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This perspective paper provides some illustrative examples on the interplay between information

gathered on planar supported lipid bilayers (SLB) and unilamellar lipid vesicles (ULV) to get an

integrated description of phenomena occurring at the nanoscale that involve locally bilayered

structures. Similarities and differences are underlined and critically compared in terms of biomimetic

fidelity and instrumental accessibility to structural and dynamical parameters, focusing on some

recent reports that either explicitly address this comparison or introducing some studies that

separately investigate the same process in SLB and lipid vesicles. Despite the structural similarity on

the nanoscale, the different topology implies radically different characterization techniques that have

evolved in sectorial and separated approaches. The quest for increasing levels of compositional

complexity for bilayered systems should not result in a loss of structural and dynamical control: this

is the central challenge of future research in this area, where the integrated approach highlighted in

this contribution would enable improved levels of understanding.

1. Introduction

Despite the fact that the first investigations on self-assembled lipid

systems date back almost to half a century ago,1 the field of lipid

bilayers is still an active research area.2 The fertility of the topic is

motivated by the many and diverse applications envisaged for a

variety of purposes, from drug delivery3 to gene therapy,4 to

sensors,5 to confined-environment reactors.6 The structural

similarity of vesicles with cell membranes has motivated the

development of lipid bilayers as host model systems for intrinsic

membrane proteins and as simpler mimics for fundamental

studies of membrane-mediated biomolecular interactions.7

As the available techniques and the knowledge on lipid

structure and function have enormously progressed throughout
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these decades, novel opportunities have emerged to design,

characterize and apply lipid-bilayered structures.

Two alternative approaches are commonly employed to

determine structural and dynamical information: in the first

one supported samples (either single or multibilayers) are used,

while in the second approach multilamellar or unilamellar free-

standing bilayers are investigated. In the case of supported

single or multibilayers the interaction between the substrate

and the lipid bilayers can alter their physical state, with

maximum perturbation for the bilayer adjacent to the support.

For both kinds of multibilayer samples (supported or free

standing), possible effects of interbilayer interactions must be

taken into account. On the other side, classical small angle

diffraction experiments, methods of choice to investigate

bilayer systems, benefit from the increased amount of sample

material present in multilamellar systems.8 However in some

situations, the multibilayer approach is not applicable. In

particular, when interactions between bilayers and amphiphilic

or water-soluble molecules are to be investigated, or when

these binding steps initiate other cascade or sequential events,

it is preferable, if quantitative information is needed, to rely

on single-bilayer models. The multibilayer approach can also

result from difficult applications when the interaction involves

changes in the surface charge density, leading to an increase

in the repulsive energy between adjacent bilayer that can be

difficult to decouple from the information of interest.

Neither ULV (unilamellar lipid vesicles) nor SLB (supported

lipid bilayers) can be considered per se the optimal, stand-

alone model system, as we will briefly outline in the next

paragraph. In the first case, the effects of curvature, which

is much higher with respect to cell bilayers, might play a

role, while in the second case the substrate might affect the

structural and dynamical fidelity with respect to free standing

bilayers.

In this Perspective, we will bring evidence of how the

comparison between functional ULV and SLB systems,

with identical nanoscale order but different mesoscopic

order, can provide improved understanding and comple-

mentary information for applications on bio-relevant research

areas.

The contribution is organized as follows: first the main

structural features of the bilayer scaffolds are introduced,

referring the readers to more detailed reviews on preparative

protocols and applications; the main characterization techniques

are briefly mentioned and referenced, with particular emphasis

on possible complementary experimental approaches. Then,

some case studies will be presented, where bilayers with

different topologies are introduced to study similar problems

or either conceived to explicitly address the comparison

between liposomes and SLB.

2. 3D Scaffolds: lipid unilamellar vesicles

Phospholipid vesicles, or liposomes, are bilayered closed shells

dispersed in aqueous medium enclosing a pool of solvent in

their interior. They can be prepared by dispersing the thermo-

dynamically stable lipid lamellar phase,9 where flat infinite

bilayers, composed of oppositely oriented monolayers, are

separated by a water layer, with a smectic period dictated by

the maximum swelling.10

The basic structural motif is a bilayer where two molecular

building blocks, i.e. lipid molecules, arrange themselves in a

tail-to-tail fashion, exposing their polar head to the aqueous

environment. The driving force for spontaneous self-assembly

into bilayers stems from the amphiphilic nature of lipids and is

therefore due to hydrophobic effects.11 Bilayers have generally

zero spontaneous curvature,12 and their bending requires a

considerable Gibbs energy contribution. Different experi-

mental protocols for the preparation of liposomal dispersions

from lamellar phases have been proposed throughout the

years, and generally involve the input of mechanical energy,

like treatments with ultrasonic baths or vortex-mixing followed

by membrane extrusion.13 A review on preparation methods is

beyond the aims of this contribution, and the reader is referred

to the extensive literature already present on the subject.14

During these processes, the swollen bilayers are fragmented

into small bilayer patches, whose edges with hydrophobic

chains are exposed to water. Beyond a critical radius, the

disks will close and form vesicles. Vesicle formation, in this

case, results from a balance between the disk edge energy and

the bending energy of the bilayer, which will favour this

second event. Liposomes are kinetic locks, with intrinsic

metastability, and will eventually aggregate and return to the

equilibrium lamellar phase in excess solvent.

Fig. 1 sketches the chemical structure of some typical

lipids, among the predominant species in natural membranes,

together with the assembly pattern in lamellar phases and

liposomes.

Currently, several methods are available to prepare liposomal

systems with controlled composition, size, charge, membrane

fluidity and radius polydispersity, which can be reasonably

narrow, depending on the desired size.

Liposomes are often categorized according to lamellarity

(i.e. unilamellar vs.multilamellar) or size (SUVs, small unilamellar

vesicles, with diameters ranging from 30 to 100 nm; LUVs,

large unilamellar vesicles, from 100 to 500 nm, GUVs giant

unilamellar vesicles, with diameters of several microns).

Despite this large spread in size, the bilayer thickness, i.e.

the shell size, is directly connected to molecular size and
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is generally around 4 nm. It has been observed14 that the

minimum radius of liposomes is roughly 3–5 times the bilayer

thickness; below this threshold the spontaneous curvature of

the bilayer would be frustrated by the liposomal curvature and

bilayers would not bend.

For large or giant vesicles, it is generally accepted that the

vesicle diameter has little effect on the local structure of the

bilayer, since the characteristic sizes, i.e. the molecular size

and the radius of curvature of the liposomes are at least two

orders of magnitude apart: this means that locally each lipid

molecule experiences a flat curvature, as in the planar lamellar

phase.

