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Supported lipid bilayers (SLBs) are popular models of cellmembranes with potential bio-technological applications.
A qualitative understanding of the process of SLB formation after exposure of small lipid vesicles to a hydrophilic
support is now emerging. Recent studies have revealed a stunning variety of effects that can take place during this
self-organization process. The ensemble of results in our group 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 lipid
deposition on solid supports. The pathway of lipid deposition can be tuned by electrostatic interactions and by the
presence of calcium. We emphasize the importance of the solid support in the SLB-formation process. Our results
suggest that the molecular-level interaction between lipids and the solid support needs to be considered explicitly,
to understand the rupture of vesicles and the formation of SLBs as well as to predict the properties of the resulting
SLB. The impact of the SLB-formation process on the quality and the physical properties of the resulting SLB as
well as implications for other types of surface-confined lipid bilayers are discussed.

Introduction surfaces has been nourished by the emergence of a multitude of

Biological membranes play key roles in cell life, controlling

the transfer of information and the transport of ions and molecules
between the inside and outside cellular worlds and participating
invarious intra- and extracellular processes. These highly complex

and dynamic assemblies, only a few nanometers thick, consist . : : ! -
y y ¢ Systems has been described, including solid-supported lipid

of two main components: a two-dimensional space made o

lipid molecules held together by hydrophobic interactions and
self-assembled as a continuous bilayer and proteins embedde

within the membrane or transiently associated with it.

surface-sensitive characterization technicies!® advanced
surface patterning metho&89-24 and liquid handling systems
(microfluidics)1°

During the past decade the conceptual base of surface-confined
membrane systems has grown considerably. A large number of

bilayers11:1525.2holymer-cushioned lipid bilayefs; 2°hybrid
bilayersi®3iethered lipid bilayersi suspended lipid bilayefS;34

(14) Salafsky, J.; Groves, J. T.; Boxer, SBibochemistry1l 996 35,5, 14773~

Our current knowledge of the molecular processes occurring 4751’

at biological membranes is based on studies performed both on

(15) Reviakine, |.; Bergsma-Schutter, W.; Brisson,JAStruct. Biol.1998

integrated and on reconstituted systems using models of biologicalt21, 356-361.

membranes. The deposition of model membranes on solid .

supports has become very populat,both for studying basic

membrane processes and for possible biotechnological applica

tions#~16 The growing interest in confining lipid membranes on
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Figure 1. Surface-confined membrane models: (A) solid-supported
lipid bilayer; (B) polymer-cushioned lipid bilayer; (C) hybrid bilayer,
consisting of a self-assembled monolayer (e.g., thiols on Au or silanes
on glass or silica) and a lipid monolayer; (D) tethered lipid bilayer;
(E) freely suspended lipid bilayer; {FG) supported vesicular layers.

or supported vesicular lay@t$5(Figure 1). In parallel, a multitude
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as protein adsorptiot$;> protein self-assembB? 4859 protein
localization at lipid phase boundari&spr protein functior?’

The self-organization steps involved in this metha@sicle
adsorption, rupture, and spreading into planar membranes
present fundamental interest in colloidal and interfacial science.
Both theoretica!~53and experimental wof&4>6470during the
past decade have considerably improved the general understand-
ing of this process, and a detailed image of the structural
intermediates and the driving forces is now emerging. Figure 2
shows four archetypes of lipid deposition processes, as followed
by quartz crystal microbalance with dissipation monitoring
(QCM-D). The QCM-D technique has proven very valuable to
screen the overall properties of the lipid depositibthanks to
the dissipation parameter that allows distinguishing between
intact, adsorbed vesicles (high dissipation) and bilayer patches
(low dissipation). As shown in the schemes in Figure 2, vesicles
either do not adsorb (Figure 2A), adsorb and remain intact, giving
rise to a supported vesicular layer (SVL) (Figure 2B), or form
an SLB (Figure 2, panels C and D). Notably, SLB formation can
occur via two scenarios with distinctly different kinetics. In one
case, vesicles rupture quickly upon interaction with the solid
support (Figure 2D), whereas in the other, a large amount of
intact vesicles is adsorbed at an intermediate state of the process
(Figure 2C).

