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Chapter 5. Biological Coatings. Experimental results
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ABSTRACT

The physicochemical properties of biological membranes are crucial to understand membrane function, since their
main role is to provide a barrier that divides electrolytic solutions into different compartments guaranteeing at the same
time membrane mechanical stability. It is well-known that the chemical composition of the phospholipid molecules that
compose the membrane greatly determine the architecture of such biological systems.

Force Spectroscopy with AFM is a powerful too! able to study the nanomechanical properties of supported planar
bilayers (SPBs). Force plots on lipid bilayers show a discontinuity in the approaching curve that is interpreted as the
penetration of the AFM tip through the lipid bilayer. The force at which this discontinuity occurs is the maximum force
the bilayer is able to withstand before breaking and it can be regarded as a “fingerprint” of the bilayer stability, just like
force is the fingerprint for a protein to unfold or for a hard material surface to be indented. We report on an experimental
quantitative Force Spectroscopy study on how both lipid bilayer stability and compactness depend on the solution ionic
composition.

1. INTRODUCTION

Due to its high biological relevance. many efforts have been devoted to the study of physicochemical properties of
lipid bilayers in the last years, since they are crucial in order to understand specific membrane function. Lipid bilayers
have been often studied in solution in their liposome form. It is widely known that in contact with a surface, those
liposome break and spontaneously adsorb to a planar solid support thus creating a single lipid bilayer" 2. Hence the name
of supported planar lipid bilayers (SPBs). In fact, SPBs are known to correctly mimic up to an extent complex biological
membranes® and have been used as model membranes to study cell-cell recognition in the immune system, adhesion of
cells, phospholipid diffusion, protein binding to lipid ligands and membrane insertion of proteins™’. Atomic force
microscopy has allowed to understand how supported planar lipid bilayers (SPBs) assemble and which are the interaction
forces that act between vesicle and substrate surfaces and also between membrane surfaces. which is fundamental to
efforts in chemistry, structural biology. and biophysics'®. By imaging lipid bilayers in aqueous media with AFM both
molecular structure and morphological aspects have been demonstrated”'®. Besides imaging, force spectroscopy allows
to obtain valuable experimental information about the interaction forces and mechanical behavior of the studied systems
with nanometric and nanonewton resolution through the force-distance curves'’. When performing force curves on
molecular thin films, a jump of the tip towards the surface is often observed once a threshold force has been exceeded.
These jumps have been also observed in various systems such as surfactant layers on substrates', indicating tip
penetration through the film, i.e., film rupture. Jumps on the force plots have also been observed when dealing with
confined liquids, corresponding to a layer-by-layer tip penetration through the well-ordered squeezed liquid fitm'*'¢ and
also upon alkali halide single crystal nanoindentation. in which the tip penetrates the surface in a discrete layer-by-layer
process'’. Recalling lipid bilayers, force-curves have allowed to obtain valuable information regarding phospholipid
interaction forces, such as those generated cither by DLVO forces, by hydration forces or by steric forces'. Recent
contributions have dealt with membrane nanomechanics using Force Spectroscopy, especially regarding the
measurement of the elastic/plastic behaviour of the bilayer as a function of its composition, or the interaction with
chemically modified probes™'®'*. Like in the case of other thin films, a jump on the approaching force curve has also
been also reported, this breakthrough being interpreted as the penetration of the AFM tip through the lipid bilayer™. The
force at which this jump in the force plot occurs is the maximum force the bilayer is able to withstand before breaking.
Therefore. a guantitative measurement of the force at which the jump occurs can shed light on to acquiring basic
information conceming cell membrane nanomechanics as well as interaction forces between neighboring lipid molecules
in the membrane. The cffects of some of the factors (variables) involved in membrane stability can be therefore assessed
through this jump in the force plot thanks to those force spectroscopy measurements. Likewise, the force at which this
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Nanomechanics of Phospholipid SPBs. Force Sectroscopy

jump occurs can be regarded as a «fingerprint» of the bilayer stability under the experimental conditions the
measurement is performed, just like force is the fingerprint for a protein to unfold or for a hard material surface to be
indented. The yield threshold determination can then account for the overall forces that bind neighboring phospholipids
together.

Controlling the involved variables can result in a better understanding of the regulating processes that nature can use
to govern cell membrane interactions. So far, the dependence of the yield threshold force with the tip chemistry has been
studied. It has been demonstrated that while hydrophilic tips yield a high breakthrough force, hydrophobic tips give rise
to a breakthrough force near the contact force {19]. Besides, the approaching tip velocity has also been shown to have an
effect on the force value at which the yield threshold occurs: the greater the tip approaching velocity, the higher force the
jump will occur, as a quantitative model predicts2 22 However, even though those parameters have started being studied,
there are three fundamental issues that have not been elucidated so far: i) the effect of phospholipid chemical structure
and ii) the effect of the ionic strength of the measuring media.

Regarding i), a first approach has been reported'®'®, but there are still some questions lacking answer: is the polar
head in the phospholipid molecule the main responsible for the bilayer nanomechanics? Or does the hydrophobic tail
play also an important role? And further: Does the degree of insaturation play also a role on the compactness of the
bilayer?

Conceming ii) we have to take into account that the main biological role of bilayers is to provide a barrier that
divides electrolytic solutions into different compartments. Therefore, the effect of electrolytic solutions on membranes is
of great importance and has deserved wide rescarch®. Besides, ion binding affects the stability of proteins and their
binding process to membranes’' and it is also the main responsible for lipid vesicle fusion®*®. From an experimental
point of view, many works, especially in the 1980’s have dealt with the quantification of membrane surface potential
through the electrophoretic mobility of lipid membranes under solutions with different ionic strength allowing the
calculation of the E-potential value?”?®, More recently, contributions regarding IR* and fluorescent techniques have also
helped to shed light onto this issue. Finally, recent molecular dynamics simulations have allowed to understand the
underlying processes from an atomistic point of view and have helped to study the role that cations play upon membrane
structure and stability™', Indeed, we know that electrostatic interactions govern structural and dynamical properties of]

+

many biological systems®’*’. In the case of phospholipid bilayers, the role of monovalent ions (c.g. Na ) seems to have
been so far underestimated, as theoretical simulations seem to predict. Indeed. MD Simulations®'** suggest a strong
interaction between sodium and calcium ions and the carbonyl oxygens of the lipids, thus forming tight jon-lipid
complexes giving rise to a higher degree of membrane organization. Likewise, the lateral interaction between the
phospholipids molecules increases with the overall result of a more efficient packing (reduction of the area per lipid
value) of the phospholipid structure. Since natural lipid membranes are composed of different phospholipid molecules in
a wide range of concentrations, it is always difficult to assess the contribution of every type of phospholipid to the total
nanomechanical response of the system. The role of ionic strength can be tested on all phospholipid systems, even
though for the sake of simplicity and to start with we have firstly dealt with model lipid membranes such as 1, 2-
Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC), 1,2-Dilauroyl-sn-glycero-3-Phosphocholine (DLPC) and 1,2-
Dipalmitoyl-sn-glycero-3-Phosphocholine (DPPC) deposited on mica. Later on, the study has been extended to a
phosphatidylethanolamine (PE) bilayer, and finally, the nanomechanical response of a natural lipid bilayer has been
studied. The goal of this work is mainly to perform an experimental quantitative force spectroscopy detailed approach to
understand the nanomechanics of lipid bilayers and the forces involved in membrane deformation and failure in aqueous
environment, especially dealing with the role of ionic strength on the nanomechanical response of the membrane,

2. EXPERIMENTAL
2.1 Sample preparation

1.2-Dimyristoy!-sn-glycero-3-phosphocholine (DMPC, Sigma, > 98 %) was dissolved in chloroform/ethanol (3:1)
(Carlo Erba, analysis grade, at 99.9 %) to give a final DMPC concentration of 2 mM. This dissolution was kept at —10
°C. A 500 pl aliquote was poured in a glass vial and the solvent was evaporated with a nitrogen flow, obtaining a DMPC
film at the bottom of the vial. Solution was kept in vacuum overnight to ensure the absence of organic solvent traces.
Then, aqueous solution at the correct ionic strength was added until a final DMPC concentration of 500 uM and 0 mM
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NaCl, 50 mM NaCl, 75 mM NaCl,100 mM NaCl and 150 mM NaCl + 20 mM MgCI_dissolutions respectively. All

solutions used in the present work were set at pH = 7.4 with 10 mM Hepes/NaOH. Because of the low solubility of
DMPC in water, the vial was subjected to 30 second cycles of vortexing, temperature and sonication until the obtention
of a homogeneous mixture. The solution was finally sonicated for 20 minutes (in order to have unilamellar liposomes)
and let it settle overnight always protected from light and maintained at 4 °C. Prior to its use, mica surfaces (Metafix,
CLLS grade) were glued onto teflon discs with a water, insoluble mounting wax. 50 pl of DMPC dissolution at the

specific NaCl concentration were applied to cover 0.5 cm freshly cleaved piece of mica for a deposition time of 35 min.
After that, mica was rinsed three times with 100 ul of the corresponding ionic aqueous solution.

2.2 Zeta potential measurements

&-potential measurements were performed with a Zetamaster Particle Electrophoresis Analyser through which the
velocity of the particles can be measured with a light scattering technique by using the Doppler effect thanks to a pair of
mutually coherent laser beams (5 mW, He-Ne laser @ 633 nm). Zetamaster measures the autocorrelation function of the
scattered light and after the signal processing it obtains the electrophoretic mobility and, finally, through the Henry
equation, the &-potential.

2.3 AFM imaging

AFM images were acquired with a Dimension 3100 (Digital Instruments, Santa Barbara) microscope controlled by a
Nanoscope IV electronics (Digital Instruments, CA) in contact mode using V-shaped Si~N4 tips (OMCL TR400PSA,

Olympus, Japan) cantilevers. The applied force was controlled by acquiring force plots before and after every image was
captured so as to measure the distance from the set point value.

2.4 Force spectroscopy

Force spectroscopy was performed with a Molecular Force Probe 1-D (MFP), Asylum Research (Santa Barbara, CA).
Force plots were acquired using V-shaped Si3N4 tips (OMCL TR400PSA, Olympus, Japan) with a nominal spring

constant of 0.08 N/m. Individual spring constants were calibrated using the equipartition theorem (thermal noise)* after
having correctly measured the piezo sensitivity [V/nm] by measuring it at high voltages after several minutes of
performing force plots to avoid hysteresis. It has to be pointed out that the results here shown for DMPC bilayers were
obtained with the same cantilever keeping the spot laser at the same position on the lever to avoid changes in the spring
constant calculation [50]. However, results have low scattering when using different tips and different samples. About
1300 curves over more than 15 positions were obtained for each sample. All force spectroscopy and AFM images were
obtained at 20 °C + 0.5 °C. which is below the main phase transition temperature (TM) of DMPC (23.5 °C). Besides, we

have to consider here that TM for supported bilayers shifts to a higher temperature than observed in solution [51].
Therefore, we are indenting the gel phase for DMPC supported bilayers. Applied forces F are given by £ = ch 4 where

4 is the cantilever deflection. The surface deformation is given as penetration ¢ (evaluated as J = z — 4, where =
represents the piezo-scanner displacement.

2.5 DSC measurements

DSC measurements were performed with a MicroCal MC-2 (MicroCal, Inc., Northhampton, MA). The heating and

-1
cooling rate was usually 10 °C h and the measurements were performed in the temperature interval from 10 to 55 °C.
The reproducibility of the DSC experiments was checked by three consecutive scans of each sample.
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3. RESULTS
3.1 Effect of ion-binding (ionic strength) on the nanomechanics of lipid bilayers. DMPC model membrane

Recent molecular dynamics simulations show the tendency of phosphatidylcholine (PC) head to adsorb cations.
Contrary to early experimental measurements, where only divalent cations such as Mg2+ and Ca2+ were found to
effectively bound to the phospholipid surface52, Na+ has also been recently proved to bind into the membranes, both
from theoretical calculations, concerning 1-Palmitoyl-2-Oleoyl-sn-3-Phosphocholine (POPC)31.34, DPPC29, and also
experimentally31,53. MD simulations predict a coordination of cations to the PC lipid carbonyl oxygens, yielding
coordination numbers of 2.9 for Na+ and 4.2 for Ca2+, the latter in a sequential binding process34. These findings
foresee a change both in the structure and dynamical properties of zwitterionic lipid bilayer to a previously unexpected
extent. A first experimental approach to study ion adsorption on the membrane is the measurement of the liposome
mobility in an electrophoretic field and likewise measuring the &-potential. Although the zeta potential value does not
yield directly the surface charge. but the charge at the point where the Stern layer and the diffuse layer meet (shear|
plane), it is considered to yield a significant approximation of the surface potential. Figure 1 shows the evolution of the
E-potential value of a DMPC unilameilar liposome solution as the ionic strength of the solution is increased. All
concentrations refer only to NaCl addition, but for the last point in the graph, in which 20 mM MgCI2 have been added
to a 150 mM NaCl solution in order to mimic physiological concentrations.

As the ionic strength increases. the net &-potential value increases, reflecting that indeed positive cations may adsorb
on the surface of the polar head of the phospholipid molecule. It is widely accepted that most natural membranes are
negatively charged because of the presence of variable quantities of negatively charged phospholipids, yielding surface

charges on the order of —0.05 C/m . However, in this casc, we have to take into account that even though PC heads are
zwitterionic and thus theoretically globally uncharged at neutral pH, it gives rise to a negative E-potential value (-12.0 +
1.6 mV) in mQ water. This has been interpreted in terms of hydration layers formed around the surface® and to the
orientation of lipid headgroups™.

The process of vesicle fusion to a flat bilayer is assumed to be electrostatically governed, and that surface free energy
plays a key role*. Freshly cleaved mica is negatively charged upon a wide range of ionic strength®’, so that according to
figure 1 the higher the ionic strength, the higher and the faster the adhesion of DMPC liposomes onto mica surface will
be. This process will be especially favored at high ionic strength, where the surface zeta potential is positive (6.86 = 2.3
mV). The probable divalent cation preference for membrane binding may also help to reverse the obtained net zeta
potential value (from negative values to positive values). Figure 2 shows AFM contact mode images of DMPC bilayers
as the ionic strength of the surface is increased, showing that lh’e degree of surface coverage is strongly dependent on the

amount of ions present in the system. Fig 2a shows a § x 5 ym_ contact mode image of DMPC bilayer in distilled water;
fig. 2b in 50 mM NaCl and fig. 2c shows 2 7.5 x 7.5 pm image of DMPC in 150 mM NaCl + 20 mM MgCl_10. Fig 2¢.1

shows a cross section of the marked area in Fig 2¢ in which, thanks to the surface defects, the bilayer height can be
measured to be ~ 4.5 nm.

A series of 500 uM DMPC solution in Millipore water with different ionic strengths (0 mM. 50 mM. 75 mM and 100
mM NaCl or 150 mM NaCl + 20 mM MgCl , all of them with 10 mM Hepes, pH = 7.4) were deposited onto a freshly

cleaved mica surface and mounted on a Molecular Force Probe 1-D (MFP) liquid cell.