The lipid bilayer encloses an aqueous compartment, which

can have identical or different composition as the external

milieu, i.e. it can withstand concentration gradients between

its two sides; the permeability to water requires however

osmotic balance between the solvent pool and the dispersing

medium, to guarantee structural stability against swelling or

shrinking.

Since their first observation by Bangham, liposomes have

found widespread application as synthetic carriers for drug

delivery, for instance encapsulating hydrophilic molecules

inside their aqueous core and protecting them from enzymatic

inactivation. Size-exclusion chromatography is then commonly

employed to separate liposomes loaded with water-soluble

cargos in the internal solvent pool, from the same molecules

dispersed in the external solution.15 Moreover liposomes

can confine lipophilic insoluble or amphiphilic drugs in the

hydrophobic core, constituted by the lipid apolar chains.

Natural and synthetic lipids are generally zwitterionic or

acidic: the lipid composition will then modulate surface

charge. Therefore, besides the already-mentioned binding

options, several ions or globally charged macromolecules can

peripherally bind liposomal surfaces thanks to electrostatic

interactions.16

In some cases the binding driving force is a combination

of the above contributions, as for instance in the case of

charged species with some amphiphilic character, like some

common proteins.

3. 2D-Scaffolds: supported lipid bilayers

Supported lipid bilayers (SLB) are among the most popular

models of cell membranes with potential biotechnological applica-

tions since their introduction in the early 80s by McConnell.17

Phospholipids in SLB are arranged on a planar solid support

in a tail-to-tail fashion similar to the liposome bilayer, but

while the outer layer is facing directly the surrounding water

phase, the inner layer is generally separated from the solid

surface by only a thin layer of water (1–2 nm) as depicted in

Fig. 2.

Supported phospholipid bilayers can be obtained with a

variety of techniques, each of which determines a bilayer

system with features that can be very different from each

other. Recent reviews18–20 nicely describe these methods that

can be grouped in 3 principal categories:

(i) Langmuir–Blodgett (LB) methods, either alone or

combined with Langmuir–Schafer horizontal deposition.

(ii) Vesicle fusion on a naked solid substrate.

(iii) Vesicle fusion on a pre-covered solid substrate.

In the latter category, the literature describes examples of

vesicles ruptured on LB21 or SAMs (self assembled monolayer)

layer22 and, more interestingly for biological relevant issues,

on polymer cushion or hydrogels.23 In fact, as reported24 in an

extensive review on polymer-supported SLB, a loose network

of hydrated polymers may serve as a spacer between lipids and

substrate avoiding undesired interactions with the substrate

causing phase transition or delamination.

In parallel, a multitude of more ambitious architectures have

been proposed during the past decade spanning from hybrid

bilayers involving vesicle fusion combined with LB or SAM

approaches25 to tethered lipid bilayers,26,27 suspended lipid bilayers

or supported vesicular layers. Nevertheless, vesicle fusion on bare

substrates is certainly the most extensively studied procedure,

although the quest for a mimetic model of intracellular crowding

certainly invites the adoption of a cushioned SLB.

A schematic description of the process leading to SLB

formation by vesicle spreading is reported in Fig. 3.

The common pathway (Fig. 3a) of SLB-formation includes

vesicle adsorption at the surface followed by vesicles flattening

and/or crowding at the surface. Surface adsorbed vesicles

eventually rupture and spread on the solid support under the

influence of the cooperative action of neighbouring vesicles.

Fig. 1 Chemical structure of two representative phospholipids:

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (a); and N-stear-

oyl-D-erythro-sphingosylphosphorylcholine (b). They can be repre-

sented as amphiphilic molecules (c), whose self-assembly results in

planar bilayers (d) and liposomes (e).

Fig. 2 Schematic diagram of a supported phospholipid bilayer.
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Vesicle break-up is further propagated by ‘‘active edges’’ of

existing bilayer patches and developing bilayer formation.

Nevertheless, the steps leading to the final equilibrium

structure may be more complex than depicted in the picture

in Fig. 3 and the mechanism of vesicle fusion continues to be

studied extensively by many groups.25,28 Thanks to these

research efforts, the qualitative understanding of SLB forma-

tion after exposure of small lipid vesicles to a hydrophilic

support is now revealing a stunning variety of effects that can

take place during the self-organization process including layer

interdigitation, bilayer nano-disk formation, layer-buckling

and vesicle trapping in the bilayer (see Fig. 3).

The ensemble of results from Brisson and coworkers has

revealed unprecedented insight into intermediates of the

SLB-formation process and has helped to identify a number

of parameters that are determinant for the final architecture

of the lipid bilayer deposition on solid supports including,

electrolyte and phospholipid concentration, besides the vesicle

lipid composition and surface properties of the solid support.

SLB obtained through vesicle fusion offer many advantages

to an experimentalist, including ease of preparation, but one of

the most attractive feature of the SLB layout is its remarkable

stability. SLB will remain largely intact even when subject to

high flow rates or vibration and, unlike black lipid membranes

(BLM), the presence of holes will not destroy the entire

bilayer. Because of this stability, long lasting experiments are

feasible with supported bilayers as opposed to free-standing

bilayers BLM, whose existence is usually limited to hours.

Moreover, in SLB systems only the upper face of the bilayer

is exposed to the solution; for these systems adsorption and

penetration phenomena of molecules dissolved in the water

phase can rely on the precise control of the phospholipid

molecular density and bilayer thickness. At the same time

the fluidity of the bilayer can be tuned by the judicious choice

of the phospholipid and the ionic content of the liposome

solution regulating the access and penetration of the hydro-

phobic molecules inside the bilayer.

4. Structural and dynamical properties and

techniques of investigation

This paragraph focuses on the introduction and comparison

between the experimental techniques usually employed to

characterize SLB and liposomes from a structural and

dynamical point of view. The completeness of picture that

can emerge from studying processes in the two bilayer systems

is mainly related to the characteristics of the techniques, i.e.

surface and classical solution techniques. A careful considera-

tion of the experimental sensitivity and of the assumptions

beneath data interpretation is therefore of utmost importance.

The structural characterization of lamellar lipid phases and

liposomes can be considered a mature field. As for many other

colloidal systems, with relevant lengths at the nanoscale,

structural characterization can be performed through imaging

techniques in real space, mainly EM and AFM, or alternatively

through scattering experiments, where information is obtained

in the reciprocal space of scattering vectors.8 For dispersed

bilayer shells, once the composition and the concentration is

set, the structural parameters are the liposome radius, the

polydispersity and the bilayer thickness and internal structure.