Recenttechnical developments, combining QCM-D and atomic
force microscopy (AFM), have allowed us to characterize the

of methods has been proposed to create such biomimetic edificesintermediate states leading to SLB formation in unprecedented

including Langmuir-type approaches (Langmti#lodgett or
Langmuir-Sclifer deposition}®~3%and the spreading of vesicles
on various preconditioned suppoffsi840-44

The spreading of small lipid vesicles on hydrophilic solid
supports, pioneered by McConnell et&lpresents an attractive
and simple route to form supported lipid bilayers (SLBs). The
one-step procedure allows creating SLBs of different lipid
mixtures?®46 The fact that such SLBs form a fluid two-
dimensional space allowing free diffusion in translation and
rotation of lipid molecules and lipid-associated proteins makes
them well suited to analyze lipid domain formatibif’-54
intermembrane interactio%,>” or membrane processes such
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detail. Here we present an overview of work performed in our
group that sheds light on the mechanisms and critical parameters
involved in the formation of SLBs as well as on the properties
and the quality of the resulting SLB.

Mechanism of SLB Formation

To satisfactorily describe the mechanism of SLB formation,
two critical steps in this process need to be understood: (i) the
adhesion and rupture of vesicles on the support and (ii) the
evolution of the supported bilayer patches thus formed into a
complete SLB. Figure 3 provides an overview of mechanisms
of vesicle rupture that have been reported or suggested in the
literature.

Stability of Adsorbed Vesicles A simple rationale to evaluate
the binding and the stability of surface-bound vesicles was
provided by the theory of Seifert and Lipowsf/! In their
continuum approach, where the bilayer is treated as a thin two-
dimensional sheet embedded in three-dimensional space, the
balance between the gain in adhesion energy (as given by the
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Figure 2. Lipid deposition pathways measured by QCM-D on silica. (A) Vesicles do not adsorb. (B) Vesicles adsorb and remain intact,
forming a supported vesicular layer (SVL). (C) Vesicles adsorb and remain initially intact. At high vesicular coverage an SLB is formed.
(D) Vesicles adsorb and rupture instantaneously, to form an SLB. The dissipafiorallows distinguishing between the morphological

state of the adsorbed lipids: intact vesicles exhibit high dissipation while bilayer (patches) show low dissipation. The legends indicate the
lipids used-dioleoyltrimethylammonium-propane (DOTAP), dioleoylphosphatidylcholine (DOPC), and dioleoylphosphatidylserine{DOPS)
with their molar mixing ratiog®

(A) (B) (©) D)

Figure 3. Mechanisms of vesicle rupture: (A) anisolated adsorbed vesicle ruptures spontaneously, driven by its support-induced deformation;
(B) neighboring adsorbed vesicles fuse and eventually rupture; (C) the active edge of a supported bilayer patch induces the rupture of a
neighboring vesicle; (D) the cooperative action of several neighboring vesicles leads to the rupture of a first vesicle (at the critical vesicular

coverage). The active edge thereby exposed triggers the rupture of adjacent vesicles.

adhesion area) and the cost in the vesicles’ curvature energy (aslenoted the critical vesicular coverage) is required to initiate the
given by the bilayer's bending rigidity) is determinant for the decomposition of surface-bound vesicles into bilayer patches.
adsorption, deformation, and rupture of vesicles. Initial data in Zhdanov and Kaseni®proposed that the support-induced stress
our group provided support for this model for egg-PC on fiica.  (or deformation) of an adsorbed vesicle is further enhanced by
The examples given in Figure 2, panels A, B, and D, exemplify the adsorption of vesicles in its vicinity. When a certain
the scenarios were vesicles do not adsorb, adsorb intact, andonfinement of neighboring vesicles, corresponding to the critical
rupture spontaneously, respectively. coverage, is reached, the stress on the vesicle becomes sufficient
However, recent experimental data have provided evidenceto induce its rupture (Figure 3D).
that this continuum approach does not convey the whole answer Figure 2C exemplifies the response obtained by QCM-D, when
to the question of vesicular stability under conditions commonly e critical vesicular coverage is involved. As techniques such
employed for SLB formation. Co_ope_rati_ve e_ffects Of. neighbo_ring as QCM-D and SPR give average information about the adsorbed
veS|c_Ies as well as the dynamic dlstrlpunon of different lipid material, a small fraction of prematurely ruptured vesicles may
species in a vesicle have to be taken into account for a betterpotentially go undetected. Our images by atomic force
description of the rupture propensity of surface-bound vesicles. microscopy (AFM) provide.direct evidence that silica wafers
Critical Vesicular Coverage. An intriguing effect of the .5, inqeed be covered with vesicles that remain stable for days,
cooperative action of surface-bound vesicles was first reported being devoid of bilayer patches over areas of several square

by Kasemo and co-workers. By combining measurements by __. ; ;
. micrometers (Figure 4§ These images also demonstrate the
QCM-D and surface plasmon resonance ($PR)gether with (Fig “F g

computer simulation& the group could show (i) that isolated 72) zhd VP K o 12001 17, 35183521