Force curves (fig. 3) exhibit a breakthrough feature (black arrows) in the approaching curve (red line) corresponding
to the penetration of the bilayer by the tip apex and indicating that the lipid bilayer is not able to withstand the force
exerted by the tip. Concerning the retracting curve (blue line) we observe an adhesion peak, which corresponds to the
adhesion between the silicon nitride tip and the surface. The width of the jump (~4.5 nm) corresponds to the height of the
bilayer, (cross section in figure 2c.1). In figure 3a) the breakthrough force (also called yield threshold force value) occurs
at ~15 nN. This curve has been taken in a 150 mM NaCl + 20 mM Mg(CI_solution. In figure 3b), the force plot was taken

on a DMPC bilayer in distilled water and the yield threshold is found at ~2.2 nN, which is about 7 fold lower.

Fig 4 shows the histograms of the yield threshold force values ranging from 2.76 + 0.11 nN in pure water to 14.93 +
0.09 nN in buffered high ionic strength solution. Those histograms have been obtained taking only the successful
indentation recordings {we call a successful recording the one that presents a breakthrough in the force plot). As we have
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already clearly seen in figure 2, the higher the ionic strength, the higher the degree of coverage of the surface. Thus, the
probability of a successful recording is higher as we increase the ionic strength of the solution. In the cases in which the
bilayer presents uncovered regions (e.g. figures 2a and 2b) when an unsuccessful force plot occurs it means that we are
attempting on an «empty» area, and we normally observe a typical silicon nitride-bare mica force plot.

4. CONCLUSIONS

Concerning the role of jonic strength on the nanomechanics of lipid bilayers, we have reported on a detailed
experimental quantitative Force Spectroscopy study on how ion binding affects upon model PC lipid membrane
nanomechanics. We have experimentally proved that the higher the ionic strength, the higher the force that has to be
applied with the AFM tip in order to penetrate the bilayer. These results are in agreement wnh recent works that have

demonstrated both experimentally and theoretically that cations (both monovalent, e.g. Na and divalent, e.g. Ca )
penetrate the headgroups of phospholipids molecules giving rise to a more packed phospholipid network and a higher
phospholipid-phospholipid lateral interaction. This increase in lateral interaction between neighboring molecules may be
the cause for the extension of the elastic deformation region in the force plots before the onset of plastic region (yield
threshold force value).

Summarizing, this work opens a new investigation line dealing with the relationship between the experimental
measurements regarding the nanomechanics of membranes in the nanometer/nanonewton range and the atomic
underlying processes. This is an interesting example of how (small) variations in chemical composition both in chemical
structure and in the surrounding media can translate into (considerable) variations in the (nano)mechanical response of
the membrane system.
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FIGURE 1. S-potential values of the DMPC liposomes vs, ionie strength of the measanng solution. Every point in the graph is the
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5.4.5 Effect of Temperature on the Nanomechanics of Lipid

Bilayers studied by Force Spectroscopy
S. Garcia-Manyes, G. Oncins, F. Sanz

Department of Physical Chemistry, Universitat de Barcelona, Spain

Biophysical Journal 89, (2005), 4261-4274.

5.4.5.1 Summary

This project was born with two different goals in mind. First of all, the
development of variable temperature AFM had opened new and exciting
possibilities in the phospholipid bilayers research field and several groups were
working on the in-situ topographic imaging of the main phase transition of SPBs in
liquid environment. We had done quite a lot of work on PC bilayers and we also
decided to go for it. Secondly, there was a rising interest about bilayer
nanomechanics and Force Spectroscopy was becoming a key technique in the field,
so studying the response of the bilayers during the phase transition process was an
obvious thing to do because of the light 4x vs. 4z curves could shed on the
somewhat obscure phase transition process. Our results can be summarized as

follows:

e The phase transition of two different PC bilayers was followed by variable
temperature AFM and two phase transition were detected, both of them at a
higher temperature that the liposomic Ty. This effect had been seen before and
attributed to the stabilizing effect of the substrate.

e The F, values obtained from the Force Spectroscopy experiments strongly

depend on the temperature and on the bilayer phase. Then, for the Lg phase, the
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F, value decreases as temperature increases, reaching a minimum around Ty.
For higher temperatures (L, phase), the F, value increases slightly and reaches
a plateau at vertical forces much lower than those obtained for the Lg phase.
This  behavior verifies for DMPC and 1,2-Dipalmitoyl-sn-Glycero-3-
Phosphocholine (DPPC), although a different trend is observed for 1,2-
Dilauroyl-sn-Glycero-3-Phosphocholine (DLPC) bilayers.

o  When I value is increased, the trend of F, vs. temperature keeps on being the

same, although it is shifted to higher F, values.
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Effect of Temperature on the Nanomechanics of Lipid Bilayers Studied by
Force Spectroscopy

Serg Garcia-Manyes, Gerard Oncins, and Fausto Sanz
Department of Physical Chemistry Universitat de Barcelona 08028 Barcelona Spain

ABSTRACT The effect of temperature on the nanomechanical response of supported lipid bilayers has been studied by force
spectroscopy with atomic force microscopy We have expenmentally proved that the force needed to puncture the lipd
bilayer (fy) 1s temperature dependent The quantitative measurement of the evolution of F, with temperature has been related
to the structural changes that the surface undergoes as observed through atomic force microscopy images These studies
were carned out with three different phosphatidylcholine bilayers with different main phase transition temperature (Ty) namely
1,2-dimynstoyl-sn-glycero-3-phosphocholine, 1,2-dipaimitoyl-sn-glycero-3-phosphocholine, and 2-dilauroy!-sn-glycero-3-phospho-
choline The solid-like phase shows a much higher F, than the liquid-like phase which also exhibits a jump in the force curve
Within the solid-like phase, F, decreases as temperature ts increased and suddenly drops as it approaches Ty Interestingly,
a “well” in the F; versus temperature plot occurs around Ty thus proving an “anomalous mechamnical softening” around Ty
Such mechanical softening has been predicted by expenmental techniques and also by molecular dynamics simulations and
Interpreted in terms of water ordenng around the phospholipid headgroups lon binding has been demonstrated to increase F,,

and its influence on both solid and liquid phases has also been discussed

INTRODUCTION

Many efforts have been devoted to the study of physico-
chemucal properties (1) of lipid bilayers 1n recent years since
they are crucial to understanding specific membrane tunction
Many of these structural and dynamic intrinsic bilayer
properties such as the thickness of the bilayer, the area
per lipid value, or the order parameter are governed by
temperature (2) Indeed, ipid bilayers present many lamellar
phases as a function of temperature, namely gel phase (Lg),
liquid crystalline phase (L,), subgel phase (L.), and npple
phase (Pg) It 1s widely accepted that many tiologically
relevant processes occur in the hiquid crystaliine (I ,) phase,
and therefore many works have focused on the study of
structural and mechanical properties of this phase (2,3) Amid
all the studies concerning phase transitions, the thermally
induced gel-fluid transition has deserved speual attention due
o the large number of quantities that exhibit anomalous
behavior near Ty, such as, e g, heat capacity, {~potential (4),
electnic conductivity (5), Na* permeability (6), NMR order
parameter (7), swelling (8), or hydration behavior (9) Most
of those studies have been performed 1n multilamellar lipo-
some solutions In the case of supported planar phospholipid
bilayers (SPBs), though, phospholipid molecules spontane-
ously adsorb 1o a planar solid support, thus creating a single
hipid bilayer (10,11) In fact, SPBs are known to correctly
mmic, up to an extent, complex biological membranes (12)

The atomic force microscope (AFM) has become an
important tool to image supported thin films with nanometric
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resolution Concerning lipid bilayers, most of the studies
have focused on resolving topographic charactenstics n a
liquud environment (13-22) With the possibility of accu

rately controlling temperature while scanning, a novel and
promusing research line has been opened, mainly devoted to
studying topographic lipid bilayer surface features induced
by temperature (23-28) Besides imaging, force spectros-
copy allows us to obtain valuable expernnental information
about the interaction forces and mechanical behavior of the
studied systems with nanometnc and nanonewton resolution
through the force-distance curves (29) When performing
force curves i molecular thin films, a jump of the tip toward
the surface 1s often observed once a threshold force has been
exceeded These jumps have also been observed in various
systems such as surfactant layers on substrates (30), indi-
cating tip penetration through the film, 1e, film rupture

Jumps on the force plots have also been observed when
dealing with confined liquids, corresponding to a layer-by-
layer tip penetration through the well-ordered squeezed
hquid film (31-34) and also upon alkali halide single crystal
nanomdentation, 1n which the tip penetrates the surlace in a
discrete layer by layer process (35) Recalling ipid bilayers,
force curves have allowed us to obtain valuable mformation
regarding phospholipid interaction torces, such as those
generated either by Derjaguin Landau Verwey-Overbeek
forces, by hydration forces, or by steric forces (36) Recent
contributions have dealt with membrane nanomechanics
using force spectroscopy, especially regarding the measure-
ment of the elastic/plastic behavior of the bilayer as
a function of 1ts composiion or the interaction with
chemically modified probes (16,36,37) As in the case of
other thin films, a jump on the approaching force curve has
also been reported, this breakthrough betng interpreted as the

dor 10 1529/bophys) 105 065381
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penetration of the AFM up through the lipid bilayer (38). A
quantitative measurement of the force at which the jump
occurs can shed light onto gathering basic information
concemning cell membrane nanomechanics as well as
interaction forces between neighboring lipid molecules in
the membrane. Therefoie, the force value at which this jump
takes place is closely related to membrane stability. So far,
the dependence of the yield threshold force with the tip
chemistry has been studied. It has been demonstrated that
whereas hydrophilic tips yield a high material-dependent
breakthrough force, hydrophobic tips give rise to a break-
through force near the contact force (37). Besides, the ap-
proaching tip velocity has also been shown to have an etlect
on the force value at which the yield threshold occurs: the
greater the tip approaching velocity, the higher the force
within which the jump will occur, as a quantitative model
predicts (39,40). Furthermore, in a recent work (1) we have
shown that 1onic strength increases the force at which the
membrane breaks, probably due to ion binding on the
phospholipid network, as a result of enhancing lateral
interactions between neighboring molecules. This behavior
was proved for model lecithin and phosphoethanolamine
membranes as well as for natural membranes. Finally, in the
framework of the same study, we comelated the yield
threshold force with the chemical structure of both
hydrophobic tails and hydrophilic heads. Likewise, the force
at which this jump occurs can be regarded as a **fingerpnint”’
of the bilayer stability under the experimental conditions in
which the measurement is performed, just as force is the
fingerprint for a protein to unfold or for a hard matenal
surface to be indented. The yield threshold detenmination can
then account for the overall forces that bind neighboring
phospholipids together.

Temperature has a strong effect on lipid structure and
stability. Therefore, the yield breakihrough, 1l present, should
also present strong variations upon phase transttion if it 1s
really a direct mechanical reflection of molecular interactions.
Although Iittle work has been performed on this particular
issue, it seems to be controversial (38) if the breakthrough
can occur only 1n the solid-like phase (15) or the liquid-like
phase (41). A pioneering meritorious publication (23) has
suggested that the rupture force decreases as the tlemperature
increases, but no quantitative experimental assessment has
been reported.

In this work, we aim to perform a quantitative study of the
dependence of the yield threshold force on model lipid
bilayers with temperature and to relate the results with the
structural changes that the surface undergoes as studied
through AFM mmages. In particular, our first goal 1s (o study
whether the jump occurs in the gel phase, in the liquid phase,
or n both. To this aim we have performed the same exper-
iment with three different phosphatydilcholine phospholipids
that exhibit a well-reported different main transition tem-
perature, namely, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2-dimynistoyl-sn-glycero-3-phosphocholine

Biophysical Journal 89(6) 4261-4274
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(DMPC), and 2-dilauroyl-sn-glycero-3-phosphocholine (DLPC).
An in-depth study of the evolution of the yield threshold with
temperature can shed light onto understanding the temper-
ature-induced changes i the intermolecular interactions
between the phospholipid molecules, which is crucial to
many biological functions.

MATERIALS AND METHODS
Sample preparation

DMPC (Sigma St Lours, MO, >98%) was dissolved m chloroform/ethanol
(3 1) (Carlo Erba, Milan, Italy, analysts grade, at 99 9%) to give a final DMPC
concentraton of 2mM This solution was kept at — 10°C A S00 ul aliquot was
poured mto a glass v14l, and the solvent was evaporated with a nitrogen flow

obtaiing ¢ DMPC (ilm at the bottom of the vial. Solution was kept tn vacuum
overnight to ensure the absence of organic solvent traces Then. water solution
was added untl a final DMPC concentratton of 500 M was obtaned Betause
of the low solubility of DMPC 1n water, the vial was subjected to 30 s cycles of
vortexing, temperature, and somcation until the mixture was homogencous

The solutton was finally somcated for 20 nun (to have unlamellar iposomes)
and allowcd to scttle overmght always protected from light and mamtamed at
4°C. Lipid resuspension was carmed out by using erther a haigh womi strength
solution {150 mM NaCl + 20mM MgCl,) or only distilled water All solutions
used n this work were setat pH — 7 4 wath 10 mM Hepes/NaOH Before its use,
mica surfaces (Metahx, Montdidier, France) were glued onto Teflon discs with
a water nsoluble mounting wax: A total of 50 ul of DMPC, DLPC or DPPC
dissolution at the specthe 1ome strength was applied to cover 05 cm” freshly
cleaved pieces of muca for a deposiion time of 35 mun After that, mica was
nnsed three imes with 100 ) of the corresponding 1onic aqueous solution The
process of vesicle formation and deposition for the rest of the phospholipid
bilayers used in this work 's DLPC and DPPC (all of them from Sigma >98%)1s
the same as the onc descnibed for DMPC, In the case of DPPC, however, the
temperature cycles for resuspension were set to ~S0°C due to the igher Ty for
ths phosphohpid

DSC measurements

Differential scanning calonmetry (DSC) measurements were pertormed
with ¢ MicroCal MC-2 (MicroCal, Northhampton, MA) The heating and
cooling rate was usually 10°C h™", und the measurements were performed
the temperature interval from 10°C 10 55°C. The reproducibibity of the DSC
experiments was checked by three consecutive scans of each sample

