
N
b

A
a

b

a

A
R
R
A

K
S
F
A

1

T
m
a
T
s
p
i
m
o
l
i
S
w
a
D
A
c

4

0
h

y COREView me

 Reggio Emilia
Micron 43 (2012) 1212–1223

Contents lists available at SciVerse ScienceDirect

Micron

j o ur nal homep age: www.elsev ier .com/ locate /micron

anoscale  mechanical  properties  of  lipid  bilayers  and  their  relevance  in
iomembrane  organization  and  function

ndrea  Alessandrinia,b, Paolo  Faccia,∗

Centro S3, CNR-Istituto Nanoscienze, Via Campi 213/A, 41125 Modena, Italy
Department of Physics, University of Modena and Reggio Emilia, Via Campi 213/A, 41125 Modena, Italy

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 29 December 2011
eceived in revised form 19 March 2012
ccepted 20 March 2012

eywords:
upported lipid bilayers
orce spectroscopy
FM

a  b  s  t  r  a  c  t

The  mechanical  properties  of  biological  systems  are  emerging  as fundamental  in  determining  their func-
tional  activity.  For  example,  cells  continuously  probe  their  environment  by applying  forces  and,  at  the
same  time,  are  exposed  to forces  produced  by  the  same  environment.  Also  in  biological  membranes,  the
activity  of  membrane  related  proteins  are  affected  by  the  overall  mechanical  properties  of the hosting
environment.  Traditionally,  the  mesoscopic  mechanical  properties  of  lipid  bilayers  have  been  studied  by
micropipette  aspiration  techniques.  In recent  years,  the  possibility  of  probing  mechanical  properties  of
lipid bilayers  at the  nanoscale  has  been  promoted  by  the  force  spectroscopy  potentiality  of  Atomic  Force
Microscopes  (AFM).  By acquiring  force-curves  on supported  lipid  bilayers  (SLBs)  it is  possible  to probe  the
mechanical properties  on  a scale  relevant  to  the  interaction  between  membrane  proteins  and  lipid  bilay-
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provided by Archivio istituzionale della ricerca - Università di Modena e
ers  and to  monitor  changes  of these  properties  as  a result  of  a changing  environment.  Here,  we  review  a
series of  force  spectroscopy  experiments  performed  on  SLBs  with  an  emphasis  on the  functional  conse-
quences  the  measured  mechanical  properties  can  have  on  membrane  proteins.  We also  discuss  the  force
spectroscopy  experiments  on SLBs  in the  context  of  theories  developed  for dynamic  force  spectroscopy

 to e
experiments  with  the  aim
rupture.

. Introduction

Since the monumental work “On growth and forms” by D’Arcy
hompson (1917) the feeling that mechanical forces can deter-
ine the evolution and behavior of living systems informed more

nd more the approaches of physicists to the study of bio-systems.
hese approaches involved the mechanical characterization of tis-
ues and the possible implications of mechanical anomalies on
athological situations (Pelling and Horton, 2008). With an increas-

ng shift of the attention to cellular and molecular components,
ethods have been developed to study the mechanical properties

f biological structures with an increasing spatial and force reso-
ution (Hoffman and Crocker, 2009). Among these techniques, the
ntroduction of Atomic Force Microscopy with its intrinsic Force
pectroscopy capabilities prompted a series of investigations in
hich mechanical properties of single cells, single biomolecules

nd supported lipid bilayers (SLBs) could be studied (Kasas and

ietler, 2008; Dufrêne et al., 1998; Garcia-Manyes and Sanz, 2010;
lessandrini and Facci, 2005). In the case of SLBs, the mechanical
haracterization can be extended from the micron-scale, the typical

∗ Corresponding author at: Centro S3, CNR-Istituto Nanoscienze, Via Campi 213/A,
1125 Modena, Italy.

E-mail address: paolo.facci@unimore.it (P. Facci).
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xtract  the kinetic  and  energetic  description  of the  process  of membrane
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range of investigation of techniques such as micropipette aspiration
(Rawicz et al., 2000), to nano-scale, which is particularly relevant
for its possible influence on transmembrane protein function. The
possibility of facing the study of the mechanical properties of lipid
bilayers by exploiting the theory of elasticity developed in the con-
text of liquid crystals was pioneered by Helfrich (Helfrich, 1973). At
the micron-scale, the calculations derived from the Helfrich theory
have been verified by studying the behavior of membranes com-
posing Giant Unilamellar Vesicles (GUVs) with the micropipette
aspiration technique (Henriksen and Ipsen, 2004). The possibility
that the mechanical properties of biological membranes can exert
a strong influence on the behavior of integral membrane proteins
has been proposed since the first evidences of the properties of
mechanosensitive channels (Martinac et al., 1987; Phillips et al.,
2009). This scenario points to a role of the physical properties of the
bilayer, along with its chemical composition at molecular scale, in
affecting membrane functions (Marsh, 2008; McIntosh and Simon,
2006; Lee, 2004; Alessandrini and Facci, 2011a).  The validity of
this concept is nowadays corroborated by many experimental evi-
dences and, as such, it enables a mathematical and quantitative
approach to the understanding of the behavior of membrane pro-

teins as affected by the lipid bilayer properties. Even if it is not to
be excluded that long range mechanical properties of lipid bilay-
ers, such as those related to undulations, might have an effect on
protein activity, it is of extreme relevance to measure membrane

https://core.ac.uk/display/53997058?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
dx.doi.org/10.1016/j.micron.2012.03.013
http://www.sciencedirect.com/science/journal/09684328
http://www.elsevier.com/locate/micron
mailto:paolo.facci@unimore.it
dx.doi.org/10.1016/j.micron.2012.03.013
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echanical properties at the nanoscale. Indeed, that is the typ-
cal scale of membrane heterogeneity believed to be relevant to
onformational transitions involved in the functional activities of
embrane proteins (Bagatolli et al., 2010).
In recent times, the consideration that the lateral spatial het-

rogeneity of biological membranes might have a strong functional
ole re-emerged from the Seventies, when this concept was mainly
sed for membrane model systems (Morrisett et al., 1975; Simons
nd Ikonen, 1997). This concept is nowadays related to the lipid-raft
ypothesis which foresees the presence in the biological mem-
rane of nanometric and transient heterogeneities characterized
y a different thermodynamic phase of lipids, usually referred to
s “liquid ordered phase” (Lingwood and Simons, 2010). The con-
ept related to phase heterogeneities is strictly connected to the
rocess of phase transition and, in the present context, to the varia-
ions of the membrane mechanical properties among the different
hases. Of major interest is also the behavior of lipid bilayers in
hase transition regions due to the observation that many bio-

ogical systems reside in the proximity of a phase transition or a
ritical point (Mora and Bialek, 2011). From a mechanical point
f view, the lipid bilayer does not have exclusively elastic prop-
rties, but it is endowed with lateral viscous properties which
ake it similar to a two-dimensional viscous fluid in which the