H Hean HA anov, V. P.; Kasemo, ngmuir s .
vesm!gs of egg-PC.remaln intact W.hen bouqd to asilica support  (73) Reimhult, E.: Hok, F.. Kasemo, BJ. Chem. Phys2002 117, 7401
and (ii) that a certain surface density of vesicles (henceforward 7404.
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Figure 4. Imaging an intermediate of the SLB-formation process
by AFM. Vesicles made of DOPC/DOPS (4:1) were exposed to a
silicawafer. Spherical objects, identified as vesicles, densely populate
the surface. No bilayer patches are visible, indicating that the critical
vesicular coverage is not attained. Image sizsc@le): 2um (50

nm). Adapted from ref 45. Copyright 2003 Biophysical Society.
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Figure 6. Tracking the propagation of bilayer patch formation by
AFM. (A) All vesicles are intact. (B) Two vesicle segments are
- resolved (arrowheads) followed by an extended bilayer domain,
6 indicating the rupture of vesicles. The cross sections of three
= successive scan lines (right) reveals that the two vesicles do not
o
[e2]

.o...|...|.
).,5])
I B A

rupture simultaneoulsy: The right vesicle (white arrowhead) ruptures
first (between scan line 1 and 2), likely induced by the AFM-tip.
At scan line 3, the left vesicle (black arrowhead) is ruptured, likely
induced by the “active edge” of the bilayer patch that is formed from
the right vesicle. (C) The rupture of a single vesicle induces the
. transformation of several adjacent vesicles into a stable bilayer patch.
e e e e A small gap (a few nanometers) separates the patch edge from
0 5 10 15 20 25 30 neighboring intact vesicles. A part of the image is distorted because
time (min) the tip was accidentally retracted from the surface. Image size: 250

Figure 5. Tracing vesicle rupture kinetics by QCM-D. Vesicles nm. The slow scan direction is indicated with white arrows. Adapted
initially adsorb intact but rupture into bilayer patches over the time from ref 45. Copyright 2003 Biophysical Society.

range of 30 min and more, as indicated by the decrease in dissipation
(- - -)and the increase in frequencyX), after rinsing away vesicles  slower than the time needed for lipids within a single lipid leaflet
g‘of)°|;]‘:]'1(;” glr(r(‘;r‘]"’)éggre QEM(D”&?AQ%('%S:;'SLT:%‘; r?tlzec:ozﬁ?n?smthe to reorganizés We therefore propose that the translocation of
coexistence of vesicles and bilayer patches. Adapied from ref 46. lipids be_tween the two Ieaflt_ets of the vesicle is the parameter
Copyright 2005 Biophysical Society. respons!ble for the slow _veS|cIe rupture._ The sugges‘ged rupture
mechanism correlates with our observation that mica induces an
asymmetric inter-leaflet lipid distribution in SLB§,an issue
strength of the AFM to resolve the local morphology of the lipid  that will be discussed in detail later on.
assemblies down to nanometer resolution. Growth and Coalescence of Supported Lipid BilayersOnce
Long-Term Stability of Adsorbed Vesicles.We observed a  a vesicle has ruptured, the resulting bilayer patch exposes an
peculiar effect for vesicles containing a mixture of DOPC and edge’’-"8These edges are energetically unfavorable and, at least
DOPS when exposed to mica in a calcium-containing solution: from a thermodynamic perspective, expected to promote the
when adsorbing vesicles at low surface density (i.e., the interactioninteraction with adjacent lipid material, such as the rupture of
of neighboring vesicles is negligible), they initially remained surface-bound vesicles (Figure 3C) or vesicles from solution.
intact but ruptured individually over a time range of minutes to Provided the density of adsorbed vesicles is sufficiently high,
hours (Figure 5)* This strongly contrasted our common such a process can propagate in a cascade of rupture events
observation on silica supports thatisolated vesicles either ruptureacross several neighboring vesicles and leads to the formation
immediately (i.e., within less than a second) after adsorption or of extended bilayer patché%%3 The intermediate steps in this
remain intact for days. process can be traced by AFM, as illustrated in Figure 6, and
Whatis the origin of such particular rupture kinetics? Itappears suggest that the propagation speed is in the range of setonds.
reasonable that a support-induced reorganization of the two lipid Furthermore, adjacent bilayer patches usually coalesce in order
species within the adsorbed vesicle may lead to dynamic changes
in the vesicle-support interaction and in the stability of the (75) Bernard, A.-L.; Guedeau-Boudeville, M.-A.; Jullien, L.; de Meglio, J.-M.
vesicles. The observed time range for rupture is, however, muchLa'zgguR"igﬁt%?‘ 1R6_' ﬁ?;oﬁa?;%_; Brisson, Aangmuir 2005 21, 299-304.

