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Following the Formation of Supported Lipid Bilayers on Mica: A Study
Combining AFM, QCM-D, and Ellipsometry

Ralf P. Richter and Alain R. Brisson
Laboratoire d'lmagerie Moléculaire et Nano-Bio-Technologie, IECB, UMR-CNRS 5471, Université Bordeaux |, 33607 Pessac Cedex, France

ABSTRACT Supported lipid bilayers (SLBs) are popular models of cell membranes with potential biotechnological
applications and an understanding of the mechanisms of SLB formation is now emerging. Here we characterize, by combining
atomic force microscopy, quartz crystal microbalance with dissipation monitoring, and ellipsometry, the formation of SLBs on
mica from sonicated unilamellar vesicles using mixtures of zwitterionic, negatively and positively charged lipids. The results are
compared with those we reported previously on silica. As on silica, electrostatic interactions were found to determine the
pathway of lipid deposition. However, fundamental differences in the stability of surface-bound vesicles and the mobility of SLB
patches were observed, and point out the determining role of the solid support in the SLB-formation process. The presence of
calcium was found to have a much more pronounced influence on the lipid deposition process on mica than on silica. Our
results indicate a specific calcium-mediated interaction between dioleoylphosphatidylserine molecules and mica. In addition, we
show that the use of PLL-g-PEG modified tips considerably improves the AFM imaging of surface-bound vesicles and bilayer

patches and evaluate the effects of the AFM tip on the apparent size and shape of these soft structures.

INTRODUCTION

Supported lipid bilay ers (SLBs), formed ty the spreading of
vesicles from solution (Watts et al., 1984; McConnell et al.,
1986), have already found yidespread use as mimics of cell
membranes (Watts et al., 1984; Sackmann, 1996; Salafsky
et al., 1996; Reviakine et al., 1998; Milhiet et al., 2002; Yip
et al.,, 2002) and are attractive as building blocks for
biotechnological applications (Sackmann, 1996; B er,
2000; Reviakine and Brisson, 2001; Kam and Bx er, 2003;
Larssonetal.,2003).Itisonk intherecenty ears that adetailed
image of the structural intermediates of the formation of SLBs
is emerging from both & perimental (Ridler et al., 1995;
Keller and Kasemo, 1998; Jass et al., 2000; Keller et al., 2000;
Reviakine and Brisson, 2000; Johnson et al., 2002; Reimhult
et al., 2003; Richter et al., 2003; Benes et al., 2004) and
theoretical studies (Seifert and Lipoysky, 1990; Seifert,
1997; Zhdanov et al., 2000), though mary issues about the
formation of SLBs remain to be & plored. We do not have, at
present, a comprehensive understanding of the driving forces
of the SLB-formation process (Nollert et al., 1995; Reviakine
and Brisson, 2000; Zhdanov and Kasemo, 2001; Reimhult
et al., 2002b; Richter et al., 2003). In particular, the role of
the solid support in the rupture of vesicles and the promotion
of SLB formation (Keller and Kasemo, 1998; Starr and
Thompson, 2000; Reimhult et al., 2003; Richter and Brisson,
2004) remains poory understood.

Silica-based surfaces and mica are the protoy pes of solid
supports that are currently used to form solid-supported lipid
bilay ers. Notaby , previous studies have provided indica-
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tions for some differences in the SLB-formation process on
these supports, such as the role of calcium (Reviakine and
Brisson, 2000; Richter et al., 2003) and the influence of the
vesicle size on rupture (Reviakine and Brisson, 2000;
Reimhult et al., 2002b). A detailed comparison of the SLB-
formation process betyeen these surfaces is, hoyever, still
lacking.

A multitude of techniques, such as fluorescence micros-
copy (Nollertetal., 1995; Johnson et al., 2002), quartz-cy stal
microbalance yith dissipation monitoring (QCM-D) (Keller
and Kasemo, 1998; Keller et al., 2000; Reimhult et al.,
2002a,b, 2003; Richter et al., 2003; Seantier et al., 2004),
atomic force microscopy (AFM) (Jass et al., 2000; Reviakine
and Brisson, 2000; Richter et al., 2003; Tokumasu et al.,
2003; Seantier et al., 2004), surface plasmon resonance (SPR)
(Keller et al., 2000), and ellipsomety (Benes et al., 2004) has
been used to investigate the SLB-formation process. We have
recently illustrated the complementay nature of AFM and
QCM-D for the anay sis of vesicle adsorption and SLB
formation on silica (Richter et al., 2003). Giving access to
spatialy resolved structural information on the nanometer
scale and overall adsorption and reorganization dy namics,
respectivel , the combination of both techniques has enabled
the identification and characterization of several different
SLB-formation pathya s stressing the importance of elec-
trostatic interactions in the SLB-formation process. Others
have pointed out the complementay aspects betyreen QCM-
D and optical surface-sensitive methods, such as SPR (Keller
et al., 2000) or ellipsomety : yhile optical methods alloy’
measuring the dy mass of the adsorbed lipids, QCM-D
provides not onl the ly drated mass, but also a direct mean
(the dissipation) to distinguish bety-een different phases of the
adsorbate—surface-bound vesicles or bila er patches (Keller
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et al., 2000). As such, the combination of QCM-D and SPR
has alloy’ed establishing the concept of local critical vesicular
coverage (Keller et al., 2000). Recent york has also dem-
onstrated that in situ measurements on mica can be performed
both yith ellipsomety (Benes et al., 2002) and y-ith QCM-D
(Richter and Brisson, 2004) in a reproducible manner,
opening up for the joint use of QCM-D, ellipsomety , and
AFM on this support.

In this stud/, ye combine sequential measurements by
QCM-D and AFM on identical supports, complemented
by ellipsomety , to characterize the vesicle adsorption and
the SLB formation on mica. As in a previous stud/ on
silica (Richter et al., 2003), ye emplg/ vesicles yith
vay ing net charges, from positively charged diolegy ltriam-
monium-propane (DOTAP) to mk tures of zyitterionic dio-
legy Iphosphatidy Icholine (DOPC) and negatively charged
dioleq/ Iphosphatidy Iserine (DOPS). This alloy's for a quan-
titative comparison bety-een the lipid deposition on mica and
on silica and gives ney’ insight in the role of the solid sup-
port, the lipid composition of the vesicles, and the calcium-
EDTA balance in the SLB-formation process.

MATERIALS AND METHODS
Materials

Diolegy Iphosphatidy Icholine (DOPC), diolegy Iphosphatidy Iserine (DOPS),
and dioleqy Itrimetly lammonium-propane (DOTAP) yere purchased from
Avanti Polar-Lipids (Alabaster, AL). Ly ophilized pol (L-y sine)-g-poly
(ethy lene g col) (PLL-g-PEG) y'ith a 20-kDa pol (L-¥ sine)-backbone, side
chains of 2 kDa poy (etly lene gl col), and a grafting ratio of g = 3.4 (Huang
et al., 2002) yas y nthesized and kindy provided ty the group of M. Te tor
(ETH, Zurich, Syitzerland). Other chemicals y-ere purchased from Sigma
(St. Louis, MO). Ultrapure y-ater yith a resistiviy of 18.2 M) yas used
(M ima, USF ELGA, Trappes, France).

Muscovite mica disks of 12 mm diameter yere purchased from Metafk
(Montdidier, France). QCM-D sensor cy stals (5 MHz), reactively sputter-
coated yith 50 nm silicon o ide, yere purchased from Q-SENSE
(Gothenburg, Syeden). Loy-viscosiy epxy glue (EPOTEK 377) for the
mica gluing yas purchased from Gentec Benelx (Waterloo, Belgium).

A buffer solution made of 150 mM NaCl, 3 mM NaNj3, and 10 mM
HEPES, pH 7.4, y-as prepared in ultrapure y-ater, and either 2 mM EDTA or
2 mM CaCl, y-ere added as indicated in the te t. Small unilamellar vesicles
(SUVs) of desired lipid mk ture y-ere prepared by sonication as described
earlier (Richter et al., 2003). Before use, vesicle suspensions y-ere diluted to
0.1 mg/mL if not otheryise stated.

Quartz crystal microbalance with dissipation
monitoring (QCM-D)

QCM-D measurements (Rodahl et al., 1995) yere performed yith the
Q-SENSE D300 y stem equipped yith an Ax ial Floyr Chamber (QAFC 302)
(Q-SENSE). Briefy , upon interaction of (soft) matter yith the surface of
a sensor cy stal, changes in the resonance frequeng , f, related to attached
mass (including coupled yater), and in the dissipation, D, related to
frictional (viscous) losses in the adlay er are measured yith a time resolution
of better than 1 s.

