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Abstract

Many phenomena concerning biological solid|liquid interfaces are driven and
controlled by specific and unspecific bindings taking place between surfaces
immersed in an electrolyte. More than half a century has already passed from
the theoretical characterisation of soft materials and the first experiments on
biological surfaces. Still, many questions are open as we miss an unambigu-
ous approach that could link molecular interactions to macroscopic proper-
ties of interacting surfaces in complex environments such as physiologic flu-
ids.

In this thesis work, I present a novel strategy for systematically describing
increasingly complex interfacial interactions of lipid membranes. This in par-
ticular includes competitive interactions of electrolyte ions and molecular ad-
sorptions. We employ a bottom-to-top approach to define a model system
which can well mimic natural membrane behaviours, and which can function
as a starting point for introducing more complexity. Specifically, we tested
a series of lipid molecules and developed a model systems that allows mea-
surements with atomic force microscopy at the single molecule scale, and the
surface forces apparatus at the macro molecular scale. We further integrated
polymers with end-grafted chemical functionalities into the membranes with
precise control and hence tuning of surface densities of functional groups.
This allowed us to explore specific interactions of molecular functionalities
with a charged surface in an electrolyte environment. This further unravelled
nanoscopic competition between ions and molecules and together with ther-
modynamic analysis, a scaling from one to an Avogadro number of molecular
interactions.

As a result of this work, I further suggest new possible investigation paths and
applications that start from the newly developed lipid based model systems
now capable of high stability in extreme adhesive environment, conductiv-
ity for bio-sensing application and specific adaptability of their interface for
fundamental science or medical/technological research.
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Kurzfassung

Viele Phänomene an biologischen Fest|Flüssig-Grenzflächen werden durch
spezifische und unspezifische Bindungen, die zwischen in einen Elektrolyten
getauchten Oberflächen stattfinden, angetrieben und kontrolliert. Von der
theoretischen Charakterisierung weicher Materialien und den ersten Exper-
imenten an biologischen Oberflächen ist bereits mehr als ein halbes Jahrhun-
dert vergangen. Noch immer sind viele Fragen offen, da wir einen direk-
ten experimentellen Ansatz vermissen, der molekulare Wechselwirkungen mit
makroskopischen Eigenschaften von interagierenden Oberflächen in komplexen
Umgebungen wie physiologischen Flüssigkeiten verbinden könnte.

In dieser Dissertation stelle ich eine neuartige Strategie zur systematischen
Beschreibung von zunehmend komplexen Grenzflächenwechselwirkungen von
Lipidmembranen vor. Dazu gehören insbesondere kompetitive Wechselwirkun-
gen von Elektrolyt-Ionen und molekulare Adsorptionen. Wir verwenden einen
Bottom-to-Top-Ansatz, um ein Modellsystem zu definieren, das das natürliche
Verhalten von Membranen gut imitieren kann und als Ausgangspunkt für die
Einführung von mehr Komplexität dienen kann. Konkret haben wir eine
Reihe von Lipidmolekülen getestet und ein Modellsystem entwickelt, das
Messungen mit der Rasterkraftmikroskopie auf der Einzelmolekülskala und
dem Oberflächenkraftapparat auf der Makromolekülskala ermöglicht. Darüber
hinaus integrieren wir Polymere mit endgepfropften chemischen Funktion-
alitäten in die Membranen, wobei wir die Oberflächendichte der funktionellen
Gruppen präzise kontrollieren und somit abstimmen können. Dies erlaubt
uns, spezifische Wechselwirkungen von molekularen Funktionalitäten mit einer
geladenen Oberfläche in einer Elektrolytumgebung zu erforschen. Dies führt
zu einer weiteren Entschlüsselung der nanoskopischen Konkurrenz zwischen
Ionen und Molekülen und zusammen mit der thermodynamischen Analyse zu
einer Skalierung von eins bis zu einer Avogadro-Zahl der molekularen Wech-
selwirkungen.

Als Ergebnis dieser Arbeit habe ich darüber hinaus eine Reihe neuer möglicher
Untersuchungspfade und Anwendungen vorgeschlagen und getestet, die von
den neu entwickelten lipidbasierten Modellsystemen ausgehen, die nun in der
Lage sind, eine hohe Stabilität in extremer adhäsiver Umgebung, Leitfähigkeit
für Bio-Sensing-Anwendungen und eine spezifische Anpassungsfähigkeit ihrer
Schnittstelle für die Grundlagenforschung oder die medizinisch-technologische
Forschung zu erreichen.
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Glossary

LB = Langmuir-Blodgett

SFA = surface forces apparatus

FECO = fringes of equal chro-
matic order

MBI = multiple beam interfer-
ometry

F(D) = force-distance SFA

MMM = multiple matrix
method

T = thickness

HW = hard wall

σ = surface charge

λD= Debye length

µ = chemical potential

ρ = density of particles

P = pressure of particles (coun-
terions)

Ψ = electrostatic potential be-
tween two surfaces

E = electric field

P-B = Poisson Boltzmann
equation

C.P. = P-B constant potential
solution

C.C. = P-B constant charge so-
lution

C.R. = P-B charge regulation
solution

ψs = surface potential

z = ion valency

e = elementary charge

ε0 = vacuum dielectric constant

ε = dielectric constant of a
medium

n = refractive index

kB = Boltzmann’s constant

V dW = Van der Waals

EDL = electric double layer

wV dW = Van der Waals forces
for ideal particles

WV dW = Van der Waals forces
for macroscopic surfaces

AH = Hamacker constant

α = polarizability

K = elastic modulus

s = grafting spacing

a = radius of a contact area

Π = lipid lateral pressure

κb = Helfric bending modulus

DPPC = see Chapter 3

DPTAP = see Chapter 3

DSPE = see Chapter 3
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DSPE-PEGamine = see Chapter
3

C16 = see Chapter 3

DPhyTL = see Chapter 3

νe = electronic absorption fre-
quency

RG = radius of gyration

b = bond length

LC = contour length

LP = persistent length

AFM = atomic force mi-
croscopy

SM-AFM = single molecule
AFM experiment

w0 = resonant frequency of a

cantilever

kspring = cantilever spring con-
stant

f = additional force in AFM

ν = reaction rate

k = rate constant

Keq = equilibrium constant

A = frequency factor of Arrhe-
nius equation

Ea = activation energy

L = loading rate

FB = Bond rupture force

RC = radius of curvature

GCMC = grand canonical
Monte Carlo simulations
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Motivation

”whilst this planet has gone cycling on according to the fixed

law of gravity, from so simple a beginning endless forms most

beautiful and most wonderful have been, and are being, evolved.”

Charles Darwin, The origin of species (1859)

In nature, many aspects connected to living organisms are related to the in-
terface between a membrane-like surface and its environment. Examples are
ion transportation, permeability, fluidity etc. of cellular membranes, or inter-
facial phenomena involving surfaces interacting with biological matter. Con-
sequently, interfacial interactions at membranes touch a large range of phe-
nomena and applications.

For instance, surface modification of biological interfaces brought many de-
velopments in terms of biosensors, which are now even used to combat the
covid19 pandemic. [1–3] In pharmaceutical science, any in-depth understand-
ing on cellular interfaces, produces novel frontiers for smart drug delivery.[4,
5] In medicine, understanding and tuning adhesion at biological interfaces
advance suture-less procedures for lacerated organs, where classical surgery
cannot be applied. [6, 7]

Also, the investigation on biological interfaces is compelling for industrial re-
search. Biofouling, i.e. the adhesion of organisms onto surfaces immersed
in seawater [8], is a matter that interests governments and industries. They
spend annually more than 5.7 billion of US dollar to prevent and control ma-
rine biofouling [9]. Consequently, the challenge for developing anti-fouling
surface designs to prevent this phenomenon, may help to reducing the fuel
consumption in naval transportation. Moreover, results coming from this re-
search, positively impact the environment, as most of the products available
to date are partially toxic for marine fauna and flora. [10–12] On the other
hand, a molecular level understanding about which components conceal the

1
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biofouling, could allow to inverse the process and engineer a polymer capable
to adhere in environments typically not suitable for adhesion, such as high
electrolyte solutions. [13, 14]

What all of these phenomena have in common is that interactions at the
macroscopic scale are decisively tuned by molecular level interactions, in-
cluding specific and non-specific interactions. Understanding the scaling from
a molecular level towards a macroscopic outcome can allow us to both under-
stand and ultimately design interactions based on molecular design principles.
To do so, the development of a scale bridging model system will allow us to
explore the increasing complexity from a single interacting unit, toward the
macroscopic scale where numerous species compete and interact in concert
with each other.

Because of these important implications in human health and technology, we
propose a specific methodology and strategy in order to unravel what we call
a path towards complexity. From ”so simple a beginning” should allow us to
understand the complex systems that are our perceived biologic and techno-
logical world. This aim is what motivates this work: We set out to develop
a system that can be molecularly evolved in the lab, to increase complexity -
step by step.



Chapter 1

Introduction

All active systems that are subject to change, motion or flow of matter (i.e.

all biologic and mechanical systems) are related to molecular level interac-
tions that drive and steer the way in which macroscopic structures develop,
evolve, adapt and age. Consequently, the study of molecular interactions is
a shared and fundamental interest in seemingly unrelated fields, such as bio-
physics [15] and adhesion, [16] corrosion science [17] and stem cell research,
[18] or electro-osmosis in ion channels .[19] For instance, in the biological
and biomedical realm, adhesive and mechanical forces as well as force/cell-
metabolism feedback systems are by now identified as decisive factors that
determine cell fate of e.g. stem cells [18, 20] or the colonisation of materials
by biofilms [9, 10, 12] Substrate stiffness, nano-patterning and chemical sur-
face modification have been identified as decisive force triggers that can steer
biological processes.

The research in this field might be summarised in the question on the com-
plexity of macroscopic crowded biologic solid|liquid interfaces. Their proper-
ties, are mediated by large numbers of individual nanoscale interactions;[21]
namely similar or dissimilar molecule/molecule and molecule/surface interac-
tions, surface-dipole interactions[22] or the competing interactions with ions
and water.[23]

In the past 30 years, atomic, molecular and nano-scale manipulation meth-
ods and in particular scanning probe experiments have pushed transformative
and exciting advancements for a fundamental understanding of our world.
Specifically, the surface forces apparatus (SFA) and the atomic force micro-
scope (AFM) have played a crucial role in unravelling molecular interactions

3



4 CHAPTER 1. INTRODUCTION

Figure 1.1: The path of complexity. We aim to unravel the energy landscape
connecting macroscopic and nanoscopic features by emploiting model sys-
tems tested with SFA and AFM.

in biological system. This includes studies on bio-fouling of marine fauna,
[14, 24, 25] receptor-ligand interactions, [26] engineered lipid bilayer mem-
branes [27, 28] and polymers investigated for different density, surface charge,
electrolyte or pH conditions [29–33]. Further, many studies on specific bind-
ing systems have been performed in order to establish a scale-bridging under-
standing from molecular towards macroscopic properties. [34–36]

Still, we lack a detailed understanding of how these properties are related to
nanoscopic interactions, namely molecular level competition and interplay at
physiological solutions containing a complex mixture of ions and water, [37]
as well as functional molecules. [38, 39]

Approach to complex interfaces The strategy we chose to distinguish the
role of each element in a complex biological interface, is the so called bottom
to top approach. Figure 1.1 shows what I call the path of complexity, which
will accompany the reader through the thesis as Virgil accompanied Dante
through the Hell. 1 Complexity is a broad term. In this thesis work, it should
be considered as an indicator of how much a modelled surface presents prop-
erties observable at real interfaces (i.e. cell membrane). As illustrated in the
figure, we define a series of steps to provide a general scheme for predict-
ing the energy landscape undergoing the nano and macroscopic properties
of crowded solid/liquid interfaces. The ultimate goal, is to relate the sin-
gle specific molecular interaction to macroscopic features, such as adhesion

1Dante Alighieri, Divina Commedia, Inferno, Canto I (1472)
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or surface reactions. Utilising a mixture of phopsholipids molecules, thiol
based molecules and polymer chains with specific functionalities, we travelled
along the trajectory displayed in Figure 1.1. We investigated and characterised
the model systems by force – distance interaction laws measured with SFA,
coupled with super resolved topographies and single molecule force curves
recorded with AFM. Moreover, we tested the role of nanoscopic competition
taking place between functionalities and electrolyte species. Finally, we ex-
tracted the specific information on single molecule interaction by performing
AFM force measurements on our final model system.

The knowledge gained from this study will not only result in a new under-
standing of the delicate balance of forces in fields such as adhesion, but it will
also establish a baseline upon which rational interface engineering strategies
can be based. In light of this path, I want to answer the following research
questions throughout the thesis work:

1. How to generate a lipid based model system that can assure a stable
structure and a facile modification in order to study interfacial com-
plexity in a bottom to top approach?

2. What molecules can be employed to mimic behaviours observed in cel-
lular membranes, such as undulation,hydration or conductivity?

3. What additional effects do functionalities add to the intermolecular forces
between two surfaces? How their contribution are related to their den-
sity?

4. Can a lipid based model system mimic complex interfacial phenomena
such as nano cooperation and/or competition?

5. Can we in the end connect the nanoscopic and macroscopic properties
via a well characterised model system?

Thesis structure The structure of the thesis follows the scale of complexity
introduced above. First, in Chapter 2 we present a series of theoretical notions
needed to explore the science of solid| liquid interfaces. Specifically, I briefly
discuss the main forces interacting between two colloidal surfaces and how
they can be expressed in terms of the interaction between flat surfaces, high-
lighting the mathematical solutions used in this work. Subsequently, I intro-
duce some general information on the physics and chemistry of the molecules
used in this work.
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In Chapter 3 I list the materials used in the experiments presented in this
work and the experimental methods employed. In Chapter 4 I present the
results concerning the first two level of complexity for our model system: In
this work my coworkers and I demonstrated that having a strong anchoring
to the substrate guarantees the stability in highly adhesive contacts. Also, we
tested tethered molecules to mimic undulation and hydration observed in real
membranes.

Then, in Chapter 5 we discuss the results on other two level of complexity:
firstly, how the density of polymers terminated with specific functionalities
can alter the intermolecular forces and secondly, the competition between
these functionalities and electrolyte species for a specific binding site. More-
over, we proposed and numerically tested a chemical model to describe the
nanoscopic competition, which led us to thermodynamic information of the
model system.

In Chapter 6 we provide some additional information obtained by researching
on our model system: we tested alternative approaches to SFA probing to
unravel peculiar effects in the observed interaction, and we performed single
molecule AFM force curve to establish the unbinding rate constant of the
specific functionality. Finally, in Chapter 7 I summarise the conclusions of
this work and present some outlook.



Chapter 2

Theoretical and practical
background

In this chapter I summarise most of the theoretical information required to
follow the arguments expressed in this thesis work, focusing on the prin-
cipal forces in play and the basis of the molecules exploited during the re-
search.

2.1 The Electric Double Layer Interaction

Most of the information presented in this chapter comes from the book ”Inter-
molecular and Surface Forces” by J. N. Israelachvili[40], and are summarised
and discussed with a particular focus on what is needed to understand the
present work. In this section, after having established the nature of an in-
terface in presence of charges, I report the derivation of the energy per unit
area that two colloidal particles can experience if immersed in an electrolyte
solution. A short discussion about the kind of electrostatic potential that can
describe such interactions, is reported in Appendix A.

Electric Double Layer formation In nature, different kind of charge mech-
anisms involve isolated surfaces. We have the ionisation-dissociation of sur-
face groups that leave a negative charge; the adsorption or binding of ions
from the solution onto a neutral immersed surface, or acid-base type of mech-
anisms happening respect the surface binding sites. Whatever mechanisms
is acting, in the end the interface is defined by the distribution of coions
and counterions with respect to a charged surface. Figure 2.1 represents a

7



8 CHAPTER 2. THEORETICAL AND PRACTICAL BACKGROUND

Figure 2.1: Representation of the charges distribution for a negatively charged
surface (σmica) in a 1:1 electrolyte.

model of the charges distribution respect a negative surface (σmica). Because
of electrostatic interactions, the counterions try to bind at the interface, which
presents an amount of binding sites (i.e. the surface charge), while not all
charges can be screened by direct adsorption. Therefore, only a part of the
counterions will effectively form the so called inner Stern or Helmholtz layer,
while the remaining part form the diffuse outer electric-double layer. In the
latter region, the ion distribution is described by the Poisson-Boltzmann equa-
tion (P-B equation). Employing this theory, it is possible to establish a certain
distance (λD) from the isolated surface at which the presence of counterions
decreases by ∼ 70%. Here I quote a sentence from the book Intermolecular

and Surface Forces where J. N. Israelachvily provides a beautiful example
on the difference between bond and diffuse ions in the electric-double layer
[40]:

The difference between a bond ion and a ”free” ion in the diffuse
electric- double layer is analogous to the difference between a
water molecule in the sea and in the atmosphere.

The interaction force generated by the distribution of the charges accord-
ing with the electric-double layer is called Electric Double Layer interaction
(EDL) and is crucial for the determination of the intermolecular forces acting
between two surfaces (or particles) at short distance if charges are involved.
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Therefore, express the counterions distribution is the first step to take in order
to solve the interaction profile. In the rest of the section I discuss the deriva-
tion of the energy per unit area driven by electrostatic interactions developed
in the electric double layer.

2.1.1 Poisson-Boltmann Equation

Let´s consider two colloidal particles charged in a solvent and distant x = D

with x = 0 at the mid-plane. The chemical potential µ is defined as:

µ = zeψ + kB T ln(ρ) (2.1)

where z is the valency of the ions , e the elemental charge, ρ is the number
density of ions, ψ the electrostatic potential between the two surfaces (or
colloidal particles) and its derivative is the electric field E. Let’s consider a one
dimensional description (x for instance); from the equilibrium of the chemical
potential, we obtain that the ions density can be described by the Boltzmann
distribution. Therefore, by applying to the latter the 1D Poisson equation we
obtain the 1D Poisson - Boltzmann Equation (P-B):

d2ψ (x)
dx2 = − ze

ε0 ε
ρ0 exp

�−zeψ
kBT

�
(2.2)

which can be generalised, in case of other ions species i in solution, to:

d2ψ (x)
dx2 = − zie

ε0 ε ∑
i

ρ0i exp
�−zieψ

kBT

�
(2.3)

Resolution of the Poisson-Boltmann equation requires a series of boundary
conditions which express the potential and the surfaces charge for the two
interacting surfaces. The two main solution of Equation (2.3) are known as
Constant Potential (C.P.) and Constant Charge (C.C.) solutions. C.P. approx-
imation requires the potential to be constant for the two surfaces, naming it
needs to vanish at the mid plane between them. On the other hand, the C.C.
approximation requires the adsorbed charges on the surface to remain con-
stant, which correspond to a high surface interaction.

In the rest of this section, we express the calculation in the C.P. limit. We
require as boundary conditions that the field dψ

dx vanishes at the mid-plane
and the electro-neutrality condition, which implies that the total charge of the
planes is neutralised by the total charge of the ions. We define the surface
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charge σ in terms of the surface potential ψs as follows:

σ2 = 2ε0εkBT

�
∑

i
ρ0,i exp

�−zieψs

kBT

�
−∑

i
ρ0,i

�
. (2.4)

Debye Lenght and Graham Equation An additional requirement to the
solution of the P-B was introduced by Debye and involves the amplitude of
the potential at the mid plane. If the potential is small enough, the density ρ
can be Taylor expanded (see Appendix A) and the Debye lenght λD, which
includes all the parameters that do not depend on the potential, is defined
as:

1/λ 2
D =− 4π

ε0ε kBT

ν

∑
i=1

z2
i ρ∞,i (2.5)

with ρ∞ being the bulk density. The Debye length is a fundamental feature for
studies that involve distribution of ions. It represents the screening distance
of the electric field generated by the charge distribution. It is fascinating that
this very same parameter is used to describe electrolyte concentrations and
astrophysical plasma. [41] In case of a 1:1 electrolyte, like sodium chloride,
Equation (2.4) reduces to:

σ2 = 2ε0εkT [Na+]0

�
exp

�−eψs

kBT

�
+ exp

�
+eψs

kBT

�
−2

�
= 2ε0εkBT [Na+]0

�
2cosh

�
eψs

kBT

�
−2

�
. (2.6)

by applying the Debye approximation, the last equation leads to the following
Graham equation

σ = ε0ε
ψs

λD
(2.7)

Energy of flat surfaces When two surfaces are brought in contact in an
electrolyte solution, one can calculate the repulsive pressure P (N/m2) due to
the counterions. The pressure is expressed in terms of the chemical potential
by applying the Gibbs-Duem theorem (at constant temperature):�

δP
δx


�
x
= ∑

i
ρi

�
δ µi

δx


�
x

For a 1:1 electrolyte such as NaCl the pressure can be written as:

Px(D) = kBT ρ∞

��
e
−eψm
kBT −1

�
+
�

e
eψm
kBT −1

�	
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assuming that the potential at the mid plane is small enough to Taylor expand,
we have:

Px(D) = 2kBT ρ∞

�
cosh

�
eψm

kBT

�
−1

�
� e2 ψ2

mρ∞ /kBT (2.8)

From now on, it is a matter of how the potential can be treated. In the Gouy-

Chapman theory, by applying the Debye approximation for the potential at
mid plan lower than 25 mV, we obtain the potential at every x as:

ψx � ψ0e−κ x (2.9)

where κ was defined above as the inverse of the Debye length (Equation
(2.5)). Using Equation 2.8, we obtain the final result for the repulsive pressure
between two planar surfaces across a 1:1 electrolyte:

P = 64KT ρ∞ γ2 e−κ D

where γ = tanh(eψ0/4kBT ).
Finally, the interaction free energy per unit area for two symmetric surfaces
interacting in a 1:1 electrolyte, is:

Wf lat = 64KT ρ∞
γ2

κ
e−κ D =WEDL (2.10)

Asymmetric geometry The latter equation, as the entire section so far, de-
scribes a symmetric geometry, i.e. the interaction between two surfaces with
same physical properties. During this thesis work, we investigated forces and
interaction energies in asymmetric configuration, in order to study specific
phenomena that request this symmetry to be exploited. Thus, I conclude this
section with the interacting energy in a 1:1 electrolyte for asymmetric geom-
etry in the C.P. limit:

WEDL(D) = ε0εκ
2ψ1ψ2 − (ψ2

1 +ψ2
2 )e

−κD

eκD − e−κD (2.11)

and C.C. limit

WEDL(D) =
8π
εκ

(σ2
1 +σ2

2 )e
−κD/2+σ1σ2

eκD − e−κD (2.12)
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2.2 The Van der Waals Forces

In the previous section I have reported that, for colloidal particles immersed
in an electrolyte, an electrostatic potential is involved, producing an energy
WEDL. There are also other possible electrostatic interactions that can take
place when two colloidal particles are close one to the other. For instance, if a
particle 1 has a permanent dipole and it is in the proximity of a particle 2 with
its permanent dipole, the two particles will align in order to decrease their
potential energy, producing the so called Keeson force. Also, if the particle
1 is close to a particle 3 that is neutral - does not present a dipole - the per-
manent dipole of 1 will alter the electron cloud of 3, resulting in an effective
attraction called orientation Debye force. Finally, even if we have the particle
3 in the neighbour of a neutral particle 4, it is possible to demonstrate with
arguments from the quantum electrodynamics that instantaneous modification
of the electron cloud can generate an induced dipole.