(77) Kasson, P. M.; Pande, V. Biophys. J.2004 86, 3744-3749.
(74) Richter, R. P.; Brisson, Aiophys. J.2005 88, 3422-3433. (78) Jiang, F. Y.; Bouret, Y.; Kindt, J. HBiophys. J.2004 87, 182-192.
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no rolling, no slidin% Noiling or sliding

(A)
Figure 8. Possible scenarios of the mutual interaction of neighboring
vesicles. The surface-induced flattening of a newly adsorbing vesicle
induces the deformation of a neighboring one. If sliding and rolling
are inhibited (A), the deformation represents a persisting stress for
the vesicles, and facilitates their rupture. Sliding or rolling along the
surface can release the stress (B). Thus, if sliding or rolling is enabled,
neighboring vesicles can only induce added stress (and thereby
rupture) when a high overall packing of vesicles on the surface is
attained.

microscopy (RICM), they observed that lipid bilayers, continu-
ously formed from a deposited blob of concentrated DOPC in
water, easily slide over surfaces of both types of support. The
kinetics of the sliding motion on mica could be described
guantitatively by the shear flow of a thin water film that is
sandwiched between the solid support and the bifaféand
rather high spreading coefficients of up to 4@n%s were
Figure 7. (A) Incomplete SLB made from DOPC/DOPS (4:1) obtained’®

vesicles on mica: bilayer patches are predominantly circular, Inlightofthe results by Rdler and co-workers, it was surprising
indicating that they are laterally mobile. Image sizeurh. (B) that we found lipid assemblies to be immobile on silica. Also,

'”Ctoﬂ‘me(te SLmaage)frO”;].[;?TtAi]VESifles (?” silica. So:ne birl]ayer the shape changes observed by us and dthersmica seem
palcnes (arrowneads) exnibit stable, strongly noncireuiar Shapes...\qjqaraply slower than postulated from the action of a
Image size: um. (C—F) Sequential images of patch coalescence s X L . .
indu%ed by d)qflnam(ic ch?elnggs in the sha%e of apbilayer patch. After lubricating water film*Variations in the employed experimental
the merger of patches—B (C), induced by the AFM-tip, the  conditions, in particular the presence of divalent #rié5%versus
coalescence with patches 4 (D}:6 (E), and 7 (F) is generated by  pure watef*”® may well be at the origin of the observed
movements of the reshaping patch. Image size: ari5Adapted  differences. However, the large range of variations in mobility
from ref 46. Copyright 2005 Biophysical Society. remains intriguing and points toward a current lack in under-

standing the coupling between the bilayer and the solid support.

to minimize their edge lengtt:*6:6"Taken together, these effects What Kind of .effects can pe induced.by the I_ateral mobility
increase the size of individual bilayer patches and the overall ©f liPid @ssemblies? The series of AFM images in Figure-FC

bilayer coverage and will, in the ideal case, lead to a complete demonstrates how dynamic chan_ges Of_ the patch shape can
SLB 4546 enhance the coalescence of neighboring bilayer patéhes.

Some of the vesicles imaaed in Fiqure 6 remain intact even Similarly, vesicles are expected to rupture, induced by the active
g 9 edge of an approaching bilayer patch.

g}c;ugﬁ];hfﬁ/ Ez,ﬁ:;'suﬁltg dsis Clgssti ?ﬁaﬂﬁé\,ggnﬁgﬁﬁs tnoet:(:(iasetgge The mobility of surface-bound vesicles also has important
yerp ’ 99 9 implications for the nature of the critical vesicular coverage.

contact a vesicle to induce its rupture and illustrates that the Mobile vesicles can avoid stress from neighboring vesicles by
efficiency of edge-induced processes relies strongly on the Sp"’lti"’lldisplacement along the surface (Figure 8B). Consequently, stress
arrangement of_vesmles z_md bilayer !oatches. o due tointervesicle interactions can build up only wheroderall
Lateral Mobility of Vesicles and Bilayer Patches. Lipid vesicular coverage is high enough to force the vesicles to interact.
assemblies as a whole can be laterally mobile and undergoThe critical vesicular coverage is thus directly determined by the
collective shape changes, an effect not to be confused with theqyera|l density of adsorbed vesicles. Given that intervesicle
lateral diffusion of individual lipid molecules. The shape of bilayer nieractions are commonly short-ranged, this implies that the
patches on the solid support provides a first indication about cjtical coverage must be elevat&din contrast, the shape
their mobility. Laterally mobile patches tend to reshape into yg|axation of immobile vesicles is constrained to the local
circular patches to minimize their line tension, an effect that we
observed on mica surfaces (Figure 7A)n contrast, bilayer (79) Nissen, J.; Gritsch, S.; Wiegand, G:idRa, J. O.Eur. Phys. J. BL999
patches on silica frequently retained a strongly noncircular shapel0 335-344.
(Figure 7B), providing evidence for the lack of mobiliy. 19(()%(_)) Nissen, J.; Jacobs, K./ 8lar, J. O.Phys. Re. Lett. 2001, 86, 1904~

