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Abstract

In this work we present a study of phase transitions and their relation with the
elastic properties of three phospholipid membranes, namely 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC). Samples were
generated individually by physical-vapor-deposition of the lipid molecules men-
tioned over acid-cleaned polished silicon chips. The thickness of the samples were
measured with Very High Resolution Ellipsometry. Average thickness are 60A
thickness on average. The molecular consistency of the lipids were characterized
using Raman spectroscopy. The Young’s modulus of the lipid membranes was ob-
tained applying the Hertz model to data acquired with Atomic Force Microscopy
in Quantitative Imaging feedback mode. Finally, the individual dependence of
these lipids respect to temperature changes was used to detect the main gel-to-

fluid phase transition.

The results in the present work show an expected softening of the lipid mem-
branes just after the main phase transition, although the values of the elastic
modulus found do not match the ones reported in the literature. However, the
general trends correlate well with the ones found in other works. Nevertheless,

systematic investigations using similar conditions as ours are still scarce.

The acquisition of information related to the elastic properties and stability of
the membranes is relevant for future works on protein insertion, and to understand
the lipid membranes dependance on several other environmental conditions like

changes in temperature, pH-dependence or ionic strength concentration.

v



Chapter 1

Introduction

During the last decades, studies concerning the assembly of artificial membranes
over solid substrates have taken center stage due to the potential applications in
the fields of bionanotechnology and fabrication of biosensors. Of special impor-
tance are studies about lipid membranes, which surround the living cells and play
several functions in conjunction with proteins such as controlling the exchange of
nutrients from the interior to the exterior of the cells and vice versa, and allow the

transition of electric signals that establish the intercommunication among cells.

Supported lipid membranes provide a model system for investigating the pro-
perties and functions of the cell membrane [I]. Several techniques have been
employed to quantitatively investigate a variety of properties of lipid bilayer,
such as electron microscopy or scanning differential calorimetry (SDC). An im-
portant technique that provides quantitative information about the mechanical
properties of the membranes is the micropipette aspiration technique, which has
been reported for measuring elastic moduli for area dilation, shear and bending
12].

The type of experiments that study phospholipidic membranes, while crucial,
are mostly restricted to the use of giant vesicles, providing a mesoscopic outlook
on bilayer mechanical stability. However, the chemical diversity of the cell mem-

brane demands experimental techniques able to probe the local elastic properties

with nanometer resolution [3]. At this scale, the mechanical characterization of
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lipid membranes is best probed when they are supported onto solid substrates.
According to this approach, Atomic Force Microscopy (AFM), has emerged as an
indispensable tool to gain insights into the topology of lipid membranes, allowing
measurements of the nanomechanical properties using force spectroscopy mode,
operating under constant velocity [4]. Contrary to using vesicles, the solid sup-
ports constrain the lipid membranes to nearly planar geometry[5], such that they
can only be compressed in the vertical direction [6]. Much of the literature about
studies of mechanical properties of phospholipidic membranes recurs to time-
consuming methods, such as single force-distance curves. However, new AFM
techniques have been developed or enhanced since the invention of a pulsed-force
mode in 1997, being Quantitative Imaging mode the most prominent nowadays

for measuring elastic properties of thin films.

The present work aims to study the nanomechanical properties of planar phos-
pholipid membranes DMPC, DPPC, and DSPC individually, which have been de-
posited onto silicon substrates from their gas phase. The study involves using the
novel Quantitative Imaging (QI) AFM mode which will give us insights into the
change of the elastic Young’s modulus of these membranes under temperature-
controlled settings in water environment. If the changes in the elastic modulus
occur at or near the reported phase transition temperatures of lipid bilayers, then
we can be sure that our artificial lipid bilayers have formed and that our method
for bilayer formation is successful. Unlike x-ray methods or differential scanning
calorimetry, AFM in QI-mode is a direct method for study of the mechanical
properties of supported lipid membranes. In other words, AFM is an additional
powerful tool for the detection of phase transition temperatures in artificial mem-
branes. Special importance is given to the phase transition of lipid membranes
due to their biological relevance. In fact, several membrane functions, such as ion

permeability or lateral diffusion, can differ significantly in various phases.



1.1. BIOLOGICAL MEMBRANES Introduction

1.1 Biological membranes

One of the most important characteristics of the structure of cells is the separation
between internal structures of the cytoplasm and the external environment. In
eukaryotic cells, furthermore, there are also cytoplasmic compartments present,
in which certain cellular activities can be separated in order to increase the ef-
ficiency of the cell’s processes. This separations are achieved by a wall of both
complex organic and functional molecules, namely phospholipids and proteins,
respectively. As this natural barrier is composed mainly by phospholipids, it has

been given the name phospholipidic membrane.
Protein channel
Protein molecule /
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Figure 1.1.1: Representation of a phospholipid bilayer. Its major components are
phospholipids, as well as peripheral and transmembrane proteins which regulates
the cell’s functional processes (figure adapted from [7f).

According to the fluid mosaic model devised by Singer and Nicolson [§], all
cell membranes exhibit a plethora of membrane spanning proteins that are em-
bedded in the phospholipidic membranes and can interact with the surrounding
phospholipids, as seen from several examples. On the one hand, changes in the
phospholipid environment of these biological layers can regulate or alter the func-
tions, for instance, of intrinsic membrane proteins. On the other hand, peripheral
(or extrinsic) proteins, can influence and be influenced by lipid structure and
composition in the membrane [9]. Thus, it is seen that lipid-protein interactions
play important roles in both directions. In addition, some studies show that

lipid membrane modifications regulate three important cell processes, such as the
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structure of the phospholipids, the formation of lipid domains and clustering of

G-protein peptides [10] [11].

As most of the cell’s functions occur in or around these membranes, they are of
high interest for researchers for the development of future medical and biological

nano-devices.

1.1.1 Phospholipidic structures

Lipids are organic molecules which are mainly composed of carbon and hydrogen,
and to a lesser extent of oxygen and other elements such as sulfur and phos-
phorus. They are found as natural molecules in fats, waxes, triglycerides and
phospholipids, among other molecules. Some lipids are characterized for being
hydrophobic, which makes them non-soluble in water. Other types, known as am-
phiphilic or amphipathic lipids, are of profound interest because those molecules
exhibit specific zones which can have affinity to water molecules, thus named hy-
drophilic, and other zones that reject water molecules, named hydrophobic. This
remarkable feature allows this lipids to form interesting structures when they are
exposed to a water ambient. Phospholipids are, maybe, the most known example

of these kinds of molecules.

Phospholipids are a class of lipids which constitute the main components
of biological membranes. They highlight two hydrophobic structures identified
as tails, consisting of chains of fatty acids. They also exhibit an hydrophilic
array of atoms, a structure known as head (sometimes addressed as polar head
group), which contains a phosphate group. Both structures are held together by

a molecule of glycerol, as seen in the following image:
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Figure 1.1.2: Representation of a phospholipid molecule. The very distinctive
structural property of this molecules are the hydrophilic polar "head’ group and

the hydrophobic hydrocarbon ’tails’ (figure adapted from [12])

The structural and physical properties of phospholipids have two remarkable
consequences as they are exposed to a water environment. First, polar head
groups interact with water molecules, whereas the hydrocarbon chains tend to
avoid the interaction with them. Second, due to their amphiphilic nature, a
spontaneously-emergence of ordered-like phospholipid structures can take place
under certain concentrations. Micelles are the simplest type of construction
formed by the association of amphiphiles. They consist of a core of hydropho-
bic interacting alkyl chains shielded from contact with water molecules by hy-
drophilic polar heads groups (see Fig. 1.1.3). The formation of this structures
occurs above the so called critical micellar concentration (CMC). The forma-

tion of micelles results from both enthalpic and (mostly) entropic contributions.
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1.1. BIOLOGICAL MEMBRANES Introduction

Enthalpy contribution comes from the energetically favorable enhancement of
interactions between hydrocarbon chains. Entropic contribution arises from a
favoring structuration of water molecules. Unassociated hydrocarbon chains in
bulk water break up the hydrogen bonds between H,O molecules and impose a
locally more ordered configuration that is entropically unfavorable. When mi-
celles are formed, however, the disruption of water structure is reduced, therefore
they are entropically favored compared to unasocciated phospholipid molecules

I3].

2Dy Liposome

) )

Micelle

Figure 1.1.3: Structures formed by amphiphilic molecules in aqueous medium.
White dots represent hydrophilic polar head groups, whereas yellow stripes repre-
sent hydrophobic chains of hydrocarbon (figure adapted from [7]).

Increasing the concentration of amphiphilic molecules in the solution can lead
to lamellar structures, in which the hydrophobic tails are facing to each other
and the hydrophilic heads form the inner and outer core of the structure, forming
a bilayer (see Fig. 1.1.3) . The most important example of lamellar structure
are vesicles or liposomes. Vesicles are hollow aggregates made from one or more
amphiphilic bilayers. Vesicles formed from a single bilayer are called unilamellar,
while the ones formed by more than one bilayer are called multilamellar. Vesi-

cles can be formed not only depending on the concentration of phospholipids in
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aqueous solution but also on the type of amphiphile. For instance, double chain
lipids often form lamellar phases directly upon increasing concentration at the
CMC, whereas single-chained lipids tend to form micelles. The forces holding
these structures are weak van der Waals, hydrophobic, hydrogen-bonding and

electrostatic interactions. The weak nature of these forces makes the structures

flexible.

In case that bilayers are assembled over wet planar substrates they are named
supported lipid bilayers (SLB) or supported planar lipid bilayers (SPLB). One
of the main reasons for the study of artificial membranes as SLBs is that the
substrate allows for stability of these layers [14], which is something difficult to
control using vesicles due to their fragility and instability over longer periods
of time. SLB membranes have attracted much attention since they can also
provide a model system for investigating the properties and functions of the cell
membrane. Therefore, in this work we are going to be concerned to the study of

the mechanical properties of SLBs.

