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We review the studies dealing with lipid bilayer phase transitions and separations performed by 

Atomic Force Microscopy highlighting the added values with respect to traditional approaches.  
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Abstract 

We review the capabilities of Atomic Force Microscopy (AFM) in the study of phase 

transitions in Supported Lipid Bilayers (SLBs). AFM represents a powerful technique to cover the 

resolution range not available to fluorescence imaging techniques and where spectroscopic data 

suggest that the relevant lateral scale for domain formation might be. Phase transitions of lipids 

bilayers involve the formation of domains characterized by different height with respect to the 

surrounding phase and are therefore easily identified by AFM in liquid solution once the bilayer is 

confined to a flat surface. Even if not endowed with high time resolution, AFM has allows shedding 

light on some aspects related to lipid phase transitions both in the case of a single lipid component 

and lipid mixtures containing also sterols. We discuss here the obtained results in light of the 

peculiarities of Supported Lipid Bilayer model systems.  
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1 Introduction  

For every living cell, the biological membrane represents the site where any exchange 

between the inside region and the outside world has to transit. These exchanges involve materials, 

energy and information. A living cell cannot be represented as an equilibrium system, and the 

biological membrane too is a strongly dynamic system, not at equilibrium, that constantly modifies 

its structure in order to accomplish different functions. According to these dynamic and out-of-

equilibrium characteristics, together with the enormous number of different components that are 

involved in its formation, the biological membrane exemplifies one of the many biological systems 

that require tremendous efforts in order to be elucidated from a physical point of view
1
. There is 

no doubt that understanding biological membranes takes a remarkable advantage from studies on 

model systems, which are simplified, prototypical representations of a biological membrane that 

can, in some cases, be considered in equilibrium conditions. Examples of model systems are 

liposomes, Black Lipid Membranes (BLM) and Supported Lipid Bilayers (SLBs). The mentioned 

simplification can operate at various levels; from the lowest one, in which a lipid bilayer in the 

form of a liposome made of a single type of lipid is considered, to systems of increasing complexity 

that include the presence of different type of lipids (all the way down to the cases in which a lipid 

composition very similar to that of a cell membrane is considered – Giant Plasma Membrane 

Vesicles (GPMVs)
2
) and their interaction with models for the cortical actin network

3,4
. Model 

systems can be exploited both to validate experimental techniques which are going to be used on 

living cells and to understand the basic and common physical aspect underlying the behavior of 

biological membranes. Moreover, the observation of a different behavior of model systems with 

respect to biological membranes can be the starting point for a deeper understanding of the 

latter. An illustrative case is that represented by the structure of the lipid rafts, for which initial 

model systems revealed a behavior not found in living cells
5,6

. The observed difference prompted a 

series of studies, as will be deeply illustrated in this work, which allowed a better definition of the 

conditions favoring the appearance of lipid rafts in living cells. In particular, the performed studies 

considered model system of increasing complexity for which the biological behavior was 

recovered.  

Thermodynamics appears ideally suited to tackle problems related to the elucidation of the 

structure of biological membranes (and of corresponding model systems)
7
. At the heart of many 

aspects related to membrane structure and associated functions we can consider the possibility of 

phase transitions and separations according to variation of several parameters. Currently, an 

increasing number of reports are stressing the possible relevance that a particular thermodynamic 

state could have on membrane behavior
8
. In particular, the proximity of a membrane to a critical 

point or a region of critical points could allow explain some aspects of membrane organization, 

such as dynamic and spatial organization properties. However, the study of these particular 

thermodynamic conditions, both on model systems and biological membranes of living cells poses 

great experimental challenges. In fact, to fully accomplish the requirements posed by the 

investigation of systems near to a critical behavior, the experimental techniques to be used should 

be endowed with high lateral and time resolution
9
. Single molecule techniques exploiting optical 

properties of specifically designed probes could provide the required time resolution, but lack 
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imaging possibilities
10

. Fluorescence microscopy techniques
11

 are typically limited in imaging 

resolution to a scale in the order of some hundreds of nanometers, which seems to be not fully 

adequate. Spectroscopic techniques such as NMR allow investigating the dynamic properties on 

the nanometer scale by they require complex interpretations which have to be developed in the 

specific context of lipid bilayers
12

.  

Among the techniques able to study the thermodynamic behavior of lipid bilayer model 

systems
13-15

, Atomic Force Microscopy (AFM) emerged as a very powerful tool, mainly due to its 

remarkable lateral and vertical resolution
16-21

. Exploiting AFM, lipid bilayers can be studied usually 

in the form of supported bilayers, which means planar lipid bilayers supported by a solid 

substrate
22,23

. The possibility of controlling environmental chemical composition along with 

imaging temperature allows AFM to study the thermodynamic behavior of a bilayer as a result of a 

perturbation. This possibility is connected to the high vertical resolution of the technique and the 

thickness variations of the lipid bilayer accompanying phase transitions and separations. 

Moreover, along with imaging capabilities, the AFM provides also force spectroscopy ability (AFS – 

Atomic Force Spectroscopy)
16

. This last technique allows associate to each phase of the lipid 

bilayer mechanical information on the nanometer scale that could be relevant to the overall 

behavior of the membrane. At the same time, a correlation between thermodynamics and 

mechanics can be established on the basis of this technique. Figure 1 highlights the limits and the 

useful information that can be retrieved by the different techniques exploited in the field of 

membrane biophysics.  

In this review, we will present the main results obtained with AFM on the investigation of 

phase transitions of supported lipid bilayers. We will include cases in which both the main phase 

transition and the phase transition related to lipid-rafts concept are involved.  

At the beginning we will briefly introduce the concept of phase transitions in lipid bilayers 

from a general point of view, considering unsupported systems. We will then present the chemical 

and physical properties of supported lipid bilayer systems. We will consider some aspects related 

to the different preparation procedures and how these could impact on the bilayer phase 

behavior. Afterwards, we will report the main results obtained with AFM in the study of the phase 

transition of supported lipid bilayers considering phospholipids as bilayer components, comparing 

the observed features with those available from different techniques that can access 

thermodynamic properties. We will then include studies of the thermodynamic properties of 

bilayers that include sterols, a case relevant to the lipid raft concept, and other exogenous 

molecules. In particular, we will consider the situation of liquid immiscible phases in the supported 

lipid bilayer. We will also discuss the capabilities of AFM to follow the kinetics of domain 

nucleation and growth after a temperature jump. A section will be dedicated also to AFS 

investigations of the mechanical properties of different lipid bilayer phases. In this context we will 

mainly consider the mechanical resistance of a lipid bilayer to the penetration of an AFM tip. We 

will exploit this information to draw an ideal bridge connecting bilayer local mechanical properties 

and gating of ion channels thereby embedded. Lastly, we will discuss possible future 

developments in terms of relevant pending problems and instrumentation to be developed.    
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2.  A brief introduction to lipid bilayer phase transitions 

In this section we will briefly describe the possible phase transitions of lipid bilayers. We 

will concentrate on thermotropic phase transitions. The lipid bilayer structure is strictly related to 

the presence of water
24

 and, accordingly, phase transitions could also be induced by varying the 

water fraction with respect to lipids. These sorts of phase transitions are said lyotropic, a common 

topic for liquid crystal systems, but they we will not be considered in the present work. 

Starting from the experimental observation that at low temperature X-ray wide angle 

diffractions of lipids with fully saturated hydrocarbon chains present very sharp rings which get 

larger and more diffuse at higher temperatures, it was established that the lipid bilayer phase 

transition mainly consists in a disordering of the hydrocarbon chains of the lipids
25

. This transition, 

usually referred to as the main phase transition, consists in a disordering of the hydrophobic 

chains of the lipids followed by a sudden increase of their lateral mobility. For this reason, the 

higher temperature phase is called liquid disordered, whereas that at lower temperature solid 

ordered. According to this description, the phase state of a lipid bilayer can be described by an 

order parameter related to the possible conformations of the hydrocarbon chains. The transition 

temperature is strongly related to the length of the acyl chains of the lipids and to the possible 

presence of one or more double bonds in the chains
26-28

. However, also the headgroups of lipid 

molecules have an effect on the lipid phase transition temperature
29

. This is due to electrostatic 

dipolar interactions. Phospholipids with the same hydrophobic chains but with different 

headgroups can have transition temperature separated by more than 20°C. The transition from 

the solid ordered to the liquid disordered phase implies an increase (up to 25%) of the lateral area 

per lipid, due to the increased disorder of the hydrophobic chains. From this, an increased lateral 

mobility derives. At the same time, the thickness of the lipid bilayer decreases so that, globally, the 

volume increases only by 3-4%. Therefore, the transition could be approximated by a constant 

volume phase transition. This is true for bilayers which can accommodate for the increased lateral 

area without increasing their tension.  The main phase transition is considered, after a long 

debate, mainly a first order phase transition  in which several properties of the bilayer change 

suddenly as the transition temperature is crossed
30

. However, even if the transition is considered 

first order, a lipid bilayer composed by only one type of lipids can show extended phase 

coexistence regions. This is mainly due to a reduced cooperativity and to the presence of both 

short- and long-range interactions between the lipids in the bilayer. Some lipids, in particular 

conditions, can produce a ripple phase in the bilayer during transition from the ordered phase to 

the liquid disordered one. This phase is characterized by a periodic bilayer undulation.  