issipation is mainly due to internal modes rather than to cou-
ling with the bulk solvent. Every deformation of the lipid bilayer
hich might be induced by a conformational variation of integral
embrane proteins will involve a flow of lipids due to a sub-

tantial volume conservation of lipid ensembles. As such, also the
iscous properties of lipid bilayers have an effect on the activ-
ty of membrane proteins. This view is strongly supported by the
eneral concepts that solvent fluctuations dominate protein activ-
ty (Beece et al., 1980; Frauenfelder et al., 2009). In the context
f integral membrane proteins, the solvent is represented by the
ipid bilayer whose viscosity will affect the rate of protein-related
rocesses (Alessandrini and Facci, 2011b). The rate of these pro-
esses will be strongly connected to the viscosity of the solvent
s suggested and experimentally verified by the Kramer’s tran-
ition state theory for enzyme activity (Frauenfelder, 2010). The
ate has a biphasic behavior as a function of the solvent viscosity
ith a maximum value obtained for a critical value of the viscos-

ty. Accordingly, the membrane viscosity will represent another
hysical parameter capable of modulating the activity of mem-
rane proteins besides temperature, transmembrane potential, or
H.

AFM offers great potentialities in the study of elastic and vis-
ous properties of lipid bilayers assembled to form membranes
upported by a rigid substrate. In this context, the microscopic
maging capabilities of this technique can be coupled to its force
pectroscopy potentialities. In case of supported lipid bilayers, force
pectroscopy technique typically involves the study of the jump-
hrough event which occurs to an AFM tip once the force applied to

 lipid bilayer reaches a certain threshold (Dufrêne et al., 1998).
his event, which is inherently stochastic, can reveal important
roperties of the lipid bilayer as a consequence of the involved
olecular mechanistic event. The force threshold is affected by

he temperature of the system (Garcia-Manyes et al., 2005a)  or
he ionic strength of the solution (Garcia-Manyes et al., 2005b),
ut it is also the result of a dynamic process and, as such, depends
n the speed of the probing tip (Butt and Franz, 2002; Loi et al.,
002). Moreover, the dependence of the threshold-force on the tip
peed allows retrieve information on the energy landscape under-
ying the rupture of the bilayer by the AFM tip. The relevance of

his process in the biological context is connected to its analogy
ith pore formation events in pure lipid membranes. Measure-
ents of the threshold-force and of the overall features of the

orce curve as a function of the tip-speed allows also acquiring
n 43 (2012) 1212–1223 1213

information on the viscous properties of the lipid bilayer, establish-
ing a connection to the aforementioned medium viscous properties
in controlling the rate of reactions which involve membrane
proteins.

The present review provides an overview of the potentiality of
AFM for the characterization of the mechanical properties of sup-
ported lipid bilayers especially in relation to the thermodynamic
state of the membrane. The relevance of these mechanical prop-
erties for the functional activities of integral membrane proteins
will be highlighted and, when possible, some specific experimental
evidences will be presented. The review is organized as follows. In
Section 2 the specificity of the lipid bilayer model system exploited
for the AFM mechanical characterization – supported lipid bilay-
ers (SLBs) – will be presented in relation to other unsupported
model systems. In Section 3 the technique of Force Spectroscopy
in the context of lipid bilayers will be illustrated. In Section 4 an
overview of the results from our group and from other groups will
be presented together with evidences of how bilayer mechanical
properties can affect protein functional activity. In Section 5 the
technique of dynamic force spectroscopy employed to explore the
energy landscape of AFM tip penetration in the lipid bilayer will
be introduced and the results of relevant experiments will be dis-
cussed. The review will end with a section dedicated to conclusions
and perspectives of these studies in relation also to their biological
relevance.

2. Supported lipid bilayers

2.1. Preparation of supported lipid bilayers

Nanomechanical investigations of the mechanical properties of
lipid bilayers by Atomic Force Spectroscopy are typically performed
on supported lipid bilayers. The possibility of measuring the bend-
ing modulus of lipid bilayers in cases where they are suspended
over nanosized holes has also been exploited (Mey et al., 2009),
but in the present review we  will concentrate on homogeneously
supported lipid bilayers, where the focus is mainly on indentation
of the bilayer and on its mechanical stability. SLB technique con-
sists of a lipid bilayer on a rigid and typically hydrophilic substrate
such as glass, silicon oxide or mica. It was initially developed by
the McConnell’s group to study the interaction of cells with lipid
bilayers (McConnell et al., 1986; Castellana and Cremer, 2006). SLBs
can be assembled by two  main different strategies, each present-
ing specific advantages: the Langmuir Blodgett/Schaefer approach
(Dufrêne et al., 1997) and the vesicle fusion technique (Brian and
McConnell, 1984). The first technique is based on two  consecu-
tive transfers to a solid substrate of lipid monolayers assembled
at the liquid/air interface in a Langmuir trough. The appealing
feature of this approach is connected with the possibility of form-
ing lipid bilayers characterized by a transbilayer lipid asymmetry
(Picas et al., 2010), reproducing the actual situation found in bio-
logical membranes, even if the retention of the initial composition
asymmetry between the two leaflets has been questioned (Crane
et al., 2005). The vesicle fusion technique allows forming sup-
ported lipid bilayers from unilamellar vesicles in solution. Upon
contact with surfaces, under specific conditions, unilamellar vesi-
cles rupture, forming a planar bilayer. The implementation of
the vesicle fusion technique is substantially easier than the tech-
nique based on Langmuir trough. In both preparation strategies,
the presence of a thin water layer between the bilayer leaflet

nearer to the substrate (proximal leaflet) and the substrate itself
enables lipid diffusion (Kim et al., 2001; Johnson et al., 1991;
Koenig et al., 1996). Fig. 1 shows a scheme of a supported lipid
bilayer.
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ig. 1. Scheme of a supported lipid bilayer. The presence of a thin water layer betw
nd  proximal leaflets.

.2. Chemical-physics of supported lipid bilayers and comparison
ith other lipid bilayer model systems

Due to the presence of a solid support in close vicinity of one
eaflet of the lipid bilayer, the overall thermodynamic properties of
LBs are different with respect to other unsupported lipid bilayer
odel systems, such as unilamellar vesicles (Keller et al., 2005;

tottrup et al., 2004). The presence of the substrate might poten-
ially have a strong influence on the asymmetry of the physical
roperties of the two leaflets (Deserno, 2009). In particular, recent
imulation studies demonstrated that in SLBs the surface density of
ipid molecules in the two leaflets differs, being higher in the leaflet
earer to the substrate (proximal leaflet) than in the one in contact
ith the bulk solution (distal leaflet) (Xing and Faller, 2008, 2009).