The induced dipoles of the two neutral particles will interact defining the dis-
persion attractions, also known as London forces. The free energy of these
contributions w scales as 1/r6, therefore these forces are categorised in the so
called Van der Waals force (VdW):

wV dW (r) =−CV dW

r6 (2.13)

Where C is a factor that include all the possible interactions described above.

The VdW interaction at macroscopic scale The VdW interaction plays
its role even for macroscopic objects, if they are brought to a distance of few
nanometers. An important paper published on Nature reported this concept,
showing that animals such as geckos use the Van der Waals forces to adhere on
walls. [42] How can a macroscopic animal exploit the interaction potentials
between two particles?

The key lays in the assumption of additivity, which states that the net interac-
tion energy of a molecule (or it could be a sphere with a certain radius) and a
planar surface of a solid made up of like molecules will be the sum of its inter-
actions with all the molecules in the body. This means that one can integrate
the interaction energies between molecules in condensed phase to obtain the
interaction energies between macroscopic bodies.[40]

We introduce with capital W the interaction energy between macroscopic bod-
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ies while w will remain the interaction energy between atom or molecules-like
bodies. Let’s consider two infinitely planar surfaces, one of the most common
surface geometry that one might encounter in surface science experiments.
Integrating over all the contributions, the VdW interaction free energy per
unit area is:

Wf lat(D) =−ρ1ρ2πCV dW

12D2 (2.14)

where ρ is the number density of molecules in the surface 1 or 2. This in-
teraction is treated with the so called Hamaker constant AH , introduced in
1937 by Hamaker during his studies on the London-Van der Waals attractions
[43]:

AH = π2ρ1ρ2CV dW . (2.15)

This constant has the unit of an energy (J) with typical order of magnitude of
10−20J.

The idea of Hamaker’s theory is that the Van der Waals forces can be split
into a purely geometrical part and the constant AH , which will give infor-
mation about how much a material is affected by the Van der Waals forces.
The definition given above is again a consequence of the additivity hypothesis.
Lifshitz formulated in 1956 a theory to describe the VdW forces in condensed
media avoiding the assumption of additivity which works not so good in that
state of matter. [44] We will not go in the details here since the theory exten-
sively requires the quantum field theory background, but the concept is that
the Van der Waals interactions between solids can be described using bulk
properties of the condensed media, namely refractive indexes and dielectric
permittivities.

It is important to point out that the Lifshitz theory does not change the nature
of AH , but simply changes the way the constant is calculated. [40] Langbein
in 1970, Parsegian in 1972 and other contributed to simplified the theoretical
tools needed to employ the Lifshitz theory in the study of the Van der Waals
forces for macroscopic bodies.[45, 46] The so called effective Hamaker con-
stant for two bodies immersed in the medium 3 will have the form:

Ae f f
H ≈ 3

4
kT

�
ε1 − ε3

ε1 + ε3

��
ε2 − ε3

ε2 + ε3

�
+

+
3hνe

8
√

2

(n2
1 −n2

3)(n
2
2 −n2

3)

(n2
1 +n2

3)
1/2(n2

2 +n2
3)

1/2
�
(n2

1 +n2
3)

1/2 +(n2
2 +n2

3)
1/2

� (2.16)
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where ε is the static dielectric constant of the involved materials, n is the
refractive index, kB is the Boltzmann constant, T is the temperature, νe ≈
3× 1015 s−1 is the main electronic absorption frequency in the ultra violet
range. In Appendix B one can find a detailed calculation of the effective
Hamaker constant.

2.3 The DLVO theory

In the last two sections, we have seen the main forces that describe the inter-
action between two particles approaching one to the other. These forces have
been extensively studied from a theoretical point of view in the last 80 years.
Derjaguin and Landau, for the first time in 1941, asserted that those two forces
can be added together to describes the real interaction between two colloidal
particles [47]:

Superposition of VdW attraction upon the repulsion of an electri-
cal nature (EDL) leads to curves of force or energy as a function
of the distance which have one or two minima

From that publication on, the interaction between two particles as function
of their relative distance is recalled as DLVO theory, after Derjarguin, Lan-
dau,Verwey and Overbeek, and it is summarised in the following equation:

WDLVO =WEDL +WV dW (2.17)

Derjarguin gave an additional help by developing, from purely geometric con-
cepts, a relation between energy and forces for interacting surfaces.

Derjarguin Approximation Thanks to Hamaker’s contribution, we can re-
late bulk properties of the bodies to their interaction energy. Also, using the
P-B approximation we saw how to describe the electrostatic interaction be-
tween surfaces in an electrolyte, using bulk quantities such as λD. Still, it is
challenging - from the experimental point of view - to measure the interac-
tion energies between macroscopic bodies. Indeed, when one is dealing with
macroscopic particles, it becomes more convenient to measure forces rather
than interaction energies. In late 1930, Derjarguin presented a brilliant work
on friction and adhesion between two spheres. He showed that the force law
F(D) between two curved surfaces separated by a distance D, is related to the
interaction free energy between two planar surfaces. For instance, for two in-
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teracting spheres,the force they experience is related as follows to Wf lat :

F(D)spheres = 2π
�

R1R2

R1 +R2

�
Wf lat (2.18)

where R1 and R2 are the radii of curvature of the two spheres. This approxi-
mation is purely geometrical, therefore it can be applied to any type of force
law as long as the range of interaction and the separation D are much less
than the radii of the spheres. [40] Of course the approximation can be ad-
justed for other geometries. In SFA experiments for instance, the surfaces are
positioned as two crossed cylinders (Radii of curvature R1 and R2), thus their
interaction force is:

F(D)cylinders = 2π
√

R1 R2Wf lat (2.19)

Work of adhesion: JKR theory An important consequence of Equation
(2.19) is that Wf lat is indeed the generalised work of adhesion between two
surfaces interacting in a medium. The equation is valid for ideal surfaces/par-
ticles. Real surfaces, present additional effects during the adhesion process,
such as formation of a finite contact area, elastic or even plastic deformation
based on their interaction, and real peel-off mechanisms. One of the first at-
tempts to a theoretical treatment of the adhesion of elastic surfaces is due to
Johnson, Kendall and Roberts in 1971. [48] The so called JKR theory pro-
vides the radius of the contact area a for two surfaces of radii R1 and R2,
having surface energy per unit area W and subjected to load F :

a3 =
R
K

��
3
2

πRW ±
�

F +
3
2

πRW

�2

(2.20)

where R is an effective radius and K the elastic modulus. Comparing how
a varies with F , one can define the JKR potential. If the sphere is pulled by
a constant force F , it will detach at a maximum in the force (absolute value)
called adhesion force Fa, defined as follow:

Fa =−3
2

π RW (2.21)



16 CHAPTER 2. THEORETICAL AND PRACTICAL BACKGROUND

Figure 2.2: Forces interacting between two biomembrane surfaces (Adapted
from [40]).

2.3.1 Non DLVO forces

Additional types of interactions exist that are not classified as DLVO forces.
These arise, for instance, from the properties of the solvent where the surfaces
are immersed but also on the chemical/physical properties of the surfaces.
Examples of that are oscillatory forces, steric repulsions, entropic repulsions,
bridging, specific interactions (e.g. lock-and-key or ligand-receptor interac-
tion) or hydrophobic and hydrophilic interactions. Non-DLVO forces become
predominant when the surface of investigation is constituted by soft matter.
This term indicate a huge set of materials in the condensed matter field that
has, overall, physical characteristics taking place at room temperature, de-
fined at the mesoscopic scale. The founder of this field may be pointed to
De Gennes, who won the Nobel Prize in Physics in 1991 for his studies on
liquid crystals and polymers. With the term soft matter we indicate all sort of
membranes related to bio-science as well.

In the coming sections, I introduce some of the soft matter molecules used in
this work: phospholipids, thiol based and polymer chains.

2.4 Phospolipids

A lipid molecule is by definition a hydrophobic or amphipilic molecule, typ-
ically soluble in nonpolar solvent, which can aggregate and form structures
- such vesicles, liposomes, bilayers or membranes - in aqueous environment.
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The interest of this work is focused on the phospholipids, because of their
presence in cellular membranes. They consist of two hydrophobic hydrocar-
bon chains (tails) linked by a glycerol molecule to a phosphate polar group
(head). Thanks to the hydrophobic forces resulting from their structures, for-
mation of highly ordered architectures is favourable in aqueous solution. The
chemical structures of the phopsholipids molecules utilized in this thesis work
are presented in Chapter 3.

The lateral pressure Π is one of the most important physical quantities for the
studies of lipid membranes. It is distinguished in headgroup pressure (repul-
sion of neighboring headgroups), interfacial pressure (attractive interaction of
neighboring lipids to minimize the contact area of the hydrophobic tails sur-
rounding water) and chain pressure (repulsion of neighboring lipids due to
collisions of flexible acyl chains).

This quantity is fundamental from an experimental point of view, as Π drives
the lipid monolayer formation named Langmuir - Blodgett (LB) technique ,
used thoroughly in this thesis work. Details about how to operate this tech-
nique are provided in Chapter 3.

An additional aspect to consider about lipid bilayers, is their curvature/bend-
ing energy. The headgroup of adjacent lipids are not located at the same
interfacial plane. This, combined with repulsion forces coming from the hy-
drocarbon chains, participates to the bilayer curvature. Moreover, for amphy-
philics it is even more complex as the inner layer has a curvature opposite to
the outer layer.

Helfrich studied the elastic properties of lipid bilayers, in terms of the ener-
getic contributions that curvatures provoke on a surface. [49] His continuum
theory allowed comparisons with experiments in order to characterise the me-
chanical properties of lipid membranes [50, 51], which is why it is still em-
ployed often for membrane characterisation. Thus, the pressure - distance law
presents a Helfrich contribution of the following kind:

P(D)∼ (kBT )2

κbD3 (2.22)

where κb is a bending modulus and kB the Boltzmann constant.
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2.5 Thiol based molecules

Self assembly monolayers (SAMs) are formed because of spontaneous ad-
sorption of molecules on a substrate. Up to date, SAMs are well defined and
extensively used to prepare model systems, study on surface corrosion or sur-
face engineering for technological development [52].

The formation of a SAM is experimentally not difficult, as it simply requires
the immersion of a substrate into a solution of active material. After an
amount of time in the order of hours, chemical bonds will form between the
surface and the molecules, generating a 2D assembly.

Alkanethiols As for the phopsholipids, the SAM molecules are constituted
by three parts: the headgroup responsible of chemically bind onto the sub-
strate, the tail and the spacer which connects the previous two elements. One
of the most studied SAMs are n-alkanethiols adsorbed on noble metal such as
gold or silver. The head consists of a hydrogen-sulfur (-SH) group, while the
tail is an alkane (−(CH2)n−1CH3) In 1988, Bain et al. described the forma-
tion of monolayer of organic thiols from solution onto gold [53]. They defined
some characteristics of the alkanethiols, as their thickness (measured by el-
lipsometry), their wetting properties (contact angle), stability in air, water and
on temperature gradient. Moreover, they reported that thiols form a densely
packed assembly onto the gold, with the hydrocarbon tails tilted uniformly
by an angle between 20 and 30 degree (from the surface normal).In addition,
the bonding of the thiolate group to gold was approximately 40 Kcal mol−1,
which confirmed the extreme stability of this molecule and importance of ex-
ploiting the hydrogen-sulfur group in surface engineering.

Tethered molecules Tethered molecules have been used to mimic biolog-
ical membranes for biosensor applications. They are defined by a surface
binding residue based on thiol groups, a polar tether group and an hydropho-
bic tail [54]. The tethered part in an engineered lipid membrane positively
improves the stability on a conductive material. Moreover, it allows electrical
characterisation of the membrane and even the monitoring of charge transport
through single ion channels, similar to patch clamping. [55]

An example of these molecules is DphyTL. It presents a thiol binding group, a
polymer spacer and finally a lipid molecule. [54] It has been extensively used
to assemble various model membrane architectures, applied to studies on bac-
terial toxins such as Gramicidin,[56] alpha-hemolysin,[57] valinomycin,[58]
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the interaction of silver nanoparticles with cellular membranes[59] and to
mimic the outer membrane of gram-negative bacteria. The chemical struc-
tures of the thiols molecules utilised in this thesis work are presented in Chap-
ter 3, in the specific section about our model system.

2.6 Polymers

The literal definition of polymers is repetition of many units (from Greek poly

many mer part), called monomers. The properties of the polymers are essen-
tially bond to the solvent where they are immersed to. For instance, in air
most of the polymers collapse, while in a good solvent they can swell. Often
synthesised polymers are specified by their quality to be mono or poly dis-
perse, where mono-disperse means that the number of repeated monomers N

is fixed.

The interaction between polymers and surfaces is a crucial aspect of poly-
mer research. Via physiosorption, grafting and crosslinking, monomers and
polymers associate and form structures onto a surface. Specifically, the term
grafting to (or grafting from) indicate an irreversible covalent bond between
the macromolecules and the landing surface. [60] As a function of the poly-
mer surface concentration, i.e. the grafting distance, polymer chains form dif-
ferent architectures. Low surface concentration corresponds to a tangle of soft
matter which is typically referred as mushroom configuration. As the concen-
tration increases and s decreases, the polymers find energetically favourable
to stretch out forming the so called brush configuration.[61, 62]

The chemical properties of the monomers dictate the properties of the mate-
rial. On the other hand, many physical properties of the polymers are inde-
pendent from the chemical composition of the monomers. De Gennes was the
first one discovering this peculiar characteristic. For instance, the radius of a
sphere where a polymer macromolecule is inscribed, called Radius of Gyra-
tion RG, only depends on the number of monomers N and the bond length
b:

RG =
b2

6
N (2.23)

In a similar way, the calculation of the maximum extension length of a poly-
mer chain, called contour length LC defined as:

Lc = Nb (2.24)
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Lc and RG are often used to compare theory with experimental results where
polymers are mechanically tested. For instance, in single molecule AFM
force-curves experiments, LC gives a feedback on the kind of event is ob-
served. Indeed, if a polymer is stretched by the interaction between the tip
and the surface (regardless if it is grafted on the tip or onto the surface), the
rupture event happens to a distance that is LC. This is predicted by the follow-
ing worm-like-chain model:

F
kBT

=
L2

C
LP

�
1
4

1

(LC − (x− x0))
2 −

LC − (x− x0)

L3
C

+
3
4

1
L2

C

�
(2.25)

where LP is the persistent length, (x− x0) the displacement recorded during
the experiment, T the temperature and kB the Boltzmann constant. [63]

In SFA, LC suggests if additional hydration or protrusion of the surface in-
terface should be consider, while RG is fitted to provide information on the
interaction energy.

For two surfaces bearing a polymer layer in the mushroom regime, the inter-
action energy is purely repulsive and was expressed for the first time by Dolan
and Edward in 1974. Over the distance regime from D = 8RG to D = 2RG

we have

Wmushroom(D) = 2
1
s2 KTe−D2/4R2

G Jm−2 � 36kBTe−D/RG Jpermolecule
(2.26)

In case of two symmetric surfaces bearing polymers in the brush regime, the
Alexander-De gennes model provides the interaction energy in terms of the
brush thickness L for D/2L between 0.2 and 0.9 :

Wbrush(D) = 32
�

1
s2

�3/2

LkBTe−πD/L Jm−2 (2.27)

2.7 Kinetic chemistry

At natural interfaces, specific phenomena between molecules are based on
functional reactions. Therefore, in this section I briefly explore the kinetic
chemistry field in order to define the concept of chemical rate reactions, as it
is used in this thesis work to deeply understand nanoscopic phenomena. Most
of the information reported here are taken from the book Physical Chemistry -

Atkins[64], and are summarised and discussed with a particular focus on what
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is needed to understand the present work.

The term Kinetic comes from Greek, meaning ”of motion”. Indeed, Kinetic
chemistry studies the motion of chemical reactions, in terms for instance of
their speed or transition states that elements experience during reactions. Nat-
urally, the basic data of chemical kinetics are the concentration of reactants
and products at different time from the initialised reaction. The characteristics
which describe the kinetics are the reaction rates. Generally, they depend on
the composition and temperature of the reaction mixture. Let’s assume ste-
chiometric coefficients normalised to one; given two reactants A and B and
the product P, the rate of reaction is the positive derivative with respect to time
of the concentration:

ν = (−1)i d[X ]

dt
(2.28)

with i = 1 and X = A or B for the reactants rate and i = 0 and X = P for the
products rate formation.

Reactions rate The rate of reactions is also proportional to the concentra-
tions of the reactants raised to a power which defines the reaction order:

ν = k [A]a[B]b . . . (2.29)

the overall order of the reaction will be the sum of the individual orders a+b+

. . . . The coefficient k is called the rate constant of the reaction. By merging
together the two equations above, we can clearly see that rate reactions are
differential equations in the species X (reactant or product). For instance, the
first-order rate law for the consumption of a reactant A is expressed as:

d[A]
dt

=−k[A] (2.30)

which is solved by [A] = [A]0 e−kt . Since this formalism is valid for products
as well, we can express rate reactions close to the chemical equilibrium. Thus,
for a first-order reaction where a product P is produced, we have:

d[A]
dt

=−k[A]+ k
[P] (2.31)

it follows that the overall equilibrium constant of the reaction is:

Keq =
k
k


(2.32)
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The latter relation is crucial as it relates a thermodynamic quantity to reac-
tion rates. Starting from Keq, it is possible to relate on other thermodynamic
quantities as, for instance, the variation of free energy:

ΔG =−kBTln
�
Keq

�
(2.33)

with kB the Boltzmann constant and T the temperature. The connection be-
tween rate constants and thermodynamics information is well expressed by
the Arrhenius equation. This relation proves that the natural logarithm of the
rate constant k scales linearly with the inverse of the temperature T:

ln(k) = ln(A)− Ea

T
(2.34)

the parameter A is called the frequency factor (to not be confused with the
reactant A), while Ea represents the activation energy. The latter can be inter-
preted e.g. as the minimum kinetic energy that a reactant must have in order to
form products. It is a critical quantity, as it specifies the entropy and enthalpy
of activation (starting from Equation 2.33).



Chapter 3

Materials and methods

In this chapter I summarise the methods and materials we employed during
this thesis work. After a list of chemicals used to prepare samples, I introduce
the Atomic Force Microscopy technique (AFM), used to obtain information
on samples topography and single-molecules force curves, and the Surface
Forces Apparatus (SFA).

3.1 Chemicals and Materials

These are the chemicals that were used in this work: Milli-Q water (Milli
- pore, TOC value < 2 ppb, resistivity > 18 MΩ) is used throughout. 1,2-
dipalmitoyl-sn-glycero- 3 - phosphocholine (DPPC), 1,2 - dipalmitoyl - 3 -
trimethylammonium - propane (DPTAP), 1,2- distearoyl - sn - glycero - 3
- phosphoethanolamine (DSPE) and 1,2- distearoyl-sn-glycero-3 - phospho-
ethanolamine - N - [amino ( polyethylene glycol) - 2000] (ammonium salt)
(DSPE-PEGamine), purchased from Avanti Polar Lipids. The DSPE is dis-
solved in a mixture of 70% chloroform min. 99.9% Rotisolv from Carl Roth,
30% methanol from J.T. Baker and three drops of Milli-Q water (per 100 mL
of total solution) to assure a well diluted solution at CDSPE = 0.25 mg/mL.
The rest of the lipids are dissolved in pure chloroform with lipid mass con-
centrations C of 1 mg/mL for DPPC , 0.25 mg/mL for DPTAP and 0.1 mg/mL
for DSPE-PEGamine.

The other chemicals are sourced as follows: sodium chloride (min 99% pu-
rity) from Carl Roth, n-hexane min. 98% from Carl Roth, ethanol absolute
(min 99.9%) from VWR, 1-hexadecanethiol 99% (C16) from Sigma Aldrich,
Inc. During sample preparation, EPO-TEK heat curable glue (EPO-TEK 377)

23
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from Epoxy Technology and UV curable glue (NOA 81) from Norland Prod-
ucts Inc. are used.

3.2 The Langmuir Blodgett Trough (LB)

The LB trough is an apparatus capable of generating and depositing a Lang-
muir Blodgett film on a substrate with precise control of the molecular number
densities.

In Figure 3.1 we present the setup (A) and principle (B,C) of the LB isotherms.
Initially the molecules are evenly distributed on the water surface. Based on
their amphiphilic character (see Figure 3.2), the surfactant molecules will ar-
range themselves facing the water interface with the polar head, and extend-
ing the non polar part (tail) away from the water interface. Given Nmolecules

the amount of molecules randomly distributed in the trough, if they occupy
an area large enough to have no neighbouring interaction, they are in the so
called gas phase. As soon as the lateral barriers start to move toward the cen-
tre of the trough, the surface pressure Π (recorded by a Wilhelmy plate semi-
immersed in the water bath) increases forcing the molecules in the liquid and
solid phase. The isotherm curve obtained from LB experiments provides the
area per molecule Amolecule. When the molecules in play are lipids, the proper
nomenclature suggests to express the liquid and solid phases as fluid and gel
phases respectively. Additionally, from now on we refer to ALipid and NLipid .
Specifically, Figure 3.1B shows examples of LB isotherm curves for DPPC
(orange line) and a mixture of DPPC and DPTAP (blue line). These lipids
are similar in size, thus differences between their curves, are related to the
different composition of the lipid interface. Indeed, DPPC is a molecule with
neutral headgroup, meaning in the solid phase the only interactions measur-
able are the one related to the packing. On the other hand, DPTAP presents a
positive charge in the head group. In the gel phase, the DPTAP molecules ex-
perience electrostatic repulsion as well, appealing to additional compression
of the LB barriers, which results in a smaller ALipid .