1.1.1.1 Phase transitions of lipid bilayers

Phospholipidic membranes exhibit distinct phase transitions, associated typically
with changes in temperature. The phase behavior of phospholipids in water
systems are of interest in several disciplines because of the possible biological
relevance of the different phases that they form and the transitions that they
undergo. Each phase features a change in the hydrophobic tails of the lipid
molecules as shown by experiments that have identified a number of arrangements
of lipid bilayers. All SLBs can exist in several known phases such as crystalline,
gel or liquid. In addition, a number of intermediate stable, metastable, and
transient lamellar gel structured are adopted by different lipids [15]. The distinct

phases are shown in the following image:
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Figure 1.1.4: Schematic of several lamellar phases in hydrated lipid bilayers: (A)
Subgel L.; (B) gel (untilted chains) Lg; (C) gel (tilted chains) Lg; (D) rippled
gel Py (E) liquid crystalline L, (Adapted from [16] ).

To identify the phase transitions of lipid bilayers a combination of uppercase
latin letters and lowercase greek letters is used. Latin letters represent long-range
order (i.e. lamellar L, rippled P, for instance) and greek letters stand for short-
range order (« for disordered and melted, 3 for semi-ordered elongated chains).

The most important phases are as follows:

e [, known as lamellar crystalline phase exhibits the carbon chains straight

(see Fig 1.1.4, A).

e Lg is a lamellar gel phase in which the carbon chains are elongated and

straight (see Fig 1.1.4, B).

e Ly is a lamellar gel phase in which the carbon chains are elongated and

tilted (see Fig 1.1.4, C).

e Py is aripple gel phase in which the bilayer is wavy and the carbon chains

are elongated and straight (see Fig 1.1.4, D).

e L, is a lamellar fluid phase in which the carbon chains are melted (see Fig

1.1.4, E).

The phase behavior is dominated by the main gel-fluid phase transition Lg — L,

associated with the melting of the lipid hydrocarbon chains. This transition

8



1.1. BIOLOGICAL MEMBRANES Introduction

highlights the change from ordered to disordered arrangements of chains [I7]. A
temperature is associated to each phase transition in a lipid bilayer but the one

that matters the most is the one accounting for the main phase transition 7 .

1.1.1.2 Phosphatidylcholines

Phosphatidylcholines (PCs) represent the most abundant lipid class in mam-
malian membranes and a major membrane component in eukaryotic organisms.
In addition, this sort of molecules are also critical constituents of human lung
surfactant, serum lipoproteins, and bile, representing the most widely used lipid
model in artificial biological membrane studies [16].
Dipalmithoylphosphatidylcholine or DPPC is perhaps the most studied exem-
plar of phospholipids as it is the principal component of the pulmonary surfactant
and the most preferred liposome for the study of model biological membranes
[18, 19, 20]. Its structure consists of a hydrophilic polar head which is composed
by a nitrogen group with positive charge, and a phosphate group with negative
charge. In addition, a pair of aliphatic chains consisting of 16 carbon atoms
conform the hydrophobic tails of this phospholipid. The approximate length of
this molecules is about 2,5 nm [2I] which would result in an approximate 5 nm

phospholipid bilayer.

Figure 1.1.5: Phosphatidylcholine molecules. From top to bottom: DMPC, DPPC
and DSPC' (adapted from [22]).
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Similar molecules, such as dimyristoylglycerophosphocholine (DMPC) and
distearoylglycerophosphocholine (DSPC) are also used as model SLBs and will be
also used in the present work. As seen in Figure 1.5 DMPC, DPPC, and DSPC
have almost the same molecular structures differing only in the number of carbon
atoms in their hydrophobic tails. DMPC exhibits the shortest carbon tail formed
by 14 carbon atoms, whereas DPPC and DSPC have 16 and 18 carbon atoms

respectively.

Carbon chain length influences on the value of the main transition temperature
T . The longer the carbon chains the higher the gel-to-fluid temperature due
to an increasing interaction among the chains and other phospholipids. In fact,
DMPC melting transition is reported to be 23°C - 24°C [23], DPPC has a melting
point in 41°C - 42°C [24], and DSPC in 54°C - 55°C [25]. These temperatures
usually are given in wider ranges because phase transition depends on the ambient
conditions such as pH, ionic strength, or substrate to which the PCs are exposed

to.

1.2 Ellipsometry

Ellipsometry is an experimental technique which measures changes in the state
of polarization of a laser beam which is reflected from the surface of a certain
material. The information obtained from the measurements depends on the op-
tical properties as well as on the thickness of the materials. In consequence,
ellipsometry is used mainly to assess the thickness of thin films and their optical
constants. In addition, its application can be widely extended to characterize
sample composition, crystallinity, roughness, among other properties associated
to a change in their optical response. A great advantage of this technique is
that it is non-destructive, which allows for the conservation of properties of the
samples studied. The following section describes the ellipsometric theory and

operation of a wvery high resolution ellipsometer (VHRE), which will be mainly

10



1.2. ELLIPSOMETRY Introduction

used to measure the thickness of a thin layer of phospholipid deposited onto a

silicon substrate.

1.2.1 Light polarization

Polarization is a fundamental property of light, which has been studied to a large
extent since its discovery made by the french physicist Etienne-Louis Malus in
1808. The interaction of light with matter is related to the induced motion of
electric charges from electrons and atomic nuclei. A detailed description of light is
achieved using vectors representing plane-perpendicularly-oscillating electric and
magnetic fields, which are both also perpendicular to a propagation vector. It is
possible to underestimate the magnetic induction in a medium where light strikes
on, because changes in the magnetic moment vectors are quite slow to follow the
fast oscillations of the magnetic and electric fields [26]. Under this consideration,
the most important physical quantity to describe the properties of light will be
the electric field vector E. The existence of preferred directions established in
the interaction between the electric field of an electromagnetic wave with the
electric charges in matter gives importance to the study of the phenomenon of
polarization.

Polarization is understood as the trajectory described by the electric field
vector of an electromagnetic wave. It is said that light is polarized when there
is a preferred trajectory outlined by the electric field vector at the moment it

changes its amplitude over time. There are three states of polarization of light:

1. Linear polarization: It is produced when the components x and y of the

electric field vector are in phase.

2. Circular polarization: It is produced when the electric field components
have the same amplitude and they are out of phase by 902, either forward
or backwards. This sets whether the electric field vector moves clockwise

or counterclockwise.

3. Elliptic polarization: In this case, the amplitudes of the components of the

11
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electric field vector within the plane of propagation are not equal, and there

is also a phase shift between 02 and 360 °.

This last sort of polarization is the most probable to occur, leaving linear and
circular polarization as particular cases.
Considering a monochromatic wave propagating in the z direction, one would

have the following figure that illustrates the three types of polarization:

Figure 1.2.1: Fundamental states of polarization of an electromagnetic wave

(Adapted from [27]).

If a monochromatic wave strikes a reflecting surface, it defines a plane of
incidence which is perpendicular to the surface and contains the wave vector %in.
The electric field vector E and the magnetic field vector B are perpendicular to
each other and also to the wave vector. It is possible to represent the electric
field using two components oscillating in the plane of propagation: 7 / parallel

and o / perpendicular, as seen in the following illustration:

12
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Linear polarization

plane 7 Elliptical
polarization

K, plane ©

lane ¢ 1
P 1 Plane of

Jincidence
e

-

Figure 1.2.2: Trajectory of an incident light beam over a reflecting substrate. The
plane of incidence contains the incident beam and the reflected beam (Adapted
from [27]).

Spatial and time dependence of the electric field vector E (7,t) in a uniform
and isotropic medium of constant permitivity € can be described by the wave
equation:

2
2 € (w) 0

VA A
C

e E (7 t)=0 (1.1)

where w is the angular frequency of the wave, and c is the speed of light in
vacuum. One solution to the wave equation corresponds to a monochromatic

wave propagating along the z-axis in an orthogonal coordinate system:

E(2,t) = Re { {%] e“’“”‘”*‘”} (1.2)

Y

where:

E (z2,t) = A cos(k.z—wt+9,) (1.3)

E, (z,t) = A, cos(kz—wt+3,) (1.4)

One can discard the spatial and temporal dependence because one is mainly
interested in the state of polarization, obtaining:
E A, ¢’

E=| "= . (1.5)
E Ae’

Y

13



1.2. ELLIPSOMETRY Introduction

The condition for elliptic polarization means that the component of the E

vector must satisfy the constraint equation:

£ FE
St =1 (1.6)

One can introduce the expression y = E,/E , and define E, and E, as the

incident and outward components of the electric field vector, which gives:

Xi . Ezy Eoz

Ai 1.7
Xo Eiony ( )
By the definition of the electric field vector:
0, 5
. A e ZyEI e oF A i 51' _51';5 A i ‘Soz_‘so
Xz — iy — ox - —_ ie ( Y ) ox e ( y) (18)
Xo Ame “ Eoye i Az:z; Aoy

Considering the incident wave as a linearly polarized wave, then J, = 0 and

A, =A, Thus:

. A i dog — oy
%:Ame(é o) (1.9)

oy

Looking at these parameters in an ellipse like the one shown below:

]

Figure 1.2.3: Projection of an elliptically polarized wave on a plane (Adapted from

127]).

14
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one can observe that:

A
tan¥V = o 1.10
an A, ( )
A = 0, -0, (1.11)
thus:
X tanwe™® (1.12)
Xo

1.2.2 Reflection and transmission of polarized light through

plane interfaces

At the moment of studying reflection and transmittance of a polarized electro-
magnetic wave over plane substrates, one considers a monochromatic wave pro-
pagating in the plane x — z, striking on a plane interface between two semi-infinite

medium of different refractive index, as shown in the following picture.