Scattering methods are non-invasive and can be directly

applied to liposomal solutions.

Dynamic Light Scattering29 is a rather widespread technique,

commonly employed to infer the hydrodynamic radius and the

polydispersity. For relatively monodisperse and monomodal

distribution, the decay in correlation of the scattered light

intensity at a given angle can be modelled through a cumulant

expansion.30 Through this analysis the hydrodynamic radius,

which is the actual geometrical radius, can be obtained. The

second moment of the cumulant distribution is connected to

the polydispersity index that can be used to evaluate the

distribution of guest molecules among the liposomal host.

For bimodal distributions, each population is weighted by

its intensity contribution (i.e. weighted by a R6 factor), and

therefore the size distributions obtained by Laplace inversion

methods, are generally skewed towards larger size, than the

actual number distribution.31

The knowledge of the hydrodynamic radius of liposomes is

not only important for the above considerations on guest

distribution, but also for the fact that its variations when

amphiphilic guests are inserted, can be connected to an added

hydrodynamic thickness, directly comparable with results on

planar bilayers.32 This is a very sensitive approach to detect

the thickness of the hydrophilic corona, and its changes due

for instance to re-orientation of guest molecules as function of

grafting density, as illustrated schematically in Fig. 4 and

detailed in the first case study of section 6.

Structural information can be retrieved from Small Angle

X-Ray or Neutron Scattering methods (SAXS and SANS),

which are well-established techniques for the study of lipid

assemblies structures in a range of length scales from around

one to one hundred nanometres. The window of scattering

vectors probed by these latter techniques allows gathering

higher resolution information with respect to light scattering,

on the local structure of vesicles, i.e. on the bilayer profile.8

The scattering data in the reciprocal space are connected by

Fourier transform to the structure in real space (i.e. the

electronic density profile in the case of X-Ray, or neutron

scattering length density profile, related to chemical composition,

for neutrons).

The differences in scattering length densities between

the hydrocarbon core, the hydrophilic shell and the solvent,

Fig. 3 Schematic description of possible processes leading to SLB

formation by vesicle spreading. (a) Vesicle rupture followed by formation

of a supported lipid bilayer. (b) Formation of disks and entrapped vesicles.
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allow in principle, determination of the structural parameters

separately for each of these subdomains of the self-assemblies,

provided the spatial resolution (i.e. p/qmax, with q the highest

scattering vector in the experimental range) is sufficient.

Moreover several data analysis methods enable the considera-

tion of compositional asymmetry of the two leaflets. The

contrast is not particularly favourable for X-rays, while in

SANS, thanks to isotopic substitution of H2O with D2O,33

hydrocarbon hydrogenated chains provide enhanced contrast.

We should here point out, that, even if a SAXS apparatus is

more easily accessible as a in-house facility, SANS, with the

possibility of isotopic substitution, is particularly indicated

especially in the case of lateral domains of different composition,

when isotopically labelled components are added.

As stated above, the peculiar planar architecture of supported

bilayers and their stability make these systems amenable to a

number of characterization tools, which would be impractical

if performed on a freely floating sample or on spherical lipid

vesicles. Several modern techniques have been used for the

characterization of SLB including spectroscopic techniques

such as Fourier-transform infrared spectroscopy,34 X-ray

and neutron scattering approaches,35 scanning probe methods36

or surface specific techniques as TOF-SIMS,37 ellipsometry

and surface plasmon resonance,38 to cite a few. All these

techniques were proven to be successful to probe the structural

and dynamic properties of supported lipid bilayers but one

of the most popular experimental approach, is the use of

the Quartz Crystal Microbalance.39 The Quartz Crystal

Microbalance represents a key technique in the study of SLB

systems. Its role has been pivotal since the first studies on

vesicle rupture and fusion on surfaces appeared, thanks to the

fact that QCM measurements offer a straightforward way to

follow in real time the sequence of events leading to the

formation of SLB.40 Modern QCM instrumentation measures

simultaneously the resonant frequency shift (Df) and the

change in energy dissipation (DD) of a gold coated quartz

crystal at the fundamental resonance frequency as well as for

the higher overtones, as a substance adsorbs on the sensor

surface. If the mass adsorption is evenly distributed, rigidly

attached to the crystal, and small if compared to the mass of

the crystal, then Df, the measured frequency shift, is linearly

proportional to the mass density, Dm/A, of the deposited

film according to the Sauerbrey equation.41 Although this

relationship can be extended to a quasi-rigid film, for thicker

or spongy films the resonance frequency is affected not only by

the mass attached to the surface but also by the viscoelastic

properties of the adsorbed film. In this case, global fitting of

Df and DD data collection is generally performed using

Voigt-based models,41 which were proved to be well suited

for layers of organic molecular or higher aggregates as

phospholipid vesicles.40,42 These modelling procedures provide

the wet mass structure in terms of average thickness and

surface density, together with the viscoelastic parameters

of the adsorbed layer. Since QCM is a microgravimetric

method, the results are always overestimated due to the

contribution of the adsorbed water in the resulting adsorbed

mass. Such effect can be neglected as long as the focus is on the

comparison between the thickness of the adsorbed layers from

QCM data for SLB and that obtained from DLS experiments

on vesicles.

If water-free data are strictly required it may be convenient

to combine a spectroscopic surface technique as ellipsometry

or surface plasmon resonance to QCM investigations. Recent

combined QCM and ellipsometry results from our group on

SLB formation from extremely diluted liposome dispersions

converged in a two-step mechanism for SLB build-up at the

surface.

As shown in Fig. 5, QCM thickness is consistently higher

that its ellipsometric counterpart, although both sets of

measurements show a first arrest, likely corresponding to

monolayer coverage of the surface. For this reason, ellipso-

metric data should not be compared with DLS data on added

hydrodynamic thicknesses, but rather with SAXS and SANS

data on the same systems, provided the correct scattering

length density profile is considered. Furthermore, thanks to

the possibility to obtain a surface mapping of the elliposmetric

thickness of the adsorbed layer in situ, imaging ellipsometry

will be increasingly used in SLB-related investigations in the

near future. In spite of the fact that the lateral resolution is

limited to 1 mm, differences in thickness of 1 nm can be

conveniently appreciated with this method. Also mechanical

probing techniques provide a high resolution mapping of the

thickness of the bilayer as well as on the presence of defects,

vacancies, phase separated domains or intact trapped vesicles

but, differently from Atomic Force Microscopy, imaging

ellipsometry can be easily operated as the SLB is progressively

forming on the surface. Moreover the method is safely non-

destructive and does not require a direct physical interaction

Fig. 4 Variation in hydrodynamic thickness as the grafting density is

increased, connected to conformational variation of the guest in the

hydrophilic corona.