It is instructive to compare our observations on the mobility Egg ?aﬁ/erl, T.SM\.J; B|I300m,I %B;/?pr’:%sbll%g SDB, 357/;1362' WA Renni
P . . R - . onnson, . J.; bayerl, . M.; Mcbermott, D. C.] am, . A rRennie,
of lipid assemblies on mica and on silica with data previously A R"’Thomas, R, K. Sackmann, Biophys. J1991 56, 289-294.

reported by Rdler et alé479.8%ith reflection interference contrast (83) Muresan, A. S.; Lee, K. Y. Cl. Phys. Chem. B001, 105 852-855.
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environment (Figure 8A), and hence, the critical coverage
originates in aocal effect that involves a limited number of
neighboring vesicles. In the minimal configuration, two im-
mobilized neighboring vesicles may be sufficient to induce
rupture. Due to the statistical distribution of vesicles over the
surface, the local effect, however, translates into an apparent
critical coverage of the ensemble. In this case the critical vesicular
coverage can thus span from very low to very high values, as
we could demonstrate for silica surfadés.

Parameters that Govern SLB Formation

Which pathway of vesicle deposition will be taken is essentially
determined by the interplay of bilayer-support, interbilayer, and

intrabilayer interactions. In principle, the relative contribution  rigyre 9. Transmission electron cryo-microscopy image of a silica-

ofthese interactions will be susceptible to the nature of the supportnanoparticle covered by a nanoSLB. The silica nanoparticle appears
(its surface charge, chemical composition and roughness), theas a sphere of uneven density with a rough surface. The surrounding
lipid vesicles (their composition, charge, size, and physical state), fing of electron-dense material (green circle) corresponds to the

as well as the aqueous environment (its composition, pH and outer lipid layer of an SLB covering the particle surface. The SLB
' tightly follows the particle’s corrugations (arrow) and does not leave

ionic strength). In the following, we will outline some essent|_al solvent-rich pockets. Scale bar: 20 nm. Adapted from ref 91 with
experimental parameters that appear to control SLB formation. permission. Copyright 2005 American Chemical Society.

Electrostatic Interactions. Several studies have pointed out
the influence of the charge of support and lipids as well as the affected by roughness in the nanometer rafigé> It is
ionic strength of the solution on the adsorption of vesiétg4.86 ~ remarkable that SLBs can even be formed on silica films
In systematic studies on sil#&and micatéwe provided evidence  €xhibiting extreme roughness and porosity at the nanoscale, such
that all four pathways of vesicle deposition outlined in Figure @S aerogels or xerogei$,even though the kinetics of SLB
2 canactually be generated by varying one experimental parameteformation and the quality of the final bilayer seem substantially
only: the vesicle charge. These studies demonstrate that the?ffected under such conditions. An obvious question is to what
SLB-formation process will be strongly influenced by electrostatic €Xtent the SLB follows the support's corrugations. An answer
interactions. Consequently, adjustments in the pH or in the ionic {0 this question has recently been given by imaging, by
strength are expected to constitute relatively simple means toransmission electron cryo-microscopy, of lipid vesicles adsorbed
optimize the formation of SLBs for a given surface and a given toand lipid b|Iayqrs surrqundlng §|I|ca nanopartlcle;s: Membrane-
lipid compositiongs coated nanopqrtl_cles (Figure 9) illustrate that the lipid memprane
Calcium lons. The influence of divalent ions in general and follows very |nt|maFer the topograph_y of the underlymg
S ; . - . support?! The attraction between the solid support and the lipid
calcium in particular appears notoriously surprising. The ions do membrane is obviously strong enough to overcome the bilayer's
hotonly participate in the screening of charges, thereby modifying bending energy, inhibiting the formation of solvent-rich pockets
the electrostatic interactions, but they also directly interact, in between SLB a,nd support
often subtle ways, with surfaces and lipitd$7 As a general '

d. calci found he ad . q Although relatively little acknowledged in the literature, the
trend, calcium was found to promote the adsorption and rupture g 5 ¢ preparation may considerably influence the kinetics of
of vesicles and SLB formatioftt:57.8488ffects are particularly

ic46.67.700) ; ) lipid deposition and the nature of the lipid assembly that is
strong on mic&>®""Often minor concentrations (mMandbelow) | itimately formed?® The hydroxylation state of silica surfaces,
of the ion are sufficient to generate significant effects.