The main experimental technique to study the thermodynamics of the main phase 

transition is represented by Differential Scanning Calorimetry (DSC)
31

. This technique provides a 

measurement of the excess heat capacity of lipid dispersions as a function of temperature. 

Moreover, in the case of mixtures, it is possible to study the mixing behavior of the lipids as a 

function of the relative fraction of the two components defining a phase diagram.  
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Another relevant phase transition in these systems is related to the presence of 

cholesterol
32

. Cholesterol stabilizes the membranes by ordering the lipid acyl chains . This effect is 

the result of the rigid planar structure of cholesterol. At the same time, if cholesterol partitions in 

solid domains of a lipid bilayer, it tends to disorder the bilayer structure. This particular effect of 

cholesterol on a lipid bilayer has been translated in the creation of a new phase in a lipid bilayer 

which has been named liquid ordered phase. The name refers to both the ordered structure of the 

hydrophobic chains and to the preserved high lateral diffusion in these domains. Due to the 

presence of this new phase, the previously defined gel phase has been renamed to solid ordered 

phase and the liquid crystalline phase has been renamed to liquid disordered phase. However, the 

presence of cholesterol in lipid bilayers introduces a great complexity in the phase behavior of 

these structures. Studies on model systems presented some behaviors that were not found in 

biological membranes; as a consequence, until the introduction of the lipid raft hypothesis in 

biological membranes
33

, the biological community was not particularly interested in this new 

phase. Later on, the presence of detergent insoluble domains, named lipid rafts, in biological 

membranes was associated with that of cholesterol and the insoluble domains were connected to 

the liquid ordered phase previously found in model systems. The definition of lipid rafts has 

evolved since their first introduction and these are now considered small (about 20-50 nm) 

domains enriched in cholesterol and sphyngomielin with a dynamical structure in the time scale of 

ms
34-35

. The introduction of the liquid ordered phase brought about concepts related to 

fluctuations and critical phenomena in the field of membrane biophysics
36

. Experiments on model 

systems focused on ternary lipid mixtures which included a high melting temperature lipid, a low 

melting temperature one and cholesterol. The phase diagram for these mixtures might foresee the 

presence of a coexistence region of liquid ordered and liquid disordered phases separated from 

homogeneous phases. The transition from the immiscibility region to the homogeneous one might 

occur through a critical point. Around this point the two phases are almost indistinguishable and 

for temperatures above the critical region fluctuations play a dominant role. According to some 

interpretations, the lipid rafts might be identified with fluctuations in lipid compositions resulting 

in domains with a small correlation length
8
.  

 

3. Preparation techniques and chemical-physical properties of Supported Lipid Bilayers 

  Supported Lipid Bilayers (SLBs) are assembled on a rigid, typically hydrophilic, substrate 

such as glass, silicon (di)oxide or mica (Figure 2). Even if specific properties of supported bilayers 

might depend on substrate nature, we will start with a general introduction to these model 

systems and we will come back later to aspects related to the type of substrate used. SLBs were 

initially developed by the McConnell’s group to study the interaction of cells with lipid bilayers
22

. 

They can be assembled following two different strategies: the Langmuir Blodgett/Schaefer 

approach
19

 and the vesicle fusion technique
37

. The first technique is based on two consecutive 

transfers onto a solid substrate of a lipid monolayer formed at the liquid/air interface in a 

Langmuir trough. An appealing feature of this approach is in the possibility of imparting 

transbilayer compositional asymmetry, reproducing thus the actual situation found in biological 
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membranes, where a lipid compositional asymmetry is established and maintained by active 

macromolecular systems (enzymes). Moreover, using the Langmuir Blodgett approach, it is 

possible to fine-tune the lateral pressure of each leaflet controlling also the physical vertical 

asymmetry in the bilayer. However, it has been shown that, due to rapid (if compared to 

measuring time) flip-flop transitions in these systems, especially at phase transitions, it is difficult 

to preserve the lipid composition of each leaflet that was present at the liquid-air interface
38

.  

In both preparation strategies, the presence of a thin water layer between the leaflet 

nearer to the substrate (proximal leaflet) and the substrate itself allows lipid diffusion to a certain 

extent
39

 (Figure 2). This thin water layer allows also to host transmembrane proteins if only a small 

portion of them protrudes from the bilayer towards the support. The vesicle fusion technique 

enables the incorporation of transmembrane proteins in the SLB more easily than the Langmuir-

Blodgett/Schaefer one. Even if strategies for the incorporation of detergent-solubilized 

transmembrane proteins in already formed SLBs have been developed
40

, the direct fusion of 

proteoliposomes on surfaces appears as a more practical approach. A typical AFM image of a SLB 

on mica in the case of a single lipid component (POPE) is shown in Figure 3. Typically, defect free 

bilayers are preferred, but the presence of small defects in the bilayer could otherwise be useful to 

measure the height of the bilayer from the solid support and to assure the presence of a bilayer on 

the substrate. 

It has to be stressed that when working with lipid mixtures an undesired asymmetry in lipid 

composition might result from the vesicle fusion technique. This asymmetry involves lipid 

composition but also lipid density (the second possibility concerns also single component lipid 

bilayers). Due to the presence of the substrate, lipid composition in the two leaflets could not be 

easily predicted on the basis of the composition used for Small Unilamellar Vesicles (SUVs) or 

Large Unilamellar Vesicles (LUVs) preparation and a preferential partitioning of some lipid species 

in a specific leaflet could be obtained, due to different transition temperatures and electrostatic 

interactions of the lipid headgroups with the specific support
41

. 

Briefly, the mechanism of SLB formation from unilamellar vesicles in solution foresees the 

adsorption of the vesicles on a substrate, the rupture of the vesicles and formation of a 

continuous planar lipid bilayer on the support. However simple this process might seem, a clear 

mechanistic description of the formation course is not available. Nevertheless, the structure of the 

supported bilayer might be very relevant for the behavior of the membrane, especially regarding 

its phase transition. So, it is worthwhile discussing this aspect in more details. The rupture process, 

when an osmotically induced stress is not present, is due to a balance between the attraction of 

the lipid bilayer by the support and the curvature stress on the sides of the vesicles
42

. A strong 

attraction induces a high curvature in the bilayer leading eventually to pore formations and 

rupturing of the bilayer. A formed planar bilayer might then go in contact with a still intact vesicle 

and induce the rupturing of the other vesicle
43

. If there is enough lipid material in contact with the 

surface, this process leads to a continuous planar bilayer. The described process produces a bilayer 

in which the internal leaflet of the liposomes is now facing the bulk water solution (inside-up 

orientation). In the literature, the process of SLB formation starting from vesicles in solution has 

Page 8 of 45Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



8 

 

been simulated by Monte Carlo methods
44

 and by molecular dynamics
45

. A recent coarse-grained 

approach using dissipative particle dynamics simulation highlighted some interesting aspects of 

SLB formation from vesicles
46

. In particular, this study considered the possible effects of the 

interaction between the substrate and the lipid bilayer on the final configuration of the planar 

lipid bilayer. The lipid-bilayer/substrate interaction typically includes the van der Waals force, the 

electrostatic double-layer force and the hydration force. If we compare this case with 

bilayer/bilayer interactions in multilamellar systems, we exclude the Helfrich undulation force due 

to the fact that the substrate usually suppresses undulation fluctuations of the bilayer. One of the 

most relevant results, in view of its effect on  phase transition of SLBs, is that the van der Waals 

interaction produces a vertical asymmetry in the lipid density of the leaflets. The proximal leaflet 

(the one nearer to the surface) has a higher lipid density with respect to the distal one (that facing 

the bulk water solution). As a consequence, also the thickness of the leaflets will be different, with 

the proximal leaflet thicker than the distal one. The above effect is proportional to the attractive 

interaction between the support and the lipid bilayer. The vertical density asymmetry introduces 

also an asymmetry in the lipid diffusion constant between the two bilayers which will be described 

in more details below considering also experimental results. A different density in the SLB leaflets 

was also established by Faller et al. using coarse-grained simulations
47

. The above discussed 

structural aspects of a SLB clearly point to a shift of the thermodynamic phase of the proximal 

leaflet towards a more condensed phase with respect to the distal one. If the asymmetry is too 

strong and a strong interleaflet coupling mechanism is not at work, the vertical asymmetry can 

eventually lead to an independent phase behavior of the two lealfets.  