Fig. 5 QCM (a) and ellipsometric (b) thickness after addition POPC

liposomes to the hydrophilic solid support.
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with the sample that may lead to unwanted disruption of the

SLB layer.

Investigation on functionalized phospholipid bilayer benefits

also of from fluorescent-based methods, i.e. fluorescent

probing, fluorescence energy transfer43 and total internal

reflection fluorescence microscopy.44 While conventional

fluorescence experiments can be successfully developed for

liposomes in solution, the same is not true for SLB systems

where the scarce overall signal hinders sufficient data collection.

This drawback can be overcome with the use of fluorescence

imaging techniques: although a SLB is a only 5-nm-thick

membrane, it can be easily observed with modern Confocal

Laser Scanning Microscopes (CLSM). In the past few years,

CLSM has become an invaluable tool for a wide range of

investigations in biological and medical sciences for imaging of

thin optical sections, but pairing of this sound methodology

with supported bilayers is still in its infancy. As for other

fluorescent techniques, CLSM requires the incorporation of a

small number of dye-conjugated lipid molecules into the

fabricated SLB. When excited by the proper wavelength, the

dye provides visible fluorescence that can be collected and

imaged in the xy plane and along the z-axis. The advantages of

CLSM are manifold: spanning from in-focus 3D imaging to

spatial- and time-resolved spectroscopy in situ. Whereas

parallel AFM and QCM measurements have been reported

in the past,28 QCM/CLSM and CLSM/AFM studies on

supported membranes are less common although comparison

between AFM and CLSM measurements provide a definite

proof on the reliability of probe-dependent measurements. In

fact, the addition of a fluorescent dye is generally believed not

to perturb the system, a statement that is often proved false.

Equivalence of CLSM images and AFM images of the analogue

probe-free SLB ensures that further fluorescence applications,

such as FRET or FRAP, can be safely performed both on SLV

and on liposomes with the same composition. In our group, we

recently applied the CLSM technique to the study of SLB

decorated with cholesterol-tagged DNA (see Fig. 6): fluores-

cence modification was achieved using a fluorescein-labelled

single strand oligonucleotide (ON2FAM) with its complementary

sequence (SC-ON1) (see Fig. 7) anchored to the SLB layer.

SLB were formed on mica from POPC liposome and the

chol-tagged double strand was successively added to the

system. An example is shown in Fig. 6 that reports the CLSM

mapping of the functionalized SLB formed on the mica surface

compared to AFM images of the same sample together with

the emission spectra of the fluorescent label recorded in

different SLB regions.

Both imaging methods evidence the formation of a bilayer

of similar morphology and comparable thickness, although

lower spatial resolutions are achieved with the CLSM technique.

Nevertheless, CLSM largely compensates this drawback

providing two additional features: in the first place it permits

to assess that the fluorescent probe, and hence the DNA

double strand, is evenly anchored to the surface of the

phospholipid bilayer.

More importantly, spatially-resolved photophysical charac-

terization of selected surface regions is readily accomplished as

shown in Fig. 6c where the characteristic emission spectra of

fluorescein in different regions of the SLB surface spectra are

shown. Interestingly, the contribution of the fluorescein

dianion and monoanion species to the emission spectrum,

which is a feature strictly correlated to the local charge density

sensed by the probe, resulted to be very similar to that

previously found with conventional fluorescence spectroscopy

for liposome dispersions with the same composition.

5. Liposomes and SLB: some important differences

Research papers that explicitly address the comparison of

structural and dynamical properties of planar and curved

bilayers are not very common. The parallel analysis of bilayer

systems with an identical composition, an identical local but

different long-range orders, is the main focus of this feature

article. In our review of the literature on the subject, we should

underline that some obvious physical differences, which might

not represent a concern when studying simple bilayer systems,

become critical in the comparison when functional molecules

are inserted into bilayer matrices.

In this paragraph we will summarize the main general

aspects concerning this issue.

We have already mentioned possible effects on the curvature

that can be significant for small liposomes (radius o 50 nm),

considering the most common lipid constituents.

Fig. 6 (a) CLSM tridimensional imaging of SC-ON1/ON2FAM

decorated SLB; (b) AFM images of the same sample; (c) spatially

resolved spectra for different bilayer domains exhibiting the charac-

teristic signature of fluorescein.

Fig. 7 Chemical structure of SC-ON1 and MC-ON1, hydrophobically

tagged oligonucleotides, inserted as guests in liposomes and SLB in a

parallel study.
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Several studies in the literature have addressed the effect of

curvature on the local structure of the bilayer, reporting seemingly

contradictory results, from a bilayer thinning as the liposomal

radius increases, to asymmetries in the bilayer profile. Recently, a

careful SANS analysis, combined with high-resolution SAXS has

revealed no effect of curvature on lipid bilayer structure for

zwitterionic vesicles in the range of diameters 60–180 nm, while

for anionic lipids, an asymmetry between the outer and the inner

leaflet was detected for vesicles with 100 nm diameter, possibly

due to coupling with counterions distribution.45

One important structural parameter is the total available

interface for inclusion in the hydrophobic compartment and

for interaction with hydrophilic molecules, either bound to the

bilayer or in solution. For preformed liposomes this is given by

the total area of the external leaflet that can be easily evaluated,

knowing the lipid concentration, the hydrodynamic radius and

the bilayer thickness. Usually this area is larger than one half

of the total area, especially for SUV, thanks to the higher

number of lipid molecules occupying the external leaflet and is

given by:

S

V
¼ NA½lipid�Alipid

R2

R2 þ ðR� tÞ2
ð1Þ

where S/V is the interfacial area per unit volume, NA is the

Avogadro number, Alipid is the lipid cross-section, R the vesicle

radius and t the bilayer thickness. The bilayer thickness and

the area/lipid molecule are reported in the literature for the

most common lipids, while the hydrodynamic radii and

their polydispersity should be determined for any given

liposomal batch.

Obviously, the interfacial area for a SLB is one half of

the total interfacial one. The other fundamental difference

concerns the connectivity of the two bilayered systems. In one

single fluid monophasic SLB, the hydrophobic/amphiphilic

guests (i.e. a molecule or a biomolecule partially or totally

embedded in the bilayer), if free to diffuse laterally, are

virtually connected with all the remaining ones.