The QCM-D sensor cy stals yere coated yith mica and verified to
operate staby and reliaby according to a previousy described protocol
(Richter and Brisson, 2004). Briefly , mica sheets y-ere glued to the QCM-D
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sensors using epxy glue. The glued mica sheets yere cleaved until suf-
ficienty thin mica la ers and stabl operating sensors yere obtained.

Measurements yere performed in & change mode (Richter et al., 2003),
if not otheryise stated. The & change mode alloy's folloying processes of
adsorption and surface adlay er changes in situ yhile sequentialy & posing
different solutions to the supports. In this mode the fluid in the measurement
chamber is generally still. Occasionall , floy’ mode y'as employ ed, i.e., the
solution yas continuousy delivered to the measurement chamber (floy
speed 80 wL/min) by the aid of a peristaltic pump (ISM832A, Ismatec,
Ziirich, Sy-itzerland) (Richter et al., 2005). Resonance frequengy and dissipa-
tion yere measured at several harmonics (15, 25, 35 MHz) simultaneousl .
The yorking temperature y-as 24°C.

If not stated othery-ise, changes in dissipation and in normalized frequengy
(Afnorm = Afy/n, yith n being the overtone number) of the third overtone
(n = 3, i.e., 15 MHz) are presented. Adsorbed masses, Am, are calculated
according to the Sauerbrey equation (Sauerbrey , 1959), Am = —CAfyorms
with the mass sensitiviy constant C = 17.7 ng-cm 2-Hz ' for 5 MHz sensor
cy stals. The equation has been demonstrated to be valid, yithin 5% error, for
lipid bilay ers or adsorbed nonruptured SUVs on rigid sensor coatings yith
a thickness ranging from several nanometers (such as evaporated gold or
sputtered silica; Keller and Kasemo, 1998; Reimhult et al., 2002b) to several
micrometers (such as glued mica sheets; Richter and Brisson, 2004).

For transfer of QCM-D sensors yith adsorbed material from the QCM-D
chamber to the AFM, the sensors yere unmounted yith the aid of a suction
holder (Meni CUP, Menicon Pharma, Illkirch-Graffenstaden, France), en-
suring that the sample remained permanenty covered y-ith liquid.

Ellipsometry

Ellipsomety is an optical technique based on the measurement of changes in
the ellipsometric angles, A and ¥ (Cwy pers et al., 1983; Tompkins, 1993), of
elliptically polarized light upon reflection off a planar surface. These changes
are sensitive to the presence of thin deposited films and, consequenty , the
method alloy’s monitoring adsorption phenomena in situ, at the solid-liquid
interface, yith a mass resolution in the range of 5-10 ng-cm 2. The employ ed
null-ellipsometer setup has a time resolution of 10-15 s and is described in
detail elsey’here (Cuy pers et al., 1983; Corsel et al., 1986). In this stud ye
consider the change in the angle A onl , yhich is roughly proportional to the
(dy ) lipid mass adsorbed to mica (Benes et al., 2004).

Measurements y-ere performed in an open cuvette y stem (Corsel et al.,
1986), at room temperature. Mica disks yere glued on an aluminum slide
over a hole (8 mm diameter) using melted y'& (Benes et al., 2002). The
backside of the mica disks y-as rendered opaque yith emey paper before
gluing onto the aluminum slide. Uniform mica surfaces y-ere obtained by
cleavage of the front side yith adhesive tape and immediately mounted in
the buffer-filled cuvette. The buffer (~3 mL) y-as stirred yith a magnetic
stirrer (~1000 rpm). Samples y-ere pipetted at appropriate concentrations
into the buffer. Rinsing y-as realized ty injecting ~30 mL of buffer
(injection rate, ~1 mL/s) yhile simultaneousy yithdraying e cess liquid.

Preparation of PLL-g-PEG-coated AFM tips

(x ide-sharpened silicon nitride cantilevers yith a nominal spring constant
of 0.06 N/m (Digital Instruments, Santa Barbara, CA) y-ere rinsed in y-ater
and ethanol, bloy-dried yith nitrogen, and & posed to ultraviolet/ozone
(BHK, Claremont, CA) for 10 min (Richter et al., 2003). The cleaned tips
were transferred immediately into a solution of 1 mg/mL PLL-g-PEG in 10
mM HEPES, pH 7.4. After 30 min of immersion, the tips yere yithdrayn,
rinsed yith ultrapure yater, and bloy-dried yith nitrogen. PLL-g-PEG-
modified tips yere stored on Gel-Pak (Scotch, CA) under nitrogen and used
within four yeeks.

Atomic force microscopy

AFM measurements yere performed in liquid using a Nanoscope IV-
Multimode (Veeco, Dourdan, France), equipped yith a J-scanner (120 wm).
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Before use, the tapping mode fluid cell y-as y-ashed in successive baths of
ethanol and ultrapure yrater, folloyred ty « tensive rinsing in ethanol and
bloy'-dy ing in a stream of nitrogen. Tubings and O-ring y-ere sonicated in
ethanol and yater, rinsed yith ethanol, and bloy'-dried in nitrogen.

For AFM investigations subsequent to QCM-D measurements, mica-
coated QCM-D sensors, covered yith the sample, yere attached to Teflon-
coated (By tac, Norton, OH) metal disks using double-sided tape (TESA,
Hamburg, Germary ) and installed on the AFM scanner. In all other cases,
mica disks yere glued to Teflon-coated metal disks using the epxy glue.
Uniform surfaces yere obtained ty cleavage yith adhesive tape and
immediately covered yith buffer solution. The AFM y-as equilibrated for
5-30 min before imaging.

Images y-ere recorded in contact mode or tapping mode as indicated.
Contact mode images yere acquired at scanning rates of 4-8 Hz yhile
manualy adjusting the force to a minimum (<200 pN). Tapping mode
images yere acquired at scanning rates of 1-2 Hz. A resonance frequeng
~7 kHz yas chosen yith loy free amplitude (0.4-0.6 V) and minimum load
upon scanning. Images y-ere first-order plane-fitted & cept otheryise stated.

RESULTS

The formation of SLBs from SUVs made of DOPC and
DOPS (molar ratio 4:1) in 2 mM CaCl, has alread/ been y-ell
characterized by QCM-D on silica (Richter et al., 2003), and
to some & tent by AFM on mica (Reviakine and Brisson,
2000), and yas chosen as a reference y stem in our study .
The overall kinetics of the SLB-formation process on mica
ty QCM-D (Fig. 1) reveals a tyo-phase behavior. In the first
phase the frequengy decreases bey ond —25 Hz (Afjnin = —39
Hz) yhereas the dissipation increases (ADpx = 1.6 X
10~°), evidencing the adsorption of a substantial amount of
nonruptured vesicles. Final shifts in frequeny (Afs, = —25
Hz) and dissipation (ADg, < 0.2 X 107%) after the second
phase match values previousl obtained on silica (Keller and
Kasemo, 1998; Richter et al., 2003) and indicate the presence
of an SLB. AFM imaging of the final state of the surface
adly er revealed a flat surface devoid of defects on areas of
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FIGURE 1 QCM-D response, i.e., changes in frequeny (-O-) and

dissipation (solid line), for the deposition of SUVs composed of DOPC/
DOPS (molar ratio 4:1) on mica in 2 mM CaCl,. Lipid & posure starts at
0 min. The peak in dissipation and the minimum in frequeny indicate the
presence of intact vesicles bound at an intermediate state. The final
frequeny shift of —25 Hz and the loy final dissipation shift indicate the
presence of an SLB. A rinse yith buffer (arrow) does not affect the SLB.
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25 um? and more and confirmed the presence of a confluent
ideal bily er (Fig. 6 B).

The early phase of SLB formation

In some measurements, the SLB-formation process yas
interrupted ty rinsing yith buffer at an eary stage, i.e., long
before the ma& imum in dissipation and minimum in
frequeng yere reached (Fig. 2 A). As the surface coverage
is loy’, interactions betyeen vesicles are & pected to be
negligible and hence the stabiliy of isolated vesicles can be
investigated. After rinsing, the frequeny sloyy increased
and the dissipation sloy'y decreased, indicating that vesicles
are not stable. AFM images of the surface 1 h after rinsing
(Fig. 2, Band C) revealed the presence of ty'o iy pes of objects,
identified as immobilized vesicles and bilay er patches,
respectivel , from their apparent shapes and heights (Re-
viakine and Brisson, 2000; Richter et al., 2003). We believe
that the distribution of vesicles and bila er patches revealed in
the image closely resembles the true distribution and is not
significantly altered by the imaging process (see also beloy’).