MEDIUM 1, N;=n+ik,
Erp
EI'S
X
(p2
MEDIUM 2, N,=nj+ik, |-~
Eq
Ets
Z \

Figure 1.2.4: Reflection and transmission of a plane electromagnetic wave on
a plane interface. Both incident and reflected beam define a plane of incidence
(Adapted from [26]).

The state of polarization that gets the reflected beam and the one transmitted
depends on the polarization and the direction of oscillation of the electric field

vector of the incident wave. Two cases can be distinguished for monochromatic

15
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plane waves with linear polarization.

1.2.2.1 S-Polarization

For an incident wave with linear polarization and perpendicular to the plane of
incident, according to Figure 1.2.4 one can denote E, , E |y E,_ as the amplitudes
of the incident waves, reflected and transmitted, respectively. One can express

the Fresnel coefficients, obtaining;:

E., N,cosp, —N,cosgp,

= = _ 1.13
i E.. N cosp, +N,cosp, (1.13)
E 2N
= o= 1 8P (1.14)
E.. N, cosp, +N,cosp,

1.2.2.2 P-Polarization

For an incident wave with linear polarization parallel to the plane of incidence

one can denote, again noting Figure 1.2.4, £, , E_ y FE, as the amplitude of the

ip?

incident, reflected and transmitted wave, respectively. The Fresnel coefficients in

this case are:

E,,  N,cosp, — N,cosp,
~ N, cosp, + N, cos p,

(1.15)

2N, cos p,

= 1.16
° E. N, cosp, + N, cos p, (1.16)

1.2.2.3 Fundamental equation of ellipsometry

Considering the Snell equations, it is possible to write the reflection coefficient

for both S and P polarizations as follows:

16
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.2
sin (@, —¢,) N, cosp, — \/N22 —Nf sin” ¢,

sin (, + ¢,) N, cosp, + \/N22 - N? sin” ¢,

oy Mooy ()
roo= tan(@g 901): 2 (1.18)

tan (@, + ¢ 2
(e: 2) Nl/cosg01+N2/\/1—<x—l) sin” ¢,

(1.17)

One can write the reflection coefficients as:

r. = tant.e (1.19)

ro = tany, e (1.20)

Defining p as the ratio between the Fresnel coefficients for reflection, it is

possible to obtain the fundamental equation of ellipsometry [26]:

r, tan), i(a,-a,)

= tan¢p€ = tan Ve (1.21)

p

»
TS
The importance of this equation falls on the parameters ¥ and A that can be

related with the thickness or the refraction index for thin films [28§].

1.2.3 Drude Theory for ellipsometry

In the previous sections, Fresnel equations for S and P polarizations of reflected
and transmitted waves in a flat interface were presented. It is possible to consider
a system composed by ambient-thin film-silicon, that is, two interfaces, on which

it is possible to apply the Fresnel equations.
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Ambient (0) 91i

Film (1)

Silicon (2) 63\

Figure 1.2.5: Reflected and refracted beams in each layer generate multiple beams
in a thin film. The interference with one another depends on the relative phase
and amplitudes of the electric field.

As the reflected rays have reflection and transmission components of the film,

the total amplitude of the reflected beam will be the sum of each of the output

amplitudes:
—2ip 2 —4ip 2 3 —6iB
R=r, +1t,t,7m.€ +to b7 L0 +to b7, 7,0 + . (1.22)
in which one considers:
d 2 2 . 2
g = 47TX N — N sin" 0, (1.23)

It is possible to see that R corresponds to a geometric sequence, which can be

simplify as to:

t toe r roe ’
R:T01+ o1 Tt = o1 T 71 (1.24>

2if3

1 + 710170126 1 + r01r12€

In this manner:

—2i8
R o= JowFTmC (1.25)

—2i83
1+ To1pT 12, €

—2i8
— rOls + T1256 : (126)

s —2i83
1 + TOISTIQSG

This values can be inserted into the equation (1.21), from which it is possible
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to obtain:
—2ip —2i3
<r01p + 7"121)6 ) <1 + rOlsT1236 )

—2if —2i3
(]' + TOlpr12p€ ) (TOIS + Tlee )

p= (1.27)

Putting appropriate terms together and using the Fresnel coefficient it is pos-

sible to obtain the fundamental equation of ellipsometry:

p =tan Ve (1.28)

in which:
U o= A (1.29)
= 2P+ g (1.30)

being P and A the polarization angles measured by a polarizer and an ana-

lyzer, respectively [29, [30].

1.2.4 Null ellipsometry

One of the most important techniques applied in ellipsometry is known as null
ellipsometry. This procedure uses a PCSA optical system ( Polarizer-Compensator-

Sample-Analyzer), as shown in the following image:

Figure 1.2.6: PCSA configuration for null ellipsometry. The picture shows
changes in the state of polarization of the laser beam (Adapted from [26]).

The polarizer P is used to select a certain linear state of polarization. The

compensator C retards the phase of the wave passing through it in order to
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produce an elliptically polarized wave, which ultimately strikes upon the sample
S and it is reflected away from it. The ellipticity of the given state of polarization
is picked, so as to make it the opposite to the state of polarization of the beam
reflected off the sample. Thus, the final polarization of the reflected beam is

linear and its intensity can be brought to a minimum using an analyzer A.

1.3 Atomic Force Microscopy

The atomic force microscope (AFM) stands as one of the most versatile mem-
bers of a family of microscopes known as scanning probes microscopes (SPMs).
These instruments generate images by sensing rather than looking at specimens.
The SPMs began in the early 1980s when Binning and Rohrer revolutionized
microscopy through the invention of the scanning tunneling microscope (STM)
[31]. A few years later, Binning et. al., in 1986, announced the birth of the se-
cond member of the SPM family, the atomic force microscope [32], which did not

appear commercially until the early 1990s and have been improved ever since.

1.3.1 Principle of operation

The way an AFM operates is easy to understand. However, when one thinks
about a microscope, in the case of the AFM, one must discard all previous notions
of conventional microscopy since AFMs have no lenses of any kind. In fact, the
imaging technique is achieved by a mechanical device, namely the cantilever,
which is a probe with a sharp tip, as shown in Fig. 1.3.1 able to sense very small
forces when atoms or molecules come closer. The cantilevers are flexible devices,
which can be modeled as springs that measure the force between the tip of the
cantilever and the sample. The idea is that repulsive or attractive forces between
the tip and the sample is converted into a deflection of the cantilever. The
cantilever is attached to a rigid substrate that can be held fixed, and depending
on whether the interaction is repulsive or attractive, the cantilever bends away

or towards the sample.
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(4)

Cantilever spring
© constant
k

Cantilever
deflection 5

Force from
F cantilever spring

Figure 1.3.1: (A) The chip the cantilever is attached to is shown; (B) SEM image
of the tip of the cantilever. The tip length is usually a few microns; (C) Scheme
of a cantilever of spring constant k increases with lever thickness but decreases
with cantilever length (Adapted from [33)]).

Irrespective of the geometry, the force contribution F' from the bending of the

cantilever is determined by the simple equation that dictates Hooke’s Law:

F = —ks (1.31)

where k is the spring constant of the cantilever and s is its displacement. The
minus sign indicates that the force acts in the opposite direction to the displace-
ment of the cantilever. The spring constant k increases with lever thickness but

decreases with cantilever length.

1.3.2 Detection method

Although there are several methods to detect the deflection of a cantilever, they
can be catalogued into two categories: optical and electrical detectors. The
detection method that concern us in this work is an optical method in which a

four-quadrant photodetector is used. This has become the standard method for
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most of the AFMs and depicts a laser beam that is reflected from the back of the
cantilever onto the photodetector, as shown in the following image:

Deflection signal
(A+B)-(C+D)
(A+B)+(C+D)

Detection laser

Quadrant
photodiode

Cantilever deflection f\ .
o n Attraction or repulsion

Sample/m~ >~

Figure 1.3.2: Schematic image about the detection system of AFM. As the tip
scans over the sample the cantilever is deflected causing a displacement of the
laser spot on the photodiode (Adapted from [33]).

Most AFMs use a photodiode that is composed of four quadrants. This allows
the laser spot position to be calculated in two directions: vertical and lateral. The
vertical deflection accounts for the measurement of the interaction force and can
be calculated by comparing the amount of signal from the top and bottom halves of
the detector. The lateral displacement of the laser beam accounts for the twisting
of the cantilever and can be calculated by comparing the left and right halves of
the detector. This simple system is surprisingly sensitive enough to detect atomic
scale movement of the tip as it traverses the sample. The information acquired by
the quadrant photodiode is converted into an electrical signal which is sent to a
feedback control that keeps an appropriate scanning of the tip along the sample.
An appropriate adjustment of the feedback control is crucial to obtain a good
image. There are several modes of operation of the feedback control in the AFM

which are outlined next.

1.3.3 Imaging modes of operation of AFM

Data acquisition for image generation involves the interaction of long and short

range forces between the tip and the sample. The longer-range attractive forces
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are usually van der Waals forces and capillary forces, and the repulsive interaction
takes over at short ranges as the electron orbitals of the atoms in the tip start
to overlap with the ones of the sample. Nearly all AFM techniques employ a
feedback loop to hold a constant interaction between the tip and the sample as
the tip scans the surface. This system detects the cantilever motion during the
scan, typically either by monitoring vertical deflection or the amplitude. The user
specifies a set value to be maintained, referred to as either deflection setpoint or
amplitude setpoint. The difference between the setpoint and the actual deflection
is measured and referred to as the error. This error is scaled by the gain, and
this signal is used to control the Z drive of the scanner. The resulting system
keeps the cantilever motion constant as the tips scans along in contact with the

surface.