The distribution of guest molecules among liposomal hosts

follows a Poisson distribution, which approximates a Gaussian

distribution only for relatively high occupancy numbers, i.e.

guest molecules per liposomes. The picture is utterly complicated

by the possible polydispersity, which induces fluctuations

between the occupancy numbers, even for relatively high average

numbers of hosts/liposomes.46

The probability of finding a guest ‘‘i’’ per liposomal hosts is

given by

Pi ¼
Ni

i!
expð�NÞ ð2Þ

with N the occupancy number, nguest/nvesicle and nvesicle, the

total number of vesicles per unit volume, is given by

nvesicle ¼
Z ½lipid�NAAlipid

8pR2

R2PðRÞdRR
R2PðRÞdR ¼

½lipid�NAAlipid

8pmR;2
ð3Þ

where P(R)dR is the probability of finding liposomes having

radii comprised between R and R + dR, mR,2 = sR
2 + hRi2,

the second moment of the size distribution, accessible from a

DLS experiment (vide infra), and with the simplified assumption

of even distribution of the lipids among the two leaflets.

All these factors can be relevant for particular cases, such as

low hydrodynamic radius and high polydispersity and should

be properly considered when comparing different bilayer

systems.

Another aspect is connected to experimental consideration,

and concerns the total working concentrations. For instance,

we have reported that for a millimolar lipid concentration, a

liposomal solution consisting of 35 nm radius low-polydisperse

vesicles provides an available interface having an area more

than six orders of magnitude higher than the area of a SLB

coating a QCM crystal (8�1013 nm2 versus 3�1020 nm2). This

requires that, to realize a given lipid/guest ratio, the guest

concentration in solution should be correspondingly shifted.

For amphiphilic guests, this concentration difference can

result in competing aggregation equilibria, so that partition

involves actually three species, i.e. the monomer in solution, in

the aggregate and in the vesicle-bound state.

Last but not least, we should consider that, when adding

amphiphilic or hydrophilic molecules (such as proteins

displaying peripheral binding through Coulomb interactions

with charged membranes) to preformed liposomal dispersions,

an equilibrium partition between lipid vesicles and the

surrounding medium is established. Gel filtration can be

performed to exclude guest molecules not bound—or enclosed

in—liposomes. For SLB, this operation is usually automatic,

i.e. the binding event is followed by rinsing treatments in most

experimental protocols; therefore the binding degree is not

ruled by thermal equilibrium, but is rather a metastable state,

where desorption events can be observed. This results in

minimal differences for high binding constants, but can be

relevant in some cases.

One of the major drawbacks of supported bilayers is

certainly the close proximity of the inner layer with the solid

surface: SLB are generally separated from the solid support by

only 1–2 nm thick layer of water. This feature limits severely

the possibility to incorporate integral membrane proteins,

which can denature when in contact with the substrate surface.

This issue has been extensively elaborated in recent reviews20,24

that summarized the results obtained both spreading vesicles

containing reconstituted integral proteins and incorporating

‘anchor’ molecules to the SLB followed by coupling of

engineered proteins to those anchors. Supported membranes

containing reconstituted proteins have already provided infor-

mation about several important biological processes but the

studies also evidenced that there is not yet a completely

satisfactory supported membrane system for the inclusion of

transmembrane proteins with both large extracellular and

intracellular peripheral domains.

Such limitation is less strict in liposome system where an

additional bonus is offered by possibility to vary the liposome

dimension and hence the curvature radius and the size of inner

water pool.

Contrary to liposome systems, SLB may easily undergo phase

segregation and delamination when interaction with the solid

surface predominates. In an effort to overcome these limitations

different groups proposed lipopolymer protection linking

a close-packed polymer layer in tight brush conformation.47
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The polymer is transferred on top of the SLB surface by

the LB technique, this modification increases relevantly the

bending elastic modulus of the bilayer raising the barrier to

delamination. In addition, the presence of the hydrophilic

protein layer inhibits lipid reorientation after air exposure

resulting in an air-stable supported bilayer.

Each of the above aspects are general and contribute to the

fundamental expertise of bilayer science. There are however a

number of more specific issues that arise when addressing

particular problems. These will be exemplified through the

illustration of three case studies.

In the first one, the comparison between supported lipid

bilayers and vesicles in solution is explicitly addressed and the

structural and functional insights on both systems are

discussed within a common platform to get an integrated

picture. In the second and third example, we will focus on

two popular topics in the research area of lipid bilayers:

synthetic models for lipid rafts and compositionally asymmetric

bilayers. Generally, in these latter cases reports are dealing

with SLB or vesicles. The inclusion of such examples in the

framework of this Perspective is aimed at underlining the

benefits that an integrated approach, comprising the analysis

of both systems, would enable in terms of fundamental knowledge

and biomimetic purposes.

6. Case studies and perspectives

6.1 Incorporation of lipophilic oligonucleotides in lipid bilayers

Lipid self-assembly is one of the bottom-up strategies conceived

by Nature to produce matrices with (multi)functional control

at the nanometre length scale. This approach can be borrowed

by soft matter-based nanotechnology, and further integrated

through incorporation of complex structural motifs in the

amphiphilic building blocks, either synthetic or bio-inspired48

as in the case of covalent conjugation of nucleosides49 or

oligonucleotides50 to amphiphilic assemblers. Through this

functionalization, one obtains oligonucleotides building

blocks with tailored properties for controlled self-assembly,

which can be anchored to soft surfaces, such as planar or

curved phospholipid bilayers.51 The ordered assembly of lipid

hosts provides a structural skeleton, enhanced local concen-

tration, and/or immobilization and/or favorable orientations

for the guest oligonucleotides. The final goal is to further

extend the range of application of DNA-directed construction

of nanomaterials, which exploits the structural fidelity, and

coupling specificity, enabling further hierarchical aggregation

in functional arrays of nanounits. Our group has recently

studied the incorporation on a singly substituted derivative

(SC-ON1) and a multicholesterol (MC-ON1) derivative, where

the cholesteryl units are inserted at the desired positions along

a non-coupling T-sequence, whose structure is reported in

Fig. 7, in phospholipid vesicles and supported lipid bilayers

and their hybridization with a complementary strand.

The results have been interpreted in terms of average

distance between non covalent grafting sites onto the membrane

as the independent parameter, i.e. number of hydrophobic

oligonucleotides per interfacial area unit. All the concepts

outlined in the previous paragraph for a correct comparison

of the two systems have been applied to evaluate the interfacial

area.32

The hydrophobically tagged oligonucleotides have been

added, at increasing concentrations, to a highly monodisperse

liposomal solution and to SLB.