he vertical density asymmetry in the bilayer can have an influence
n interleaflet coupling (Collins, 2008). This coupling represents a
ort of lipid signaling mechanism across the bilayer and it is, at
resent, the focus of many experimental and theoretical studies
imed at elucidating its principles in light of its possible biological
elevance (Collins and Keller, 2008). One of the main effects of the
symmetry between the two leaflets is represented by the behav-
or of the bilayer at its main phase transition (Keller et al., 2005;
eeger et al., 2009a). In general, lipid bilayers display a reversible
hase transition between a gel (Lˇ) and a liquid-crystalline (L˛)
hase when the temperature, or other parameters, change (e.g.
ressure, pH). The transition is accompanied by changes in lipid
hains (from ordered to disordered) and lattice order (from solid to
iquid). The change in the lipid chain order is reflected in a varia-
ion of the membrane thickness which makes the transition easily
bservable by AFM topographic imaging. Lipid bilayers in the form
f liposomes composed by only one type of phospholipid usually
isplay a single phase transition which is associated with a collec-
ive behavior of both leaflets. When the main phase transition of
olid supported lipid bilayers is studied, even in the case of a single
ipid component, two separate phase transitions might be observed
Seeger et al., 2009a,b; Feng et al., 2005; Charrier and Thibaudau,
005; Lin et al., 2006). Their occurrence is typically associated with

 separate behavior of the two leaflets. In this case, the presence
f a substrate induces a decoupling of the leaflets. Dealing with the
emperature at which these transitions are observed, in general one
f the two transitions is observed at the same temperature as for

iposomes of the same lipid composition, whereas the other tran-
ition is observed at higher temperature (Keller et al., 2005; Seeger
t al., 2009a,b). In the first case the transition is attributed to the dis-
al leaflet which shows physical properties similar to unsupported
e bilayer and the substrate is highlighted together with the separation of the distal

bilayers; in the second case, i.e. higher temperature phase transi-
tion, it is attributed to the proximal leaflet. The behavior described
above is however affected by SLBs preparation conditions, includ-
ing temperature and ionic strength of the solution (Seeger et al.,
2009a,b), and by the physical and chemical nature of the sup-
port (Seeger et al., 2010a). Indeed, the assembling of SLBs at a
temperature higher than that corresponding to the bilayer main
phase transition, results in a transition with coupled leaflets. This
behavior points to a role of the lipid density asymmetry in influ-
encing leaflet coupling. As a result, a high difference in the density
promotes decoupling, whereas a more similar density favors cou-
pling. A possible explanation for this result refers to interdigitation
between acyl chains of the lipid molecules as a major determinant
for the leaflet coupling (Merkel et al., 1989). The strong dependence
of the lipid bilayer behavior at the main phase transition on the
preparation conditions could explain the different results in the lit-
erature. In fact, other publications found a coupled phase transition
with the domains in register using similar approaches (Tokumasu
et al., 2002; Yarrow et al., 2005). Another relevant aspect for the
behavior of SLBs is the physical structure of the substrate. In fact, it
has been shown that the substrate roughness affects the main phase
transition temperature and the coupling between the two  leaflets.
SLBs prepared on a silicon oxide substrate shows always only one
phase transition, independently of the assembling temperature,
and transition temperature is very similar to that of unsupported
bilayers (Seeger et al., 2010a; Kalani et al., 2007). This evidence
could be rationalized on the basis of the very complicated scenario
of forces involved between the substrate and the proximal leaflet
such as: van der Waals forces, entropic forces due to the undula-
tion suppression exerted by the solid surface, and hydration forces
(Israelachvili, 1992).

Asymmetry between the two leaflets could also involve dynam-
ical properties. The different lipid density and environment of the
two leaflets could result in a dissimilar lateral mobility. Recent
experimental results have shown that lipid diffusion in freestand-
ing bilayers (GUV, Giant Unilamellar Vesicles) is more than twice
faster than in supported lipid bilayers measured under the same
conditions (Przybylo et al., 2006). An even more complicated issue
is the possible difference in diffusion coefficients between the two
leaflets in the case of a SLB (Hetzer et al., 1998; Zhang and Granick,
2005). In this context, the physical properties of the thin water layer

between the substrate and the proximal leaflet could be very dif-
ferent from those of the bulk water facing the distal leaflet, thus
causing asymmetry in lipid diffusion constants. Based on the above
considerations it appears very difficult to compare results obtained
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ig. 2. Scheme of a force curve performed on a supported lipid bilayer. The cantil
ection  which might include electrostatic and hydration forces, a contact region betw
fter  a threshold force is reached, the tip jumps in contact with the substrate by a p

n different laboratories even on the same lipid system. In fact, sub-
le differences in sample preparation procedures could result in

 different interleaflet coupling strength or surface density of the
ipids, thus affecting the obtained results.

All the above aspects should be kept in mind when nanome-
hanical properties of SLBs are studied by AFM. Typical parameters
xtracted in these measurements could be affected by the state
f the bilayer, namely the interleaflet coupling. Indeed, force
pectroscopy experiments could also help understanding the phe-
omenon of interleaflet coupling by measuring the threshold force
equired to jump through a lipid bilayer in the case of coupled or
ncoupled leaflets (Alessandrini et al., submitted for publication).

As to the relation between SLBs and unsupported lipid systems,
he presence of a strong asymmetry in the nano and microenviron-

ent of the two leaflets could in some way reproduce conditions
imilar to those experienced by lipids in membranes where the
nner leaflet interacts strongly with the cytoskeleton. Hence, rather
han being regarded as a drawback of the model, the presence of
he substrate can provide further clues on the principles ruling the
ehavior of biological membranes such as the typical dimension of
table domains (Thormann et al., 2007).

. Atomic force spectroscopy on supported lipid bilayers

A typical force curve on a supported lipid bilayer together with
chemes corresponding to the different regions of the curve are
eported in Fig. 2. Typically, Force Spectroscopy by AFM allows to
nvestigate forces in the range between 10 and 104 pN (Neuman and
agy, 2008). Other techniques such as optical tweezers or magnetic

weezers allow force ranges in the order of 10−2–100 pN. AFM force
pectroscopy measurements rely both on approach and retraction
urves. Usually, in the case of lipid bilayers, the approach curve is
sed for extracting nanomechanical information but, in some cases,
aluables data can also be contained in retraction curve (Dufrêne
t al., 1998; Armond et al., 2011). For example, the retraction curve
an provide an indication of the adhesion force between the AFM tip
nd the different regions of the lipid bilayer (Dufrêne et al., 1998).
n particular, the surface of the AFM tip can also be modified with

 monolayer exposing chemical groups to analyze specific interac-
ions with the headgroups of the lipids. In the following we  will
oncentrate on the interpretation of the approach curve. Starting

rom a large distance between the tip and the bilayer, no interaction
s measured. Approaching the lipid bilayer surface, before a physi-
al contact with the lipid bilayer being established, an interaction,
lectrostatic in nature, can be observed. This interaction depends
 moving at constant speed toward the bilayer. After a first long range interaction
he tip and the bilayer follows. This region can be considered of elastic deformation.
s of plastic deformation (rupture) of the membrane.

on the chemical nature of the lipids constituting the bilayer and on
the chemical nature of the tip surface. In the case of phospholipids
constituting biological membranes the electric charge at the bilayer
surface is typically negative at neutral pH (Cevc, 1990). The charge
on the tip surface depends on tip material, but can also be modified
by chemical functionalization of tip surface (Garcia-Manyes et al.,
2006). Considering a clean bare silicon nitride tip, its surface is neg-
atively charged in a large pH range around neutrality (Butt, 1991a).
As a result of two negatively charged surfaces, the interaction force
between tip and lipid bilayer turns out to be repulsive. The spatial
extension of this interaction depends on ionic strength of the work-
ing solution through the Debye decay length and can reach tens
of nanometers in the lowest ionic strength conditions. Just before
contacting the lipid bilayer, hydration and steric forces associated
with the removal of the water molecules strictly interacting with
the hydrophilic headgroups can give rise to small repulsive forces
(Butt, 1991b, 1992).