XY Scan

Laser

Setgomt;: Error [ e
Z Drive

Cantilever Motion

AFM Image

Figure 1.3.3: Schematics depicting feedback loops in xy and Z to generate an AFM
image (Adapted from [3)]).

If the gain is too low, the system will not respond fast enough to changes in
the sample topography, resulting in poor quality image. If the gain is set too

high, the feedback loop will become unstable and the image will appear noisy.
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In order to scale the error properly, minimizing it so that the system responds
accurately to changes in topography proportional and integral gains are used (PI-
controller). This system allows the AFM to generate detailed topographic images
of a certain surface and collect data about physical properties of the sample, such

as elasticity, adhesion and roughness.

1.3.3.1 Contact Mode

In contact mode the AFM tip is brought into direct contact with the surface of
the sample. Being in direct contact means that the force between tip and sample
is in the repulsive regime. The base of the cantilever is moved up and down
over higher and lower parts of the sample respectively. The force applied by the
cantilever depends on the deflection, which is the parameter used by the user as
a setpoint. A Pl-controller processes the error in the deflection of the cantilever
in order to change height position of the cantilever. The problem associated to
this mode are the influence of capillary forces and the fact that lateral forces that
take place as the tip scans the surface might remove material of a specific zone

of the sample .

1.3.3.2 Intermittent contact or Tapping Mode

Tapping mode is another way to operate the control system of an AFM, and
consists of forcing the cantilever to oscillate near its resonant frequency. In this
case, the amplitude of oscillation of the cantilever is the setpoint specified by the
user. As the cantilever scans the surface, it makes intermittent force-repulsive
contact with the sample. The feedback loop applies a corresponding voltage
to the piezo to move the cantilever vertically in order to recover the setpoint
amplitude. As the cantilever is brought closer to the sample the attractive force
cause a decrement in the cantilever resonant frequency, which makes it useful
to deliberately set the drive frequency of the cantilever slightly lower than its
natural resonant frequency. This increases the efficiency of the energy transfer so

that the cantilever oscillates with greater amplitude than it did in free space [35].
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Intermittent contact

Figure 1.3.4: Schematics of the AFM intermittent contact mode. The trayectory
of the tip results from the combination of a drive frequency and the response of the
feedback loop to changes in the interaction forces with the sample. The tip barely
touches the sample which results in lower lateral forces (Adapted from [35]).

One of the advantages of tapping mode is that the tip is not in contact with
the surface for most of the oscillation cycle. Therefore, lateral forces generated
when the tip is brought closer to the sample can be much lower than in contact
mode. Moreover, when tapping is performed in air, stiffer cantilevers of resonant
frequency of 200-400 Hz and spring constant of more than 10 N/m can be used
in order to break free of capillary forces, improving image stability. On the other
hand, when performed in liquid, capillary forces are not a problem and softer

cantilevers can be used.

1.3.3.3 Non-contact mode

In non contact mode the cantilever oscillates close to the surface of the sample,
but it does not make contact with it. This mode is not so widely used, since the
attractive force means that there is a possibility of the tip jumping into contact
with the surface. Furthermore, capillary forces makes this mode particularly
difficult to control in ambient conditions and thus very stiff cantilevers are needed

so that the attraction forces do not overcome the spring constant of the cantilever.

1.3.4 Force spectroscopy

Besides its capability to generate hight-resolution images, the AFM is a powerful
tool for sensitive force measurements. Physical properties of the sample can be
obtained changing the separation between the tip and the sample’s surface at

a specific location, rather than scanning the lateral position of the tip. In this
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particular mode, the cantilever is only moved vertically using the piezo and then
it is retracted and its deflection is measured. The small tip radius (between 5-
50 nm) allows for probing a small interaction area, giving the AFM the high

sensitivity to short and weak forces. This process is known as force spectroscopy.

The data from an experiment using force spectroscopy is often displayed as a
bidimensional graph. The horizontal axis stands for the vertical position, and the
cantilever property being measured is the vertical axis. Typically, the deflection
of the cantilever gives a direct measure of the interaction force. There are two
curves created, corresponding to an approach curve and a retract curve, which

conform the so-called force-distance curve or force curve.
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Figure 1.3.5: Typical force-distance curve depicting approach and extend curves
in air (Adapted from [33]).

The basic force curves can be interpreted by imagining the cantilever, in air,
approaching an incompressible surface such as silicon or mica (see Fig. 1.3.5) .
Initially, the tip and the sample are separate enough so that initially the forces are
too small to deflect the cantilever. This is the part of the extend (approach) curve
that exhibits almost a null slope. At some point, the attractive forces (usually van
der Waals and capillary forces) overcome the cantilever spring constant and the

tip jumps into contact with the surface. As the tip-sample separation decreases

26



1.3. ATOMIC FORCE MICROSCOPY Introduction

further, an increment in repulsive force is observed due to the overlapping of the
electron orbitals of the sample and the tip. As the cantilever is retracted from
the surface, the tip usually remains in contact with the surface due to adhesion
forces and the cantilever is deflected downwards. At some point, the force from
the cantilever will overcome the adhesion and the tip will break free.

From the pioneering measurements by Dufrene et al. [36], [37], force spec-
troscopy experiments have allowed to gain insights into the nanomechanical pro-
perties of lipid membranes at the nanometer / nanonewton scale, and thus our
principal concern with force curves is the possibility to extract nanomechanical
information such as the elastic modulus of the phospholipid membranes that we

fabricate in the laboratory.

1.3.5 Quantitative Imaging

The traditional imaging modes explained before have well-known drawbacks, es-
pecially for samples with steep edges, as well as those that are soft, sticky or
loosely attached to the substrate [38]. In contact mode, high lateral forces can
damage or stretch soft biological objects. In intermittent contact, undesired forces
can compress too much the sample and, furthermore in this mode, it is not possi-
ble to control the absolute vertical force, which can lead to complications on
sticky samples [39].

The extend curve from the force curves as the one seen in Fig 1.3.5 can
be fitted with an appropriate geometric model to obtain information about the
sample deformation and its elastic modulus. On the other hand, the retract curve
may be used in order to calculate the adhesion force.

Since the development of Force Volume (FV) mode in 1994, it became possi-
ble to obtain force curves related to the interaction between AFM tip and the
sample [40]. In this mode, the tip approaches the sample surface until a certain
maximum or peak force is reached and then it is retracted and moved to a next
position. This process is rather time consuming, especially when one wants to

obtain several measurements and a high-resolution image. The solution to this
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problem has come recently and it is been implemented by several AFM firms
with very subtle differences. Specifically, JPK Instruments has developed a multi-
parametric mode, called Quantitative Imaging (QI) [4I], which allows the user full
control over the tip-sample peak force at every pixel of the image, thus providing
quantitative data such as adhesion or mechanical properties of the sample, besides
topographic information. This is achieved by a new algorithm which prevents
lateral forces and controls vertical forces, making non-destructive imaging and

fast scans straightforward.

The novel tip movement algorithm in QI mode measures a real and complete
force-distance curve at every pixel of the image. This gives information about
the local tip-sample interaction with high spatial resolution. The following image

shows a rather simplified representation of the tip movement:
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Figure 1.3.6: Schematic view of the QI tip algorithm. The green line displays the
2z movement of the cantilever, whereas the blue line symbolizes the x movement.
A complete force-distance curve is recorded while there is no xy movement of the
tip (Adapted from [42]).

The interaction force can be controlled and minimized to picometer force
scale. In addition, one can set the tip-sample separation to deal better with soft
and sticky samples (e.g. bacteria or other cells). During every force-distance
measurement in each pixel of the image there is no xy movement to ensure that
this curve is measured under constant velocity. This is necessary for the obtention

of accurate adhesion data, which depends on the velocity during a force curve [43].
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In this present work, QI mode is used to obtain the Young’s Modulus of several
SLBs from collected force-curves at specific temperatures. The model used to fit

the extend curve is described in the following subsection.

1.3.6 Elasticity measurement
1.3.6.1 Young’s Modulus

The Young’s modulus or elastic modulus F is an elastic property of a material,
and is defined as the stress of a material divided by the strain. This is a normalized
measure of the compressibility of a material. The stress o is defined as a force
per unit area applied to a material. If the force is applied normal and outward
the material surface, then it is known as tensile stress. In the case it is a force
acting normal and inward the material surface it is called compression. Hence,

the stress is measured in units of Newton per area and is defined as:

F
_ - 1.32
o (3)

On the other hand, the strain € is a ratio of deformation AL respect to
the original length of the material L, due to an applied stress. Hence, it is a

dimensionless quantity defined as:

AL
= 1.33
=7 (13
Following the definition of the Young’s modulus one obtains:
o F L
F=_=_._20 1.34
e A AL (1.34)

If a piece of material is compressed uniformly, the calculation of the elastic
modulus is straightforward. However, for AFM measurements the indentation
geometry is usually more complicated. The specific tip shape makes it difficult
to measure the force and area of indentation, thus a proper fitting is required.

The Hertz fit is the standard model to analyze force-distance curves to extract
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the elasticity and will be the one used to analyze our measurements.

1.3.6.2 Hertz model

The slope of the extend curve after establishing the contact point is an indication
for the sample elasticity, generated by making a linear fit to this extend part at
every pixel. The most common and widely used fit for AFM measurements is
the Hertz fit [44], although other extended models have been generated to assess

other specific assumptions.

700 , -

Contact point i

Vertical deflection (pN)

-150 -100 -50 0 50 100 150 200 250
Tip-sample separation (nm)

Figure 1.3.7: Exzample of a force curve after baseline correction. The extend curve
is fitted (in green) using the Hertz model (Adapted from [{2]).