Temperature-controlled AFM imaging

ATI'M images were acquired with a Mulumode (Digital Instruments, Santa
Baibara, CA) microscope equipped with a J-Scanner AS 130V with flud
heat exchanger controlled by a Nanoscope 1V electromies (Digital Instru-
ments) 1n contacl mode using V-shaped S13Ny ups (OMCL TR400PSA,
Olympus, Tokyo, Japan) cantilevers The apphed force when obtaming
topographic 1mages was controlled by acquiring force plots before and after
cvery 1mage was captured so as to measure the force merement from the set
pomt value Temperature controlled experiments were performed with
& temperature controller stage (high temperature heater controller range up
1o 2506°C, resoluton 01°C, accuracy® 3%, temperature dnft =0 25°C,
Digital Instruments) Basically, the temperature setup consists ot & resistor
placed between the scanner and the sample that transmats the heat 1o the
sample trom undemeath The piezo 15 always khept under its Cure
temperature by a cooler fluid circuit This applied temperature 15 the
temperature that the heater displays as the “*sample temperature™ and the
temperature that indeed has been used m most of the AFM-controlled studies
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as e sample emperture. However, iy oox F AFM imaging m
3 ot envieonment, the nves sample is gloed to a thin Teffon disk that is
pluad W a metalhe bolder, The whoele sample tomados sttachod w the
microscope scamer by 2 magnet. Althoogh the distance between the heating
clement aed the sample dself ffoside the buffer droplety s typieatly <34
oy, the temperture gradiont boetween te displaved and e redd
eraperainne is substntiad (Fig. 81 in the Supplementary Magerialy and
varies p fo ~ 257 o bigh empemtunes) for difforent Tellon holdees this
differ only | mm m height. Therefore, calibration of individual sample
twlders b ; palsory, Samypl g e is by
4 themweouple (Cole Palmer { Vernos Hills, 1L thesmocouple thermuomeier
EW-S1100-20 Digi Sense: resolution: .18, acvoracy: 0.33% provided
with Thnegs (Bratdebero, V) presision fine wie thermoceaplesy this
measares the emperature inside the buffer droplet just in conract with the
sample sweface. Uipou imaging. temperature was vaded from 16°C up fo
K3°C with 8 0.3°Cfmin ramp, Betore every image was aoquired, a dwall thme
of 45 i lipsed o b the sysiern equilibrate femperainne. However,
s itdration was $ter e fypicadfy <48 s,

=\

Force spectroscopy

Force spectroscopy was perfomted with the same setup using the force-
exgeovion mode. Force plots were sequired usiog Veshaped SN tips
{OMCL TRAIOPSA, Olympus) with a | spuiog of GO8 Ném
when perfomung force curves on DLPC and DMPC and Veshaped SixNg
tips €tip “F7, Thermomicrosoope, Sunayvale, CAY with o sorsinal spring
constrit of 0.5 Nim when perfomming force plots oa DPPC (igher vield
theeshobd values (D)4 Tndividual spring coustants were calibrated wsing the
aquipanition heoren Uheonal aoped (423 after having comvatly measund
the pieza sensitivity (Vi) by measuring i at high volages after several
anauses of perivordog foree plots o rveid hpsteresis, i has to be pointed i
that she resufts hore shown within the same experiment were obtamned with
the same cantilever heeping the spot faser at the sime position an the tever w
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avoid chasges 6 the sprag constant caloslation (333 Howewey, rosulis Bave
fow scattering when using differcet tps and different samples {within 1%
exvor), Tip rackins was odwidually measored by imaging a silwon grating
iMikroMasch (Taltion, Estontay, Uhrasharp TGGO, silivon axide 3 pm
piiches). hudividnal oudit wess foond  be W 2 HE pra slthongh Jde
varuation < 20% was found for Bps frem the xune walen ~ 30 cgrves were

htatned for each ey . All exy were perfonned at the sae
indeniing velocity {1 pmdst so that the sl effect of the velochly on the
breakihrough force conld be wtally neglected. Apphied forces, £, are given
by £ = £ X A, whene A is the vantitiever delievton aud & s the cantilevey
spring constant. The surface deformmnon is piven ax ponctestion (8)
weahuited as & = 2 - A, whers - represents the plezo-scanaer displacement.
Xo, Yo & preze motion was calibvaged with o Digial Insirancnts silicos
axide grid (STRIG-ISA0P), 130 nm deep. 10 gan prch.

RESULTS

Topographic evolution of a supported DMPC
bilayer with temperature

Liposome deposition onto hydrophilic, negatively charged
surfaces such as mica bas been proved o be electrostanically
governed: high tonic strength sulutions give rise to compact,
huge planar bilayers extending some micrometers, whereas
under distilled water small discontinuous istands are formed
(1), This is the main reason we have chosen ty mainly work
under high ionic sirength conditions, since under these
conditions the huge, completely formeid bilayers allow us o
follow the topography changes as the temperture is varied in
a reproducible way, The evolution of the topography of a

FIGURE 1 APM contact miode inaages shawing
the phase sransition for 3 DMPCsupported bilayer
upon heating the sanple o) RO, (1 24.4°C iy
JIIC, i) 8°C, (e 29.3°C, ¢ I3C, (¢
MIC, ¢ 329°C, and (0 37.5°C. Al images
were goguired by spplyiag o camsant force of
F5-2 niN.
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DMPC bitayer from room temperature to S07C i< shown in
Fig. 1upon 5 X 5 pm’ contact mode ARM images under
lgh jonse strength conditions, which ywreld well-delined
supported Iipid single bifayens (15, At {9°C(Fig. T @) the el
phase (7,50 s wiwenved. The bluck holes (defeats in the
bitayer) conespond to the mica support. From cross sections
txee Fig. 21 the width of the biluyer can be mensured o be 5
= 0.3 nm, which corresponds 1o the height of a singlhe
supparted bidayer (the fully hydrated DMPC bilnyer ix tound
to measure 5.99 nm at 1HPC (443 When increavng em-
perature up fo 229C (in all cases the regivtered teniperature ts
the *real™ temperature, lower than the temperature exter-
nally applied to the system, see the Materials and Methods
seetion) ruplires on the extended Ly phase are observed, The
witial terperature at which the et haat of phase transaion is
observed is m goed accordance wath the DSC man ransition
temperature peak (23 6°C, Fig, 2). Thowe tines, 0.5 = 0.} nm
fower than the Ly surface, become wider a4 the tenperature
is increased, thus showing clear phase separation (Fig. 1 A,
T — 24.4°C). The high domain conespomds o the remaining
Lg phase and the low domain to the fhud-hike £, phase.
Further mcreasing the temperatuve leads 1o an mncreased
progressive disappesrance of the L, phase tFig. 1 e, T

27.2°C kg 1 JL T~ 2835C) unil the whole surface i
covered by the Huiddke phase WFig, 1 £ 7 - 303 0y
Therefore, the whule main transition iv observed within
~3.5°C. The broader Ty width obsrved upsst cupposted
tlayers refated to that observed in ambimetlar semches
sofution through DSC experiments sight be dae to the single
bilayra natute of the SPB and to the substiate effect {23).
Interestingly. upon further incrcasing tomperatire & new
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phase separation i< obsereed (Fig. 1 ¢ T = 3L3VCY Thewe
1wo different phases have a differcace of 8.6 = 0.1 nm in
height. The nal heipht with respect to the mica surface
cannot be assessed due to the fack wf defects. The tem-
peratre gap that compiises the whole disapprarance of the
upper L, phase sanges from 32 9°C (Fig. 1 o 3.0 T
1 1. At higher wemperateres top to 8°CY no funther
topagiaphic changes wore abscrved. A complere <eguence
of evnlation of the swme «canned surface area ¥s provided in
the Supplementary Marenial (g, SE2¢ lawerestingly. the
results concerning the evolution of the bilayer topsgraphy
with temperature when measured under distilled water are
hasically the same as those observed under Ingh fonic
strength conditions, Nometheless, under distilfed water the
phase pansitions are not as clear as i the cave of fugh jonic
sirenigth conditions beeause the istands are tou small to
assess i particalar tempeniurs the moment at which the
transition tarts, In any case. the temperare gap iv still
M 1o reach snambiguomndy the ligqwd phase apon
raising the wmpenaure, The fint obseived mansition clealy
corresponds 1o the gel phase-flund phase iy — £, 1 ran-
sitton, and o 18 1 perfect accordance with the maim transtion
remperature peab observed  upon DSC O measuroments,
However, the nature of the seeand observed phase transition
is unclear, Tao possible explnations could account For the
experimental ubservations. On the one haud, as stated m
Leonenha et al, 23y this second tnmsivon conld he asso-
chted with the formation of a flaid-deondered phase.
pethaps with interdigiated or partially mterdignated lipid
chains, but this new phase is not obsersed upen lipid bilayer
extensive available Bicrsture or in our DSC measurements,

FIGURE. 2 DSC reanter obaawed w3 DMPC umla
e Bposome wlumon wrafes the came Ingh woe
cagy Slrongth selunon send upen ATM puages and force
spesioscopy espenmoendy (150 mM N1+ 20 M
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On the other hand, the two observed transitions could belong
to the same (Lg — L,) transition after the decoupling of the
phase behavior of the two leaflets of mica-supported PC
bilayers as proposed upon the DSC resuits obtained on mica-
supported btlayers (45) This finding would support the
theory that the coupling between the two leaflets 1in a unique
bilayer s weak (46) As it has been ponted out in Yang and
Appleyard (45), the ellect due to the substrate hipid inter-
action may be stronger than the mteraction between leaflets,
s0 the hmgher temperature transition would be due to the
DMPC leaflet in contact with mica This behavior highhights
the fact that the actual temperature at which the mam phase
temperature takes place 1s also highly sensitive to the en-
vironment surrounding the bilayer This possibility was
excluded in Leonenko's et al (23) interpretation, since this
would lead 10 more than two domains of different thickness
atintermediate temperatures and instead only two domains at
a ume have been observed The only possibility 15 then that
one leaflet melts completely before the other starts to melt
Indeed, we do not exclude such possility Further inves-
tigation involving Langmuir Blodgett monolayers may shed
light on this 1ssue Inally, a third interpretation concerning
the possibility of having a multibtlayer mstead of a single
bilayer deposited on the surface and therefore the two step
gel fluid phase transition being associated to the presence of
a first bilayer sticking on the mica support and the second
transition being related to the second bilayer. less aftected by
this support, has been excluded Several reasons support this
behief Furst, upon AFM images we realize that the depth
between the bilayer surface (brighter regions) and the sub
strate (darker regions) 1s ~4 5 nm, which s the depth of
a single bilayer (also related to the width of the jump ob-
served upon force spectroscopy measurements) Moreover,
we can assess that there 1s not evidence of a first bilayer
stacked on the surface since lateral force microscopy studies
reveal the presence of a single bilayer deposited on the mica
surface (47) Indeed, lateral force profiles show a clearly
different behavior in the bilayer (also related with a discon-
tinuity in the lateral force plot) and in the mica substrate
Furthermore, the probability of having a double bilayer 13
much higher in PE membranes than in the case of PC
membranes, where the deposition of a second PC bilayer on
4 first deposited bilayer 1s not favored (17) Therefore, for the
reasons outhned above we tend to think that we only have
a single bilayer deposited on the surface

In any case, 1t 1s clear that below 23°C only the solid like
phase 15 present n the system, and above 37°C the whole
surface 1s covered by the liquid-hke phase These consid-
erations have to be taken into account for further discussion
in the forthcoming lines Finally, the evolution of the
bilayer topography has been performed upon cooling the
system from 45°C 10 ambient temperature The process
appears to be reversble, since the phases obsenved dunng
heating are recovered while cooling down to the mtal
temperature

4265

Fig 2 shows a summary of the surface topography
charactenistics as a funcuion of temperature before and after
the maimn transition temperature The DSC thermogram has
been acquired for umiameilar liposomes under the same high
onic strength solutton used upon AFM imaging and force
spectroscopy measurements, and it shows a mamn peak
corresponding to the (Lg — L) transition at 23 6°C = 1°C
The same transtion has been shown upon AI'M mmages (g
1) to occur within a wide range of temperatures, namely,
23°C-37°C Al temperatures below the main phase transi-
tion (20 1°C), the bilayer surface looks compact The small
holes serve to measure the bilayer height (in this particular
case, of 4 7 nm) Just after the main transition temperature
(25 0°C), the phase has totally changed from the Lg phase
uto the L, phase n solution, as can be seen from the DSC
register. but two domans of different height A ~0 6 nm
(cross section) are observed n supported bilayers The whole
transiion 15 over at 36°C, afier the second transition has
taken place Therefore, whereas the main transition takes
place in solution within a temperature range of ~3°C (DSC
register), the transition temperature range broadens up to
~14°C when phospholipids bilayers are surface supported
Here 1t 1s worth pomting out that according to our data and
also on account of the results available 1n the lterature
(48.49), increasing 10n1c strength gives rise to an increase 1n
the Ty determination by DSC measurements mn solution In
our case this shift 1s ~0 3°C upon DSC measurements, but
unfortunately this vanation 15 ditficult to assess when the
bilayers stand supported on a substrate, especially due to the
fact that under water, lipid bilayers do not form a continuous,
huge bilayer as stressed above An in-depth molecular
dynamics (MD) study concerming a finite number of phos-
pholipid and water molecules dealing with the evolution of
the nteractions ansing between them while varying the
temperature would help us 1o understand the underlying
processes from an atomistic point of view

Force spectroscopy on a supported DMPC bilayer

As above stated, lipid bilayers are shown to present
a discontinuity 1n the force plot, this jump being related to
the up penetration nto the bilayer The force at which this
Jump occurs 15 the maximum force that the membrane 15 able
to withstand before the onset of plastic deformation occurs,
and 1t 15 a reflection of the lateral forces that bind the
phospholipid molecules together The question remains
open, however, of whether 1t 1s only the solhd (gel) phase
that can be punctured with the AFM tp or «f, in addition,
the liquid phase also shows a jump 1n the foree curve Since
1,2 dioleoy! 3 tnmethylammonium-propane (DOTAP),
(T = 0°C) (39.41), and 1.2 dioleoyl-sn-glycero 3 [phos
pho-L-senne] (DOPS), (Tyy = —11°C) (38 39), bilayers
have been punctured and we have recently observed jumps
when mdenting 1,2 dioleoy! sn glycero-3-phosphocholine
(DOPC) (T = —20°C) and DLPC (Tyy = —1°C) bilayers
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(13, 1t seoms clear that the hquid phase presents enoagh
ordening and coheson (yampy are rel ded to melecular or
dernng €500 10 show the bredkthrough  Then the real chalk
lenging pomt 1o be addressed v the evolunon of the vield
e shold torce with teruperatire. Tor deal wath i question
we v formed a DMPC bilayer onto a treshly doaved msca
surface A 200 300 sl buffercd water dioplet was de postied
enlo the <ample and the sarface was maged 10 cheek the
presemce of the bifaver Continuous bilayer regions of - 10
fm were eanly oredted after long depovtion umes (33
man) @ hgh ome strenoth solutions Oace o good il yer
fon was chosert a set ot 300 comecutive force plots over
ditferent places o the sample was performed Interesungly
B4 of the {orce cunves presented the mp which wmples
that bilivers selt heal withn the tune of two sucessve foree
platv In ~12 1579 of the fae plots, esperiadly when
conducted under hugh ionie strongth conditions a double
Jump n the force conve was nhaerved This second jump was
werpreted as a ipud bidwser formed on the AF M up (31 and
weas closely related to the presence of high wome strength
condhions . Do relsiondup butaeen the presence of such
seeond jamps and temperatures has been observed  The
recordings where two umps have been observed have been
excladed for data stanstie s After having performed the fore
plots the beater femperatuse was raned 5 € Then after
watting ~34 5 mun for emperaure squhtbration  another
set of MUY cunves was performed  This privess was sepuated
from ambient temperatuses up 1o ~ 78 C RO C The setup
was kept under high bunudity condimions throughout the
expenment bz 3 shows four force curves ohtamed af dit
ferent temperdures {2322 C.i0)29 5°Car 109 (L and ()
52 1°C The jump s cleardy observed w a discontmnty m
the force plot and t ocours at ~1 10 aN (@), &8 ~3SaNm
By at ~62 aN () and at ~5 8 aN (@) A staustcal data
neatment has beon porformed by Diting ¢ Gausstan distne
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bution to the hastogram ol the breakthrough forces obtamed
for ecach sampled remperature The dotied hne highlights
the overalf breakthrough force tendency as temperature 15
muteased Frg 4 shows the svolutson of the vield threshobd
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Effect of Temperature on Phospholipid SPBs