Once contact is established between tip and lipid bilayer, a
region of elastic deformation is encountered. Many studies concen-
trated on the analytical description of this elastic region according
to different models (Garcia-Manyes et al., 2005b; Voïtchovsky et al.,
2006; Kunneke et al., 2004). In AFM indentation experiments, the
usual description of the indentation-force relation is based on
the Hertz model or on some of its derivations, such as the Sned-
don modification (Radmacher et al., 1996; Domke and Radmacher,
1998). The Hertz model derives from an elasticity theory based
on the continuum approximation of the interacting bodies (Hertz,
1882). However, several studies demonstrated the inadequacy of
this model in describing the elastic deformation of lipid bilayers
(Garcia-Manyes et al., 2005b; Das et al., 2010). In the case at issue
molecular details, the possibility of strong spatial anisotropies, and
the presence of a nearby solid support should be considered in the
formulation of an analytical model of the indentation-force relation
exploitable to extract quantitative parameters for the mechanical
properties of the bilayer (Dimitriadis et al., 2002).

A relevant question arises, at this point, as to the relation
between these mechanical parameters and those derived from
micropipette experiments (Dieluweit et al., 2010). Particularly, the
relevance of this question is related to the possible connections
between the measured mechanical parameters and the behavior
of membrane proteins. In micropipette experiments the tension

applied to the membrane is in the plane of the membrane. By mea-
suring the membrane deformation as a function of the applied
tension the area stretching modulus is retrieved. This parameter
associates a sort of elastic constant to the deformation of the lipid
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Fig. 3. Schemes of the possible molecular mechanisms associated with the tip pressing on the supported lipid bilayer. In (a) the tip penetrates through the bilayer inducing
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 lateral area compression effect on the lipid molecules near to the tip. In (b) the tip
ateral  area expansion and a vertical compression.

ilayer involving a variation of the area per lipid molecule. At the
ame time, the value of the area stretching modulus might affect
he activity of all membrane proteins whose functioning mecha-
ism involves a variation of their area in the plane of the membrane
Sachs, 2010). In a description of lipid bilayers in terms of mechan-
cal properties also the Gibbs free-energy penalty associated with a
ariation of the bilayer thickness should be considered. This sort of
eformation is intuitively associated with AFM indentation experi-
ents. One should observe that, given the almost constant volume

f lipid bilayers, every variation of the thickness of the bilayer
nvolves also a variation of the area per lipid molecule. Moreover, as
t will be discussed below, each of these changes involves a lateral
ow of molecules which depends on bilayer viscosity and, hence, on

ndentation speed. The possibility of answering the previous ques-
ion should encompass the understanding of the molecular lipid
eformation under the force applied by the tip, probably as a func-
ion also of the tip geometry, as shown in Fig. 3. Notwithstanding
his scenario is a quite complicated one, some considerations could
elp finding a way out. In both cases (a) and (b) of Fig. 3, tip indenta-
ion inside the lipid bilayer implies a variation of the area-per-lipid

olecule. In (a), a lateral area compression is involved, whereas,
n (b), an expansion. A typical approximation for the description
f the mechanical parameters of the lipid bilayer in the limit of
mall deformations is that the energy involved in each deforma-
ion depends on the square of the deformation. This means that

 harmonic spring model is assumed. As a consequence, the dif-
erence between (a) and (b) in Fig. 3 is that, even if in both cases
he stretching modulus is involved, in (b) a contribution also from
he compression modulus is expected. In quantitative terms, the
rea stretching modulus has characteristic values in the range
5–70 kB T/nm2 and the compression modulus has a typical value
f 60 kB T/nm2. As a conclusion we can state that the mechanical
arameter extracted from force spectroscopy experiments, either

t is indicated by E (Young modulus) or by kA (area stretching mod-
lus), will involve the value of the area stretching modulus.

In a recent work Das et al. (2010) developed a molecular descrip-
ion of the bilayer indentation by an AFM tip essentially based on

odel (b) of Fig. 3. They derived a Gibbs free-energy cost for the
ipid deformation and, taking the derivative of the energy with
espect to tip indentation, the force exerted by the tip. In their
erivation, they relied exclusively on the area stretching modulus
nd, by a fit of the derived indentation-force relation to experimen-

al data, they obtained values for the stretching modulus similar to
hat obtained in micropipette experiments.

Much attention in force spectroscopy experiments on lipid
ilayers has been devoted to the jump-through event which is due
uces an effective indentation of the bilayer and the lipid molecules undergo both a

to a sudden jump of the tip from the surface of the deformed bilayer
to the underlying substrate (Dufrêne et al., 1998; Garcia-Manyes
et al., 2005a,b; Butt and Franz, 2002; Loi et al., 2002; Alessandrini
et al., 2011). This phenomenon suggests a brittle behavior of the
bilayer. The attention given to this aspect of the approaching curve
relies on the fact that the tip penetration through the lipid bilayer
resembles the formation of pores in the lipid bilayer (Butt and Franz,
2002; Garcia-Manyes et al., 2005b; Alessandrini et al., 2011). The
energetics of pore formation in lipid bilayer has a great relevance in
experimental situations such as electroporation. The poration pro-
cess could be described in analogy to a chemical reaction: an initial
state – the intact bilayer – separated from a “pored” configuration
by an intermediate state of maximum Gibbs free-energy (Bier et al.,
2004). Once the system is able to reach the energy required to over-
come the intermediate state, the final state will be rapidly reached.
Formation of pores in lipid bilayers is connected with lateral area
fluctuations and the spontaneous formation of holes with a radius
higher than a critical value (Glaser et al., 1988). It is to be stressed
that the details of the spontaneous pore formation process differ in
some aspects from the details of the pore induced by an AFM tip.
In particular, pores formed in force spectroscopy experiments will
be larger than the spontaneous ones, requiring higher energy to be
obtained.