When the lipids are in the gel phase, a surface moved out of the trough obtains
a lipid monolayer formed at its interface. Then, if the same surface is moved
back into the trough while the lipids are kept in a gel phase, a lipid bilayer
is formed. Typically the surfaces are moved via a vertical translator with a
speed of 15 µm/s. This is the essence of the LB deposition.
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Figure 3.1: A LB trough setup in laminar flow. B Examples of LB isotherms
for DPPC and DPTAP molecules. The isotherms show the phases the lipid ex-
perience while the lateral barriers are moved toward the center.C Deposition
principle: from the tank, one surface is removed while the lipids are in gel
phase to obtain the first hydrophobic layer. Then, by going toward the water
volume, the second layer is added forming the hydrophilic bilayer.

LB deposition protocol In this work, we extensively used a LB trough built
by Dr. Hans Riegler (Max-Planck Institute for Colloid and Interface Research,
Potsdam), with a deep central well for sample transfer. The LabView control
software for processing the signals from the barrier motor and from the Wil-
helmy plate was kindly provided by Dr. Michael Kappl from the Max Planck
Institute for Polymer Research. In the first project (Chapter 4), we employed
it to define a lipid model system stable in highly adhesive environment. In the
second work (Chapter 5 and 6), we used it to control the amount of polymer to
deposit on a lipid monolayer, starting from the results on the calculated area
per molecule.

In conclusion, I list some experimental details about the use of the LB trough.
The LB protocol is mainly based on a meticulous cleaning process. The entire
tank must be cleaned with plenty of Milli-Q water, then absolute ethanol and
again Milli-Q water. Tissues designed for clean rooms have to be used during
the cleaning process. The entire LB trough is positioned in a laminar flow cell
to assure a highly cleaned working place.

The second important point regarding the protocol, is to well define the work-
ing range of the Wilhelmy plate. The sensor needs to measure a pressure of
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around 72 mN/m while standing in air and a zero pressure when is immersed
in water. Two actuators can be used to tune the sensor to these values.

LB data analysis The Labview software developed by Dr. Michael Kappl
measures Π and the area defined by the movable barriers A. Knowing the
volume of lipid injected on the water together with their concentration, we
calculate the area per lipid ALipid . Then, by plotting Π as a function of ALipid

we display the LB isotherm. At this point, we perform a linear regression
in the gel phase (Π = 40 mN/m ±1) to establish the averaged area per lipid
ALipid (Π = 40) which we call in the rest of the text ALipid to not overcompli-
cate the notation.

3.3 Surface preparation

3.3.1 Substrates

The surfaces for SFA measurements are prepared onto cylindrical quartz lens
disks of a nominal radius of curvature 0.01 < Rc < 0.02 m. Using Physical
Vapour Deposition (PVD) at pressure in a range from 0.5 to 2× 10−6 mbar,
we prepare metallic layers. Subsequently, the layers are fixed onto the disks
by applying a specific glue, defining the optical cavity. Now I list the specific
mirrors we used in this work.

The first is silver (thickness � 35 nm), deposited on the back of muscovite
mica films of thickness Tmica between 3 to 6 µm. The silvered mica is thus
fixed on the disk by UV cured NOA 81 glue. This preparation is used ex-
tensively in this work as back silvered mica layers are always selected as
reference probe to investigate the facing model system.

The second layer is gold (thickness � 35 nm ), deposited onto mica layers of
roughly half millimetre thickness 1. Then, the gold-mica layer - with the mica
side facing upward - is secured on the SFA disks by Epotek 377 glue, heat
cured for 2 hours at 150 ◦C. Following slow cooling to room temperature, we
mechanically remove the mica layer, under ethanol, to expose the atomically
smooth gold substrate.

Similar substrates are used for AFM measurements. Here the substrate prepa-

1The mica thickness value here is really not important as it is only used as gold support.
It is important that the layer is flexible and can follow the disk curvature, but not too thin to
be easily damaged.
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Figure 3.2: List of molecules used to build the lipid model system. On the left
we have the phospholipid group and on the right the thiol based molecules.

ration is easier as there is no disk curvature involved. Typically, a 15 mm
diameter AFM metal specimen disc (Ted Pella) is the base on which the sub-
strates are posed. Mica or gold are glued (following the indications expressed
above) on the discs according with the investigated system.

3.3.2 The Lipid Model System (LMS)

Figure 3.2 presents the chemical structure of the molecules used in this work
to generate the lipid model system (LMS). On the left the lipids and on the
right the molecules with thiol anchoring. In the following paragraphs, I break-
down the LMS to show the characteristics of the developed inner and outer
layers.

LMS: inner layer The inner layer is studied in three configurations. First,
we employed a purely lipid based bilayer, where the inner layer was deposited
by LB deposition onto a freshly pealed mica layer. Here we tested different
configurations of DPPC and DPTAP mixture in order to enable the bilayer
stability based on the surface charge of the bilayer. Second, we introduced the
thiol molecule C16 in order to gain stability from its packing properties, and
DPhyTL to observe membrane related characteristics coming from cushioned
molecules. The thiol molecules are prepared as follows. C16 is deposited by
immersion in a 0.001 M solution in pure filtered ethanol (0.2 µm pore size)
onto a smooth gold film substrate glued to a cylindrical or flat disk depending
on whether it was for an SFA or AFM experiment. We kept the substrate in
solution for 1 to 2 hours in the dark and at constant room temperature. After
deposition, the substrate is immersed consecutively in pure n-hexane and pure
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filtered ethanol. For the DPhyTL deposition a 0.1 mg/mL DPhyTL solution
is prepared in pure ethanol and into which the gold substrate is immersed
following the same protocol as described for the C16 deposition.

LMS: outer layer The outer layer of our model systems, represents the
interfacial complexity, controlled by LB deposition. We used two main con-
figurations for the outer layer. First, we employed a DPPC monolayer while
varying the inner layer. In that investigation, it was convenient to keep the
outer layer constant (DPPC), in order to isolate the role of the inner layer.
Second, we moved to DSPE molecules linked to a polymer terminated with
an amine functional group. In this case, we varied the polymer or amine con-
centration (polymer - amine relation is 1:1) respect to DSPE molecules to
observe the interacting forces as a function of the functionalities density. To
do so, we deposited a mixture of DSPE and DSPE-PEGamine in the trough,
according with the desired polymer coverage, Γ, defined as follows:

Γ =
Namine

Ndspe +Namine
(3.1)

with Ndspe and Namine the number of molecules for DSPE and DSPE-PEGamine

respectively. In the gel phase, we measured by LB isotherms Aamine = 71.9 Å
2
/lipid

as the area per lipid of the mixture DSPE+DSPE-PEGamine.

After the LB deposition which completes the lipid model system, the sample
is removed from the trough and transferred in a container where it is flushed
through plenty of water (or specific electrolyte concentration) to remove any
particle that might be floating around.

3.4 Atomic Force Microscopy (AFM)

Most of the information summarised in this section are based on the book
Atomic Force Microscopy by P.Eaton and P. West.[65]

3.4.1 AFM principle

The AFM is a high-resolved scanning probe microscopy capable of imaging
objects beyond the natural limit of light microscopy (� 100µm), without ap-
plying any current on the sample.[66, 67]

The AFM concept is based on having a nanoscopic tip approaching the sur-
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face, of which the interaction forces are recorded by electronic feedback de-
vices. [67] In this sense, with AFM is possible to investigate the forces in
sphere-sphere or sphere-flat surface geometries, within a sensitivity range in
the order of the pico-Newton.

The AFM operation is based on a series of piezo controllers and optic based
feedback, that translate information about the cantilever position.

Contact mode AFM Contact mode AFM was the first modality to be intro-
duced for AFM. The deflection of the cantilever is monitored as the piezo is
used to move the tip toward the sample (Z-direction). When the tip is far from
the surface, no deflection is observed and the force is null. As the distance be-
comes small enough, the tip experiences an attractive force that will jump it
in contact with the sample. Of course by turning the piezo in the opposite
direction, an instability of the jumps-out kind happens, defining eventually an
adhesive minimum.

Having the tip constantly in contact, has the following important implications:
First, because of the repulsive force between the tip and the sample, the lat-
ter might get damaged; second, in the same way the tip might get damaged
by the scanning process; third, in addition to normal forces, lateral forces
might arise; Forth, the sample interface characteristics might alter the results
obtained from the topography.

The forces applied to the surface during the probing are defined by the Hooke’s
law

F = kspringΔD (3.2)

The feedback system acts to keep the cantilever deflection at certain value
defined during the experiment, known as the set-point. This value is deci-
sive and must be adjusted to optimise the topography quality or the process
of recording single force curves. The feedback parameters, based on the de-
flection signal, determine how much the piezoelectric must move along the
Z-direction to assure a constant cantilever deflection. The amount of Z-piezo
movement plotted against the distance forms the topography image.

Dynamic AFM mode The main advantage of this modality consists in hav-
ing a shorter contact between the tip and the sample, solving most of the
damaging issues that might occur employing contact mode AFM. For this
reason, the dynamic AFM mode is extensively used to investigate biological -



30 CHAPTER 3. MATERIALS AND METHODS

or more generally soft - matter. An additional piezo element is used to oscil-
late the cantilever at its resonant frequency. When it approaches the sample,
the oscillation changes due to the interaction between the probe and the force
field of the sample. Consequently, the cantilever oscillation is damped down
by its frequency and amplitude. This effect is mainly related to VdW forces.
If ω0 = c

�
kspring is the resonant frequency of the the cantilever far from the

surface (with c a function of the cantilever mass), the new resonant frequency
generated by additional force f from the surface is given by:

ω 

0 = c

�
kspring − ḟ (3.3)

where ḟ is the derivative of the force normal to the surface. Therefore, the
change in amplitude (or in frequency in the FM-AFM) can be used in the
feedback loop to hold the tip at constant position respect to the surface (this is
called amplitude modulation AFM, AM-AFM). An additional point to check
in this mode, is of course the value of spring constant it self. A stiffer spring
can assure high frequency cantilever, with ω0 in the range of 300-400 kHz.
The cantilever and sample holders define a confined region where electrolytes,
membranes or in general hydrophilic surfaces can be investigated [68–70].

To conclude, it is worth to quote the tapping mode, as a modality often used
for biological samples. The cantilever oscillates near its resonant frequency
and is intermittently brought into contact with the surface only at the lowest
point of oscillation. As before, the amplitude change is used to correct the
height, allowing for different resolved parameters like height and amplitude.
This mode is also used to characterise samples, for instance the mechanical
properties of a bilayer [55]

3.4.2 AFM experimental protocol

The atomic force microscopy is performed with an Asylum Research Cypher
ES Atomic Force Microscope (Oxford Instruments). Where not stated differ-
ently, the temperature in the AFM room is kept at 25◦ by a feedback based
system during this work. This assure the LMS to not dry out during long ex-
periments, together with excluding any possible phase effect on the lipids due
to ramping temperature.

LMS topography The topography is achieved in amplitude modulation mode
(AM-AFM) driven by blueDrive photothermal excitation (laser power 9 mW).
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We use as cantilevers PPP-NCHAuD from Nanosensor (330 KHz resonance
frequency with gold coating).

For AFM measurements in liquid, a home-built sample holder made of PEEK
was used. On its back side, a AFM metal specimen disc is fixed enabling its
attachment to the AFM sample stage. The upper side of the holder provided
a shallow recess, allowing it to be filled with a small amount of liquid to hold
the LMS hydration during the experiments. The LMS is generated directly
into the PEEK sample holder, through the thiol and LB deposition. We used
a reflex gold coated ARROW UHFAuD tip from Nanosensor with resonant
frequency of 2000 KHz to image lipid bilayers based on DPPC and DPTAP
only or LMS with thiol molecules as inner layer. For data processing and
analysis of the topography data, the Asylum software package is used (Igor
Pro 15). For image levelling, second order polynomial fitting is applied.

LMS AFM force curves The rate constants of amine-mica interactions are
established by single molecule AFM force measurements (SM-AFM). The
sample preparation does not differ from the one described for topography.
The LMS with PEG2000 is tested in a mushroom configuration, for Γ = 4%,
in Milliq water at a controlled temperature of 25◦. We utilise a qt- CONT 50
tip from Nanosensor in silica with a spring constant kspring = 0.14 N/m and
resonant frequency of 24-36 KHz. As SM-AFM parameters, the trigger point
is fixed to 0.5 V, the scan rate to 2 Hz and the tip velocity is adjusted together
with the tip travelling distances to express three values of loading rate L. The
latter, is defined as the product between the velocity and the spring constant.
Force maps of 15 to 1 µm size are recorded at different speeds.

A Python3 script developed by Dominik Dworchak M.Sc. is implemented to
select the curves in a force map array where bonding event happen. Subse-
quently, another script adjusts the hard wall of the selected events. Addition-
ally, the WLC model (Equation 2.25) is applied to verify the quality of the
selection and determine the average contour length LC of the polymer used
for the LMS.

A Bell-Evans analysis is then apply to establish the detachment rate constant
kA

off according with the following equation:

F =
kBT
χB

ln
�

L χB

koffA kBT

�
(3.4)

where χB is the transition state distance.



32 CHAPTER 3. MATERIALS AND METHODS

3.5 The Surface Forces Apparatus (SFA)

In this section I introduce the general principle of the Surface Forces Appa-
ratus to then present the developments we performed on this set up in our
laboratories. Finally, I show the experimental protocol and strategies utilised
in this work.

3.5.1 SFA Principle

The Surface Forces Apparatus (SFA) is an optical technique based on the
multiple beam interferometry (MBI) occurring between two semi-reflecting
mirrors that define the optical cavity. [71] The light source can in principle
have whatever wavelength (there are SFA working with X-rays or synchrotron
light as source [72] ) but visible light is mostly employed, making the tech-
nique suitable for biological investigations. When the light enters the optical
cavity, series of multiple reflections begin between the two mirrors. Only the
light rays that satisfy the interference condition of MBI are able to leave the
cavity. The light path at this point, is sent to a beam splitter and divided in two.
One goes to a camera where the interference patter can be appreciated (New-
ton’s ring). The other, goes to a diffraction grating which produces fringes
of equal chromatic orders (FECO), visualised by a spectrometer. The core of
the technique consists in relate the displacement in wavelength between the
recorded FECO to the optical cavity width, i.e. the distance between the semi-
reflecting mirrors [40, 71]. Once the optics information - such as refractive
index of the involved materials in the cavity and their thickness - are well es-
tablished, MBI produces the distance between the mirrors with sub-nanometer
resolution, which is remarkable for a technique based on white light (the lat-
eral resolution is in the order of an optical microscope). Thus, the thickness
of additional elements put in contact between the mirrors can be defined. [71]
However, the real advantage of SFA consists in connecting one of the two
surfaces to a spring system to measure the interaction force as function of the
measured distance F(D), by applying the Hook’s law (where the displace-
ment is obtain from MBI). To conclude, in a SFA setup the two surfaces are
positioned in a crossed cylinders geometry. Therefore, the interaction force -
distance law F(D) is expressed by the Derjarguin approximation as discussed
in Equation 2.19.
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3.5.2 Designs

In the last 50 years, the SFA design has changed extensively in order to op-
timise the experimental and assembly time, make the setup as user friendly
as possible and reduce all the possible disturbances that can interfere with the
measurement. In 2018, we started as a group using the classic SFA2000 setup
[73], which was extensively exploited. In this section, I introduce all the up-
dates we developed in comparison to that initial SFA setup, that brought to the
final prototype we have now in our laboratories in Vienna. Most of the results
of this optimisation are shown in some of my coauthoring papers published at
the beginning of 2019 from Schwenzfeier et al. [74] and beginning of 2021
from Wieser et. al.. [75]

Our first concern was to improve the optics, therefore we moved to a LED
source to reduce the light noise of the classical tungsten filament source of
SFA2000. Then, we inserted an additional optical line to display in the spec-
trometer the light path that goes through the sample together with the source
light spectrum. Normalising the signal respect the white light background,
allowed us to enhance the FECO resolution (Optical path in Figure 3.3A).
The final update in terms of optics can be visualised in Figure 3.3B. In terms
of accessibility, we developed a SFA setup in which the optical path is not
perpendicular to the floor but parallel. This configuration let the alignment,
cleaning and maintenance of the optics easier and tidier. In this final config-
uration, all the optical elements are fixed once they are aligned, except the
focus which is obviously adjusted for each experiment by a micrometer de-
vice.

The improvement of force measurement quality was our second goal. As
we said above, SFA measures the force based on the displacement calculated
from the FECO. Starting from half of 2018 we tested a new version of SFA in
which a strain gauge (SG) system was connected to one of the two surfaces
(see Figure 3.3B). In this way, it was possible for us to decouple the infor-
mation originated from the optics - the distance between the surfaces - with
the direct force measurement, i.e. the SG signal. This upgrade was a great
achievement and allowed us to investigate the fine details of the interaction
profiles. [27, 75, 76] Moreover, having an online feedback from the measured
force, helped us in judging the quality of the experiment in real time , before
the post experimental analysis step.

The final update is related to damping out mechanical vibrations that might



34 CHAPTER 3. MATERIALS AND METHODS

Figure 3.3: (A) Optimised SFA optics on a SFA 2000. The source is sent di-
rectly into the spectrometer to enhance the analysis quality. Adapted from
[74]. (B) Subsequent updates on our SFA consisting in adding rotational
stages, piezo controllers (N. indicates the normal direction) and a fluid cell
with horizontal optical line. The updates grant access to electrochemical or
shear experiments as well. The set up is built on a surface connected to a
bungee chords mechanisms. Adapted from [75].

disturb the experiment. This upgrade was possible thanks to Laura L.E. Mears
Ph.D.and Dominik Dworchak M.Sc. . Based on a patent device by Schmid et
al. at TU Wien [77], we isolated the SFA setup on a bungee chords system,
allowing to perform good SFA measurements in a room at the 5th floor of a
building in the Vienna city centre.

The set-up received also a software upgrade thanks to Maximillian Lengauer
M.Sc.: he wrote a labview program that couples the fine control of the piezo
motor on the movable surface together with the SG control signal. This al-
lowed us to introduce three new modes for the SFA experiments, which can
produce additional information about the nature of the interaction (see Chap-
ter 6).

They are presented in Figure 3.4. The arrows indicate the motion of the upper
movable surface. First, we have as SFA force-run the classic approach of
moving one surface toward the other at constant speed. Here, the time in
contact is lower than 1 minute and an external load is applied in contact (See
Figure 3.4(0)).
Second, we define as ”fishing” an experiment with the goal to seek, define
and control the distance D jumps−in at which the instability of jumps-in takes
place (Figure 3.4 (1)), indicated by a dashed red line.
Third, we define as ”quasi-equilibrium state” a condition in which both the
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external drift and the force applied by the piezo are not affecting the two
interacting surfaces. In this configuration we can stop close to the instability
point and observe a spontaneous jumps-in (Figure 3.4 (2)). Fourth, we define
τ as the amount of time two surfaces are kept in contact. In this configuration,
we test the effect of time on specific interactions of the LMS functionalities
(Figure 3.4 (3)).

3.5.3 SFA experimental protocol

The very first step in any SFA experiment is to define the thickness of the
simplest interferometer configuration one can make: two mirrors with a layer
of thickness T between. Then, one gets the ”zero” respects which to calculate
additional layers of the interferometric system. For instance, what we do is to
prepare one SFA disk with gold and another with back silvered mica, and in
air we bring the surfaces in contact.

At this point, we prepare the surface where the sample is located as described
in the previous sections. The bilayer can be deposited of course on a mica
surface of same thickness Tmica, or on a gold layer if the inner leaflet is a thiol
based monolayer.

Thanks to the software developed in our laboratories to finely control the
piezo position, we can test the interaction force profiles within four modal-
ities, as defined in the previous section. The final step in the investigation of
surface interaction with SFA, consists in exchange the electrolyte solution in

situ via Teflon tubes (LEE fittings) connected to the SFA cell.

3.5.4 SFA data analysis

As we said, SFA produces a spectrum of FECO, which contain the informa-
tion about the distance between the semi-reflecting mirrors. The main idea of
the analysis is quite simple: since distance, refractive index and wavelength
are related by the positive interference condition, one should simply back cal-
culate the distance from the wavelength displacement of the FECO spectrum.
Often software to fit the position of the FECO maximum are used to track the
information about this evolution. [73] In the last years this approach has been
surpassed for a fit of the entire FECO spectrum, using the Multiple Matrix
Methods (MMM). We developed a generalised fitting approach where each
optical elements are described as layers elaborated by a 4×4 transfer matrix
method simulation. The code is extensively used on different SFA configu-
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Figure 3.4: SFA operational modalities. The black arrows indicate the move-
ment of the upper surface to the other. The red dashed line indicate D jumps−in,
the point where the jumps in is expected to take place. (0) Classic approach,
one surface goes straight in contact with the other and afterwards it separates.
(i) fishing, the surface reaches D jumps−in, and it is retracted before any inter-
action brings it into contact. (ii) Gentle probe, the surface is brought to the
instability point where is stopped for a little amount of time (dots). Then,
spontaneously collapse into contact, and eventually is separated by applying
the voltage in the opposite direction. iii Time in contact effects, the upper
surface is brought into contact and rests in this configuration for an amount of
time τ before to be retracted.

ration, like lipid bilayers, cyclohexane or metal layers.[27, 74, 75] Moreover,
Schwenzfeier Kai M.Sc. produced a user friendly interface to easily access
the MMM analysis by any SFA user(SFAexplorer). [74] In this thesis work,
the analysis of all the FECO spectra are performed with this software.

Summing up the data analysis, we use SFAexplorer to establish the mica
thickness during the first step of our protocol (measurement in air). First we
adjust the expected mica thickness for an initial value of refractive indices,
then we vary the latter in both of its β and γ components in order to obtain the
best fit. Second, we generate a file that includes the optical properties of the
mica layer for the fitted Tmica. The subsequent spectra coming from a MBI
including a LMS deposited on one mirror, is analysed in comparison to the
mica data, revealing the distances in time D(t) and ultimately the thickness of
LMS in contact.

