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Chapter 5. Biological Coatings: the Nanobio Revolution
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Fig. 40. Chemical Force Microscopy experiments to detect the different interactions arisen
between surfaces as a function of pH*”". F value is obtained from the retraction plot of 4x
vs. 4z curves performed on the sample surface ands is represented as a grey line. a) At low
pH values, amine functionalized surfaces and tips are protonated (repulsive interaction, low
adhesion), while for pH >5, amine groups deprotonate and van der Waals and hydrophobic
interactions dominate, which results in an F, value increment. b) For —COOH
functionalized tips and surfaces, hydrogen bonding between tip and sample at pH<6 results
in high F, values, which decrease for higher pH values because of carboxylic acid groups
deprotonation. For both experiments, F; vs. pH curves can be used as classical titration
curves 50 as to calculate the pKa of the molecules.

while the liposomes become positive at higher 7 values. Having in mind that

COOH functionalized tips pKa is around 5°%, it is clear that at neutral pH

conditions the acidic groups will be deprotonated , rendering a negatively charged

tip surface. As you may realize, the system carboxy-terminated tip and PC bilayer
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Probing Phospholipid Bilayers with an AFM

is extremely interesting so as to probe a vast array of electrostatic interactions, as
we can modulate the bilayer charge changing I value and the tip charge modifying
the pH conditions. According to I variations at neutral pH, the authors reported that
at high I values (positive bilayer), the approaching Ax vs. 4z curve shows a clear
Jjump-to-contact, while for low I values (negative bilayer) the interaction is

repulsive.

When the pH value is modified, the PC headgroup phosphate moiety can be
protonated/deprotonated and the tip charge can be reversed. Then, from pH 10.7 to
5.0, the authors obtain a repulsive interaction in the approaching Ax vs. 4z curves,
interpreted as an electrostatic repulsion arisen by the negatively charged tip and
bilayer surfaces. Reducing the pH to 4.0 results in almost no-interaction, as the
sample keeps on being negatively charged because of the carboxylic acid
protonation. At pH 3-4, there is an acute jump-to-contact, which is interpreted by
the authors as the tip being slightly positively charged while the sample is still
negative. Around pH 3, the bilayer is neutral while the tip is slightly positive, so the
interaction reduces again. Garcia-Manyes et al. also studied the adhesive region,
finding that there is a sharp F increase around pH 3-4, corroborating the results

obtained in the Ax vs. 4z approaching curves analysis.

5.3.3 Temperature. Phase transition

5.3.3.1 Phase transition. From micro- to nano-

Phospholipid bilayers undergo important structural changes depending on
several factors as / or pH but perhaps temperature is the one that alters more
dramatically the functionality and morphology of phospholipid bilayers and,

46-
consequently, cellular membranes®**>*

. Several different phases have been
detected, being the gel (Ly) and liquid-crystalline phases (L,) the most studied as
they are involved in the phospholipid bilayer main transition event**. This
transition is extremely important in terms of biological relevance, as it is believed

that most membranes remain in the L, phase because of its fluidity and balanced

203



Chapter 5. Biological Coatings: the Nanobio Revolution

mechanical properties® ",

As you may expect, acquiring a complete
understanding about the changes membranes undergo as phase transitions take
place is one of the cornerstones of biophysics and one of the main objectives of this

thesis.

The classical way to study phase transitions is by means of Differential
Scanning Calorimetry (DSC) measurements, which provide excess specific heat vs.
temperature graphs were the transition events are observed as sharp heat increments
at 7, M352. It is important to note that these measurements are performed in solution,
so the phospholipids are in the form of liposomes and not SPBs. In the case of PCs,
Chemik® released a comprehensive review about the topic but, because it is more
in line with the goals of this thesis, I would like to comment on the work of
Sturtevant et al.>**, who studied the T), dependence with NaCl and CaCl,
concentration. By now, I would like you to have a clear idea of the effect of
electrolytes in bilayers: they create ionic nets and improve the molecular packing,
increasing the mechanical resistance of the whole structure. Then, Sturtevant et al.
experimentally proved that the presence of NaCl or CaCl, shifts T), to higher
values, specifically from 24°C in pure water to 26.5°C at 5M NaCl and up to 49°C
(1) at 2M CaCl,. Nevertheless, it was Yang et al.**®* who took the DSC
measurements a step further into the nanoworld with a really original work; in
order to explore the transition of SPBs, they incubated microscopic mica chips with
DPPC liposomes and introduced the so-formed SPBs in the DSC chamber in an
aqueous solution. Surprisingly, they do not observed only 1 transition, but 3 of
them. To begin with, they identified the T, of DPPC liposomes (40.4°C) and
hypothesized that the other two, which occurred at higher temperatures,
corresponded with the melting of the individual phospholipid leaflets that form the

SPB (Fig. 41). Assuming a weak interaction between leaflets’**>*

and that they are
not surrounded by the same environment, they proposed that the low temperature
transition corresponded with the outer leaflet (the one in contact with the solution),

while the high temperature transition corresponded to the leaflet in contact with the
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Probing Phospholipid Bilayers with an AFM

substrate, stabilized by the interaction with mica. It was time for the AFM to unveil

the mystery.
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Fig. 41. 2 different proposed models to explain the two individual and consecutive
transitions that are observed during the main transition event for PC phosphotipids. a), b)

and c¢) Yang et a

model. a) The bilayer is entirely in the Ly phase. b) The outer

monolayer melts into the L, phase while the inner monolayer (in contact with the substrate
and therefore stabilized) remains in the L phase. ¢) Both leaflets are in the L, phase. d), €)
and f) Leonenko et al. model*®. d) Bilayer in the L phase. Bilayer entirely in the L, phase.
Bilayer entirely in a liquid disordered phase. Both models explain the bilayer thickness
decrease observed in the topographic AFM images as main phase transition takes place.

5.3.3.2 Variable temperature AFM. In-situ transition imaging is

possible.

The first application of Variable Temperature AF

M6 4 the study of

phase transitions was performed by Giocondi et al.*** in 2001, so you can imagine

that the technique is still in the development stage. They imaged 1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC) and DMPC mixtures from room temperature up

to 41°C so as to detect the transition from Lg to (Ls + L,) phases as predicted by

phase diagrams*®~*. They were able to observe that for increasing temperatures

below Ty, the bilayer defects (in the form of holes) closed rendering a flat and

uniform surface while for temperatures higher than 7, a lower phase that covered
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Chapter 5. Biological Coatings: the Nanobio Revolution

a surface area that increased with temperature appeared in the image. In fact, it was
the first in-situ observation of a phase transition and the authors were able to
compare macroscopic thermodynamic values and Monte Carlo simulations with the
real thing. There were noticeable differences, as expected, although no prove was
obtained of the two transitions proposed by Yang et al.*> in their DSC experiments.
Tokumasu et al.’®® studied the transition of pure DMPC, finding that between 23°C
and 27°C the DMPC bilayers reduce their thickness from 4.3 to 3.4 nm, which was
in close agreement with previous X-ray measurements that reported similar
thickness values for Ls and L, DPPC phases. Besides, the transition process was
proved to be reversible and it was observed that the L, phase molecular area is
higher than that of the L; phase (the bilayer holes observed in the Ls phase closed
when the bilayer was heated up to the L, phase), which explains the thickness
reduction observed in AFM topographic images. Seantier et al.’*® studied the
DMPC and DPPC transitions observing similar results but introducing some
interesting concepts; they claimed that the total sample thickness (5-6 nm) was not
only due to the bilayer but also to a thin water film deposited between the bilayer
and the mica (Fig. 32d), which must be taken into account because it modifies the

367

fluidity of the SPBs and, consequently, their mechanical properties™’. They also

reported that the effect of the substrate is responsible for the T) shifting to slightly

lower temperatures®®*>%

and that it also provokes a T}, range broadening. As the
thoughtful reader will note, the two transitions observed in the DLC experiments
should had to be detected in the in-situ imaging experiments but, so far, only one

1%, who imaged two

had been observed. The mystery was solved by Leonenko et a
transitions while studying DPPC bilayers supported on mica, noting that the two
events extended over broad temperature ranges (42°-52°C and 53°-60°C) and were
reversible. The whole transition process was observed as follows: 1) Coexistence of
Lp phase with another lower phase (L,). 2) Disappearance of the Lg phase. 3)
Coexistence of the L, and L, phases. 4) Homogeneous L, phase. They explained
the broadening of the phase transition ranges as an effect of the mica support,

which reduces the cooperativeness of the transition. This explanation makes sense

with the SPBs transition being at higher temperatures than for liposomes (41°C>™)
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Probing Phospholipid Bilayers with an AFM

but is in clear contradiction with the results presented by Seantier’®. Interestingly,
Leonenko proposed that the first observed transition corresponds with the main Lg
to L, transition and the second, with the formation of a fluid-disordered phase
where the hydrocarbon phospholipid chains are interdigitated (this phase forms the
thinnest bilayers) as depicted in Fig. 41. Concerning the nanomechanics of these
bilayers, Leonenko observed that F4 on 4x vs. 4z curves performed on the Ly phase
is smaller and less reproducible than that obtained on fluid phases (L, or L,). They
suggested that the number of phospholipid molecules that interact with the tip in a
fluid phase is higher than in a solid phase, which explains the F, difference, and
that the higher mobility of the fluid phase increases the membrane homogeneity,
with the consequent F; reproducibility increment. Besides, they compared their F,
values with the energy to remove a single phospholipid molecule from a bilayer
(around 100 pN37"372), concluding that the each Ax vs. 4z curve retraction process

involves molecular patches with more than three phospholipid molecules®””.

Charrier et al.>’* Performed similar experiments on DMPC, observing the
three phases present in the main phase transition, which for SPBs is a double
process (there was no doubt by then). They refined the measurements and observed
that it was possible to finely control the bilayer structure playing with temperature
and that the three observed phases were stable. In order to explain the nature of the
double main transition, they proposed that the two phospholipid leaflets underwent
separate transitions from the Ly to the L, phase, as it had been proposed by Yang®.
Besides, they observed that the transitions were shifted to higher temperatures for
SPBs respect to liposomes in solution and explained the fact in terms, not only of
the stabilization due to the substrate presence but also of the different bilayer
surface tension according to the structure shape (spherical in the case of liposomes
and planar in the case of SPBs). They proposed a model in the framework of the

375,376

van’t Hoff theory to explain both the transition shifting and the transition

temperature range broadening in the case of SPBs. Similar results were reported by

377
1.

Keller et al.””’, who observed that the inner monolayer transition temperature range

is much narrower than that of the outer monolayer and that the two processes do
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Chapter 5. Biological Coatings: the Nanobio Revolution

not overlap, that is, the outer leaflet melts in first place and when it is in the L,
phase, the process begins in the inner leaflet. According to these results they
proposed that the melting of the outer leaflet is a prerequisite for the inner
monolayer to melt, as it is stabilized by the electrostatic interactions between the
PC polar heads and the mica surface and the consequent polar moieties dehydration
state. Besides, the outer monolayer, which is not affected by the mica surface, has a

similar transition enthalpy to that measured for free standing liposomes®”".

Despite all the work done, there are still some questions that need to be
answered. To begin with, two different mechanisms have been proposed until now
in order to explain the two consecutive transitions observed in the main transition
process. Despite all the theoretical work and hypothesis, there is still no evidence
about which is the correct one (if any!). In this sense we performed some
experiments with DPPC monolayers that we believe shed some light on this
question and that can be found in the experimental section. Besides, there is no a
clear idea about which is the phase transition mechanism. How does the bilayer
melt? Do they begin the phase transition in the defects or perhaps in the grain

boundaries? Again, some answers can be found in the experimental section.
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Ionic Effect on Phospholipid SPBs Nanomechanics

5.4 EXPERIMENTAL RESULTS

5.4.1 Effect of Ion-Binding and Chemical Phospholipid
Structure 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), 1812-1826

5.4.1.1 Summary

This work deals with the effect that cations play in the stability of
phospholipid bilayers. The effect of ions in the polar moieties of these molecules
had been observed in the past by means of z-potential and DSC measurements but
there was no evidence of the effect of ions on supported bilayers. In this sense, this
work presents Force Spectroscopy measurements on different phospholipid bilayers
both in Lg and L, phases. The obtained F), values are considered as nanomechanical
fingerprints of the tested bilayers due to the sensitivity of this mechanical figure of

merit to the nanostructure of the samples.

The obtained results can be summarized as follows:

e  The phospholipid SPBs break under the exertion of a certain F, and the total

P, during the penetration event corresponds with the bilayer thickness.

B
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Chapter 5. Biological Coatings. Experimental results

o The shape of the F, vs. P; curves can be explained as a function of the
DLYVO interactions between tip and sample and the mechanical properties of the
bilayer. Besides, the mechanical model developed by some of the authors of this
work in a previous paper proves to be suitable to explain the contact mechanics

between the bilayer and the tip.

e The F, value increases with the NaCl concentration for a certain bilayer.
This can be explained considering that ions increase the compactness of the
bilayer by creating an ionic network with the polar heads and promoting the van

der Waals interactions between the phospholipid hydrocarbon chains.
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Effect of lon-Binding and Chemical Phospholipid Structure on the
Nanomechanics of Lipid Bilayers Studied by Force Spectroscopy

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

ABSTRACT The nanomechanical response of supported pid bilayers has been studied by force spectroscopy with atomic
force microscopy We have expernmentally proved that the amount of 1ons present in the measurnng system has a strong effect
on the force needed to puncture a 1,2-dimynstoyl-sn-glycero 3 phosphocholine bilayer with an atomic force microscope tip, thus
highlighting the role that monovalent cations (so far underestimated, e g Na') play upon membrane stabiity The increase in
the yield threshold force has been related to the increase In lateral interactions (higher phospholtpid-phospholipid interaction,
decrease In area per lipid) promoted by 1ons bound into the membrane The same tendency has also been observed for other|
phosphatidylcholine bilayers, namely, 2-dilauroyl-sn-glycero-3-phosphocholine, 1 2-dipalmitoyl-sn-glycero-3-phosphocholine,
and 1,2 dioleoy!-sn-3 phosphocholine and also for phosphatidylethanolamine bilayers such as 1-palmitoyl 2 oleoy! sn-3-
phosphoethanolamine Finally this effect has been also tested on a natural lipid bilayer (Eschenchia col lipid extract), showing
the same overall tendency The kinetics of the process has also been studied, together with the role of water upon membrane
stability and its effect on membrane nanomechanics Finally, the effect of the chemical structure of the phospholipid molecule

on the nanomechanical response of the membrane has also been discussed

INTRODUCTION

The physical and chemical properties of biological mem
branes are cructal to understanding membrane functions The
main biological role of bilayers 1s to provide a barner that
divides electrolytic solutions into different compartiments
Therefore the effect of electrolytic solutions on membranes
1s of great importance and has generated wide research (1)
Besides, 1on binding affects the stability of proteins and their
process of binding to membranes (2), and 1t 1s also maily
responsible for hpid vesicle fusion (3,4)

From an experimental pont of view, many works,
especially in the 1980s, have dealt with the quanufication
of membrane surface potential through the electrophoretic
mobility of liprd membranes under solutions with ditterent
1onic strength, allowing the calculation of the ¢ potential
value (5,6) More recently, contnibutions regarding inlrared
(2) and fluorescent techniques have also helped to shed light
on this 1ssue Finally, recent molecular dynamics (MD)
simulations have allowed us to understand the underlying
processes from an atomistic point ot view and have helped us
to study the role that cations play upon membrane structure
and stabihty (7-9) Between the expenmental macroscopic
techniques and the theoretical atomustic approaches to this
1ssue, atomic force microscopy (AFM) has proved to be
a powerful techmque that has allowed imaging of surfaces
with subnanometric resolution This techmque has helped us
to understand how supported planar lipid bilayers (SPBs)
assemble and what the interaction forces are that act between
vesicle and substrate surfaces and also between membrane