Another largely exploited model system is represented by the polymer-supported lipid 

bilayer
48

. In this case, the lipid bilayer is not directly facing the solid support, rather, it is separated 

from it by a soft polymer layer (cushion) enabling an increased lipid lateral mobility. At the same 

time, the increased thickness of the hydrophilic region between the lipid bilayer and the substrate 

allows the incorporation of transmembrane proteins with large extra-membraneous portions. The 

enhanced lateral mobility of both lipids and proteins makes this model system very appealing for 

the investigation of dynamic aspects of membrane organization. However,  polymer-supported 

lipid bilayers do not assure the required flatness and stability for AFM imaging, so, very few AFM 

studies have been reported on these systems
49,50

. For example, the effective presence of a lipid 

bilayer on the substrate can be confirmed by force spectroscopy measurements (see the section 

focused on the mechanical properties of lipid bilayers) but the presence of the polymer layer could 

be misleading in the interpretation of the results. 

 We already pointed out that the van der Waals interaction might induce a vertical 

asymmetry in lipid density of supported lipid bilayers. Moreover, the presence of an 

electrostatically charged substrate might induce a lipid composition asymmetry in the case of 

mixtures of lipids having differently charged headgroups
51

. The electrostatic interaction is 

embodied in the double layer force, which depends both on the surface charge of the two 

interacting surfaces and the ionic strength of the solution used to form the bilayer. Mica, the 

typically exploited substrate for studying SLB with Atomic Force Microscopy, has a negative 

surface charge in water solution whereas the bilayer surface charge depends on the lipid type. The 
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decaying length of the double layer force is exponentially related to the presence of electrolytes in 

solution via the Debye screening length, whose magnitude decreases upon increasing the ionic 

strength of the solution. In this context divalent ions will be much more efficient in screening 

surface charges than monovalent ions. The sum of the van der Waals and the double layer 

interactions, the latter described by Poisson-Boltzmann equation, is considered in the context of 

the DLVO (Derjaguin-Landau-Verwey-Overbeek) theory
52

. Both the surface charge of the substrate 

and the surface charge of the lipid bilayer depend on environmental conditions such as pH. By 

solving the nonlinear Poisson-Boltzmann equation in the special configuration of a supported lipid 

bilayer it has been shown that for monovalent ion concentration below 200 mM a significant 

voltage drop is present between the two bilayer interfaces (the potential energy difference is 

higher than the thermal energy)
51

. In general, the effects of the presence of a transmembrane 

voltage on the thermodynamics of lipid bilayers are not well understood. The presence of a 

voltage drop could be able to modify the thermodynamic phase of a lipid bilayer as it has already 

been demonstrated for lipid monolayers
53

. Considering this aspect, it is possible that supported 

lipid bilayers, especially for low ionic strength of the solution, are exposed to a transmembrane 

voltage difference that is not present in the case of liposomes in solution. 

In general, a substrate exerts its influence on a bilayer with an interaction stronger on the 

proximal leaflet than on the distal one. This differential interaction, as we previously discussed, 

could produce asymmetries in the chemical and physical properties of the two leaflets. An 

asymmetry can influence what is usually referred to as interleaflet coupling. In the context of 

supported lipid bilayers and phase transitions, the interleaflet coupling is strictly connected to the 

presence of domains in register between the two leaflets. The interleaflet coupling in lipid bilayers 

is at present investigated from both experimental and theoretical points of view
54

. The biophysical 

relevance of this phenomenon stems from its possible role as a signaling mechanism between the 

two leaflets of a bilayer and, consequently, between the inner and outer regions of a cell. For 

example, the natural lipid composition asymmetry found in eukaryotic cell membranes between 

the inner and outer leaflet, arouses the question if a liquid ordered (raft) domain that can form in 

the outer leaflet is able to induce a similar domain also in the inner one. This question is 

biologically relevant, because it has been shown that only the lipid composition of the outer 

leaflets is able to give rise to the liquid ordered phase
55,56

. In general, it has been found that the 

interleaflet coupling is strongly dependent on lipid composition of the leaflets, with an important 

difference between synthetic compositions and natural membrane compositions
57

. The dynamic 

interdigitation of the lipid chains is considered one of the main phenomena behind interleaflet 

coupling
56

. This interdigitation could be considered as a phenomenon that increases the entropy 

of the lipid chains and an entropy loss due to a restricted dynamic interdigitation could be the 

driving force for maintaining a coupling between the two monolayers. In the specific case of a SLB, 

Merkel et al. found that, by increasing the packing density of the proximal layer with respect to 

the distal one, exploiting hybrid bilayers in which the two monolayers are assembled 

progressively, an increase in the diffusion coefficient of the distal layer was observed, likely due to 

a decreased interdigitation effect
58

. Accordingly, a strong asymmetry in the lipid density between 

the two leaflets could decrease interleaflet coupling. Recalling that it has been suggested, on the 
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basis of simulation studies, that the presence of a substrate increases the proximal leaflet lipid 

density, the overall situation can be rationalized by the following considerations. If, due to the 

presence of a substrate, the lipid density of the proximal leaflet exceeds that of the distal leaflet, 

the interdigitation of the facing portions of the alkyl chains will be hindered, inducing a decreased 

interleaflet coupling. Different strategies might be adopted to restore a similar lipid density in the 

two leaflets. The first one is that of using a substrate that does not interact strongly with the 

bilayer. Typically, a substrate with an extremely low roughness will have a smaller average 

distance from the bilayer and will consequently interact more strongly with the proximal leaflet. In 

general, rough surfaces could result in SLBs with physical characteristics more similar to 

unsuspended lipid bilayers, but the roughness could affect the AFM imaging of the bilayer strongly 

reducing the possibility of identifying different domains (in some cases, using force spectroscopy it 

could still be possible to identify the presence of the bilayer even if the lateral resolution prevents 

its imaging). By choosing a substrate with a larger roughness, without preventing the possibility of 

clearly detecting different phases in the bilayer, it is possible to reduce the substrate/leaflets 

interaction down to a point where the interleaflet coupling prevails. Alternatively, it is possible to 

let the bilayer assemble on a substrate at high temperature (above that of phase transition for the 

bilayer on the substrate), in order to induce a low lipid density also in the proximal leaflet. The 

latter approach will prevent the increase of lipid density in the proximal leaflet allowing a stronger 

chain interdigitation and a consequent coupling of the two leaflets.  

Another important topic is connected to the lateral diffusion of both lipids and proteins in 

SLBs. Dealing with lipid diffusion, the problem could be divided in i) the comparison of lipid 

diffusion between unsupported and supported lipid bilayers and ii) the evaluation of possible 

differences in the diffusion between the two leaflets. The relevance of lateral diffusion in these 

systems stems from the many important biological processes that rely on lateral molecular 

motion
59

. Typically, the diffusion properties of lipid bilayers are measured with optical microscopy 

techniques involving fluorescence, such as Fluorescence Correlation Spectroscopy (FCS), 

Fluorescence Recovery After Photobleaching (FRAP) and Single Particle Tracking (SPT)
60,61

. All 

these techniques could be also employed on biological membranes, enabling a direct comparison 

with model systems. On the other hand, model membranes could be exploited to fully understand 

the information that these techniques can provide under well-established conditions. In general, 

from optical diffusion studies on lipid bilayers, the structure of the membrane could be inferred. 

Different features of the observed diffusion can be interpreted on the basis of obstacles present in 

the bilayer. So, a combination of studies in which the results of optical diffusion experiments are 

compared to the nano-scale structure obtained by AFM could be of high value in this context
62

. It 

has also to be considered that the diffusion properties of SLBs depend on the chemical and 

physical properties of the substrate used to support the membrane
63

. Moreover, due to the subtle 

dependence of the SLBs properties on their preparation and observation conditions, it is very 

difficult to compare results obtained in different laboratories. Despite all these considerations, 

some general trends appear in the literature and they will be discussed in what follows.  