Effect of Temparature on Lipid Bilayers

force for three independent experiments (different tip, dif-
ferent sample). Each point in the graph corresponds to
the Gaussian center = standard deviation. As can be ob-
served, the yield threshold force ocours at ~13-15 aN for
temperatures around 20°C. This is in accordance with the
results obtained in Garcia-Manyes et al. (1) for DMPC ander
high ionie strength (J4.93 = 0.09 nN). As temperature is
increased, the yield threshold value occurs at lower force,
anid it reaches a minimum in force at ~253-33°C (~4.5-6
aN). This temperature range corresponds to the phase
transitions observed in supported bifayers, as AFM images
reveal (Fig. 1), Still, in every force plot the jump is observed,
thus suggesung that even though the yield threshold force
bas sensibly decreased, the membrane bas vot lost us
compactness, Purther increasing emperature Jeads to an
incrense in the yield threshold force. up to ~7 nN. When
temperature is fonther raised, # results in a more or less
vonstant yield threshold force or even in a slight decrease in
the breakihrough force. especially for tlemperatares > 60°C.
Therefore, the general picture of the process yields a high
vield force value for emperatures below Ty and a sudden
decrease in foree at temperatures around Tyg. thus ereating
a Uwell” in the plot around 7y In each plot in Fig. 4 the
dark area regiont corresponds to the temperature mnge in
which the main transition phase has been observed upon
contact tmages, thus bighlighting the corespondence be-
tween the surface phase transition regime and the force well
observed through Force speciroscopy resalts. Upon nising
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temperature, the yield force rises agmn until a more or less
stable value within the liquid-like phase,

DMPC is 4 good candidate to study its panomechanical
response within both solid-like and flud-hike phases and
especially around the main transition lmpessiare since iy
Ty valoe, 23°C, and #ts expanded range 23°C-36°C when
bilayers are supported bies within ambien emperatares, Yo
it does not allow studying the vield threshold evolution with
temperature within the gel phase. To this aim we bhave
performed the sume experiment with DPPC, which only
differs from DMPC in two more ~CH, wroups in bath
hydraphobic tails, which implies a higher Ty, ~319C (45

Topographic evolution of a DPPC bilayer
with temperature

Fig. § shows the evolation of the surface topography with
emperature, At room fempersatare (well below the Ty
(24.5°C, Fig. 5 ai. the surface looks like the gel-phase
observed for DMPC (Fig. | ¢). Many “holes™ or defects can
be observed, which alfow as 10 measure the bifayer height
(~3.1 nm}. Those holes do not heal or disappear while
continunusly scanning the surface in contact mode at this
temperatwre, However, as tempensiore is paised (Fig, 3 b,
37.7°C) the number of defects is greatly reduced until they
completely disappear (Fig. § ¢, 3R.7°C), thus implying
a lateral expansion (increase in the area/fipid value) of the
phospholipid molecales in the gef phase. At44.8°C (Fig. 3 o)

FIGURE §  AFM contact mode imagex showing
she man phase tomsion for 3 DPPC supported
ndaver apon heating e sample (@) 24.3°C, )
I, 6 RPC oy $48°C, (ed RXC
SEAC 2 8297, £ 59.47°C. angd oooling bk te
(N M2,

Biophysicat Joumal 89(6) 42614274



Chapter 5. Biological Coatings. Experimental results

4268

the I g phase starts to separate from the lower thad bke [,
phase  This [, phase expands & temperatune 1 mereased
g 5e T 48 Y Crentid the otal disappearace of the !,
phase (hag S £17 == S14°CY thus smplying that the whoele
surface s covered by the Quid-bhe phase On further heaing
the sample, the guid Ihe phase 1 berg disrapted (hsg S ¢

52 9°Cy by the appeatance of a fower phase, which expands
and nally tetally covers the saface (g § K, 59 4°C)

Linally, upon conling the system back w34 2°C the susface
recovers i compat, imttat I phase (hig 500, Interestingly

the solid like phase obtaned atter a heating cooling process
looks typrally much more compact than the matiad Lg phase,
pethaps on account of the hetter reammangement of phospho

iiprds due 1o the temperature effect, m this case the number
of defeuts or holes s typreatly smaller even though they are
Fugges than those observed m the sutial I 4 phase (hig § o)
Regarding the man phase fransibon, o oveurs 44 8-51 5 ¢
{first transion and 52-597C (second wanstion) Regasdiens
of wheihier both ae conadeted 1o be pat of the Ly — L,
fransition {scparate {emperature ranges lor both hilayer
leaflews) or the second trunsison bemy related 10 the for-
mation of a find disordered phase 1t iy ddear that phase
transtion wxeurs 1 surface vathin wvange of 15 Coae,
45-60°C Overall, the observed process i i the case of
DPPC sery simular 10 that observed by Leonenko et af {23

Force spectroscopy on a DPPC bilayer

Once the surluce wpographic charactensiies and therr depen

dence with temperature were well known, we perfomed
a foree spoctioscopy exponment anatogous o that perfonmed
with DMPC The evolutin of the yield thre<hold force with
temperature for two wdependent experunents 1 shown m
Fig 6 Atlow temperature { ~24°C) the yield threshold force
was fourd o be ~ 23 26 o™, which 15 agam n verv goud
accordance with the results obtuned i Garcia-Manyes et af

{1y Here we have to outling the hagh force needed to penelrate
4 DPPC membrane in the <ohd hike phase Note that thas foree
15 winular (o the foree needed to indent an alkals halide single
arystd (39) thas Jughhghung the strong Literal imteractions
created between two ordered nuighbonng  phospholiprd
molevdes Indeed, torce exponments on DPPC bilayers
were performed with o <uifer canules er (8 5 Nm) to reach the
yield thre<hold force pomt On mureasmy tempeiatme, <ulbn
the sohid-like phase, we obsenve a decrcse i the vield
threshold force This decrease could be accouniud for by the
nctease m the arcafhipnd value with temperatwie, whach s i
accordamne with the surface mobibity (delects disappearance}
obseryations upont AT Mamuges (T1g 5, ¢ and &) Thus ihe
tnghes the aca per lygnd s alue fless compact sructw e, reduced
lateral interaction between nesghborng molecules), the easier
tor the APM p 1o penetrate the bilayer The vield threshold
fowce reaches s pummum (—~3-7 aNy & -467C SO°C

Further mnereasing ferperature sithun the Ikqud ke phase
does not sentously aftect the yield threshold force value It
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vanes around anaverage value ot 6aN Darkareasinfig 6
account for the femperature range n which phase transitton
hus Been obsernved i sica supported DPPC lavers thanks to
AFME contt tmages In conclusion, we have vbserved that
for DPPC supporied bidayus 1, sohd fihe phase presents
a lgher mechamical stabthiy than thad-like phose (the yeld
threshedd {orce bamg up te thie fold greater m the L phase
region than the 7, region for temperatures 20 Chelow the
maim transttion termperaturey 1 within the sobd ke phise
3y is ki theoshold value docreases with imcseasmy homperature
This process may be awcounted for by the scduction 1o area?
Iipid value of the DPPC bifager as temyperature 15 moreased,
thus fowenng latery imteracuon betwesn uighboring mole
cules and 10 the lower yield tueshold values occur abo for
DPPC hlagers m the emperdatore range where phase
ransiions ate tahang place, vieldmg very samilar tesulis ti
those ohtaned for DVMPC bilay e

266



Effect of Temperature on Phospholipid SPBs

Eftect of Temparawsre on Lipid Bilayers

Force spectroscopy on a DLPC bilayer

The two studied lipid hilavers have a high Ty, allowing us
to mahe & quantitative comparison of the evelution of the
vield threshold value beween the gel and the Jiguid phase.
Te conchude with, we have studicd the nanomechanical
behavior of a DLPC bilayer. with a Ty valoe at amuceh Jower
temperature (- 1 °CY Therefore. we are dealing with the iguid
phaxe at temperatures well above Q0-60C) Tae Fig 7 o
show~u § X 3 um” contact node AFM inage of the totally
covered surface acquired at 28°C, Here again in >80% of the
recordings, the jump in the force plot has been obwerved,
despite the lijud nature of the bilayer. Anesample is shown
in kg, 7 b, where a force-distance curve for a DLPC bilayer
is observed. The yield threshold is pointed with an amow,
The evolution of the yield threshold foree with temperatare
for two independent eaperiments (dilferent tips, different
samplest is shown in Fig, 7, ¢ and d At 23°C the yickd
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threshold is olwerved at ~9 aN. Tucrcasing temperature
yiekds to a decrease mthe vield threshold force untit reaching
a mininugn value st ~38°C (~5 nN). Surprisingly. a higher
temperatures the yield threshold foree started to merease
unil reaching masinun valoes at the higher sampled tem-
peratures {~F1-13 aN at 60-65°C1 This unexpected. re-
pruducible bebavior is indeed difficult o interpret. although
a possible explanation ix discussed below,

A different effect of ion binding on the
nanomechanical response of the bilayer
in the L, and L; phases

Up 1o this moment we have deadt with the evolution of the
nanomechanics of sapported lipid hilayers with temperature.
Al the onperiments were performed onder high onic
strength solutions (150 M NaCl + 20 M MgCly, pH -
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743 mainly becanse il these experimentat conditions mismic
physiological conditions, and also becagse 1), wonie strength
plays a key role upon bilayer deposition onto a mica surface
(17). Howsever. jonic strength (lon-binding effectd plavs akey
wie i menbrane nanomechanics This fact has been
recentty observed through MD stmulations (419.52-36) and
also addressed Dy us in o recent work (1), However, mast of
these MD simulstions were perfmmed in the liguid-like
fhase for the studied phospholipkl bifavers, We niw have
the chance of experimentally stidying the role of jonie
strenpth on both the solid-like and the liquid-like phases
and to quantitatively compare the nanomechameal effect of
cation binding within the twa different phases for the same
phospholipid molecale. Although the role of jonic strength
has been previously addressed for the solid-ike phase (1),
showing a great increase uf the yield thieshold v alue as jonic
strength was added 10 the measuring system. the eifect of
ion-binding mn the nanomechanics of the ystem has not
been studied in the flnd-dike phase g R o shows the
evidution of the yicld threshedd force with temperature for
a YMPCapported bilayer jormed and measured nnder high
wie strength condions (Fig. B a4, black virclesy and formed
and measured o buffered water (white sirtles), Both
evperiments sere conducted with the same tip. Although
the trend is sinmdar for both curves (hoth showing the well),
the curve obtained for the bilxyer measured in water is
clearly shiftied 1o Jower force values. thus indicating that
ioniv ~trengih has an effect on both the solid amd the Hguid
phases. However, the yield threshokd forve difference within
the sl phase {vertical left arrowy s pch higher (AF, =
~Q aNj than the dilference found withm the liquid phase
{AF, oo 3 aN), ¢rerzical rivht arrow). Somilar resalts were
found when companng the yield threshold force evolution
for a DPPC bilayer (Fig. 8 ) ahen it was formed and
measured under hugher strength conditions (hlach circlesy
and in distilled water (white cirdley). Within the solid-fibe
phase Quertical et arsony, the yield threshold foree
difference appears 10 be quite constant within the 1emper-
ature range 22°C 42°C(AF, = ~ 13 15 nNjand higher than
the ohsved difterence within the bguid-filke phase (AF, —~
~ 1525 mNy. Therefore, we come o the concluston that,
even though fon binding scems (o an have effect both in the
hguid and gel phase, I is in the gel phase where its role i
enhanced the st

DISCUSSION

A fulf inteepretation of the obtained rewulis §s not sraightfor-
ward, A fint qualitatise approach could be made 1 terms of
A {arva per molecule) salues. Indeed, the 4 values are known
to be smaller (more packed structuress for the gel phase than
for the tiquud-Tike phase. Therelore, whereas 4 ~ 472 % 03
A7 for fully hydrared DMPC bitayers a1 10°C (gel phases
1443, i wims oul 1o be A~ 6016 = 0.5 A® for fully hydrated
fluid phase at 30°C 157, resulting w a reduction of the 22%
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the solid phase and the hiquid phase for a given phospholipid
(DMPC and DPPC) and aiso within the solid phase (in the
case of DPPC) Nonetheless, there are two features 1n the
yield threshold force versus temperature plots that cannot be
explamed only 1n terms of increasing the lateral area per hpid
values from the gel phase to the {lurd phase On the one hand,
the graphs corresponding to DMPC (Fig 4) and to DPPC
(Fig 6) show a mimmum 1 the yield threshold force at
temperatures close to their 7y On the other hand, and
especially in the case of DLPC (Fig 7), the yield threshold
value increases at high temperatures (I > 50°C in the case of
DLPC) after a deep well