Submitted April 5 2005 and accepted for publication June 7 2005
Address reprnt requests to Fausto Sanz  Dept  of Physical Chemustry
Univeraitat de Barcelona 1 11 Marti 1 Franqués 08028 Barcelona Spamn
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surfaces, which 1s fundamental to efforts m chemustry,
structural biology, and iophysics (10,11)

SPBs have been used as model membranes to study cell-
cell recognition 1n the immune system, adhesion of cells,
phospholipid diffusion, protemn binding to lipid hgands, and
membrane 1nsertion of protemns (12,13) By imaging hipid
bilayers 1n aqueous media with AFM, both molecular
structure and morphological aspects have been demonstrated,
(14-17) Besides, the force spectroscopy mode allows us to
obtain valuable experimental information about the mechan-
ics of the systems with nanometric and nanonewton re-
solution In recent years, force spectroscopy has been applied
to the study of nanomechanical properties of ditferent
systems including nanomdenting hard surfaces (18,19) or
cells (20), studying the solvauon forces near the surfaces
(21,22), dealing with the interactions of chemucally func-
tionalized probes and surfaces (so called chemucal force
microscopy) (23,24), or unfolding protein molecules (25,26)
Thanks to these force measurements, valuable information
can be obtamed regarding phosphohpid nteracuon forces
such as those generated by either Derjaguin Landau Verwey
Overbeek (DLVO) forces, hydration forces, or steric forces
(27) Recent contributions have dealt with membrane nano-
mechanics using lorce spectroscopy, especially regarding
measurement of the elastic/plastic behavior of the bilayer as
a function of 1ts composition, or the nteraction with chem-
ically modified probes (16,27,28)

Concerning the force curves on lipid bilayers, some
authors have described jumps on the approaching curve, this
breakthrough being terpreted as the penetration of the
AFM up through the lipid bilayer (29) The force at which
this jump 1n the force plot occurs 1s the maximum force the
bilayer 1s able to withstand before breaking Therefore,

dor 10 1529/b1ophysy 105 064030
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Nanomechanics of Lipid Bilayers

a quantitalive measurement of the lorce at which the jump
occurs can shed light on basic information concerning
cell membrane nanomechanics as well as interaction forces
between neighboring lipid molecules in the membrane. Some
of the factors (variables) involved in membrane stability can
be assessed through this jJump in the force plot thanks 10 those
force spectroscopy measurements. Likewise, the force at
which this jump occurs can be regarded as a **fingerprint’” of
the bilayer stability under the experimental conditions in
which the measurement 1s performed, just as force is the
fingerprint for a protein to unfold or for a hard material
surface to be indented. Controlling the involved variables can
resull in a better understanding of the regulating processes
that nature can use to govemn cell membrane interactions.
So far, the main reported variables for breakthrough de-
pendence are 1), temperature (phase); 2), tip chemistry and
phospholipid chemustry; and 3). tip approaching velocity.
Conceming temperature, although there is much debate
about whether the jump can be observed in both the gel and
liquid phases or only in the gel phase, little is known ex-
perimentally about this dependence except for a report in
a recent publication (30) in which it is posited that the
breakthrough force decreases as the temperature increases.
Regarding tip chemustry and phospholipid chemistry, it has
been demonstrated that although hydrophilic tips yield a high
material-dependent breakthrough force, hydrophobic tips
give rise to a breakthrough force near the contact force (28).
Finally, the greater the tip approaching velocity, the higher
the force at which the jump will occur (31,32). However, even
though those parameters are now being studied, there are two
fundamental issues that have not yet been elucidated: 1),
the effect of phospholipid chemical struciure; and 2), the
effect of the ionic strength of the measuring media on the
yield threshold value. Regarding the former, a first approach
has been reported (27,28), but there are sull some questions
lacking answers: Is the polar hcad in the phospholipid
molecule the element mainly responsible for the bilayer
nanomechanics or does the hydrophobic tail also play an
important role? And further, does the degree of insaturation
also play a role in the compactness of the bilayer?
Conceming the issue of ionic strength, we know that
electrostatic interactions govern structural and dynamical
properties of many biological systems (33,34). In the case of
phospholipid bilayers, the role of monovalent ions (e.g.,
Na') seems to have been so far undereshmated, as theo-
retical simulations seem to predict. Indeed, MD simulations
(9,35) suggest a strong interaction between sodium and
calcium ions and the carbony! oxygens of the lipids, which
thus forms tight ion-lipid complexes, giving rise to a higher
degree of membrane orgamzanon. Likewise, the lateral
mnteraction between the phospholipid 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
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is always diflicult to assess the contribution of every type of
phospholipid to the total nanomechanical responsc of the
system. The role of ionic strength can be tested on all phos-
pholipid systems, even though for the sake of simplicity, and
to start with, we first dealt with mode! lipid membranes such
as 1,2-dimyristoyl-sn-glycero-3-phosphatidyichotine (DMPC),
1,2-ditauroyl-sn-glycero-3-phosphocholine (DLPC), and
1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC) de-
posited on mica. Later on, the study was extended to a
phosphatidylethanolamine (PE) bilayer, and finally, the nano-
mechanical response of a natural lipid bilayer (Escherichia
coli lipid extract) was studied.

The goal of this study is mainly (0 demonstrate an ex-
perimental. quantitaive force spectroscopy detailed ap-
proach to understanding 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 mem-
brane. The discussion and interpretation of the results will be
made in the framework of available data obtained through
both theoretical calculations and experiments to correlate the
changes in mechanical response of the system with the
structural changes induced in the membrane upon ion bind-
ing considered from an atomic point of view. Additionaily,
we aim to perform a first approach to relate the chemical com-
position of the phospholipid molecule with its mechanical
response.

MATERIALS AND METHODS
Sample preparation

DMPC (Sigma, St. Lous, MO) (>98%) was dissolved n chloroform/
cthanol (3 1) (Carlo Erba, Milan, Jtaly, analysis grade 99 9%) to give a final
DMPC concentration of 2 mM This dissolution was kept at —10°C A 500-
pl abiquot was poured in a glass vial and the solvent was cvaporated with
a mtrogen flow. obtarung a DMPC film at the bottom of the vial. The
solution was kept n a vacuum overmght to ensure the absence of organic
solvent traces. Then, aqueous butfered solution at the correct rome strepgth
was added to achieve a final DMPC concentration of 500 uM contaiming
0 mM NaCl. 50 mM NaCl, 75 mM NaCl, 100 mM NaCl, and 150 mM NaCl
+ 20 mM MgCls, respectively  All solutions used m this work were sct at
pH 7.4 with 10 mM Hepes/NaOH. Because ot the low solubility of DMPC 1n
water, the vial was subjected 1o 30-s cycles of vortexing, temperature, and
somcation until a homogencous mixture was obtamed The solution was
finally sonicated tor 20 nun (to have unfamellar hiposomes) and allowed 1o
settle overnight, always protected trom hight and mamntained ar 4°C. Betore
use, mica surtaces (Metahx, Madnd, Spain) were glued onto teflon discs
with a water msoluble mounting wax. Fitty mucroliters of DMPC dissolution
at the specific NaCl concentration was apphed to cover a 0.5 cm? freshly
cleaved prece of nuca for a deposition tme of 35 mn. After that, the mica
was nnsed three mes with 100 ul of the corresponding 1onic agueous
solution The process of vescle formation and depesition for the rest of the
phospholipid bilayers used i this work (DLPC, DPPC, 1-palmitoyl-2-
oleoy!-sn-3-phosphoethanolanine (POPE). and 1,2-dioleoyl-sn-3-phaspho-
choline (DOPC), all trom Sigma, >98%) 15 the same as that described for
DMPC In the case of DPPC, however, the temperature cycles for
resuspension were set to ~S0°C due to the higher T, for thus phospholipid.
E coli hipd extract (nomunally 67% phosphaudylethanolamme, 23 2%
phosphatidylgfycerol, and 9 8% cardiolipin), was purchased from Avant
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Polar Lipids (Alabister AL) Basicallv the polir liprd extract 15 the total
Iipid extr it preapit ited with acetone and then extracted with diethyl ether
(36) The process for vesicle formation 1s also the same as the one descnbed
tor DMPC

{-Potential measurements

{ Polential measurements were performed with a Zetamaster Parucle
Electrophorests Analyser through which the velocity ot the particles can
be measured with a hight scattermg techmque by using the Doppler cffect
thanks to 1 pur of mutuilly coherent laser beuns (3 mW He Ne lwer at
633 nm) Zetamasler me wsures the autocorrelation funcuon of the scattered
hight and after the signal processing 1t obtans the electrophoretic mobility
and finally through the Henry equation the {-potential

AFM imaging

AIM images were acquired with a Dimension 3100 (Drgata! Instruments
Santa Barbwa CA) miucroscope controlled by a Nanoscope IV controller
(Digital Instruments) n contact mode using V shiped S1aNy cantilever ups
(OMCL TR400PSA Olvmpus Tokvo Japn) The applied force was con
trolled by acquinng force plots before and after every image was captured to
measure the distance from the set point value

Force spectroscopy

Torce spectroscopy was performed with a Molecular Torce Probel D

(Asylum Research Santa Barbiwa CA) Force plots were acquired using
V <haped SNy ups (OMCL TR400PSA  Olymipus) with a nominal spring
constint of 008 N/m Individunl spring constants were ¢ ilibrated ustng the
equiprution theorem (therml nose)37) after having correctly me sured
the prezo senstivily (V/om) by measunng 1t at lgh voltages alter several
ninutes of performing force plots to avoid hysteresis It should be ponted
out that the results shown here for DMPC biliyers were obtauned with the
same cantilever heeping the spot laser at the same position on the lever to
avoid changes 1 the sprning constant calculation (38) However results have
low scattering when using different tips and different samples ~1300
curves over more than 15 positions were obtaned tor cach sample Al force
spectroscopy and AFM images were obtained at 20 = 0 5°C, which 1s below
the m un phse transition temper wure (7,,,) of DMPC (23 5°C) Besides we
have 10 consider here that 7, (or supported bilayers sifts to o higher tem

perature than obscrved n solution (3%) Theretore, we are indenting the gel
phase for DMPC supported bilwyers Applied forces F e givenbv F — £ X
A where A 1s the cintlever deflection The surfice defonmaton 1s given as
penetration (8) evaluated as 82— A where = represents the piezo scanner
displacement

Chemically modified AFM probe preparation

Commera il available gold coted canulevers (OMCL TR400PB Olym
pus) with nominal spnng constant of A — 0 09 N/m were cleaned and placed
mto a 10 mv 16 mercaptohexadecanoic acid (Sigma) 1sopropanol solution
and hept at 4°C overmight Before use tips were ninsed with sopropanol and
distilled water Sonic wion was briefly apphed to remove thiol 1ggregates
that mught be adsorbed The quality of the sell assembled monolavers was
conhmmed using contact angle measurements

RESULTS AND DISCUSSION
DMPC model membrane

A first expenmental approach to study 10n adsorption on the
membrane 1s the measurement of the liposome mobility 1n an
electrophoretic field and likewise measuring the {-potential
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Although the {-potential does not directly yield the surface
charge, but the charge at the point where the Stern layer and
the diffuse layer meet (shear plane), it 15 considered to yield
a significant approximation ol the surface potential Fig |
shows the evolution of the {-potential value of a DMP(C
unilamellar liposome solution as the 1onic strength of the|
solution 1s increased All concentrations refer only to NaCl
addition, except for the last point in the graph, in which 20
mM MgCl, have been added to a 150-mM NaCl solution to
mimic physiological concentrauons As the 1onic 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 1s widely ac-
cepted that most natural membranes are negatively charged
because of the presence of vanable quantities of negatively|
charged phospholipids, yielding surface charges on the order]
of =005 C/m*? (1) However, 1n this case, we have 1o take
nto account that even though phosphatidylcholine (PC)
heads are zwitterionic and thus theoretically globally un-|
charged at neutral pH, 1t gives nise to a negative {-potential
value (=120 = 1 6 mV) in mQ water This has been n
terpreted m terms of hydration layers formed around the
surface (40) and to the onentation of lipid headgroups (6)
The process of vesicle fusion to flat bilayer 15 assumed 10|
be electrostatically governed, and 1t 1s assumed that surface
free energy plays a key role (41) Freshly cleaved mica 15|
negatively charged upon a wide range of tonic strength (40),
so that according to Fig 1 the higher the 1onic strength, the
higher and the faster will be the adheston of DMPC lipo-
somes to the mica surface This process will be especially
favored at lgh 1onic strength, where the surface ¢ potential
ts positive (6 86 = 23 mV) The probable divalent catiorn
preference for membrane binding may also help to reverse]
the obtained net {-potential value (from negative to positive
values) Fig 2 shows AFM contact mode images of DMPC

15 4
10 4 }
5 5 " } 1
£ - .
3 l %
£ 01
g 1
2
w57 {
10
T T T T
0 50 100 150
[NaCI] [mM] + 20 mM MgCl,
FIGURL 1 { Potentill values of the DMPC liposomes versus 1omic

strength of the measunng solution Cvery point in the graph 1s the average ol
15 mdependent measurements  Error bars represent standard deviation|
values
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FIGURE 2 AFM contact mande fmages (3 X 8
i’y of DMPC bilayers in {«) distilled water, (b
HIO mM NaCt solution, asd {07 AFM contact
mode images €7 % 7 g’y of DMPC bitavers in
ESEh mM NpCl o+ 20 mM MpCl. All solations
were buflered 10 pH 74 with 10 mM Hepew/

NaCH. (e 63 Crosssection profile of fhe maked
areq in e Al images were tsken alfter 33 mi of

biliyers as the ionie strength of the surface is invreased, show-
ing that the degree of surface coverage is strongly dependent
on the amosnt of tons present in the system. Fig. 2 a shows
a5 X S-um® contact mode image of DMPC bilayer in
distilled water, Fig. 2 b shows the image in 30 mM NaCl, and
Fig. 2 ¢ shows a 7.5 X 7.5-um” image of DMPC in 150 mM
Nal = 20 mM MgCl, 10, Fig. 2 ¢.7 shows a cross section
of the marked area in Fig. 2 ¢ o which, thunks to the surface
defects. the bilayer height can be yoeasured at ~4.5 nim.

A series of 300-uM DMPC solations in Millipore water with
different ionic swengths (0 mM, 50 mM, 75 mM, and 100 mM
NaCl or 150 ;M NaCl + 20 mM MgCly, all with 10 mM
Hepes, pH 7.4 were deposited onto a freshly cleaved mica sur-
face and mounted on a Molecalar Force Probe 1-D Higuid cell,

Force curves (Fig. 3) exhibit a breakthroagh feature {black
arrowy) i the approaching curve correspording 0 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. Conceming the refracting curve we observe an
adhesion peak. which corresponds to the adhesion between
the silicon nitride tp and the susface. The width of the jump
{~4.5 am} corresponds 1o the height of the bifayer {cross
section in Fig. 2 c.7). In Fig. 3 a, the breakthrough {orce (also
called yield threshold} occurs at ~15 nN. This curve has
been taken in a solution of 150 mM NaCl + 20 mM MgaCl,.
In Fig. 3 b, the force plot was taken on a DMPC bitaver in
distilled water and the vield threshold is found a1 ~2.2 nN,
which is ~7 fold lower.

hApS ey 1Y 3 Bposoree deposition,
iy 7 |
€ 014
.3
= |
£° I
1 by
' dirail B
4] % 2 3 4
Distance fum}

Fig. 4 shows the histograms of the yield threshold foree
values ranging from 2.76 = (.1 | aN in pure water to 1493 =
0.09 aN in buffered high ionic strength solation. Those
histograms have been obtained taking only the successful
indentation recordings (we call a successful recording the one
that presents a breahthrough in the force plot). As we have
already clearly seen in Fig. 2, the higher the tonic strength, the
higher the degree of coverage of the surface. Thas, the
probability of a successfol recording is higher as we increase
the ionic strength of the solution. In the cases in which the
bilaver presents unvovered segions {e.g.. Fig. 2. ¢ and ),
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. All histograms
here shown belong to the same sasuple. However, maximum
variations of |5-20% have been found between histograms in
different experiments (e.g., different sample, different tip).