Concerning the comparison of the diffusion properties of SLBs with those of other lipid 

bilayer model systems, experimental results have shown that lipid diffusion in free standing 
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bilayers (GUVs, Giant Unilamellar Vesicles) is more than two times faster than in supported lipid 

bilayers (the diffusion coefficient is D = 7.8 µm
2
s

-1
 for GUVs and D = 3.1 µm

2
s

-1
 for SLBs on mica)

64-

66
. The difference in the diffusion constant is usually attributed to the interaction of the substrate 

with the bilayer or to surface sticking of the lipids creating pinning points between the support 

and the bilayer. In particular, the presence of pinning points refers to the possibility of localized 

interactions between the lipid bilayer and the support. For example, if pinning points are present, 

they could induce the appearance of domains always in the same positions of the bilayer if cycles 

of increasing and decreasing temperature across the phase transition are performed. Instead, 

dealing with generic interaction we refer to a diffused and continuous contact between the bilayer 

and the support.  

A different and more complicated issue is the possible difference in the diffusion 

coefficient of the two leaflets composing a bilayer. In the literature, different results can be found. 

Hetzer et al.
67

 found that the outer leaflet displays a diffusion constant that is two times higher 

than that of the inner leaflet, pointing to an independent behavior of the two leaflets. Recent 

results reported the same translational diffusion coefficient for both leaflets within a 10% 

experimental uncertainty
68

. In the latter case a strong coupling between the two leaflets could be 

the reason for the same lateral mobility. However, many results show that diffusional behavior 

and interleaflet coupling are strongly related to experimental details and conditions of sample 

preparation. Therefore, it is not always possible to compare the obtained results, even if on the 

same phospholipid and substrate system. Harb and Tinland
69

 studied the lipid diffusion in the two 

leaflets of solid supported lipid bilayers for different ionic strength and for different temperatures. 

They were able to conclude that low ionic strengths favor a decoupling between the leaflets, 

whereas the leaflets appeared coupled for ionic strength higher than the one produced by a 100 

mM NaCl solution. They also found that the use of a support different from mica allows the 

observation of higher diffusion coefficients for the lipids in the bilayer and the leaflets resulted 

always coupled. Studying the diffusion coefficient of the SLBs as a function of temperature, Harb 

and Tinland observed a clear increase of the diffusion coefficients going from the solid ordered 

phase to the liquid disordered one. Even in this case, they observed that the variation in the 

diffusion coefficients depended on the ionic strength of the solution and on the type of substrate 

used. The different dynamical properties of the two leaflets could have effects on the dynamic 

coarsening of lipid domains eventually formed in one of the two leaflets. 

 

4 - AFM imaging of lipid phase transitions 

4.1 Phospholipid bilayers 

In this section we will review some AFM investigations on the main phase transition of 

supported lipid bilayers. We will consider thermotropic as well as isothermal transitions induced 

by other parameters such as solution pH. The phase transition of SLBs as compared to the 

transitions of unsupported bilayers shows some typical behaviors which include: 1) a shift of the 

transition temperatures to higher values; 2) a decreased cooperativity of the transition (identified 
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by a temperature range for the phase coexistence larger than in the case of unsupported lipid 

bilayers); 3) depending on the preparation conditions of the SLBs, two independent transitions, 

attributed to an independent behavior of the two leaflets, or a single transition might be found by 

changing the temperature. We will concentrate our discussion on these aspects of the main phase 

transition as observed with AFM. 

Phase separation of lipids is the results of different interaction between lipids of different 

conformations or different types. For a single lipid component, the interaction between the acyl 

chains of the same type of lipids produces both the order-disorder phase transition and the 

corresponding phase separation. The presence of different types of lipids makes the phase 

separation in the lipid bilayer more complex to be described. We will initially consider AFM 

experiments on single component SLBs and then we will deal with lipid mixtures. 

 

4.1.1 Single lipid component  

Considering a single component SLB, Charrier and Thibaudau
70

 analyzed the main phase 

transition of a DMPC bilayer. Figure 4 shows the sequence of images they obtained heating the 

sample from 26°C up to 43.6°C. The images exemplify the ability of AFM to easily trace phase 

transitions in lipid bilayers when the evolution of a new phase introduces domains with a different 

height with respect to the pre-existing one. AFM can easily detect height variations as low as 0.1 

nm. At the beginning of the sequence, at a temperature of 26°C, the lipid bilayer phase is uniform 

and likely in the solid ordered phase. Increasing temperature, areas with a lower height emerge. 

These areas represent domains of the liquid disordered phase. Going on increasing temperature, a 

new homogeneous phase is obtained, likely corresponding to the liquid disordered one. However, 

if temperature is increased further, a second transition takes place with a behavior quite similar to 

the first transition. The explanation of the above results has been identified in the independent 

behavior of the two leaflets due to a small interleaflet coupling in the bilayer. Moreover, Charrier 

and Thibaudau derived the presence of two transitions at different temperatures from the 

different lipid density in the leaflet resulting from the preparation procedure of the SLB. Their 

main point is related to the fact that phase transitions of lipid bilayers on a substrate with which 

they interact strongly occurs at almost constant surface area and, consequently, at variable lateral 

pressure. The variation of the transition temperature with lateral pressure can be quantified by 

using a two dimensional Clausius-Clapeyron equation: 

[1] 

 

where Tm is the phase transition temperature, Π the lateral pressure, ∆A0 is the change in the lipid 

molecular area upon phase transition and ∆H0 is the change of enthalpy associated with the 

melting transition. From this equation it is possible to derive the fraction of lipids in the fluid phase 

as a function of temperature, considering the molecular area for the lipids in the two phases. The 
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theory predicts a quite large range for the phase transition and two separated phase transitions if 

the lipid density in the two leaflets is considerably different. According to this interpretation, what 

appears as a low cooperative transition is indeed due to a phase transition occurring at constant 

area rather than pressure. A recent theoretical investigation confirmed that the phase transition 

decoupling in lipid bilayer might be related to a nonuniform stress profile ascribable to a different 

lipid density in the two leaflets
71

. In fact, a similar leaflet decoupling might be observed also in 

small unilamellar vesicles where the asymmetry between the two leaflets is strong due to the high 

curvature.  

Similar results have been obtained by Mouritsen et al.
72

. They obtained two separate phase 

transitions and ascribed the transition at lower temperature to the distal leaflet while the higher 

temperature one to the proximal leaflet. Moreover, the temperature for the distal leaflet 

transition was found very similar to the one reported for liposomes of the same lipid composition. 

Accordingly, they concluded that the distal leaflet behavior is very little affected by the presence 

of the solid support.  

On the other hand, always considering solid supported lipid bilayers with single lipid 

composition, Tokumasu et al.
73

 studied the behavior of a DMPC membrane as a function of 

temperature. By raising temperature they identified small nanometer domains appearing and 

slowly increasing with temperature. They reported the presence of only one transition for the 

bilayer which should be interpreted as due to a bilayer with coupled leaflets. By plotting the area 

fraction of the liquid phase as a function of temperature, they calculated the cooperative unit size 

for the transition and found a value almost one order of magnitude lower with respect to that 

found in unsupported lipid bilayers. The cooperative unit refers to the size (in terms of number of 

molecules) of the smallest independent subsystem during the phase transition. The authors 

concluded that the large range for the transition in the supported lipid bilayer was due to a low 

cooperativity of the transition. Moreover, they found that the melting transition occurred at a 

higher temperature with respect to unsupported lipid bilayers. The exploitation of van’t Hoff 

analysis for lipid phase transitions observed with AFM can be questioned if the real situation is 

that of a transition occurring at variable tension in the bilayer. However, considering a description 

based on the Zimm-Bragg model for the solid to liquid transition in supported lipid bilayer, it is 

possible to derive the cooperative unit by analyzing the liquid fraction as a function of 

temperature
74

. The cooperativity of the transition is strictly related to the line tension of the 

forming domains. The stronger the line tension the bigger are the domains which are formed and 

the higher is the cooperativity. It is possible to relate the first derivative of the function describing 

the fraction of liquid lipids with respect to temperature to the cooperative unit. In particular, the 

cooperative unit enthalpy is related to the slope of the curve for a liquid fraction corresponding to 

0.5, which is usually chosen to define the transition temperature. Considering then a pseudo-

unimolecular reaction characterized by a specific equilibrium constant, the relationship between 

the van’t Hoff enthalpy and the thermodynamic enthalpy can be derived and used to obtain the 

number of molecules involved in each cooperative unit. A similar approach has been exploited by 

Szmodis et al. but considering images obtained by imaging ellipsometry
75

. However, this approach 

should be rigorously considered for lipid bilayers with only one component. Based on these 
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studies, in which the solid support for the bilayer is mainly represented by mica, it can be 

concluded that the presence of the support alters the thermodynamics of the lipid bilayer phase 

transition. In a review by Giocondi et al.
76

, a table summarizing results on DMPC and DPPC in the 

case of liposomes and SLB configurations is reported. The table analyzes the transition 

temperatures obtained in both situations. It emerges that transition temperatures for SLBs on 

mica are typically shifted to higher values and the width of the transition is wider with respect to 

liposomes. Moreover, it is evident that the shift of the transition temperature depends on the type 

of substrate used. For example, using silicon oxide as a solid support, the main phase transition 

measured by AFM is very similar to the one reported by DSC
77

.  