for example, can vary considerably, as a function of the

Solid Support. The role of the solid support in the process manufacturing procedure, exposure to high temperature or to
of SLB formation cannot be underestimated. It is probably the basic solution® and thus influence the chafjeand other
most complex and still the most enigmatic parameter. physicochemical properties of the support. Apart from effects on

Work on different supports has pointed out that hydrophilicity the physicochemical state of the surface as a whole, surface
is a necessaf§ but not a sufficient condition to promote the manufacturing and preparation are susceptible to creating lateral
rupture of vesicles and subsequent SLB formation. A number of heterogeneities in the surface properties. Some responses in the
reports has actually revealed difficulties to form SLBs on surfaces SLB formation have indeed been attributed to surface defects
such as gold! SrTi0,,%2 TiO,,42730r platinum® leaving mica (“hot spots”)®8 The AFM images in Figure 10 present some
and silicon-based materials, such as glas®\.Sor silica, as the examples of lipid deposits on several glass surfaces provided by
most common surfaces used for the preparation of SLBs. Progresglifferent manufacturers. Even though all surfaces are essentially
on TiO; has though recently been reporf8cégain confirming silica-like, substantial variability in the morphology of the lipid
the importance of electrostatic interactions and calcium. deposits can be observed.

Although surface roughness in general was reported to have 1 N€ interaction between Iigéds and solid support can also
considerable effects on the spreading of bilayers on solid Strongly affect the properti€s® and the quality of the final

support$485we experienced that SLB formation is only litle  SLB- Some aspects will be discussed below.

(90) Richter, R. P.; Brisson, ALangmuir2003 19, 1632-1640.

(84) Nollert, P.; Kiefer, H.; Janig, F.Biophys. J1995 69, 1447-1455. (91) Mornet, S.; Lambert, O.; Duguet, E.; Brisson, Mano Lett.2005 5,

(85) Cremer, P. S.; Boxer, S. @. Phys. Chem. B999 103 2554-2559. 281-285.

(86) Hennesthal, C.; Steinem, @.Am. Chem. So200Q 122, 8085-8086. (92) Weng, K. C.; Stalgren, J. J. R.; Duval, D. J.; Risbud, S. H.; Frank, C. W.
(87) Wilschut, J.; Hoekstra, Dirends Biochem. Sc1984 479-483. Langmuir2004 20, 7232-7239.

(88) Ekeroth, J.; Konradsson, P.;#lg F. Langmuir2002 18, 7923-7929. (93) ller, R. K. The Chemistry of Silica. Solubility, Polymerization, Colloid
(89) Rossetti, F. F.; Bally, M.; Michel, R.; Textor, M.; Reviakinel.angmuir and Surface Properties, and Biochemisitiley-Interscience: New York, 1979.

2005 21, 6443-6450. (94) Toikka, G.; Hayes, R. Al. Colloid Interface Sci1997, 191, 102-109.
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Figure 10. Quality of the final SLB on different supports as imaged by AFM. (A) Glass cover slip (Déstghdr. 1, Marienfeld GmbH,
Lauda-Kmigshofen, Germany): islands of many adsorbed vesicles remain stable for hours within the SLB. (B) Glass slide @&bjekttra
mit Mattrand, Knittel Glaer GmbH, Braunschweig, Germany): many individual vesicles remain intact within the SLB. (C) Silicon wafer:
the SLB is homogeneous over areas of sevena. Only a few defects, trapped vesicles, are visible (arrowheads). Surfaces, after cleaning
with SDS and UV/ozoné; were incubated with DOPC/DOPS (4:1)-vesicles at 2 mM Ga&ale bar: 400 nm. The insets show respective
surfaces prior to vesicle exposure at the same magnification. Imaging was performed as described in ref 46.

Table 1. Amount of DOPS in the Bulk-Facing Leaflet of SLBs L B B L L L B
Made of DOPC and DOPS 201 4
DOPS-content in the e E
nominal DOPS bulk-facing leaflet (%) 15[ s#’ .
content (%) on SiQP on mic& on TioA¢ g ]
0 0 0 0 < 10¢ ]
10 10 3+1 <3 ? L ]
20 20 7+1 <3 < 50 ]
30 30 6+ 1 [ ]
33 33 13+ 2 [ ]
50 20+ 2 1742 s N
67 >55 >33 0 20 40 60 80
80 >60 >60 nominal [DOPS] (%)
“As determined by the mixing ratio of DOPS and DOPC in the - Figyre 11. Adsorbed amounts of annexin A5, a protein that binds
vesicles.” From ref 97.¢ From ref 76.7 From Figure 11. to DOPS in a calcium-dependent manner, to SLBs made of different

ratios of DOPS and DOPC on silicd1-), mica (-x-) and titanium
. o oxide (<>-). Annexin A5 was incubated at 2 mM CaClIThe
Interleaflet Distribution of Lipids in the SLBs responses, given by the shiftsf., in QCM-D frequency, indicate