Also the physical and chemical properties of the substrate sup-
porting the lipid bilayer might have a role in determining the
mechanical parameters obtained by force spectroscopy exper-
iments. As we already stated, the substrate could affect the
asymmetry between the two leaflets and, in particular the sur-
face lipid density. Apart from affecting the degree of interleaflet
coupling (Seeger et al., 2010a), the surface lipid density in the
leaflets could also contribute to the measurement of the mechan-
ical parameters. In fact, the lateral area expansion modulus of the
supported bilayer is strongly connected with the lipid density and
the lateral pressure inside the bilayer. This particular aspect makes
the comparison between experiments performed in different lab-
oratories on the same system quite hard. In fact, it is very difficult
to reproduce the same lipid surface density being this parameter
affected by many environmental conditions.

In a seminal group of papers, Butt et al. studied the process of
jump-through in lipid bilayers, from both a theoretical and exper-
imental point of view (Butt and Franz, 2002; Loi et al., 2002; Franz
et al., 2002). In one of the possible theoretical interpretations, the

continuum nucleation model, they suggested that the force applied
by the tip provides energy to favor the overcoming of the interme-
diate state and, by increasing the applied force, the critical radius
of the fluctuations required for the hole formation decreases. Two
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ig. 4. (a) Dependence of the jump-through force on the temperature for a POPE b
9 ◦C in distilled water. The bilayer is the phase coexistence region of the liquid-cr
he  lighter area corresponds to the gel phase of the bilayer, whereas the darker reg

roperties of the jump-through event are relevant at this point of
he discussion: the event is a kinetic process and the force value
t which it occurs depends on the rate of force increase; the phe-
omenon is inherently stochastic and the punch-through force,
ven at constant rate of force increase, is distributed around a most
robable value. Given the above considerations, the experimental
rocedure includes also aspects of dynamic force spectroscopy and

t will be thoroughly discussed in a dedicated section.

. Overview of the force spectroscopy studies on supported
ipid bilayers

The main objective of the research involving the force spec-
roscopy investigation of SLBs is the determination of their

echanical properties at the nanoscale. The absolute value of the
echanical parameters is difficult to obtain due to uncertainties in

he spring constant of the AFM cantilever and the choice of the right
nalytical model to be used in the fitting procedure. This situation is
uite ubiquitous in AFM experiments on biological systems. How-
ver, as usual, changes in mechanical parameters as a consequence
f variation in the thermodynamics of the system can be easily
easured. At the same time, lateral variation of the parameters

t nanometer scale are easily measured.
Dependence of mechanical parameters as a function of tem-

erature (Garcia-Manyes et al., 2005a; Alessandrini et al., 2011),
onic strength of the solution and pH (Garcia-Manyes et al., 2005b;
lessandrini et al., 2011) has been studied. Most of the studies
oncentrated on the force value at which the jump-through phe-
omenon occurs whereas, typical elastic properties which could
e extracted from the force indentation has received less atten-
ion. It is therefore more precise to define the properties related
o the jump-through event as concerning “mechanical stability”
ather than “mechanical properties” broadly speaking, which could
uggest to think about, for example, a variation of the area com-
ressibility modulus of the bilayer.

One of the most important parameters affecting the mechani-
al behavior of lipid bilayers is temperature. As we have already
ointed out in Section 1, a temperature variation can induce differ-
nt phase transitions in lipid bilayers according to their chemical
omposition. Even if temperature is a parameter which does not
ndergo significant changes in physiological conditions, it should
e recalled that many parameters such as pH, pressure and ionic
trength are able to affect the temperature at which the phase
ransitions occur in lipid bilayers (Cevc, 1991). As such, the local

ariation of each of the above parameters is potentially able to
nduce localized phase transitions and it is therefore important to
tudy how temperature variations can modify mechanical proper-
ies. Dealing with the jump-through event, if one describes it as a
 (the continuous line is a guide to the eye). (b) Topographic image of the bilayer at
ne and gel phases. (c) Map  of the punch-through force for the same area as in (a).
rresponds to the still liquid-crystalline region of the bilayer.

chemical reaction, it is to be expected the rate of the process be
modified by temperature with an Arrhenius type trend. As such,
an increase of the temperature will induce the transition across
the intermediate state for lower force values. The description of
the process by a single and constant activation energy parame-
ter is however limited by the possible strong variation of the lipid
molecules properties with temperature (Alessandrini et al., 2011).
Starting from a high temperature value corresponding to a lipid
bilayer in the liquid-crystalline phase, by decreasing the temper-
ature, an increase of the jump-through force value is observed
(Garcia-Manyes et al., 2005a; Alessandrini et al., 2011). However,
the most significant feature of the relation between the jump-
through force value and temperature is found when, upon a further
temperature decrease, a strong decrease of the jump-through force
value is observed (Fig. 4a). Exploiting the possibility of coupling
microscopic and spectroscopic investigations, it has been possible
to associate the decrease of the force threshold to the presence of
domains still in the liquid-crystalline phase while the phase tran-
sition to the solid ordered phase was  already started out, as it is
shown in Fig. 4b by a topographic image of the bilayer (Alessandrini
et al., 2011). Fig. 4c shows a map  of the jump-through force values
on the same area where the topographic map  in Fig. 4b has been
acquired. The image displays that the darker and thinner regions
of the bilayer, corresponding to the liquid-crystalline phase, are
associated with jump-through force values lower (darker) than the
jump-through values on the thicker gel phase. Recalling the analogy
with the formation of pores in lipid bilayers, a strong connection
between the jump-through event by the AFM tip and fluctuations in
the mechanical parameters of the lipid bilayer can be established. In
fact, it is well established that fluctuations, for example in the area
per lipid molecule, undergo a strong increase in the phase transi-
tion region (Heimburg, 1998). In the continuum nucleation model
developed by Butt et al., fluctuations in the lipid positions under the
tip are the starting point for the nucleation of a hole big enough to
overcome the intermediate state toward the penetration of the tip
through the bilayer (Butt and Franz, 2002). Accordingly, the jump-
through force value can be considered an indication of the strength
of fluctuations in the lipid bilayer (Alessandrini et al., 2011). From
Fig. 4c it is also clear that in the liquid-crystalline domain the
punch-through force has a rather homogeneous value. In the con-
text of membrane permeability due to the formation of lipid
ion-channels, two possible scenarios (not mutually incompatible)
can be envisaged in the phase transition region: an increase in the
probability of pore formation in the liquid domains and an increase

of pore formation in the boundary regions between different phases
(Heimburg, 2010). On the basis of the proportionality between the
excess heat capacity and fluctuations and considering the connec-
tion between excess heat capacity and cooperativity of the phase
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ransition, it appears that the formation of pores due to macroscopic
uctuations involving the whole liquid phase region is more prob-
ble (Heimburg, 2010). Here, the whole liquid-crystalline phase
xperiences a reduced punch-through force, without evidence of
n increased pore formation probability at the domain interfaces.
erforming high resolution Force Volume imaging with the aim to
etrieve details of the interface region, no particular further soften-
ng at the domain boundaries is observed. A possible reason for the
ack of a special behavior at the domain boundaries could lie in the
nteraction area of the tip with the bilayer. Probably, it is too large
o allow distinguish the particular value of the punch-through force
n a thin region along the phase interface.