The Hertz model approximates the sample as an homogenous and linear elas-
tic solid occupying an infinitely extending half space. It is assumed that the
indenter is non deformable and that there are no additional interactions between
the indenter and the sample. If these conditions are met, the Young’s modulus
E of the sample can be calculated using this model. The Hertz fit relates the
vertical force F' with which a tip of radius R press the sample and indents the
sample a distance ¢, producing a deformation associated with a parameter called
Poisson ratio v, that depends on the material. The proportionality is given by

the elastic modulus E of the sample:
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1F -
F=_ -t R
3(1—v%)

[0V

5 (1.35)

The cantilever deflection Az is first measured in volts AV by the quadrant
photodetector, but after a proper calibration given by equation (1.37) it can be
combined with equation (1.36) to account for the vertical force exerted on the
sample. The relation of these quantities is coupled by the sensitivity S of the
cantilever. To obtain the deformation ¢ of the sample one needs to establish the
vertical cantilever position z, the contact point z, and the cantilever deflection

Az (see equation 1.38):

F = kAx (1.36)
AV
0 = (2,—2)— Az (1.38)

These equations can be replaced in (1.35) to finally obtain the Young’s mo-

dulus:

E= ’ <1 _1V2> : k- AV . (1.39)

I CEDEE )
The original Hertz model consider the shallow contact between two spherical
bodies, but several extensions have been made for different indenter geometries
. The one shown in eq. 1.35 is for a parabolic indenter which is a reasonable

approximation for small indentations, it is easier to fit, and it will be used for the

analysis of our experiments.
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1.3.7 Calibration of the cantilever
1.3.7.1 Thermal noise calibration

The spring constant of the cantilever can be estimated from its geometry (e.g.
considering thickness and width) and the properties of the material that it is made
from. However, measuring the thermal noise [45] to obtain the spring constant
have turned one of the most important methods of calibration since the cantilever
is not damaged by the measurement. The resonance curve can be modeled with

a harmonic oscillator function, as in the following formula:

2

fo 2
(= )"+ ()

where A is the amplitude of the cantilever, f, is the resonance frequency and @)

y(f)=A4 (1.40)

is the Q-factor. This is the fit used by the software to fit the resonance curve of
the cantilever. The area under the curve is used to measure the amount of energy
in the cantilever vibration which comes from the natural thermal environment
of the cantilever. On the other hand, the equipartition theorem says that the
average value of each quadratic term in the Hamiltonian is given by:

1
E S

thermal ~— 2

k,T, k, : Boltzmann constant (1.41)

The hamiltonian for an harmonic oscillator is:

2
P 1 2 2
H=—+-nmw 1.42
2m 2 ° ( )
where ¢ is the deflection of the cantilever, p its momentum, m its mass and w,
is the resonant angular frequency of the system. The second term can be related

with the thermal energy by the equipartition theorem:

1 20 1
<—mw0q > =k, T (1.43)
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As ws = % , the spring constant of the cantilever can be finally obtained from a

measurement of the mean-square cantilever deflection as:

(1.44)

1.3.7.2 Contact-based calibration

This method is used to convert the photodetector signal into a quantitative value
of force. This is achieved by performing a force-distance curve between a plain
cantilever tip and a bare substrate in order to measure the sensitivity of the
cantilever. The distance swept by the cantilever deflection induces a change in
the photodetector voltage which is then calibrated. Once the deflection of the
cantilever is known as a distance, the spring constant is needed to convert this

value into a force using Hooke’s law.

As seen from the force-distance extend curve, the repulsive contact region
bends the cantilever upward, and the bending is linear when the tip is brought in
contact with a hard surface. This linear behavior makes it easier for the software
to determine the factor for converting volts into nanometers. The measurements
may then be used to calibrate the applied forces when performing the actual
experiments. When the sensitivity is measured the vertical deflection signal is
displayed in unit of length. The next step is to measure the spring constant using
the thermal noise method described above in order to convert the deflection signal

into quantitative values of force.

1.3.7.3 Sader calibration

In 1999, John E. Sader et al. presented a fast and nondestructive method to
evaluate the spring constant of rectangular cantilevers [46]. This method is time-
saving because there is no need to determine the sensitivity of the cantilever in
advance, which requires performing a force curve on a hard surface. The Sader
method of calibration relates the spring constant k directly to the plane view

dimensions of the cantilever, its fundamental mode of resonant frequency w, and
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the quality factor of the cantilever in a fluid.

While the length of the cantilever is larger than its width, the quality factor in
fluid is greater than one (@) > 1), and the thermal noise measurements are made
far from the surface, then the spring constant k is calculated from the density
of the surrounding fluid p, the cantilever’s width b, length L; quality factor @),
the cantilever resonance frequency of the fundamental mode w,, and the gamma

function I'; evaluated at w,:

k=0,1906-pb'LQ - T, (w,) w, (1.45)

The JPK Nanowizard 3 software provides the Sader based calibration method
as well as the application of correction factors to counteract the systematic errors

in the measurements of the thermal noise analysis.

1.4 Raman spectroscopy

Raman Spectroscopy is a widely-used technique within the area of Condensed
Matter Physics. It is used to analyze molecular vibrations of interest and it
is related to the process of light scattering. When an incident monochromatic
beam of light reaches a transparent material, most of the light with frequency v,
is scattered without any changes and only the frequency of a small fraction of
light is modified. The spectra of modified frequencies (v,,v,,v,,...,v,) is called
Raman spectra. In general, Raman shifts Av do not depend on the frequency of

the incident beam. Hence, if a beam of any frequency is incident on a sample,

one will always obtain the same Raman shifts.

The energy of photons is given by £ = muv, thus, the energy of the beam would
be E, = hy, which is known as Rayleigh Energy. If an incident photon strikes the
sample inelastically, there is an energy transfer from the photon to a molecule
of the sample. This energy transfer excites the molecule for a short period of
time up to a higher vibrational and rotational energy level. When the system

returns to a lower state of energy it emits a photon, the energy of which could
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be higher or lower than the one from the incident photon v,. If the frequency of
the emitted photon is less than v,, then it has a frequency of v, — v, and this
downshift process is known as Stokes-Raman scattering. If the frequency of the
emitted photon is bigger than v, then the backscattered photon has a frequency
v, +v, and this upshift event is known as Anti-Stokes Raman scattering. After the
scattering event, the molecules of the sample which interacted with the incident
photons are in a different rotational or vibrational state. Each material has a set

of characteristic frequencies v, .
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Chapter 2

Experimental Procedures

In this chapter, we will explain the experimental setups used throughout this
work to generate supported phospholipidic membranes and to assess the change
in their elastic properties under variations of the temperature in water. The
methods to characterize the samples are explained as well. The supported lipid
membranes were generated by physical vapor deposition of DPPC, DMPC and
DSPC, independently. The deposition thickness was monitored by very high re-
solution ellipsometry and the analysis of the elastic properties of the samples was

made using an AFM in QI mode.

2.1 Sample Fabrication

2.1.1 Cleaning process

Squared pieces of about 1 x 1 ¢m are cut out from a double-polished silicon wafer
and will serve as the supporting matrix of the phospholipid. The cleaning of these
samples was made following the Tidswell method [47]. This procedures consists
in diping the substrates in an acid solution called piranha. In a beaker a mixture
of H,SO, (sulfuric acid 95-97%) and H,O, (oxygen peroxide 30%), both acquired
from Merck, is prepared using a 7:3 ratio. The piranha solution is heated up to
90°C and the substrates are immersed with the polished surface facing upwards.

The substrates are held simmering in the solution for 40 minutes so as to remove
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all the organic matter deposited on their surface. This process allows for the
deposition of hydroxyl -OH groups on the surface of the substrates, thus making
them hydrophilic. The substrates were taken out of the acid bath and deposited
into a beaker with ultrapure water in the same configuration. Then, they were
sonicated for eight minutes in order to remove part of the acid over the polished
surface. This final process is repeated in a different beaker to dilute even more
the small amounts of acid in the substrates. The substrates are finally kept under
ultrapure water in a closed vase.

Before using a substrate for phospholipid deposition, it is dried under a jet
stream of ultra pure nitrogen gas (99,995% of purity)(AGA /Linde, Santiago,
Chile) and put onto the sample holder with the polished face upwards. Then
the holder is coupled to the vacuum/evaporation chamber, which is part of the
PCSA configuration for null ellipsometry. Before evaporation, the characteristic
polarizer (P) and analyzer (A) values of the substrates are measured to proof

their correct cleaning.

2.1.2 Physical vapor deposition of the phospholipids
2.1.2.1 Evaporation chamber setup

Depositions of a single phospholipid were made inside the evaporation chamber,
using the technique of physical vapor deposition (PVD) . The evaporation cham-
ber is connected to both a rotatory pump and a turbomolecular pump, which
provide the level of vacuum necessary to proceed with the evaporation. Within
the chamber (see Fig 2.1.1 ) there is a metallic Knudsen cell which contains the
phospholipid to be heated and evaporated. This cell has a small hole through
which the phospholipid in the gas phase exits the cell and reaches the surface of
the substrate by diffusion .

37



2.1. SAMPLE FABRICATION Experimental Procedures

Knudsen cell

Type-k thermocouple
(alumel/chromel)

Thermocoax

R=2,6Q at 20°C
Incident
laser
beam

Reflected
laser
beam

Sample

Figure 2.1.1: Schematics of the evaporation chamber. The Knudsen cell points
directly to the surface of the sample and the phospholipid is heated inside the cell.
Upon heating, the phospholipid molecules evaporate and reach the substrate by
diffusion (Adapted from [{§]).