AFM has also been used to image the ripple phase in SLBs. In particular, Mou et al.
78

 

showed that it is possible to reversibly induce and erase the ripple phase in a single supported 

bilayer by using a specific buffer at room temperature (Figure 6). The ripple phase is characterized 

by periodic stripes forming well-defined angles of 60° and 120°. Later on, the ripple phase has 

been also studied by AFM in the case of supported double lipid bilayers
79

. 

 

 

4.1.2 Lipid mixtures  

Dealing with lipid mixture, several experimental data are present in the literature
80-86

. 

Seeger et al.
87

 exploited a mixture of POPE:POPG (the lipid composition typically used to mimic the 

composition of E. coli inner membrane) to investigate the relationship between the preparation 

conditions of SLBs and their thermodynamic behavior at the phase transition. The phase transition 

temperature and mixing behavior of the POPE:POPG lipid mixture has been thoroughly 

characterized by DSC
88

. In particular, the phase transition temperature for pure POPG is -5°C and 

for pure POPE it is 24°C. Seeger et al. found that the same lipid composition could provide a 

situation with two independent phase transitions or with a single one
87

. The first case was 

obtained when the bilayer was prepared at a temperature lower than the phase transition of the 

bilayer on the surface. This means that the preparation procedure resulted in a SLB in the solid 

ordered phase. The second case, a single transition, was obtained when the SLB was prepared at 

higher temperature. Another required condition to obtain a single transition was that of using an 

imaging solution characterized by high ionic strength (> 50 mM KCl). Figure 6 shows the sequence 

of AFM images for decreasing temperature. In Figure 6g the fractional occupancy of the different 

phases in the supported lipid bilayer is reported. The phase in which only one leaflet has 

undergone phase transition from the liquid disordered to the solid ordered phase is in this case 

referred to as “intermediate phase”. Interestingly, the height differences of the domains 

appearing in both transitions are very similar. Figure 6h shows the evolution of the area of the 

holes which are present in the bilayer. It is clear that the transition at high temperature involve a 

very small variation of the area of the holes. The obtained variation is around 5%, a figure clearly 

lower than the area per lipid variation measured for unsupported bilayers. This evidence suggests 

that the higher temperature transition occurs mainly at constant area. Considering the transition 

at lower temperature, the area variation of the holes is now larger (about 20%). This value is 
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similar to what is obtained in unsupported bilayers. Accordingly, the transition temperature in this 

case is similar to that of liposomes and the transition appears more cooperative with respect to 

the previous one. Recent reports highlighted the role of the lateral pressure in phase transitions of 

supported lipid bilayers. The role of lateral pressure is obviously relevant when a transition 

involves an expansion of the lipid bilayer. For example, even if not studied by AFM, it has been 

shown that for monofluorinated phospholipids such as F-DPPC, which, upon the main phase 

transition goes from a liquid disordered phase to a liquid ordered one characterized by 

interdigitation between the acyl chains, the phase transition upon an increase of temperature 

appears frustrated and the full transformation of the bilayer to the solid phase is prevented
89

. In 

the case of monolayers at the air-water interface, there are several data relating the effect of 

lateral pressure to phase transitions and the structure of domains. In fact, in a Langmuir trough it 

is very easy to control the pressure parameter by the moving barriers. Lateral pressure in lipid 

bilayers is more difficult to control. Apart from the results obtained on supported lipid bilayers, 

recent experiments, exploiting the Micropipette Aspiration Technique, demonstrated that the 

lateral tension applied to a lipid bilayer might have a large effect on the phase transition of lipid 

bilayers
90-92

. This is true for the main phase transition, but also for the miscibility transition in 

ternary lipid bilayers. In these cases, a lateral pressure is applied in the direction of an increase of 

the average area per lipid, whereas on the supported lipid bilayers the relevant effect is that 

coming from the opposite direction. However, the results can be extended to both directions. At 

the same time, the experimental results have been complemented by theoretical investigations 

confirming the important role played by lateral tension on lipid bilayer phase transitions
93

. Seeger 

et al.
87

 found that assembling the SLB again on mica, but incubating the surface at high 

temperature, a phase transition with coupled bilayers showing in register domains is obtained. 

The preparation temperature appears as a control parameter to tune the lateral pressure vertical 

asymmetry and to produce a bilayer with coupled leaflet or with specific asymmetries. 

Accordingly, the behavior of SLBs is reminiscent of the thermal history of the liposomes used to 

assemble the membrane
86

. The high preparation temperature probably induces a lower lipid 

density in the proximal leaflet. Accordingly, the density asymmetry will be reduced assuring 

coupled leaflets. The mechanistic explanation for the reduced proximal lipid density resulting in 

coupled bilayers is not completely clear. One possible explanation stems from the interdigitation 

of the final portion of the lipid acyl chains that would be favored in case of a small difference in 

the lipid density. It is interesting to note that for the two cases, uncoupled and coupled leaflets, 

the kinetics of domain growth is different. In the first case small domains appear and they quickly 

reach a stable configuration, at least for the higher temperature phase transition. In the case of 

coupled leaflets the domains appear more rounded, as a consequence of higher line tension 

resulting from the higher height difference of the growing domains. In contrast, the time required 

to reach a stable configuration was greatly increased and this situation prevented the acquisition 

of a plot of the growing solid fraction for the domains as a function of temperature in terms of a 

sequence of equilibrium states. It is interesting to consider that, between the two extreme cases 

of completely coupled leaflets and completely separated phase transitions, intermediate case 

could be found. In this case, it is possible to see an overlap between the phase transitions which 

manifests itself in the presence of three different domain height levels (Figure 7).   
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The presence of the substrate with its interaction with the lipid leaflets is the main 

peculiarity of Supported Lipid Bilayers. It is clear that different substrates might introduce 

different effects on the SLB. Various hydrophilic substrates with different roughness can be 

exploited to assemble SLBs, but here we will concentrate only on another substrate which is 

endowed with the low roughness required to assure good imaging conditions with AFM and the 

possibility to distinguish different domains which might protrude less than 1 nm form the 

surrounding phase. This substrate is represented by silicon dioxide. Silicon dioxide surfaces which 

have been enriched by hydrophilic OH groups allow the formation of SLBs. Seeger et al.
77

 

compared the behavior of the same lipid mixture (POPE:POPG 3:1) prepared in the same way on 

mica and silicon dioxide (Figure 8). They found that SLBs prepared on silicon assured always a 

configuration with coupled leaflets, independently from the preparation temperature. This is at 

variance with what happens on mica. Moreover, comparing the phase transition as measured with 

AFM on silicon dioxide (Figure 8e) and that measured by DSC on liposomes, they found that the 

transitions where slightly separated in temperature whereas the width was very similar. The 

results obtained on silicon oxide are probably a consequence of the lower interaction between 

this surface and the lipid bilayer. The reason for the different effect of mica and silicon oxide is 

probably related to their different roughness, considering that they have similar surface chemical 

properties. Moreover, it is to be noted that the surfaces which allow only a very small liquid layer 

between them and a lipid bilayer are the ones which produce the greater shift in the transition 

temperatures with respect to unsupported vesicles. This situation points both to a sort of 

dehydration of the lipid headgroups in the lower leaflet inducing a partial lyotropic phase 

transition towards a more solid phase and to an increased friction between the proximal leaflet 

and the substrate. 

Lipid phase transitions can be affected by many parameters such as solution pH (this effect is 

related to the surface charge of the lipid bilayers), solution ionic strength, hydrostatic and lateral 

pressure and the presence of specific ions or impurities. In many cases, the local values of these 

parameters might be biologically more relevant than a global temperature variation. For example, 

local variations of pH might represent a biological situation able to induce local phase transitions 

in lipid bilayers. In principle, every parameter able to shift the phase transition temperature of a 

lipid bilayer is also able to completely change the phase state of the bilayer. Seeger et al.
77

 

demonstrated the possibility of inducing a phase transition in a SLB at constant temperature by 

continuously changing the pH of the solution. Figure 9a reports the DSC traces of a POPE:POPG 3:1 

mixture for two different pH values: 7 and 3. For a constant temperature of 27°C, going from a pH 

7 to a pH 3, the bilayer goes from the liquid disordered phase to the solid ordered one. The image 

sequence from Figure 9b to Figure 9f shows the appearance of solid domains while the pH 

decreases and successively, the domains disappear when the pH is set back to 7. Interestingly, the 

first domains which appear seem to involve both leaflets but, as the transition proceeds it seems 

that a flip-flop mechanism brings some lipids from one leaflet to the other.  