The smallest vesicles and bila er patches had an apparent
diameter of ~25 and ~28 nm (for details of the size de-
termination see the Supplementay Material), respectivel ,
close to the size & pected from SUVs. Notaby , the size of
both vesicles and SLB patches y-as heterogeneous, i.e., both
small and large patches and vesicles yere present, indicating
a rather yeak dependence of the rupture tendengy on the
vesicle size over the size distribution observed here. In gen-
eral, lipid patches e hibited a circular shape.

Both vesicles and bilgy er patches yere found not to move
lateraly over the time range of 10 min and more, & cept at
relatively high imaging forces. AFM images acquired at loy
lipid coverage (c.f. Fig. 2 B) did onk & ceptionall ,
presumabl due to tip artifacts, reveal vesicles or bila er
patches that disappeared upon imaging.

To verify yhether lipid material desorbs from the mica
surface, y¢ monitored the SLB-formation process by
ellipsomety . As this optical technique senses the dy mass,
net desorption of material yould be directy detected as an
increase in the ellipsometric angle A. After interrupting the
SLB-formation process at a lipid coverage corresponding to
~30% of a complete SLB (Fig. 2 D), A remained stable,
confirming that lipid material did not desorb. Therefore, y-e
interpret the QCM-D response after the rinsing step as shoy'n
in Fig. 2 A as due to the decomposition of surface-bound
vesicles into bilay er patches, the increase in frequeng , and
the decrease in dissipation being caused by the loss of y-ater
associated yith and the changes in the rigidiy of the lipid
structures. Consequently , the QCM-D data indicate that the
t pical time for the spontaneous transition of isolated mica-
bound vesicles into bilay er patches is in the range of minutes
to hours. This is a remarkable difference compared to
isolated vesicles on silica that remained stable over da s
under identical conditions (Richter et al., 2003).
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FIGURE 2 SLB formation from ~10 ug/mL SUVs made of DOPC/
DOPS (4:1) interrupted at an early stage. (A) QCM-D response (frequeng ,
Af (-O-), and dissipation, AD (solid line), at 25 MHz); after the rinse
(arrow), the adsorbed vesicles are not stable. (B and C) Tyo sequential
images recorded after transfer of the mica-coated QCM-D sensor to the
AFM; vesicles and bily er patches, identified by their height and shape
(cross section in inset, gray and black arrowheads, respectivey ) coe ist. A
fey vesicles (asterisks) become ruptured ty the influence of the AFM tip.
Image size (z-scale), 1 mm (20 nm); the sloy’ scan direction (contact mode)
is indicated (arrows). The ay mmetric and vay ing shape of individual
vesicles is due to vey loy and slighty vaying scanning forces (see
Supplementay Material). (D) Changes in the ellipsometric angle, AA; after
the rinse (solid line, arrow) at AA = —0.18°, corresponding to 30% of
a complete SLB, the signal remains stable confirming that lipid material is
not desorbing. For comparison, the response for the formation of a complete
SLB is shoyn (dotted line), resulting in AA = —0.6°. Lipid deposition
for the ellipsomety measurements yas performed at concentrations of ~5
ng/mL (solid line) and ~10 ug/mL (dotted line), respectivel .

Stability and mobility of small SLB patches

To investigate the stabiliy of bilay er patches, a certain area
yas imaged repetitively yith vaying forces (Fig. 3).
Although almost all SLB patches remained immobile and
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kept their initial shape, connections betyeen a fey’ distant
patches (asterisks in Fig. 3 B) yere established, likely
induced by the AFM tip that yras temporarily operated at an
elevated force. The resulting patches clearly reshaped into
circular objects (Fig. 3 C), the area of yhich corresponded
to the sum of the areas of the initial patches, confirming
that coalescence events yere tracked (for details see the
Supplementay Material). The center of mass of the merging
patches remained apprax imateyy fk ed during the merger
event (Fig. 3 B). Given the image acquisition time of ~2 min
and the fact that connections are visible over several scan
lines, corresponding to ~0.2 s each, the time needed for
coalescence and reshaping can be estimated to be in the
range of a fey’ seconds to a fey’ minutes. We note that, in
contrast to our observation on mica, small SLB patches of
stable noncircular shape yere observed on silica (Richter
et al., 2003).

The lateral movement of lipid material associated yith the
coalescence of ty'o patches (Fig. 4 A) can trigger a cascade of
subsequent events of coalescence yith other neighboring
patches (Fig. 4, B-D), leading to substantial modifications in
the organization of the surface-bound lipid material. It is
easily conceivable that also intact adsorbed vesicles can be
ruptured ty contact yith the approaching active edge of
a neighboring bily er patch. Shape changes due to co-
alescence can thus play a significant role in the organization
of lipid material during the SLB-formation process.

The late phase of SLB formation

Fig. 5 A demonstrates that after rinsing at a later stage, i.e.,
shortly after the minimum in frequeny and the m& imum in
dissipation are reached, a considerable rearrangement of
the surface-bound lipid material takes place yithin minutes.
In the absence of vesicles in solution, Af increased above
—25 Hz (to —16 Hz) and AD decreased to 0.4 X 1079,
indicating that the major part of adsorbed vesicular material
yas transformed into bilay er patches. Corresponding AFM
images shoyed indeed & tended domains of lipid bilay ers
coe isting yith a small number of vesicles (Fig. 5 B) and
ellipsomety & periments indicated that no significant de-
sorption occurred in similar conditions (Fig. 5 C).

Interestingly , noncircularities persisted on large patches,
i.e., patches yith a radius >200 nm, over times of 1 h and
more. Surprisingl , patch boundaries yith local radii of
curvature <150 nm (arrowheads in Fig. 5 B) could be found,
indicating the presence of forces/obstacles that counteract the
shape equilibration that y-ould be & pected from minimiza-
tion of the line tension (Radler et al., 1995; Muresan and
Lee, 2001).

AFM images acquired after interrupting the SLB forma-
tion at an even later stage, shoyed an apparenty confluent
bilay er in yhich local defects persisted (Fig. 6 A). Elongated
defects of several micrometers in length and doyn to a fey’
nanometers in yidth could be observed, yhich yere
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particulary frequent after incubation yith SUV solutions at
loy’ concentration (10 mg/mL). Notabl , the apparent local
radius of curvature of the bilay er bounday at the ends of
some of these defects (arrowheads in Fig. 6 A) yas in the
range of 10 nm. Given our & perimental conditions, ye
estimate that such small radii are at the limit of resolution. It
is therefore not clear, yhether the apparent topograply
reflects a truly continuous bilay er bounday or yhether, in-
stead, it marks the endpoint of a zone (dotted line in Fig. 6 A)
at yhich tyo patch boundaries appose yith each other
without coalescing, the gap betyeen them being small
enough to remain unresolved by AFM. Whatever the true
topograply , some of these defects remained stable over
hours, again indicating the presence of forces that inhibit
shape equilibration (Benvegnu and McConnell, 1992).

FIGURE 4 Sequential AFM images (contact mode) of coalescence events
of bily er patches. After the tip-induced merger of patches 1-3 (A), the
coalescence yith patches 4 (B), 5-6 (C), and 7 (D) is induced ty the
movements of the reshaping patch. Before image acquisition, 25 ug/mL
SUVs of DOPC/DOPS (4:1) in 2 mM CaCl, y-ere incubated for ~1 min and
rinsed in buffer. Image size (z-scale), 1.75 mm (10 nm); the sloy’ scan
direction is indicated (arrows).
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FIGURE 3 Sequential AFM images (contact mode)
before (A), during (B), and after (C) the merger of
bilay er patches. Images A and C are scanned at loy-est
possible forces (~100 pN). In image B the force y-as
slighty increased (~300 pN) inducing the merger
(arrowheads) of several patches (asterisks). Before
image acquisition, 25 wg/mL SUVs of DOPC/DOPS
(4:1) in 2 mM CaCl, yeere incubated for ~1 min and
rinsed in buffer. Image size (z-scale), 1.25 mm (10 nm);
the sloy scan direction is indicated (arrows). Slight
changes in the apparent size of individual patches and
variations in the overall contrast (A and C) are due to
slight instantaneous changes in the scanning force (see
Supplementay Material).