In Fig. 5, a graph showing the vield threshold force versus
the different ionic strengths is shown. Bvery point in the
graph comresponds to the Gaussian center of the Gaussian fit
s the data of the histograms shown in Fig. 4. Clearly, the
increase in fonic strength gives rise to an increase in the force
required 1o punciure the bilayer, This dependence gives rise
t0 a linear relationship between force and ionic strength
(stope ~70 pN/mM), (To obtain this linear fit, the last point
in the graph has been supposed ax a first approsimation to
Be 210 mM 1o account for the double charged Mg™” effect.)
Here we pwst point out that all experiments have been
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FIGURE 3 Force versus spueze displacement plot for g DMPC bifaver in
oy ESE M NaC -+ 20 ;M Mgl and ¢f) dictilled watee, Yidd threstold
is denoted by black arsows ab 15 aN (@ and-- 2.1 aN (&), The width of de
Jump, ~4.5 am, comresponds well with the bilaver height measured usiag
comact mude AFM

performed at the same indenting veloeity (400 nm/s) so thay
the small effect of velocity on the breakthrough force would
not impact the resalts.

It is important to point out that in a few cases a double
wmp in the force plots has been observed (Fig. 6). This
double jurup has been interpreted (42) as a second lipid
bilayer that has been formed on the tip. Interesungly. we
have onfy observed double jumps under high tonic strength
conditions (~10% of the total force plots under 100 mM
NaCl and ~ 159% of the total force plots under 150 mM NaCl
+ 20 mM MgCls buffered solution); they have never been
observed under lower jonie strength concentrations. Doe
the slightly negatively charged silicon nitride swiface
(0032 C/m” at pH 7.0) (43). bilayer deposition onto the
tip may be favored at high jonic strength in a process parallel
10 that observed for mica. Another experimental issue
supporting this fact is that this second jump has never been
observed when carboxyi chemically functionalized tips were
used, even in the presence of bigh salt concentration, bhigh-
lighting again the rofe of surface free energy upon bilayer
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FIGURE ¢ Hisogewns corresponshag o the viekd threshold force vidue
for DMPC hitagers under differeat twnic composihoss: {@h (M NaC v =
276 £ RNV = 3962 03 7S mM NaClL s — 603 = 004 nN (A -~ 568y
(o3 100 mM NaClov = 798 2 032NV = 8725 and (2 150 mM Na't +
20 mM MeCly, v - 1493 & 000 aN (V- 427), Al sesults coprespond to
& Crupssian tisting of the datis shown o the histogram. Resubis are presented
& the Gaussian cemter ¥ = 2aiv'N

deposition. These results are in agreement with those observed
by Pera et al. (42) and Franz ¢t al. (291, which correlated the
presence of the second jump with salt concentration. The
force plot recordings where two jumps have been observed
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have pot been tahen info account for data stutistics (Figs. 4
awd S).

To understand the nawure of the sudden breakthuough
{ump in the force plot), we have 1o take into account the
interactions that arise between phospholipid  molecules.
Apust from hydrophobic interactions between neighboring
tails. the PC head contains groups that are gegatively charged
tthe oxygen of the phosphate group) and positively charged
tthe yuaternary amine in the cholive moietyt. Two major
classes of short-distance interactions occur between the
PC beadgroups, One is the formation of water cross-bridges
between negatively charged groups in which a water mol-
ecule is simultanecusly hydrogen-bonded to two PC mol-
ceules. Tach DMPC molecule is bridged on average 0 4 5
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forve pht wowrs, probably die 1o @ wonnd Bipud Bilsyver depuaied on
the «ibicon rdidde AFM tp gues Ty secosd b Iy et rugy e stabilized by
the prone of sale.
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water molecules (44). The sceond class involves charge
associations (charge pairs) formed when the opponitely
churgad groups are located within 3 A of ane nther. Revent
M1 siroulations (434 Jound that 98% of DMPC molecules
are linked via water bridges sud/or choline-phosphate and/or
choline-carbonyl charge purs o form long-hived clusters
giving tie to a huge netwank of intctactions In panticular,
S0% of all PC molecules are linked to each other through
such charge pairs. This result suggests that headgroup-
headgroup interactions greatly contribute to the stabuliny of
the membrane and that clectrostatic mteractions play a key
role in membrane stability oven though PC i a zwittenionic
species at neutral pH. This electrostatic naure 18 in pood
agreement with the sadden jomp in the mndentation curve. In
castier worhs, we proved shatwonic single crystals break layer
by laver in discrete jumps becavse of elecostatic tepubions
betwesn s 1o the latice as the ARM peaetiates the <ub-
“trate (19). Interestingly, the force at which an iome vingle
crystal breaks (-~60 nN for u KBr single erystal) s of the
same ider of magsitode as that observed For a lipid bilayer.
This tact afone may caplam the shape of the breahthrough
tbrittle materialy, but cannot explin the increase of the force
value at which this jump occuss in the presence of cations m
the surrounding medium,

As we have ofnerved, the ¢ potential salue increases as
the onie Mrength is mereased. To deal with the merease in
surface charge vpon cation binding we can calculate the
surlace charge selated (o the {-potential value obtuined for
cach different ionic strength (Fig. 1) through the simiplified
Grahame eguation for low potenttals (46).

= £éa K, {1

where o stands for the wurface charge, k stands for the re-
ciprocal of the Debye lenpth, and dnp stands for the surdace
potential. The sorface charge valaes are 2,12 X 10 P Cam?
at 25 mM fome Mrength, ~ 1,30 X 10 % Cim” a1 100 mM
woniv strengih, and 6 89 X 10T CAm® at 150 mM NaCt = 20
MgCly. Those values are in agreement with those found m
Marra and Ivmelachvili (47). Howeves, they are far too low
10 explain the high Na* and Mg®' courdination numbers
found apon MD amulations The surtace charge caleulated
through the Gouy-Chapman theory assumes that the w-
terface between the membrane and aqueous solubon s pla-
far with zero width and that the chatge on the membrane #s
homogencously didributed on the membrane surface in a
contiuons way. This assumption has proved in MD sumn-
ulations 1o be rather dramatic in the case of a membrane/
aqueons solation interface. Even i this casc. simalations pre-
divt a surfuce potential similar to the obizined values thmugh
-potential  experimental measurements  (Gouy-Chapman
soodely for dustances > 10 A from the bilayer surface (8).
Thercfore, the Gouy-Chapman maodel theory deserihes
qualitatively well the membrane/sotution interface for dis-
tances > i away hom the **real”” membrane surface. The
huge discrepancy between the potential vahies obtatned
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through MD <imulatons upon ion bindmg and vhrough
¢ potential measurements may be roughly wathm this nano-
mewer interface According to DLVO theory, using the above
surface charge values, we can calculate the electrodatic n-
teraction ansing between the ARM up and the bilayer as the
tip approaches the bilayer by combinmy electrontatic and van
der Waahs forees.

4‘:7‘(70“« (l';,pR pl‘, ¢ @ quRI)P
e T

&t 6:
)

where arpagpe and o, are the surace charges for the DMPC
bilayer and the tip, respecitvely. Ry, 18 the radius of the up,
and A stands for the Debye length. #, iv the Hamaher
constant and 2 is the distance between the sample and the tip
Considerng H, = 10 ™ J (47, Ty = ~0 032 Chn® at pH
7.0, and a mean ares/molecule of 0.5 nm? (48), and taking the
obtained values {or the sarface charge wt different fonic
strengths, we can oblain the interuction forwe between the
bilayer and the hp Table t shows the results corresponding
to the surface charges and the interaction forces at different
fomie strengths wsig bare silwon nitride tps.

Silicon witride tips were used to perform {orce spectros-
copy expenments. At peetral pli, those uips are hnown o
be «hightly negatively charged, although there s a great
variabiity between individoal nps. As can be seen hom
Fig. 3. no wmporant reputsion or attraction (jump 1o contact)
can be observed epon force plots perdormed with the tow
negatively charged SNy tips. Therefore, it seems that the
breakthrough force camnot be (totally) explamed m enns of
electrontane interaction between tip and sample To have
chemically controlied tips (negatnvely charged at neutral
pHY. and to address the question of 1o what extent efectro-
static interactions can play o role in the membrane break-
through. we have fencuonalized gold-coated AFM tips with
To-mercaptohe xadecanoic acid (pK, — 473, swface potential

Py = T by =

TABLE 1 DLVO parameters for the interaction of the AFM tp
and the studied surface when the tip is bare silicon nitride
or carboxylterminated

X ey apam X 1O DING

ENCH M e €Y €y teves faNy
Ssheon miede op
g 192 -3 ~2 2 Q6N
(103 L3S 009 22 Qs
0973 THR  ~yfio =207 0004
[t} ] [ gus i3 Asteacton
U8+ §02 MaClx [ER O t XV [ A B0
Carboxy ] lermesiod sp
R4 1yl g5 212 026
08 bisy i3] -2 048
1073 1108 024 plizd (s3]
fi fan ~4329 -y 13 O
N45 & 002 VMa(l, N 6R2 1 51 689 Antnon

The wom Ay and ggape stasd for the Dhobye oy th, the b sfe
tharge and the alaver surtave chatge, respetivels, for bk fips.
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~  HimV (234 and we have performed force plots m the
sample in the absence of <alt ({-potential 120 = 1.6
mV, firdt experimental pont in Fig, 11 and under high jonic
strength (C-potental v 686 = 2.3 mV, fast experimental
pomt i brg. 1), A shght repulsion ts observed when both hip
and surface are negatively charged (Fig. 7 o and 3 siall
jump to contact (~~220 pN i seen when the tip s negatively
charged and the surface 1s positively charged (Fig, 7 6% The
repulsion foree 1 hagher when the toree plots are performed
at basic pH values (pH 9-12, more negatively charged
surface) and the jamp (o cotdact becomes greater at lower pH
values data not <hown). The oblained resulty at pH 74
totally amce with the resulls predicted upor DLVE theory
calculabons for the mteraction of a carboayl-ternunated tip
and the brlayer surface at defterent rome srengihs (Table 1)
Brefly. o destidled water, the surface  negatsely charged,
and o is the tip. Therelore, the mieraction force will be
repulsive and it will be lower than 260 ph. In high ionic
srength solution, the surface is positnely charged, so the
jump to contact 1 also predicted according to DLVO
calcututions, Likewrse, bere we have to point oul the alulity

FIGLRE 7 one plots obtamed ac 1 16 monwptoberadecanne aond
spprowrhies a DMPC bdayer wadet 1o dutilled wary, WM Hepes pH 7 4,
negais e strfa e Ghangs, aad g FSO M NaCt 4 20 mM MgCly soluton,
M Hepes pH 7 1 povteve surdace change, Yacld thieshold s mdeding
by an amew
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of chemically modified ups o sense surface chatges, even
when they e of a few mC/m® fn any case, the repulsive
forces are <21 aN and thus in both curves the yiekl treshold
point (arrow) clearly occurs at a much higher foree than the
electrostatic interaction foree regime hese presented.
Hyddration und <erie forees have been desonbed asy te-
sponsible fisr short distance repulsion hetween two npposing
bpud halayers Tndeed, ot s the foree needed o remove the
waker molecules adsorbed on amphiphitic groups a5 both
sinfaces come o contact (46}, 1t has been shown that the
1le ot water ¥s extremely enscial 1o membrane stabihity. fUis
therefrre quite straightforvard to think that hydration foree
may play a role in membrane mechameal Mability. There.
fore. it water was replaced with, e.g., ethanol. the overall
mawork created by the H-bunds would twe partially disrapted
and theretore one might expect that the yield threshokd
would be puich dower (that 15 to say. latesal interactions
between phosphobipid molecules in the membrane would be
reduced so that it would be easier for the tp 1o penetrate the
membrane}  Indeed, 3t has been reported that shurt-chan
alkanol, such as cthanol, displaces water from the netwmk
with axoveralf effoct of weakening Hpid-ipid dnferactions by
increasing headgroup spacing thigher area per Iipidi (493, To
address the question of whether this decrease in fatera}
interactions has any effevt on the nanomechanws of the
ysfem we have formed & DMPC bilayer under water and.,
once formed, replaced water with an BtOHM ater solution
3509 Yopna 0720 Immediately aller the solution was
added, a clear decreane in the rupture force was observed
doan to -5 oN, as shown in Fig. . Imerestingly, no
membrane disruption way observed, since m 100% of the
cases a gunp tbreak) in the force plot was observed Of
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the membrane had been disrupted, the retracting curve of
the forve plot would have shown not a clear adhesion peak,
indicating the «wudden saap-off fpun the worface. but a
continuens, nonreproductble feature that mdicates that ma-
terial i heing pulled ofl the surface, fo this case, when mem-
bragte is disrepted fur concentrations higher than 75,259,
ethanolfwatery, no jump in the exicnding force plot is ob

erved since membrane 15 nof pached enopghl. These results
are in agrecment wath AFM poages, in which ssershrane
dissohitton was not observed upon ethanol addition. and the
only observed feature was the growing of smalt boles fmhe
systom. supgestng 4 loss compact structure, Similar sovulia
have been obtamed when the bilayer has been formed under
high jome strength. Tn this case, the yield threshold values
both before and after ethanel addaiun were shifted w hipher
values on acconunt of the cations present in the bilayer. it
seems clear, then, that water plays a key roke in membrane
stricture and that this fact has a direct etfect on membrne
mechanical detormation.