Concerning the [1rst 15sue, 1t 15 clear that the membrane
18 easier to be punctured (1e, becomes ‘‘<ofter’’, the
breakthrough event occurs at fower forces) at temperatures
close to the main transition temperature, resulting in a well in
the graph Therefore, 1t could also be considered that around
the Ty the membrane exhibits an ‘‘anomalous’’ softening
mechamical behavior In fact, many physical quantities have
been found to display an anomalous behavior around Ty,
such as heat capacitance, £-potential (4), electnc conductiv-
1ty (5), Na*t permeabihty (6), NMR order parameter (7), or
swelling (8) The latter 1s especially mteresting since it has
been reported by various groups and 1s directly related to
structural and mechanical charactenstics The expenimental
observation that with decreasing temperature, {luid-hke, L,
DMPC and DPPC bilayers exhibit a nonhinear increase n
therr lamellar repeat spacing, d, ot 3-5 A, 15 known as
*‘anomalous swelling™ (58) The ornigin of such swelling
has been a matter of scientific discussion for years, although
the most recent contnibutions tend to assess that it 1s the
expansion of the water layer (d,,) rather than an expansion of
the hydrophilic phosphatdylcholine headgroup or an anom-
alous expansion of the hydrophobic tail, the last responsible
for this unexpected thickness mcrease (8) After excluding
the possibility that the anomalous expansion of d,, could be
attributed to changes n etther the hydration or the van der
Waals force, Pabst and co-workers (8) came lo the con
clusion through the measurement of the Caille fiuctuation
parameter () in multlamellar vesicles that the expansion of
dy, 1s due to stenc repulsion of bilayers caused by increased
fluctuations Stmular conclusions were reached upon NMR
"H measurements, which have shown an ‘‘anomalous dis-
ordering”” of the mterbilayer water around the main phase
transition (7,59) These observanons, together with osmotic
pressure studies, conclude that bilayers soften in the vicimty
of Ty, expenencing mncreased levels of repulsion Overall,
these anomalies strongly suggest that hipid bilayers undergo
a sigmficant structural rearrangement in the headgroup and 1in
the acyl chain regions around the main transition Inter-
bilayer water and hydration processes seem to play akey role
upon membrane structural stability and seem to be strongly
correlated to the ordening 1n the headgroups as electron spin
resonance expenments confirm (9) Indeed, recent MD
simulation results demonstrate than 76% of DMPC mole-
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cules 1n the bilayer are hinked by single or multiple water
bridges (60) and that DMPC headgroups also interact
directly via Coulombic interaction between negatively
charged phosphate or carbonyl oxygen atoms of another
molecule Those two short-range nteractions present in the
hyquid crystalline phase give nse to long-hived clustens that
form an extended network of interactions among PC groups
(61) These interactions Jink 98% of all PC molecules 1n the
membrane, thus highlighung the role of PC headgroup-
headgroup nteractions in the stability of the membrane
Besides, the presence of cations within the headgroup network
is likely to enhance even more such interactions between
neighboring headgroups (49,52,61) In any case, and even in
the absence of salt, for the reasons outlined above, 1t seems
clear that water plays a key role n membrane stability
Besides H NMR measurements (that pointed out the re-
duction 1n mterbilayer water ordering at the mamn phase
transition and interpreted this fact in terms of a coupling
between fluctuations 1n mnterbilayer water concentration and
lateral density fluctuanons 1n the headgroup region), ESR
measurements show that ordenng of the headgroups and
ordering of the interbilayer water are correlated (which 1s
consistent with the membrane picture revealed by MD
simulations) Furthermore, these results suggest that both
ordering of the headgroups and of the iterbilayer water are
mnversely correlated with the degree of hydration ol lipid
bilayers At Ty, the ordenng of headgroups and the ordening
of mterbilayer water are the lowest, and the swelling of the
bilayers reaches their maximum by increasing hydration of|
headgroups near the main phase transition, taking into
account that dehydration or hydration of bilayers 1s a
dynamic process of water moving beiween the mterbilayer
region and the bulk water phase This result 1s consistent
with the decrease in the yield threshold force observed upon
ethanol addition to the measuring solution (1) that 1s known
to decrease interbilayer water ordering (62)

Besides interbilayer water and hydration of the polar
groups several studies have been conducted regarding the
structure of the hydrocarbon chatns of phospholipid bilayers
around Ty and 1ts effect on the mechamcal behavior of PC
bilayers (63,64) More precisely, measurements of properties
such as bending ngidity (K.) (8) have concluded that
a softening of the bilayer takes place around Ty (65) Lee
et al (66) detected a decrease 1n K studying DPPC vesicles
at vanable temperatures by means of optical methods around
DPPC transition temperature This Tact had been previously
reporied by Heimburg et al (67) by using Monte Carlo
simulations to study the mechanics of DPPC hilayers This
K. vanation was attributed to a hydrocarbon chain melting
around Ty Previous works performed by Needham and Evans
(68.69) on the mechanics of giant vesicles suspended on
glass micropipettes highlighted the key role of hydrocarbon-
chain disorder in the DMPC vesicles transition process They
found an increase of the surface shear viscosty while de-
creasing temperature from hquid phase through Ty until
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reaching gel phase, showing the softeming of the bilayer
around Ty Measurements of the widths of the bilayers in
dillcrent phases led us to conclude that there 15 some degree
of rotameric chain disorder as the ilayer approaches its
Ty This panorama borne in mind, it seems quite clear that
around the Ty hydrocarbon chamn, headgroup and inter-
bilayer water, a key element upon membrane stability,
present the lowest ordening, which 15 again ncreased at
lower and upper temperatures Around Ty thus, the AFM up
can penetrate the bilayer easier, and this 1s reflected n the
lower yield threshold force observed m Figs 4 and 6

The second striking experimental observation s that the
yield threshold force increases at high temperatures (T >
50°C) for DLPC Of course, 1n the whole range of tem-
peratures, DLPC 15 in the L, phase Therefore, due to the
enhancement of steric fluctuations and the increase of the
lateral area/lipid value with temperature, one would expect
a decrease of the yield threshold force with temperature This
trend 1s accomphished for temperatures 2045°C However,
as lemperature 15 further mcreased, the yield threshold force
increases This expenimental feature has been observed for
>10 ndividual temperature ramp series using different
samples and different tips, and the obtained results have been
always reproducible This experimental trend 15 presently
lacking interpretation There 15, however, an extra parameter
that could (partially) account for this fact Although the
thickness of the mterbilayer water increases with tempera-
ture the membrane thickness, dy, decreases with tempera
ture (8 70) Therefore the absolute value of the hnear
thermal expansion coefficient, «, decreases linearly at high
temperatures {from 70°C to 40°C n the case of !-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC)), indicating
reduced bilayer elasticity (70) In this case, then, the reduced
hydrocarbon chain elasticity term (higher bilayer stiffness)
would dominate over the entropic fluctuation lerm at tem-
peratures far above Ty, and 1t would be, therefore, the
hydrophobic chain that 1s mamly responsible for membrane
stability rather than the less-ordered headgroup moiety
Additional future work on this particular issue may help to
shed hight onto this question

Regarding the role of 1ons upon membrane stability, recent
MBD simulation results have demonstrated (49,52 53) that the
presence ol cattons (such as in the results presented here,
namely, Na' and Ca?') 1n the phospholipids network would
change drastically the structural and dynamical properties of
the PC membranes On average, every Na™ cation binds to
three carbonyl oxygens and to 1-2 water oxygens Due to
therr threefold mncreased size as compared to single lipids,
these complexes are less mobile As a consequence, 4 de
crease n the average area per lipid from 0 655 nm? to 0 606
nm’ (>8%) 1s observed for POPC when Na* cations are
introduced n the system, giving rise to a more compact
overall structure Indeed, the difference 1n the area per group
1s also reflected by the ordering of the lipid hydrocarbon tails
(49,53) A similar case applied to Ca®*, each Ca?* canon
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binding to 4 2 PC heads on average Therefore, and according
to those MD simulations, the higher order structure promoted
by 1ons on the bilayer, which give nse 10 a reduclion 1n
average drea per hpd (higher compaciness) and (0 a more
ngid structure (lower diffusion coefficient), may be the cause
for the higher membrane stability experimentally observed
through the nanomechanical response of the system obtamed
by force spectroscopy measurements (1) In this work, we
extend these results, manly performed on the gel phase, 10
the liquid-like phase, and we confirm that indeed 1on binding
gives nse to a higher yield threshold {orce value within the
whole range of sampled temperatures However, the increase
n yield threshold force due to the presence of 1ons in the
measuring solution 1s much more evident in the gel phase
than in the hquid-like phase, probably due to the lower
distance between the neighbonng phospholipid molecules
forming the bilayer in the gel phase, which allows cations to
enhance even more lateral interactions between neighboring
molecules

CONCLUSIONS

The effect of temperature on the nanomechantcal properties
of supported lipid bilayers has been experimentaily studied
by force spectroscopy n a quantitative way We have related
the evolution of the force required to penetrate the bilayer
with an AFM up (which 15 a direct measure of bilayer
compactness) with the structural phase transitions observed
upon AFM contact images The main phase transition (Lg —
L,) takes place n supported bilayers within a range of
temperatures of ~10-13°C Phase transitions have indeed
a clear mechanical effect on the stability of the bilayer As
expected, the solid-hke phase shows a much higher resistance
upon breakthrough than the fluid-like phase as proved for
DMPC- and DPPC supported bilayers Besides, although
temperature has a strong effect on the nanomechanics of the
solid-like phase, 1t does not have such a huge impact on the
yield threshold value in the hiqud-like phase, at least for
a temperature range of 10-60°C above Ty Interestingly, the
yield force versus temperature plot shows a4 well for tem-
peratures around Ty (in close relationship with AFM
images), and hence an anomalous mechanical softening
behavior has been assessed This unexpected behavior around
Ty has also been widely reported for many physical
quantities, thus mndicating that the membrane undergoes
important structural changes within this temperature range
The mnterpretation of the nanomechanical response of the
system within this temperature range has been performed
hight of the new available data provided with MD sim
ulations, which outline the role of water upon membrane
mechanical stability and also according to data provided with
other expenmental techniques, manly performed with
multilamellar systems and we are now relating them to
single supported bilayers Our results expenmentally cor-
roborate the predictions that the membrane softens around
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T on account of enhanced steric repulsions because of the
decrease n headgroup ordenng and also because of the
disorder induced in the hydrocarbon chains 1n the vicinity of
Ty The anomalous trend observed for DLPC at high tem-
peratures sull lacks full interpretation, although the increase
of bilayer suffness al high temperatures could partially
account for the observed expenmental results

Last but not least, the role of 1on binding upon membrane
stability within the two different phases has also been dis-
cussed, suggesting that although 1on binding increases the
yield threshold force within all ranges of temperature (and
different phases), 1t 1s 1n the gel phase where this effect 1s
more outstanding Summarnizing, this work shows how tem-
perature-govemed structural processes can have a mechanical
response at the nanometer/nanonewton scale and how phase
transitrons have mechamcal implications It also mghlights
the use of temperature-controlled AFM for the study of
biologically relevant issues that are temperature dependent at
the nanometer scale

SUPPLEMENTARY MATERIAL

An onhne supplement to this article can be found by visiting
BJ Online at http //www biophys) org.
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5.4.6.1 Summary

This work was conceived to respond a really specific question concerning
the nature of the two consecutive phase transition processes observed in the paper
presented in section 5.4.5. As pointed out by Leonenko et al.**’, it remained unclear
if the double transition process corresponded to the individual melting of the
leaflets that conform the bilayer or if it corresponded to two consecutive transition
concerning the whole bilayer. Trying to answer this question, we prepared
phospholipid LB monolayers and studied the transition process by means of
variable temperature AFM and Force Spectroscopy. Our results can be summarized

as follows.

e Only one transition process is topographically observed in the interval of
temperatures where two transitions are detected in bilayers. According to this,
we concluded that each transition corresponded to the individual melting of the

monolayers that compose the bilayer and not to a cooperative double transition
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which, possibly, would have given rise to two transition processes in the thermic

study of the monolayer.

o The trend of F, vs. temperature curves is very similar to that obtained for
bilayers but the measured F, values are two orders of magnitude lower. This fact
points out the incredible stability reached by bilayers respect to monolayers and
why they have been chosen by nature to fulfill such demanding structural duties

in cells.

o  Experiments involving temperature cycles around Ty demonstrated that the
transition from L, to Lg is a nucleation and growth process, as hexagonal

phospholipid microscopic structures were topographically detected by means of

low interaction AM-AFM.
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ABSTRACT

The topographic evolution of supported DPPC monolayers with temperature has been
followed by AFM in liquid environment, revealing the presence of only one phase transition
event around 46°C. This finding is a direct experimental proof that the two phasc transitions
observed in the corresponding bilayers correspond to the individual phase transition of the two
leaflets composing the bilayer. The transition temperature and its dependency on the measuring
medium (liquid saline solution or air) is discussed in terms of changes in van der Waals,
hydration and hydrophobic/hydrophilic interactions, and it is directly compared with the
transition temperatures observed in the related bilayers under the same experimental conditions.
Force spectroscopy allows us to probe the nanomechanical properties of such monolayers as a
function of temperaturc. These measurements show that the force needed to puncture the
monolayers is highly dependent on the temperature and on the phospholipid phase, ranging from
120+4 pN at room temperature (liquid condensed phase) to 49+2 pN at 65°C (liquid expanded
phase), which represents a two orders of magnitude decrease respect to the forces needed to
puncture DPPC bilayers. The topographic study of the monolayers in air around the transition
temperature revealed the presence of boundary domains in the monolayer surface forming 120°
angles between them, thus suggesting that the cooling process from the liquid expanded to the
liquid condensed phase follows a nucleation and growth mechanism.

INTRODUCTION

Physicochemical properties of biomembranes have been a matter of extensive
research along the years. The elucidation of the transport processes across these structures as
well as the understanding of the cell surface functionality has become common ground for
interdisciplinary studies concerning physics, chemistry and biology. Although biomembranes are
known to be heterogeneous in composition, phospholipid molecules are the predominant species.
Therefore, the study of the physicochemical properties of phospholipid assemblies, both in the
bilayer and monolayer forms, was shown to be crucial to the comprehension of model
membranes.

Understanding the effect of mechanical stress on biological membranes is of]
fundamental importance since cells are known to naturally perform their function under the
effect of a complex combination of forces (1). Indeed, the chemical composition of such
membranes is the main responsible for determining their architecture, while guaranteeing the cell
mechanical stability (2). In order to decipher the partial contribution of the membrane onto the
overall cell mechanical integrity, several studies have been focused on the study of lipid bilayers.
since they correctly mimic cell membranes up to an extent (3). So far, lipid bilayers have been
extensively studied from a mechanical point of view. In the mesoscopic range, calorimetric
experiments (4) and the development of techniques to manipulate giant vesicles have rendered
experimental quantitative values for membrance curvature modulus and hydrodynamic shear
viscosity (5-8). Down to the nanoscale, Atomic Force Microscopy (AFM) and related techniques
have become really useful so as to characterize the topography of Supported Planar Bilayers
(SPBs), that is, bilayers deposited on a flat surface, typically SiO», highly oriented pyrolitic
graphite or mica (9-12) with nanometer resolution.
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Besides, AFM in its Force Spectroscopy mode offers the possibility {o extremely
locally compress a supported bilayer with an AFM probe while precisely controlling the applied
force with pN resolution. The analysis of the probe deflection during the compression process
allows 1o study the clastic and plastic behavior of the bilayer. Several works have observed that
the AFM probe can puncture the bilayer (13-15) provided that a certain threshold force is
applicd, giving risc to a discontinuity or “jump’ in the force-cxtension curve. The force at which
the bilayer breaks (yield threshold force. F)) can be considercd as a fingerprint of the
phospholipid phase, as it is intimately related with the intermolecular forces arisen between the
phospholipid molecules. the substrate and the surrounding medium.

Alony these lines. we recently reported (16) that an increase of the ionic strength in
the measuring medium resulted in a higher F) value duce to a reduction of the arca/lipid ratio as
predicted by molecular dynamics calculations (17), thus highlighting the key role of electrostatic
and van der Waals interactions in the bilayer compactness. Moreover, the interaction of the
solvent with the phosphocholine polar heads and its key role in the overall bilayer stability has
also been explored.