Subsequent reincubation as yell as incubation yithout
interruption led to bilay ers that yere close to defect-free, as
seen from the AFM images (Fig. 6 B). To verify yhether
defects persisted that yere invisible to AFM, some DOPS-
containing bilay ers yere incubated y-ith the protein anne in
A5 and the groy-th of ty-o-dimensional cy stals y-as folloyed
as described elsey’here (Reviakine et al., 1998). Round-
shaped cy stals yere observed as & pected for undisturbed
cy stal groy'th (Reviakine et al., 1998) (not shoy'n), y'hereas
elongated discontinuities in the supporting bilay er are & -
pected to localy prevent cy stal groyth therely distorting
the cy stal’s shape.

Influence of the vesicle charge and the presence
of calcium on the SLB formation on mica

The vesicle charge and the presence of calcium yere
previousy shoyn to have a pronounced influence on the
lipid deposition pathy'a s on silica (Richter et al., 2003).
For comparison, ye folloyred the global kinetics of lipid
deposition on mica for vesicles of vay ing charge in the
presence of the calcium chelator EDTA and in the presence
of 2 mM calcium ions, respectivel , by QCM-D. The vesicle
charge yas varied by mking appropriate amounts of
positivey charged (DOTAP), zyitterionic (DOPC), and
negatively charged (DOPS) lipids. For a quantitative com-
parison of the lipid deposition process, the minimum in
frequeny , Afmin, and the ma imum in dissipation, AD, 4,
yere determined. SLB formation, if occurring, yas addi-
tionaly characterized ty the time, 7 g, required to attain
stable values in frequeny , Afg,, and dissipation, ADyg;,.
Furthermore, the stabiliy of adsorbed isolated vesicles yras
checked by interrupting the SLB formation at loy’ coverage.
Table 1 and Figs. 7 and 8 summarize the obtained results.
In the absence of calcium, SUVs made from DOPC
adsorbed to mica (Fig. 7 B) but did not rupture at moderate
lipid concentrations (100 mg/mL), in agreement yith pre-
vious studies (Reviakine and Brisson, 2000; Benes et al.,
2004). In contrast, SLB formation yas observed on silica
(Richter et al., 2003). Rather small amounts of negative
charges (20% DOPS) yere sufficient to completel inhibit
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FIGURE 5 SLB formation from ~50 wg/mL SUVs made of DOPC/
DOPS (4:1) interrupted at a late stage. (A) QCM-D response (frequeng , Af
(-O-), and dissipation, AD (solid line), at 25 MHz); after the rinse (arrow)
close to the minimum in frequeng , surface-bound lipid material undergoes
quick structural changes. (B) AFM image (tapping mode) taken after the
transfer of the sample; e tended patches coexist yith a fey vesicles
(asterisks). The bilay er patches e hibit edges yith small local radius of
curvature (<150 nm; arrowheads). Image size (z-scale), 1.5 mm (20 nm).
(C) Changes in the ellipsometric angle, AA; after rinsing (solid line, arrow)
at AA = —0.41°, corresponding to 68% of a complete SLB, the signal
remains stable confirming that lipid material is not desorbing. The response
for the formation of a complete SLB is shoyn for comparison (dotted line).
Lipid deposition for the ellipsomety measurements yas performed at
concentrations of ~20 ug/mL (solid line) and ~10 ug/mL (dotted line),
respectivel .

lipid adsorption. Similarl , vesicle adsorption yas hampered
on silica yith increasing negative vesicle charge, although
inhibition occurred ony at consideraby higher negative
charge (50% DOPS) (Richteret al., 2003). These observations
suggest that the electrostatic repulsion betyeen negatively
charged vesicles and the support is stronger yith mica than
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FIGURE 6 (A) AFM image of an SLB formed from a solution of 10
mg/mL SUVs made of DOPC/DOPS (4:1) and interrupted at a vey late
stage (contact mode). Numerous elongated defects persist. The ends of some
of these defects (arrowheads) appear sharp. It is not clear y’hether these ends
indeed represent a true bilay er bounday yith a small but finite radius of
curvature (~15 nm). Alternativel , these points ma mark the limits of an
unresolved gap (dotted line) betyeen ty-o bilay er patches. (B) AFM image of
an SLB formed from a solution of 100 mg/mL SUVs made of DOPC/DOPS
(4:1) (tapping mode). The bilay er is ideal yithout visible defects, & cept for
ty'o protrusions (arrowheads), likey to be trapped vesicles. Image size
(z-scale), 10 mm (10 nm).

with silica. In conjunction, y-e note that no SLBs could be
formed on mica yith DOPS-containing SUVs. For compar-
ison, SLB formation y-as inhibited on silica ony at a DOPS
content of 33% and more (Richter et al., 2003).

QCM-D responses indicated the formation of SLBs for
all ¥ pes of positively charged SUVs investigated. These
observations are qualitatively similar to silica. It is,
hoyever, notable that the formation of mica SLBs yith
pure DOTAP-SUVs (Fig. 7 C) ehibited vey loy
dissipation values (AD, < 0.5 X 1076) throughout the
yhole SLB-formation process. Corresponding values on
silica yere slighty higher (AD,,x = 0.8 = 0.1 X 1079
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TABLE 1

Richter and Brisson

Parameters measured by QCM-D for the deposition of vesicles with varying lipid composition

Lipid ratio

DOTAP DOPC DOPS [CalmM) AfiminH2) ADma (107 Afin(H2)  ADa(107%)  rsus(min)  deposition pathyay

Vesicle Stabiliy of vesicles

at loy’ coverage

1 - - 0* - 0.5 -25
1 4 0* =35 2.7 =27
- 1 - 0* —103 10.0 -

9 1 0* —13 2.0 -
- 4 1 0* 0 0 -
1 - - 2 - 0.3 —24
1 4 - 2 —32 1.8 —26.5
- 1 - 2 -50 4.0 =25
- 9 1 2 —50 2.6 -25
- 4 1 2 —45 2.5 —26
- 2 1 2 —34 1.7 —25.5
- 1 1 2 -36 1.5 —25.5
- 1 2 2 —34 1.5 —25.5
- 1 4 2 —32 1.0 —26

0.2 12 SLB Fast ruptureJr

0.8 3 SLB No rupture, no desorption
- - SVL No rupture, sloy’ desorption
- - SVL -

- - No adsorption -

0.2 10 SLB Fast rupture’

0.5 3 SLB No rupture, no desorption
0 5 SLB No rupture, no desorption
0 33 SLB -

0.2 33 SLB Sloy' rupture*

0.2 5 SLB Sloy rupture*

0.2 1.3 SLB Sloy rupture*

0.2 2 SLB Sloy rupture*

0.2 1.3 SLB Sloy' rupture*

*Measured in the presence of 2 mM EDTA.
tsolated vesicles rupture yithin seconds or less after adsorption.
*solated vesicles rupture yithin minutes or hours after adsorption.

(Richter et al., 2003), indicating that the tendeny toy-ard
immediate rupture of isolated DOTAP vesicles is even more
pronounced on mica.