Considering lipid mixtures, Domènech et al. studied SLBs composed by POPC and cardiolipin (CL) 

or POPE and cardiolipin
94

. They observed the presence of phase separation in the case of POPE:CL 

bilayers at different temperatures and, by exploiting the preferential binding of cytochrome c to 
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the highest domains they concluded that CL should be preferentially included in the highest 

domains. 

Dealing with bilayer compositional asymmetry, Lin et al.
86

, exploiting the DLPC/DSPC mixture 

together with fluorescence microscopy, studied the evolution of the asymmetry connected to a 

lipid flip-flop mechanism. They established that the flip-flop mainly occurs at the interface 

between symmetric and asymmetric DSPC domains (Figure 10). They also found that the amount 

of gel phase in one leaflet with respect to the other is a main determinant for the presence of in 

registry domains.   

 

4.2 Lipid bilayers containing sterols and other exogenous molecules 

As we already pointed out, the introduction of cholesterol in lipid mixture brings about a great 

complexity in the corresponding phase diagrams. In fact, cholesterol can have different effects 

depending on its relative concentration. The typically used technique to study membrane domain 

formation exploits the fluorescence of lipid probes inserted in Giant Liposomes and this approach 

has been largely used to study phase separation involving the presence of cholesterol. As already 

stated, the study of bilayers including cholesterol and two other lipids, one with a low melting 

temperature and one with a high melting temperature is strongly related to the lipid raft 

hypothesis. Moreover, we already stressed the fact that in biological membranes, if lipid rafts are 

present, they have a lateral extension around 20-50 nm and are highly dynamic structures. 

Accordingly, fluorescence imaging technique might not be endowed with the required lateral 

resolution to study these domains. Instead, AFM appears as the method of choice if nanometer 

lateral scale domains have to be identified. The probable non-equilibrium situation that might 

occur in supported lipid bilayers due to the presence of the substrate could resemble that found in 

cells where the inner leaflet faces the cortical actin cytoskeleton and the presence of membrane 

proteins could limit lipid lateral diffusion. In fact, in some cases, it has been found that ternary 

mixtures which give rise to liquid-liquid separation with micrometer scale domains in GUVs do not 

provide the same kind of domain separation in supported lipid bilayers of the same lipid 

composition and this behavior has been explained by a non-equilibrium situation for the bilayers 

on the solid support
95

. However, smaller scale domain separation, not detectable by fluorescence 

microscopy, has been observed by AFM
96

. The direct visualization by AFM of what are considered 

lipid rafts have been obtained by Rinia et al.
97

 using mixtures of DOPC/eggSM. They also 

performed detergent extraction at 4°C demonstrating that, at low temperature, only the thinner 

domains, the liquid disordered ones, were removed, whereas the higher domains, attributed to 

the liquid ordered phase, remained. In the context of detergent solubilization of lipid bilayers with 

coexisting liquid ordered and liquid disordered domains, Garner et al.
98

 performed an investigation 

comparing the effects of different detergents on live cells and supported lipid bilayers. AFM was 

exploited in the investigation of SLBs whereas confocal microscopy was used for live cells. They 

found a good correlation between the results provided by AFM and by confocal microscopy. They 

also established that different detergents had different effects and selectivity for the removal of 
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the liquid disordered fraction. Moreover, the added detergent had an effect also on the shape of 

the liquid ordered domains, indicating the insertion of the detergent also in the liquid ordered 

domains. Similarly, El Kirat and Morandat studied by time-lapse AFM the effect of Triton-X-100 on 

lipid mixtures of DOPC/SM/chol
99

 highlighting the capability of AFM to allow a better 

understanding on the effect of detergents at the nanoscale resolution level. Other studies 

investigated the presence of lipid rafts in supported lipid bilayers
100-102

 and many of them 

concentrated also on the interaction of specific proteins or peptides and liquid ordered domains 

due to their hypothesized role as signaling platforms. The dynamic effects of the addition and 

removal of cholesterol on the phase state of supported lipid bilayers have been studied by 

Lawrence et al.
103

 and by Giocondi et al.
104

. The first group manipulated the cholesterol 

concentration by using the cholesterol-sequestering agent methyl-β-cyclodextrin which was able 

to remove cholesterol from the already deposited bilayers of DOPC/SM/chol. As cholesterol was 

removed, the SM rich domains were dissolved. It is interesting to note that the same procedure 

applied on living cells demonstrated that the activity of specific membrane proteins were 

altered
105

. On the contrary, by adding cholesterol to the supported bilayer the SM-rich regions 

increased and eventually a bilayer with a homogeneous phase appeared. The second group 

incubated preformed supported lipid bilayer of DOPC/SM with cholesterol-loaded methyl-β-

cyclodextrin and monitored the evolution of the bilayer from what has been considered a solid 

ordered/liquid disordered phase coexistence to a uniform liquid ordered phase. Many of the 

interpretations of the acquired AFM images in the just described works are based on the 

measurement of the height difference between the domains. However, this is a critical point in the 

study of phase transitions by AFM. In fact, it has to be stressed that the measured height of lipid 

domains is convoluted with their mechanical properties. In the section on the mechanical 

properties of lipid bilayers at the phase transition, we will discuss in more details this topic. For 

example, it is very difficult to distinguish a solid ordered domain from a liquid ordered one. In all 

the cases, dealing with model lipid membranes, the reliable way would be that of measuring the 

lateral diffusion properties of the lipids in the two phases. Moreover, it has to be considered that 

in the presence of liquid-liquid phase separation, it is possible to be in a situation near a critical 

point where the difference between the composition of the coexisting domains can get very small 

and even below the vertical resolution of the AFM.  

 Dealing with ternary lipid mixtures, a recent paper by Connell et al.
106

 studied the behavior 

of supported lipid bilayer composed by the mixture DOPC/SM/chol near critical points. They 

adapted to the AFM case already exploited techniques to determine the phase diagram, including 

tie lines, in terms of the three-sided Gibbs triangle. Figure 11 shows some examples of the 

domains found at different temperatures for different lipid compositions. In the bottom of Figure 

8 the representation in terms of the Gibbs triangle for the different lipid compositions is reported. 

The phase diagram reports also the miscibility line and the line of critical points for different 

temperatures. In the same work the authors showed that approaching a critical point the height 

difference between the coexisting liquid ordered and liquid disordered domains tends to zero, as 

would be expected for domains with very similar lipid compositions. It is important to stress that 

AFM can detect nanometer domains for which fluorescence techniques do not have enough 
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lateral resolution and the relative proportion of the different domain areas can be quantitatively 

measured in AFM images. The relative proportion of the domain occupancy can provide another 

evidence for criticality while the system approaches the homogeneous phase region. In fact, the 

region near a critical point should be characterized by an equal proportion of the two different 

lipid phases. Regarding the imaging of ternary lipid mixture for temperatures above the critical 

region it is to be considered that the study would benefit a lot from the use of high speed AFM 

imaging to better monitor the fluctuations in lipid composition. However, it is also to be 

considered that imaging above the critical temperature could be problematic in the case of 

supported lipid bilayers due to the fluxes of moving lipids associated with compositional 

fluctuations. In fact, these fluxes could make AFM imaging unstable.  

A recent work  by Bhatia et al.
107

 analyzed the possibility of freezing the domain structure 

of GUVs on a solid support. This possibility allowed imaging the supported bilayer both by 

fluorescence microscopy and by AFM. They established that, in the case of the DOPC/DPPC/chol 

mixture, the extended solid ordered and liquid disordered domains that were easily imaged by 

fluoresce microscopy were characterized by a substructure of smaller domains of the opposite 

phase inside (small islands of the solid ordered phase inside the extended liquid disordered phase 

and vice-versa). This work strongly highlights the added value of AFM in the study of lipid domains.   