The software Origin Pro is used for the following data plotting and alignment
as follows. The data recorded by the strain gauge are transformed in a data
set of Force in Newton as function of time F(t). A linear regression is per-
formed in the region where the interaction force is expected to be null. In this
way, we exclude deviations on the forces related to important thermal drift
contributions. By tuning in time F(t) and D(t), we can compose the force -
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distance law F(D).

3.6 Langmuir Adsorption Isotherms model (LAI)

At the end of Chapter 5 we discuss the competition between two interacting
species at the solid/liquid interface. Here I present our numerical model to
describe and predict the phenomenon.

The competition discussed is due to three interacting species; the polymers
terminated with amines (A+), the ions (I+) and the mica binding sites (S−).
A Langmuir adsorption isotherm (LAI) can describe the interaction of each
species with the interfacial binding site. Hence, we can interpret the interfa-
cial interaction as two competing isotherms, one for the ion adsorbing on the
mica surface (Iad) and a second one for the amine|mica bond formation (B).
Consequently, the equilibrium between these five populations (A+, I+, S−, Iad

and B) can be expressed in terms of the following chemical reaction:

A++ Iad

kI
off−−→←−−

kI
on

A++ I++S−
kA

on−−→←−−
kA

off

B+ I+ (3.5)

where the labels A and I stand for amines and ions respectively. With kon

we indicate the rate constant of producing B or Iad , and with koff the inverse
process. For each isotherm we define the the equilibrium constants KA =

kA
off/kA

on and KI = kI
off/kI

on, which are related to the variation of free energy (see
Equation 2.33).

We can further express each species of Equation (3.4) in an interacting ad-
hesive contact as a number of molecules per area (A+ as x1, S− as x2, B as
x3) or per effective interaction volume Vs (I+ as x4, Iad as x5). Here, the ef-
fective interaction volume is chosen as 3 nm times the unit area, which is
consistent with the observed distance changes during breaking of an adhesive
contact.

By evolving these concentrations in time, we can define a set of ordinary dif-
ferential equations (ODEs) expressing the set of chemical reactions (Equation
(3.4)) of the competing Langmuir isotherm model as follows:
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ẋ1 =−kA
on x1 x2 + kA

off x3

ẋ2 =−kA
on x1 x2 + kA

off x3 − kI
on x4 x2 + kI

off x5

ẋ3 =+kA
on x1 x2 − kA

off x3

ẋ4 =−kI
on x4 x2 + kI

off x5

ẋ5 =+kI
on x4 x2 − kI

off x5

(3.6)

We numerically solve set of Equations (3.5) with a Python 3.8 script using
the Runge-Kutta method of order 4 (with time steps at order 5 accuracy) as
implemented in the SciPy library [78].

The ODEs describing the competing equilibria are solved by setting the equi-
librium constant of the amine|mica interaction to experimentally obtained val-
ues, in terms of the interaction free energy. Specifically, from the SFA exper-
imental data, we can estimate the interaction free energy (work of adhesion)
per polymer W0 (which is an upper bound for the amine|mica energy). Thus,
inverting Equation 2.33 for amines, we can further estimate the amine equilib-
rium constant from SFA measurements KSFA

A ,= exp
�
−W0

KT

�
. Consequently,

we fix the amine rate constants to the experimental findings, leaving the rate
constants related to ions (kI

on and kI
off), as the only fittable free parameters. Fi-

nally, the latter are varied to obtain the best agreement between experimental
and simulated data in terms of a linear least squares optimisation (visualised
by the root mean square deviation, RMSD). Figure 3.5 shows an example of
the concentration for the interacting species at 0.01 M.
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Figure 3.5: Example of simulations with the code. Each colour represents a
population as indicated by the legend. The values at the end of the end of
the simulated time are used to express the simulated work of adhesion (see
Chapter 5)
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Chapter 4

Characterisation and stability of
lipid model systems

4.1 Introduction

The following chapter is based on the article that appears in ACS: Langmuir
(see [27]). It is reproduced under the corresponding copyright agreement.

41
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Four different lipid model systems are compared in highly adhesive en-
vironment using the surface forces apparatus (SFA) and atomic force
microscopy (AFM). Their adhesion mechanisms together with interfa-
cial undulation and hydration effects are appreciated comparing theo-
retical and experimental results. The final model systems proved to be
suitable for highly adhesive environment, additional surface modifica-
tions and electrochemical applications.

Specifically, in this chapter we discuss two aspects of lipid model systems
(LMS). First, we aim to develop a LMS for SFA that is defect free (e.g. no
holes) and stable under electrochemical conditions, offering the future possi-
bility to charge/discharge membranes during interaction force measurements,
or vice versa to measure charge and discharge during interaction. In this di-
rection LMSs already established for biosensing devices are an ideal starting
point.[79] Second, we aim to improve LMS stability under highly adhesive
conditions, which are to be expected not only in electrochemical systems
but also in certain cell processes. In this work, we define high adhesion to
be values above ∼15 mJ/m2 as these are the values that occur for processes,
such as hemifusion of bilayers, and hence are biologically significant for un-
derstanding events like membrane fusion.[80, 81] The interaction between a
single lipid bilayer on one side and a solid surface, without modifications
on the other is less commonly investigated,[82, 83] but provides a simple
experimental systems where the contact is likely to be highly adhesive and
where stability can be tested under extreme conditions. Two investigations of
such an LMS against a hydrophilic surface, silica and mica respectively, have
been made experimentally by Anderson et al.[82], and using Grand Canonical
Monte Carlo (GCMC) simulations by Pertsin and Grunze,[83], with different
conclusions. In the experimental measurements, in water only a repulsive
force was observed during the approach of silica to the LMS on mica. How-
ever, the simulations predict that as the separating distance decreases there is
an attractive force between mica and the LMS leading to a jump into contact.
Within the simulations, undulations and spontaneous protrusions of molecules
from the LMS were observed. It is unclear whether differences in surface to-
pography, lipid head group or surface material should result in such changes
in the force profiles from the two different approaches.

Here, we discuss force profiles of different LMS models facing an atomically
smooth mica surface (see Figure 4.1) in context of the theoretical work of
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Pertsin and Grunze[83] and the experimental data of Anderson with LMSs
facing silica[82]. Further, we compare the stability of classic solid supported
bilayer models systems with two alternative support methods based on self-
assembly chemistry on gold for the inner leaflet of an LMS (see again Fig-
ure 4.1). Specifically, we compare the classic inner layer anchoring on silica
based materials (e.g. mica, or glass) via (1) uncharged lipids with (2) anchor-
ing via a positively charged lipid, and anchoring via two electrochemically po-
larizable systems including (3) a rigid and hydrophobic linear C16-alkanethiol
self-assembled monolayer (SAM) as well as (4) a flexible SAM anchored and
polymer-tethered lipid layer, DPhyTL.

We apply similar methods to Benz et al.[69] to test the stability of LMSs
contacting a highly charged and adhesive solid surface, namely mica. Specifi-
cally, we compare AFM surface topographies, and force versus distance char-
acteristics using the SFA. We find undulation forces, and charge regulation
during interaction, which strongly depend on preparation conditions and the
particular model system, respectively. We also find an increased long-term
stability under highly adhesive conditions, and ideal electrochemical charac-
teristics of a bio-membrane for the DPhyTL system, making this model sys-
tem for SFA an ideal starting point for studying more complex strongly ad-
hesive/interacting systems. For instance, DPhyTL has been extensively used
in other fields to assemble various model membrane architectures that have
been applied to the study of bacterial toxins such as Gramicidin,[56] alpha-
hemolysin,[57] valinomycin,[58] the interaction of silver nanoparticles with
cellular membranes[59] and to mimic the outer membrane of gram-negative
bacteria.[84] DPhyTL anchored membranes also show long term stability for
biosensing measurements, stable in the range of months.[85]

4.2 Results and Discussion

In this work we characterise the four different supported lipid bilayer model
systems (LMS), which have distinctly different inner-layer anchoring chem-
istry (S1 - S4), as shown in Figure 4.1. We test the force response for all
model systems against a highly charged surface, as well as their stability upon
de-adhesion from highly adhesive contacts. Topography and undulations of
the bilayers were characterized with AFM imaging, and force distance pro-
files during approach and separation (de-adhesion) were recorded using the
SFA.
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Figure 4.1: SFA configuration and chemical structures of the inner layers. The
SFA configuration is shown for system S1. The bilayer system was placed on
one side and a blank mica surface was used as the apposing surface. All
samples were immersed in 8 mM NaCl. The silver layers form the interfero-
metric cavity. The distance D and the bilayer thickness TBL, is defined in the
schematic. Chemical structures of the inner layers - System S1: DPPC/DPPC
on mica; System S2: DPPC/DPTAP on mica; System S3: DPPC/ hexade-
canethiol on Au; System S4: DPPC/DPhyTL on Au. [86] TML indicates the
monolayer thickness.

Figure 4.2 shows the force versus distance characteristics recorded during
approach of mica to the DPPC/DPPC system supported on a mica surface
(labelled S1) for two consecutive profiles. In the first approach, when the sur-
faces touch for the first time, a long range electric double layer repulsion is
followed by a jump to a distance TBL = 4.3 nm corresponding to the DPPC bi-
layer thickness.[87] With increasing external force the bilayer is compressed,
and the mica to mica distance reaches a minimum value of D = 1.1 nm at
F/R = 30 mN/m. This indicates that the bilayer does not maintain a stable
thickness upon compression, which suggests an unstable bilayer under very
moderate compression.

A further indication of instability of the S1 system is that in the second ap-
proach, a jump-in to T ∗

BL = 9.7 nm occurred, which is about double the dis-
tance compared to the first force measurement. Also during the second ap-
proach increasing load resulted in a considerable compression of the confined
material. This is not surprising and indicates that the bilayer was considerably
damaged during the first separation. The molecular mechanism is depicted in
the sketch of Figure 4.2 as follows: (i) When the system has been compressed
for the first time the bilayer is sandwiched between the two identical mica
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Figure 4.2: DPPC/DPPC bilayer (S1) LB-deposited on muscovite mica.
Force-distance profile of the approaches from two sequential force runs of
S1 in electrolyte NaCl solution (λD = 3.57 nm). The first is denoted FR1
(grey) and the second is FR2 (red). After the first profile jumps to a distance
D = TBL, representing the bilayer thickness in confinement, (i) the surfaces
are in contact and a compressing force FC is applied to the system, squeezing
the bilayer. When the surfaces are moved apart, the bilayer adheres to both
mica sheets, and an equal adhesion force, FAdh acts at both interfaces. When
the surfaces jump out of contact, (ii) the bilayer bridges the gap during sepa-
ration before breaking and (iii) parts of the bilayer remain on both sides. As
a consequence, the force profile is shifted to higher distances for FR2, and a
jump-in to a distance D = T ∗

BL is observed, which has approximately double
the value of TBL.

surfaces, with equal surface attraction to both sides of the bilayer. (ii) Due
to the symmetry of the system (similar interaction of lipid head groups with
both confining surfaces), during the jump-out it is likely that parts of the bi-
layer have remained in contact with the apposing mica surface, as indicated
by the U-shaped force-versus distance characteristic during separation with a
jump out of contact at about D = 8 nm, almost twice TBL (inset in Figure 4.2).
(iii) When the surfaces are then brought out of contact again, some lipids will
remain attached to each of the two surfaces, i.e. some transfers from the orig-
inal surface to the apposing one due to similar interaction strength with either
side. For this reason, when the surfaces are brought together for a second
time, the configuration will be similar to two bilayer island covered substrates
interacting with each other, consequently jumping into an initial contact at a
distance that is double the expected bilayer thickness.
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It is possible to overcome this issue by choosing anchoring-lipids with a
stronger interaction to the mica surface. A frequent choice for SFA exper-
iments have been other zwitterionic lipids with a phosphatidylethanolamine
(PE) termination to improve stability, relying on the strong interaction of the
terminal primary amine of the PE group with mica.[69, 88]

In the following we will show results of similar measurements with three dif-
ferent anchoring mechanism, including a positively charged lipid (DPTAP),
which will work in a similar way compared to PE, with its charge providing
additional interaction with the negative mica surface. Additionally we also
tested two self assembled monolayers (SAMs) that have been used to modify
surfaces for LMSs used in bio-sensing and other fields.[79, 89]

 
C DPPC/C16/Au 

 
D DPPC/DPhyTL/Au 

 
B DPPC/DPTAP/Mica 

 
A  DPPC/DPPC/Mica 

 

0.5h soak     10h soak 

 RMS                                            RMS                RMS 
 0.18 nm                                      0.52 nm         0.27 nm 
  

Figure 4.3: AFM scan images of the lipid bilayer systems investigated. Two
height profiles are given below the images to represent the whole system.
(A) System S1: Mica supported DPPC bilayer. Here, the height differ-
ence of the round-shaped defects is 5.15(3) nm. (B) System S2: Mica sup-
ported DPPC/DPTAP bilayer. The height difference of the distinct regions is
0.40(3) nm. (C) System S3: DPPC/hexadecanethiol bilayer on a gold sub-
strate, prepared with EPO-TEK 377. (D) System S4: DPPC/DPhyTL bilayer
on a gold substrate, prepared with EPO-TEK 377; left: DPPC deposition im-
mediately after SAM generation, further denoted as the not fully hydrated
system S4; right: 10 h storage of the SAM in Milli Q water before DPPC
deposition, further denoted as the fully hydrated system S4. The given RMS
values for C and D were calculated from the line profiles shown. The sketches
above show our interpretation of the obtained surface topographies.
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AFM topography of bilayer models. All samples are imaged in 8 mM NaCl
solution. For each SLB system, at least 3 independent AFM measurements
were carried out.

We first inspected all of the different architectures (labelled S1-S4, according
to the anchoring) using AFM topography imaging as displayed in Figure 4.3.
The sketches above represent our interpretations of the scan images.

The topography of S1 (Figure 4.3A) contained multiple round-shaped defects
with a typical diameter of 600 nm, a typical coverage of 20% and depths be-
tween 3.65 nm and 5.25 nm. Such defect structures are well known for similar
LMS systems, and were shown to represent the thermodynamically equili-
brated structure of the membrane at a constant temperature [69], and similar
defects were observed for similar LMSs by Hui et al. using AFM.[68]

In contrast, as shown in Figure 4.3B the surface topography of the mica sup-
ported DPPC/DPTAP system (S2, see again Figure 4.1) showed no bilayer
defects, but a division in bilayer regions with clear boundaries and a distinct
height difference of typically 0.4 nm. This was observed in all AFM measure-
ments on S2 and over several hours of measuring, which indicates a phase
coexistence. There are three ways we suggest this coexistance could have oc-
curred: the first, most likely cause, is heating of the sample by the laser, the
sample holder was found to be warm to touch following measurements;[90]
secondly charge may lead to more ions present at the mica/DPTAP interface
which are trapped beneath the bilayer causing undulations; lastly there could
be flip-over of lipids between the inner and outer leaflet which may adjust the
transition temperature.

Using a charged lipid (here DPTAP) as anchoring-lipid maximises the elec-
trostatic lipid-substrate attraction. Figure 4.4 shows the Area per lipid depen-
dence as function of the charge, defined by the mixture between DPPC and
DPTAP molecules. We translated ALipid in a net surface charge σnet with the
goal of generating a lipid based monolayer which might match the mica net
charge, in order to have a strong binding between the membrane and the sub-
strate. We found that, for a gel-phase DPTAP film, i.e. the highest possible
compression and hence charge per area, pressure isotherms at the water-air
interface ( comparable to literature[91]) indicate that the mica surface charge
can be theoretically compensated by up to 95%, considering an ideal mica.
Therefore, as it is higher in electrostatic attraction it serves as a benchmark
for increasing the stability via charge compensation. The absence of holes or
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Figure 4.4: A The calculated area per lipid is used to define the charge per
lipid observe by mixing DPPC and DPTAP. B Comparison of the lipid mixture
net surface charge with respect to the mica surface charge
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Figure 4.5: Thickness measured in contact with SFA for S2 facing mica in
water. The figure is adapted with permission from [92].

other large-scale defects in S2 aligns with the additional electrostatic attrac-
tion to the mica substrate. Still, Figure 4.5 shows measurements performed
by SFA in water for S2 facing a mica surface, proving instability under high
adhesion, with no consistent thickness and adhesion reached over multiple
measurements at the same contact.

Thus, in order to increase the binding energy between the LMS and the sub-
strate, we further introduced two hydrophobic self-assembled monolayer (SAM),
that are covalently bound to the gold support, which also offers the future pos-
sibility to polarise the membrane in an electrochemical SFA.[75, 93, 94]

First, hexadecanethiol was applied as a hydrophobic anchoring layer (i.e. in-
ner layer of S3), as shown in Figure 4.1. This provides a uniform inner layer
with high molecular packing density. An AFM scan image of S3 is shown in
Figure 4.3C. The root mean square roughness of about RMS= 0.2nm demon-
strates the absence of defects in the system and a very flat surface topography.
These undulations left in the system are shown to be situated in the bilayer it-
self, rather than within the inner, SAM layer underneath or the gold substrate
layer which are defect free, once is taken care of choosing the proper adhe-
sive, as shown in Figure 4.6 A and B. No phase coexistence was observed
on these layers, possibly due to the limited fluidity of the outer layer on this
support, or due to other effects such as slightly different tilt angles imposed
by the SAM which may in turn shift phase equilibria.

The second SAM system applied was DPhyTL as the anchoring layer (S4),
which has a gold-binding disulfide group linked to a highly-branched phy-
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Figure 4.6: AFM scan images, performed in 8 mM NaCl solution. Two height
profiles at different positions are given for clarity. A Gold substrate, fixed with
UV-curing adhesive. B Gold substrate, fixed with heat curing adhesive. By
comparing images A and B one can see a clear reduction in surface roughness
when using the heat curing adhesive. C DPhyTL on gold attached with heat
curing adhesive, recorded in water after less than 1 h of immersion time (not
fully hydrated).

tanyl lipid by a hydrophilic tetraethylenglycol (PEG4) polymer chain (see
again Figure 4.1). The surface topography of system S4, revealed by AFM,
strongly depended on the storage time of the DPhyTL in water (Milli Q). Im-
mediate DPPC deposition after SAM generation and subsequent measurement
gave a moderate coverage of large-scale undulations of the bilayer, resulting
in a comparably higher RMS-value of about 0.5 nm (Figure 4.3D(left)). These
undulations level-out considerably with extended immersion times in Milli Q
water for both an exposed DPhyTL monolayer and a fully formed LMS on
DPhyTL (Figure 4.3D(right)). The origin of these undulations is located in
the flexible anchoring layer, which is clear from our AFM measurements on
the DPhyTL monolayer in aqueous solution(see Figure 4.6)C), showing the
same undulating structures of the SAM. In addition, the gold substrate ( Fig-
ure 4.6B) exhibits a negligible roughness of RMS = 0.05nm. System S4
further shows randomly arranged defect structures of less than 1 nm depth,
which appear to become smaller in size, but remain visible with extended im-
mersion time of the monolayer in MilliQ water. These local defects were not
observed in the DPhyTL monolayer (see Figure 4.6), and are hence consistent
with a phase coexistence in the outer DPPC layer.

The comparison of the topography of system S4 for different immersion times
in Milli Q water indicates that the PEG4-chain tether, which is buried under
the highly-branched lipid, needs an extended hydration time in order to reach
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an equilibrium of the system with the aqueous environment. A 10 h immer-
sion time of the SAM before DPPC deposition was shown to be sufficient for
levelling out the long-range undulations, and is further denoted as the fully
hydrated system S4.

Interaction force profiles of SAM based bilayers. Comparing the two
SAM based systems, S3 clearly gives a higher-quality surface topography.
While, S4 has more undulations, bringing it closer to natural membranes, the
PEG rehydration requires extended exposure to Milli Q water (about 10 hours
is sufficient for full PEG hydration). All systems S2, S3 and S4 show promis-
ing topography for providing a stable bilayer during force probe experiments
and specifically under high adhesion. Here, we will now asses this by direct
force probe experiments using the SFA.

Figure 4.7 shows the force versus distance characteristics of S3 and S4 ap-
proaching a mica surface recorded with the SFA.

Figure 4.7A displays the force versus distance characteristic for S3 facing
a mica surface (see the top right inset of Figure 4.7A). First, the force pro-
files indicate a long range electric double layer repulsion scaling with the
Debye length, a jump into contact from about D = 6.5 to D = 3.7 nm, and
a further compression over about 0.5 nm before a final hard wall is reached.
Second, the S3 system exhibits a perfect stability in terms of the hard wall
thickness and reproducibility. In particular, we recorded a thickness (hard
wall) at maximum compression of TBL = 3.16 nm during the first force run
(FR1), TBL = 3.17 nm and TBL = 3.14 nm during the second and the third
force runs (FR2 and FR3). The thickness of similar bilayer systems has been
investigated in previous work using neutron reflectivity [95] and molecular
dynamics simulations [96]. In those works, the thicknesses (TBL = 4 nm) are
on average higher, with about 1 nm of the total thickness assigned to the hy-
drated head group. This difference is likely caused by the confinement, and
consequent dehydration of the head group after the jump into a strongly adhe-
sive contact of the S3 system. Further, one can see that all force runs of a sin-
gle experiment exhibit identical interaction force profiles during approach of
the S3 system and a mica surface, indicating excellent reproducibility.

Figure 4.7B shows three consecutive force versus distance characteristics of
the S4 system facing a mica surface. The profiles of the different approaches
show the same shape and they exhibit a defined jump in from about D = 10 nm
into D = 4.3 nm, which corresponds to the thickness of the bilayer model. In
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Figure 4.7: Force-distance curve profiles during the approach of SAM based
LMSs against mica. A Force runs (FR) of system S3 (DPPC/C16) deposited
on gold facing a mica surface (schematic inset, top right). The force F/R is
normalized by the curvature of the crossed-cylindrical surfaces. The averaged
bilayer thickness measured is indicated by T BL. B Force runs (FR) of system
S4 (DPPC/DPhyTL) on gold (schematic inset, top right). C Fit of the inter-
action forces of two mica surfaces brought into contact (black markers), S4
system against mica (grey markers) and S3 system against mica (blue mark-
ers). The abscissa is the distance between the two outer faces of the surfaces
taken in analysis. When no LMS is present, TBL = 0 nm. The mica-mica curve
is well fit by a constant charge solution of the DLVO function, while the SAM
LMS systems are fit with a charge regulation solution, obtaining two different
Hamacker constants AH and a Debye length λD = 3.70nm (see the text and in
the SI Table 4.1 for more details).

contrast to S3 the force profiles indicate a lower electric double layer repulsion
followed by a jump into a slightly attractive regime, and again a compression
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over about 0.5 nm into the repulsive hard wall.