While DLS measures a decrease in diffusion coefficients,

ascribable to an added hydrodynamic thickness, due to the

build-up of an oligonucleotide layer surrounding the vesicle,

QCM measures the mass increase due to bilayer insertion for

the same guest/lipid ratios. Fig. 8 reports the trends of these

two quantities for the single cholesteryl derivative, as the

average grafting density is varied.32 It should be stressed that

DLS becomes in this case a very sensitive technique, since the

added hydrodynamic thickness amounts to a considerable

volume increase of the scattering objects, allowing to overcome

the size detection limit of DLS.

Interestingly, in both cases we have a saturation threshold

that occurs at the same area/guest molecule (80 lipid molecules

per guest molecules), notwithstanding the different overall

concentration of the added oligonucleotides.

Moreover, the hydrophilic layer thickness at the satura-

tion threshold (about 60 Å) determined through QCM

well-matches the added hydrodynamic thickness measured

by light scattering.

These results unequivocally support the structural similarities

between the two models and allow dynamical transfer of informa-

tion between free-standing and supported single bilayers.

An example of such possible interplay is provided by a parallel

Linear Dichroism study on these oligonucleotide-decorated

Fig. 8 Upper panel: Added hydrodynamic thickness around a lipid

vesicles, as a function of the average distance between non-covalent

grafting sites. Lower panel: Frequency shift observed by QCM as a

function of the overall concentration of SC-ON1.
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ULV under shear-flow,32 which indicate that this increase

in hydrodynamic thickness is connected to orientational

variations of the oligonucleotide chain with respect to the

bilayer director as its non-covalent grafting density is increased.

The same mechanism can be considered to be operating on

planar supported bilayers.

Moreover stopped-flow experiments on ULV can probe

the coupling kinetics between the bilayer-embedded oligo-

nucleotides and the complementary oligonucleotide in solution,

i.e. the complementary strand without any hydrophobic label.

A remarkable result was the fact that above a critical

grafting density, connected to the lipophilic oligonucleotide

excluded area, the membrane-assisted hybridization kinetics

are slowed down relative to strand pairing in solution. Conversely,

when the average oligonucleotide density on the liposomal

surface is low, coupling is faster than in bulk medium. This

result can be correlated to the same reaction occurring in

planar bilayers, which is relevant in the field of DNA micro-

arrays, whose development for analytical purposes could

greatly benefit from dynamic studies. Clearly, a high-throughput

technique as stopped-flow spectroscopy in solution, performed

without need for any molecular probe, as fluorescence dyes,

warrants reliable and sound results for any modelling.

As already noticed, one often neglected aspect is the possible

occurrence of aggregational equilibria for amphiphilic hosts. In

this respect, one illustrative example is provided by the comparison

of the previous derivative with another multicholesterol-

oligonucleotide (MC-ON1, Fig. 7, bottom) differing in the

architecture and hydrophobicity of the lipophilic moiety.40,50

In this study the comparison between free-standing and supported

single bilayers is explicitly taken into account, likewise the self-

aggregation properties in solution of the guest molecules.

Fig. 9 reports the adsorption isotherm in terms of hydro-

dynamic thicknesses for ULV, together with the thickness

increase resulting from the normalized frequency shift of the

resonant frequency of QCM crystal.

The adsorption pattern on the planar bilayer supports the

picture of a three-regime mechanism, where, beyond mono-

layer saturation, the presence of free cholesterol units protruding

in solution, promotes aggregation near the interface. The

adsorption mechanism, beyond the unimers domain, was

rationalized applying a Tetris-like compaction model to the

QCM data.

With respect to DLS measurements, the lipid/guest ratios

explored are those corresponding to the monolayer saturation

regime, i.e. the first of the three domains explored by QCM,

but the bulk concentration range is shifted more than one order

of magnitude. A parallel investigation on the self-aggregation

of these amphiphilic oligonucleotides, reveal a peculiar aggrega-

tion pattern, whose threshold is for MC-ON1 at 0.2 micro-

molar. Therefore, in DLS experiments, depending on the bulk

concentration, either unimers or aggregates are in equilibrium

with vesicles, while for QCM experiments, only unimers are

expected in bulk solution.

The total phospholipid surface is different, not only

quantitatively but also from a dynamical point of view. For

liposomes, it consists of disconnected domains (the vesicles

themselves), while for SLB there is a continuous, macroscopically

extended bilayer domain.

Therefore, any cooperative process may lead to different

products also for an identical phospholipid/amphiphilic DNA

ratio: this applies both to lateral interactions in the membrane

and to membrane-induced processes at the lipid/aqueous

interface.

6.2 Phase separated domains in lipid bilayers as mimics

of membrane rafts

Lipid rafts are dynamic membrane domains, with a typical

diameter of around 10 nm, enriched in sphingolipids and

cholesterol, which form detergent-resistant bodies within

membranes.52 It is commonly accepted that rafts consist of

liquid-ordered phase domains (Lo). The acyl chains of lipids

are in all-trans configuration, ordered as in the gel phase but

with high lateral mobility within the membrane plane. Several

receptor proteins interact preferentially with lipid rafts, which

have a key role in signal transduction.

The fact that such microdomains can be observed even

in thermally equilibrated simple model systems,53 for some

given compositions, has prompted the investigation of their

structural and dynamic properties, excluding the structural

and functional complexity of the biological archetypes.

In addition, lipid rafts are implicated in processes such as

endocytosis, exocytosis, and vesicular trafficking (transport

of vesicles across the cell) and are therefore associated with

regions of enhanced membrane curvature. Localized changes

Fig. 9 Upper panel: Hydrodynamic added thickness of ULV as the

guest concentration is increased. Bottom panel: QCM thickness as a

function of MC-ON1 concentration. Note the different concentration

ranges.
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to membrane curvature in cells are essential for inter- and

intracellular communication. In model systems, externally

induced curvature changes have been observed to drive lateral

organization.54

From what above said, it is clear that membrane curvature

and lateral phase separation are intimately intertwined and

the understanding their interplay can be one of the future

challenges in the field. More specifically the size of the phase

separated domains, and its connection with the membrane

curvature, can be a critical factor, in particular when the

function of lipid rafts is considered.