In a following work, the evolution of such F, value has been related to the changes in
the topographic evolution of DMPC and DPPC SPBs (18). Previous Differential Scanning
Calorimetry (DSC) experiments on DPPC liposomes cstablished that there is a main transition
between two lamellar phases while raising the temperature, the solid-crystalline (Lg) and the
liquid-crystailine (I.) state, which arc characterized by a quasi-hexagonal array packing (solid)
and a higher molecular motion (liquid), respectively (19). The phase transition of DPPC SPBs on
mica has also been topographically followed by means of variable temperature AFM (20},
yielding two consecutive transitions. It was proposed that the first observed phase transition
could correspond to the main Lg-L, transition and that the sccond one could be adscribed to a
further transition accurring at high temperatures yielding to a highly disordered fluid phase. By
contrast, further studics suggested that the two transitions could correspond to the individual
melting of the DPPC leaflets that compose the bilayer (21). The low temperature transition was
related to the melting of the lcaflet that is far from the surface (distal leaflet). less stable than the
leaflet in contact with the mica surface (proximal leaflet). Force Spectroscopy experiments on
DPPC SPBs have been directly related to the bilayer topographical changes as the temperature is
changed (18). While in the Ly solid phase /) decreases steadily as temperature increases reaching
a minimum around transition temperature (7yy). in the L, liquid phase K, tends to plateau at a
value slightly higher than that measured at 7y, (18). Hhese experiments concluded that £, is an
excellent experimental parameter to unambiguously characterize phospholipid phase transitions
at the nanometer scale.

The nature of the two consecutive phase transitions observed in the bilayers could be
clucidated by reproducing the same experiment with the respective monolayers. Furthermore,
studying the thermal and mechanical response of single monolayers at the nanometer scale
would help to shed fight not only onto the phase transition phenomena, but also onto the more
general study of the interactions arising between the involved interfaces (i.e.. the surface. the
monolayer and the liguid environment) and also between well-defined neighboring molecules.
Al these interactions are much more complex in the bilayer case, as curvature and asymmeltry
issues have to be taken into account.
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DPPC monolayers have been extensively studied by using several methods such as
light scattering (22-24) and spectroscopic techniques (25, 26). The use of fluorescent lipid
analogs that dissolve preferentially in the liquid expanded (LE) phase permitted the
morphological study of Langmuir monolayers while being compressed in the air-water interface
(27). The shapes of the domains are characteristic for each pressure and therefore representative
of the aggregation state of the DPPC monolayer. Similarly, by depositing the monolayer at the
desired surface pressure onto a solid surface, AFM enables not only to visualize but to gain
insight into the nanostructure of the DPPC monolayer (28-32). Interestingly, DPPC is one of the
major constituents of the pulmonary surfactant, a coating with extremely demanding mechanical
properties and where the air-water interface plays a biologically relevant role.

The aim of the present work is twofold. On the one hand. we aim to get further
insight into the understanding of the physics underlying the two phase transitions described for
SPBs. In brief, we are interested in elucidating whether the two consecutive phase transitions
measured in variable temperature AFM experiments involve the separate melting of each of the
two lipid leaflets composing the bilayer or if, on the contrary, two cooperative and consecutive
phase transitions take place: the first one corresponding to the transition from the solid phase to
liquid phase and the second one corresponding to the transition from liquid phase to liquid
disordered phase. On the other hand, we aim to characterize the nanomechanical propetties of]
Langmuir-Blodgett phospholipid monolayers using force spectroscopy. In particular, we aim to
corrclate the mechanical properties of such monolayers with their thermodynamics phase as a
function of temperature. These experiments serve as the ideal platform to compare the
mechanical propertics of bilayers and monolayers under the same experimental conditions, and
to test the additivity of the process. Last but not least, we endeavor to topographically
characterize the reversible nucleation and growth processes during the first stages of phase
formation, which is a direct signature of molecular reorganization involved during the main
phase transition.

MATERIALS AND METHODS
Sample preparation

The lipid (Avanti Polar Lipids, AL, USA) was dissolved in chloroform-methanol
(3:1, v/v) to a final concentration of 1 mg-mL™'. The preparation of the Langmuir-Blodgett (LB)
films of DPPC was performed in a 312 DMC Langmuir-Blodgett trough manufactured by NIMA
Technology Ltd. (Coventry, England). The trough was placed onto a vibration-isolated table
(Newport, Irvine, CA, USA) and enclosed in an environmental chamber. The subphase (150mM
NaCl + 20mM MgCl,, pH~7.4 with 10mM Hepes/NaOH) was filtered with a Kitasato system
(450 nm pore diameter) before use. The same buffer solution was used as liquid medium for
imaging and force spectroscopy measurements. The resolution of surface pressure measurement
was 0.1 mN'm-1. In all experiments the temperature was maintained at 24.0+0.2°C by an
external circulating water bath. Before each experiment. the trough was washed with chloroform
and rinsed thoroughly with purified water. The cleanliness of the trough and subphase was
ensured before each run by cycling the full range of the trough area and aspirating the air-water
surface while at the minimal surface area, to zero surface pressure.
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The corresponding aliquots of lipid were spread, drop by drop, onto subphase solution
with a microsyringe Hamilton (Reno, NV). A period of 15 min was required to allow the solvent
to evaporate before the experiment was started. The compression barrier speed to the final
surface pressure was 5 cm*min™'. LB films were transferred onto freshly cleaved mica, lifting the
substrate at a constant rate of 1 mm-min™'. The transfer ratios were evaluated and were near the
unity, indicating that the mica was practically covered with the monolayer.

Temperature-controlled AFM imaging

AFM experiments were performed with a Multimode microscope (Digital
Instruments, Santa Barbara, CA) controlled by a Nanoscope 1V electronics (Digital Instruments,
Santa Barbara, CA). Due to the softness of the monolayers, images were acquired in tapping
mode (TM-AFM). V-shaped SisN4 cantilevers (OMCL TR400PSA, Olympus, Japan) with a
nominal spring constant of 0.08 N/m were used in liquid operation, while beam-shaped silicon
oxide tapping tips (37" series B cantilever, MikroMasch, Portland, OR) with a nominal spring
constant of 0.3 N/m were used in air. Images were acquired at minimum vertical force, that is,
maximizing amplitude setpoint value while maintaining vibration amplitude as low as possible.
Variable temperature experiments were performed attaching a temperature controller stage
(Digital Instruments, Santa Barbara, CA) to the piezo-scanner. This device consists of a heating
element placed below the magnetic sampie holder and maintained at a fixed temperature (range:
from room temperature up to 250°C, resolution: 0.1°C, accuracy: 3%. temperature drift:
+0.25°C). A water-cthanol fluid circuit refrigerates the piczo-scanner. It is very important to notc
that the heating element temperature is lower than the temperature of the sample surface; in order
to operate in liquid cnvironment, it is ncecessary to glue the mica surface to a Teflon disk that is
glued to a metallic sample holder. The difference between the controller temperature and the real
temperature of the sample surface can be as much as a 25% depending on the thickness of the
Teflon and the epoxy glue. As a consequence, it is mandatory to calibrate sample holders
individually before performing the measurements. To do that, a clean mica shect is glued on the
sample holder and a buffer droplet is spread on the surface as in a real experiment. Then, mica
surface temperature is measured by a thermocouple (Cole Palmer thermocouple thermometer
EW-91100-20 DigiSense; Resolution: 0.1°C, accuracy: £0.25%. provided with Omega Precision
Fine Wire Thermocouples) mounted in dircct contact with the mica and a temperature ramp is
performed so as to obtain the temperature factor between the controller temperature and the mica
surface temperature. Upon imaging, temperature was varied from room temperature up to 80°C.
Before acquiring every image, we waited 5 minutes in order to reach the equilibrium temperature
of the system, although in ~1 min. temperature remained stable. After capturing an image, the tip
was lifted 30 pm from the surface and the sample was heated to the next temperature.

Roughness measurements

Roughness can be expressed in several ways, being the mean roughness (R,) and the
root mean square (R;) the most representative ones:

279



Chapter 5. Biological Coatings. Experimental results

N

1
= E - 1
Rll N Zl Z(IH’ ( )

1=1

where N is the total number of points within the given area, Z, is the pixel height value in the z
axis and Z,.. is the average of all Z; values within the given area. R, can be expressed as

—
A 2
R, (NZZ] @

Y

The tendency of R, and R, as temperature increased is similar. Then, and for the sake of|
simplicity, only R, measurements will be discussed but both values (R, and R,) are presented in
Fig. 2.

Force spectroscopy

Force spectroscopy measurements in liquid media were performed using V-shaped
Si;Ny tips (OMCL TR400PSA, Olympus, Japan) with a nominal spring constant of 0.08 N/m.
However, individual spring constants were calibrated using the thermal noise routine (33)
implemented in a MFP-1D atomic force microscope (Asylum Research, Santa Barbara, CA).
Typically 150-200 force plots were recorded at each temperature and they were performed
maintaining the laser spot in the same position on the cantilever in order to keep constant the
corresponding photodetector sensitivity (V/nm), which was calculated for each temperature (34).
All spectroscopy experiments were performed at a constant cantilever linear velocity of 0.5 pm/s
in order to avoid any velocity-dependent effect. Tip radius was individually measurcd by
imaging a faceted silicon grating (Mikromasch, Ultrasharp, TGGO1, Silicon oxide 3 um pitch),
obtaining values ranging from 15 to 35 nm. Applied vertical forces (F) are given by F =k, x A
where A is the cantilever deflection and k. is the cantilever spring constant. The surface
deformation is given as penetration () evaluated as & = z — A, where z represents the piezo-
scanner displacement. X, Y, Z- piezo motion was calibrated with a DI silicon oxide grid (STR10-
1800P), 180 nm deep, 10 um pitch.

RESULTS AND DISCUSSION
LC-LE phase transition.

DPPC monolayers were transferred to a mica surface at a surface pressure of 30
mN/m, which is considered a biologically relevant surface pressure (35). To ensure the correct
transfer onto the mica substrate, a freshly prepared sample was scratched with the AFM tip and a
vertical distance of ca. 2 nm between the top of the layer and the bottom of the trench was
obtained as it is shown in the supporting information. Although the height measurement was
acquired in TM-AFM (contact mode was too aggressive for this monolayer), its thickness
corresponds reasonably well with values elsewhere reported for DPPC (36, 37).
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In order to investigate the topographic changes that DPPC monolayers undergo
because of temperature changes, Fig. [ shows a series of TM-AFM monolayer surface images in
liquid environment as temperature is raised from 33.1°C up to 55.3°C, which corresponds to the
temperature interval at which the phase transition of DPPC bilayers is expected. Fig. ¢ and 1b
were acquired at 33.1°C and 43.6°C respectively and the topographic images reveal a
homogeneous and flat DPPC monolayer. As a reference, the Ty, measured for DPPC liposomes
in solution is 41.5°C (38). Upon raising the temperature up to 45.4°C, the topography undergoes
a sudden roughness increase that can be already appreciated by visual inspection of Fig.1c. The
same topographic features are still observed at 47.8°C (Fig. 1d). This topographic change is
likely to correspond to the monolayer phase transition, which will be further investigated in a
roughness analysis of the surface. With increasing temperature, the topography undergoes a new
change as it can be observed in Fig. e and Fig. 1f; acquired at 51.6°C and 55.3°C respectively. In
both images the sample appears to be totally flat again,

A monolayer phase transition implies a range of temperatures in which both 1.C and
LE phases coexist. As LC and LE phases have different thickness values (39, 40), the images
involving the coexistence of two phases should show a sharp increase in roughness with respect
to the images in which the monolayer remains in a single phase (either LC or LE phase). The
roughness analysis of the images shown in Fig. | is depicted in Fig. 2a in terms of R, and R,. At
33.1°C, R, was 0.9 nm and this value decreased down to 0.6 nm at 43.6°C. This roughness
decrease is consistent with an increase in phospholipid mobility. Indeed, fluorescence recovery
after photobleaching experiments on egg-phosphocholine monolayers and bilayers (41) showed
that phospholipid diffusion coefficient increases with temperature and that it aiso depends
strongly both on the nature of the phospholipid polar head and the surface pressure of the
monolayer (42, 43), mainly duc to different clectrostatic interactions between polar heads.
Therefore, the decrease in roughness as temperature approaches Ty, can be easily attributed to the
promotion of the DPPC diffusion. Recent bending rigidity studies on DPPC giant liposomes
showed that the value of this mechanical magnitude decreases steeply in the range of
temperatures from the so-called pretransition temperature to 7y (5). according to the predictions
of a previous model (44). These results were interpreted as the bilayer softening due to
hydrocarbon chains melting, process that increases the homogeneity of the monolayer and,
consequently, its surface smoothness (which would give rise to a decrease in roughness value).

As it is shown in figure 2q, between 43.6°C and 51.6°C. R, increased by a factor of 3
(from ~0.7 nm up to ~2.5 nm). This observation may be accounted for as a result of the
coexistence of the LC-LE phases, therefore implying a difference in the respective thickness
value for the monolayer in both LC and LE phases. In-situ AFM variable temperature
experiments performed by Feng et al. showed that the height decrease due to the transition of
each of the leaflets present in a DPPC bilayer is 0.37 nm (45) and Charrier et al. (46) reported
values of 0.4-0.7 nm for DMPC bilayers. This height change is attributed to the increase of the
tilting angle of the DPPC molecule respect to the surface perpendicular as transition takes place
(a 25° angle tilting was calculated for LC phase (47). The phase transition also implies the
hydration of the polar heads as the molecules fluidize (40). Hence, the coexistence of two phases
with different tilting angle (LC and LE phase) during the transition are very likely to be
responsible for the increase in roughness observed between 43.6°C and 51.6°C in the case of the
DPPC monolayers under study. At higher temperatures roughness decreases again, which is
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consistent with the higher mobility of the LE phase respect to the LC phase. Therefore,
roughness measurements seem to be a reliable experimental signature of the processes (phase
transition) that the surface undergoes at the nanometric scale.

Four independent sets of experiments as those shown in Fig. 1 were performed,
confirming that DPPC monolayers only undergo one phase transition in contrast with the two
transitions observed for DPPC bilayers in previous works. The transition temperature range is
reproducible from sample to sample, being always observed between 43 and 52°C. One phase
transition in monolayers directly supports the hypothesis about the individual melting of the two
DPPC leaflets being responsible for the two transitions observed in bilayers. The other suggested
possibility, that is, two consecutive phase transitions involving each one the whole bilayer,
would probably have also led to two transitions in the case of the monolayer.