Hydration force has been seported 1271 10 extend to ~5 nN
and cannot alone explam the force-distance curves acgured
with AFM untif the breakthrough point. This hydration force
is shortranged and follows the expression

Fee o th

where Fy, is the preexponcential factor, Z i the separation
between the sulaces, and A is the hydranon decay length.
Typically, Fo ~18-2 aN and A 0.2 035 nm for
measgrenents performed with a surface force apparatus (46)
and 2-5 greater for measusements perfoumed by AFM
between hpd bilayers and alhancthiol-tunctonalized pro-
bon(27), Tastead, a mechaneal contribution accountng for
the elastic deformation of the bilayer was needed to fully ac-
count {or the force-distance shape of the canve untif the plas-
tic regime was aclueved (27,

Molecular dynamics simulations have recently demon-
srated (7.9.35) that the presence of cations (ammely, Na'
ad (97} in the phospholipid metwork would change
drantically the structural and dynamical propenties of the PC
membranes, On average, every Na' cation binds to three
carhony} oxygens and tn one 1o Bvo waler oxygens. Due to
therr threefold increased size as compared 1o single lipuds,
these complenes are less mobile, As a consequence, a de-
crease in the average area pey lipid fonm {1635 am® 10 0.606
am® {282 i absoned for POPC, mving rise to & more
compuct overafl structure. lndeed, the difference in the area
per group 18 also reflected by the owdering of tl)\e tipid
hydrocarbon tails (793 A similar case apphed 1o Ca™ 7 each
Ca'’ cation binding 1w 4.2 PC heuds on average, The same
MDY sunulations rovealed thal despite those  sigoificant
chunges, the profile of the toiaf efectrie potential acrons the
bilayer for distances > 10-18 A {rom the center of the bitayer
i only slightly changed due to the close distribatton of C1
couateiung giving rise to a stemyg capacitor, and especially
to the fact that water malecuies reonent their dipoles near the

Fh)@x <y
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membrane surface {distances << 10 Ad, It is well known that
for distances less than this, water molecules do not exhidit
buik-like properties (R} Overall, the 1013] electriv porential
a nanometer away from the sarface does not change as much
as one would predict at gest sight, and thewe results are m
very good aceordance with the (low) values obtained upon
{-potential measurements, even when they demonstiated
the <ame tendency 1o increase in value as the ionic sirength is
mereased  Therelore, and accordimg 10 those molecular
dynamics simstations, the higher-order stmeture promoted
by ions on the bilayer that give rise 1 o e reduction in av~
erage area per hipid (higher compactness and 1o a more rigid
structure (lower diffusion coefficicnt) may be the cawe for
the higher membrane stability experimentally  observed
through the nanomechanical response of the system obtained
by force spectruscopy yoeasurervents. It eems then that
rather than drastically mcieasing the electrostatic potential
across the membrane {2 direction) the intreduction of ions in
the membrane gives nse to a much higher latersd interaction
within neighboring headgroups, with the overali resul of
a tigher paching and compactiess of the whole network
componing the membrane This increase in the lateral foreen
tcloser dastance hetween mdividual molecules) is prohably
the fast responsible for membrane higher resistance upon
breahing. This fact is in very good agresment with earlier
results obtained for halide single cryatal nanoindentation
{19). where we demonstrated both expesimentally and theo-
rehically that the yiekl threshold foree value was depen-
dent on the anion cation distance m the lattice (a lower
ton distance gave rise to o hugher yield threshold force value,
2.2.. for NaCl compared o 4 compound, such as KBr, with
higher jon~cation distance) in a single-erystal study of a ~eries
of alhali haludes To chucidate the role that thow reported
fateral interactions within the phosphofipid network play
upon membiane defernnatton we have applied & sinmphe
model that we proposed elsewhere (1), which takes into
account the lateral interactions while the wurface is being
deformed by an AFM tip. Those lateral interactions are
modeled by the dypamics of the deforming surface as n
coupled springs. According 1o this model, the dependence of
the surfice counterforee opposing the AFM tip penetration
follows the eapression

FBY = A8(1 — L2 + ) ()

where 4 and d, Mand for an effective spring consant equal to
the Debye waveveetor and the length at zero elongauon,
rospectvely. Tag. 9 shows the indestavon plot of & DMPC
hilay er measuned in agueous solution, 25 mM NaCll pH 7.4,
uritil the jurmp (onset of the plastic deformation) occurs, The
elastic spring muodel (4) has been fitted to the experimental
duga after the it - 10D pN felectrostatic mteraction) up to
the yield threshold. The fit 10 the mode] i shown in Fig, 9
with a continuous shaded ine, As is clear from the graph, the
fit deseribes yuite well the elastic deformation region of the
indentation plot. This fit guves rive to a & value of 17.1 N/m
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and a d, value of 26.1 nn. The 4 valoe indicates the sufness
of the surface upon deformation, whereas the o, value
wndicates the whole perturbed kength before breaking. To-
terestingly, s o value i much higher than those found for
alhali halide single arystals G, 0.9 £ 0.2 nm for NaCl)
indicating that definmation is a covperative process in which
many molecules are imvolsed in the membrane deformation
before breaking the deformed area being much greater than
the contact radius itseld) In the case of a solid alkali halide
swigle erpstal thas plastic fadure occurs becaose the charge
repulsion within the lattice o so strong that the surtace is not
able (o defon agymore, giving rise to a brittle failure in a fast
fayer by-layer plastic deformation process, Besides, the ratio
between the obtained £ and d values gives rive to 337 MPa,
which 18 a value similar to the reported reduced Young
modutas for distearoyiphosphatidylcthanolamine (170 MPay,
This ratio yields simitar values 10 Young modulus values for
iomc sydems, but faik for nomionic {covalent) sy<dems,
suggesting that lipid bilayer delommation can he partially
govermed by electrostatic interactions. The ~imple wpring
moded was wsed 10 deseribe elastic deformation of surfaces in
the nanometer range after reabizing that the Hertz model did
not succeed in describing elastic deformation at this <cale,
which is not surprising since the Hertz model is a macro~
scepic mode! and its boundury conditions are not Tulfilled
upon indentation with an AFM tip and alvo since we must
tahe into acvount hat the substrue is selatively hard as com-
pared to the organic layer $30), For a paraboloeid indenter, the
Herts equation yickls

F~43E-R 78", 5
where £% stands for the icduced Youag modutus, That the
clustic regime of Hpid bilayers cannot be described by
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the Hertz equation hax been recently stressed (303, A fit of
the experimental data 10 the Herte model is abso included in
¥ig. 9. wbhing R - 31 am (individually measured by imaging
a sthicon calibration grid, Micromasch, Ultrasharp, TGGO!,
silicon oxide), and fetting £7* be the froe variable (dashed
finey. As can be exsily seen, the Hertr model does not re-
produce the experimental data. whereas the spring model van
adjust the experimental data Besides, an esponentia}-growth
equation accounting tor hydmtwn forces {3} has heen alo
applied, but the hydration decay leagth QA vields an un-
realistic value of 2.8 oo If 2 decay length of 0.35 um is
fixed, the equation does not reproduce the expetimental data
at aft. Therefore, a mechanical deformation component of the
bilayer seems to De the factor responsible for miost of the
repufsive regire between the AFM tp and the ipd ilayer,
at least after the Arst nanometer separation. Simidar resolts
were reported for distearoy Iphosphatidylethanokunine bi-
layuars Q271

Kinetics

The incorpmation of jons inw the PC headgroup can be
finally proved to be a fully reversible process with relatively
fast Kinetics in the timescale of the experiment; a compact
fipid bilayer was formed in the physiologicat solution €150
mM NaCl = 20 mM MpClh, we measured the yield
threshold value, and. onee done, we replaced the solation
with distilled water. The vield threshold decreased to a value
of ~6.2 *+ 0,12 pN, increasing again to ~ 159 = 0,15 nN
when water was replaced with the former solution (Fig. 100
The watting tyme from changing the solution and measaring
was ~ HEmin m each cae, fo the samwe Hre, we studied the
direct evolution of the yield thredhold wuth time whike
changing the measuring ~olution by reconling >300
consecwtive force plots in the same spot of the surface over
wore than 1 h g, 1), Unil about experimeny 1200, the
measuring solution was water. Then, water was removed and
replaced with the fonmer high tonic strength physiolngical
~olution. The yicld threshold varied from ~3naN 1o ~15 nN
in -~ 13 min, and even though there is some scattering in the
data after experiment 1750 (maybe on account of not totally
homogenesous disribution of jum), a mose or lexs stable
value platean was resched. Thus, tabing info account the
region between the two plateans we can roughly assess that
the Linetics of the vystem has a rate constant of ~0.7 nN/
min. This fact indicates that the process of binding cations i»
not an instant process, In any wase. the Lineties of the process
is experimentally measurable within the AFM tinecale.

So far we have proved that the ionic strength gives rine o
4 buge increase in the force neaded by the AFM (0 penetvae
the membrane for a DMPC bitayer. The next step is to assess
whether this process takes place wah other PC bilayers and
alsy with bifayers compesed ol phuspbalipids with other
rvatterionic heads.
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PC bilayers: effect of ion-binding and
phospholipid chemical structure

Dealing oith PC bilayers, we have performed the same
experiment with DLPC and DPPC. which only difler from
DMPC inthe numberof  CH, groups jo the fatty acrd chain,
Fig, 12 <hows the hidogramys eorvesponding to the yaeld
thieshold valge for a DLPC membiane measured in water
(Fig. 12 ¢y and in high iome <trength phy siological sofution
(Fig. 12 £). The yield threshold value <hifts from 3.78 = 0.04
nN in the case of water 1o 6.12 = (L8 aN for high onie
strenh physiological solution. Data for DMPC measured
in water (Fig. 12 ) and in high ionic strength physinfogi-
cal solution (Fig. 12 dy are also inclwded for the sake of
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220



Ionic Effect on Phospholipid SPBs Nanomechanics

1822
=3 [SCIR S L ( t
2 Ve e '
DMPC water _ "
04 © R
R
15 SRS
o 3 - K
® N 4 R
g Lo,
-~ N :
3 10 e LT Tt N
- t *
% A e
* 3 I PR
3 <§ R B ‘s 1
g H LI « f
g F ARt
F} ] PR DRPC butier
0 - - s e
T E T ¥ T
¢ a0 1000 1504 2000 RE60
Experiment number
FIGURL 11 Banlunon of e 3 wohd deshiold fune value with wme mile

shne spot of the surface Ggoeong diat) sloug B exporme 1in sinch waser
wd rephaced with bagh foae sirengeh sol shwon howed by Theh e was
sl 10 e as e one steength soluhon was added Adter ~ 15 anxe a more
ar tees stable plateans toorvached The arage hine i meant fo gaade the eye,

compartson. Similarly. Fig, 12, e and £, <ows the histogram
for DPPC measured in water and in high ionic swrength
physiological solution, respectively  Again i this case the
etfect of sonic strength (F) is clear, since the breabthrough
force is 7.02 % 006 nN when measured 1 water soluiion
and 20.31 ~ (1.29 nN when measured at high onic stiength,
Fig. 12 & shows the change w {-potential value as the iome
strength of the medium iy increased from § M (distilled
watert o 100 M NaCl {or four ditferemt PC lipocomes,
namely DLPC, DMEBC, DPPC, and DOPC, In all cases, the
hugher the onic strength, the higher {less negative) the
-potential valug, meaning that in all cases there is adsorption
of mumoralent catbos in the membrane, which can be again
eanly correfated with the nanomechanics of the systems
(Fig. 12, a~). In hght of these resalts, in which phos-
pholipids with the same headgroup (PC) and different chain
length have been studied, the effect of the chemical aructure
of the phospholipid tail on the nanomechamcal response of
the bilayer can also be addressed. The comparison of the
yield threshold forve values obtained for the previous PC
brlayers, 1 €., DLPC U12:0% DMPC (14-0). and DPPC (16:0,
where numbers in parentheses represent number of carbon
atoms i the fatty aid chain per number of incatuations
(Fig. 12, e-fi. are summarized m Fig, 12 4, where the
telationship between the yicld threshold foree value and the
mimber of carbon atoms present i the fatts acid of the
phospholipid molecule composing the bilayer is shown,
Dark squares stand fo the measurements performed under
high 1onic strengths (Fig 120 6. d, and £) and white squares
stand for the measurements performed e disdtied water (Fig.
12, a. ¢, and ©). According to Fig, 12 i the etfext of fome
strenzth on the nanomechamies of the system is evident for
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the three PC phosphufipids dudied. However, thns effect is
especially outstanding in the case of NDMPC and DPPC
(viclding 2 vield threshold lorce value increment, AF,.
between the measurements obtained ander high iomic
strength and those obtained under distilled awater of 11
aN in the case of DMPC and ~ {4 nN mn the cave of DPPC).
This yield force value increment is smaller in the case of
DLPC (A, ~3 aN) This resutt conld be interpreted 1o
terms of the phase in which the different phospholipids are
present. Although DLPC {5y = ~1°C) 15 m the Hqud phase
a1 20°C, DMPC Ty ~ 24°C) and DPPC (T — 42°C) are
both in the gl phase at this temperanne. Theretore, these
rexuits sugpent that although jon hindmng has jnfluence on
both the gel phase and the liquid phase, 3t 15 in the gel phase
that this eflect i more enhanced. We have recently addressed
the effect of temperature on the yield threshold vatue of lipid
bifavers in a sytematic study that comrvhorates these resulis
(8. Garcia-Manyes, G. Oncins, and F Sanz, unpablished).
When comparing the nanomechanical response of the bilayer
for the two phospholipids present in the gef phase (OMPC
and DPPC) we realize that the longer the tail, the harder it is
1o puncture the membrane, vielding an merease of ~5 oN for
every twoextta  CH, groups presentan the hydrophobic tail
in the case of meduroments perfonmed uander high lonic
strength and an imcrease of ~4 nN in the case of measre-
ments performed in dstlled water. In this case, where phos-
pholipids are in the same igel) phase. these dilferences
become a direct measurernent of van der Waals inteeactions
hetween phospholipid neighbosing tails. Those revolts e xpes-
imentally demonstrate that the Jength of the bydmphobie
chains of the phospholipid molecules indeed have an -
fluence on the nanomechanics of the system. A systematic
stiely concerning the mdividual effect of the hydrophilic
beadgroup and the hydrophobic tad for different phospho-
bipids, both charged and zwitterionic, all in the same phase. is
an epgoing experiment in ous laboratory. Finally, the role of
the insatwations in the fany acid has alwo been tahen into
account. We have studied the mechameal responise of DOPC
18:1) o which, although the 18 carbon atoms in the chain
miay predict a higher yicld threshold value thas DPPC. the
insaturation m the chain gives nise fo a lower overall packing
of the molecule {~30° nling), clearly yiehlng a fower
resistance o rapture than expected g, 12 ), although it is
tound in the iguid-like phase, The influence of the st
uration degree and alsa of the stereochenistyy of the insatura-
tion (whether thus is in the oy or frans conformation) will
aleo be interesting for futuse tesearch in this area,

POPE bilayer

To chech whether the etfect of lon-binding on the mech-
anical respome of the membrune found in PC bilayers s abho
ohsenned in other switierionic phospholipid headgroups,
such as PE. we have measared the vield threshold vahses
with two difterent salt concentrabions for a POPE bilayer,
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The same tendency observed with PC s observed with PE
despite the different chemical stnicture of the head. At 50
mM NaCl the vield threshold takes phee at 163 = 0.03 aN
and increases to 3.43 = 0.04 aN when measured in a 100
md NaCl sofution. The fow vield threshold values compared
1o those vhserved for PC phosphiolipids can be explained in
terms of the chemical difference of the headgroap, the chain
unsaturation, the phase in which POPE is foumd at 20°C, or
a miixing of alf three variables. Fusther work that will hefp to
shed fight on the role of every variable (headgroup elfect
chain etfect, and temperature effect) in the panomechanios of
lipid bilayers s an ongoing experiment in our laboratory, In
any case, the role of jon-binding on PE bilayers scems to
follow the smne tendency observed for PC bifayers. Since
cations seem {o bind through the oxygen casbooyt of the
phusphate. the observed tendency is then not surprising. and
especially if we take inter account that MD «inislations have
shown similar results for phospholipid heads other than PC.

such as phosphatidylserine (31, and akso {or  mistare of
phospholtpids (81,

Natural E. cofi bilayer

Alter having studied the effect of jon binding on model lipid
bilavers, the tinal issue is to check it on o nateral Hpid bi-
layer. To this end, we have performed the same experiment
on an F. cofi polar lipid extract (nominally 67% phospha-
tidylethanolamine, 23.2¢% phosphatidylglycerol, and 9.8%
srdioliping, It principle, and according o the fact that we
have separsiely proved that both PC and PE mwembranes are
puactured af a higher foree as the ionic sirength tncreases, the
same result should be expeeted for this natural membrane
extract. Fig. 13, a—/, shows the histograms corresponding to
the vield threshold values found for £, colf membvane. where
the same yend is observed. Fig, 13 ¢ shows a topographic
immage of the £. coli membrane, and in Fig. 13 f the yield

Biophysicat Journal 89{3} 1812-1828
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threshold force versus jonic strength has been plotted, similar - CONCLUSIONS

to Fig. § for the model membrane, Iiteresungly, the slope of
the plot is ~6 pN/mM, a much lower value than that
obtained for the model membrane. Similar results have been
obtained for a nataral lecithin plant membrane (8. Garcia-
Manyes, G. Oncins, and ¥, Sanz, unpuoblished). This lower
contribution of the added ions on the overall nanomechanical
behavior of the system could be interpreted in terms of the
complexity of the chemical composition of the sysiem
(ditferent phospholiprds) that would give rise (o a lower
packing of the systent. However, although this effect is not as
outstanding as i was for DMPC, the trend is clearly seen if
we compare the histograms for distilled water (x = 160} &
0.14 nN) with those obtained with high ionie strength (v =
2.54 = 0.21 aN) (Fig. 13 2). Histograms for intermediate
e strengihs he i between, corresponding 1o the omic
strength concentrativms shown i Fig, 13, b and ¢
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We report on a detailed experimental guantitative force spec-
troscopy susdy on how ton binding affects maodel PC lipd
membrane nanomechanics. We have experimentally proved
that the higher the tonic strength, the higher the force that roust
be applied with the AFM tip w0 penetrate the bilayer. These
results are in agreement with recent works that have demon-
strated both experimentally and theoreticatly that cations (hoth
monovalent, e.g., Na', and divalent, o o) penetrate the
headgroups of phospholipid molecules, giving rise to a more
packed phospholipid network and a higher phospholipid-
phospholipid lateral interaction. This mcrease i lateral
interaction between neighboring meolecules may be the cause
for the extension of the efastic deformation region in the force
plots before the plastic region begins (yield threshold force
value). An elastic spring model that accounts for lateral
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interactions has been proved to fit the expernimental de-
formation data. Moreover, we have extended this work to a
natural lipid bilayer (E coli hpd extract), and the same
tendency was observed for the force needed to puncture the
bilayer to increase with ronic strength. We provide proof that
the binding process 15 fully reversible and we can estimate
directly the kinetics of the membrane response through lorce
speclroscopy measurements In additton, preliminary results
conceming the relationship between nanomechamcal response
and chemical composition of the hydrophobic tail have been
shown This work mntroduces a new mvestigation 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
1s an interesting example of how small vanations in chemical
composition both 1n chemical structure and in the surrounding
media can translate into considerable vanations in the nano-
mechanical response of the membrane system
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5.4.2 Effect of pH and Ionic Strength on Phospholipid
Nanomechanics and on Deposition Process onto

Hydrophilic Surfaces measured by AFM

S. Garcia-Manyes, G. Oncins, F. Sanz

Department of Physical Chemistry, Universitat de Barcelona, Spain

Electrochimica Acta 51(24), (2006), 5029-5036

5.4.2.1 Summary

In this work, we explore the effect of the pH and the substrate on the quality
of the deposited phospholipid SPBs. Concerning the pH issue, we must remember
the SPB formation process: the phospholipid liposomes that are in solution contact
the substrate and if they interact favorably with it, the spherical liposome collapses
in favor of a planar bilayer. As you may expect, the electrostatic charge of the
liposomes and the substrate are extremely important in this deposition process.