The heating of the Knudsen cell is achieved by using a Thermocoaz®) resistor
which surrounds the cell and through which a current is run by a power supply.
The phospholipids used in this work are DPPC, DMPC and DSPC (Avanti(®)
Polar lipids, inc.) and each evaporation follows the same steps. We fabricated
nine samples of DMPC, three samples of DPPC and two samples of DSPC.

A phospholipid was deposited in its crystalline form into the Knudsen cell,
which was inserted in the thermocoax resistor (see Figure 2.1.1). The system
is closed in order to start the vacuum. A turbomolecular pump, assisted by a
rotatory pump, is turned on and suck out the air inside the chamber until the

vacuum level reaches 10°° — 10~ Torr.

2.1.2.2 VHRE-controlled evaporation procedure

Once an a optimal level of vacuum is reached, the initial polarizer and ana-
lyzer angles are measured using a Very High Resolution Ellipsometer (VHRE).
A helium-neon laser of wavelength A = 632, 8 nm is run through the setup, which
consist of the PCSA system described previously (sec. 1.2.4) and an optoelec-
tronic feedback system (FS). The F'S measures in situ changes of the thickness of

a thin film being deposited on a reflecting substrate with an average resolution
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of 0,01 A.
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(Soleil-Babinet) Photodetector|
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Controller

ref out AC signal
He-Ne Laser g
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Figure 2.1.2: VHRE setup at the Surflab UC (Adapted from [48]).

The red beam goes through the linear polarizer and a Soleil-babinet retarder,
falling with elliptical polarization on the sample at an angle of 60,65°. The
reflected beam is again linearly polarized and its intensity was minimized by the
analyzer until a current of a few nanoamperes was generated at the photodetector.
The minimization of intensity corresponds to an initial configuration of polarizer
and analyzer (P,, A,). After this, our power supply was turned on, and a current
of 1,4 A runs through the thermocoax resistor to heat up the phospholipid in the
Knudsen cell. The temperature of the cell and phospholipid was monitored by a
chromel /alumel thermocouple.

Usually the temperature at which a controlled deposition is achieved is 120°C
approximately. During the deposition, the VHRE system monitors the thickness
of the phospholipid deposited and only the polarizer is adjusted to maintain
a minimum intensity in the photodetector. This is done until a final deposition
thickness of 60A , corresponding to a configuration (Pf, AO) with P, = B,+AP, is
reached. The value of AP is given by the refraction index of the DPPC n = 1,47,
and which we assume is similar for DMPC and DSPC.
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2.2. CHARACTERIZATION Experimental Procedures

2.2 Characterization

2.2.1 Raman spectroscopy

To ensure that during the evaporation process no degradation or decomposition
of the phospholipids occur, we analyzed PVD-thick-films of DMPC, and DSPC
of about 500 A or more using Raman spectroscopy and then compared them
with the spectroscopic results for the bulk material analyzed out of the box.
Hence, structural and vibrational properties of certain functional groups of these
phospholipids were characterized with a Micro Raman System LabRam 010 from
Instruments S.A. using a 5,5mW, 632,8 nm He-Ne laser in combination with a
visible light spectrometer and an Olympus optical microscope. Data acquisition
time was 20 s. A Raman characterization for DPPC has already been performed

in [I8] giving positive results.

2.2.2 Atomic Force Microscope

2.2.2.1 General setup

A commercial AFM NanoWizard®) 3 from JPK Instruments located at the Mate-
rial Science laboratory of he Pontifical Catholic University of Chile (Surflab UC')
was used to obtain information about the topography and the elastic modulus of

the samples.
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Figure 2.2.1: (A) Image of the AFM NanoWizard 3 from JPK Instruments. (B)
Side view of the AFM head. (C) Bottom view of the AFM head (Adapted from

133]).

The AFM body is mounted on an isolation table in order to prevent external
vibrations that could alter the experiments. The body consists of a TopView-
Optics system which allows to focus the surface of a sample using a CCD camera.
The AFM head features three piezoelectric Z-stepper motors, which level the
height of the head respect to the sample, and micrometer adjusters for the mirror
and quadrant photodetector. Silicon nitride cantilever chips (Nanosensors®))
were clamped to a glass block which is coupled to the bottom of the head (this is
the scanner configuration). The glass block can be mounted or removed whenever

one needs to change the cantilever or clean the glass block.

A semi-open cell system consisting of a Peltier device is the base on which
the samples were attached using a bicomponent epoxy resin. The Peltier device
is connected to a heating-cooling module (HCM) from which a temperature of
resolution 0,1°C can be set within a range between 0°C up to 80°C in aqueous
solutions. To prevent an overheating of the cell, a water pump stage makes water
run through small pipes around the Peltier device. As the temperature shown
by the HCM is not exactly the same as the one in the surface of the sample, a

thermocouple was placed on the surface of the sample (see Fig. 2.2.2).
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Peltier device Thermocouple

Sample

Semi-open cell

Figure 2.2.2: On the left: semi-open cell in which the water environments is held.
The base of the enclosement is a Peltier device that changes the temperature of
water. On the right: the interior of the cell is shown. A sample is glued at
the Peltier and a thermocouple is put on the surface to measure accurately the
temperature of the sample.

The cell allows the sample, together with the cantilever and part of the glass

block, to be submerged in the water during the experiments.

2.2.2.2 Adjustment of the detection system

For the calibration of the cantilever one has to make sure that the laser detection
system is set up. For this, we adjusted mirror so that the laser beam could point
towards the quadrant detector. Then we placed the laser spot onto the end of the
cantilever and centered the beam in the detector to give maximum sensitivity for
imaging and force control. All this information is checked in situ by the software

and displayed on a computer screen.

"7 Laser Alignment JEC

Vertical Def
-0.00 VvV
I
Lateral Def
-0.01 VvV
| aaa——
Sum
1.19V
i

Figure 2.2.3: On the left: Top view of the cantilever and the laser spot on it. On
the right: The information displayed by the JPK software about the centering of
the laser spot on the quadrant photodetector (Adapted from [35]).

42



2.2. CHARACTERIZATION Experimental Procedures

2.2.2.3 Calibration of the cantilever

We used to obtain the sensitivity and spring constant of the cantilever we used
respectively the contact-based mode and the thermal noise method. However,
we updated the JPK software lately and some of these values were obtained by
means of the Sader method which in practice is faster and straightforward. For
the former case we simply performed a force curve on a bare silicon substrate
in air and fit a line along the repulsive region of the extend curve to obtain
the sensitivity of the cantilever (conversion from volts into nanometers). Finally
the software fits another curve to the resonance peak of the cantilever to obtain
the spring constant. We obtain a nominal constant of & = 0,025 N/m and a

sensitivity of S = 24,61 nm/V. Now the system is ready to perform a scan.
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Figure 2.2.4: The left image shows the force curve and a linear fit (red) to the
repulsive region of the extend curve. The right image shows the resonance peak
of the cantilever and the fit (red) associated to it (Adapted from [33]).

In the case of the Sader method, we input the values of the width (48+7,5 pum)
and length (225410 pm) of the cantilever and the system automatically measures

the sensitivity and the spring constant.

2.2.2.4 Data obtention using QI

Before every data acquisition using QI, we performed a 100 x 100 gm’ contact
mode image to the studied samples in order to identify the areas where the

phospholipid were deposited. We added MiliQ water (Merck) to the cell and
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performed another topographic scan in contact mode to check if there was a shift
in the position of the phospholipids during the filling. The JPK software was
used to take cross sections of the topography to evaluate the thickness of the
phospholipid layers deposited. We looked for depositions between 4 nm and 6
nm in height which corresponds to the reported height of one lipid bilayer. If the
depositions do not meet this requirement, we just take an homogeneous extension

no matter its height.

To establish the minimum force that should be used in order to avoid tip
indentation in the membranes we performed several force curves, at 1nN, 5nN,
and 10nN for each of the phospholipids in order to see any breakthrough event
in the repulsive part of the extend curve. We obtained an interesting result
on DMPC (see section 3.2) which gave a breakthrough force of 1.219 nN which

established a maximum force that we lowered down to 1 nlN for data obtention.

After selecting a scanning zone over the samples, images of 256 x 256 pixels
and force-curves in QI mode at 1nN peak-force were taken at the same time, cove-
ring an area of 100 x 100 nm’ or 200 x 200 nm’. The position of the cantilever
was set to z = 190 nm and the image areas chosen were much lower than the
area of lipid deposition in order to satisfy the condition for homogeneity of the
Hertz model. All the force curves were performed being the sample at or near
a thermal steady state, provided by the constancy in the thermocouple reading
of the sample’s temperature. We started from 10°C and each subsequent zone-
scanning was performed in increments of 2°C, until the temperature of the sample

reached 50°C or 60°C.

2.2.2.5 Data processing

From every QI mode data obtained, we used the JPK software to batch-process
all the force curves obtained from each pixel in the scanned area. The batch
process consisted in applying a Hertz fit to every extend force curve to obtain a
histogram which shows the number of events for the Young’s modulus of a sample

at a fixed temperature. To each of these histograms (i.e. for each temperature),
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a two-gaussian fit is adjusted using ORIGIN 8.0 and then the maximum value
of the gaussian curve which fits best to the histogram is selected. Finally, the
elastic modulus data obtained from the fitting process is plotted as a function of

the sample’s temperature.
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Chapter 3

Results and discussion

3.1 Raman spectroscopy

Before collecting any kind of data with AFM, it was necessary to assess whether

the molecular structure of the phospholipids remained the same after the de-

position. The phospholipids are subjected to a temperature higher than 100°C

during PVD, which is two or three times higher than the temperature that most

biological membranes are exposed to in their natural ambient.
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Figure 3.1.1: Raman spectra for DMPC' (left) and DSPC' (right). Powder spectra

correspond to the phospholipids taken from their original package.