At the maximum applied load the hard wall thickness of TBL = 4.3 nm for
S4 was stable over more than 5 repeated runs. As for the S3 system, the
hard wall in contact is about 1 nm lower compared to values for uncom-
pressed and hydrated DPhyPC/DPhyTLs bilayer heights from neutron re-
flectivity studies,[97] and in the expected range for a confined bilayer under
applied load.[30, 69, 87, 98] This is consistent with confinement effects in
SFA such as interdigitation, headgroup dehydration and polymer compres-
sion of the PEG4-tether in the present case. Moreover, this interpretation
conforms with the AM-AFM measurements on S4: In Figure 4.3D the topog-
raphy of the S4 bilayer shows undulations of the bilayer, which derive from
the soft properties of the polymer (polyethyleneglycol, PEG) linker chains in
the DPhyTL.

As shown in Figure 4.7C the measured equilibrium force versus distance char-
acteristics during approach of systems S3 and S4 against the highly charged
mica can be fitted well at distances D−TBL > 2−3 nm as a linear superposi-
tion of electric double layer, (FEDL), and van der Waals, (FV dW ), interactions
using the DLVO theory. Here, these systems are highly asymmetric in terms
of their electric double layer properties, hence the electric double layer contri-
bution is described using a Charge Regulation (CR) model for two asymmetric
surfaces[99, 100] as follows:

FDLVO

R
=

FV dW

R
+

FEDL

R
=− AH

6(D−DV dW )2 + 2πεε0κ�
2ψ1ψ2 e−κ (D−DEDL)+

�
(2 p1 −1) ψ2

2 +(2 p2 −1) ψ2
1
�

e−2κ (D−DEDL)
	

1− (2p1 −1)(2p2 −1) e−2κ (D−DEDL)

(4.1)

where ψn indicates the potential at the diffusive layer for each of the surfaces
in a 1:1 electrolyte solution, ε and ε0 are the electric permittivity of water and
the permittivity of free space, AH is the Hamaker constant and κ is the inverse
of the Debye length λD.[99, 100] DEDL and DV dW describe the plane of origin
of the individual force contributions. Specifically, for VdW contributions a
shift of the plane of origin allows a simple modeling of layered systems, and
EDL interactions originate from the diffuse layer interaction, which can hence
be shifted by the thickness of the inner electric double layer.[101]
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The parameters p are charge regulation parameters and converge the interac-
tion to the constant charge solution (C.C., Equation 2.12) if p = 1 or to the
constant potential solution (C.P., Equation 2.11) if p = 0 for the respective
surface. The principal plane of origin for the fitting is defined as the closest
approach of the bilayer and mica, as D0 =D−TBL = 0. VdW or EDL shifts re-
fer to this plane. The parameters are listed in Table 4.1. In our fitting approach

Mica vs Mica Mica vs S3 Mica vs S4
ψ1 (mV) 69 73.5 70
ψ2 (mV) 69 55 28

p1 0.9 0.9 0.9
p2 0.9 0.4 0.35

DEDL (nm) 0.5 0.8 0.0
λD (nm) 3.70 3.57 3.70

AH (10−20J) 2.0 4.5 2.0

Table 4.1: The exact value of the parameters used to fit the charge regulated
DLVO expression Equation 4.1 to the three systems presented in Figure 4.7C.
λD is the Debye length for a 6.9 mM sodium Chloride solution.

we initially fit parameters for the mica surface in a symmetric experiment to
fix the parameter p for mica. Hence, Figure 4.7C also shows the force distance
characteristic measured across two approaching mica surfaces. The profile is
highly repulsive during approach, shows a jump into a hard wall at about 1
nm. This is fully consistent with a constant charge behaviour with the counter
ions remaining within the contact zone. The 1 nm hard wall agrees well with
a hydrated sodium layer confined between the hydrated mica surfaces. As can
be seen in Figure 4.7C, the data can be well fitted with Equation 4.1 using a
charge regulation parameter of p1 = p2 = pmica = 0.9 and a diffuse double
layer potential located at DEDL = 0.5nm of ψ1 = ψ2 = ψmica =−71mV, de-
pending on the particular mica used. Hence, mica can be well described in
terms of a constant charge surface down to distances of about D = 1

κ , as ex-
pected. At smaller distances hydration effects overpower the DLVO contribu-
tion across symmetric mica versus mica force versus distance characteristics,
which are not fitted here.

With this set of mica parameters, we can consistently fit the force versus dis-
tance characteristics for both the S3 and S4 systems while approaching a mica
surface. Both bilayer models are well described by considerably lower charge
regulation parameters. Specifically, the S3 and the S4 system are fitted well
with p = 0.4 and p = 0.35 respectively. As such, these surfaces are char-
acterised more closely by constant potential solutions. The diffuse layer po-
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tential of the S4 system is low at ψS4 = −27(2)mV. Utilising Grahame’s
equation this corresponds to a charge density of −0.03Cm−2, or one charge
per 700nm2. This is about one charge per 10 lipid head groups on the surface,
suggesting a charging of the neutral lipid by anion, here chloride, adsorp-
tion.

The location of anions and cations at lipid/water interfaces is an ongoing dis-
cussion in the literature. Experiments[102, 103] and simulations,[104, 105]
usually focus on salt concentrations of 100 mM and above. The adsorption of
chloride is found to occur weakly in the ordered (LC) phase without binding
by Aroti et al.[102] The work of McLaughlin et al.[103] on the adsorption
of divalent cations to PC lipids finds negative zeta potentials for the PC lipid
in their background 100 mM NaCl electrolyte, these are both consistent with
the weak charging that we observe, albeit in a lower concentration NaCl elec-
trolyte. Notably, the simulations find both coordination of the sodium ions
deep into the head group regions and the chloride ions located between 0.5
and 1 nm away from the PC head group, causing the potential across the bi-
layer to change,[104] also consistent with our hypothesis. Additional ions, as
contaminants from the Milli-Q water or the salt used, are at suitably low con-
centrations that will not have an influence on the surface charging, as proven
by ICP-MS data (see Appendix E)

Interestingly, the diffuse layer potential of the S3 system is considerably higher
at ψS3 =−53mV, corresponding to a charge density of −0.058Cm−2, or one
charge per 275nm2. This indicates a considerably higher negative surface
charging of the DPPC anchored to the SAM surface. This is consistent with
an increased VdW attraction of the highly polarizable chloride ions to the sur-
face, due to the substrate gold layer which is located about 3 nm below the
surface for the S3 case, and more than 4.2 nm below the surface for the S4
case. This interpretation is also consistent with higher overall VdW interac-
tions, and a larger jump into contact distance observed for the S3 system (see
again the fit in Figure 4.7C).

As already mentioned, at shorter separation distances below D = 2-3 nm the
surfaces deviate from DLVO behaviour, which is that they show an instability
and jump in to close contact, followed by a short range repulsion over 0.5 nm.
The instability at D = 7-10 nm seems to correlate with an overpowering of the
electric double layer repulsion by attractive van der Waals interactions for the
S3 and S4 system, with a larger effective Hamaker constant of the S3 system.
This agrees well with the thinner film thickness and hence larger contribution
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Figure 4.8: Helfrich and hydration pressure fit of S4 LMSs. Fit of representa-
tive force profiles of both fully hydrated (open circles) and not fully hydrated
(full circles) S4 systems at short distances after the jump in to contact occurred
(<< 4 nm). The force is normalized by subtraction of background DLVO in-
teraction and by a nominal area (∼100 µm2), typical at these distances after
jump in. Presented in blue is the exponential fits (hydration model) and in red
the Helfrich undulation model fit (c.f. text for details).

of the underlying gold substrate. For the S4 system the short range repulsion
can be fit reasonably well with either of the following two models: First, a
short range exponential hydration repulsion with a quite short scaling length
of 2-3 fits the data. Second, a 1/D3 dependence of a Helfrich like model.[49]
The former may relate to the head group dehydration, while the latter is re-
lated to an undulation repulsion (see Chapter 2 for additional details). In Fig-
ure 4.8 we show a representative fit for both hydration states of the S4 system
at distances where a short range repulsion occurs just after the jump into con-
tact. In blue, we show exponential decays for progressively thinner hydration
scaling lengths from λHy = 1 nm, which does not fit the data at all, through a
typical hydration layer thickness (λHy = 0.3 nm) to 0.15 nm, which, despite
fitting the data, is a distance lower than any hydrated ion shell size. Thus, an
exponential model does not properly describe the repulsion recorded with rea-
sonable parameters. On the other hand, a Helfrich model[49] can fit very well
all the data sets with a reasonable bending modulus κb = 2.5− 5.0× 10−19

J, which is in line with previous results. [106] Therefore, after the jump in
occurs and the PEG chains are compressed, the S4 LMS systems need time
to relax the undulations that still persist at the bilayer interface, which can be
well described by the Helfrich model. On the basis of the current data we
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conclude that the short range repulsion maybe a superposition of both contri-
butions, while it seems evident that the repulsion after the jump is dominated
by the damping of the natural undulations of the systems.[40]

Figure 4.9: Adhesion and pressure for SAM based systems.A Force profiles
during surface separation for S3 (triangles) and S4 hydrated (open circles).
Before each jump out, the S4 system increases its thickness in confinement
by a quantity δ while keeping the force constant. B Adhesive pressure mea-
sured as a function of the distance for S3 (triangles) and both S4 fully hydrated
(open circles) and not fully hydrated (full circles) systems. The different runs
are displayed with a graduated blue color scale where the darkest is the first
retraction. The contour length LC of the PEG system is displayed for compar-
ison with δ (see inset sketch). Note, the adhesive pressures have been made
positive for the convenience of plotting on a logarithmic scale.

Figure 4.9 shows characteristic A) force (normalized by 1.5πR) and B) pres-
sure1 versus distance profiles during separation for the two SAM based bilay-
ers, S3 and S4, from mica respectively. In Figure 4.9A the points where the
adhesive junctions break and the surfaces suddenly jump apart to some large
distance are marked as ”jumps out”. Interestingly, both systems show a con-
siderably different contact geometry and force versus distance characteristic
during separation, and the S4 system shows a pronounced dependence on the
preparation history, as follows.

First, in Figure 4.9A the normalised force versus distance characteristics for
the S3 system show a distinct jump out from the bilayer thickness with a small
3–5 Å extension from the hard wall at higher pulling forces. The measured
adhesive force of 62 mN/m is stable over three consecutive force runs at the

1Pressure values were calculated from the force measured by the strain gauge divided by
the area measured from the contact radius of the FECO at each of the points. For the contact
diameter measurement a threshold difference of 15% from the distance at the center to the
distance at the contact edge was used.
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same position. This suggests that the S3 supported bilayer remains stable
upon multiple separations under high adhesive load. The 3–5 Å extension
may be due to increased undulations under high pulling forces, where they
are not damped any longer, due to a change of the tilt angle during pulling,
or due to rehydration of the headgroups just before adhesive separation. A
potential rehydration will not have been observed in past bilayer vs bilayer
studies, because the headgroups will remain hydrated at contact, owing to
the low adhesion and interaction energy of bilayers. A further alternative
explanation would be that the increase in thickness is strain of the mica under
the adhesive load, however this is highly unlikely for the S3 system.2 We
may only further clarify the cause of the extension with an SFA/spectroscopy
combination, as anticipated in ongoing work by this and other groups.

Quite in contrast, for the S4 system the force versus distance profiles dis-
play a pronounced gradual increase in the distance at constant force. This
results in a plateau of constant force stretching a distance of approximately
δ = 2.5 nm for the fully hydrated S4 and 1.3 nm for the not fully hydrated S4
just before the surfaces jump apart. The stretching distance δ is hence 5–8 Å
smaller, or 5–10 Å larger compared to the full contour length LC = 1.5 nm of
the PEG-chain in the system, respectively, depending on the preconditioning
(hydration). The LC is a relevant length-scale if polymer extension is the only
active process during separation. Therefore, it is often taken as a reference
for similar shapes observed for other tethered systems. Here the extension is
more complex and also depends on the preparation conditions, which will be
discussed below (fourth).

S3 is hence acting as a rigid system without significant extension before con-
tact separation, a property that comes from the rigid C16 structure, which is
strongly bound to the substrate propagating its rigidity to the entire bilayer
through the densely formed SAM. As such, the S3 system can be treated as
a JKR contact, and the work of adhesion can be directly evaluated from Fig-
ure 4.9A. In contrast, the S4 system indicates an extension of the system’s
thickness while still in adhesive contact, with a pronounced L-shape of the
force versus distance profiles. This is comparable to more gradual U-shaped
profiles observed for soft adhesive systems containing PEG chains for lig-
and/receptor probing.[30] This is consistent with a stretching of the system

2The maximum possible extension of mica in the elastic limit can be calculated from the
elastic modulus, K , using ΔX = (FTmica)/(AK ) = (1.2 mN × 6.3 µm)/(1000 µm2 × 90
GPa) = 0.08 nm, from the lowest value of the mica K , to 0.027 nm for the upper value of
180 GPa in the range. This is below the typical detection limit of SFA.
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(PEG4) before adhesive failure occurs. As a result, the work of adhesion can-
not be evaluated using the JKR model, and the measured forces cannot be
immediately compared to the S3 model system. The S4 data are put on the
same axes in Figure 4.9A for ease of comparison only.

Second, and as shown in Figure 4.10, this behaviour is also reflected in the
contact geometry recorded in-situ with the SFA during separation. FECO
recorded at the point of separation indicate an extended flat contact for the
S3 system, and the area versus applied load curve shows a typical JKR shape
(analysis not shown). The adhesion is also independent of the load applied
during approach as shown in Figure 4.11. However the S4 system indicates a
strongly decreasing contact area during separation and hence increasing pres-
sure, which is not consistent with the separation of a JKR contact, yet appears
consistent with a peel-off at constant force. This is due to additional modes
of deformation originating from soft and polymer-tethered bilayer architec-
ture.

Figure 4.10: Jump-out events for systems S3 (A) and not fully hydrated S4
(B). System S3 has a slight decrease in contact area during the expansion, but
detaches from a relatively large contact area (more than 800 µm2) - the middle
figure in A shows the last FECO recorded before the jump-out event. (Note all
FECO i.e. odd and even show the same shape in this system.) This behaviour
indicates the system is well described by the JKR-model. In system S4, by
comparison, we observed a rapid decrease in contact area before jumping out
(less than 300 µm2), indicating the lipid molecules are constantly peeled off
the mica surface before the complete detachment (indicated by the arrows in
the middle figure of B). This is due to the soft inner DPhyTL layer, giving the
lipids more flexibility in the vertical direction.

Third, Figure 4.9B shows the data for S4 and S3 in terms of pressure (force/area)
versus distance characteristics and compares both systems in terms of the ad-
hesive pressure during separation. The direct comparison of the adhesive
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Figure 4.11: Correlation between adhesion force and load for different ap-
proaches of S4 against mica in NaCl.

pressures and forces during separation suggests that both systems, S3 and
S4, reach comparable adhesive forces of F/R = 60-80 mN/m or WJKR = 12–
14 mJ/m2 (see again Figure 4.9A and B), while adhesive pressures are - as
expected - much higher in the S4 case that separates by a peel-off mecha-
nism, where the contact area decreases at constant force. It is interesting to
note, that the distance for S4 increases roughly at the pressure level of 10-
20 MPa were S3 separates completely, indicating a different detachment path
and hence work.

Fourth, for S4 Figure 4.9B further shows representative pressure versus dis-
tance profiles during separation for two sets of 5 consecutive repetitions (filled
and open round symbols). The two sets differ in their time of exposure to
water after the DPhyTL monolayer preparation. Specifically, in inital ex-
periments we LB-deposited the outer DPPC layer directly after drying the
ethanol-washed DPhyTL monolayer following its deposition. In a second
set of experiments the DPhyTL was allowed to rehydrate for more than 10
hours in MilliQ water, prior to DPPC deposition in the LB-trough. While the
adhesive pressure during separation reaches similar values of about 80-100
MPa, the shape of the pressure versus distance profiles show distinctly dif-
ferent characteristics for the two preparation methods. Specifically, for the
system with no additional hydration time the extension δ decreased signif-
icantly from 1.5 nm to 0.6 nm upon consecutive probing. Yet it remained
constant and about 0.5 nm to 1 nm above the full contour length of the PEG4
for the hydrated system.

The decreasing δ for systems with short hydration-time during preparation
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indicates that DPhyTL in the bilayer architecture may dehydrate under con-
tinuous probing, if it is not preconditioned properly by extended hydration of
the DPhyTL monolayer. This is consistent with an average hard wall decrease
compared to the hydrated system that is within a few , yet close to the noise
level.

For the hydrated system the observation of a plateau of constant force ex-
tending further than LC is interesting and may be explained as follows. We
do not observe any decrease in adhesive force or any change of the hard
wall thickness, with repeated probing. Thus, we cannot apply an explana-
tion of lipid pluck-out that was observed in other systems with highly adhe-
sive bonds,[107] where a decrease of the interaction force was observed upon
consecutive force probing.

We find the thickness of the ”stretched system” as it jumps out of contact is by
about 1–1.5 nm greater than that of its measured thickness under no applied
load of about 5.8 nm (using neutron reflectivity [97]). As a word of caution,
the last points during jump out are separated by more than 4–6 Å from the
previous point (at 10 Hz frame rate), it is hence not clear whether these points
are to be considered as ”still in contact” or ”detached and flying apart”. This
makes any definition of a plateau length somewhat uncertain within the limit
of the last two points recorded.

Anyway, extending from the natural uncompressed height of 5.8 nm, an ad-
ditional 1–1.2 nm of the maximum observed stretching can be explained by
a rehydration of the headgroups (0.3 nm) and re-establishment of natural un-
dulations during separation (0.3 nm) in combination with the hydrated PEG4
linker stretching from its natural Flory radius to full extension at LC (0.6–
0.8 nm). Any additional unaccounted extension may well be related to an
elastic deformation (0.3 nm) of the entire mica crystal under the high adhe-
sive pressure in this situation3, and any linear combination of all four potential
contributions is possible.

This interpretation is also consistent with the observed decrease of the plateau
length for the non-hydrated DPhyTL system (Figure 4.9B filled circles). That

3During a peel off process the interaction area at separation decreases by one order of
magnitude, so that for an adhesive force of F = 1.2 mN, mica thickness Tmica = 6.3µm,
contact area at jump out A = 100 µm2 and an elastic modulus K in the range 90 to 180 GPa
a maximum elastic mica expansion of about 0.8 or 0.3 nm is estimated, respectively with a
higher K value more likely for the thick mica sheets used. In the case of a decreasing contact
area mica expansion can hence play a role in establishing the observed longer deadhesion
plateaus.
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Figure 4.12: Impedance, —Z—, measurement on system S4 prepared by vesi-
cle fusion.(A) Impedance measurements indicate a stable and entire formation
of a bilayer on the substrate. (B) AFM scan image in 8 mM NaCl of system
S4, generated by DPPC vesicle fusion, which compares well with surfaces
prepared by LB-deposition.

system shows an extension δ that decreases to 5–8 Å after consecutive prob-
ing. The decrease is consistent with the PEG extension that may become
shorter and insignificant upon consecutive probing due to PEG4 dehydration
or re-ordering, as the initial hydration state was different from the precon-
ditioned, hydrated S4 (Figure 4.9B open circles). The final PEG4 behavior
in the non-hydrated (not preconditioned) state is hence more equivalent to a
polymer in a bad solvent. Hence the remaining 5–8 Å total expansion may be
consistent again with mica expansion, undulations and headgroup rehydration
as dominating factors in the dehydrated case after extensive probing.

Therefore, in any case the explanation for the extension of these systems is
complex, δ must be a combination of the polymer stretch and the hydration
of both the lipid headgroups and the PEG4 itself, with potential contributions
from elastic mica deformations, depending on the interactive area during sep-
aration. Compared to tether ligand/receptor separation[107] this complex de-
tachment mechanism may also explain the more pronounced L-shape of the
separation, as compared to the gradual U-shape observed for ligand/recep-
tor systems, which is due to the sequential unbinding at the outer rim of a
gradually detaching contact.

The qualities of S4 are not uniquely related to their mechanical properties. In
Figure 4.12 we present an impedance measurement performed on S4 which
confirmed the important role for this model system for electrochemical re-
search. As the formation through vescicle deposition was requested, in the
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panel B we have the AFM topography that can be compared with Figure 4.3D
(left) highlighting a comparison with the two deposition techniques. One
can see that long-range undulations as they were observed in S4 prepared
by Langmuir deposition shortly after SAM preparation (Figure 4.3D) are ab-
sent in the bilayer prepared by vescicle deposition. This is due to the longer
preparation time, giving the polymers the opportunity to rearrange and hy-
drate evenly across the layer. Though, local defects are visible but less pre-
dominant compared to the LB preparation.

Back to the mechanical responses of our model systems, it is interesting to
compare the measured data existing data and simulation work on bilayers
contacting solid surfaces. First, the observed adhesion is close to the adhesion
observed during hemifusion of lipids by Benz et al. [69] and of hydrophobic
surfactant monolayers by Helm et al.[80] but remains below the equivalent
load (200 mN/m) that would be required to separate two fused bilayers.[108]
As such, the hydrophobic attraction maintains the stability of the S3/S4 bi-
layer systems during separation, and the measured adhesion energy (JKR for
S3) and adhesive pressure (for S4) is a good approximation for a DPPC-mica
interaction, in rigid and soft support architectures, respectively.