The formation of a supported vesicular lay er (SVL) yith
DOPC-SUVs (Fig. 7 B) deserves some additional attention.
The adsorption of these vesicles yas parth reversible
(Reviakine and Brisson, 2000; Benes et al., 2004), yhich
is & ceptional for the vesicle-surface interactions that ye
have so far investigated on silica and on mica. The frequeng
shift of |Afiin| = 103 Hz, indicates a high surface coverage
(Keller and Kasemo, 1998). Interestingly , the QCM-D
responses after the addition of calcium (Fig. 7 B) suggest
that the SVL is converted into a complete supported lipid
bilay er, even though no vesicles yere present in solution.
Furthermore, the m& imum dissipation shift for the mica-

supported vesicular lay er, ADpx = 10 X 107°, is re-
markably high, resulting in a ratio bety-een dissipation and
frequeny of ADy /|Afmin] = 0.10 X 107%Hz ', This is
significanty more than on silica (0.06 X 107%Hz ")
(Richter et al., 2003), and indicates that DOPC vesicles
become less flattened on mica than on silica (Reimhult
et al., 2002b). For simpliciy , y'e have compared the ratio of
AD o /| Afin|- (Note, hoyever, that in addition to the
flattening of the vesicle, the intervesicle interaction at high
surface coverage can affect AD/Af. This potential artifact can
be avoided ty comparing the AD/|Af]-values at loy vesicular
coverage (Reimhult et al., 2002b). Corresponding values
are 0.14 X 107%Hz ' and 0.08 X 107 %-Hz ! (atn=7)on
mica and silica, respectivel , supporting our conclusions that
DOPC vesicles become more flattened on silica.)
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FIGURE 7 QCM-D responses (frequeng , Af (-O-), and dissipation, AD (solid line)) for the deposition of 0.1 mg/mL SUVs composed of different lipids on
mica. Lipid & posure starts at 0 min. (A) DOPC in 2 mM CaCl, (25 MHz, floy’ mode); after the rinse (black arrow) at an eary stage of SLB formation, Af and
AD remain stable, indicating that adsorbed vesicles are staby bound and neither desorb nor rupture; reincubation y-ith SUVs (white arrow) leads to completion
of the SLB formation. (B) DOPC in 2 mM EDTA (35 MHz, floy: mode); formation of an SVL & hibiting high dissipation; a rinse y-ith EDTA-containing buffer
(black arrow) leads to partial desorption of the vesicles; a rinse yith calcium-containing buffer (black dotted arrow) leads to the formation of an SLB, as
characterized ty a frequeng shift of —26 Hz and a vey loy dissipation shift; subsequent addition of SUVs in 2 mM CaCl, (white arrow) does not further
affect the SLB. (C) DOTAP in 2 mM EDTA (35 MHz, floy’ mode); formation of an SLB; vesicles rupture instantaneousy upon adsorption.
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In the presence of calcium, SLBs y-ere formed over the
entire range of lipid mk tures investigated. Notabl , SLBs
could be formed from vesicles containing as much as 80%
DOPS. A detailed & amination revealed a tendeny of f5; g
and |Afiin| to decrease toyrard higher negative charges (Fig.
8). This evidences that increasing DOPS content facilitates
SLB formation on mica in the presence of calcium. Notaby ,
the opposite y-as observed on silica. The influence of calcium
on the SLB-formation process for DOTAP-containing
vesicles yas minor.

Isolated mica-bound vesicles that contained ony DOPC
or small amounts of DOTAP yere found to be stable over
minutes and hours (Fig. 7 A), similar to the results obtained
on pure silica (Keller et al., 2000). Isolated vesicles from all
lipid mk tures containing 20% and more DOPS, hoy-ever,
sloy’y but measurably transformed into SLB patches.

Influence of the AFM tip on the imaging of lipid
vesicles and SLB patches

Lipid structures such as surface-bound vesicles or bilay er
patches are knoy'n to be easiy modified by interactions yith
the AFM tip (Jass et al., 2000; Reviakine and Brisson, 2000;
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FIGURE 8 The local minimum in frequeng , |Afpia| (A and C), and SLB-
formation time, ts1 g (B and D), as a function of the fractional lipid charge, o,
(= average number of charges per lipid molecule). Data for mica (@) and
silica (O; adapted from Richter et al., 2003) are shoy'n in the presence of 2
mM EDTA (A and B) and 2 mM calcium (C and D), respectivel . Data are
given for lipid mk tures and conditions that lead to SLB formation; | Afin| is
indicated onk if the SLB formation & hibits a local minimum in frequeng .
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Richter and Brisson, 2003; Liang et al., 2004). During initial
investigations yith nonmodified tips it became apparent that
the lipid material can mediate strong tip-sample interactions
(Richter and Brisson, 2003), yhich renders the imaging of
heterogeneous lipid structures such as co isting bilay er
patches and vesicles unstable and prone to artifacts, in
particular, for loy’ scan speeds and small image sizes. As
demonstrated ty the AFM images shoyn here, the mod-
ification of the AFM tip yith PLL-g-PEG resulted in an
improved control in imaging such lipid structures doyn to
image sizes of 1 um and less. When forces & erted by the
AFM tip yrere adjusted to a minimum, vesicles and bilay er
patches could be imaged intact (c.f. Fig. 5 B). Alternativel ,
increased forces could be emplgy ed to induce the rupture
of vesicles (arrowheads in Fig. 2, B and C), the coalescence
of bilay er patches (c.f. Figs. 3 and 4), or the displacement of
lipid structures (not shoy'n).

Imaging in tapping mode provided least disturbance of the
lipid material, though images in contact mode also could be
obtained yith ony minor artifacts, such as occasional tip-
induced vesicle rupture. In particular, small bilay er patches
appeared (almost) circular and immobile both in tapping and
contact mode, indicating that small lateral forces did not
significanty alter the location or overall shape of the patches.

Effects of the AFM tip on the apparent size of the
bilayer patches and vesicles

We observed small but significant variations in the apparent
size of the bilay er patches, depending on the applied force
(see Supplementay Material). The apparent radius and
height of the bilay er patches yere observed to decrease ty
~5 and 0.2 nm, respectively , y’hen increasing the normal
force ty ~200 pN from the minimum force required for
proper tracking of the surface. Similark, the height of
surface-bound vesicles yas observed to vay ly a fey
nanometers. This indicates that the forces & erted by the tip
can induce lateral or normal compression of the lipid
assemblies (as yell as the tip coating). Next to tip-
convolution effects, the sample deformation, thus, renders
the determination of the correct size of adsorbed vesicles and
bilay er patches a complex task, as discussed in the
Supplementay Material.

DISCUSSION

In this study , ye combine QCM-D, ellipsomety , and AFM
to provide a detailed picture of the pathyay s of deposition
of lipid vesicles on mica. Previous & perimental (Keller et al.,
2000; Reviakine and Brisson, 2000; Johnson et al., 2002;
Richter et al., 2003) and theoretical (Seifert and Lipoysky ,
1990; Seifert, 1997, Zhdanov et al., 2000) studies
have shoyn that adsorbed lipid vesicles can transform into
bilay er patches via at least three different mechanisms: i),
spontaneous rupture of isolated vesicles; ii), rupture of
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vesicles induced ty high vesicle densiy (critical vesicular
coverage); and iii), rupture of vesicles induced ty the active
edge of a bilay er patch. We shoy’ here that, ty vay ing the
vesicle composition and the calcium-EDTA balance, all
above-described mechanisms can be reproduced on mica,
and that significant differences & ist bety-een mica and silica.

Rupture of isolated vesicles

The time from adsorption to rupture of isolated vesicles, i.e.,
surface-bound vesicles at sufficiently loy’ coverage, can vay
widely . Whereas ye found DOTAP to rupture faster than
yhat can be resolved (~1 s) ty the emplg ed techniques,
DOPC vesicles yere stable (Fig. 7 A) in 2 mM CaCl, over
& perimental timescales (~1 h). Both & tremes can be
understood from a thermody namic perspective of the inter-
action bety-een vesicle and support and have been described
before (Lipoysky and Seifert, 1991; Seifert, 1997; Reviakine
and Brisson, 2000).

We report here on an intermediate time range (minutes to
hours) that is needed for DOPS-containing vesicles to
rupture in the presence of calcium, yhich highlights the
importance of the kinetic perspective (Zhdanov and Kasemo,
2001). The parameters that govern the rupture dy namics
remain to be elucidated and yill be discussed further beloy-.

Rupture induced by critical vesicular coverage

The pathyay of vesicle rupture induced ty the cooperative
action of neighboring adsorbed vesicles has been described
and characterized in detail on silica (Keller et al., 2000;
Reimhult et al., 2002a,b; Richter et al., 2003). Similar to
silica (Keller et al., 2000), isolated vesicles containing pure
DOPC or DOPC/DOTAP (4:1) yere observed to be sta-
ble yhen adsorbed on mica in the presence of calcium (c.f.
Fig. 7 A). The formation of SLBs at higher surface cove-
rage evidences that the influence of neighboring vesicles
is necessay to induce the rupture of the first vesicles, indi-
cating that the phenomenon of critical vesicular coverage is
also present on mica (Reviakine and Brisson, 2000).

Coexistence of several vesicle
rupture mechanisms

Once a fey’ vesicles have ruptured ty one of the tyo above-
described mechanisms, further vesicle rupture can also be
induced by the active edge of bila er patches, enhancing the
groy'th of bilay er patches and, eventuall , leading to the
formation of an SLB.

