.39 5.45 +/- 0.04 0.0
tail 17.39 +/- 1.44 -0.39 6.0 +/- 0.15 0.0
head PC 6.75 1.88 6.0 +/- 0.15 0.2 +/- 0.5
d20 1.03 +/-1.94 4.0 6.0 +/- 0.15 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.29:
HR=70%

Best fitted parameters:
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B.5.C.iv Pentalayer DPPS(70%)-DPPC(30%) (HR=90%)
RH=90 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.12 +/- 0.03 -0.39 5.3 +/- 0.04 0.0
head PS70 7.09 2.47 5.3 +/- 0.04 0.38
d20 4.49 +/- 0.05 4.0 5.3 +/- 0.04 0.0
head PS70 7.09 2.47 5.3 +/- 0.04 0.38
tail 19.12 +/- 0.03 -0.39 5.3 +/- 0.04 0.0
tail 19.12 +/- 0.03 -0.39 5.3 +/- 0.04 0.0
head PS70 7.09 2.47 5.3 +/- 0.04 0.38
d20 4,49 +/- 0.05 4.0 5.3 +/- 0.04 0.0
head PS70 7.09 2.47 5.3 +/-0.04 0.38
tail 19.12 +/- 0.03 -0.39 5.3 +/- 0.04 0.0
tail 17.25 +/-1.38 -0.39 5.99 +/- 0.13 0.0
head PC 6.69 1.88 5.99 +/- 0.13 0.19 +/-0.48
d20 3.03 +/-1.86 4.0 5.99 +/- 0.13 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.30:

HR=90%

Best fitted parameters:
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B.6 Pentalayer DPPS(80%)-DPPC(20%)

B.6.A Data and best fits-Pentalayer PS(80%)-PC(20%)
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Figure B.9: NR data are presented as Rq;1 on a semilog scale with one con-
trast (D,0). Solid lines represent the best fits corresponding to the SLDy, pro-
files.
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B.6.B SLD profiles-Pentalayer PS(80%)-PC(20%)
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Figure B.10: SLD profiles for NR obtained by fitting D,O curves (see Figure
B.9).
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B.6.C Fitted parameters-Pentalayer PS(80%)-PC(20%)

B.6.C.i Pentalayer PS(80%)-PC(30%) (HR=38%)
RH=38 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.61 +/- 0.08 -0.39 6.6 +/- 0.06 0.0
head PS80 7.23 2.55 6.6 +/- 0.06 0.38
d20 3.05 +/-0.3 4.14 +/-0.14 6.6 +/- 0.06 0.0
head PS80 7.23 2.55 6.6 +/- 0.06 0.38
tail 19.61 +/- 0.08 -0.39 6.6 +/- 0.06 0.0
tail 19.61 +/- 0.08 -0.39 6.6 +/- 0.06 0.0
head PS80 7.23 2.55 6.6 +/- 0.06 0.38
d20 2.25 +/-0.14 6.36 6.6 +/- 0.06 0.0
head PS80 7.23 2.55 6.6 +/- 0.06 0.38
tail 19.61 +/- 0.08 -0.39 6.6 +/- 0.06 0.0
tail 18.25 +/- 0.25 -0.39 8.63 +/- 0.13 0.0
head PC 7.08 1.88 8.63 +/- 0.13 0.49 +/- 0.07
d20 0.49 +/-0.44 4.14 +/-0.14 8.63 +/- 0.13 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.31:

Best fitted parameters: Pentalayer PS(80%)-PC(20%) at HR=38%
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B.6.C.ii Pentalayer PS(80%)-PC(20%) (HR=60%)
RH=60 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.71 +/- 0.07 -0.39 6.45 +/- 0.06 0.0
head PS80 7.26 2.55 6.45 +/- 0.06 0.38
d20 2.99 +/- 0.26 4.27 +/-0.12 6.45 +/- 0.06 0.0
head PS80 7.26 2.55 6.45 +/- 0.06 0.38
tail 19.71 +/- 0.07 -0.39 6.45 +/- 0.06 0.0
tail 19.71 +/- 0.07 -0.39 6.45 +/- 0.06 0.0
head PS80 7.26 2.55 6.45 +/- 0.06 0.38
d20 2.4 +/-0.12 6.36 6.45 +/- 0.06 0.0
head PS80 7.26 2.55 6.45 +/- 0.06 0.38
tail 19.71 +/- 0.07 -0.39 6.45 +/- 0.06 0.0
tail 18.24 +/- 0.22 -0.39 8.36 +/- 0.12 0.0
head PC 7.07 1.88 8.36 +/- 0.12 0.54 +/- 0.06
d20 0.73 +/- 0.39 4.27 +/-0.12 8.36 +/- 0.12 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.32: Best fitted parameters: Pentalayer PS(80%)-PC(20%) at HR=60%
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B.6.C.iii Pentalayer PS(80%)-PC(20%) (HR=70%)
RH=70 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.78 +/- 0.07 -0.39 6.3 +/- 0.06 0.0
head PS80 7.29 2.55 6.3 +/- 0.06 0.38
d20 3.17 +/- 0.26 4.5 +/-0.13 6.3 +/- 0.06 0.0
head PS80 7.29 2.55 6.3 +/- 0.06 0.38
tail 19.78 +/- 0.07 -0.39 6.3 +/- 0.06 0.0
tail 19.78 +/- 0.07 -0.39 6.3 +/- 0.06 0.0
head PS80 7.29 2.55 6.3 +/- 0.06 0.38
d20 2.5+/-0.13 6.36 6.3 +/- 0.06 0.0
head PS80 7.29 2.55 6.3 +/- 0.06 0.38
tail 19.78 +/- 0.07 -0.39 6.3 +/- 0.06 0.0
tail 17.47 +/- 0.21 -0.39 8.74 +/- 0.13 0.0
head PC 6.78 1.88 8.74 +/- 0.13 0.41 +/- 0.06
d20 2.73 +/- 0.37 4.5 +/-0.13 8.74 +/- 0.13 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.33: Best fitted parameters: Pentalayer PS(80%)-PC(20%) at HR=70%
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B.6.C.iv Pentalayer PS(80%)-PC(30%) (HR=90%)
RH=90 %

Slab Thickness (A) SLD (x10-¢ A-2) Roughness (A) vfsolv (%)
Air 0.0 0.0 0.0 0.0
tail 19.79 +/- 0.05 -0.39 6.36 +/- 0.04 0.0
head PS80 7.29 2.55 6.36 +/- 0.04 0.38
d20 3.66 +/-0.18 4.76 +/- 0.09 6.36 +/- 0.04 0.0
head PS80 7.29 2.55 6.36 +/- 0.04 0.38
tail 19.79 +/- 0.05 -0.39 6.36 +/- 0.04 0.0
tail 19.79 +/- 0.05 -0.39 6.36 +/- 0.04 0.0
head PS80 7.29 2.55 6.36 +/- 0.04 0.38
d20 2.97 +/-0.1 6.36 6.36 +/- 0.04 0.0
head PS80 7.29 2.55 6.36 +/- 0.04 0.38
tail 19.79 +/- 0.05 -0.39 6.36 +/- 0.04 0.0
tail 19.56 +/- 0.2 -0.39 8.21 +/- 0.09 0.0
head PC 7.59 1.88 8.21 +/- 0.09 0.69 +/- 0.05
d20 0.76 +/- 0.34 4.76 +/- 0.09 8.21 +/- 0.09 0.0
Si02 16.9 3.41 6.9 0.13
Si 0.0 2.07 3.9 0.0

Table B.34: Best fitted parameters: Pentalayer PS(80%)-PC(20%) at HR=90%
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B.7 Area per molecule and Hydration number
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Figure B.11: (Top) Area per lipid for DPPS and DPPC, computed from tail
thickness fitted by XR and NR. (Bottom) Hydration number from DPPC and

In this appendix, we present the surface area per lipid values for DPPS and

DPPC, calculated from the tail thickness obtained from the XR and NR experi-

197



Appendix B. Neutron reflectivity

ments (Figures B.11 top). The area per molecule remains constant within ex-

perimental uncertainties and in agreement with literature values [134, 135].

We also show the number of water per lipid molecule N,, for the DPPC and

DPPS trilayers calculated as :

dw2A
Ny, = M’ (B.1)
2Vm,W

The number of water molecules per lipid increases with relative humid-
ity (RH) for DPPC and remains constant within experimental uncertainties for
DPPS.
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Friction

This appendix includes supplementary work on friction experiments.

C.1 Area measurement and contact pressure

Figure C.1 plots the optically measured contact area as a function of normal
force for glass-to-glass contact and in the presence of a DSPC trilayer for dif-
ferent relative humidities. No difference was observed between the different

samples. We also show the comparison with the Hertz model:

4E*q3
3R

= Fn, (C.1)

and with the DMT model:

4E*a3
3R

= Fp + 2TRAY, (C.2)
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Figure C.1: Evolution of the area of contact A between the borosilicate glass
indenter of curvature radius R=0.051 m and the soda lime substrate with-
out monolayer (x) and with a DSPC trilayer at RH=30% (A), RH=50% (¢) and
RH=70% (O0). We also show the Hertz model (- - =) and the DMT model (- - =)
with an adhesion energy Ay = 0.51 J/m?.

with an adhesion energy (A7y). a is the contact radius, and R is the radius of
curvature of the spherical cap indenter. The composite Young modulus E* is

given by

— = Ly 2 (C.3)

The Hertz model is plotted with the tabulated values for v; = 0.23,v; =
0.2,E1 =72.10° Pa, E; =64.10°% Pa and R = 0.051 m. The DMT model fits well

the data with an adhesion energy Ay = 0.51 J/mZ.