According to this, the results can be summarized as follows:

e Zeta potential measurements reveal that the surface charge of PC liposomes
is highly dependent on the solution pH and I value. Considering that mica has a
residual negative charge, AFM topographic measurements reveal that PC SPBs
improve their quality when the liposomes are positively charged. In the case of

negative liposomes, the deposition does not take place.
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e The P, value in the bilayer breakthrough process decreases as I value
increases, suggesting that the presence of ions in the medium modifies the

monolayer thickness.

e Similar F, values were obtained for SPBs supported on different substrates
(mica, SiO, and functionalized mica), suggesting that the substrate morphology
does not play a key role on the quality of the bilayer and that the presence of

ions is the key factor.
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1. Intreduction

Lipid brlayers are the magor constituents of cell inembrane
Cell membrane separates the extra- trom the mtracclular ot
thus plagiog an smportane straciwal ole Forthaimoe, o pro-
vides  bareser that divides elecnolye sefutions mio difiurent
couppariments Therefure, the elfect of dlectrolyte solutiony
on membrancs 1 of great smportance and hay desenved wide
research (1} From an experunental puint of view many works
have dealr with the guantiicaiion oF memibrane susface potentia
thruugh the elecrphoretic mobilny of hpsd memtn anes undar
sofuuons with different womc strength allowang the caloulation
ot the &-potentiad value {2 3} To a more gesere step, the study
of the physicochemical properties of Tipsd brlasers i ertvial (o
understand many Tophyswal processes that sceur an the ol
membrane wierface {4] Most of i stedies concernmy hpsd
Brlayurs hase been camied out in solation mvolving therr lipo-
~ome form o the viaruty of & wbstrate, these hiposomes break

Y Castusponding gutier fod #3193 28245 to + 934021204
b oeeaslaandetsst »eom@ sy, 1 st plves 15 Catots Mamen
bz St odu ik Swn

B4 1685 we ot raatinr 0 2006 Puldished bs ¥ lesicr Lad
dea 10 5Dy chitacta 280 01002

and adhere 1w the subsizaie thus fonmng @ continuows layer
th 1 remams assembled thanks 1o the gh intermolecular forces
thiat uad two nughbonng phospholipd molecdes together and
also 10 the torces arsing besween the scsicle and the subsbate
{56] Suh buasers are hnown as supported planar bilayers
£SPBs 1, and ate toead to vorrectly muane b membranes up
1o an extent {7} SPBs have been used as model membrancs
sutdy cel- dl recogniion m the mmane system adhesion of
celts phosphobipd diftusion, protern binding to lipid higands and
membrane isertron of proterns 8,91 Morcover they hasve been
widedy used i rosenor applseatsns {18 15 Undoraanding
Bow suppetted planar iipid bikavers (SPBs) assemble and wlach
are the mteraction lorces that act betweun vesacle and sabaate
surtaces and also betweon memhiane suefaces is fundamentat to
Lfhnts mchemsiry sructsrd bology, and tsophyr< [6 16]
Atomie forge miroseopy (AFM) has ravcaled s be a pon

erful tool when 1t comes 10 inveshigating the pographic char
ackersties of surfaces with subminometnic resotstion {17-20]
Concernmng SPR AL M um ainy undit igind easironowent has
prosided valuahle i ormation i gardmg SPB apecading, dumain
separation, tapographie evolunon wih tane ¢t Besides thanks
tothe Eorce Spevtroscopy made, the meansurement of 1he siterac-
fum fon ey ansine betwees o the ATM Gp and the stodsed s face
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has been possible In the particular case ol SPB. Force Spec-
troscopy has atloned (o acquuire busie mtonmaion regarding
DLVO. hvdragon and sterie forces arsen hetween biprd bilayvers
with peonewton resofution 217 Vioreoser, the sanomechames
of the systeahus been also assessed thanks to force spreaamncopy
meauvrements Indecd, the foree needed to puncture the mem-
brane has been related o the fateral interaction force ansing
hetween two nerghbonng molecales and can be regarded as a
imgerprint of membrane stabdity  The {orce needed 10 puncture
the montbrane has been reported o depead on the tp approach-
g velucaty [22.23), on the chemical composimion of the sy stem
[19.21 on the themidynamee phuse of the hpd (lemperature)
£23 24} and on the ronie suength ol the system [25]

Regarding the latier, we have recently proved that the higha
the sonte strength. the gher the force needed 10 penvtrate the
braver with the ARM tip [25]. fndeed the eftect of wn-binding
has been proved to Lagely change suime physicochenueal prop-
vrties of the membiane soch as the phase tansition wmpera
ture {26] or the membrane surtace potential {2.27 28] Divaknt
catsons have been shown o ellectivels bond o the membrane,
thus increasing the swurdace patential value, whereas the role
of mopovalent cations upon mestbrane bisding has buen oo
tar uoderestunated {29] Thaeks 1o recent maelecular dynames
(MDD semulations [30 32] un atomnstic vision of the »y stem has
been possible and the ebtamed results ighlight the role of both
monovalent and divalent cations upon phospholiped headgroup
binding

There ts a three-fold goal 1n the present paper On the one
hand, we sim terelate the & patenual evolution of the hposumes
with the degree of coverage of an hydrophihic fat surtace such
ay mica (1) ax the pH value ol the mediom s vaned and (i} as
the ot strength of the system 1 vanted  On the other hand.
we want to extead these resufts to another technologieal impor-
tant surtace soch as stheon{ 1 | F+ S0z Last but not Teast we
atm tastudy whether the nanomechaues of the sysem depends
on the substrate or if, on the contrary, the mechanical resposise
of the snembrane 1 decoupled from the supporting surtace To
this purpose, we have studred the nanoniechanical properties of
the memibrane when supported oo bydrophhic surfaces such as
meca, S$1I0; or freshly annealed gold and also on o hydrophobee
<atface cuch as APTES-tuk uosalized mcasurface Thes mlor-
mation 15 unnal when studying, e g the mteraction hetween
supponted ipud ilay ers and taeget protemns m possible biosen-
son applications

2, Materials and methods
2L Sample preparation

L2-Damyristovi-sa glyeero-3 phosphocholine (DMPC, Sag-
ma, 987 ) was disohved 1n chlvoformo/ethanol (3 1Y (Cailo
Lrba. analysis grade, at 99.9% ) to gave a final DMPC concen
tration ot 2mM This dissoletion was hept g ~10 C A S0 pd
ahguote was poured m a glass vial and the solvent was evapo-
rated with @ mtrogen flow, obtammng a DMPC film at the battom
ot the sual Sotutron wax kept 1 sacbum overmght to ensure
the absence of orgamie sufvent iraces Then, tot the expersments

performed at dsbferent 1ome strengths agueous <oluton at the
corect wone strength was added antad a bsal 300, M DMPC
concentrabon and OmM NaClL 30mM NaCl 75 mdM NaCl,
100 mM NaCt and 150 mM NaCl+ 20mM MgCla rospectnely
arad pH was set 1 74 with 0o Hepes™NaOH In the cane
of the expeninents paformed at ditferent pH, sovanal bofter
solusons were used, pil 4 was attamned wath HAG pH 7 with
HEPES, pH 10 with Tris and pH 2 and 12 were attamed with
HCI and NaOFL respectively. In order (0 mamtan a constant
wiie streagth, butfor concentration wax et 1o 10mM for alt
samples Because of the Jow solubility of DMPC 18 water, the
vial was subyected te s cycles of varlexng, temperature amd
somcaiion vnul the obtenuon of « bomogeneous macture The
solutson was finally somscacd tor 20 nun (ia onder to have vml-
amellar posomes) and Jot it seude overmight always protected
from hght and mamntamed at 4 O Poor to s e, nuca sw
faces (Mcetafix, CLLS grade) were glued onto Tefton dises with
a vwater snsoluble mounting wax A S0 of DMPC dissolunon
atthe specihe NaClcongentiation were apphed to cover £ 3om?
freshly Jdeaved preves of mica for a deposibion ume of 35 sun
Atter that, mica was prvsed three sines with 100 pk ol the corre-
sponding 1081C &gueous salution The same procedure way fol-
lowed when the substrute vsed was ulicon oxwde (ahcan{1 1 1)
waters, Siltronsx (Archamps, France) n phasphor, § 15 Qem,
thsckness 300550 1un have been ciched wath hydioflaonice acd
tMerch, Seprapur. Germany 1 and natnve oxade was let grow lor
four days under controlfed atmosphere

The godd ~ubstrate was provided by Arrandes (Werther, Ger
mam} Brelly, it conasts of a borosthicate glass cosered with
& chrosntom g er B-4am thuk on tie op ol winch & gold
layer 200300 nm thack is deposited This surface s immersed
in prrantta solation for 10 nun. extensncly rased with ethanol
and dred with a nurogen flow Then, the pokd surfuce 1s flame
annealed (botane flame) tor 3min and couded under ntro-
gen This process sesults in a dlean, hydiophthe gold <urface
1331

Hydropholic amine-functionalized mica surfaces were pre-

ared by stmply  expoung freshly cleaved mica o (3

ammopropy tcthoxysdane (APTL S, Allch) vapouns under
{ow pressure comdiions for 304 {344,

2.2 Zeta potennal measusements

E-Poteanal measarements were perlormad wath a Zetamaster
Particle Elecropboress Analyser theough winch the velooty of
the particles can be measured wath o hizht seatteriag techogue
by using the Doppler effect thanks to 2 pare of rataally coberent
faser beams (5 mW, {Te-Ne Liser at 633 am) Zetamaster mea-
sures the autocorrelaon lunction of the scattered light and atier
the signal provessng it obtains the electrophoretic mobality and.
finalty, through the Henry eyuation. the S-patential

23 AFM imaging
AFM unages were acquired with @ Dimession 300 (g

ital Instruments, Santa Barbara) mcroscope controlied by a
Nanoscope TV cleetromes (Dpal Invtruments Calitornta) 1o

2249
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contact mode using Veshaped SigNg tps {OMCL TR400PSA,
Olympas, Japan) cantilevers. The applied force was controtfed
by acquiring force plots before and after every image was cap-
tured.

2.4. Forve spectroscapy

Foree spectroseopy was performed with & Molecular Foree
Probel-B (MFP), Asylum Rescarch (Sumta Barbara, CA).
Force plats were acquired asing Veshaped SigNs ups {OMCL
TRADOPSA. Olympus, Japan) with 2 nominal spring constant of
.08 N/ Individual spring constants were calibrated using the
equipariition theorem {thermid noise} {35} after having corvectly
measured the oprical lever sensitivity (Vinm) by measuring i at
high vohages after several mimses of performing firce plots 1o
avoid hysteresis. Tt bas to be pomted out that the results bere
shown for DMPC bituvers were obtained with the sume can-
tilever keeping the spot laser at the same position on the fever 1o
avoid changes in the spring constant caleulation {36}, However,
results have low scatiering when esing different tips and dif-
ferent samples. About 1300 curves over more than 13 positions
were oblained for cach sample. Al force spectroscopy and AFM
images were obtained a1 20+ 0.5 °C, which is below the main
phase ransition wmperature (7} of DMPC (235 °C). Besides,
swe have weonsider here that 7y, for supported bilayers shifis o
a higher temperatore than observed in sofution {371, Therefore,
we are indenting the gel phase for DMPC supported bilayers.
Apphied forces Foare given by F=4.4 where is the cantilever
deflection. The surface deformation s given as peactration (8)
evatuated s §=2 . where 7 represents the piezv-scanner dis-
placement.