As mentioned above it takes minutes to hours for isolated
DOPS-containing vesicles to rupture (c.f. Fig. 2). On the other
hand, the time needed to form an SLB is in the range of a fey’
minutes yith the emplg ed lipid concentration (~100 ug/
mL). This raises the question yhether the combination of
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rupture of isolated vesicles and edge-induced rupture is
sufficient to & plain the SLB formation at such short
timescales. If vesicle adsorption is much faster than the
rupture of isolated vesicles, the surface densiy of intact
vesicles ma localy become elevated. This suggests in
alternative that rupture induced via the critical vesicular
coverage co ists yith the rupture of isolated vesicles. Future
theoretical treatments, similar to the ones described earlier by
Zhdanov etal. (2000) ma alloy’ distinguishing bety-een these
ty’o scenarios. Also, as the time needed to establish the critical
vesicular coverage is dependent on the bulk lipid concentra-
tion, this & perimental parameter provides the means for
controlling the balance betyeen the rupture of isolated ves-
icles and rupture induced ty the critical vesicular coverage.

We note that the presence of a local minimum in
frequeny and a local m& imum in dissipation, as commonly
observed ty QCM-D, is a necessay but not a sufficient
condition to identify the critical vesicular coverage as the
unique mechanism for the formation of the first bilay er
patches. Additional AFM imaging, alloying for the e -
aminations on the level of a single vesicle, or interrupted
QCM-D measurements, alloy’ing for the investigation of the
overall stabiliy of the adsorbed lipid material, are required
to ascertain that the critical vesicular coverage is the onk
rupture-initiating mechanism present.

The role of shape changes in bilayer patches

AFM data indicate that the interactions bety-een lipids and
the mica support are sufficienty strong in order for SLB
patches and bound vesicles to be stably located in the
presence of small and transient forces. On the other hand, the
interactions are sufficienty yeak to alloy’ for movements
and/or reshaping in the presence of permanent forces, such as
the line tension of small noncircular patches (c.f. Fig. 3)
(Muresan and Lee, 2001). This sliding motion has important
consequences, as reshaping patches can cataly ze mergers
with neighboring patches (c.f. Fig. 4) or vesicles and therety
enhance vesicle rupture via active bila er edges.

Itma be tempting to postulate that such an effect can be of
considerable value to fill up defects in the bilay er during the
final stage of SLB formation. In the light of our observation
that the propensiy for shape changes is decreased (at least
locally ) at higher coverage (Fig. 6 A) such a conclusion
appears premature. Hoyever, as demonstrated earlier for
silica (Richter et al., 2003), close to defect-free SLBs can be
formed y-ithout reshaping being present. A potential origin for
the decreased speed of shape relx ation may be the presence
of contaminations in the bilay er or on the solid support.

Taken together, our results demonstrate that the timescales
associated yith the different mechanisms of vesicle rupture
can vay . As the mechanisms of vesicle rupture can co ist
and « hibit some degree of interdependence, a multitude of
SLB-formation pathyay s can occur.
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Comparing silica and mica: the role of calcium

We observed several pronounced differences in the de-
position of lipid vesicles and in the SLB formation on mica
and silica supports, despite the fact that both supports are
highy ly drophilic and usually possess an overall negative
charge. (Surface charges ~0.1 electron per nm?> have been
reported for both mica (Pashley , 1981a,b) and silica (Bolt,
1957; Considine and Drummond, 2001), yith significant
variations as a function of electrok te concentration, pH, and
surface preparation (Toikka and Hay es, 1997; Morigaki et al.,
2002; Penfold et al., 2002).) For simpliciy , ye distinguish
tyo situations, namel the absence and the presence of
calcium.

In the absence of calcium, repulsive interactions betyeen
the negatively charged support and the negatively charged
vesicles as y-ell as attractive interactions bety-een the support
and positively charged vesicles are stronger on mica than on
silica. This underlines the important role of electrostatic
interactions and suggests that mica m& be more strongly
negativel charged than silica.

We found that vesicles made of DOPC become less
flattened on mica than on silica. In opposition, the attractive
van der Waals forces are & pected to be higher on mica than on
silica. (Nonretarded Hamaker constants of A = 2 X 107207
and 0.8 X 102" J have been reported for ty-o surfaces of mica
and silica, respectivel , interacting in y-ater (Israelachvili,
1992).) This ma indicate that electrostatic double la er
forces are sufficienty strong to outy-eigh the van der Waals
forces, despite the small surface potential of DOPC under the
emplg ed conditions (Egaya and Furusaya, 1999). Alterna-
tively , additional short-ranged forces ma substantialy
influence the vesicle-support interaction. (Silica and mica
are knoy'n to & hibit remarkable differences in their short-
range interactions (Chapel, 1994; Israelachvili and Wenner-
strom, 1996) the molecular origin of yhich is still under
debate.) Although it remains difficult to identify the e act
nature of the interaction forces, this & ample is illustrative for
the complex ity of the vesicle-support interactions.

The presence of calcium has a remarkable effect on the
lipid deposition on mica as evidenced by the fact that SLBs
can be formed at a DOPS content of 80% and more
(Reviakine et al., 2001; Richter and Brisson, 2004). Recent
results (Richter et al., 2005) indicate that, during SLB
formation, DOPS molecules become distributed ay mmetri-
caly betyeen the tyo SLB leaflets. Calcium’s & ceptional
capaciy to promote SLB formation correlates, thus, yith our
finding that DOPS molecules become enriched in the SLB’s
mica-facing side, suggesting the presence of a particular
calcium-mediated interaction betyeen mica and DOPS. It is
tempting to identify the (re)distribution of DOPS yithin and
in betyeen (flip-flop) the leaflets of adsorbed vesicles as the
determining parameter for the sloy’ rupture kinetics that ye
observed for isolated DOPS-containing vesicles. Interest-
ingly , Yaroslavov et al. (1994, 1998) have reported that
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a membrane-binding po¥ cationic poy mer can induce the
redistribution of negatively charged lipids toy-ard the outer
leaflet of SUVs, although the mechanism of this pol cation-
induced flip-flop remains little understood. It appears con-
ceivable that the calcium-mediated interaction bety-een mica
and DOPS, in conjunction yith the stress that other vesicle-
support interactions & ert on the vesicle, ma enhance lipid
flip-flop in mica-bound vesicles, therety promoting their
rupture.

We note that the SLB-promoting effect of calcium is not
restricted to DOPS but « tends also to DOPC. Although
calcium y-as observed to facilitate adsorption and SLB for-
mation on silica, too, the effect y-as considerably less pro-
nounced.

Mica-bound lipid material retained some degree of
mobiliy , y’hereas bilay er patches y-ere found to be immobile
on silica. Could a difference in the roughness of the tyo
supports & plain this effect (Radler et al., 1995)? The
roughness of silica yafers emplogy ed in the reference study
(Richter et al., 2003), y-as in the range of 0.1 nm (Richter and
Brisson, 2003), i.e., yell beloy yhat is generaly considered
the thickness of the yater lay er betyeen the lipids and the
solid support (Ba erl and Bloom, 1990; Johnson et al.,
1991). We therefore refrain from attributing the observed
differences entirely to roughness. Other effects may be in-
duced by the nature of the interactions bety-een the solid sup-
port and bily er patches and/or their bounday .

This study , thus, underlines the important role of the solid
support in determining the lipid deposition pathy'ay . Whereas
the investigations undertaken in this y-ork identified impor-
tant parameters that determine the lipid deposition pathy-a ,
the results also indicate that the interaction bety-een lipids or
lipid assemblies and the solid support can be rather complex .
It is hoped that further detailed comparative studies on mica,
silica, and other surfaces (such as titanium  ide) at vay ing
ionic strength and calcium content yill provide access to
information on the quantitative as y-ell as molecular level. In
particular, such investigations ma help to separate the con-
tribution of vesicle-support, intervesicle and intrabilay er
interactions, respectivel , in the lipid deposition process
and, in particular, to elucidate the molecular nature of the
calcium-mediated interaction bety'een DOPS and the support.

Combining QCM-D, AFM, and ellipsometry

We emphasize the importance of combining QCM-D,
ellipsomety , and AFM to obtain the results reported in this
study . The application of all techniques on an identical
support alloyed obtaining kinetic information about the
adsorption, desorption, and rupture of vesicles y-ith high time
resolution as yell as detailed information about local
structural changes of the lipid assemblies. While the multi-
technique approach gives an improved control over possible
& perimental artifacts, the combination on an identical
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support opens up for a detailed quantitative investigation of
SLB formation or other self-assembl processes.