Figure C.2(Top) shows the pressure distribution in the contact calculated
from the Hertz and DMT models and the influence of mechanical pressure on
the water thickness d\> Figure C.2 (bottom). There is no significant variation,

as the mechanical pressure is much lower than the osmotic pressure.
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Figure C.2: (Top) Pressure distribution in the contact with the Hertz model
(blue) and the DMT model (dashed green). (Bottom) Influence of the mechan-
ical pressure Fn/ma? on dy> for different relative humidity.

C.2 DSPC-DPPC friction comparison

In Figure C.3, we compare the shear stress T as a function of relative humidity
HR for a DPPC trilayer and a DSPC trilayer under the same normal load and

velocity conditions (F, =0.5 Nand V=10 um/s).
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Figure C.3: Variation of shear stress T = F/A which respect to relative hu-

midity RH for a DPPC (r) and a DSPC (O) trilayer in same conditions (F, = 0.5
N and V=10 um/s).
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TriboFRAPP

We detailed all the triboFRAPP experiments not shown in Chapter V. All figures
are structured similarly: first, we display the second harmonic fluorescence
signal. The signal is divided into two parts corresponding to two colors: red,
associated with no velocity for the tip, and blue, associated with the sample
being sheared at a constant velocity V. Experiments are performed under
controlled relative humidity (RH) and at a fixed normal force F, = 0.5N. Under
the first figure, we show a zoom on the blue part during friction, along with the
measurement of the associated friction coefficient u = Ft/F,. The last figure

corresponds to an FFT performed on the sliding (blue) and static (red) parts.
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Figure D.1: Monolayer triboFRAPP experiments at constant sliding speed V =
1 um/s. (Top-left) RH=7%.(Top-right) RH=50%. (Bottom) RH=70%

In the case of the DSPC monolayer, our results suggest that the layer is always

moving at the tip velocity V.
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D.2 DSPC trilayer
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Figure D.2: Trilayer triboFRAPP experiments at constant sliding speed V =
1 um/s and RH=30%. (Top-left) The first layer is marked with a fluorescent
label (NBD1).(Top-right) The second layer is marked with a fluorescent label
(NBD2). (Bottom) The third layer is marked with a fluorescent label (NBD3).
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D.2.B RH=50%
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Figure D.3: Trilayer triboFRAPP experiments at constant sliding speed V =
1 um/s and RH=50%. (Top-left) The first layer is marked with a fluorescent
label (NBD1).(Top-right) The second layer is marked with a fluorescent label
(NBD2). (Bottom) The third layer is marked with a fluorescent label (NBD3).
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D.2.C RH=70%
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Figure D.4: Trilayer triboFRAPP experiments at constant sliding speed V =
1 um/s and RH=70%. (Top-left) The first layer is marked with a fluorescent
label (NBD1).(Top-right) The second layer is marked with a fluorescent label
(NBD2). (Bottom) The third layer is marked with a fluorescent label (NBD3).
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In the case of the DSPC trilayer with a tip velocity V = 1um/s, our results

suggest that all layers are moving for all RH studied.
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Lubrication mechanisms of lipid layers: role of
water and electrostatic interactions

Résumeé

Les lipides, composants essentiels des membranes biologiques, forment des couches séparées par
des films d'eau nanométriques qui assurent la lubrification de presque toutes les surfaces en contacts
en biologie. Cette lubrification repose sur l'interaction complexe entre I'hnydratation des tétes lipidiques
et les forces électrostatiques. Cette these examine ces mécanismes en utilisant des techniques de
réflectivité aux rayons X et aux neutrons pour analyser l'interaction entre hydratation et électrostatique
en régime de couplage fort. De plus, des expériences de tribologie combinées a de la vélocimétrie
permettent de lier structure et friction et de localiser les plans de glissement, offrant ainsi une meilleure
compréhension des mécanismes de friction et de dissipation d’énergie dans les couches lipidiques.

Mots clés : Biolubrification, hydratation, électrostatique, réflectivité, friction.

Résumé en anglais

Lipids, essential components of biological membranes, form layers separated by nanometric water
films that provide lubrication for almost all contacting surfaces in biology. This lubrication relies on the
complex interaction between the hydration of lipid heads and electrostatic forces. This thesis explores
these mechanisms using X-ray and neutron reflectivity techniques to analyze the interplay between
hydration and electrostatics in strong coupling regimes. Additionally, tribology experiments combined
with velocimetry link structure to friction and identify slip planes, offering a better understanding of
friction and energy dissipation mechanisms in lipid layers.

Keywords: Biolubrication, hydration, electrostatics, reflectivity, friction
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