3. Results and discossion

3.1, The rofe of pH and ionic strength upon vesicle fusion
und depasition

n the provess of vesicle fusion nto a fat bilayer, surface
energy seems o play an important role [38] Freshly cleaved
niea is negatively charged under a wide range of onie strength
and pH {39} Fig. la shows the evolution of the &-powntial
value while varying the pH value of the measuring solation hy
mamtaining a constant oaic strength, which corresponds to an
electroanalytical titration of the lipid bilayer [40]. At a fivst sight.
un incrense of the &-potential value as the pH value decreases
is observed, This experimental observition idicaies thag H*
are bond 1o the choline moiety of the phospholipid headgroup,
in particular w the phosphate group of the phosphatidylcholine
axnety. since it 18 the only chemicul group that bolds ionizable
wroups. Interestingly, sven though phosphatidylcholine is 4 awit-
wrivnic headgroup, it exhibits & ool negative charge at neuteal
phL This has been interpreted interms of hydration tavers formed
around the sarface | 391 and to the orsentation of hipid headgroups
131 Fos important fo point oat that the F-potential measaremments
o not yield direcy inforaation of the surface charge, but of the
charge measured at the point where the Stern layer and the dif-
fuse layer meet (shear plane). However, it 1s considered to yield
a sigmiicant approximation of the surface potential. The titraton
of phosphatidvichofine lipid bilayers with chenncally function-
alized AFM tips has heen experimentally addeessed elsewhere
{411 According 10 Fig. 1a. DMPC liposomes exhibi negative
charge at pH>~3.5 and positive charge at pH<~3.5. At pH
3.53-4 the 2ero charge potental is found. According 1o those

Fig. bt Beolution of the & potential vadue of a DMPC ailametfar 1

as the pH value i varied. The fonic seength of each preasuring sofision is

kept constan at 10 mM. A S pum 2 3 v comace raoske AFM innges of 2 mica-supportest DMPC bilayer fornwed and deposited @ siffercnt pH valugs. i 2, (0 4, ()
7, qe) 10 and (5 12, Note that inmages do ot comespond exactly to tie pH vabues at which te g-potential bas boon mcasied i fah. (€.1) A crossescetion profile of

she bilayer in order to measure the Bidayer heaght.
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Fig 2 A Spa x S contact mode AFM images of @ SiOz~supported UMPC bilayer formed snd deposned at different pH vatues: (3 2040 7 and 103 12,33 13 A

cosss-seution protiie of the bilayer iy onder o measure the bitayer beight

resalts, and taking inte account that mica is negatively charged,
a hugh degree of surface coverage should be expected at pH <4
and i fower degree of surfave coverage should be expected at
higher pH values if the glubal vesicke Fusion process s assumed
o be clkeetrostatically governed. Fig. 1h shows @ S pm x 5
AFM comtact mode wage corresponding 1o a DMPC hilayes
formed and deposited at pH 2. The mica surface s practicadly
fully covered at this pH value (7% surlace coverage). The sur-
face coverage ratios shown correspond with the mean value of
the analysis ofat keast five images obtained on cach sample at dif-
ferent locations. The dacker hedes correspond to the mica sorface
and can be used to assess the height of the bidayer, 4.6 4 0.3 am.
Fig. te shows 2 3 pm 7 § s AFM contact mode image where
the DMPC ilayer has been formed and deposited at pH 4. 1n this
case, acompact huge bifayer is also observed, even though in this
case the uacovered mica sarface segion is fugher than in Fig. 1b
(749% surface coveraged. A cross-section of Fig. 1 s shown in
Fag. et where the beght of the bilayer can be measured {0
be 4.5 =03 oo Fig. 1d-1 alse shows § pin X 5 um images of
a DMPC bifayer formed and deposited at pH 7.0 (Fig. 1d), pH
1 (Fig. tey and pH 12 (Fig. 10, Itis clear that as the pH value
iy incrcased and the surface potential acquires @ more negative
valug, the degree of bilayer coverage decreases (35% at pH 7.0,
A8% at pH 10 and 32% at pH 121 and the formed bidayers are
less compact and far tess fusioned. We conclude, then, that pH
has an important effect on membrane deposiion wn suca, In
order to check whether this temdency is alsi observed with other
hydrophilic substrates, we have performed the same deposition
procedare on & S 1 1) substrate extubiting a native Si(s layer
on Hs susface. Silicon oxide surface exhibits negative charge at
pH values »3.8 and almust no charge (fully protossted species)
at lower pH values 421, Fig. 2 shows S pem 2 § pan AFM contact
mode images of & DMPC hilayer formed and deposited a pH 2
(Fig. 2at, pH 7 (Fig. 2bjand pH 12 {Fig. 2¢). These vesults indj-
cate that the same tendency observed upon nnca deposition 5
observed on SiUs surface: at low pH values iposame positively
charged), the deposition and spreading of the bilayer on the pega-
tively charged surface is favored (Fig. 24, R9% surface coverage
whereas at higher pH valoes (Fig. 2h). elecirustatic repulsion
hetween negauvely charged liposome and surface results in a

Tow degree of surfsce coverage or even i an absence of surface
coating (Fig. 2o, 5-8% surfuce coverage). The cross-section pro-
file of Fig. 2a (Fig. 2a.1) allows to measure the height of the
supporied bilaver (4.7 & (0.2 npd. which is in very good aveu-
dance with the btained resalis observed 1 Fig. to

In order o systematically study the role of 1onic strength on
the fiposame fuston process we have reproduced the same exper-
ment depicted in Fig. | In this case, we have kept constant
the pH value (pH 7) and we bave measured the zeta poren-
tial value at different tonie strengths. The results are shown in
Frg. 3a. According w these resulis, at pH 7 liposormes are nega-
uvely charged from OmM jonic strength (deronized sater pH 7,
=124 LomVi to 10mM NaCl where the zers charge point
is found. Upon finther increasing the waic strength value up 1o
physiological vatues (130 mM NaCl+ 20 mM MpClxs anar pos-
wive zeta potential is measured (6,86 :£ 2.3mV), reselung in a
positive surface charge. The probable divalent cation preference
for membrane binding {43} may also help to reverse the obtained
net zetx poternial value (rom pegative values W positive val-
ses). Recalbing the negative surface charge of puca at dhifferent
ome streagths, the process of wesicke deposition and fosion
o a flat balager may be also favored at high ome strengths
{wegative sarface-positive liposome sarface) in view of the elec-
wrokinetic residis observed n Fig. 3a. This 15 expenmentadly
confirmed upos AFM contact mode images. Fig. 3b-¢ shows a
3 p 5 m images of a DMPC bilayer formed and deposited
at mM NaCl (Fig. 3b), 50mM NaCl (Fig. 3¢). 100 mM NaCl
{Fig. 3d) and 150mM NaCl+ 20mM MeCh (Fig. 3¢k As it
can be clearly ohserved, as the sonic strength of the systemy
ncreases. the degree of surface coverage 1s also tncressed {51%
at QoM NaCl, 68% at 50 mM NaClL 80% at 100 mM NaCl and
216 at 150 mM NaCl+ 20mM MgCl: since the #eta poten-
tial value becomes kess aegative G even positive af high onic
strength.

3.2 The role of wmic strength on the sanomechanics of
DMPC bitavers

So far we have deslt with the role of wn hinding and
pH on the deposition process of upilamelar fiposomes onto
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Fig. 3. dad Evolssion of the £ potertinl valee of 3 IIMPC sailarseiby fiposome solufion as the iome strenpth o the msasuing sofation is vanod. The g value of gach
mesuring solution is kopt consiant @ pH 7. A S pm x 3 pm contact e AFM baages of a mica~supported DMPC hilayer forast and deposited under differmt
e serenpth vatues: {55 G NaCL (0 30 M NaCl, ey 190 mM NalCl and 123 159 mM NaCl+ 20 M Mgl

hydrophilic surfaces, i.e. the role that cations play within the
swrface-iposoine inferface. Besides, cations afso play an impor-
tant role upun binding two neighboring phospholipid malecules
together trough the carbonyt of e headgroup, thus creating
a huge network Hoked twough cations and water molecules,
as recent molecular dynamics simulations predict. The cation~
binding process resuts then in a closer distance between
molecnles ower area per molecule value) yielding a more
packed structure, which increases the strength of fateral inter-
actions between neighboring molecules. This molecular reor-
gantzation in the presenve of cations is related o a different
(nanoimechanical respinse of the membrane upon the applica-
tion of force. Indeed, the increase of Jateral interactions can he
assessed thanks to the increase in the force needed b puncture
the menbrane with the AFM tp us the jonic strength of the sys-
tent s increased. This fact can be observed in Fig. 44, where
five force curves on a DMPC hilayer are shown. In Fig. 4Afa),
the membrane was formed and deposited undes deionized water,
pH 7.4, and the membrane indentation (which is related to the
discontinuity in the ploth oceurs at 3.7 aN. This force value cor-
responds to the force ar which the tip penetraies the membrane,
which is related 10 the onser of plastic deformation. In Fig. 4Adh)
{StmM NaClh the vield threshald occuns at 6.0nN. Upon
increasing the fonic strength up o 75 mM NaCl {Fig. 4Ac)
the yield threshold value ocours at 9.0nN, at 100 mM NaCl
(Fig. 4A(d})} the yield threshold force oecurs at 11,1 nN, and
thnally. at high jonic strength (150mM NaCl+ MgCly, which
mimics physiological conditions) the yiekd threshold force value
occars at 15,9 aN (Fig. 4Afe)). Aceording to these results it
seerns clear that the effect of ion-binding is related 1o the increase

of membrune resistance upon breakthrongh. These values are
sttistically confirmed 1o 4 recerw publication, whese we also
analyzed the different forces that play a significant role in the
nanomechanics of the lipid bilayers 28] According w these
expermmental resuits, DLVO forces ocouring between the sub-
strate and the AFM tip only account for the first aiuges of the
force plot (range up to a few humdreds of pN). At higher forees,
the membrane deforms elastically until it ix no Jonger able 1w
withstand the force exerted by the AFM tip. At this moment the
{ip penetrates the membrane giving rise 1o a discontinuity in the
force-sdistance curve. The width of the jump is related o the
height of the merabrane, as @ 1s shown i Fig. 48, where the
evesdution of the width of the jump with 1omic stremgth s shown,
According to these results, the width of the jump decreases
with the jomie sirength until reaching a platey at ~75 mM.
This trend can be interpreted in terass of the role that the elas-
tic deformation plays upon the membrane nanomechanics: al
fow ionic strengths the membrane compactness is rather bn-
ited and theretore the membrane i3 casily punctared. and the
width of the jump accounts for the total height ol the membrane,
as assessed through AFM images. At higher tonic strengibs,
bowever, the bifayer can be vlastically deformed before being
penetrated by the AFM tip. During this clastic deformation
the AFM tp is eserting an increasingly higher force on the
mentbrane. 50 that the membrane can be elastieally squeczed.
When the membrane is no longer able to withstand this applied
force, the jump in the force plot occurs, and in this case the
distance that the AFM Gp has 10 travel to reach the substrate
is fower (less piero-displacensent) since the bilayer bad been
previously efastically deformed. The force at which the mem-
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brane breaks (omet of plastic deformanon) can be then eanily
assessed by the dis ortiauty i the torce plot The farce atwhich
thes dhicconipaity aeeuns can be then reparded as the fiager
prmt of membrane {nanodmechantcal statwhity and it 1s related
to the tp approachmg velocsty {22 ome stiength [25) tem-
peratare {21 and phoespholipd chemical composttion of the
bifayer {44] The same tendency has been observed upon lat-
erdd torce rmeroseapy studics (151 Theretore, we come to the
amclonion that atormc force mictoscapy through s {oree vpee-
troscopy miede vs the only techagse that allows to hase a praare
of the nanomedchanies of the provess at the nanonewfon scake
and at the single molecale fevef besides molecufar dyvnagues
sunufatons

3 ¥ The eflect of the ubstrate on the nanomechunics of the
svsfea

Fhanks 10 the ase of the atonue foree mucroscopy mages
we have assensed that fipocome fuston amd deposition i a pro-
cess Hhat s haghly dependent on the pH and the yome sireagth
of the measusmy medium, (e gpriant vanables to be kept
under control i electrochemntry experiments Forthenmore,
{oree spectroseopy reveals o be the sonable wol when st comes
@ stdy ing the nanomechamical response of the bilayer under
the appliatum of torce Fhanks to the fore spectioseopy mode
we have ovpeimentally provad that suue strength plays alsu
an mportant sole m the miaface eiween two neighbornmg
modecules, grvmg tse to an overall more pached structure with
enhanced mechanical response Next step i then 1o decouple
the {possible) contributions of the substrate on the panomie. bas-
1wal behavicw of the membrane Indeed, 10 frosensor technology
W Es HRPOFLAnt 1o assess that the properties of the huncismal
wed Layer are (httley influcnced by the natare of the subsirate i
order tohave reproducible results Tothis aun wehave compared
the nanomechanical tesponse of ¢ DAPC bilayer deposited on
mied at 0 mM NaCl dewnrzed watery pH 7 tHepes/OH) with
the nancrnechanical response of the same membrane uader the
same experimentad condins depostted on the i3 substrate
and abo under treshly anncaled thydrophdio [¥3) gold Tlie
fustograms corresponding to the breakthrough lorces Jor the
three expenments ate shomnan Tig 53 Fig Sa shows the his-
togram conesponding to the yeld threshold forve obtamed on a
DMPC tlayersapportad on mica, whereas the histogram showsn
ml g Shoomresponds to the <ame brtayer suppuorted on S1€); and
on gold (kg S0 Gaussian ltting to g Sa viekds « threshold
forve satue of 31120 38nN whoreas 18 the case of Fig 3b
the yefd threshold foree value occws at 3280 070N and
i the vase of gold the yiekd thieshold fore value occurs at
344 E£0 130N Theretore, the ditlerence between the resuls
concermny the tree substrates 18 ~9%, which 1s lower than
the uncertianty obtaned for spring constast Lalibravon {~ 1541
(361 We can conclude then, that we are mdecd measunag
the “bue” nanomechanical wesponse of the bilayer and that au
eftect af the substrate 1 tound upon statistical teatment of the
yield threshold foree valoe data Finally, we have conducted
the same expeniment on # hydrophobse substrate §34) such as
APTES-functsonalized mica surface Tn this case. the bilayver
would probably auquire @ teverse structure, with the hydropho-
bie s facimg the obstrate. Theseture, s SUCTEMIRG te anaess
whetter the reverse contermation of the bilayer would give 1se
to the same vield thieshiokd foree vahue than the one obsrsed
lor the three hydrophihic substrates shove commented Fig &
shows the histogram corresponding to the yield threshold salues
of a DVIPC brlaver supported an the mwa-functionalized sub
sirate Gausstan fituny o the ustogram yiclds the torce value
ol 36920 12nN Ahkhough turther cxporuments on difletent
hydrophobse substrates such as graphite <hould be vonduced
these prehimnary results suggest that the mechanscal resisance
of the bilay et at the nanometer suale remas the same regandless
of the orentation that the bilayer acguues m the deposition pro-
cess ay avomsequence of the hydiophilicydrophilic nauare ot
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4. Condusions

fa s work we have eaperuentally proved th d pH and jons
stangth have a gieat effuct o supported planar birfayer deposs
von aad spreading onio by deophilic substrates such as mica and
st oxtde Thie process seems o be dectrostatically min
wred sime the depree of amte anerage strongly depends
ue the fiposome surtas e Charge s 2ota potentnd mc s ems s
evdl These moeauremenns athaw us o sypermentally con
him that 2w aticrany, hpad bayers such as phosphatsly i bobing
A taally bind hoth nenoy dlentand divalente atas s thoar hoad
group ety Tk eftedt of we-binding not anhy docs mflocxe
an plingr bl er formation, but v o s a cuaal cffect on
armbrane nanomechamios siace B e ey a great dead the Lt
wrab mtuactions batween sougbbonng makoades wath the oscrall
resul of an mviease of the foree rogenred to penetrate the mem
brane Fosce spoctroncopy soatuy o b then the suitable tool
to investigate the namomedhanmcal response of the bbver at
the pavomerer <cdle thashs s the jump presvot o the force
wueve, whih fingeeprinte mendbreane stabulity  Thaoks o thes
cpenmonidd wchngue wo b e capeniowntally prosod tha the
manc Clamics of the Mlavir dovs notdope ad o the subarat
thues moplyerg that o ndwane propertes ac not mBocnced by

the supporiig mak s, windde s umportans v d srw by L@
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5.4.3 Study of Frictional Properties of a Phospholipid Bilayer in
a Liquid Environment with Lateral Force Microscopy as a

Function of NaCl Concentration
G. Oncins, S. Garcia-Manyes, F. Sanz

CREBEC and Department of Physical Chemistry, Chemistry Faculty, University of Barcelona,
Marti i Franqués 1-11, 08028, Barcelona Spain

Langmuir 21, (2005), 7373-7379

5.4.3.1 Summary

This work represents the logical step forward after the paper presented in
section 5.4.1. The nanomechanics of phospholipid SPBs had been studied by Force
Spectroscopy, that is, by applying a vertical compression to the sample, and the
samples proved to be more resistant as 7 value increased. Now it was time to study
their frictional behavior to complete the nanomechanics characterization of the
bilayers. To do that, we developed an LFM system able to work in liquid
environment, which was a real challenge, as there was only one previous paper that

331

presented quantitative LFM experiments in liquid medium™". The obtained results

can be summarized as follows:

e The Fyvs. F, curves obtained on PC SPBs in liquid environment revealed the
presence of three nanotribological regimes. First of all, an extremely low Fy
value region at low loads corresponding with a soft contact between the tip and
the sample. The DLVO model predicts an electrostatic repulsion between the two
surfaces so the lubricant behavior of the bilayer in this regime is due to the long-

distance interaction between them. In simple words, the tip is surfing on the

236



Frictional Properties of Phospholipid SPBs in Liquid

surface of the electrochemical double layer, while the bilayer surface remains
untouched. The second regime is reached when the tip contacts the sample and
deforms it. As a consequence, there is a sharp increment of the Fyvalue. Finally,
the tip contacts the substrate. Interestingly, the range of F, values corresponding
to each regime is heavily affected by the presence of ions in the medium.
Basically, the disruption of the bilayer takes place at higher F, values as I

increases, in accordance with previous Force Spectroscopy experiments.