The Raman spectra shown in the graphs feature the spectra for phospholipids
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3.2. BREAKTHROUGH FORCE Results and discussion

analyzed just as they come in their original package (named powder); and for the
ones evaporated by PVD onto a silicon substrate. From the work of Retamal et al.
[18], we know that DPPC does not change its molecular structure. For the case of
DMPC and DSPC, the graphs show that the characteristic peaks for both phos-
pholipids are all coincident with the ones evaporated onto the substrate. Thus,
we can be certain that the molecular structure of both phospholipids remains

unaltered after PVD.

3.2 Breakthrough force

The following image shows the result of the single force curve made to a DMPC
sample. It is seen that when the cantilever is away from the sample, no interac-
tion between the tip of the AFM probe and the sample is observed. As the tip
approaches to the sample it begins to interact with the surface. No capillary
force is observed before the contact point because the bilayer is under water. The
initial repulsive regime comes from a varying nature of forces, which are highly

dependent on the bilayer chemistry or the one of the AFM probe.
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Figure 3.2.1: On the left: The extend force curve (red) exhibits a kink at 1,219 nN
in the repulsive regime which accounts for the membrane rupture. On the right:
A close-up of the graph shows the extent of indentation.

A kink can be seen in the extend red curve and we believe that it is caused

47



3.3. AFM TOPOGRAPHY Results and discussion

when the applied force reaches a threshold value and the tip indents the DMPC
membrane. The breakthrough force measured by the JPK software is 1.219 nN
which is in accordance with the measurements made by Dufrene et. al [37] show-
ing that the force required to trigger an elastic-plastic transition on a lipid bilayer
occurs in the nanonewton (nN) regime. We are not sure of penetrating the whole
bilayer since the jump measures 2,91 nm which is less than the 4 nm reported
thickness of a bilayer as revealed by other AFM images [2I]. However, this result
is in agreement with the indentation experiments of Volker et al. using DOTAP

[49], which is similar in length to DSPC.

Anyway, this breakthrough event marks the penetration of the cantilever tip
through the DMPC membrane, and features the onset of the plastic deformation
regime. The indentation force identifies clearly the maximum force that the

membrane is able to withstand before being penetrated by the tip.

Identifying this threshold force allowed us to place un upper limit to the
maximum set-point force to the bilayer in order to stay in the elastic regime,
which is crucial to obtain the data for the Young’s modulus. We also see that in
the presence of a plastic deformation the contact line of the retraction curve does
not overlap with the approach contact line. This shows that, upon retracting of

the tip, the sample does not retain completely its shape.

3.3 AFM topography

The contact mode images show that the phospholipids are able to cover certain
areas of the substrate in an non-uniform manner. The molecules also tend to

aggregate in uslands of several bilayers, as shown in the next images.
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Figure 3.3.1: Contact mode images and one respective cross-sections (T-B):

DMPC, DPPC, DSPC.

We show cross sections of some accumulation of phospholipids and we mostly
see throughout our experiments that it seems difficult to find single bilayer exten-
sions for the three phospholipids. Hence, we tried to assess whether a multilayer
extension was suitable for a QI-mode scan by trying to find the islands that have
the least number of bilayers. Then, we scanned a smaller center area of 100x100

nm” portion of one island in QI-mode.
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3.4 Young’s modulus histogram

For each temperature measurement, we batch-processed all the QI-mode force-
curves taken at each pixel of the area scanned. This yielded one histogram for the
Young’s Modulus for each temperature of a sample. Most of the graphs obtained
depict a distribution with a peak of the order of the MPa, and some of them

present interesting features at the main gel-to-fluid transition temperature.

The next graphs depict two histograms generated for a DMPC sample with a
two-gaussian adjust, as if there were two phase states contributing to the elastic
properties of the sample. The two gaussians are added and then we took the
maximum value of the cumulative peak as the value of the Young’s modulus of the
membrane. We see that at 24°C the DMPC island corresponding to an average
height of 7.78 nm, has an elastic modulus of £ = 1,490 MPa. The cumulative fit
shown in blue in Figure 3.4.1 comes from the sum of two gaussians whose peaks
are at P, = 1,485 40,002 MPa (red curve) and P, = 1,697 £ 0,060 MPa (green
curve). The red gaussian is the most prominent of the two, meaning that most
of the DPPC molecules are in a state corresponding to a Young’s modulus given

by P, which is very similar to the one depicted by the cumulative peak.
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Figure 3.4.1: Histogram for the elastic modulus of DMPC. We see that at 24°C
the elastic modulus of the membrane 1,49 MPa and at 26°C it decreases to 0,57
MPa

After increasing the temperature up to 26°C, we see in the graph on the right
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two main contributions for the elastic modulus. One corresponds to a sharp
peak at £, = 0,57 MPa, associated with a contribution (in red) with peak at
P, =0,570+£0,004 MPa, and the other corresponds to a spread distribution with
a peak at £, = 1,90 MPa associated at a contribution (in green) with peak at
P, =1,900£0,095 MPa. The appearance of a second peak with a lower Young’s
modulus suggests that we have a phase transition. The flattened cumulative
peak E, at 26°C is similar in value to the single-peak at 24°C but the counts are
less. Hence, some phospholipid molecules are still in the gel phase whereas the
majority have transitioned to the fluid phase. One would expect that at a higher
temperature the spread peak disappeared. In fact, the next graph shows that the
spread peak is absent at a sufficiently hight temperature, meaning that all the

DMPC molecules are in the liquid phase.
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Figure 3.4.2: Well above the main transition temperature of DMPC, all the
molecules are in the liquid phase and exhibit a lower elastic modulus of 291,72

kPa.

In this last case, for a DMPC sample at 50°C, the cumulative fit features

a peak corresponding to an elastic modulus of £ = 291,72 kPa. The gaussian
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contributions are P, = 283,19 £ 5,21 kPa and P, = 338,13 £ 68,99 kPa. The
change in the elastic scale from MPa to hundreds of kPa depicts a softening of

the area scanned.

In the case of DPPC, we were able to distinguish a phase transition by ob-
serving the appearance of a second peak in the histograms upon increasing tem-
perature above the reported main transition of 41°C. The next set of histograms
was generated for a DPPC island of 9,52 nm in height within a scan area of 200

x 200 nm’.
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Figure 3.4.3: Histogram depicting the phase transition of DPPC at 42°C. The
graphs show the appearance of two concurrent states. Our interpretation of these
curves 1s that they represent the coexistence of the gel and fluid phases.

Notice that at 42°C all the DPPC molecules are in a gel state with elastic
modulus of £ = 2,73 MPa as seen in the blue cumulative fit (blue). This fit

is given by two contributions whose average is at P, = 2,705 & 0,011 MPa
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and P, = 3,427 + 0,186 MPa, showing that almost all the DPPC molecules
have not transitioned to the liquid phase yet. Increasing the temperature up
to 44°C we start to see the appearance of a two-peak histogram, in which the
cumulative fit exhibit a peak of £, = 1,77 MPa and a higher peak of F, = 2,54
MPa. The cumulative fit has been generated from two gaussian of average values
P = 1,659 + 0,009 MPa and P, = 2,541 £ 0,012 MPa. The shape of the
cumulative curve tells us that some DPPC molecules have transitioned to the
fluid state with lower elastic modulus.

Further up to 46°C and 48°C a coexistence of the gel and liquid phase in the
area scanned is observed. At 46°C we see that the cumulative fit features two
maxima £, = 1,45 MPa and £, = 2,38 MPa, and the two gaussian contributions
feature peaks at P, = 1,332 £ 0,033 MPa and P, = 2,441 4+ 0,033 MPa. At
48°C we clearly distinguish that half of the area scanned exhibit a lower elastic
modulus corresponding to £, = 1,18 MPa, well fitted by the red gaussian P, =
1,171 + 0,008 MPa. The DPPC molecules which contributes to this value of
the elastic modulus have transitioned to the fluid phase, whereas the rest of the
molecules still in the gel phase give an elastic modulus of F, = 2,33 MPa related
to the peak P, = 2,335 £ 0,009 MPa. The next table summarizes the values for

the elastic modulus for these DPPC histograms.

| T(°C) | Cumulative Fit Maximum (MPa) | Peak 1 (MPa) | Peak 2 (MPa) |

a1 E=2713 2,705+ 0,011 | 3,427 & 0, 186
" E =1,77 1,659 & 0,009 -

E, = 2,54 — 2,541 £ 0,012
10 E, = 1,45 1,332+ 0,033 -

E, = 2,38 — 2,441 £ 0,033
8 E, =1,18 1,171 £ 0,008 -

E, =233 - 2,335 £ 0,009

Table 3.1: Values of elastic modulus of DPPC near the main phase transition
temperature. The cumulative fit is the sum of two gaussian curves with average
values denoted by Peak 1 and Peak 2.

We expect that all the molecules of DPPC transition to the fluid phase at a

sufficiently high temperature. In fact, in the next graph we show a single peak at
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63°C with a cumulative peak at E = 0,82 MPa. The peak is well adjusted by the
gaussian fit with average value P, = 0,819 4+ 0,003 MPa. The other gaussian (in
green) has an average value of P, = 1,427 4+ 0,197 MPa. However, the number
of events of the red gaussian fit outnumbers the events shown by the green fit.

Thus, practically all the DPPC molecules are in the liquid phase.
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Figure 3.4.4: Histogram for the elastic modulus of DPPC at 63°C. The value of
the elastic modulus at this temperature is around E = 0,82 MPa.