Several transition temperatures were reported in the past for DPPC bilayers under
different conditions. Values of 42.4°C and 44.8°C for SPBs adsorbed onto mica flakes were
obtained by means of DSC (31), both transitions being above DPPC liposomes 7T),(41.5°C), and
were attributed to the individual melting of the two DPPC leaflets. The higher transition
temperatures of SPBs with respect to the non-supported liposomes were interpreted as a
stabilizing effect due to the electrostatic interactions arisen between the bilayer and the mica
surface. Other authors obtained in situ AFM evidence of two DPPC SPBs phase transitions in
water. Leonenko et al. (20) reported a temperature range of 42°C-60°C, while Keller et al. (21)
reported values from 37.8°C to 53.5°C for a mixture of DPPC and another phosphocholine. We
have recently observed two transitions between 44.8°C-59.4°C in experiments that mimic a
physiological environment (18), which is also used here. Then, and assuming that the two
transitions correspond to the individual melting of the two DPPC leaflets, the high temperature
transition in the bilayer should correspond to the LC-LE transition of the proximal leaflet. Fig.
2b shows for comparison the roughness analysis of a series of DPPC bilayer topographic images
performed at variable temperature (18). Comparing the phase transition temperature intervals,
marked with gray rectangles in fig. 2a and 25, it can be seen that the DPPC monolayer transition
lies between the two transitions observed in the DPPC bilayer. Comparing the proximal leafiet
transition with the monolayer transition is interesting because both the proximal leaflet and the
monolayer share the same phosphocholine-mica interface but have a different medium
sorrounding the alkyl chain (proximal leaflet is covered by another phospholipid leaflet with
alkyl chains facing downwards while the monolayer is surrounded by an aqueous solution). As
shown in Fig. 1, monolayer transition occurs from 43.6 to 51.6°C, while proximal leaflet
transition takes place between 52°C and 59°C (18). This fact, besides the experimental evidence
of a strong coupling between the two DPPC leaflets during phase transition (19) and the
roughness mecasurements that place the monolayer transition temperature betwecn the two
transitions observed in the bilayer, suggests that the distal monolayer stabilizes the proximal
monolayer because of van der Waals interactions between the alkyl chains of the two
monolayers, providing a stable, highly hydrophobic environment. Moreover, the monolayer has
an unstable hydrophobic-hydrophilic interface because of the contact between the alkyl chains
and the aqueous environment (48). In order to experimentally test the importance of the alkyl
chains-medium interface in the transition temperature, several DPPC monolayers were imaged at
variable temperature, but now in air. As in liquid, one transition was observed but now 7T
ranged from 48°C to 51°C (3 different experiments with freshly prepared samples). This implies
a reduction of the transition temperature range (from 43°C-51°C in liquid to 48°C-51°C in air)
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and also a ~4°C increase in the mean transition temperature, Air, which is more hydrophobic
than an aqueous solution, stabilizes the alkyl chains of the DPPC monolayer, which translates
into a Ty increase. These results experimentally prove the key role that interactions arisen in the
sample interphase play in the physicochemical properties of molecularly thin structures, as is the
case of DPPC monolayers.

Topography of DPPC domain edges at variable temperature imaged in air

In order to explore the homogeneity of the extracted Langmuir-Blodgett films and to
study the topographic changes around TM, the same experiment presented in Fig. 1 was repeated
although this time in air conditions. Fig. 3a shows a DPPC monolayer at room temperature after
LB film extraction and deposition imaged by TM-AFM. This image is similar to the one
obtained in aqueous buffer environment (Fig. 1a), although now the presence of geometrical
patterns on the monolayer is evident (some of them were marked with black arrows in Fig.3a to
guide the eye). As temperature was increased beyond TM (T'ig. 3b), these features disappeared,
yiclding a flat surface. Then, the temperature was decreased to 30°C (Fig. 3c) and new
geometrical patterns appeared again. The presence of patterns in the LC phase and its
disappearance in the LE phase suggests that they form part of the structure of the monolayer and
that they are related to the LC-LE phase transition process. Interestingly, as the cartoon in Fig.
3d shows, the patterns observed in Fig. 3¢ form 120° angles between them. Several works have
been devoted in the past to the study of domain boundaries in organic monolayers (49),
phospholipid structures (44, 50) and, specifically, DPPC LBs morphology has been studied
during compression experiments. McConlogue (51) showed AFM images of DPPC structures on
liquid subphase ecxtracted at surface pressures ranging from 3.8 mN/m to 7.5 mN/m and
corresponding to the region of LE-LC phase coexistence. As pressure increased, the LC phase
domains grew at expense of the LE phase. Finally. only a film of LE phase separated the LC
nuclei, which formed angles ca. 120° between them. As noted. the repulsive interaction between
the growing LC phase nuclei can be counteracted if enough pressure is applied (56), which leads
to the final fusion of these solid nuclei. Our results suggest that if a high enough pressure is
applied (30 mN/m in our case), LC domains can merge and the domain boundaries between
different nuclei are the patterns observed in Fig. 3a and Fig. 3c. Indeed, hexagonal shapes were
recently reported (45) during the melting of DPPC bilayers monitored by in-situ AFM
observations and attributed to the phospholipid intrinsic molecular packing.

To the best of our knowledge, this is the first time that domain boundaries have been
imaged in a phospholipid monolayer. The structure of the domain boundary is still unclear, but it
is likely to assume that it is formed by disordered DPPC molecules that were forced to occupy
the mismatch between colliding LC phase domains, as it was suggested after electron diffraction
measurements on phospholipid bilayers (57). In our experiments, as the temperature increases
above Ty, and the monolayer changes from LC to LE phase, DPPC molecules mobility increases
and the domain boundaries disappear (Fig. 3b). Interestingly, the presence of domain boundaries
was not observed in DPPC monolayers imaged in liquid environment at any temperature, which
suggests that the aqueous medium relaxes the mechanical tension formed in the domain
boundaries as the monolayer is compressed from LE to LC phase (mechanical extraction
process) or the phase transition from LE to LC phase takes place (temperature controlled
process). As noted before. the presence of water destabilizes the alkyl chain-medium interphase,
thus reducing the phase transition temperature respect an air interphase. Therefore, it is
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reasonable to think that L.C phase mobility is higher in aqueous medium, leading to defect-free
LC domain boundaries. An important conclusion from our findings is that the temperature
controlled solidification process undergone in temperature controlled AFM experiments leads to
the presence of domain boundaries, as well as the surface pressurc controlled solidification
process (compression in the LB trough), that is, in both cases, a nucleation and growth of the LC
phase process takes place. Future work should be donc to establish the dependence of shape and
size as a function of LB compression rate and cooling rate, as well as to explore the presence of
domain boundarics in different polarity liquid media in order to discern the nature of the
interphase forces responsible for the monolayer relaxation.

Force spectroscopy at variable temperature

So far, the topographic changes that the monolayer undergoes as a function of
temperature have been studied. Roughness analysis of the topographic images reveals to be a
sensitive tool able to detect the main transition temperature undergone by the monolayer.
However, roughness analysis provides only information about the topographic changes that take
place in the surface. Rather. force spectroscopy through force-extension curves allows to gather
additional quantitative information regarding the interaction forces arisen between neighboring
molecules and also to gain further insight into the mechanical properties of the substrate with pN
and subnanometric resolution. The force at which the substrate breaks, the so-called threshold
force, F,, is the maximum force that the substrate is able to withstand before breaking, i.e., it
marks the end of the elastic regime and the onset of the plastic deformation. In the case of lipid
bilayers, we have shown that F), is able to accurately fingerprint the bilayer phase transitions,
since they involve a drastic molecular rearrangement, thus implying a change in the
intermolecular interaction forces. In order to further understand the phase transition process in
the case of the studied DPPC monolayers, we have performed multiple vertical force vs. piezo
displacement (FvD) curves on the monolayers, yielding experimental curves as the one shown in
Fig. 4. In this force plot, the force applied on the sample is recorded against the tip-sample
distance (FvP curve). This curve is obtained from the raw force vs. piezoelectric displacement
curve shown in the inset as described in the Materials and Mcthods section. In cach curve, the
vertical force, which is proportional to the cantilever deflection, remains 0 prior to the contact
between tip and sample, marked as point /. Then. vertical force increases as the tip compresses
the monolayer until F; value is reached and the tip penetrates the monolayer (point 2). The jump
in the force-penetration curve can be directly correlated with the thickness of the monolayer (55,
58). The initial region of the FvP curve in Fig. 4 corresponds to the physical compression of the
monolayer and to the electrostatic interaction arisen because of the slightly negative charge of
the tip (56) and the weak electrical double layer promoted by the phosphocholine zwitterionic
headgroups and the mica surface. Derjaguin-Landau-Verwey-Overbeek theory (DLVO) was
applied elsewhere (16) to estimate the forces arising between a [,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) bilayer and a SisN4 tip as a function of the ionic strength of the
medium. Due to the low charge of the Si;N, tip (0.032 C/m?) (56), the interaction forces are in
the pN range in bilayers. In the case of DPPC monolayers, interaction {forces are much lower
because phosphocholine polar headgroups, which are responsible for the formation of a charged
interface between the membrane and the solution in bilayers, are directed towards mica in
monolayers while the apolar alkyl tails, showing no dipolar moment and consequently not
structuring an electric double layer, are exposed to the aqueous medium. As a result, the effect of
electrostatic interactions is negligible in DPPC monolayers. Nevertheless, as the electrical double
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layer is practically independent of temperature for small temperature increments, F, variation
with temperature is only due to monolayer structural changes. that is, to its mechanical
properties. Finally, the breakthrough event is detected as a sudden 2-3 nm penetration, which
compares well with the nominal thickness of the DPPC monolayer (57) and to our scratching
measurements. After penetration, the tip contacts the mica that is beneath the monolayer (13, 58)
and the slope of the exerted FvP curve tends to .

Fig. 5a shows the dependence of F, vs. temperature. FvD curves were performed
from room temperature to 65°C at ~8°C intervals. Each point is the F), average value of 150-200
individual measurements performed in several different spots on the sample surface and the error
bars stand for 20/VN, being o the standard deviation and N the number of measurements
(examples of the £, histograms obtained are depicted in Fig. 55, corresponding to measurements
performed at 5b.7) 21.2°C, 5b.2) 46.4°C and 5b.3) 67.7°C. This experiment was performed
several times on differcnt freshly prepared samples obtaining similar results. In order to relate F,
variations with the phase transitions detected in topographic images shown in Fig. 1, Fig. Sa has
been divided into three regions as in a previous work (18): LC phase, phase transition range and
LLE phase. At room temperature, F, is 1204 pN. This force steadily decreases as temperature
increascs, reaching 88+3 pN at 38°C ncar the upper temperature limit of the LC phase. During
the phase transition there is a further diminution of F), value, reaching 5342 pN at 53°C. Finally,
after completing the transition, the monolayer stays in a LE phase and Fj, stabilizes around 49+2
pN at 65°C.

Three important conclusions arise from these data; Firstly, F, value is much higher in
the LC phase than in the LE phase. Secondly, F, continuously decreascs as temperature
increases, both in the LC phase and during the transition and thirdly, F, ranges roughly from
~120 to ~40 pN for DPPC monolayers, while it ranges from ~25 nN to ~7 nN in DPPC bilayers
in the same range of temperatures and under the same experimental conditions.

The two first conclusions are in agreement with a previous work concerning DPPC
bilayers (16), where a similar trend was observed and attributed to the weakening of lateral
interactions between alkane chains due to thermal energy and to the reduction of water bridges
(59, 60) and electrostatic interactions between polar heads during the phase transition. The
weakening of lateral alkyl-alkyl interactions results in an increase in the area per molecule, that
is, a decrease in the compactness of the monolayer, which translates into an incrcase in the
molecular mobility as previously commented in Fig. 2 (61), where LC phase roughness
decreascs before reaching the phase transition.

Consequently, the weakening of lateral interactions between molecules translates into
a F, reduction. Different factors account for the notorious difference in mechanical properties
between DPPC monolayers and bilayers; first of all, the monolayers expose the hydrophobic
alkyl chains towards the aqueous solution. It has been experimentally demonstrated that the
interactions water-alkyl chains are 10 times weaker than the interaction between water molecules
(48), leading to an interphase that destabilizes the monolayer. Conversely, the bilayer exposes
the polar zwitterionic headgroups towards the solution, which is a favorable interaction in terms
of hydrophilicity. Besides, ions also play an important role stabilizing phosphocholine heads
(16), as it has been also studied by molecular dynamics, concluding that up to 3 phosphate
moieties can be coordinated by each Na' ion (17). Additional experimental observations
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concluded that the self-diffusion of l-palmitoyl-2-oleoylphosphatidylcholine decreases due to
the presence of NaCl in the medium (62) and that polar headgroups orientation is also perturbed
(63). which confirms the key role that free charges play in the stability of bilayers. Another
factor that improves bilayer cohesion is the hydrophobic interaction between the alkyl chains of]
the two leaflets, as detected studying lipid diffusivity by means of fluorescence techniques (64).
Nevertheless, this can be a minor issue in the stability of the bilayer, as lipid diffusion studies
concerning DPPC bilayers (52) suggest that the hydrophobic interactions between the two lipid
leaflets are weaker than the interactions between the lower leaflet and the (silica) substrate.

In order to relate the DPPC monolayer structure with the measured F) values,
different interactions should be considered, namely electrostatic and van der Waals forces.
Because of the mica surface negative charge (53) and the positive charge of the choline
headgroups (phosphocholine is a zwitterionic headgroup with the choline positive charge facing
towards the mica surface), electrostatic interactions arise. Nevertheless, it was observed by
several techniques such as neutron reflectivity (65, 66) and fluorescence interference-contrast
microscopy (67, 68) that there is a sandwiched water layer with a thickness ranging from 10 to
30 A between the substrate and the phospholipid bilayers. Related experiments concerning the
effect of pH and ionic strength in bilayer spreading on oxides revealed that the equilibrium
distance between the polar heads and the substrate surface is ~1 nm (69) and that this gap is full
of water molecules. Although there is some controversy about the level of water organization
forced by the substrate (70), the presence of structured water on the surface of mica and silica
was proved by scanning polarization force microscopy, sum-frequency-generation vibrational
spectroscopy (71) and Monte Carlo simulations (72). As a consequence, the water layer between
the substrate and the DPPC polar headgroups provides fluidity and mobility to the bilayer (3, 45,
69). As a first approximation and due to the screening effect of the water sandwiched underneath
the monolayer, electrostatic interactions between mica and DPPC polar heads have been
neglected in this study.

The electrostatic interactions arisen between polar headgroups have been discussed in
several simulation works, suggesting that ions can penetrate the polar headgroups in order to
screen the charges of the choline and phosphate moieties (17,62,63, 73). Nevertheless, as the
calculation of these clectrostatic interactions is out of the scope of this work and for the sake of]
simplicity, van der Waals forces between hydrocarbon chains will be considered as the most
representative interaction between DPPC molecules.

Van der Waals interaction between hydrocarbon chains (Evuw) can be cxpressed as
(71):

3aghv | 6 12 12 N,
E =" —+ + S 3)
" 4dze,) | o [0'2 +12}3 [o—z -1»(21)2}3 2

being a, the polarizability, £, the vacuum permittivity, o the distance between 2 equivalent -CH;
groups in adjacent molecules, / the distance between consecutive -CH, groups in the same
hydrocarbon chain and N, Avogadro’s number. As the monolayer was extracted at 30 mN/m, the
arca/DPPC molecule is 54.7 A” in a hexagonal lattice (36, 45, 75, 76). As each DPPC molecule
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has two hydrocarbon chains, it has been considered that each chain occupies an area equal to
54.7/2 A*. Circles in Fig. 6a correspond to the molecular DPPC area in the monolayer and the
black dots represent the hydrocarbon chains seen from above, while Fig. 65 shows a side view of
the same structure. The alignment of the chains in the Y direction respond to the packing
optimization of van der Waals interactions, which has been mostly studied in alkanethiols (80-
82) and alkanesilanes (83). Van der Waals forces considered in this study include the interactions
between a -Cll, group and the 6 adjacent -CH; groups in the same plane and also the interaction
with the -CH> groups that are | and 2 planes higher and lower. This interaction was multiplied by
a factor of 2 because there are two chains in each molecule. The interactions between -CH,
groups in the same molecule were not considered because only intermolecular energies are to be
estimated. The resulting energy was multiplied by 16, which is the length of the DPPC
hydrocarbon chains, obtaining Eygy = 19.4 KJ/mol.