Compared to the work of Anderson, where a DPPC bilayer was approaching a
silica surface,[82] our data indicates a clear jump into an adhesive contact for
all four systems, followed by a hydration/undulation repulsion during close
approach and high adhesion during separation, for both the S3 and S4 system.
The main differences evolve from surface roughness, which is different be-
tween a silica surface and mica, changing the force profile and adhesion when
an LMS is approached.[98, 109] In the force profile, roughness asperities can
cause the repulsion during the approach of the surfaces to decrease, followed
by an earlier increase in the repulsion force than expected as the surfaces
begin to make contact at a greater distance and, dependent on the substrate
material, the asperities are compressed. Therefore, a well defined attractive
jump into contact is absent in a rough system such as silica used by Anderson
et al.[82] In addition, compared to the DPPC system (S1) for a rough system
it is less likely to see similarly significant transfer of material and multilayer
formation, due to the lower effective contact area and local high curvatures of
asperities.[82]

Finally, the force profile and work of adhesion of the rigid system is very
similar to profiles simulated by Pertsin and Grunze for a PC lipid.[110] While
the simulation data also shows a clear effect of undulation and protrusion
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interactions at small bilayer/mica separations below 1 nm leading to a jump
into contact, we find that the jump into contact appears at a larger distance,
which may relate to larger VdW forces (induced by the gold support) not
present in simulations. Still in close contact we do see a compression over a
distance of D = 0.5 nm, which appears to be consistent with undulations and
possibly protrusions, while a dehydration contribution cannot be excluded at
this point. Here only simulation of this particular system and spectroscopy
probe experiments may allow a more detailed molecular level insight.

4.3 Conclusions

To summarise a bit, we explored different ways to reach good stability of
LMSs in SFA experiments under highly adhesive conditions. In order to in-
crease the stability under adhesive loads, we tested systems with different
inner layers.

Using a cationic lipid, DPTAP, to compensate some of the mica charge pro-
vided a layer free from holes in the AM-AFM measurements(Figure 4.3).
This is a significant improvement over uncharged lipids, which led to some
enhancement of stability. However it was not sufficient under the high loads
against mica to maintain a consistent thickness over multiple measurements
(Figure 4.5). Still this is an optional stabilisation for experiments at lower
adhesive force/pressure, which may be evaluated individually for such exper-
iments. In particular, the DPPC only and DPTAP/DPPC systems are likely to
remain stable for some symmetric bilayer vs. bilayer experiments.

The SAM based LMSs have both shown a good stability under high adhesion
(F/R = 60-80 mN/m, or F/A = 80-100 MPa), which is represented by consis-
tent thicknesses and force profiles over multiple measurements (Figure 4.7).
The systems we have introduced compare reasonably well to simulations of
related systems.[83] The C16 supported DPPC (S3) in particular had a very
low roughness (RMS = 0.18 nm), and consistent thickness and adhesion val-
ues. However, the surface charge was quite high due to attraction of anions to
the interface.

DPhyTL SAM supported DPPC has a low intrinsic surface charge and ex-
hibits undulations on the order of 0.6-1.5 nm if surfaces are prepared without
sufficient rehydration time. Hence, for the DPhyTL system a sufficient hydra-
tion time is required to fully hydrate the PEG4 chains used in the anchoring
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system (Figure 4.9). The fully hydrated DPhyTL supported layer is a very
close representation of a floating DPPC bilayer, with undulations and a char-
acteristic bending modulus of κb = 2.5×10−19 J in the range expected for a
DPPC bilayer (Figure 4.8). At the same time it maintains the greater interac-
tion, to both the support and the outer leaflet. The support layer requires so
that the outer DPPC layer remains stable under the high adhesion generated
at the DPPC-mica interface.

Both SAM supported systems behave as constant charge surfaces. Both sys-
tems appear to charge negatively by anion adsorption while the C16 supported
DPPC (S3) has a higher intrinsic surface charge, potentially due to higher van
der Waals attraction of anions to the interface. In addition, in this work for
the first time we tested S4 in the surface forces apparatus, proving its electro
properties (Figure 4.12), which started new projects on in situ electrochemical
experiments. [75]

In conclusion, SFA measurements provide unique distance dependent inter-
action profiles enabling molecular scale insight into the forming and breaking
of adhesive bonds of four different bilayer model systems. Specifically the
DPhyTL-based system (S4) offers diverse possibilities for new applications
in SFA, including the operando combination of SFA during bond forming and
breaking in biomimetic systems with bio- and electrochemical sensing, where
DPhyTL membranes are state of the art, providing excellent electrochemical
membrane characteristics. [75]
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Chapter 5

Investigation on competition at
crowded interfaces

The following chapter is based on the article titled ”Visualisation of ion|surface
binding and in situ evaluation of surface interaction free energies via compet-
itive adsorption isotherms” accepted for publication in ACS: Physical Chem-
istry Au. The general idea is to continue on the scale of complexity for our
lipid model system (LMS) varying the density of functionality population at
the interface together with the electrolyte concentration of the environment.
Moreover, we studied the competition between these two variables, happen-
ing at the nano scale to conquer a binding site onto the facing surface.

The complexity at the solid liquid interface is researched in terms of the
competition between amine end-functionalized polymers - grafted on
the lipid model system - and ions in solution. We proposed and tested
a chemical model which predicts and confirms the experimental results

67
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in terms of the work of adhesion, by simulating the rate constants for
the ionic specie. Based on the simulation outcomes, we were able to
resolve the interaction free energy of ions at the interface.

5.1 Introduction

Generating a detailed molecular understanding of complex, simultaneous in-
teractions at reactive and/or dynamic solid|fluid interfaces is a challenge across
disciplines, and has intrigued researchers for decades.[8, 111–114] Whether
it is, for example, in medical adhesives, friction of articular cartilage,[115] or
the adhesion of organisms in seawater,[8] complex macroscopic properties at
crowded biologic solid|liquid interfaces are mediated by large numbers of in-
dividual nanoscale interactions;[21] namely similar or dissimilar molecule/-
molecule and molecule/surface interactions, surface-dipole interactions[22]
or the competing interactions with ions and water.[23] The structure of inter-
facial bound species such as strongly binding water can e.g. produce surfaces
that are highly resistant to protein adsorption and fouling.[116]

It was further demonstrated that exactly this complex competition and molec-
ular structuring at interfaces are central to a multitude of interfacial phenom-
ena, such as membrane transport,[117] membrane conductance, [118, 119]
cellular adhesion [120] and adhesion regulation in the marine environment.
[121] Further it has been speculated that subtle concentration changes may
play a role in activating/deactivating enzymatic catalysis in biologic systems.
As such, how hydration and ion effects alter molecular interactions is central
to a large range of processes.

In this Chapter, we employ the SFA to investigate the specific electrostatic in-
teraction between a positively charged amine functionality (varied in density
during the experiments) and a negatively charged mica surface. In Figure 5.1
we present on the left the optical path utilised for during the SFA experiments
for this work, and on the right a schematic of the lipid model system (LMS),
varied in functionality density and electrolyte concentration. Specifically, we
examine how interaction forces are affected by the electrolyte concentration.
The increasing concentration induces a competition between the ions of the
electrolyte and the amines for the interfacial binding sites. Based on a kinetic
model using two competing Langmuir adsorption isotherms we can estimate
ion/surface interaction energies from the experimentally recorded interaction



5.2. RESULTS AND DISCUSSION 69

Figure 5.1: A Schematic of the SFA setup. The colored lines indicate the
optical path (c.f. methods and materials for details). B Sketch of the Lipid
Model System (LMS). From top to bottom: the gold substrate was template
stripped on a quartz disk with curvature RC. A layer of C16 is chemically
adsorbed to ensure stability. The outer-leaf of the LMS is a mixture of DSPE
and DSPE-PEGamine at a set percentage/coverage Γ. Likewise, the sodium
chloride concentration varies in a range from 0.01 to 1 M.

force measurements, demonstrating a path for a comprehensive combined ex-
perimental and modelling approach.

5.2 Results and discussion

Figure 5.2 shows selected examples of force versus distance characteristics
obtained as a function of salt concentration and amine-terminated polymer
coverage Γ. During the approach of one surface to the other (black markers),
a mechanical instability (jumps-in to contact) is observed at a distance D ∼ 15
nm close to the fully extended contour length of the polymer tether (Lc = 12.5
nm), plus the thickness of the inner monolayer of C16 and the outer lipid
layer.[27] The jump into contact is mediated by the specific intermolecular
interaction between the positively charged amines and the negatively charged
mica binding sites, which indicate a shorter range at higher ion concentrations
due to the expected screening effect. It is worth to notice that the shape of the
force is similar to what we had for DPhyTL/DPPC lipid model system in
Chapter 4. Specifically, here we have again almost no repulsive composition
in the intermolecular forces, but only an attractive jumps in(for comparison
see Figure 4.7). The latter, brings the surfaces into a strong adhesive contact,
with the brush compressed to about 60-70% of its contour length at D ∼ 7−8
nm as expected for a brush with 5-10% coverage.[122]
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During the retraction of one surface from the other (red markers), an adhe-
sive hysteresis, with an approximately 3-4 nm molecular extension and con-
sequent jumps-out from contact is recorded, separating the surfaces to a large
distance at zero force. The observed molecular extension to about 80-90% of
the contour length reflects the stretching of specifically bound polymers - via
the amine|mica interaction - as well as hydration of the contact under the in-
creasing tensile load acting on the formed adhesive contact. This behaviour is
also similar to what we had with DPhyTL as inner layer, where the polymeric
part introduced a soft adhesive mechanisms (see Figure 4.10 and 4.9).

In Figure 5.2A, we indicate the maximum of adhesive force, Fa, which is
important for the further discussion. These instability phenomena, where sur-
faces jump apart ( jumps-out), are typical of SFA measurements[40] as dis-
cussed in Chapter 4 as well. They are observed, with excellent reproducibility,
over up to 15 consecutive force versus distance characteristics, confirming the
quality and stability of the lipid model system.

Moreover, as an inset of Figure 5.2C, we provide a DLVO fit for asymmetric
surfaces in the limit of the charge regulation approach, already discussed in
Chapter 4 at Equation 4.1. Mica and lipid model system surface charges σ
are expected to be -0.3 and 0.02 C/m2 respectively. [40] Our fit presents
σmica = −0.26 ± 0.01 and σLMS = 0.016 ± 0.002 C/m2, for the couple of
regulator parameters p1 = 0.3 and p2 = 0.95 at C = 0.01M for a van der
Waals plane of origin located at DV dW = 5.6 nm. [27]

As shown in the four panels of Figure 5.2, the magnitude of jumps-in min-
ima and Fa vary significantly with the lipid composition (polymer coverage
Γ), as well as with the environment (electrolyte concentration [NaCl]). Con-
sequently, Fa is a function of Γ and [NaCl]; therefore, we investigated 5
different polymer coverages (i.e. amine coverages), each tested in 6 differ-
ent electrolyte concentrations to unravel their influence on the amine|mica-
interaction.

Adhesion work W (Γ,C) The adhesion force Fa can be further converted to
work of adhesion by applying the Derjarguin Approximation in the limit of the
JKR model .[40] In Figure 5.4 we present a semi-log plot of the experimental
work of adhesion W , against the polymer coverage Γ at the bottom x-axis
and the polymer density ρ (on top). Each data point is the average of the
work calculated from at least five force runs, with the error bars defined as the
standard deviation. The polymeric part of our lipid model system, consisting
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Figure 5.2: Force profiles of LMS in different configurations.In A and B LMS
with coverage Γ= 10% is tested in 0.01 and 1 M of sodium chloride. In C and
D LMS with a coverage Γ = 5% is tested in similar electrolyte conditions. In
black we indicate the surface approach and in red the surface retraction. The
minimum of each red curve defines the adhesion force Fa. D = 0 is defined
as the dry mica|gold contact. The inset in panel C shows in green a charge
regulated DLVO fit of our data. Additional details are reported in the text.
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Figure 5.3: Force-distance curve recorded at low polymer coverage. A step-
wise fishing approach is used to look for the distance of attractive jumps in.
The inset shows the retraction process, where the instability of jumps out is
observed (triangle markers).

of a PEG(2000) chain, exhibits a radius of gyration RG = 1.7 nm. [123] The
polymer density ρ is defined during the sample preparation, and from it we
derive the distance between grafting points s. Thus, rho was varied from a
mushroom (s > 2RG) to a brush (s < 2RG) regime (indicated by region I and
II respectively and shown in the schematic above the plot). [61, 62] The data
reveal a maximum of the measured interaction force at the transition from the
mushroom to the brush regime.

The generally lower W that we observe in region I is consistent with the asser-
tion that the adhesion is driven by the amine|mica interaction. Fewer amines
are available owing to the low polymer density, i.e. the configuration that the
polymer takes in the solvent. However, the amines are also hidden within a
tangle of soft material, away from the binding site in the mushroom structure.
There, it is energetically unfavourable for the polymer to leave the mushroom
configuration and orient the amine toward the mica binding sites. Hence, it is
more likely that the backbone of the polymers participate in the surface inter-
action generating a steric repulsion, which overpowers the amine|mica bond,
lowering the overall measured adhesion.

In Figure 5.3 we show the forces at very low polymer concentrations Γ. The
figure parades the effort to perform fishing approaches trying to observe an
attractive jumps in, which does not happen because the amines do not con-
tribute actively to the interaction. After every approach, the movable sur-
face is moved back to a distance of 50 nm, showing no adhesion (data not
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shown, but the curves during retraction overlay onto the approaching ones
if the adhesion is zero). What we have instead, is a jump in the repulsive
region representing the polymer squeezing out of the contact, leading to a
rapid increase in the underlying van der Waals interactions. Indeed, one can
observe that the compressed thickness in this adhesive contact is reduced by
almost two nanometers respect to what we had in Figure 5.2. The rapid attrac-
tion does not allow this configuration to be described in terms of long range
driven amine-mica interaction. As we said, it is more like a polymer medi-
ated force characteristics, which becomes adhesive only when those polymers
are removed.Consequently the adhesion increases significantly compared to
when the polymer remained in the contact area, in line with the observations
described in Chapter 4 about the mica|bilayer interface.[27]

A sudden increase of about one order of magnitude and maximum of adhesion
is observed at the transition from the mushroom into the brush regime. At the
transition (Γ = 5%), the polymers are forced into the brush regime during
deposition, making the amines available at the surface under no structural
constraints. Therefore, when the polymer-covered lipid layer is facing the
mica, no additional energy is needed to stretch the polymers to face them
towards the binding surface, explaining the sudden increase of the adhesion
in the brush regime.

Increasing the coverage Γ further into the brush regime again results in a now
gradual depletion in W (right side of Figure 5.4A) by about 30%. It is our un-
derstanding that the maximum of adhesion at the mushroom—brush boundary
is hence due to a combination of entropic and background effects. First, again
following an entropic argument the lateral interaction in a more and more
crowded brush of polymers, reduces the mobility of the single chains dur-
ing their interaction with mica binding sites. Consequently, the cooperation
of polymeric steric effects participating in the amine|mica interaction could
result in damping the measured adhesion, by lowering the configurational en-
tropy of the possible bonding scenarios. Second, at lower densities a slightly
smaller (about 1 nm) hard wall distance, and hence an increasing influence of
background van der Waals interactions, are likely to take place. As a result,
the data at the highest compression is approaching a situation where the in-
terfacial amine|mica bonding is the dominating contribution to the interaction
free energy/work of adhesion. Given the binding site densities, we can further
estimate that even at 10% coverage a considerable excess of 15 mica binding
sites is available for one amine.
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Figure 5.4: A Semi-log plot of the averaged work of adhesion W as a function
of the polymer coverage Γ and the electrolyte concentration C. On top, the
polymer density axis ρ together with self explanatory sketch of polymer con-
figurations. The variation of ρ generates two regions: the mushroom (I) and
the brush (II) regimes. BSemi-log plot of the work of adhesion as a function
of the electrolyte C at different polymer coverages Γ.
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Competition between amines and ions for the binding sites On the right
side of Figure 5.4A, a blue arrow indicates the adhesion decreasing with the
electrolyte concentration. In detail Figure 5.4B shows how the increment in
concentration results in an exponential decay of the work of adhesion mea-
sured at each coverage Γ (e.g. see indicated exponential trend in green).

This suggests a competition of ions and amines for the negatively charged
binding sites on mica. Following the argument above, we focus the further
analysis on the situation at 10% coverage, where the amine|mica interaction
is the dominating contribution to the measured interaction free energy/work
of adhesion.

We now show that this competition can be described semi-quantitatively in
terms of two competing Langmuir adsorption isotherms. One for the ions
and one for the amines adsorbing on the mica binding sites in a competitive
equilibrium that depends on the concentrations of the involved species. In
the methods and materials section, we provide the details of how to describe a
competition in terms of the population of all the species active in the chemical
equilibrium (see Equation (3.5)), using the law of mass action. Here we show
this for the 10% coverage as an exemplary case.

Briefly, we establish a system of differential equations, describing two com-
peting Langmuir isotherms, needed to simulate the amine|mica bond forma-
tion (see Equation (3.6)), which are then solved numerically. In terms of the
adhesion promotion by the amines, we are interested in estimating the bind-
ing density B/A, i.e. the ratio between the total number of bonds formed B

(bound amines), and the total amount of amines available for bond formation
(bound and unbound) A = B+A +. This quantity is a direct outcome of the
numeric solution of the set of differential equations. Precisely, it is the ratio
of simulated concentrations x3 and x1 after full equilibration of the competing
isotherms as a function of the increase of the ion concentration (see Methods
and materials section).

To compare the simulated B/A with the measured SFA work of adhesion we
introduce a “simulated work of adhesion, Ws”. Using the polymer, i.e. the
amine density at 10% coverage, we can estimate the amine|mica bond energy
W0 based on dividing the measured work of adhesion at 0.01 M, by the poly-
mer density ρ (polymer/m2), defining an upper bound for the interaction free
energy. This defines the simulated interaction free energy in terms of
Ws =

B
A ρ W0 mJ/m2, with W0 = 13.67 kT

polymer . Therefore, the equilibrium con-
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Figure 5.5: Diagram of the simulation process. After each simulation, a con-
trol on the minimum RMSD value suggests a change in the ionic rate con-
stants.

stant estimated from equation 2.33 using W0 is K = 1.15× 10−6, or pK =

5.93. This is a reasonable value for an amine functionality, which agrees
well with literature.[124–127] Figure5.5 summarises the simulation protocol
followed during this work.

In Figure 5.6A we now show on the right Ws and on the left the measured scale
as a function of the electrolyte concentration C, for Γ = 10%. The experimen-
tal work W decays exponentially with the concentration. The simulated curve
follows well the exponential trend, with deviations in a concentration window
between 0.05 to 0.2 M.

Hence, overall the competing Langmuir isotherm model can predict the ob-
served experimental trend very well, while the simulation warrants a deeper
discussion. In detail, this model is to be considered as semi-quantitative, as it
relies on the initial definition of W0, i.e. fixing the amine|mica binding energy
(and hence kA values) using this value. Therefore, we reduce the free param-
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eters from four rate constants to two, resulting in a simple two parameter esti-
mation for the equilibrium constants for the interfacial ion interactions kI . As
a word of caution, this pins the numeric values estimated for the equilibrium
constants in the model to the thereby chosen set of fixed amine interaction
parameters.

Based on this choice, Figure 5.6B visualizes the 2-dimensional parameter
variation of ion exchange rate constants kI

on versus kI
off in terms of the RMSD.

As can be seen in the plot, we find a minimum of the RMSD in a specific broad
area, where we obtain the point indicated by a red cross as the optimized pa-
rameter choice. The numeric values for the ion-exchange rate constants are
hence estimated as 1

kI
on = 7.5×107 M−1s−1 kI

off = 3×106 s−1 (5.1)

resulting in a pKI = 1.39 and a corresponding interaction free energy ΔGI =

3.21 kT. This estimated pKI agrees well with literature. [128] Further, the
interaction free energy is in the range expected for a Coulomb interaction;
WCoulomb = − e2

4π ε ε0r2 ∼ 4kT of the free energy for two opposite charges in-
teracting across water at a separation, r, of half a nanometer.[40] It is worth
noting that the minimum is rather shallow, and points in the minimum region
all yield rather similar thermodynamics, with slightly varying kinetic param-
eters.

As such, the free energies obtained from our model hence suggest that ΔGI <

ΔGA, which implies that the ion-to-mica binding energy is weaker than the
amine-to-mica bond. On the other hand, the kon of both species are at the
same order of magnitude, suggesting an effective competition for a binding
site with both species having similar bind frequencies at steady-state. Further,
the dissociation rate constants suggest that the unbinding for ions is consider-
ably faster than for amines, consistent with the interaction free energy differ-
ence. As a result, at low ion concentrations the amine|mica bond overpowers
the ion—mica binding, whereas the ions “flood” the mica lattice at high con-
centrations, explaining the observed decay of the adhesion as a function of
the electrolyte concentration.

Coming back to the deviation of the simulation between 0.05 and 0.2 M. This
bias is not related to the rate constants, but rather to the simplified description
of the adhesive interface. Specifically, the boundary conditions include the

1For this simulation we used kA
on = 2.8e7 M−1s−1 and koffA=9 Hz
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Figure 5.6: A Comparison between experimental (left axis, black circles) and
simulated (right axis, green line) work of adhesion plotted against the elec-
trolyte concentration for Γ = 10%. The inset shows the binding density B/A
as a function of the electrolyte concentration. B RMSD map as a function of
the rate constants for ions kI

on and kI
off. The color scale represents the RMSD

value from blue to red, lowest to highest respectively. The red cross indicates
the estimated ionic rate constants.

definition of a fixed interaction volume Vs at the adhesive interface, which was
fixed to 3 nm height with unit area (based on the force versus distance charac-
teristics, see Chapter 3). Further, the model currently estimates the interfacial
ion concentration based on the bulk concentration. However, the formation of
an electric double layer, will lead to effectively higher interfacial concentra-
tions, in particular at lower bulk concentrations at a highly charged interface,
which in turn lowers the measured amine-binding more significantly than in
the model. Including an estimated interfacial concentration from electric dou-
ble layer models is beyond the scope of this work. As such, at low concentra-
tions we estimate less ions facing the mica, facilitating the amine|mica bonds
and enhancing the simulated over the measured adhesion. Experiments and
simulations converge for C > 0.2 M, where the abundance of ions overpowers
the effect of this bias.