3.5 Elastic modulus vs temperature

Not all the histograms depict the coexistence of the gel and fluid phases at the
main transition temperature. In fact, most of them show just one peak shifting
with increasing temperature. We believe that two-peak appearances might be the
result of stochastic processes occurring under specific configurations of thickness,
molecular cohesion, or edge effects due to sudden changes in the topography of

the membrane and the expansion of the substrate at higher temperatures.

The following graphs shown in Figure 3.5.1 show the variation of the elastic
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Results and discussion

modulus upon increasing temperature for DMPC, DPPC and DSPC. The plots

show that the Young’s modulus for the three phospholipid studied share a similar

scale in the order of MPa, provided by the use of the Hertz model. Particularly,

one can observe that the DSPC membrane is stiffer in the gel phase as seen in

the higher values of elastic modulus within this regime.
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Figure 3.5.1: FElastic modulus behavior upon changes in temperature. The three
phospholipids exhibit a drop in the Young’s Modulus near the gel-to-fluid tran-
sition temperature. This transitions take place at 25°C, 37°C,44°C for DMPC,

DPPC, and DSPC, respectively. The insets are aim to show the scale of the errors
associated to the experiments.

The standard deviations, generated from the best gaussian fit to the his-
togram, are not seen at first sight in the plots because their values deviate less

than 5% from the mean. The inset in each of the plots depicts the scale of the

deviations.

An arresting drop in the elastic modulus for the three phospholipids near
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their main phase transition temperature marks the transition to the fluid state.
In the case of DMPC, the temperature at which the transition is observed is
at T = 25°C, in good agreement with its reported main transition [23]. The
upe (259C) = 4,150 £+ 0,010
MPa to a minimum value of E,,,,. (33°C) = 2,875 £ 0,008 MPa. We do not

elastic modulus for this membrane changes from F

have an explanation for the increasing change in the Young’s modulus at higher
temperatures for this phospholipid. For the case of DPPC, the drop in the elastic
modulus appears at T = 37°C and goes from FE,,,. (37°C) = 2,710 £ 0,010

MPa to a minimum value of F 48°C) = 1,112 + 0,013 MPa. Finally, for

prre (
DSPC, the transition is shown at a temperature of 7' = 44°C and the drop in
pepe (44°9C) = 107,40+ 0, 10 MPa to a minimum
value of £, (52°C) = 0,610 £ 0,030 MPa.

the elastic modulus goes from F

One can notice that the scale for the Young’s modulus of the DSPC is two
times higher in the gel phase than the ones observed for the DMPC and DPPC.
We have not found in literature a typical value for the elastic modulus of these
phospholipids, since many of the AFM studies of elastic properties are performed
on vesicles rather than in planar lipid membranes. Other researchers use different
substrates, or different pH and ionic concentrations in the solution, which changes
the mechanical properties of the bilayers and it also forces the use of other mod-
els of indentation. The only paper we found which resembles our experimental
conditions gives a value of the elastic modulus of tenths of MPa for these three
phospholipids in both the gel and fluid phases [50]. However, they do not use
the Hertz model and use single force-distance curves to determine the Young’s

modulus.

Nevertheless, we expect a drop in the Young’s modulus after the phase transi-
tions of the lipids, since the translational behavior of the phospholipid molecules
in the liquid phase makes the membrane more susceptible to deformations. On
the other hand, phospholipids in the gel phase exhibit a cohesive behavior in
which the molecules are in close contact with one another, making the membrane

more stable and harder to tear apart. The change of the elastic modulus just
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near the reported transition temperatures makes us think that phase changes do
occur in these membranes, which ultimately establishes that bilayers are indeed

assembled. This trend matches the one evidenced in [5I]and in [1§].

Finally, we notice that the values of the main transition temperatures for both
DPPC and DSPC undershoot the ones usually reported by a few degrees Celsius.
This difference may result from temperature instabilities within the cell due to
evaporating water at higher temperatures. As the heating controller transfer
energy to the sample, it generates a gradient of temperature in the cell. Because
the cell is an open system, molecules of water near the substrate can escape the
system taking out energy from it and thus a steady state of inward-outward flow
of energy is established. This happens especially when working at temperatures
higher than 40°C. Above this temperature we usually had to refill the cell with
ultrapure water at ambient temperature in order to keep the thermocouple under
water and wait for the setting of a steady state to perform new measurements at

the desired temperature.
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Chapter 4

Conclusions and future work

Thin films of phospholipids DMPC, DPPC and DSPC were assembled on a pol-
ished silicon substrate using Physical Vapor Deposition (PVD) and thickness-
controll by Very High Resolution Ellipsometry (VHRE). The evaporation process
yields samples of 60A average thickness. Raman spectroscopy for DMPC and
DSPC shows that the molecular structure of both phospholipids is not altered
after the evaporation over the substrate. The Raman spectra for DPPC was
investigated in a previous work showing similar results. From these results we

expect that a wide range of phospholipids is not afected by PVD in high vacuum.

We studied the elastic properties of these phospholipids under ultrapure water
as a function of the temperature by means of Atomic Force Microscopy (AFM).
The operating mode of the AFM used in this work is Quantitative Imaging (QI),
developed recently in 2012 by JPK Instruments. The idea behind this mode is
to select an scanning area over the sample, and perform a force-distance mea-
surement in each pixel of the image. The scanning areas that we examined on
our samples are of around 100 x 100 nm’, covering a phospholipid island with

constant height of two bilayers, with a resolution of 256 x 256 pixels.

As the number of data collected using the QI mode consists of more than
60000 force-curves for each temperature and each sample, we batch-processed
this data with the Hertz model for tip indentation using the JPK Processing

Software. We consider our cantilevers to be parabolic indenters with tip radius
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of 8 nm (measured using FE-SEM), nominal spring constant of 0,025 N/m, and
sensitivity of 24,61 nm/V.

From a force-curve measurement we identified a break-through event, where
the tip of the cantilever penetrates a DMPC membrane with a force of 1,219
nN (given by the software). Breakthrough events were not observed for the other
lipids used, even for forces up to 10 nN. Thus, we decided to establish a minimum
peak-force load of 1 nN to each sample in order to collect data in the elastic
regime. We identified a hysteresis between the extend and the retract curves
from the break-through kink, meaning that once the plastic onset is set, the

bilayer does not retain its original form.

We subjected our samples to a range of temperatures from 15°C - 20°C up to
60°C - 63°C, in increments of 2°C. The force-distance curves obtained at a fixed
temperature with InN peak force in QI mode were fitted using the Hertz model,
which allowed for the obtention of the Young’s modulus of the lipid studied. For
a fixed temperature we obtained histograms depicting the number of ocurrences
for a certain value of the elastic modulus of the samples. We found certain
histograms for DMPC and DPPC in which we believe a certain phase transition
occurs as the appearance of a two-peak histogram. The peaks depict a scale of
MPa in the elastic modulus when these samples are in the gel state, but they
drop to hundreds of kPa in the liquid phase. For DMPC the elastic modulus is
1,485 4 0,002 MPa in the gel phase at 24°C but it decreases to 0,570 £ 0,004
MPa at 26°C. For DPPC in the gel phase, the elastic modulus is 2, 705 & 0,011
MPa at 42°C and in the liquid phase is 0,819 40,003 MPa at 63°C. We interpret
this as a softening of the studied membranes. For the DSPC we did not observe

double-peak histograms.

The vast majority of the histograms obtained depicted a single peak which
shifts upon increasing temperature. As a general trend for the three phospho-
lipids, one can see that there is a softening of the membranes studied above the
main gel-to-fluid transition. For DMPC, the elastic modulus in the gel phase
is 4,15+ 0,01 MPa at 25°C and it reaches a minimum value of 2,875 4 0, 008
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MPa in the fluid phase at 33°C. For DPPC, the elastic modulus in gel phase is
2,71 £ 0,01 MPa at 37°C an it drops to 1,112 £ 0,013 MPa in the fluid phase
at 48°C. Finally for DSPC we obtained an elastic modulus of 107,4 4+ 0,1 MPa
in the gel phase, and it drops sharply in the fluid phase down to 0,61 4+ 0,03
MPa at 44°C. We do not know why there is such a great difference (a factor 26
to 40) between the elastic modulus of DSPC in the gel phase respect to the other
phospholipids.

The main phase transition that we report for DMPC is 25°C, which is well
related to the temperatures found in the literature which report 23°C - 24°C.
For the gel-to-fluid transition of DPPC and DSPC we address 37°C and 44°C
respectively. These values present an undershoot respect to the values found in
the literature which show a phase transition of around 41°C and 55°C respectively.
This inaccuracy in our temperature readings might be the result of energy loss
from the cell due to evaporating water at temperatures above 40°C. As the water
level in the cell drops at increasing temperature, the system had to be refilled with
water at ambient temperature, which probably induced an error in the readings.
Despite these differences, the change in the elastic modulus makes us think that

there are phase transitions and hence bilayers are formed.

Future works will be focused in working with loading forces in the range of
piconewtons, as this is the standard range of applied forces to membranes found
in the literature. The behavior of the membrane is rather complex as various
observables, such as the threshold force before membrane rupture or the Young’s
modulus depend on several other conditions, such as the indentation velocity, the
influence of the substrate in the measured stiffness, the depth of deformation,
the geometry of the AFM tip, etc. Hence, the experiments have to focus on
determining the relation of these quantities aiming to obtain more reproducible
results. Annealing of the membranes might be of use in order to get samples with
constant heights. Finally, it could be suitable to focus on studying DMPC since
its main transition temperature is similar to room temperature, thus it avoids the

inaccuracies due to loss of energy in the cell. For the case of DPPC and DSPC,
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improvements on the cell setup must be made in order to improve the precision
of the temperature measurements. For instance, to prevent water molecules to

escape from the system a silicon lid covering the cell should be used.
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