We already pointed out in the section dedicated to the relation
etween force spectroscopy and mechanical parameters of the lipid
ilayers, that the elastic region of interaction can provide informa-
ion on the area stretching modulus of the lipid bilayer. In Fig. 5,
hree examples of curves obtained on a POPE bilayer at three dif-
erent temperatures are reported. The black line (circles) has been

easured at 38 ◦C with the bilayer in the liquid-crystalline phase.
 fit of the force-indentation relation proposed by Das et al. (2010)

o the initial elastic region of the curve suggests a value for the area
tretching modulus of 0.14 N/m. The red curve (triangles) has been
btained at 34 ◦C. The fit provides a value for the stretching modu-
us slightly higher than the value at 38 ◦C (0.16 N/m), and the bilayer
s still in the liquid-crystalline phase. The blue curve (squares) has
een obtained at 27 ◦C in the phase transition region of the bilayer
the curves have been acquired on the regions which are still in
he liquid-crystalline phase). The area stretching modulus is in this
ase sensibly lower than the values obtained in the previous cases
0.12 N/m). This finding highlights that in phase transition region
ot only the jump-through force is strongly reduced but also the
ilayer is much more compliant.

To complete the analysis of the temperature dependence of
he jump-through event, it is to be observed that the same phe-
omenon occurs also for the bilayer in the gel phase. The force
alue measured on the gel phase is markedly higher than that on
he liquid phase.

It is useful to compare the results presented above with the
esults obtained in a work performed by Picas et al. (2008) on a simi-
ar system: a supported POPE bilayer. They attributed the variations

n the jump-through force value with temperature also to a tran-
ition from the liquid crystalline phase to the inverted hexagonal
hase of the bilayer with the formation of intermediate stalk struc-
ures. It is to be stressed that in the work by Picas et al. the bilayer
n 43 (2012) 1212–1223

was assembled with the sequential Langmuir-Schaefer technique
whereas, in the work by Alessandrini et al. (2011),  the bilayer was
assembled with the vesicle fusion technique. It is possible that the
two preparations methods leads to different behaviors of the sup-
ported lipid bilayers.

All the discussion on the temperature dependence is rele-
vant for functional activity of membrane proteins. In fact, many
membrane proteins partition preferentially in one type of domain
when a phase coexistence state is present in the lipid bilayer
(Mall et al., 2001; Baldwin and Hubbell, 1985). The preferential
partitioning determines the environment around the membrane
protein, including the mechanical properties of the bilayer and the
hydrophobic matching condition. In the specific case of a K+ ion
channel, KcsA, it has been demonstrated by AFM imaging that, upon
phase transition of the hosting lipid bilayer between the liquid-
crystalline to the gel phase, the proteins preferentially localize
in the liquid-crystalline domains (Seeger et al., 2009b). In these
domains, while the bilayer is in the coexistence region of the
transition, the proteins will experience an increased lateral area
expansion coefficient of the bilayer. By performing a functional
test of KcsA in a planar lipid bilayer (voltage clamp measurements
on Black Lipid Membranes) it has been demonstrated that, when
the lipid bilayer is in the phase transition region, all the functional
parameters of the KcsA channel, at the single molecule level, change
(Seeger et al., 2010b).  In particular, the functional parameters fol-
low the trend of the excess heat capacity of the lipid bilayer as
a function of the temperature. Given that the heat capacity of a
system is strictly related to the fluctuations of its parameters, the
scenario of the mechanical properties of the lipid bilayers influ-
encing the behavior of membrane proteins appears consistent.
Obviously, in the case of a multicomponent lipid bilayer, phase
transition will produce a redistribution of the relative lipid compo-
sition in each different domain. This phenomenon will point also to
the role of the specific lipid composition on the membrane protein
activity. However, even if this role is definitely relevant, in the spe-
cific case at issue, it has been demonstrated that the effect of the
enrichment of the domains hosting the proteins in the lipid favoring
an increased activity of the channel cannot explain the magnitude
of the observed enhanced activity (Seeger et al., 2010b).  The over-
all picture for the KcsA in the POPE:POPG lipid mixture appears as
follows: (1) upon the beginning of a phase transition, KcsA proteins
preferentially distribute in the still liquid-crystalline domains; (2)
these domains undergo a strong increase of fluctuations and of their
compressibility at the nanometer scale as demonstrated by Atomic
Force Spectroscopy; (3) proteins undergo variations of their activ-
ity when the lipid bilayer is in the phase transition region and the
strength of these variations scales with the excess heat capacity
profile of the bilayer as a function of temperature. The observed
behavior, even if it cannot be extrapolated to the entire plasma
membrane, shows the relevance of the physical state of the bilayer
in affecting the transmembrane protein behavior.

The interleaflet coupling in lipid bilayers is at present a phe-
nomenon investigated from both an experimental and theoretical
point of view. The relevance of this phenomenon stems from its
possible role as a lipid signaling mechanism between the two
leaflets of a bilayer and, consequently, between the inner and outer
regions of a cell. In the description of the chemical-physical prop-
erties of SLBs it has been stated that the presence of the support can
induce vertical asymmetries in the two  leaflets affecting their cou-
pling. According to different preparation procedures and to ionic
strength of the solution the degree of interleaflet coupling can be
modulated (Seeger et al., 2009a).  Does the degree of interleaflet

coupling have an effect on the features of a force curve on sup-
ported lipid bilayers? It has been shown that in some cases the
force curves on lipid bilayers present two jump-through events.
Even if one cannot exclude that the two  jump-through events are
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ssociated with the presence of two bilayers, one on the substrate
nd the other one on the tip surface (Franz et al., 2002; Pera et al.,
004), it must be also considered that the two events could be due to
he sequential penetration of the tip through the two  leaflets. It can
e shown that the possibility of observing two events in the same
urve is strongly related to the degree of interleaflet coupling in the
ilayer: strongly coupled leaflets lead to only one jump-through
vent, whereas decoupled leaflets, which show two  independent
hase transitions, can give rise to two events. In the latter case,
onsidering the involved vertical distance for each jump, the pres-
nce of two events can be most likely attributed to the sequential
enetration of the two leaflets. Fig. 6 shows an example of force
urves on a POPE bilayer assembled on mica so to have the two
eaflets uncoupled. The presence of two events, each one associ-
ted with one leaflet, is evident. Moreover, considering that the
econd sequential event should be the jump through the proximal
eaflet, the higher value of jump-through force is consistent with its
igher lipid surface density (Grant and Tiberg, 2002). It can also be
emonstrated that, in case of intermediate coupling strength, the
ossibility of observing only one event or two events is connected
o the speed of the tip during the force-indentation run. This possi-
ility points to the role of the molecular details of the jump-through
vent.