Let us consider SLBs that are formed from vesicles containing (€ @mounts that remain bound after removing excess annexin A5

- - - . . - from solution. The sigmoidal curves are shifted toward higher nominal

a mixture of different lipid species. How are lipids distributed b5 ontents for mica and titanium oxide, indicating that less
between the two SLB leaflets? This question, eventhough highly pops is accessible in the SLB’s bulk-facing leaflets on these

relevant for many applications, has until recently received rather supports.

little consideration. The interleaflet distribution is commonly

assumed to be symmetrical. of lipids in SLBs may be more prominent than commonly
We have investigated the adsorption behavior of prothrom- appreciated.

bin and annexin A5, two proteins that bind specifically to

DOPS, to quantify the amount of DOPS in the bulk-facing lipid Integrity of the Final SLBs

leaflet of SLBs containing both DOPC and DOPS. The ensemble

of our result§®9” provides evidence for a substantial degree of

asymmetry in the interleaflet distribution of DOPS on mica. For

example, an SLB that is formed from vesicles containing 20%

DOPS exhibits a DOPS content in the bulk-facing leaflet of

Direct or indirect evidence for the presence of defects in SLBs
as frequently been reported. Defects were attributed to the choice
of the employed lipid® and their mixturé®, the preparation of
the liposomes, or the preparation of the solid support. The AFM
images on glass samples in Figure 10, panels A and B, illustrate

grg:;% (T{;}ple tl).bln contra?tl, wle f‘?tléf‘d the Qistribtu'[lion of that the formation of ideal SLBs cannot be taken for granted and
on silica to be symmetrical, within Experimental error. -y, e integrity of the final SLB needs to be validated.

The asymmetry on mica was suggested to originate from a specific The importance of defects in an SLB will depend on the

E%C;%Tej%ed'ated interaction  between  the support and envisaged application. The action of lipases (i.e., lipid digesting
) . L . . . _enzymes), for example, was proposed to be triggered by the
Such an interaction is not restricted to mica. Recent studies presence of point-defects in the membrah&few such defects,
ontitanium O.X'de proyld_ez e\{ldence for aSImllgr, yetevenstronger g, though they cover much less than one percent of the surface,
asymmetry in the distribution of DOPS (F_|gur¢ 11' ‘_I'ab_le l.)' may thus considerably affect the lipase activity. On the other
These results suggest that an asymmetrical lipid distribution hand, membranes that contain discontinuities that cover a few
percent of the surface may be acceptable for other applications,
. such as protein adsorption studies.
o1 516) Feng, Z.V.; Spurlin, T. A.; Gewirth, A. ABiophys. J2005 88, 2154~ Methods to Characterize DefectsWhatever the application,
. appropriate characterization methods are required to determine

(97) Richter, R. P.; Lai Kee Him, J.; Tessier, B.; Tessier, C.; Brisson, A. ! - .
Biophys. J.22005 89, 3372-3385. the density and the nature of the defects in the SLB. In this

(95) Hetzer, M.; Heinz, S.; Grage, S.; Bayerl, T.Mingmuir1998 14, 982—
984



3504 Langmuir, Vol. 22, No. 8, 2006 Richter et al.

proteins by electrosensing methcd$® Despite frequently
reported problems with the electrical properties of surface-
confined membranes, no study has to the best of the authors’
knowledge been undertaken to characterize the nature of the
defects in detail. To date it remains therefore unclear how far
the supported lipid bilayers used in the relevant studies correspond

Figure 12. “Trapped” vesicle. The surface-bound vesicle is located tothe quality of the bilayers that we have reported here. Combined

sufficiently far away to remain unaffected by the bilayer edges though approach_es with AFM’ QCM'D’ and electrosensing meth_ods
close enough to prevent the edge-induced rupture of other vesiclesT'@y provide valuable insight, to what extent SLBs can constitute
from solution. We propose that such an arrangement inhibits the suitable membrane-mimics for the investigation of the channel
further propagation of bilayer growth, leaving trapped vesicles as properties of membrane proteins.

defects.