One of the recent reasons of interest towards lipid rafts is

the increasing experimental evidence of the implication of

these domains in pathologically relevant phenomena, which

involve the spatiotemporal regulated distribution of membrane-

associated proteins, in terms of accumulation and segregation

and eventually misfolding and aggregation.55

In this hypothesis the spatial extension, the coalescence

dynamics and the connectivity of lipid domains are clearly

critical factors, whose consideration must be necessarily taken

into account. It should be stressed that rafts in the cells have

typical sizes of some tens of nanometres, i.e. one or two order

of magnitudes smaller than the most popular synthethic

mimics, i.e. micron-sized lateral domains in Giant Unilamellar

Vesicles, usually imaged thanks to the different affinity of

fluorescent probes for the liquid ordered and the disordered

phase.56 Some FRET studies have, for instance, suggested

phase separated domains in ULV for lipid compositions where

fluorescence microscopy did not reveal any lateral heterogeneities

for GUVs.57

It is therefore clear that inhomogeneities occur in two length

scales, ranging from micron-sized domains to domains of

diameter smaller than 10 nm.

The techniques of investigation of liposomes are typically

ensemble-averaged in solution, which is of course an advantage

with respect to microscopy, where preparation artifacts or the

necessarily low number of individual objects observed can lead

to un-representative results. On the other side, colloidal

objects undergo Brownian motions and collisions in solution:

in the case of functional liposomes, mutual interactions

mediated by the function (i.e. aggregation mediated by a

protein partially inserted in the bilayer) might be very difficult

to decouple from genuine effects.

These considerations nicely illustrate the complementarity

of the lipid scaffolds of interest in the perspective of using

synthetic lipid rafts to elucidate their role in pathologically

relevant phenomena at a molecular level. Convincing and

reliable results will necessarily involve both liposomal systems

(size of the liquid ordered domains) and SLB (size of the

liquid disordered matrix and guest/triggered coalescence

phenomena) observed either with fluorescence microscopy or

with higher resolution techniques (i.e. AFM, or neutron

reflectivity).

For liposomes, neutron contrast variation obtained through

the appropriate use of selective deuteration, enables the quali-

tative and quantitative structural characterization of liquid

ordered rafts in ULV through SANS,58 in the underlying

assumption that lipid chain deuteration of one component

does not affect phase behaviour for the studied compositions.

One of the central results of these SANS studies is the

fact that membrane curvature has a significant role for the

miscibility of the various lipid components and that increased

membrane curvature induces lipid demixing.59

While this result is encouraging, as it confirms that

local curvature can modulate lipid composition, as in cell

membranes, it poses some fundamental questions as to which

is the most reliable model for lateral inhomogeneities. Of

course there is no clear answer to this question, and presumably

in the next future, both models should be taken in consideration

and critically compared.

The formation of a single SLB on a solid support from

the same ULV where nanodomains are observed and the

coalescence or disappearance of phase domains, followed with

GISANS or GISAXS techniques, possibly coupled with

studies on reflectometry, would represent an experiment of

sure interest.

The disappearance of such domains would confirm the role

of the curvature, while their persistence would in turn naturally

introduce novel fundamental questions to be addressed. One

important point concerns the compositional asymmetry of

the outer and the inner leaflet of the bilayer. We should stress

that in the exofacial leaf of the plasma membranes, lipids

that in model systems give rise to phase separated domains

(sphingolipids, glycophospholipids, cholesterol) are usually

overexpressed, while lipids belonging to the cytosolic leaf

(phosphatidylserines and phosphatidylethanolamines, together

with glycophospholipids) when reconstituted in model membranes

do not show lateral segregation domains.53 The interleaflet

coupling of phase separation, which is an activated process in

Nature, provides a pathway for signal transduction between

the extracellular and the cytoplasmic compartment. For ULV,

the coupling between leaflets is difficult to prove, and there is

no obvious direct experiment to propose. Actually, for multi-

lamellar systems (either planar or curved), coupling between

adjacent layers has been observed for raft structures.60 There-

fore trans-monolayer coupling of rafts in the presence of

nanosized lateral inhomogenities appears reasonable. Since

phase-separated domains are usually observed in ternary lipid

mixtures, including cholesterol, it is very likely that their

quenching upon membrane curvature reduction would

occur with lipid redistribution between the two leaflets. The

experimental proof of such an event would undoubtedly

provide improved understanding of biochemical processes at

a molecular level.

On the other hand, supported lipid bilayers have been

extensively used in understanding the fundamental properties

of heterogeneity in biological membranes and a substantial

literature has been published on studies of lipid domains in

SLB. Many authors have investigated lipid mixtures with

coexisting gel and liquid-crystalline phases by atomic force

(AFM), epifluorescence, and near-field fluorescence micro-

scopy (NSOM). Several of these studies demonstrated the

coexistence of ordered and disordered phases for a variety of

different lipid compositions in SLB. However, there are several

discrepancies between the structural organization of proposed

rafts in biological membranes and phase-separated domains

in model membrane systems. For example, in nearly all

investigations on supported lipid bilayers formed through
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vesicle fusion, lipid domains are transmembrane symmetrically

distributed; very little work has been done to study trans-

membrane asymmetric distributions in these systems. Remarkably,

Longo and coworkers61 recently described three different

states of transmembrane symmetry in phase-separated supported

lipid bilayers formed by vesicle fusion by a combined atomic

force microscopy and fluorescence microscopy study. The

authors observed that if the leaflets differ in the gel-phase area

fraction, the smaller domains in one leaflet are aligned with the

larger domains in the other leaflet and the system is dynamic,

involving in the erosion of the smaller domains in one leaflet

by lipid flip-flop processes. At the same time the large domains

in the other leaflet grow resulting in a complete compositional

asymmetry. On the contrary, if both leaflets have identical area

fraction of gel-phase, gel-phase domains are in registry and

static in comparison to the first state.61 Recently, Sutherland

and coworkers62 studied SLB formed through rupture of ULV

with lipid composition chosen to correspond to Ld, Lo phase

domains in established phase diagrams of 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphocholine (POPC), N-palmitoyl-

D-erythro-sphingosylphosphorylcholine (PSM) and cholesterol.

QCM results demonstrated that inclusion of PSM and

cholesterol into POPC vesicles significantly impaired the vesicle

rupture process. When increasing the cholesterol content the

vesicles either formed SLB containing more defects or resisted

the rupture process forming supported vesicular layers. Also,

the presence of raft-like domains in SLB systems formed by

ULV fusion was imaged by AFM by Kane and coworkers

exclusively after thermal annealing treatment of the sample.63

Conversely, Rädler characterized by synchrotron X-ray

reflectivity the structure of liquid-ordered and liquid-disordered

SLB formed upon insertion of the membrane receptor GM1

on preformed SLB;64 asymmetric structural changes across

lipid bilayer leaflets were shown to be induced by the incorpo-

ration of GM1 into the outer leaflet layers.