 A special case dealing with the interaction of supported lipid bilayers with exogenous 

molecules is represented by ethanol and anesthetics in general. This is mainly due to the interest 

in studying the effect of these molecules on lipid bilayers and to the fact that some of their effects 

on membrane proteins could be interpreted as indirect effects mediated by a modification of lipid 

bilayers properties. For example, it is known that alcohols affect the phase transition temperature 

of lipid bilayers and can induce the interdigitated phase as demonstrated also by AFM imaging. In 

particular, Mou et al.
108

 demonstrated the formation of the interdigitated phase of DPPC and DSPC 

supported lipid bilayer exposed to ethanol. They also noted how the formation of the new phase 

was dependent on the thermal history of the bilayer. Also the interaction of the anesthetic 

halothane with DPPC and DOPC membranes has been largely studied by the Cramb group
109

. They 

also studied by means of the force curve approach the modifications induced by the anesthetic on 

the mechanical properties of the lipid bilayer. In an interesting work, Vanegas et al.
110

 

demonstrated the possibility to construct the phase diagram for the mixture 

DPPC/ergosterol/ethanol and they also found the simultaneous presence of three different phases 

in the same bilayer (Figure 12). 

 

5. Kinetics of domain growth 

One of the most important added values in the use of AFM in phase transition studies of lipid 

bilayers is that of being able to measure the kinetics of domain nucleation and growth with high 

lateral resolution. In the study of domain nucleation the ideal thing would be that of coupling high 

spatial resolution with high time resolution. In practice it would be important to have a snap-shot 

of the bilayer at specific time intervals. However, to increase time resolution it is sometimes 
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required to decrease the lateral resolution in order to find a good compromise. To perform this 

kind of studies, a temperature controlled set-up with the possibility to rapidly change the 

temperature of the imaging cell (∼10°C/min) is required in order to image the sample at constant 

temperature immediately after the cooling or heating step with isothermal nucleation conditions. 

The first investigation on this topic was performed by Giocondi et al.
111

 on DOPC and DPPC 

supported lipid bilayers. In particular, they observed the Ostwald ripening phenomenon in the 

domain growth after a cooling step of the bilayer. They observed that small domains, after their 

initial appearance, disappeared in favor of bigger domains. In a series of works, Longo et al studied 

the domain nucleation behavior for different lipid mixtures
112-115

. They measured the nucleation 

rate both in the case of symmetric (regarding the two leaflets) distribution of lipids (DOPC:DSPC) 

and in that of asymmetrically distributed  lipids (DOPC:bovine brain cerebroside). Typically, the 

rate of domain growth is slower in case of symmetric domains. Unfortunately, much commercial 

AFMs are not endowed, at the moment, with high enough time resolution to follow the first stages 

of domain nucleation. Typically, for performing these experiments, the highest allowed scanning 

speed is used while working in contact mode using the deflection signal, but the resolution is still 

in the order of seconds. This technique allows a good compromise between lateral and time 

resolutions. Longo et al. found that the nucleation rate depends on the degree of unsaturation in 

the lipid acyl chains and on the amount of cholesterol in the bilayer. They were also able to 

determine the line tension for the growing domains because this physical parameter is the main 

determinant for nucleation growth. From AFM measurements, they established a quadratic 

relationship between line tension and the height difference of the growing domains.  

 

6. Mechanical properties of lipid bilayers at the phase transition 

In recent years, the interest in the role of lipids for determining the function of membrane 

proteins is constantly increasing
116

. The nature of the possible effects of the membrane on 

proteins is mainly based on mechanical properties and the energy required to accommodate 

conformational transitions of the proteins. The Micropipette Aspiration Technique has allowed 

obtaining information on different deformation modes of the bilayers, bending and stretching, but 

the information retrieved are on the mesoscale
117

. AFM allows to probe locally the mechanical 

properties of a lipid bilayer by exploiting the Force Spectroscopy technique
118-120

. Briefly, the AFM 

tip is pressed on the supported lipid bilayer and, after an initial elastic interaction related to 

indentation of the lipid bilayer, at a critical force value, the tip jumps through the bilayer and goes 

immediately in contact with the underlying support. The force value corresponding to the jump 

through event is a marker of the bilayer stability and of the strength of the fluctuations in the 

bilayer
121

. Several reviews can be found in the literature dealing with the force spectroscopy 

technique for the study of supported lipid bilayers
122-124

. Here we will concentrate only on 

information that can be obtained in the phase transition region
125

.  

In thermodynamic systems subjected to fluctuations there is a direct proportionality between 

fluctuations in energy of the system and its heat capacity. The main phase transition of lipid 
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bilayers is characterized by the presence of an excess heat capacity and, accordingly, the 

fluctuations in this region are strongly enhanced. This is true also for the fluctuations in lateral 

area of the lipids. As a consequence, the jump through force is expected to decrease in the phase 

transition region. Figure 13  shows the distributions of the jump-through force values obtained on 

a POPE supported lipid bilayer as a function of temperature
120

. If the most probable force value is 

reported as a function of temperature, upon decreasing the temperature, after an initial increase 

of the value, a sudden decrease of the force is observed for temperature values below 25°C. AFM 

imaging below 25°C shows that the bilayer is in the phase coexistence region and the force curves 

are always acquired in the still remaining liquid disordered regions. It is interesting to note that, if 

a map of the jump through force values is reported for a bilayer in the phase transition region, the 

liquid region is characterized by a decreased force value. The interface region between different 

domains does not apparently show special features. However, it is possible that the force 

spectroscopy technique does not have enough spatial resolution to highlight special features in 

the small interface region. The decreased jump through force curve in the phase transition region 

could be strictly connected to the higher probability of the bilayer to produce lipid pores and to 

endow the bilayer with an increased permeability. The deceased jump-through force value points 

to a lower mechanical stability of the bilayer in the liquid disordered region while the system is in 

the phase coexistence region. In a recent work, Seeger et al.
126

 demonstrated that for a 

prototypical membrane channel (KcsA) incorporated in a POPE:POPG supported bilayer, upon a 

phase transition induced by a temperature decrease, the protein preferentially partition in the 

remaining liquid disordered phase. According to what is typically measured by force spectroscopy, 

the channels will be surrounded by a mechanically softer bilayer. It is interesting to note that the 

same authors found, in a work on the activity of single KcsA channels, that, when the lipid bilayer 

is in the phase transition region, the functional properties of the channel are modified
127,128

.  

The force spectroscopy technique has been applied also to supported lipid bilayers with coexisting 

liquid disordered and liquid ordered domains. This is usually associated with lipid mixtures 

involving cholesterol. A recent study by Sullan et al. concentrated on the mechanical stability of 

coexistent liquid domains in supported lipid bilayers composed by DOPC/SM/Chol
129

. They 

measured the mechanical properties of both liquid disordered and liquid ordered domains finding 

and increased stability for the liquid ordered domains. They also exploited dynamic force 

spectroscopy experiments
119

 to study the activation energy for the formation of pores in the lipid 

bilayers in the different phases. Redondo-Morata et al.
130

, applying the force spectroscopy 

technique on a lipid mixture containing cholesterol, demonstrated that it is possible to reveal the 

presence of different domains in a supported lipid bilayer on the base of their different 

mechanical properties even when the domains have a height difference which is too small to be 

detected by conventional topographic imaging. 

        Imaging of different domains with AFM could be affected by the force applied by the AFM tip 

if the stiffness of the domains is different. This aspect is very critical because, due to the lack of 

analytical sensitivity of the technique, the different phases are detected on the basis of their 

different height. In the literature, the two most common imaging techniques have been exploited 

to image supported lipid bilayer: contact mode and intermittent contact mode. By exploiting the 
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force curve technique it is possible to identify the initial point of contact of the tip with the surface 

of the supported bilayer and, if the force curve proceeds to the jump-through event, we have the 

possibility of using the position of the rigid substrate to align force curves obtained on different 

lipid domains. Figure 14 shows a similar approach to validate the height differences measured by 

intermittent contact mode on a lipid bilayer with coexisting liquid ordered and liquid disordered 

phases. Figure 14a and b show the topographic image obtained by intermittent contact and a line 

section respectively. Figure 11c shows two force curves, aligned with respect to the substrate, 

obtained on the two phases. From the two force curves it is clear that the measured height 

difference is a function of the applied force, but, at the same time, it shows that the value 

measured in intermittent contact mode corresponds to a value which is little affected by the 

applied force. One advantage of the intermittent contact mode over the contact one is offered by 

the phase imaging technique that can be exploited to obtain a high lateral resolution signal to 

discriminate between domains with different mechanical properties.   

 

 

7. Conclusions and future perspectives 

         Atomic Force Microscopy added valuable details to the study of lipid phase transitions. In fact 

AFM can extend the region of accessible lateral scales provided by fluorescence microscopy 

techniques and can also complement spectroscopic techniques like NMR. AFM is limited to work 

on SLBs for which some doubts might be raised referring to their biological relevance due to the 

vertical asymmetry that can be introduced in the bilayer by the presence of the substrate. 