As already pointed out, variations of parameters other than tem-
erature can affect the mechanical stability of lipid bilayers. Among
hese, the ionic strength of the solution has been largely inves-
igated (Garcia-Manyes et al., 2005b; Alessandrini et al., 2011).
n this context both divalent cations and monovalent ions have
een considered. It is well established that divalent cations can
ave, also at very low concentration, strong effects on the orga-
ization of bilayers (Pabst et al., 2007; Rand and Sengupta, 1972).
n the contrary, it is usually assumed that monovalent ions can

ignificantly affect the structure of lipid bilayers only at very high
oncentration (Pabst et al., 2007). A phenomenon which is usu-
lly observed in experiments performed on supported lipid bilayer
s that the jump-through force increases with the ionic strength
f the solution. This behavior is typically justified supposing that
n increase of the ionic strength induces a lateral compaction of

he lipids and an increase of the required punch-through force
Gurtovenko and Vattulainen, 2008). Molecular Dynamic simula-
ions of the effects of monovalent ions on phospholipid bilayers
n 43 (2012) 1212–1223 1219

revealed that the effect of the ions on the structure of the bilayer
depends on the tendency of specific headgroups to form both intra-
and extra-molecular hydrogen bonds and on the specific ion at issue
(Gurtovenko and Vattulainen, 2008). However, it should be noted
that, in some cases, results from MD simulations and correspond-
ing experimental data lack in consistency (Ferber et al., 2011). It is
evident that the effect of ions should strongly depend on the over-
all charge in lipid headgroups, being strongest for more charged
lipids. The effect of monovalent ions on supported lipid bilayers has
been studied in the case of both charged and zwitterionic phospho-
lipids (Alessandrini et al., 2011). A useful model system to compare
the results with is represented by lipid monolayers in Langmuir
trough. Fig. 7 shows the effect of an increasing concentration of
KCl on the punch-through force for a POPG supported bilayer. The
PG headgroup is negatively charged for pH values around neutral-
ity. It is evident that the value of the jump-through force increases
with ion concentration without reaching a saturation value up to
50 mM KCl. A similar behavior is observed for a zwitterionic head-
group such as PE (Alessandrini et al., 2011). Measuring the lateral
compressibility on lipid monolayers it appears that, whereas in the
case of POPG the variation of the KCl concentration in the subphase
produces evident effects, in the case of POPE these effects are negli-
gible (Alessandrini et al., 2011). In the case of lipid monolayers the
obtained results are easily interpreted on the basis of the effect of
ions on the lateral interaction between the lipid headgroups, but
the same interpretation scheme is incomplete for understanding
the stability of supported lipid bilayers as probed by the jump-
through force value. A more complete explanation of the observed
behavior for supported lipid bilayer should include also the effect of
the ions in solution on the presence of a transmembrane potential
drop across the lipid bilayer. In fact, supported bilayers are usually
assembled on charged surfaces. The electrostatic potential in solu-
tion produced by the charged substrate is characterized by a decay
distance (Debye length) depending on the ionic strength of the solu-
tion. Accordingly, an increase of the ion concentration in solution
decreases the decay distance and could decrease the value of the
potential drop across the bilayer (Shreve et al., 2008). Given the
electrostrictive properties of lipid bilayers (Petrov and Usherwood,
1994), a decrease of the voltage drop will increase the force required
to jump-through the bilayer.

As we already pointed out, the force spectroscopy technique
appears as a valuable method to distinguish different regions of
the lipid bilayer according to their different mechanical properties
(Sullan et al., 2009). This is true both in the case of gel and liquid-
crystalline domains and in the case of liquid disordered and liquid
ordered domains. The last case is usually associated with ternary
lipid mixtures involving cholesterol. A recent study by Sullan et al.
(2010) concentrated on the mechanical stability of coexistent liquid
domains in supported lipid bilayers composed by DOPC/SM/Chol.
They measured the mechanical properties of both liquid disordered
and liquid ordered domains as a function of cholesterol concen-
tration establishing that an increase of cholesterol concentration
reduces the mechanical stability of the domains consistently with
the fluidizing effect of cholesterol.

5. Dynamic force spectroscopy of supported lipid bilayers

As we  pointed out in Section 1, the phenomenon of jump-
through in SLBs is a dynamic process. As such, the force value
depends on the force application rate. Considering the process of
jump-through as a chemical reaction, it proceeds with a random
intermediate state. In the case of a higher force application rate,
the system will have less time to explore the conformation land-
scape and a higher force will be reached before the tip will be able
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ig. 7. Dependence of the punch-through force on the ionic concentration for a PO
oncentrations (the lines are Gaussian fits to the data); (b) overall trend of the mos

o penetrate the bilayer (Bell, 1978; Evans and Ritchie, 1997). This
s a phenomenological description, which captures the qualitative
eature of the process. Furthermore, dynamic force spectroscopy
llows exploring the energy landscape describing the penetration
rocess, at least from the initial state to the intermediate one
Hummer and Szabo, 2003). In this case, the dynamic experiments
rovide an exciting possibility of studying the jump-through event
nd extracting parameters for the same process in the absence of
orce (Dudko et al., 2006). Fig. 8 shows the results of a dynamic
orce spectroscopy experiment on a supported POPE bilayer in
iquid-crystalline phase. The plot reports the most probable jump-
hrough force value as a function of the tip speed in semilogarithmic
cale. The linear relation between the two parameters is consis-
ent with the phenomenological description we mentioned above.
ne of the problems of a theoretical description of dynamic force

pectroscopy experiments is related to the limited tip speed range
xperimentally investigated. A microscopic description of dynamic
orce spectroscopy experiments could foresee a more complex rela-
ion between the most probable force for the process at issue and
he tip speed in a larger range of tip speeds, mainly by removing
he restriction of a fixed position for the location of the transition
tate (Hummer and Szabo, 2003; Dudko et al., 2003, 2006).

Different theoretical models have been developed to interpret
ynamic force spectroscopy experiments and, moreover, some

pecific models have also been developed in the context of punch-
hrough experiments on supported lipid bilayers (Butt and Franz,
002; Loi et al., 2002; Franz et al., 2002). One of the main goals
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of theories describing the effect of a force on the occurrence of a
process is that of extrapolating the parameters that describe the
process in the absence of an applied force. Among these param-
eters, the most important ones are the activation energy for the
process (�G0) and the rate of the process at zero force (k0

off
). One

of these is the Bell–Evans model, usually referred to as the phe-
nomenological model (see above) (Evans and Ritchie, 1997). This
model foresees a linear relation between the most probable collaps-
ing force and the logarithm of the loading rate. A fit of this model to
the experimental data allows retrieving k0