6.3 Asymmetric bilayers: towards the complexity of biological

archetypes

From what we have stressed in the previous paragraph, the

control over differences in lipid composition appears crucial to

bring the experimental approaches on cell membranes and

on model counterparts closer together and achieve more

quantitative agreement, especially in the field of structure

and function of lipid rafts.

Since the first studies on Supported Lipid Bilayers (SLB)

appeared two decades ago,17 an on-going debate on the

biomimetic fidelity of SLB has developed, especially on aspects

such as mobility and asymmetry of the bilayer. Tamm et al.

recently discussed the relevance of SLB in chemical biology

stressing how Supported Lipid Bilayers have evolved into

reliable membrane models.65 Supported Lipid Bilayers

are intrinsically asymmetric, because of the interaction with

the solid support. Moreover preparation techniques can

easily yield bilayers where each monolayer has a different

composition.

The interleaflet distribution of the phospholipids is commonly

assumed to be symmetric, although many works suggest that

an asymmetrical lipid distribution of lipids in SLB may be

more prominent than commonly appreciated.47 Richter et al.66

demonstrated that calcium-mediated ‘‘specific’’ interaction

between DOPS and mica resulted in the formation of

asymmetrical SLB proposing that asymmetry generates in

the intermediate step on vesicle rupturing on the surface via

a phospholipid flip-flop across the edge of the thinning liposome

at the surface.66

Asymmetric SLB were prepared in our group using ds-DNA

decorated liposomes as fusing media as shown in the Fig. 10.

Confocal Laser Scanning Microscopy images reported in

Fig. 11 were collected for SLB formed with this procedure as a

function of contact time between the liposomal dispersion and

the surface.

It is evident from the CLSM images that the presumably

asymmetrical SLB formed when the hydrophobic anchoring is

present only in the outer surface of liposomes are not stable

and irreversibly tend to phase separate in large domains

enriched with the double strand modification.

Instability may be due to a larger fraction of defects

combined with a non-negligible flip-flop probability between

the outer and the inner phospholipid layer, such effect is

expected to be surface-specific and could be reduced or

suppressed with the addition of a cushion layer.

The above approach has often been indicated as beneficial

to overcome limitations in SLB construction protocols developed

so far, but our results as well as other literature reports

indicate that the structural composition of functionalized

liposome surfaces cannot be replicated on SLB systems by

direct liposome fusion on the surface.27

Other strategies may be more fruitful to develop stable and

reliable asymmetrical SLB: these methods have been detailed

in recent reports27 and include the deposition of a LB layer

on a hydrophilic solid support followed by adsorption and

disruption of vesicle with a different phospholipid composition

compared to the first LB layer (LB/VF method). This procedure,

although simple, results in asymmetrical bilayers whose

fluidity properties closely match those of the native LB layers.

Even larger stiffness is determined when the first LB layer is

replaced by a chemically bound self-assembled-monolayer.

The resulting SLB may differ significantly from the lipid

bilayer in liposome systems and more importantly from

natural membranes, nevertheless for specific applications, such

as the fabrication of nano-sensor arrays or patterning devices,

such rigidity may enhance the SLB performance.67

The above strategies are necessarily hindered in the case of

liposome solutions: currently, the conventional preparation

protocols of ULV do not provide transleaflet controlled

compositional difference. Recently, an increasing awareness

Fig. 10 Formation of ON2FAM/SC-ON1anchored SLB through

direct spreading of ON2FAM/SC-ON1-liposomes on mica surfaces.
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of the importance of the topic has concurred to direct scientific

efforts towards the aim of providing solid methods to over-

come this limitation. We should mention that, even in the

case of one-component vesicles, there is no guarantee that

leaflets are physically equivalent, depending on the curvature,

as demonstrated recently for charged vesicles. The picture

is further complicated for binary and ternary lipid blends,

where membrane asymmetry is very likely to occur, also in

compositional terms.68

From the previous considerations, the search for reliable,

medium/high-throughput methods for the controlled production

of asymmetric vesicles is surely one of the future challenges

in the field of lipid bilayers, both as building-blocks for

hierarchically assembled nanoscale constructs and as reliable

platforms for biomembrane mimics. However the purpose of

increasing complexity levels should not jeopardize the structural

and dynamical control, which represents the key asset of model

systems.

Partial asymmetry has been reached in the past thanks to

chemical methods, such as pH changes or osmotic pressure

alterations, which act on the outer layer.69 Recently, some

authors have proposed the use of a physical method where a

lipid without emulsion in dodecane is layered on top of a two-

phase system consisting of a denser oil phase and an aqueous

solution, separated by an interface where the outer layer lipid

is assembled. After centrifugation the asymmetric vesicles are

recovered in the aqueous phase.70 The principal current limit

of this method and of some recent developments, is the size-

range, which is in the GUV domain, and therefore precludes

control of curvature, which is closely connected with raft

formation. A novel chemical method, where sphingomyelin

and cholesterol are selectively introduced in the outer leaflet

of preformed ULV of the desired size, has been recently

proposed71 and its future developments can be of great help

for research in this field.

The formation of SLB from asymmetric ULV will be

undoubtedly a very fertile area of research and will considerably

improve our current understanding either on the formation

of single supported bilayers and on the effect of curvature on

asymmetry.

Conclusions and outlook

The high level of specificity and complexity of experimental

techniques for the investigation of lipid bilayers have in some

case resulted in highly sectorial, though excellent, scientific

expertise.

A critical evaluation of the panorama of current trends in

liposome-focused systems and supported bilayer scenarios

unquestionably revealed that cross-fertilization between the

two investigation fields is highly beneficial to both scientific

communities.

Spatially resolved and time-resolved understanding of

surface and near-surface phenomena in lipid bilayer systems

compose a new step towards the resolution of the conundrums

of fidelity of biomimetic replicas combined with highly instrument-

appropriate systems.

The present and future challenges will therefore benefit from

an integrated approach, an approach that will be enriching to

fundamental knowledge of natural systems as well as for a

wide range of synthetic materials and processes in physical

surface chemistry.

However the quest for more and more complexity, to better

mimic the natural counterparts, should not compromise the

controllability of model systems. This is the central challenge

that lipid bilayer scientists will have to face in the next decade.
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