However, it is to be considered that by carefully choosing the type of substrate and the 

preparation strategy for the supported bilayer, the vertical asymmetry can be largely eliminated 

and the bilayer can present coupled leaflet like in the case of large vesicles. Moreover, the 

asymmetry in the environment for the two leaflets of the bilayer is a situation that can also be 

found in biological membranes. Recently, lipid bilayers have been assembled on supports in which 

holes have been produced and their properties have been studied. At the moment mainly the 

mechanical properties have been studied by AFM, while the imaging possibilities are hampered by 

the deformation of the bilayer
131-132

, but this approach is worthwhile being further developed. 

AFM offers also the possibility of a mechanical investigation on the nanometer lateral scale of the 

lipid domains forming while the bilayer is at the phase transition. In the future we expect that an 

increasing number of studies will be devoted to phase transitions of supported lipid bilayers with 

reconstituted membrane proteins
126

 to allow detecting the partitioning of the proteins as phase 

separation occurs in the bilayer. We expect also a development of the analytical capabilities of 

AFM in order to determine the composition of different domains at a nanometer scale lateral 

resolution. Moreover, coupling AFM with specific analytical techniques
133-137

 could greatly 

enhance the comprehension of how lipid redistribute upon phase separation in the case of 

mixtures and the identification of elusive differences between domains which have similar height, 

such as in the case of solid ordered and liquid ordered domains in ternary lipid mixture. A great 
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breakthrough is also expected from high speed AFM techniques
138

. These techniques will extend 

the time resolution now allowed for studying phase transition phenomena and if coupled to 

temperature control, will allow study the kinetics of those phenomena. 
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Figure legends 

 

Figure 1: Scheme highlighting the attainable lateral and time scales for different techniques (both 

microscopic and spectroscopic techniques) exploited to investigate the structure and dynamics of 

lipid bilayers. The y-axis reports the time scale and it is also endowed with the specification of the 

different lipid motions with their characteristic time scale. Abbreviations: AFM: Atomic Force 

Microscopy; NS: Nuclear Scattering; IR: Infra-Red spectroscopy; NMR: Nuclear Magnetic 

Resonance; SNOM: Near Field Scanning Optical Microscopy; OM: Optical Microscopy; FCS: 

Fluorescence Correlation Spectroscopy; FRAP: Fluorescence Recovery After Photobleaching; FM: 

Fluorescence Microscopy. 

 

Figure 2: Schematic representation of the of a supported lipid bilayer. The scheme highlights the 

presence in the bilayer of a proximal and a distal leaflet according to the distance from the solid 

support. The scheme underlines also the presence of a thin water layer separating the bilayer from 

the support. 

 

Figure 3: a) Typical AFM image of a supported lipid bilayer in a homogeneous phase. The presence 

of small defects and the measurement of their depth (b) allow ascertain the presence of the 

bilayer on the support. 

 

Figure 4: Sequence of AFM images of a DMPC supported bilayer for different temperatures. It 

appears that, increasing temperature from 26°C to 43.6°C two phase transitions develop. The 

higher temperature transition starts when the first transition is already over. The two transitions 

are ascribed to an independent behavior of the two leaflets. Reprinted with permission from ref 

70. 

 

Figure 5: AFM images of a single supported lipid bilayer showing a) boundaries between different 

ripple domains and b) a spirally grown ripple domain with angles of 60°. Reprinted with permission 

from ref 78. 

Figure 6: a-f) Sequence of AFM images of a POPE:POPG 3:1 supported lipid bilayer at different 

temperatures: a) 34.5°C; b) 30.4°C; c) 29.1°C; d) 18.6°C; e) 17.3°C; f) 9.5°C. Two independent phase 

transitions are observed and the evolution of the defects area as the phase transitions proceed is 

evident. g) Fractional area occupancy as a function of temperature for the liquid fraction (both 

lipids are in the liquid disordered phase – black squares), the intermediate phase (one liquid is in 

the liquid disordered phase while the opposite leaflet is in the solid ordered phase – red circles) 

and the solid phase (both leaflets are in the solid ordered phase – green triangles). h) Area of the 

defects in the bilayer as a function of temperature. Reprinted with permission from ref. 87. 

Figure 7: When a bilayer is assembled on a solid support at intermediate conditions, the 

independent transitions of the two leaflets overlap and three different levels for the domains 

appear. The white line is the section relative to the black straight line on the image. Letters S, L 

and I represent the Solid phase (both leaflets in the solid ordered phase), Liquid phase (both 

leaflets in the liquid disordered phase) and intermediate phase (the leaflets have different phase), 

respectively. 
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Figure 8: (a−d) Sequence of AFM images (image size: 7.5 μm × 7.5 μm) of the same sample area 

showing the temperature-induced phase transition of a POPE:POPG 3:1 SLB on silicon oxide. Down 

to a temperature of 22 °C no domain formation was visible. Domains started to appear at 21 °C 

and extended upon further cooling of the sample. e) The inverse transition enthalpy of Small 

Unilamellar Vesicles of the same composition, represented by the solid line, is compared to the 

solid ordered fraction (open circles, the dashed curve is a guide for the eye) of the SLB. The 

transition on the silicon oxide support occurs at a slightly higher temperature than the one of the 

SUVs. Reproduced with permission from ref. 77. 

Figure 9: (a) Traces of heat capacity of POPE:POPG 3:1 SUVs at pH values of 7 and 3. The curves 

have been corrected for the effect of the mica support which leads to an increase of the melting 

temperature by about 5°C. (b) The AFM image (image size: 10 μm x 10 μm, temperature 27°C) at a 

pH of 7 does not show any lateral heterogeneity. The membrane was prepared at high 

temperature to ensure a coupling of both leaflets. (c) Starting buffer exchange, at some point 

(after reaching a pH of about 4) domains started to form. The different height levels in domain 1 

indicate that the transition was not fully coupled. (d) Following the evolution of domain 1, it 

becomes clear that a flip-flop mechanism is present. The initial solid ordered domain changed to 

an intermediate domain. (e-f) After finally reaching a pH of 3, the buffer was again exchanged for a 

buffer at pH 7. The intermediate domains vanished demonstrating the reversibility of the 

transition. Reprinted with permission from ref. 77. 

Figure 10: Time-lapse experiment showing the evolution of domains (time unit = 1 h) due to lipid 

flip-flop. The white dashed arrows point to the symmetric DSPC-asymmetric DSPC interface 

whereas the white solid arrow point to the symmetric DLPC-symmetric DSPC interface. The black 

arrow points to a region of fast moving interface characterized by the presence of a fluid DLPC 

domain. Reprinted with permission from ref 86. 

Figure 11: AFM images relative to different compositions for the ternary lipid mixture 

DOPC/SM/chol. The number or letter in each sequence of images relates to the position on the 

phase diagram reported below. The sequence of images for different temperatures shows the exit 

from the phase separation region upon increasing the temperature. The phase diagram below 

reports the positions of the different lipid mixture, a dashed line representing the phase 

separation region at 24°C. The dotted line represents the positions of the critical point for 

increasing temperatures. Reprinted with permission from ref. 106. 

Figure 12: In the center, the construction of a phase diagram for the mixture 

DPPC/ergosterol/ethanol from AFM images is reported. (A−H) Selected tapping-mode AFM images 

showing domains and phase separation of the phases of interest (Lβ′ gel phase, Lβ′I interdigitated 

gel phase, and Lo Liquid Ordered). All supported lipid bilayers were prepared by vesicle fusion in 

ethanol/PBS buffer solutions at 65 °C and cooled to 23 °C. Areas labeled with M show defects 

where the mica support is exposed. Reprinted with permission from ref. 110. 

Figure 13: a) Jump-through force distributions on a POPE supported lipid bilayer as a function of 

temperature. b) Dependence of the jump-through most probable force on the temperature for the 
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same POPE supported lipid bilayer in a) (the continuous line is a guide to the eye). Reprinted with 

permission from ref 120. 

Figure 14: a) Intermittent contact AFM image of a DOPC/SM/Chol lipid bilayer in the region of 

liquid disordered and liquid ordered coexistence. B) Line section relative to the dashed white line 

in a). c) Force curves measured on the liquid disordered domain (red dashed line) and on the liquid 

ordered domain (black continuous line). The two force curves have been aligned to the position of 

the underlying substrate. The two straight lines highlight the slope of the contact portion of the 

two curves. The slopes point out the different stiffness of the two regions.  
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