) ) Conclusions and Perspectives
context, bulk methods such as QCM-D or ellipsometry can provide

an overall characterization of the state of the SLB and the We have described recent advancements in understanding the
intermediates in the SLB-formation process. However, local process of self-organization that leads from small vesicles in
defects that cover less than a few percent of the surface aredqueous solution to a solid-supported lipid bilayer. Systematic
difficult to detect. A similar statement holds true for fluorescence studies have allowed a number of mechanisms underlying SLB
recovery after photobleaching (FRAP): the immobile fraction formation to be elucidated. Important insight in the involved
of molecules can rarely be determined to better than 1% and theinteractions on the mesoscopic level has been gained, and
detection of defects by fluorescence microscopy is limited by parameters that are critical for the SLB-formation process have
the optical resolution which exceeds the size of vesicles commonly been identified.
used to form SLBs. Only AFM appears capable of directly =~ AFM and QCM-D, the main techniques employed in our
visualizing defects such as single holes or intact vesicles with studies, provide topographical information at the nanometer level
aresolutioninthe range of a few nanometers. We note, however,and quantitative physicochemical characterization of surface-
that a careful control of the imaging conditions is required in confined lipid assemblies, respectively. The combination of both
order to obtain reliable results, as AFM images may erroneously techniques on identical supports has allowed for a considerable
present ideal bilayers, due to imaging artifaé& improvement of our qualitative understanding of the SLB
Apart from the effects that are due to the preparation of lipids formation and opens up for a more quantitative assessment of
and support, one may wonder whether some of the above-this process.
discussed mechanisms, which underlie the SLB formation, could  AFM, QCM-D, other methods, such as ellipsometry, SPR,

inherently be insufficientto generate a complete defect-free SLB. fluorescence, electrosensing methods, and combinations thereof,
The AFM image in Figure 10C demonstrates that SLBs of high constitute now an established toolbox for the detailed charac-
quality can be created on solid supports via the pathway in which terization of SLB formation. These tools may help to elucidate
vesicle rupture is triggered by the critical vesicular coverage. a number of apparently simple, but still debated questions,
The same is considered likely for the pathway in which vesicles including the orientation of the lipid layers after vesicle rupture
rupture individually, though conclusive evidence is yet lacking as well as the role of vesicle fusion (Figure 3B) in the SLB-
as our measurements were obstructed by contamination of theformation process. AFM has emerged as a unique tool to
lipid sample. investigate defects in SLBs down to the nanometer level. A

Investigations by Raler etal. gave rise to the idea that sliding-  detailed and yet quick characterization of the quality of SLBs,
promoting (or “self-healing”) surfaces should be ideal for the however, remains a challenge.

formation of defect-free SLBS® However, we found SLBs of The experimental approaches described here and the present
high quality under conditions where bilayer patches and vesicles nqerstanding of the mechanisms involved in SLB formation on
were virtually pinned to the surfac@.This indicates that the  gqjig supports can easily be extended to more complex systems,
mobility of lipid assemblies is not strictly necessary to form  g;ch as the formation of SLBs from protein-containing liposomes
close to ideal SLBs. _ as well as polymer-cushioned, tethered, or pore-spanning lipid
Notwithstanding the indications that close to ideal SLBs can bilayers. It is hoped that, thanks to the recent maturation in
be formed via the pathway of critical vesicular coverage, the understanding the SLB-formation process, formerly rather
spatial arrangement of surface bound vesicles and bilayer patches istic” approaches to SLB formation will be replaced by a

may in some cases inhibit further propagation of bilayer growth. e||_controlled technology, thereby extending the applicability
For example, a vesicle that is located sufficiently distant from o 5\,rface-confined lipid membranes.

an edge to remain undisturbed may still prevent the encounter
of other vesicles from the solution with the edge (Figure 12).
Such a vesicle, trapped in a bilayer hole, will thus stop bilayer
growth. From simple geometrical considerations, such an effect
would be expected to be more pronounced for larger vesicles.
Indeed, a considerable amount of residual vesicles has bee
reported in the case of larger vesicles on silitdowever, SLB
formation from the smallest available vesicles seems to be largely
devoid of this effect.

One application for which the quality of supported lipid
membranes has been a matter of recurrent discussion may b
mentioned here: the action of a few defects in the membrane — — : : _
potentially creates short circuits that disturb the measurement of s\, - Kaver. | Lisbon 1. Vatior k! Kuol W animr 008 19, ="
ion transport through membranes or membrane-incorporateds43s-5443.

We have pointed out the important role of the solid support
in the SLB-formation process. The interaction between lipids
and support appears complex and a good understanding on the
molecular level is still lacking. It is intriguing that the solid
support does not only affect the properties of the SLBs but also
The two-dimensional organization of proteins bound
Future work will need to elucidate the nature of the thin solvent
layer that separates the lipid bilayer from the solid suFp&#t
and its effect on the diffusion of lipid molecules in each of the
éwo bilayer leaflets.
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