o The topographic signal recorded simultaneously to the friction
measurements reveal that the presence of ions highly modifies the bilayer
recovery velocity. Then, bilayers in pure MilliQ water quickly recover from the
damage inflicted by the tip during the friction experiment while, in the case of a
bilayer in physiological environment, the sample damage remains after the

conclusion of the Fy vs. F, experiment.
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Langmur 2005, 21 7373 7379

Study of Frictional Properties of a Phospholipid Bilayer in
a Liquid Environment with Lateral Force Microscopy as a
Function of NaCl Concentration

Gerard Oncins, Serg: Garcia-Manyes, and Fausto Sanz

CREBEC and Department of Physical Chemistry, Chemustry Facultv Univer sity of Barcelona
Marti 1 Franques 1 11, 08028 Barcelona Spain

Recered March 9, 2005 In Final Form Mav 23 2005

Friction properties of 1 2 dimyristoyl sn glycero 3 phosphocholine (DMPC) supported planar bilayers
deposited on mica were tested 1n a hiquid environment by lateral force microscopy The presence of these
bilayers was detected by imaging and force measurements with atomic force microscopy To test how the
presence of NaCl affects the frictional propetties of the phospholipd bilavers four DMPC hilayers were
prepared on mica i saline media ranging from 0 to 0 1 M NaCl Changes 1n the 1iteral vs vertical force
curves were 1ecorded as 1 function of NaCl concentration and related to structural changes induced in the
DMPC bilayer by electrolyte 1ons Three friction regimes wete observed as the vertical force excited by
the tip on the bilayer incieased To 1elate the friction response to the structure of the DMPC hilayer
topographic images were recorded at the same tume as friction data Ions 1n <olution screened charges
present 1n DMPC polar heads leading to more compact bilayers As 1 consequence the vertical force at
which the bilayer broke during friction experiments increased with NaCl concentration In addition the
topographicimages showed thatlow NaCl concentration bilaycrs recover more easily duc tothe low cohesion

7373

between phospholipid molecules

Introduction

Self assembled phospholipid layers have been exten
sively researched 1n recent decades The fact that these
structures are common 1n cell membranes hasled to their
use as models for the study of a wide vartety of biological
questions such as 1on channelimaging in cell membranes,!
biomembrane modeling and a great many processes 1n
the fields of biophysies, chemistry? and medicine Phos-
pholipid layers are particularly mmportant in cancer
research’ and biosensor development * Supported planar
bilayers (SPBs)> are widely used to study interaction
and adhesion forces between cells and between individual
phospholipid molecules, diffusion of phospholipids, and
msertion of proteins into membranes " # The nature of
these two dimensional layers has permitted the study of
electrostatic, steric and vin der Waals forces thit
maintain their cohesion SPBs have been obtained on
several kmnds of surfaces, such as glass, silicon sihcon
nitride, quirtz, and mica,’ ind with various deposition
techmques ¥ ¥ namely, spin coating,!* Langmuir—
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Blodgett!! Iiyer formition hposome deposition,! and
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Although some studies of absorbed phospholipid layers
on silicon nitride surfaces have shown that they are strong
lubricants and appear to be crucial in joint lubrication
and in the composition of synovial {luid,*® little is known
about the frictional response of SPBs. Lateral force
microscopy (LFM) has been widely used in the study of
the frictional and elastic properties of organic thin films
and sclf-assembled monolayers (SAMs) of alkylsilox-
anes.®’~% It provides quantitative force measurements,
thanks to the development of techniques able to calibrate
the vertical® 8 and lateral®“® spring constant of the
probes. In the past, almost all studies involving LFM were
performed in air due to the mechanical instabilities that
arise when measurements are done in a liquid environ-
ment, partly due to the high density of the medium and
to the turbulences that are created as the tip scans the
sample. Hay et al.*' showed that lateral force contrast
could be obtained in aqueous solutions. Other authors
used LFM to obtain quantitative friction measurements
on different surfaces, while ramping the vertical force
applied on the sample. Along these lines, Binggeli et al.#?
studied the influence of humidity on friction measure-
ments and discussed the effect of the water meniscus that
forms between the tip and the sample and Clear et al.#3
tested the frictional properties of alkanesilanes immersed
in alcohols of different lengths. In the field of biological
samples, Grant et al.! studied the mechanical properties
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bi-
layers by means of LFM and AFM vertical force spec-
troscopy in a liquid.

Recent theoretical calculations have revealed the critical
role of NaCl in the structure of phosphaolipid bilayers and
have shown how the phosphocholine polar heads present
in some phospholipid molecules pack in a more compact
way as NaCl concentration increases.*>4¢ This was ex-
perimentally confirmed by our group, which performed
force spectroscopy on 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC), 2-dilauroyl-sn-glycero-3-phospho-
choline (DLPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) and detected the force at
which the phospholipid bilayer breaks as a function of
NaCl concentration.*’
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The aim of the study reported here was to detect the
structural changes induced by various amounts of NaCl
on a DMPC bilayer by means of lateral force microscopy
in a liquid environment and o give a belter insight into
the mechanical interaction between the tip and bilayer as
friction between them is created at increasing vertical
forces. One of the first studies of LFM in liquid media, it
opens up a new path for studying the frictional properties
of biological samples under a wide range of conditions
and obtaining quantitative force values.

Experimental Section

Materials. DMPC at >98% purity was obtained from Sigma.
Chloroform at >99.8% purity was obtained from Fluka and
analysis-grade ethanol at 99.9% purity from Carlo Erba. Water
was purified by distillation followed by deionization in an ion-
exchange unit and then passage through a Milli-Q RG system
consisting of charcoal filters, ion exchange media, and a 0.2 ym
filter. CLLS-grade mica was obtained from Metafix (Montdidier,
France).

Sample Preparation. DMPC was dissolved in chloroform/
ethanol (3:1) to give a final DMPC concentration of 2 mM. This
solution was maintained at =10 °C. A 500 «L aliquot was poured
into a glass vial, and the solvent was evaporated with a nitrogen
flow, leaving a DMPC film at the bottom of the vial. Then water
was added to a final DMPC concentration of 500 «M. Because
of the low solubility of DMPC in water, the vial was subjected
to 30 s cycles of vertexing and sonication until a homogeneous
mixture, always protected from light and maintained at 0 °C,
was formed. Four aliquots of 50 ul, were poured into four
eppendorfs, with addition of 0.3 M NaCl aqueous solution and
Milli-Q water buffered with 1,1,1-triphenyl-3,3,3-tris(m-tolyl)-
disiloxane (TRIS; pH 7.0}, to obtain 0, 0.01, 0.05, and 0.1 M NaCl
solutions. Prior to use, mica surfaces were glued to Teflon disks
with water-insoluble mounting wax. A 50 «L sample of DMPC
and a 0 M NaCl solution were applied to cover a 0.5 cm? freshly
cleaved piece of mica for a deposition time of 35 min. After that,
the mica was rinsed three times with 100 L. of Milli-Q water.
Finally, 100 /L, of Milli-Q water was poured onto the mica surface,
making it ready for imaging and friction experiments. The same
process was applied for the rest of the DMPC—NaCl solutions,
with care taken to use a rinsing and imaging medium of the
same NaCl concentration as the DMPC previously poured onto
mica. The liquid cell (Digital Instruments, Santa Barbara, CA)
was thoroughly rinsed with Milli-Q water and ethanol and finally
dried with a nitrogen flow before the start of the experiments.

AFM and LFM Measurements. All friction and topographic
data presented were obtained with a Dimension 3100 atomic
force microscope attached toa Nanoscope IV electronic controller
(Digital Instruments). All the experiments were performed at a
constant temperature of 20 °C. Previous studies show that the
DMPC main-phase transition takes place around 24 °C,% so our
measurements were performed on the gel phase. An OMCL
TR400PSA (Olympus, New York) 200 #m long triangular silicon
nitride cantilever backside-coated in gold was used. Its vertical
spring constant was set at 0.12 + 0.02 N/m by measuring the
change in the resonant frequency of the loaded and unloaded
cantilever’ with an MFP-1D atomic force microscope (Asylum,
Santa Barbara, CA). To add massto the cantilever, 5 #m nominal
radius tungsten spheres were used (Novascan, Ames, TA). The
spheres were suspended in acetone, spread on a glass slide, and
imaged with the optical stage of the MFP-1D. Then, one of them
was picked up with the cantilever by capillarity, with avoidance
of any kind of glue. This is a nondestructive method and avoids
the error caused by the mass of glue applied. To achieve good
results with this calibration technique, it is crucial to measure
as accurately as possible the real radius of the spheres and so
calculate the added mass. To get the mean radium of a tungsten
particle on a glass slide, one was chosen and imaged with the
MFP-1D optical stage. Because the optical stage was beneath
the sample, it was possible to image the tungsten particle and
the tip at the same time. Then. the particle was moved with the

(48) Enders, O.; Ngezahayo, A.: Wiechmann. M.; Leisten, F.; Kolb,
H.-A. Biophys. J. 2004, §7,0.2522.
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Figure 1. Friction force vs vertical force curve obtained on
bare mies in Milli-Q water. Used ag a reference for measure-
ments on DMPC bilavers, The error bars vepresent the
confidence intervals (95% C1, number of sarmples 256},

ain of the sip and imaged sgain, This process was repented four
Lanees, pivirg Pse W 8 rading varobo srael 109, The menn
rading wag used to caleulate the weight of the aphere, Then, the
sie of the purticls was compared with the cartilever ieug,lh
which had been previcusly measured with a BHZLUIMA optics!
axieroseope (Qlympust. Then, the tip was maintaied in g water
environseat for 2 h at 20 °C before the begizming of the friction
measurements until s siable refloction of the laser on the
photodetector was achieved. Because of ihe dowaward beodiog
of the cantilever un increasing NaCl concentration that was
abservest in preliomary experiments, the faser was mitially
adpusted s» as to siways remain reflecied arnoud the ceotral
zone of the photodiode that had been previnusly found by force
mirves to bave o Jnear responss. To prevent possibile vertical
and lateral phatndiode senaitivity ehanges and to obtain com-
parable feivtion results, DMPC fiction experimenis sud lateral
walibrations were performed with the same Lip, with the sone of
laser ctdence an the cantilever changing 43 Bithe as possible.
The spex of the tip was rubbed on mica before the experiments
fo rpmove 3eperities el o posure 3 tip radass ot 50 2 10
i, This process is crueial w obtaining reproducible resuits™
aixd pusunng a vonstant Bp rad i dunog the entire experiment.
Lateral sensitivity of the pantilever was ealcolated by scanniog
of Y190, and the method of Ogletree ot 2l ¥ This lateral
calikration was done noder water, o reproduce experimental
wonditions ax dovely as possible. Retween zaniples, the tip was
nosed with the NaCl sradivon of the followiog saxople without
being removed from the AFM holder, 20 a2 to maintain congtant
photodiode sensitivity, There was a 15 min wait before friction
te ot the cantilever apommaiote t the new Naf ooocentrating.
Puring fiction pxp«ﬂmmﬂ« the tip and the cantilever were
ahways buxoersed m the aguedus nmediom. For the sake of
simplicity, only one set of experbments s given in this paper.
Reprochasbility was testad with varions tigs arel sanples, and
i was el thiat friction fbree reprodueiti ity was higher (10%)
for tips coming from the sarme haich than for different bateh tips
{307 1. Nevertbeless, the shape sud general trend of the friction
foree vs vertieal force experiments was conaistent for 80% of the
testead tigs. Al Lips wore worn down mier W nes o 2 radius of
50 & 18 mm.

Poroe cuorves were obtained ot g sean rate of 1 He arsd with
a Z range o 600 nm, and the raw dats of deteotor voliage vorsig
sample preen voltage were converted to foree displacement curves,
following the methad degeritnd elsewhere ¥ The gaios wore set
#d around 1-2 fo ensure a constant vertieal force on the Javers
thrsugbont the frivtion loops, Friction dats were obtained by
aversging 456 conseentive friction loops with 519 pixels per line
resolutivg for every vertical force value, Bidpes of fiction lnops
were removed to reduee artifacts arising fram the lever turning
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o Wen, 8. Langmusr 2000, 168 62, 662
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Figure 2, AFM topographic images of DMPC bilayers, 0.1 M
NaCl: (a2 after rinsing with (.1 M NaCl aqueous solution; (b)
without the rinsing process. Spurious contamination on the
surface makes the latter unsuitable for friction measurements.
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Figure 3. Penetralion curve oblained on a DMPC hilayer
depostied on mica at differest NaCl concentrations: (3 Mih-Q
water; (h (.01 M NaCl; (3 0.05 M NaCl {(d) 0.1 M NaCl The
breakthrongh reveals the presence of the bilayver. A more
detatled statistical treatment of penetration carves ablaoed
at different NaCl concentrations is presented elsewhere

ground. The lterad scanning area of every friction lnop was aet
to 166 grn # 0,2z with n tip velovity of 18.7 srafs. Even though
tkw width of thie frictin foops proved constant for & tp velocity
of % nuefs onward, the experiments were performed at 3 higher

rate bepanse of a better signalmoise ratia, Jo frivtion experiments,
the verticsd force Bwas defined as the force exerted on the surfuce
by the Lip wheas there s no signal feadback froxe the mivroscope
{pndistorted cantilever deflection before the sample iz ap-
proached), &s adhesive forces ave neagiimble w the expariments
reparted 1o thie stady, negative vertinal fornes sre net iuclnded.

Results

Figure 1 shows a friction experiment on clean mica in
pure Milli4) water used ns a referesce for further
experiments on DMPC bilayers, After this, the st DMPC
Bilayer was formed on mica and a feiction et of data was
measured., As shown in Figare 2, the rinsing process prior
tao imaging was eeucial to ebtaining DMPC islands without
spurious contamination and gave rise to smooth islands
eit. 6 om high ' For the purpese of thiz shudy, islands
were more desirable than complete bilavers because the
presence of holes enabled ux to canfitrn the presenee of
the bilayer and measure its height. The BMPC islands
were large enpugh to prevent the Uip from testing DMPC
areas near the rim of the bilayer,
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4. Lateral force vs vertical foree eurves on DMPC bilayers in an aqueous environment. NaCl concentration ix (20 0 M, (b}
0.01 M. (¢} 0.05 M. and (d) 0.1 M. Graphs are aceompanied by hilayer topographic images (1.68 x 0.2 ym) obtained simultanenusly
with the friction data. The error bars represent the confidence intervals (at 95%. number of samples 2581. A reference lateral force
ve vertical force curve obtained on mica is included in every panel {dashed line). Curves were divided into three regions, the
beginning of each of which is labeled 1, 2, and 3. The {irst region shows an exiremely low friction force berause of the repulsive
elecirostatic interactions due to DMPC polar beads and the tip. During the secand region, the tip creates defects ar begins to break
the bilayer and the lateral force inereases sieeply. The second region i3 not visible o curves a and b, In the third regon the tip
contacts the mica beneath the bilayer. (o) shows the vertical forces ot which the second region begins as a function of NaCl

conecentration.

Ax shown previously, % bilayers break under the
pressure exerted by the tip, giving a typical diseontinuity
in the indentativn curve known as “breakthrough”, Figore
3 shows a set of penetration curves registered on DMPC
slands at different Na(ll concentrations. A swlden
inddentation jump in these curves means that the DMPC
bilayer hreaks ander the pressare exerted by the tip, As
cant be seen, the breakthrough foree inereases with the
NaCl concentration. This fact will be considered in more
dedail in the Diseussion and in a future paper,t in which
the effect of tonie strength on the mechanical stability of
phoxpholipid bilayers will ke studied by foree spectroscopy.