off
and the distance to the

transition state �x. k0
off

represents the rate of the process which, in
the case at issue, involves the formation of a hole in the bilayer large
enough for the tip to penetrate at zero force, whereas �x  should
represent the distance between the initial equilibrium state and the
intermediate reaction state, characterized by the highest energy
value along the transition to the final state. Abdulreda and Moy
(2007) exploited the phenomenological theory to analyze an event
involving the fusion of two  lipid bilayers studied by dynamic force
spectroscopy. In this work they obtained a linear relation between
the force required for the fusion process and the logarithm of the
loading rate. From their data a value for the distance to the transi-
tion state in the order of 10−2 nm was  obtained by exploiting the
phenomenological Bell–Evans model. It is to be stressed that the
values which can be extracted from the fits are obtained from the-
ories which have been developed in the context of a single bond
and which assumes the reaction coordinate as an unidimensional
parameter in the direction defined by the pulling or pushing path
of the tip (Best et al., 2008). Complicated events such as the rupture
of a lipid bilayer and the penetration of the AFM tip could require a
description in terms of multiple reaction coordinates. This is partic-
ularly true in the case of supported lipid bilayers in which the force
is applied in the direction perpendicular to the plane of the bilayer
and the interactions involved in the collapse of the structure act
mainly in the direction parallel to the plane of the membrane. In
particular, the value for the distance to the transition state obtained
by Abdulreda and Moy  is too small for assuming a straightforward
physical meaning. Its exceedingly small value means that the over-
all process is almost insensitive to the application of a force, but
such a value seems also unable to separate significantly the two
equilibrium states of the transition. That figure is probably affected
by the fact that the assumed reaction coordinate (the pushing direc-
tion of the tip) does not correspond to the best describing reaction
coordinate for the process (Best et al., 2008).
The molecular model proposed by Butt (Butt and Franz, 2002)
allows extracting both the activation energy for the process and
k0

off
, but it does not allow the extraction of the distance to the tran-

sition state. In the paper by Sullan et al. (2010),  this model has been
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xploited to extract the activation energies for the formation of
ores by the AFM tip in supported lipid bilayers including choles-
erol. They obtained results which were in a remarkable accord
ith the data obtained for the fusion process of biomembranes and
odel membranes.
Another model developed by Butt and Franz is the continuous

ucleation one. Within this model the distribution of the force val-
es for the jump-through phenomenon can be exploited to obtain

nformation on parameters such as the line tension of the bilayer
nd the “spreading pressure”, which represents the tendency of the
lm to spread into the gap between the tip and substrate (Garcia-
anyes et al., 2010).
Models that account for a microscopic description of the system

re mainly derived by the transition state theory and the Kramer’s
pproximation assuming a specific analytical description of the
nergy landscape for the process. These models have the advan-
age of providing directly an estimate of the activation energy for
he process. Future works will establish if the process of AFM tip
ump-through in supported lipid bilayers can really be described
y these theories and they will also establish the physical meaning
f the parameters which will eventually be available from fitting
he theories to the experimental data.

. Conclusions and future perspectives

We showed how force spectroscopy experiments on supported
ipid bilayers provide useful information about the mechanical
roperties of the bilayer at the nanoscale. This is true both for
echanical stability of the bilayer and mechanical moduli (spring

onstants) of the membrane. Obviously, in the second case care
hould be paid to the fact that the influence of the rigid substrate
mmediately below the very thin (∼5 nm)  lipid bilayer can alter the
uantitative evaluation of the mechanical moduli (Dimitriadis et al.,
002). The development of contact mechanics theory specifically
esigned to consider the molecular structure of lipid bilayers and
he interactions of both the hydrophobic and polar regions of the
ipids could increase the accuracy of the extracted parameters. For
xample, the use of cantilevers with tips shaped as microspheres
ould allow the application of measurable forces with a small defor-
ation of the sample. In this case the sample deformation could

emain in the linear elastic regime and the extraction of a param-
ter representing the spring constant for the deformation of the
ilayer would be more reliable. The understanding of the molecular
eformation induced on a lipid bilayer by the AFM tip would surely
enefit from molecular dynamic simulation of the process. This
ould also describe the relation between the compression modulus
f a lipid bilayer and its lateral expansion modulus, which are prob-
bly both involved in the indentation measurements performed by
FM. Further theoretical and experimental efforts will also help
larifying the role of the viscosity properties of the bilayer. In the
ase of experimental efforts it is to be highlighted the introduction
f a new technique based on indentation force spectroscopy which
llows the acquisition of maps of the mechanical properties of a
ample at high resolution (Rico et al., 2012). The same techniques
as been also recently applied to the determination of the mechan-

cal properties of a supported lipid bilayer in terms of elastic moduli
Picas et al., 2012). All these studies will also allow an easier com-
arison between the nanoscale properties and the mesoscale ones
easured by the micropipette aspiration technique.
It should be however considered that many of the considerations

eveloped in this review refer to model systems of the biological

embrane. Whereas in model systems the presence of “lipid rafts”

nterpreted in the sense of transient compartmentalization of lipids
nd proteins in micro/nanometric domains is well established,
n cell membranes, the observation of “lipid rafts” has remained
n 43 (2012) 1212–1223 1221

elusive so far. Indirect evidence of their presence has been
obtained by biophotonics techniques but imaging evidences still
lack (Eggeling et al., 2009). The investigation on model systems
is however very useful also for the validation of experimental
approaches which can be extended to establish the presence of
nanodomains in biological membranes.

Another important field of study is connected to how molecules,
which can interact with the lipid bilayer, are able to affect the
mechanical properties of lipid bilayers as measured by AFM. In
the literature it is possible to find some examples in which pro-
teins, such as cytochrome c, which adsorb on the surface of lipid
bilayers, have been demonstrated to affect the mechanical sta-
bility of lipid bilayers on the nanoscale (Morandat and El Kirat,
2011). Another interesting case is that of the presence of amphip-
ilic molecules or peptides, which can insert in the lipid bilayer
and modify its mechanical parameters. For example, it has been
shown by atomic force spectroscopy that a Bax-derived peptide is
able to modify the line tension of a lipid bilayer (García-Sáez et al.,
2007). This result can shed light on the mechanism of pore for-
mation in lipid bilayers by many peptides. In general, atomic force
spectroscopy could be exploited to study how amphiphilic drugs
are able to affect the mechanical properties of a lipid bilayer and,
as a consequence, the activity of membrane proteins. One of the
techniques which is currently being used to monitor the mechan-
ical changes induced by a drug on a lipid bilayer is based on the
alterations that the studied drug produces on the activity of a well-
known ion channel: gramicidin (Lundbaek, 2008). The exploitation
of force spectroscopy technique on lipid bilayers could complement
the studies on gramicidin and provide a direct measurement of the
spring constant associated with membrane deformations.

In the context of the energy landscape which describes
the membrane rupture event, further theoretical developments,
including a multidimensional description of the process in terms
of reaction coordinates and further studies aimed at enhancing the
explored force rate increase range, will help understanding some
aspects that are still controversial.

The reviewed technique of force spectroscopy on supported
lipid bilayers has already provided useful information on this
biological membrane model system and promises to offer other
valuable data in the near future. As it is typical of the biophysical
approach, the choice of models of increasing complexity is to be fol-
lowed and the final goal will be that of implementing this technique
directly on biological membranes.
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