In summary, our model catches the essence of the observed competition, with
thermodynamic values that compare well with simulation and other experi-
mental data. Further work is necessary in order to properly include an ef-
fective interface concentration (e.g. an interfacial activity), and all those ef-
fects related to amine protonation based on the solution pH, which would
strengthen the model, as well as to complement this work with independent
single molecule measurements that would further confirm the rate constants
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Figure 5.7: Molecularly resolved AFM topography (10×10 nm2) on mica
samples for respectively 0.01 M (A), 0.15 M (B) and 1 M (C) sodium chlo-
ride concentration. D Radial auto-correlation for the three conditions. The
periodicity is well defined at higher electrolyte concentration, confirming the
presence of a more and more ordered cation layer at higher concentrations.

e.g. via Bell-Evans (koff) analysis (see Chapter6 for preliminary results).[127,
129] Further, and as shown in the inset in Figure 5.6A the model allows esti-
mation of the binding density B/A, i.e. the ratio between the total number of
bonds formed B (bound amines) to amines available at the interface. Based on
the simulated ratio we can estimate that the number of formed amine bonds
decreases from 80% to 10%, from 0.01 M to 1 M, providing us a detailed
insight into the concentration dependent molecular bond distribution in the
adhesive contact.

Visualization of ion adsorption at the mica interface We now comple-
mentarily visualize the increasing ion occupancy at the mica binding sites us-
ing super resolved in situ AFM imaging. Figure 5.7 shows AFM topographies
acquired in amplitude modulation mode (AM-AFM) on a freshly cleaved
mica surface in 0.01 M (A), 0.15 M (B) and 1 M (C) sodium chloride so-
lutions. All three images show a 10 by 10 nm2 area with the same color bar
scaling. All images indicate highly resolved ion adsorption at the mica inter-
face. Yet, a clear trend is observed in which the surface structure becomes
more ordered and defect free when going from low to high concentration.
Qualitatively, this can be seen from the decreased contrast of the images at
higher concentration. Further, and as shown in Figure 5.7D this trend is con-
firmed by a quantitative post analysis of the radial auto correlation function,
which reveals a clear increase in long-range periodicity with more ions present
in the solution. As a side note, for highly resolved imaging in solution it is
generally not straight forward to interpret the obtained images at a molecular
level. This is largely also due to the fact that a molecular structure in solution
is, in essence, an equilibrium of adsorption and desorption at steady state. The
fitting result from our measurements above, however, allows us some further
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insight. Specifically, the interaction free energy of ions with mica is in the
range of a Coulomb interaction at a distance of half a nanometer. Consider-
ing the hydrated sodium ion radius (0.4 nm)[40] this suggests that the imaged
ions in the lattice are adsorbed strongly, however with their hydration shells
intact. This is an interesting outcome, and suggests that our complementary
approach will also prove useful for arriving at molecular level interface sci-
ence, where highly resolved imaging data can be interpreted in more detail,
and in direct comparison to theoretical modelling in future work.

Phenomenological Model Before proceeding with the conclusions, I would
like to present a phenomenological model that might help fixing in mind the
findings of this research.

Let’s consider to have a cave with a set of gold ingots. Two different group of
explorers find the cave and start to work hard to get as much gold as possible
on their respective trucks which are parked away from the cave. Let’s say the
explorer group 1 is actually represented by only one person. It has a large bag
and it starts to put ingots in the bag at a speed s1. The other explorer, has
a bag 10 times smaller but of course the interest for the gold is the same of
explorer one. Therefore, assuming same physical strength, the speed at which
the latter will fill its little bag is going to be s2 = s1, meaning the competition
is apparently at the same level.

Since the bag of explorer 2 is small, it needs to go often back and forth to
empty its bag into the truck. Explorer 1 instead, with its large bag, goes to
the truck less often but when it does, it pours-in way more gold than explorer
2. If one counts at this stage who is getting more gold, the answer will be for
sure explorer 1.

Let’s say explorer 2 is not a single person but a group of people, with the same
bag size and speed s2. Thus, if more persons of the group start to work side by
side, the amount of gold that they, as a group, manage to transport becomes
step by step more relevant. Consequently, once the amount of people working
together is big enough, they will overcome the explorer 1, who continues to
use the same bag and working alone. Finally, the group of explorers will win
the competition as they manage to collect more gold.

Figure 5.8 summarises the steps for the phenomenological model. It para-
phrases in scientific terms as follows: the gold ingots in the cave are the mica
binding sites. Explorer 1 is the amine functional group while Explorer 2 is the
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Figure 5.8: Phenomenological model of the competition for a specific binding
site between two species having a similar rate reaction of product formation
and a different rate reaction of reactants. Increasing the concentration of one
species, changes the result of the competition.

positively charge ions. The speed at which they take one ingot and put it in
the bag is the reaction rate kon which we suppose respectively proportional as
we found experimentally. The frequency of going back in the truck to empty
their bag is the reaction rate koff. The size of the bag represents the acidity.
The amount of gold in each truck indicates which species is winning. More
gold in the truck one implies adhesion winning, while more gold in track two
implies ion adsorption winning.

At the beginning, the truck of explorer 1 has more gold thanks to the size
of the bag, exactly how the amines produce a strong adhesion for low elec-
trolyte concentration thanks to its acidity. If explorers in group two increase
in number, they will use that to compensate the issue of having small bags.
Therefore, as we saw in our experiments in terms of electrolyte concentration
and increase of ion-adsorption (decrease of adhesion), the explorer two group
eventually win the competition.

5.3 Conclusions

To summarise, we utilised a model system with full control of the polymer
density ρ , allowing us to unravel the competition between amines and cations
for the negatively charged surface binding sites on mica. In addition, we also
assessed the effect of an increase of the lateral amine density. At the transition
from the mushroom to the brush regime at 5% coverage the amine|mica in-
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teraction shows a peak of the adhesion force due to entropic and background
effects. Increase of the electrolyte concentration resulted in an exponential
decrease of the adhesion force at all coverages. A kinetic model based on
two competing Langmuir isotherms, one for the ion adsorption and one for
the amine|mica bond formation, describes this exponential decay well. Small
subtleties and deviations of the simulated and measured data were related to
limitations of the model. In particular, the relation of the equilibrated inter-
facial ion concentration in the adhesive contact, and the bulk concentration
will be included into the model in future work. The very simple model still
catches the essentials and the concentration dependent behaviour very well.
The presented experimental setup offers an ideal model system for further
experimental and theoretical studies of competitive adhesive interactions of
increasingly complex systems.



Chapter 6

Outlook, ongoing and new
developments

6.1 Introduction

In this Chapter I present a series of additional works performed on our lipid
model system (LMS) that have not yet been published. In the previous chap-
ter we characterised well the specific amine-mica interaction. Here, I demon-
strate additional effects which emerged from investigating this binding with
alternative probing approaches such as e.g. AFM, different SFA modes, which
followed up on the work presented above. Part of this work also extended into
other projects of master students as well as coauthor-ship publications and is
hence briefly described here.

In detail and as shown in Figure 6.1 we performed a series of fishing ex-
periments with our LMS at an amine coverage Γ = 5%. The black markers
indicate the approach of one surface to the other and the red markers the
opposite direction. Going back and forth we establish a region where we ex-
pect the mechanical instability of jump into contact, expressed as the distance
D jumps−in (indicated by a dashed line). The possibility of knowing exactly
where and when the instability will take place, opens to a series of experi-
ments, introduced in the Method chapter, that provide extremely fine details
on the interacting forces.

Further, Panel B of Figure 6.1 indicates the setup for single molecule AFM
contact mode experiments performed on our LMS at Γ = 4%. We select the
bond rupture events out of the force-runs in order to determine the rate con-

83
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Figure 6.1: (A) Example of fishing experiment and SM-AFM setup. The
black markers indicate the points collecting during the approach of one sur-
face to the contact. In red the opposite direction. The dashed region repre-
sents the distances at which the instability of jumps in might happen, which
is defined trough a series of fishing experiment. (B) Single molecule AFM
experiment. The tip vibrates by getting closer to the sample. The deflection
produces the signal used also for the feedback control. A LMS at low cover-
age is used. When the tip is linked to the polymer, the retraction provokes the
polymer stretching and eventually the bond rupture.

stant koff of amine-mica bonds. Here I provide preliminary results in this
direction, aiming to confirm the hypothesis presented in Chapter 5 about the
amine-mica thermodynamic characteristics.

Moreover, I present some of the results obtained in building a working 3 mir-
ror SFA system, capable of imaging and analysing FECO for this specific
interferometry and construct the force-distance relation.

6.2 A new SFA measurement mode

As already mentioned in the method section, the Labview software developed
in our laboratories, allows a direct control on the voltage applied to the piezo
electric acting on the movable surface in our surface forces apparatus setup
(SFA). Therefore, different strategies can be used to characterise specific in-
termolecular forces between two surfaces.

No compression experiment Figure 6.2A shows an example of what we
call the no-compression experiment. From the fishing experiment in Figure6.1A,
we can approach again and, since D jumps−in is established, we can turn the
piezo in the opposite direction avoiding any external load in contact for the
sample. This is the so called no compression approach.

These experiments can be performed at different electrolyte concentrations.
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Figure 6.2: No compression experiment. (A) If the distance of jumps in is
well defined,it is possible to approach the contact (blue markers)and turn the
piezo controller in the opposite direction to have no additional compression
load on the sample (green markers). (B) Comparison of the adhesion values
as function of the concentration C for experiment with or without external
load applied.
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Figure 6.3: Example of a spontaneous jumps in. The colour code for approach
and separation is the usual. In green we indicate the data points collected
while the movable surface is stopped at D jumps−in, presenting the spontaneous
instability.

Figure 6.2B presents a comparison between the adhesion measured in no
compression approach and normal SFA force runs, at different electrolyte
concentrations for Γ = 5%. We find minor differences of the two approaches
at low and high electrolyte concentration. Specifically, at low concentration
we observe a lower adhesion recorded in a no compression experiment. This
is expected since the system has less time to reach equilibrium of ions and
functionalities, and it is not compressed. At higher concentration, there is no
significant differences in the two approaches. Probably, the ions participate
actively and with faster kinetics so that the resulting adhesion is not pressure
and/or time dependent.

Dynamic effects in the quasi-equilibrium state An additional insight in
the interaction between the amine and mica sites at the instability region, is
given by observing the resulting interaction, if the movable surface is stopped
at D jumps−in. Figure 6.3 shows an example of this experiment at Γ = 5%.
In grey are represented the points collected while the surface is moved to-
ward the contact. In green, the ones collected while the surface is resting at
D jumps−in and in red, the data recorded while the surface is moved backward.
Surprisingly we observe what we call a spontaneous jumps-in: a surface rest-
ing at D jumps−in eventually jumps into contact producing an adhesion similar
to what we have during no compression experiments.
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In addition, applying this method we can appreciate interesting outcomes.
First, as introduced in the method section, the following experimental method
is valid in what we call a quasi-equilibrium state. In Figure 6.4 A and B, we
present examples of the force recorded by the strain gauge respectively dur-
ing a classic no compression SFA experiment and one in a quasi-equilibrium
state. Basically, this experimental configuration can happen only when ther-
mal drifts are absolutely absent. Thus, panel C and D show that the shape of
the force in the area where no external force is applied, follows a parabolic
trend. This is quite exciting because can be associated, in a first approxima-
tion, to desorption and adsorption of hydrated ions at the confined interface.
We also found that this behaviour is observed at different electrolyte concen-
trations (panel E), but it does not follows a simple correlation between the
parameters describing the parabola (panel F).

The phenomena coming from observing the surface interaction when no ex-
ternal piezo force is applied, are as fascinating as difficult to describe, particu-
larly because of the experimental complexity in reproducing a quasi-equilibrium
configuration and will be explored in future work.

Time effects In the previous Chapter we proved that the ions compete with
the amine for the mica binding site. We described this in terms of adhesion
and population of bonds from an experimental and numerical point of view.
Appreciating how the time in contact affects the interaction, is an intriguing
question. Thus, we prepared an experiment where, at a compression in contact
between 3 to 5 mN/m, we stopped the piezo and let the mica-probe rest in
contact with the LMS for an amount of time τ . The experiment requires
the collection of an impressive amount of data. Thanks to our novel SFA
setup based on strain gauges, we can perform this experiment by looking at
F(t). Figure 6.5 shows ΔF , difference in adhesion measured after τ = 30
min in contact and a normal approach (retraction follows the maximum of
compression). In orange we have the low electrolyte case and in green the
values at C > 0.1M. Again we observe a different trend based on the ions
presence. At low concentration, τ induces the formation of additional amine-
mica bonds, resulting in a higher adhesion. As soon as the confinement is full
with ions winning the competition, additional time will not necessarily results
in an enhanced adhesion. Moreover, at high electrolyte concentrations, we
observed a spontaneous jump-out. We could not definitively prove that this is
due to ions outcompeting the amine bond, as this might still relate to thermal
drift. It is intriguing to further understand how and if thermal fluctuation can



88 CHAPTER 6. OUTLOOK, ONGOING AND NEW DEVELOPMENTS

Figure 6.4: Different stages of quasi-equilibrium state experiments. (A) Data
collected by the straing gauge (SG) to observe a spontaneous jumps in in a
non quasi equilibrium state. The drift observed can be corrected to obtain
the force-distance profile. (B) At quasi equilibrium state, the drift is absent
and no additional correction are needed. (C) Here, while the piezo is off is
it possible to observe a parobalic shape. (D) Parabolic fit (E) The parabolic
shape persists at different electrolyte concentration. (F) Behaviour of the pa-
rameters obtained by the parabolic fit plotted as function of the electrolyte
concentration.
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Figure 6.5: Time effects expressed in terms of the variation of adhesion re-
spect a normal forcerun

effectively generate and/or break an interface between two surfaces in contact,
i.e. generate/ break adhesion. [40]

Our simulations and AFM topographies (see Chapter 5) suggest that the ions
form a well structured layer, but we have no idea about how thick this layer
can be and what is its dynamics, as we can only measure a total thickness
including the LMS in SFA. Thus, it might be that during τ , the ionic layer
continues to form and the amount of amine-mica bonds decreases so that the
instability of jumps out is inevitable. This dynamics will be an interesting fu-
ture research question, and requires combination with e.g. optical techniques
as well as setting up of an absolutely drift free (i.e. drift corrected) measure-
ment device.

6.3 Single Molecule experiments

We further utilised the AFM to perform single-molecule experiments (SM-
AFM) and intercept information on the single interaction between the amine
terminated polymer of our lipid model system (LMS) (see Chapter 3 for de-
tails on the technique) and a probe, as indicated in Figure 6.1B. The set of
parameters reported in Chapter 3 are utilised to record force-maps with scan
sizes varied from 15 to 1 micro-meter.

In Figure 6.6 we plot an example of a retracting force-distance curve acquired
during one force-map. To establish unequivocally what is a single molecule
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Figure 6.6: SM-AFM force-run for LMS with PEG2000 at Γ = 4%. The red
line is the WLC fit. The inset shows the distribution of the fitted contour
lengths. The bond rupture event or adhesion is indicated as FB.

event, we fitted the data with a worm-like-chain model (WLC, see Equation
2.25), representing the stretching of the experimentally defined polymer be-
fore the bond rupture. The inset shows the distribution of the fitted contour
lengths LC obtained out of the WLC fit. For a persistent lenght of 0.37 nm,
we find LC = 16.7± 1.4 nm, in accordance with previous works, also from
our group. [63]

The minimum value in force recorded during the event, defines the force at
which a bond breaks under the applied load FB (See Chapter 3). Figure 6.7
shows the distribution of FB at two different loading rate L. The averaged
values obtained from here, are plotted as a function of L in Figure 6.8. The
so called Bell-Evans analysis consists in applying Equation 3.4 on the data
displayed. [127, 129] The data point at highest load, does not present an
error because of lack of sufficient data for making a similarly accurate error
analysis. Indeed this result is still in a preliminary form, and needs additional
work in order to extract the final statistically well-tested information at the
single molecule level.

Nevertheless, counting the three data points in Figure 6.8, we perform a Bell-
Evans fit (see Equation 3.4) in two varied parameters χB and kA

off. We obtained
for the transition state distance χB = 0.06±0.01 nm and for the reaction rate
of amine-mica desorption kA

off = 174± 60 s−1. χB is small compared to ex-
pected values which would be around 0.1 nm but it is the best fit for the
data points according with the R2 criterion. It has been generally observed in
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Figure 6.7: Distribution of the adhesion values recorded in SM-AFM at two
different loading rates.

Figure 6.8: Bell-Evans fit applied to bond rupture events FB of a LMS having
PEG2000 in a coverage Γ = 4% immersed in MilliQ water.
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Figure 6.9: Comparison between the ratio of bonds over bind and unbind
amine as a function of the electrolyte concentration based on data extract from
SFA (in red) and AFM (in blue). The inset reports the specific fitted values
for koff and pK.

this and previous work of our group that the Bell-Evans parameter χB, which
should characterise the distance between bound and transition state is rather
small for a surface-to-molecule bond. [8] This may indicate a limiting case
for the model and will need to be explored further in the future. Nonetheless
the fit for the kA

off provides a very reasonable value that compares excitingly
well with the data modelled in our competing Langmuir isotherm model in
Chapter 5.

Figure 6.9 presents a comparison between the simulated amine-mica bond
normalised over the bound and unbound amines B/A starting from SFA data
(in red) and AFM data (in blue). The simulation curves follow the same trend,
confirming that our model system can extrapolate nanoscopic characteristics
via a macroscopic quantities as w0, obtained from SFA measurements (see
Chapter 5). The inset presents the value of pK obtained from the two tech-
niques.
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Figure 6.10: First approach to a 3mirrors SFA setup. The inset present the
system geometry. The arrows indicate FECO out and in contact for this spe-
cific interferometry. The plotted data are two consecutive approaches to con-
tact.Below, the adhesion values for the two approaches are indicated.

6.4 3-mirror SFA setup

In this section I present the preliminary results I obtained with the first pro-
totype of the 3-Mirrror surface forces apparatus. This work was then further
extended and published in the work of Wieser et al. [75], where we discuss
thoroughly the application of this new methodology, also and in particular for
the LMS. Briefly, the idea is to exploit the thiol anchoring and deposit, on both
sides, stable lipid model systems. This was commonly an issue in the SFA
community as the transmittance of metals, made it difficult to establish an
optical cavity that produced clear fringes with more than two mirrors.

One attempt to generate a 3-mirror systems is from 2018 by Perkin et al.
[130]. Still, they did not manage to provide real force-distance profiles out of
their analysis; in this sense our result represents a novelty.

Figure 6.10 shows the first ever recorded forcerun I obtained in our labora-
tories for a 3-mirror SFA system in asymmetric configuration, meaning that
even with gold on both sides, I deposited self assembly molecules only on
one surface. The inset presents the composition of the cavity. On the top of
a back silvered mica (prepared as usual) we deposit a thin layer of gold (�
10 nm) by PVD. The opposite surface, is the classic SFA disk covered with a
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� 45 nm gold, as used in the rest of the research work. By immersion in the
thiol solution, a layer of hexadecane thiol terminated with the group COOH(
C16(COOH)) is deposited onto it. Two black arrows indicate the fringes of
equal chromatic order recorded in this experiment. At long distances, they
have a peculiar shape characteristic of fringes coming out of a 3-mirrors in-
terferometer (silver-gold-gold). The updates of SFA-Explorer provided by
Schwenzfeier M.Sc. allowed us to work on such interferometric images, pro-
ducing the force-distance profiles displayed in the Figure. When the surfaces
are in contact, a flattening is observed even in this geometry (indicated by
a circle in the Figure). Moreover, the two consecutive force runs shown in
Figure 6.10 are well stable in air and indicate a massive adhesion of around
300 mN/m. They are generated by tuning the distances obtained from SFA-
Explorer with the force measured as function of time with a strain gauge. An
arrow indicates the observed long range attraction. This might relate to the
strong Van dew Waals contribution arising from the gold surfaces approach-
ing one to the other, which also explains the incredible amount of adhesion
measured.

Adding a water solution to the SFA cell laminated the 10 nm gold layer, not
allowing subsequent force runs. This problem was solved subsequently by
introducing a layer of titanium underneath the gold, to assure its stability.
With this add on, we are able to explore symmetric interactions of biophysical
membranes. [75]

As a further application example of this new setup, in Figure 6.11 I dis-
play some preliminary results obtained from a collaboration with De Castillo
G.D.F. Ph.D. on polymer brush responding to pH variation. We grafted on two
gold surfaces hydrophilic poly(2-hydroxyethyl acrylate) (PHEA) and a poly-
meric acid poly(methacrylic acid) (PMAA) in order to observe pH responsive
effects in confinement.

In panel A of Figure 6.11 we display the force profile of PHEA facing PMAA
in PBS recorded after some measurements in dry and asymmetric configura-
tion (each polymer facing mica). The two surfaces are then tested at pH = 4
and 7 for force runs performed at different speeds.

In Figure 6.11B we observe the adhesion increasing with the speed following
a trend that depends on the pH. Specifically, the divergence between the two
pH values is a function of the speed, as at the beginning, they express the
same adhesion.
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Figure 6.11: A) Example of a force-time profile obtained in a 3mirrors system
for PMAA facing PHEA. Fa indicates the adhesion force. B) Adhesion force
plotted as a function of speed for two values of pH.
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The implications of this results are not yet clear. Surely they are related to the
hydrogen bond formation in the polymers while the OH groups are increased
via the pH control. Also, pulling faster the surfaces experience a clear Bell-
Evans behaviour, with higher adhesion at faster separation rates. This may
provide a path into understanding hydrogen bonding in complex interacting
polymer networks in future work. In any case, the 3-mirror surface forces
apparatus setup established now as a standard and highly useful tool in the
group.

6.5 Conclusion

In this chapter I provided some results of unpublished material which repre-
sents possible branches for the coming research.

In the first part, the SFA is used to unravel different mechanisms observed on
LMS with specific functionalities. We saw how to perform experiment with
no external load on the sample in confinement, which provide an adhesion
measurement in a load free environment. This approach might be extensively
investigate for gentle probing, of fragile biological samples. Moreover, we
reproduced experiments with controlled or spontaneous instabilities of jumps
in and out of contact. Finally we confirm that the amine-mica bond formation
can depend on time, as long as the ions do not interact much (low electrolyte
concentration limit).