Influences of the AFM tip on the appearance of
immobilized vesicles and SLB patches

The modification of the AFM tip yith a lipid-repelling
pol mer proved essential to reproduciby obtain images of
different coe isting lipid structures. Both SLB patches and
vesicles could be imaged staby and yithout lateral
displacement. Furthermore, controlled tip forces alloyed
investigating shape transitions such as patch movement,
coalescence or vesicle rupture. Such events can potentially
be & ploited to quantify the influence of the tip on the
apparent size of surface-bound vesicles and bilay er patches.
In particular, the coalescence of patches can be & ploited to
determine the correct size of bila er patches, and the rupture
of adsorbed, flattened vesicles can be used to estimate the
diameter of the corresponding nonflattened vesicle as y-ell as
to evaluate the influence of the tip on the apparent yidth of
a vesicle (see Supplementay Material).

CONCLUSION AND PERSPECTIVES

The combination of QCM-D, AFM, and ellipsomety has
alloyed identify ing and characterizing a multitude of pro-
cesses that take place from the adsorption of vesicles to the
formation of a complete SLB on mica. Although most
of these processes act locall , their interdependence and
kinetics determine together the overall d/ namics of the SLB-
formation process.

Our study provides evidence for important differences in
the interaction of lipids yith silica and mica, stressing the
importance of the solid support, the calcium-EDTA balance,
and electrostatic interactions in the SLB-formation process.

The improved imaging of surface-confined lipid structures
demonstrated in this study together yith the & ploitation of
the shape transitions (Supplementay Material) for size deter-
minations open up for the reliable quantification of adsorbed
lipid material and for the investigation, in detail, of the shape
of surface-bound vesicles.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://yy'y .bioply sj.org.

We acknoy’ledge the group of Markus Te tor (ETH, Zurich, Sy-itzerland)
for providing the PLL-g-PEG. We thank Wim Hermens (Universiy of
Maastricht, The Netherlands) for providing access to the ellipsometer as
well as Ales Benda and Martin Benes (Hey rovsky” Institute, Prague, Czech
Republic) for help yith its setup. We acknoyledge S lvie Bordere
(ICMCB, Bordeawx , France) and Iy a Reviakine (Technical Universiy
Clausthal, Clausthal-Zellerfeld, Germary ) for discussions around the shape
of confined bily er patches and the SLB-formation process, respectivel .

Ralf Richter yas party supported ty the CNRS, the Ministere délégué a la

Biophysical Journal 88(5) 3422—3433

Richter and Brisson

Recherche (France), the Conseil Régional d’Aquitaine (France), and by
European Communiy grant FP6-NMP4-CT2003-505868 ‘‘Nanocues’’.
This research yras supported ty the Conseil Régional d’Aquitaine, the
Fonds Européen de Développement Régional, and European Communiy
grant FP6-NMP4-CT2003-505868 ‘‘Nanocues’’.

REFERENCES

Byerl, T. M., and M. Bloom. 1990. Plysical properties of single
phospholipid bilay ers adsorbed to micro glass beads. A ney vesicular
model y stem studied by H-nuclear magnetic resonance. Biophys. J.
58:357-362.

Benes, M., D. Bily, A. Benda, H. Speijer, M. Hof, and W. T. Hermens.
2004. Surface-dependent transitions during self-assembl of phospho-
lipid membranes on mica, silica, and glass. Langmuir. 20:10129-10137.

Benes, M., D. Bily , W. T. Hermens, and M. Hof. 2002. Muscovite (mica)
alloy's the characterization of supported bila ers by ellipsomety and
confocal fluorescence correlation spectroscopy . Biol. Chem. 383:337—
341.

Benvegnu, D. J., and H. M. McConnell. 1992. Line tension bety-een liquid
domains in lipid monolay ers. J. Phys. Chem. 96:6820-6824.

Bolt, G. H. 1957. Determination of the charge densiy of silica sols. J. Phys.
Chem. 61:1166-1169.

B er, S. G. 2000. Molecular transport and organization in supported lipid
membranes. Curr. Opin. Chem. Biol. 4:704-709.

Chapel, J.-P. 1994. Electroy te species dependent ly dration forces betyeen
silica surfaces. Langmuir. 10:4237-4243.

Considine, R. F., and C. J. Drummond. 2001. Surface roughness and
surface force measurement: a comparison of electrostatic potentials
derived from atomic force microscopy and electrophoretic mobiliy
measurements. Langmuir. 17:7777-7783.

Corsel, J. W., G. M. Willems, J. M. M. Kop, P. A. Cw pers, and W. T.
Hermens. 1986. The role of intrinsic binding rate and transport rate in the
adsorption of prothrombin, albumin and fibrinogen to phospholipid
bily ers. J. Colloid Interface Sci. 111:544-554.

Cwy pers, P. A.,J. W. Corsel, M. P. Janssen, J. M. M. Kop, W. T. Hermens,
and H. C. Hemker. 1983. The adsorption of prothrombin to phos-
phatidy Iserine multilay ers quantitated ty ellipsomety . J. Biol. Chem.
258:2426-2430.

Egaya, H., and K. Furusaya. 1999. Liposome adhesion on mica surface
studied by atomic force microscopy . Langmuir. 15:1660-1666.

Huang, N.-P., J. Voros, S. M. De Paul, M. T« tor, and N. D. Spencer. 2002.
Biotin-derivatized poy (L-V sine)-g-poy (etly lene gl col): a novel pol -
meric interface for bioaffiniy sensing. Langmuir. 18:220-230.

Israelachvili, J. N. 1992. Intermolecular and Surface Forces. Academic
Press, London, UK.

Israelachvili, J., and H. Wennerstrom. 1996. Role of ly dration and y-ater
structures in biological and colloidal interactions. Nature. 379:219-225.

Jass, J., T. Tjarnhage, and G. Puu. 2000. From liposomes to supported,
planar bily er structures on ly drophilic and ly drophobic surfaces: an
atomic force microscopy study . Biophys. J. 79:3153-3163.

Johnson, J. M., H. Taekijp, S. Chu, and S. G. B er. 2002. Early steps of
supported bila er formation probed by single vesicle fluorescence assa s.
Biophys. J. 83:3371-3379.

Johnson, S.J., T. M. By erl, D. C. McDermott, W. A. Adam, A. R. Rennie,
R. K. Thomas, and E. Sackmann. 1991. Structure of an adsorbed
diny ristgy Iphosphatidy Icholine bilay er measured yith specular reflec-
tion of neutrons. Biophys. J. 59:289-294.

Kam, L., and S. G. Bxer. 2003. Spatialy selective manipulation of
supported lipid bilay ers by laminar floy: steps toyard biomembrane
microfluidics. Langmuir. 19:1624—1631.

Keller, C. A., K. Glasmastar, V. P. Zhdanov, and B. Kasemo. 2000.
Formation of supported membranes from vesicles. Phys. Rev. Lett. 84:5443—
5446.



SLB-Formation on Mica

Keller, C. A., and B. Kasemo. 1998. Surface specific kinetics of lipid
vesicle adsorption measured yith a quartz cy stal microbalance. Biophys.
J. 75:1397-1402.

Larsson, C., M. Rodahl, and F. Hook. 2003. Characterization of DNA
immobilization and subsequent ly bridization on a 2D arrangement of
streptavidin on a biotin-modified lipid bilay er supported on SiO,. Anal.
Chem. 75:5080-5087.

Liang, X., G. Mao, and K. Y. S. Ng. 2004. Probing small unilamellar
EggPC vesicles on mica surface ty atomic force microscopy . Colloids
Surf. B. Biointerfaces. 34:41-51.

Lipoy'sky , R., and U. Seifert. 1991. Adhesion of vesicles and membranes.
Mol. Crys. Liq. Cryst. Sci. Technol.202:17-25.

McConnell, H. M., T. H. Watts, R. M. Weis, and A. A. Brian. 1986.
Supported planar membranes in studies of cell-cell recognition in the
immune y stem. Biochim. Biophys. Acta. 864:95-106.

Milhiet, P. E., M.-C. Giocondi, O. Baghdadi, F. Ronzon, B. Rox , and C. le
Grimellec. 2002. Spontaneous insertion and partitioning of alkaline
phosphatase into model lipid rafts. EMBO Rep. 3:485-490.