515 Sehneider, .- Barger, W {es, G U Longradr 2008, 19, 1804,

After breakiog of the bibaver, there is a bard-wall contact
between the tip and the mica, which is zeen in the
penetration curves us a very steep region afler the
breakthrough. Penetration corves were also obtained to
check the appropriate vertical force range for friction
measurements, bevause they show the vertival foree at
which the bilayer i punctured and give an idea of the
force at which the hilayer breaks during lateral furce vs
veriical force curves. The breakthrough distance is ~3
am {comparable to the width of the DMPC bilavers,
although the distance between the heginning of the
repulsive zone and the hard-wall contacet is greater than
the height of the DMPC bilaver. This «ffect has besn
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reported presiously by Richier ot ol for other plosphio-
frprd aysterss, The authers atuributed this effect w the
presence Hi i Jipid bidaper va the worfaee of the tip, Inag
Franz et al. only ebtuined sinilar results when using n
Up with « big radiax. They highlighted the varbdiility of
the tp coswrage swoud phaspholipid =tractures on the tip.
To clanfy this pord, wo designed 3 apeeific tant: {riction
loaps were yoade oo mica with a hp provieusly used to
gean a DBIPC bilayer and compared o the frrction foupa
oo guet sbtained walhou fresh tip, The results showed
that, althoagh there wis a contamination effect that Ied
trandom deviation from lineseity in the baternd focer ve
verticsd force graphs, under our contlitions there was no
evidence of the formation of aeompeet bilver swhesn xilicon
mitride tips of o W ram radiue were used.

Figore 4 shows fateral fvve va vertical Girve carves an
DMPC at different Naf™l eoncentrations, Topographic
smages shoven eside cach curviswere obtained 2t the aame
menent, Only the most represtatative tapogeaphic images
are shown in the present study. The four friclion cunves
m Foaue 4 have o compwe an iotiad mogion in wideh the
friction cocflicient s near §, which means that, while the
vertical foroe exerted on the xauple locrvases, the baeral
faree responise remnains almust vonstant. The initisd vegion
enids with the appearance of tnpographic doefects on the
surface of the bifayer, crented by the Dip at vertical forees
of 38,048, 4.5, and 5.9 nN, reapertively, asshows in Figzure
de. 11 iz cleac then, that Hhe higher the loaic vtrenyth, the
higher the vertical foree at which dofeets appear on the
sy er. After thix the shape of the bateral forve ve vertical
force graph changes into a steeper linear re gion, The
asaeinled topogeaphic roags show a varable tocrease
of layer dumage depending on the NaC'l concentration.
Thix seeond region appears neither al 0 3 Nalnor ut
001 3 Nl In addition, no bypogrphiveciihonec of faver
rupture wig ubserved at thess ssdine coneentrations., sout
mnat of the induced defrete srlfhieal as the verticond foree
appled on the sample increascs, A 0.05 arel (.1 3 NaCl,
tilayer raprure was wpographically detecwed daring this
sevond rerdon. Foudly, there is s thudd region ue which the
slope of the lateral forve v verugnl fores curves decreases
w maleh the friction confficient ebtuined an bare mio
The kderad force ve vertieal force eurve shiained on mica
is included in Figure $a- d ax 2 peforence dizcontisoous
Hae. ALO05 snd 0.1 M the beginning of the thivd reglon
eopncides with the wial disappearance of the PMPC
bilayer, as shawn pa the wpographic bnages.

Bilayer defocts wore obrerved alth, 01, and 005 3 Na(}
and appeared at higher vertical foreex as onde sinaeth
mereased. No sige of defeets was found in the bilayer of
Sigare 4d. Aecurdinug 1o the response of DMPL agamat
vertical force exerted by the tp. the bitayers of Figure
4t ow NaClewweentrativn recovered from defocts ol
poar or nall propagation of them was found, while the
Figane ded earves display bilayer breaking and mw
veesvory eapachy. The inerement of vertical foree from
the Leginning of the #econd region to the beginning of the
third region s 325 aNin the bilaser of Fiyure 4end 1.2
nlN in the bilayer of Figure 4d. Ay a consequence, the
traaitos dween thewwar 0 friction tegonetfind region}
and the eantact hetween the tip and mica tthivd region),
whet i exieta, becomes sharter s the NaClconcenteation
HILreanes,

Ta eozure that eleclrustatic repudniog eoducex batvrid
force almost to 0 XN, as in the first region of the friction

G2 e, B P Buevan, A Lorgaors 2083, 10, 1038
3% Fowr Vobow 8, Mualler, 15 Bamberg, 1 Butt (F Colfowds
Ry, B 2002, 24 111
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Figured. Expermmental electrochemieal setuptotest the effect
of charged surfaces on friction measurements m 8 liqud
environment: working electrode (WES, HOPU surface; counter
efectrade 1CE, Pt wire, No valiage 1= applied to the tip. Al pH
7, the bip is expected to have a dlightly uegative charge.*®
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Figure 8. Lateral {orce vs vertical force curve on HOPG inan
agneony medunn butfered with TRIR at pH 7. As a different
uncalibrated Lipwas need, umuts are artatrary A AV waxapphied
between theworking eleetrede tHOPG cample and the counter
elecirode (P wirei: solid dets, AV =2 ~ 0.3 V5 empty dots. AV
= 08 V. With a ., of D032 O/m’.> 1l con be seen that
friction de pends on surfoce charges, The ersor barg represent
the confidence mtervals (5% U1, number of samples 2563

experiments, 4 novel electrachomicnl experiment was
desiamad  a two-electrale elecirachemical xestem, con-
sisting ufa highly ordered pyrolvticgraphite G10PG shest
us workiog elednde and 1 PL Hlunest us covnbie
electrade, was mnunted in the AFM eell {see Fagure 5 for
the experimentid setip) and immersed in TRIS buffered
water at pkH 7. Potentials of .} and ~0.2 V were applicd
to the HOPG, and Iaterud foree va vertioud force curves
wiete recorded Figure 61, As a silicon nitride tip has a
shightly negndive charge, friction car be modulated as
funetion of tine sot face charye snd e bitvasd force can be
reduced to nesarly Qwhen the Hipand sample charges have
the siume b, B iy jmportont te note that, ia this
electrochendenl setup, the up was not connected to uny
elecirode. =0 itz charge remuained consfant during the
entireexperiment. As no reference eleetrode was nuounted
in the electrochemical cell, volfages apphed are nnt
ulsainte values,

Discussion

This study corroborates the findings of Grant et al ¥
abaut thes mrchanival behavior of phospholipid bilayers
(DOPC in their enses m a ligud environment, 1L used foren
speetrascopy and {riction seasurements and provides new
insighis inte latecal orec ve viartical foree curvies, The
fivat region omasists of 2 soft contact between the lipid
bilaver deporitid on miea and the Hip. A% cao b zecnt in
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‘Table 1. Caleulus of s for Every NaCl
Concentration, Applyiog BLYO Theory, for a Contact
between Planar and Spherical Charged Surfneest

Nalll Feavo DMPU charge so.ef X ous
conere £ 315 Ny densty (709 per DMPC molocule

[ 431 R ~ {08 12

0ol £ 8 ~{113 a8

{r 59 ~{t 34 10

# Ky vag 38 tuion a6 the setical force at whieh the firef Jaterad
furce va vartieal foree oeve tegion ende. A 0G nmd srea por DMPC
mnkoule is anumed The ratic of Na ons por DMPC molecule by
srven

Figure 3, there is a repulzive zone ud the beginning of the
contacl region of e approachang foroe curve that cun be
related Yo the first rrgiun alikained in the friction curves
shown 1 Figure 4. At low vertical jvads, the tip and the
surface show extrernely low friction due o a repulsive
electrosiauc interaction.

To wulrestiont why the first region telectrostatic repal-
siont in the dateral foree va vertical forve curves brosdens
as NaCl venventration increases, Derjagoin-~Landaa—
Verwey=Overbeek theery LV was applied. When
mteraction is between g flat tsamplel and & hemispheric
ttip] charged surface
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where o nas and sy, are the surfuce charges of the DMPC
brlayer and the tip, &, is the radius of the tip, und 1 is
the Debye leagth. #, is the Hamaker eonstane, and 7 42
the distionce betw cen the ramphomd the tip, Taking ao
H, of 10 2 J evalue ealealated for hydrocarbons in water
by Butt ot a4, g ay,;, of ~0.0:32 Clme at pll 7.0, and a
mean area per molecale o 8 fino?,” wenblain the opgee
valuey for the different saline concentrations fested. Az
a {ird approvimation and to shiain qualitative results
about the surface charge of DMPC bilayers b dafferent
NaCl concentrations, the Fpeo nresssary for these
catculations was considered ax the vertizal foree at which
the first region in {ateral force vs vertical foree curves
ends, which is believed to be the viaticn! foree at whinh
the bilayer beging Lo be damayged by the Lip, As has been
sen i Figure 3, penvinition curves joesend a break-
through at higher forces when NaCl concentration iz
inerrased, so friction resulls seem o complement this fact.
it 15 important to note that thys is 1 Grst approximation
in which the mechanical strength of the bilayer is reduced
to an vlestrostatic interaction befiveon the Lilaver and
the tip. Future research hy sur group will feus on
efarifying this sssumyption. Resalts o shown in Tadide 1.
Some recent simaiation vesalls on POPC show how N
cag position in a trideatate way between PO, groups in
POV polar heada. Az POPC and DMPC polar heads are
identicul. 3t Is rezsonable o suppese that Na o will
penetrate DMPC polar hends i a vinular way, Results
shown in Table 1 are consistentwith the Na /phespholipid
ratin proposed ™™ ® aml show that oo probuably changes
as Nal’l concentration inercases,

The sceund region of the Laternd foree v vertical foree
curves shows a steop cregse in fricuon coefliclent  Figure
4. Asshuwn io previaus tudivs, 2 great incrense i frictian
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Figure 7. Effect of NaClin DMFPC molecule packing. Thecircles
represent the DMPC polar heads and the zigeag hnes ihe
bydroeatbon chaons, Without NaCl, elecirostatic repulsion
atising fram the charge ditribution of DMPC polar heads
decresses bilaver ompactness, When NaClhis proveded, DMPC
polar head charges are sereened and hlayer compactness
increates,

iy b due 10 diserder or 1o the Lich of cobesion and
packing of the sample.”% The wpegraphiv images in
Figure 4show that, in thissecond region, defecls orbrraks
are imvbuced on the DMPC bilayor beeawse of the vertcal
force npplied by the tip, A< a consequoence, we believe that
the loss of structure in the bilayre i rexponsible for the
steep friction increase and that in this region there is 2
mechanical fruosition of the tip from the bilayver sarfiace
to the nuca surface. At the end of thix transiuon, the thord
region begins, As highlighted provicusly, the friclion
coefficient of the third region of the lateratforee va vertical
{orce curves Is very similar to that obtained fur bare mica,
50 we propose relating it to a hard-wall contact betwesn
the mica and the tip. This means that, in thiz third region,
the vettical farce applind by the tip is enwussh to remove
the DMPC bilsyer from the surface of the mica,
Intevestingly, the vertical farce range of the first and
secand regiony of the kateral foree va vertical force carves
variex greatly with Na(ll concenteation. This ran be
expluined with the model shown in Pigure 7. Az DMPC
padar beals are rwitteciunic, they <how separation of
charges though they are neutral overall. When theve is
mrelnctrolyte in sehition  DMPC adividoal mplecubes da
not pack as etficiently as pexsible due to electrostatic
repulsion between polar beads (Figure T Thas eads w
Leax cohesion in bilayers when NaCl concentration i haw,
Thiz s shown in Figure 4, in which the end of the lnteral
foree va vertical foree carves o the first region shufts te
higher verucal forees when NaCl concentration increases.
A greatrr shistance between sudecules implion Jower
eohesiveenergy and a more fluent stracture. In addition,
fow-NaClconeeniration hilavers show defoets that tend
w disappear or not 1o grow while vertival foree increaszes.
This can be pxplained by assuming that DM PC madecalcs
restrueture to replace the molecules remuved by the tip
during friction experiments (Figare 8an No bilaver
frreakage is noticed topographivally because the structure
iz flagd enough for the melecules to rearrunge under the
pressure exerted by the tip, [ling the halex created after
tip seanng. When NaCl concentnition increases, fons
screen the charge of the polar heads, letting DMPC
moleeuies pack 1n a tighter structure ind feadimng o mare
rigid bilayers unable to restrocture. For this reasan, defoet
concenlrtion & lower nnd layer breakage s noliced
(Figare 8¢,d). Arecent stusdy proved that the selfediffusion
of 4 pluspharbolise-terminated phosphulipid decteaxes
with increasing ionic concentration, ' which corroborates
the devrease in relf-hedding capacity shown in this study.
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Chapter 5. Biological Coatings. Experimental results

Frivtional Properties of ¢ Phosphohpid Bilayer

WIL

g
Figure 8, Mechamical interaction between the tip and the
DAMPC bilayer during friction experiments in « liquid environ-
ment. (at o pure waler or at Jow NuCl concentration, DMPC
wmolecnles restructore due to their high mabdity when the
tulayer is ruptured by the tip 1o friction experiments, th At
high NaCloonrentraton, tulayer eompactness and ifx seaistance
to beiog punctured by the tip mceregse,

[

Meuserements pertormed at 000 M gise 1 fransition
eonernbration. 4t which the bilayer i suft enough to have
defoets and hard ennogh to show bilaver hreaks when
smaged topagraphicatly. The moded prerented in this study
w explain the inereared mechunical 2tabsbity of DMPC
bifayers with NuCl was recently pointed out by Panditet
Al who prosed thead the binding of Nao and Cl” to »
phespbatistyichuline membrane hads to a more ompact
bilrover structure, These datio were supported experimen.
1aily and with M simmdations, showing that not only the
headgroups but alen the bydrocarhon trals pack m a Llighter
strcture a5 NaUl eonventration increases. Aleny these
hnes. Béckmann ot 31.% proved through M simulations
that there s a strong interaetion between xodium jong
and the carbrotyhisvsras of e bpideo whichienuld sweount
fer Hu incrensel guecloviosd stability of phosphocholine
bilayers o the prsonve of jons,

o3 Panedae, U A S B astad, B8 rhowate, M L Ba phve o 2003 84,
Hi4T
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Counclusion

DMEC-supported planar bilayers were prepared un mics
0 aquesus eovironments runging from Milh-4 watee t
45,1 M NaCh LEM was uxed trobudn DMPC biloyer fateral
foree vs vertival force representaunns, while topographie
imaga s erevbiaind sinullancously. Three regdimes were
found in latersl (orce v vertical foree graphs: firs, a
rogion of extremely low frictien that vwas related 1o
vlectrastatic repulsion between the tip and DMPC polar
fuads, seoael, the respinse of Yo Lip whide bresdking the
DMPC bilayer, and, thivd, the leedaw.dl contact betwern
the tip and the surfave of the micn benvath the bilayer.
At fow Nall cuneentrations, the DMPU bidayer ix easily
punctured and the tp contuets the mica at low vertical
ioads. Az Nall concentratton increases, higher vertieal
forces ate needed to punctore the biluyee sood thers ds »
transitivn betw ren the low-riclion rogime and the onntact
with mica. This transition was deteeted topegraphieally
and related 1o the ruptute of the DRPC bifayer® Nl
misefified the compactnesy of DMPC hilayvere When Nl
coneentration is low. charge separation in DMPC polar
fweads It ads to repuision botwern molecuiox and to eaxily
punciured hilavers, When NaCl concentration increnses,
charges are screened by Na”and Cl jons. leading to more
compnct hilayers that are difficudt w puneture,
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Nanomechanics of Phospholipid SPBs. Force Sectroscopy

5.4.4 Nanomechanical Properties of Supported Lipid Bilayers
studies by Force Spectroscopy
S. Garcia-Manyes, G. Oncins, F. Sanz
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5.4.4.1 Summary

This work is a summary of the results presented in sections 5.4.1, 5.4.2 and
5.4.3 concerning phospholipid bilayers structure, nanomechanics and deposition

process.
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