Then, I showed some preliminary results on single molecule AFM experi-
ments aiming to confirm our initial hypothesis on the rate constants chosen in
Chapter 5. We found that the desorption rate for amine measured with AFM
simulate the same ratio of bonds over amines found via SFA experiments.
This confirms the direct connection between the macroscopic behaviour and
the interaction at the single molecule level.

Finally, I presented the initial results obtained in a 3-mirror setup and an ex-
ample of possible novel applications involving pH responsive polymers put in
contact in confinement. These ongoing works will be disseminated elsewhere
in the future.



Chapter 7

Conclusion

This thesis work focused on resolving complex solid|liquid interfaces by em-
ploying the Surface Forces Apparatus (SFA) together with the Atomic Force
Microscope (AFM).

In the introduction, we displayed a path to connect macro with nanoscale in
the effort to establish an energy landscape. In addition, we expressed four re-
search questions to answer. Throughout the manuscript, we found that the se-
lection of different molecules and functionalities brought us a significant step
further to achieving the overall goals. Considering again the path of complex-
ity described in the introduction, Figure 7.1 displays the aims together with
the achieved results that I am going to summarise in the following four points.
7.1

First, we focused on composing a model system with DPPC bilayers to mimic
real cellular membrane. We found that DPPC/DPPC structures are not sta-
ble in asymmetric SFA experiments (Figure 4.2) for highly adhesive environ-
ment and that they form holes, visualised with AFM topography (Figure 4.3).
Thus, we tested a DPTAP inner monolayer to match the surface charge of
the bilayer with the substrate (mica) surface charge. This resulted in a bi-
layer without holes but still not stable at highly adhesive contacts (Figure 4.3
and 4.5). Finally, we used as inner layer molecules with a thiol group which
could strongly (covalently) anchor on gold surfaces. Both C16 and DPhyTL
proved to generate stable model systems that complete the first level by in-
troducing a toolbox for complexity (see Figure 7.1, 1). We characterised this
novel model system thoroughly by resolving the interaction profiles and the
adhesion mechanisms (see Figure 4.7 and 4.10).
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Figure 7.1: Path of complexity solved during the thesis work: (1) stabil-
ity with thiol anchoring; (2) tethered bilayer to mimic real membrane be-
haviour; (3) functionalities at the interface tested as function of their density;
(4) competition between functionalities and ions for a binding site; (5) single
molecule interaction
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Second, using DPhyTL as inner layer for our lipid model system (LMS), we
observed interfacial undulation via the RMS value of AFM topographies(see
Figure 4.3). These undulations could be quantified in terms of a Helfric-
like contributions to the short range interaction energy (Figure 4.8), and are
related to the hydration of the polymeric part of DPhyTL, as in time they are
damped down while the PEG4 reaches a stable configuration (Figure 4.3).
This hydration effect is observed by comparing the sample before and after a
certain soaking time and plotting the measured pressure (see Figures 4.8 and
4.9). The undulation and hydration effects observed in DphyTL based LMS,
described the second level of our path towards complexity.

Third, we varied the external interface of our model systems as a DSPE layer
mixed with DSPE-PEG-amine, a lipid molecule linked to a polymer, end-
terminated with an amine functionality. We investigated the specific interac-
tion between the functionality and the negatively charged mica surface, as a
function of the amine (or polymer) presence and the electrolyte concentration
(see Figure 5.4). We found a non linear trend of the work of adhesion as a
function of the polymer coverage, which led us to a maximised adhesion at the
transition phase from mushroom to brush regime. We additionally observed
an exponential decay on the work of adhesion as a function of the electrolyte
concentration (see Figure 5.4). Therefore, these details on the interaction of
specific functionalities introduced the third level of complexity, i.e. introduc-
tion of environmental and system dependent influences (Figure 7.1,3).

Fourth, we found that the exponential decay reported above, resulted from a
nanoscopic competition between the amine functionalities of the lipid model
system and the ions in solutions. The presence of the latter species was con-
firmed by super resolved AFM topography (see Figure 5.7). We introduced a
Langmuir adsorption isotherm model to elucidate the role of ions in the inter-
action energy with the lipid model system. These kinetic simulations yielded
a set of rate constants for ions that fitted well with the experimental data (see
Figure 5.6). Our model returned a free energy for ions which is in accordance
with literature expectations, while this work offered a unique experimental
approach to experimentally measure ion/surface interaction free energies at
the solid—liquid interface. Thus, we managed to observe and predict com-
petition at the nanoscale, starting from a macroscopic approach (SFA) and
achieving our main aims explained in the introduction (Figure 7.1,4).

Finally, in Chapter 6 we listed a series of possible future experiments, as well
as already successful follow up works initiated by the listed results. In par-
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ticular, we pointed out novel SFA modalities to investigate fine details of in-
termolecular interactions and a new setup for three mirror interferometry that
starts new routes for bio-membranes and electrochemical SFA studies. With
this setup it is possible to measure symmetric and asymmetric lipid bilayer in-
teractions based on the developed model system (e.g. membrane/membrane
interactions). Moreover, with first preliminary single molecule AFM mea-
surement we scratched the end of our path, connecting back the information
from macroscopic measurements to data at the single-molecule scale. This
data will allow us to extract surface desorption reaction rates of the amine
functionalities, for a direct comparison with the developed kinetic model and
SFA data in future work.

To conclude, the systematic approach derived from a bottom-to-top strategy
granted us a stable system which can pave the future research on these increas-
ingly complex solid|liquid interface chemistry. Indeed we could demonstrate
its stability in challenging environment, electrochemical responses, surface
effects typical of biological membranes and the possibility of tuning and pre-
dict macroscopic properties - such as adhesion - by controlling the competi-
tion with selected ions.

There are of course many ways to expand the complexity path for future
works. First, in order to determine the energy landscape, we need numer-
ous experiments of the single molecules events shown in Chapter 6. For the
SFA, the setup and its designs can always be improved, e.g. with temperature
controls, five electrode apparatuses, different optical optimisation, cell design
for the most user-friendly device or simply improving the analysis of multi-
ple beam interferometry fringes by adopting machine deep learning. Finally,
another possible path consists in extending the chemical model for predict the
nanoscopic competition (see Chapter 5) by implementing protonation reac-
tions of the amines together with a proper definition of the bulk diffusion of
ions and functional groups from and into surface sites.
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Appendix A

Electrostatic interaction between
colloidal particles.

Let’s consider colloidal particles such macroions which have uncharged units
that can dissociate in the solvent releasing negative charges (counterions).
The bare colloidal interaction is Coulombian:

φc(r) =
1

4πε
q1q2

r
(A.1)

Adding more salt in the solvent, will increase the number of free ions (either
counter or co ions). The negative counterions will screen the positive colloidal
particles forming subsequent layers. To properly describe the situation at the
interface, we need to introduce the Stern layer which describes the distribution
of counterions from a bulk solution to the interface as the following:

φc � e−κr

r
(A.2)

Solve such a system is not easy since is a complex situation where counter-ion
and co-ion are interacting inducing many body interaction between colloids.
Let’s define the parameters that we shall use to get a first approach to this
problem:

• N0 is the number of macroions with charge Z0 � 2000;

• a is the colloidal particle radius, which we assume to be impenetrable;

• we define the positions as { #»
R 1,

#»
R 2 . . .

#»
R N0} → #»

R N0 and we assume
homogeneous density ρ(0)

0 = N0
V where V is the volume;
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• ν species of co- and counter- ions;

• Nµ number of macroions where µ = 1, ...,ν ;

• Zµ charge of the species

• homogeneous density for co- and counter ions ρ(0)
µ =

Nµ
V with µ =

1, ...,ν ;

• Neutrality: ∑ν
µ=0 Zµρ(0)

µ = 0. We read this like: µ = 0 is the number of
macroions, the index µ from 1 to ν is representing the counter and co
ions; all of them together have to show zero charge.

Definition of the spatial density for each species. There is a big difference in
mass between the macroions (µ = 0) and the microions (µ = 1, ...,ν). In order
to calculate ρµ(

#»r ) we can fix the position of the macroions. The justification
for this hypothesis comes from the disparity in the time scale: the microions
will move such faster than the macroions, that these will appear fixed in space
for them. Then, we will calculate the density averaged over the degree of
freedom of the microions ρµ(

#»r ). In the end, we will define an average over
the configurations y{ #»

R N0}.

Another way to describe this phenomena is to go through the resolution of the
electrostatic potential of the system Ψ(r).

Using the Laplace formula, we can write the potential as:

ΔΨ(r) =−4π
ε

ρ( #»r ) =−4π
ε

N0

∑
i=1

Z0δ ( #»r − #»
R i)− 4π

ε

ν

∑
µ=1

Zµρµ(
#»r ) (A.3)

where ε is the dielectric constant of the solvent, i is an index on the positions
of the macroions. The first part of the right term will represent the macroions
while the second part will represent the microions. The electrostatic potential
for microions is acting as a mean field on each density. Then we can de-
scribe the density as a distribution and use the mean-field approximation. The
Boltzmann distribution is the one that is used in this cases:

ρµ(
#»r )� ρ(0)

µ e−βZµ Ψ( #»r ) (A.4)

with β = 1
KbT and ρ0

µ the homogeneous density of ions (concentration). Putting
together A.3 and A.4 we obtain the Poisson-Boltzmann (P-B) approximation,
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which can be solved numerically:

ΔΨ(r) =−4π
ε

N0

∑
i=1

Z0δ ( #»r − #»
R i)− 4π

ε

ν

∑
µ=1

Zµρ(0)
µ e−βZµ Ψ( #»r ) (A.5)

Analytical approach to the P-B equation To try an analytical approach,
we need to make some assumptions:

1. diluted system: the colloidal particles are so far away that cannot see
each other → N0 = 1,

#»
R 0 =

#»
0 ;

2. Macroions are impenetrable for microions. We take this in account
dividing the microions part in 2 pieces: the first one will represent the
impenetrability of the macroions, the second one the density change of
the microions in solution;

3. Debye-Huckel Theory: the exponent in the density of microions can be
Taylor expanded.

Using 1) and 2) we obtain:

ΔΨ(r) =−4π
ε

Z0δ (r)− 4π
ε

Z0ρ0Θ(r−a)− 4π
ε

ν

∑
µ=1

Zµρµ(r)Θ(r−a) (A.6)

where a is the radius of the macroions and Θ is a step function that is not
zero only out side of the particle we have located in

#»
R =

#»
0 . The first term

in Θ describes the density of a macroion that lives outside a. The second
term, considers the interactions with the microions. Using 3) we do a Taylor
expansion on the density:

ρµ(r)�−ρ0
µ
�
1−βZµΨ(r)

�
substituting this in A.6 we obtain:

ΔΨ(r)=−4π
ε

Z0δ (r)− 4π
ε

Z0ρ0Θ(r−a)− 4π
ε

Θ(r−a)
ν

∑
µ=1

Zµρ0
µ(r)

�
1−βZµΨ(r)

�
(A.7)

As we said, δ and Θ define two region in R3. On the region where r > a (II),
we will impose charge neutrality :

−4π
ε

Z0ρ0Θ(r−a)− 4π
ε

Θ(r−a)
ν

∑
µ=1

Zµρ0
µ(r)
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Figure A.1: Explanatory curve of a Yukawa potential. The different colours
indicate different Debye length. The inverse of the Debye length follows the
trend indicated by an arrow

In this way, we need to solve ΔΨ(r) which is composed by two equations:

ΔΨ(r)I =−4π
ε

Z0δ (r) if r < a

and

ΔΨ(r)II =−4π
ε

Θ(r−a)
ν

∑
µ=1

Z2
µρ0

µβΨ(r)II if r > a

Let’s consider the case where r > a. We can put all together the parameters
that do not depend on the potential:

−4π
ε

ν

∑
µ=1

Z2
µρ0

µβ = κ2 = 1/λ 2
D (A.8)

where κ is the Debye constant. We will solve for ΨI and ΨII introducing
continuity restriction on ΨI,II at r=a. We affirm that the charge of the colloids
is shielded by the charge shell due to co and counter ions. To describe this,
we use a Yukawa potential which is a screened Coulombian potential:

ΨII(r) =
Z0

ε
eκa

1+κa
e−κr

r
(A.9)

where the prefactor that does not depend on r can be considered as a constant
called Ze f f > Z0. The decay of the Yukawa potential depends on κ as you can
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see from Fig A.1, therefore during an experiment you can modify the type of
interaction you are observing varying external factors such as the electrolyte
concentration (ρ0

µ ) or the temperature.
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Appendix B

Hamaker Constant in the Lifshitz
Theory

In this section we will not really go through the Lifshitz theory itseld, but
we will follow the simplified techniques introduced by Langbei, Parsegian,
Ninham and Van Kampen that is called modified additivity approach. The
report here is mainly taken from the reference [40]. We do know that VdW
forces are electrostatic and involve molecules with a permanent dipole, an
induced dipole or even atoms with an electronic cloud that can instantaneously
generate a dipole. Let’s consider two atoms A and B. A has a dipole field
that will interact with B. Thanks to the polarizability of B, the field will be
reflected back to A. This process will produce the VdW interaction. Let’s
now replace the atom A with an ion charge Q and the atom B with a molecule
of polarizability α2 at distance r both immersed in a medium described by a
dielectric constant ε3. The polarizable molecule will have a dipole moment
p = α2E where E is the amplitude of the electric field at distance r from the
ion. The interaction energy between the ion and the polarizable molecule will
be:

w(r) =
−Q p

4πε0 ε3 r2 =
−Qα2 E
4πε0 ε3 r2 (B.1)

from the Coulom’s law we know that

E =
Q

4πε0 ε3 r2

therefore:

w(r) =
−Q2 α2

(4πε0 ε3)
2 r4

(B.2)
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In order to study this interaction for macroscopic bodies, let’s replace the
polarizable particle with a macroscopic body S defined by a molecular density
ρ2 and a dielectric constant ε2. According to the additivity approach, the
total interaction energy will be the integration over the entire volume of the
individual molecular contributions:

W (D) =
−2πQ2 α2ρ2

(4πε0 ε3)
2


 ∞

z=D
dz


 ∞

x=0
dx

x

(z2 + x2)
2 =

−Q2 α2ρ2

(4πε0 ε3)
2

1
D

(B.3)

When a charge Q is in a medium of dielectric constant ε3 at a distance D from
a surface S of dielectric constant ε2, it will experience a force as if an ”image”
charge of strength Q
 = −Q (ε2−ε3)/(ε2+ε3) at distance D from the interface
between S and the area where is located the charge Q (which means that the
distance between Q and the image charge is 2D). The force between the real
and imaginary charge is Coulombian and must be:

F(D) =
−Q2

4(4πε0ε3)D
(ε2 − ε3)

(ε2 + ε3)

which corresponds to an interaction energy:

W (D) =
−Q2

4(4πε0ε3)D
(ε2 − ε3)

(ε2 + ε3)
(B.4)

comparing B.3 with B.4 one will obtain:

α2 ρ2 = 2ε0 ε3 (ε2−ε3)/(ε2+ε3) (B.5)

Now we replace the real charge Q with a medium of density ρ1 and polariz-
ability α1, obtaining a similar result that links the bulk properties to the dielec-
tric constants of the media involved. At this point, we employ the McLach-
lan’s generalized theory of VdW forces which expresses the free energy of
two molecules interacting in a medium 3 as a series over their polarizabilities
and the electric constants of the media:

w(r) =− 6kBT

(4πε0)
2 r6

∞

∑
n=0,1,2,...

α1(iνn)α2(iνn)

ε2
3 (iνn)

where kB is the Boltzmann constant, T is the temperature of the system and
ε(iνn) is the dielectric permittivity of medium 3 at imaginary frequency iνn,
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with νn = (2πkBT/h)n 1 2. Then, we can define an effective 3 Hamaker con-
stant using the McLachlan’s equation and replacing the sum with an integral
over all the imaginary frequencies except the first term:

AH =
6π2kBTρ1ρ2

(4πε0)
2

∞

∑
n=0,1,2,...

α1(iνn)α2(iνn)

ε2
3 (iνn)

=⇒

AH ≈ 3
4

kBT
�

ε1 − ε3

ε1 + ε3

��
ε2 − ε3

ε2 + ε3

�
+

+
3h
4π


 ∞

ν1

dν
�

ε1(iν)− ε3(iν)
ε1(iν)+ ε3(iν)

��
ε2(iν)− ε3(iν)
ε2(iν)+ ε3(iν)

�
(B.6)

The first term is the zero-frequency energy of the VdW interaction and rep-
resents the Keesom and Debye dipolar contributions. The second term gives
the dispersion energy and includes the London energy contribution. ε is the
static dielectric constant for each media involved, as indicated by the indexes.
These are observable which is the crucial point here because, even if we have
an integral to solve, we can work with measurable quantities.

In order to solve the integral, we need to define the dielectric permittivity as
function of the imaginary frequency ε(iν). The latter can be represented by a
real function defined as:

ε (iν) = 1+
✚
✚
✚

✚✚
�
ε −n2�

1+ ν/νrot
+

n2 −1
1+ ν2/ν2

e

(B.7)

where νrot is the molecular rotational relaxation frequency and νe is the main
electronic absorption frequency and n is the refractive index of the medium.
The second term is cancelled because when we insert the equation in B.6, the
sum over the frequency works in a way that only the electronic absorption
participate to the calculation. We can substitute ε (iν) = 1+ n2−1

1+ν2/ν2
e

in B.6,
then employing the following definite integral:
 ∞

0

dx
(a2 + x2)(b2 + x2)

=
π

2ab(a+b)

one will obtain 2.16 in the approximation of equal absorption frequency for
all of the three media involved.

1Please note that the quantities expressed as function of the imaginary frequency are real,
namely they can be measured during experiments.

2The first term of the sum, at frequency ν = 0, is multiplied by 1
2 .

3In literature it is also called non-retarded Hamaker constant
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Appendix C

Pressure between two charged
surfaces

The pressure P is thermodynamically related to the chemical potential µ by
the following equation:�

∂ µ
∂P

�
T
=

1
ρ
→

�
∂P
∂ρ

�
T
= ρ

�
∂ µ
∂ρ

�
T

Let’s now define the middle point as x = 0. The repulsive pressure P of the
counterions at any position x from the center (x = 0) is given by:�

∂P
∂x


�
x,T

= ρ
�

∂ µ
∂x


�
x,T

using (2.1) for the chemical potential, we get the change in pressure integrat-
ing from infinity (the two surfaces are really far apart) to a certain distance
D:
 D

∞

∂P
∂x
 dx



=


 D

∞
ρ

∂ µ
∂x
 dx


 →Px(D)−P(∞)=

 D

∞
ρ
�

∂ (zeψ + kBT lnρ)
∂x


�
x,T

dx



=

 D

∞

�
ρ(x)

zedψ
dx
 +ρ(x)kBT

dlnρ(x)
dx


�
dx



=


 D

∞

�
ρ(x)

zedψ
dx
 +ρ(x)kBT

1
ρ(x)

dρ(x)
dx


�
dx



=


 D

∞

�
ρ(x)

zedψ
dx


�
dx



+


 D

∞
kBT dρ(x)
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From P-B equation (2.3) we write

zeρ(x) =−ε0ε
d2ψ(x)

dx2

so that 
 D

∞

∂P
∂x
 dx



=−ε0ε


 D

∞

�
d2ψ(x)

dx
2
dψ
dx


�
dx



+


 D

∞
kBT dρ(x)

To express the argument in the integral, we use a Mathematical trick:

d
�

d f (x)
dx

d f (x)
dx

	
dx

=
d f (x)

dx
d2 f (x)

dx2 +
d2 f (x)

dx2
d f (x)

dx

for f (x) = ψ(x) we have


 D

∞

∂P
∂x
 dx



=−ε0ε


 D

∞

d
dx


��
dψ(x)

dx


�2



dx


+


 D

∞
kBT dρ(x)

and solving the integrals we obtain:

P(D)−P(∞)=−ε0ε
2

�
dψ(x)

dx


�2

D
+kBT ρ(x)D−

�
−ε0ε

2

�
dψ(x)

dx


�2

∞
+ kBT ρ(x)∞



(C.1)



Appendix D

Assessment of water quality
levels

Milli-Q + 10mM NaCl Pure
Glass Plastic City tap water Milli-Q Milli-Q distilled

Li 5.37E-05 1.31E-05 6.79E-04 1.67E-05 2.06E-08
Zn 3.14E-05 3.21E-05 5.58E-05 1.40E-05 0
K 1.05E-05 1.14E-05 3.87E-05 7.50E-06 3.08E-08
Ca 1.01E-05 8.50E-06 8.93E-03 6.72E-06 7.18E-08
Mg 8.58E-06 6.99E-06 2.23E-02 2.23E-06 2.81E-07
Al 8.36E-07 5.57E-07 6.93E-05 4.33E-07 5.52E-07
Fe 4.25E-07 3.23E-07 4.24E-05 2.44E-07 1.89E-07
Be 1.15E-07 1.38E-06 1.49E-06 1.15E-07 0
Ba 1.38E-07 2.82E-07 2.22E-06 9.84E-08 1.65E-09
Mn 1.41E-07 1.20E-07 5.88E-07 5.07E-08 3.97E-09
Ni 2.02E-06 7.30E-07 2.70E-07 5.01E-08 1.09E-08
Cu 1.02E-07 9.35E-08 1.66E-05 4.35E-08 2.72E-08
Pb 7.36E-08 7.81E-09 5.75E-07 2.65E-08 2.02E-09
Cr 4.65E-08 3.28E-08 3.66E-07 2.55E-08 6.50E-09
Sr 1.28E-07 1.29E-07 1.50E-05 3.39E-09 3.25E-10
V 1.70E-08 2.64E-08 1.14E-06 3.15E-09 5.28E-10
As 1.50E-09 9.38E-10 1.45E-07 1.31E-09 4.10E-11
Co 2.07E-09 6.26E-10 2.15E-08 1.02E-09 5.81E-09
Tl 1.55E-11 3.87E-12 2.50E-10 1.74E-11 5.09E-10

Total 1.18E-04 7.58E-05 3.22E-02 4.82E-05 1.20E-06

Table D.1: Ionic strengths in M (calculated with chloride counter ions) of
the 19 most significant cationic impurities in different aqueous solutions.
Glass and plastic refer to the containers used for holding the solutions, plastic
was used for all the ’Pure’ water samples. The data was obtained with a
standard ICP-MS setup.
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