Morigaki, K., T. Baumgart, U. Jonas, A. Offenhduser, and W. Knoll. 2002.
Photopol merization of diacey lene lipid bilay ers and its application to
the construction of micropatterned biomimetic membranes. Langmuir.
18:4082-4089.

Muresan, A. S., and K. Y. C. Lee. 2001. Shape evolution of lipid bilay er
patches adsorbed on mica: an atomic force microscopy study . J. Phys.
Chem. B. 105:852-855.

Nollert, P., H. Kiefer, and F. Jahnig. 1995. Lipid vesicle adsorption versus
formation of planar bilgy ers on solid surfaces. Biophys. J. 69:1447-1455.

Pashley , R. M. 1981a. DLVO and ly dration forces bety-een mica surfaces
in Li*, Na™, K" and Cs™ electrol te solutions: a correlation of double-
lay er and ly dration forces yith surface cation & change properties.
J. Colloid Interface Sci. 83:531-546.

Pashley , R. M. 1981b. Hy dration forces betyeen mica surfaces in aqueous
electroy te solutions. J. Colloid Interface Sci. 80:153-162.

Penfold, J., E. Staples, and I. Tucker. 2002. On the consequences of surface
treatment on the adsorption of nonionic surfactants at the ly drophilic
silica-solution interface. Langmuir. 18:2967-2970.

Ridler, J., H. Strey , and E. Sackmann. 1995. Phenomenolog and kinetics
of lipid bilay er spreading on ly drophilic surfaces. Langmuir. 11:4539—
4548.

Reimhult, E., F. Ho0k, and B. Kasemo. 2002a. Temperature dependence of
formation of a supported phospholipid bilay er from vesicles on SiO,.
Phys. Rev. E 66:051905-051901-051904.

Reimhult, E., F. Ho0k, and B. Kasemo. 2002b. Vesicle adsorption on SiO,
and TiO,: dependence on vesicle size. J. Chem. Phys. 117:7401-7404.

Reimhult, E., F. Hook, and B. Kasemo. 2003. Intact vesicle adsorption and
supported biomembrane formation from vesicles in solution: influence of
surface chemisty , vesicle size, temperature and osmotic pressure.
Langmuir. 19:1681-1691.

Reviakine, 1., W. Bergsma-Schutter, and A. Brisson. 1998. Groyth of
protein 2-D cy stals on supported planar lipid bilay ers imaged in situ ty
AFM. J. Struct. Biol. 121:356-361.

Reviakine, 1., A. Bergsma-Schutter, A. N. Morozov, and A. Brisson. 2001.
Ty o-dimensional cy stallization of anne in A5 on phospholipid bilay ers
and monolay ers: a solid-solid phase transition betyeen cy stal forms.
Langmuir. 17:1680—1686.

Reviakine, I., and A. Brisson. 2000. Formation of supported phospholipid
bilay ers from unilamellar vesicles investigated ty atomic force micros-
copy . Langmuir. 16:1806-1815.

Reviakine, 1., and A. Brisson. 2001. Streptavidin 2D cy stals on supported
phospholipid bilay ers: toyards constructing anchored phospholipid
bily ers. Langmuir. 17:8293-8299.

3433

Richter, R. P., and A. Brisson. 2003. Characterization of lipid bily ers and
protein assemblies supported on rough surfaces by atomic force micros-
copy . Langmuir. 19:1632-1640.

Richter, R. P., and A. Brisson. 2004. QCM-D on mica for parallel QCM-D—
AFM studies. Langmuir. 20:4609-4613.

Richter, R. P., N. Mauy , and A. Brisson. 2005. On the effect of the solid
support on the inter-leaflet distribution of lipids in supported lipid
bilay ers. Langmuir. 21:299-304.

Richter, R. P., A. Mukhopadha , and A. Brisson. 2003. Pathy'a s of lipid
vesicle deposition on solid surfaces: a combined QCM-D and AFM
study . Biophys. J. 85:3035-3047.

Rodahl, M., F. Hook, A. Krozer, P. Brzezinski, and B. Kasemo. 1995.
Quartz cy stal microbalance setup for frequeny and Q-factor measure-
ments in gaseous and liquid environments. Rev. Sci. Instrum. 66:3924—
3930.

Sackmann, E. 1996. Supported membranes: scientific and practical appli-
cations. Science. 271:43-48.

Salafsky , J., J. T. Groves, and S. G. B« er. 1996. Architecture and function
of membrane proteins in planar supported bilay ers: a stud/ yith photo-
y nthetic reaction centers. Biochemistry. 35:14773-14781.

Sauerbrey , G. 1959. Veryendung von Schyingquartzen zur Wigung
diinner Schichten und zur Mikroydgung. [in German]. Z. Phys. 155:206—
222.

Seantier, B., C. Breffa, O. Félk , and G. Decher. 2004. In situ investigations
of the formation of mk ed supported lipid bilay ers close to the phase
transition temperature. Nano Lett. 4:5-10.

Seifert, U. 1997. Configuration of fluid membranes and vesicles. Adv. Phys.
46:13-137.

Seifert, U., and R. Lipoysky . 1990. Adhesion of vesicles. Phys. Rev. A.
42:4768-4771.

Starr, T. E., and N. L. Thompson. 2000. Formation and characterization of
planar phospholipid bila ers supported on TiO2 and SrTiO3 single
cy stals. Langmuir. 16:10301-10308.

Toikka, G., and R. A. Hy es. 1997. Direct measurement of colloidal forces
bety'een mica and silica in aqueous electroy te. J. Colloid Interface Sci.
191:102-109.

Tokumasu, F., A. J. Jin, G. W. Feigenson, and J. A. Dvorak. 2003. Atomic
force microscopy of nanometric liposome adsorption and nanoscopic
membrane domain formation. Ultramicroscopy. 97:217-2217.

Tompkins, H. G. 1993. A User’s Guide to Ellipsomety . Academic Press,
London, UK.

Watts, T. H., A. A. Brian, J. W. Kappler, P. Marrack, and H. M.
McConnell. 1984. Antigen presentation by supported planar membranes
containing affiniy -purified I-Ad. Proc. Natl. Acad. Sci. USA. 81:7564—
7568.

Yaroslavov, A. A., E. A. Kiseliova, O. Y. Uday kh, and V. A. Kabanov.
1998. Integriy of mk ed liposomes contacting a po cation depends on
the negatively charged lipid content. Langmuir. 14:5160-5163.

Yaroslavov, A. A., V. E. Kul’kov, A. S. Polinsky, B. A. Baibakov, and
V. A. Kabanov. 1994. A pol cation causes migration of negatively

charged phopholipids from the inner to outer leaflet of the liposomal
membrane. FEBS Lett. 340:121-123.

Yip, C. M., A. A. Darabie, and J. McLaurin. 2002. Ab42-peptide assembly
on lipid bily ers. J. Mol. Biol. 318:97-107.

Zhdanov, V. P., and B. Kasemo. 2001. Comments on rupture of adsorbed
vesicles. Langmuir. 17:3518-3521.

Zhdanov, V. P., C. A. Keller, K. Glasmistar, and B. Kasemo. 2000. Sim-
ulation of adsorption kinetics of lipid vesicles. J. Chem. Phys. 112:
900-909.

Biophysical Journal 88(5) 3422-3433



	Following the Formation of Supported Lipid Bilayers on Mica: A Study Combining AFM, QCM-D, and Ellipsometry
	Introduction
	Materials and methods
	Materials
	Quartz crystal microbalance with dissipation monitoring (QCM-D)
	Ellipsometry
	Preparation of PLL-g-PEG-coated AFM tips
	Atomic force microscopy

	Results
	The early phase of SLB formation
	Stability and mobility of small SLB patches
	The late phase of SLB formation
	Influence of the vesicle charge and the presence of calcium on the SLB formation on mica
	Influence of the AFM tip on the imaging of lipid vesicles and SLB patches
	Effects of the AFM tip on the apparent size of the bilayer patches and vesicles

	Discussion
	Rupture of isolated vesicles
	Rupture induced by critical vesicular coverage
	Coexistence of several vesicle rupture mechanisms
	The role of shape changes in bilayer patches
	Comparing silica and mica: the role of calcium
	Combining QCM-D, AFM, and ellipsometry
	Influences of the AFM tip on the appearance of immobilized vesicles and SLB patches

	Conclusion and perspectives
	Acknowledgement
	Supplementary material
	Appendix A
	References