The experimental energy needed to puncture the monolayer during force spectroscopy
measurements () can be calculated as

E=F*S @)

At room temperature, DPPC monolayer F} is 120+4 pN and J'is 2.4 nm (36, 37), so £
is 0.29 107'* J. Although this energy is mainly consumed in the monolayer breakthrough process,
part of it is possibly dissipated through non-conservative processes such as viscous damping or
hysteresis effects (81). Energy dissipation was measured in dynamic force microscopy
experiments concerning different kinds of surfaces and tip configurations, yielding values in the
eV range (82). As a consequence, it is reasonable to think that in force spectroscopy experiments
similar processes will take place. Nevertheless, and due to the semi-quantitative nature of the
energetic calculations proposed in this work, energy dissipation has not been accounted for.

To estimate the contact area between tip and monolayer and the number of molecules
affected by the tip during spectroscopy experiments, Hertz contact model has been applied. In a
previous work (16), we demonstrated that a contact mechanics model based on the coupling of »n
springs is more realistic than Hertz model when it comes to explain the clastic region of a
phospholipid bilayer prior to indentation (83). Nevertheless, and to calculate the contact area
between tip and sample at low loads, Hertz model is accurate enough because it does not
consider long range forces arisen between tip and sample, which is the case of our experiments,
as no jump to contact was detected in FvD curves (Fig. 4) The hertzian contact area (4) is
expressed as

A = n(RF/K)*? (5)

where R is the tip radius, F is the vertical force and X is the combined elastic moduli
K=4/3 (1-vVE; + (1-v2)Eo)! (6)
where v; and v; are the Poisson ratios of the tip and the sample. 0.2 (84) and 0.5 respectively (14,

85), and E; and E> are the Young’s moduli of the tip and the sample, 280 GPa (84) and 15 MPa
(86). Considering the experimental area/DPPC molecule and F, = 120 pN, the number of
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affected molecules is ~205 for R = 15nm and ~360 for R = 35 nm. These R values are the
maximum and minimum tip radius measured in the presented experiments and can be considered
as typical upper and lower limits for the vast majority of force spectroscopy studies. Dividing the
total applied energy during the breakthrough process by the number of affected molecules. a
breakthrough energy (£;) of 0.8 KJ/mol for Rs\m and 0.5KJ/mol for R3sum is obtained. It was
previously shown that the Eiyy is 19.4 KJ/mol, an order of magnitude bigger than ;. This fact
seems to suggest that the energy necessary to break the DPPC monolayer is 20-40 times lower
than the van der Waals interaction between all the hydrocarbon chains of the molecules in the
penetration affected area. Regarding these results, it is reasonable to think that, in order to
puncture the monolayer. it is not necessary to break all the interactions between all the molecules
but only a fraction of them, so £, should be lower than Epyy. As an attempt to explain how the
monolayer reacts to the pressure, Fig. 7 shows two possible monolayer rupture mechanisms. Fig.
7a represents an upper view of the hexagonal DPPC lattice and a circle that encloses the hertzian
area of contact between the tip and the sample. The simplest rupture model proposed is a straight
line (dotted line in Fig. 7a and 7b). Possibly, the presence of a vacancy or any defect in the
structure would be the starting point of the monolayer rupture process. The fragile nature of]
phospholipid structures has been suggested before (16, 87), mainly because of the kind of|
breakthrough seen in force spectroscopy experiments, which always implies a sudden
penetration, more similar to a fragile brittle fracture than to the compression of a soft material.
The breakthrough event in the FvP curve shown in Fig. 4 occurs at a certain F, and it is a sudden
all-or-none process, as the tip penetrates the monolayer in a one-step mechanism. Another
possibility would be a monolayer failure along the contact area perimeter (circle in fig. 7a and
7b). Both the linear and perimeter rupture imply the disruption of a certain number of van der
Waals interactions, which depends on the contact area. Concerning the number of alkyl chain
interactions broken during penetration, these models can be considered as extreme possibilities,
so the real process is possibly a combination of both. Table 1 summarizes the percentage of van
der Waals interactions broken in the linear (%R;) and circular model (%R,) with respect to the
total number of van der Waals interactions present in the whole contact arca. Depending on the
rupture model and R, %R; and %R,, range from 5-16%, so this percentage is an estimation of the
van der Waals interactions broken during the penetration process respect to the total number of]
van der Waals interactions. Table 1 also shows the relationship between E, and Eygu, which is
the ratio between the energy used to break the monolayer and the total van der Waals interactions
between the hydrocarbon chains (%(Ey/Evan)). This ratio ranges from 3-4%. The similarity
between the ratios %R;, %R, and %(Ey/Evas) suggests that the linear and circular models are
consistent with experimental data. As a consequence, it can be considered that, although several
forces are involved in the cohesion of DPPC monolayers, inter-chain van der Waals interactions
play a key role in the mechanical properties of DPPC monolayers and that electrostatic
interactions between polar heads and between choline groups and mica surface can be neglected
as a first approximation. Of course, the nature of the calculations presented in this work can not
discriminate between the two proposed models but it provides a framework to study the behavior
of phospholipid monelayers under compression. Further studies exploring the effect of different
polar heads and difterent alkyl chains length will provide a deeper insight in the effect that
electrostatic and van der Waals forces play in the cohesion and mechanical response of]
phospholipid monolayers and bilayers.
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CONCLUSIONS

Langmuir-Blodgett DPPC monolayers extracted at 30mN/m were imaged in situ by
variable temperature TM-AFM. The experiments performed in buffer environment revealed that
only one phase transition takes place around Ty, which suggests that the two transitions observed
in DPPC bilayers in the same buffer media correspond to the melting of the two separate
phospholipid leaflets. DPPC monolayer T), lies between the two transitions observed in DPPC
bilayers. We propose that the monolayer can be compared to the leaflet in contact with the
substrate in the bilayer structure (high temperature transition) but destabilized by the water-alkyl
chains interphase and the lack of the stabilizing hydrophobic interaction between the alky! chains
of the two phospholipid leaflets that form the bilayer. DPPC monolayer T); increases in air,
where a favorable air-alkyl chains interphase arises, which further supports this conclusion. The
topographic study of DPPC monolayers imaged in air revealed the presence of 120° LC phase
domain boundaries both created during the mechanical compression in the LB trough and during
the cooling from LE to LC phase. The boundaries disappear above T); and are recovered if the
sample is cooled again to room temperature, suggesting that a nucleation and growth mechanism
is responsible for the formation of the LC phase when cooling from the LE phase.

The mechanical study by forcc spectroscopy showed F, in the pN range for DPPC
monolayers, two orders of magnitude lower than those obtained in DPPC bilayers. Nevertheless,
the overall trend of monolayers and bilayers is similar upon raising temperature: In the solid
phase, F decreases as temperature increases. while it stablizes at a lower value in the liquid
phase. In order to relate F, values with DPPC monolayers structure, a simple geometric model
concerning van der Waals interactions between the phospholipid alkane chains has been
proposed. Applying Hertz contact mechanics, the energy/DPPC molecule applied on the
monolayer during penetration experiments was calculated and assuming simple models for the
monolayer rupture (namely across a straight fine or around the perimeter of the contact area
between tip and sample), a good accordance between the experimental data and the geometric
model was found.

This work paves the way for more complex studies involving mixed monolayers
systems, where temperature-controlled AFM imaging could shed light on the different transition
processes that monolayers (and bilayers) undergo when mixing miscible or immiscible
phospholipid molecules. Besides, force spectroscopy proves to be a suitable technique to identify
different phospholipid phases, as F, value is highly dependent on the phospholipid structure, and
can be used to explore the different intermolecular interactions arisen in biological membranes.
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Table 1. Mechanical and structural parameters of a DPPC monolayer compressed by an AFM tip of radius
15 nm and 35 nm.

Fig. 1. 5x5 pm AFM tapping images of a DPPC monolayer extracted at 38 mN/m and imaged in buffer
solution. The images were obtained at variable temperature; a) 33.1°C: b) 43.6°C: ¢) 45.4°C: d) 47.8°C.; )
31.6°C: 1) 55.3°C. images a) and b) correspond to the LC phase, while images ¢) and d) represent the phase
transition. Images ¢) end ) correspond to the LE phase.
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Fig, 2. a) Roughness measurements performed on the topographic images shown in Fig. I {DPPC monelayer),
Biack line-white squares graph corresponds with R, (left Y-axis) while grey line-blaek dots graph
corresponds with R, The roughness increment corresponds with the LC-LE phase transition. b) Roughness
measurements of a series of DPPC bilayer topographic images obtained at increasing temperatures. The
complete topographic series was presented in a previous work (I18). The two roughness increments around 45
and S5°C corvespond with the two phase transitions. The grey areas in Fig 2a and 2b enclose the observed
transition temperature intervals, All presented images are 5 pm x 5 pm.
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Fig. 3. 2 pm x 2 pm images of DPPC monolayers extracted at 38 mN/m and imaged in air at different
temperatures. aj 25°C, below Ty (LC phase): Black arvows point the presenee of domain boundaries, b} 65°C,
above Ty (LE phase): ¢) 30°C, below Ty (L.C phase). d) Scheme of the domain boundaries observed in Fig, 3e.
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Fig. 4. FvP curve obtained on a DPPC monolayer extracted at 30 mN/m in buffer solutien at 46°C. The
monolayer breakthrough can be seen arpund 73 pN. Inset: corresponding FvP curve, (1) corresponds with
the contact point and (2) is the monolayer rupture
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Fig. 5. 1) DPPC monolayer F, vs sample temperature. Each point is the mean value of 150-200 individual
breakthrough events detected in foree curves. Forve curves were performed, af least, in 4 different locations
for each temperature. The graph bas been divided in three regions aveording fo the wonolayer phase. by
Individual histograms of the experimental F, values at different tempervatures. b.i) 21.2°C, b.2) 46.4°C, h.3}
64.7"C.

g =

Fig. 6. a) Upper view of the DPPC hexagonal packing. The cireles represent the DPPC molecular area and the
black dots represent the hydrocarbon chains. b} Lateral view of the same structure, The DPPC hydrocarbon
chains are tilted 25" when no vertical load is applied.
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Tig. 7. a) Upper view of a DPPC monolayer hexagonal packing. The black circle encloses the hertzian contact
arca during a penetration experiment. Two monolayer rupture models ave proposed in this work: across a
straight line {dotted line) and across the perimeter of the herfzian contact avea, b) Lateral view of the same
structure,

360



Conclusions

Chapter 6

6.Conclusions

The conclusions of this work can be structured in two different parts, that is,
the conclusions concerning the development and implementation of experimental
techniques in our laboratory and the conclusions obtained after applying these
techniques to the studied samples. In case more detailed information is required, a
summary of the conclusions is also presented before each of the published works
attached in the Experimental Results sections in Chapters 3, 4 and 5 and also in the

Conclusions section of each paper.

Concerning the development and implementation of techniques during this
PhD thesis, [ would like to highlight LFM and Force Spectroscopy, which have
been the two key tools that have been used to assess the nanomechanics of organic
layers and biomembranes. Regarding LFM, the main development has been the
implementation of a home-made electronics card that controls the tip deflection
setpoint and provides a continuous variation of its value. This way, F, vs. Fycurves
can be obtained orders of magnitude faster and, provided that this kind of
measurements must be performed in several sample spots in order to be statistically
meaningful, accurate and representative friction measurements can be reported.
Besides, the whole system was adapted to perform measurements in liquid medium,
a key experimental factor provided that we wanted to test biomembranes in
physiological environment. Finally, the procedures to measure the spring constant
of AFM tips both in the vertical and in the lateral directions were successfully

implemented and routinely performed in our laboratory.
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Concerning Force Spectroscopy, the methodology to obtain reproducible 4x
vs. 4z curves was established and applied to the vast majority of the samples
studied in this thesis. Due to the large amount of spectroscopic data gathered during
experiments, a protocol was established to filter and process the curves and extract

F, values in a more convenient way.

Regarding the experimental results, I will point out a general conclusion for

each kind of studied sample.

Engineering coatings

Conceming the nanotribological response of DLC films, humidity increases
the u and the Fy values at a certain F,, while the different PECVD deposition
parameters do not modify them noticeably. Nevertheless, both in humid and dry

environment, DLC films provide excellent lubricant layers.

Concerning alkanethiol monolayers on Au(111), the compression studies
show that the monolayer deforms in discrete steps which can correspond to the
formation of terminal gauche defects or to cooperative molecular foldings. Besides,
the F, necessary to trigger the deformation process strongly depends on the

' monolayer compactness.

The angle that fatty acid molecules form with the mica substrate depends on
the surface pressure of the monolayer, as well as the F, value (the higher the
surface pressure, the higher the F, value). These results are confirmed by Fyvs. F,
curves, where different tribological regimes are seen as the tip disrupts the

monolayer.

Concerning alkanephosphonic acid molecules on aluminum, the monolayers
frictional response depends on the substrate, as it determines the molecular bonding
sites. The frictional response also depends on the compactness of the monolayers,
as the molecular ordering determines the existence of pathways to dissipate the

sliding energy.
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Concerning the monolayers of Cu(Il) sensor tiomacrocycle on mica, the
structural morphology and nanotribological response of the monolayers strongly

depends on the Langmuir film extraction pressure.

As you can see, several factors determine the nanomechanical properties of
the monolayers: the extraction surface pressﬁre (in case of LB films), the nature of
the substrate in the case of molecules covalently bonded to it and the monolayer
compactness because molecules can change their orientation and, consequently,

their resistance to be penetrated or laterally dragged by an AFM tip.

Biomembranes

The effect of pH and ionic strength on the phospholipid bilayers structure
was explored by means of nanomechanics techniques. Both using Force
Spectroscopy and LFM, it is clear that the bilayers compactness increases with the
presence of ions, as the necessary F, value to penetrate or disrupt them increases
with the ionic concentration. The pH of the medium modifies the surface charge of
phospholipid liposomes and is a key factor in order to control their deposition and

SPBs formation.

Concerning the phase transition of phospholipid SPBs, variable temperature
AFM and Force Spectroscopy are suitable techniques to in-situ explore the
topographical and nanomechanical changes that these structures undergo. While the
main phase transition process of PC bilayers supported on mica shows two
individual phase transitions, the liposomes only show one, as is the case for PC LB
monolayers. According to that, we conclude that the two transitions observed in the
bilayer correspond to the individual melting of the phospholipid leaflets. Due to the
high sensitivity of Force Spectroscopy to structural membrane differences, the
changes of F, vs. temperature provide valuable information about the phase
transition mechanism and the overall mechanical stability of the studied

monolayers and bilayers.
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