Formation of supported bacterial lipid membrane mimics
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In recent years, a large effort has been spent on advancing the understanding of how
surface-supported membranes are formed through vesicle fusion. The aim is to find simple model
systems for investigating biophysical and biochemical interactions between constituents of cell
membranes and, for example, drugs and toxins altering membrane function. Designing and
controlling the self-assembly of model membranes onto sensor substrates thus constitutes an
important field of research, enabling applications in, e.g., drug screening, dynamic biointerfaces,
artificial noses, and research on membrane-active antibiotics. The authors have developed and
investigated the formation of strongly negatively charged supported lipid membranes which
systematically mimic bacterial membrane composition on three important biosensor materials: SiO,,
TiO,, and indium tin oxide. By tuning the electrostatic interaction through balancing the lipid
vesicle charge with the ionic strength of Ca®* as a fusion promoter, the authors have optimized the
self-assembly and obtained new insights into the details of lipid vesicle-surface interaction. The
results will be useful for future development and application of specialized lipid membrane surface
coatings prepared from complex lipid compositions. The adsorption processes were characterized by
a quartz crystal microbalance with dissipation monitoring, optical waveguide lightmode
spectroscopy, and fluorescence recovery after photobleaching, which allowed the determination of

formation also of nonplanar supported lipid membranes. © 2008 American Vacuum Society.

[DOLI: 10.1116/1.2896119]

I. INTRODUCTION

The various cell membranes are crucial structural and
functional components of living cells. The outer cell mem-
brane works as an efficient electrochemical delimiter of the
cell and its surroundings, and simultaneously provides a
scaffold for functional proteins controlling communication
and transport with the outside environment.! Thus, the cell
membranes contain a variety of components which are all
associated with life-sustaining functions and the activity of
the cell. With the complexity of real cell membranes and the
organism they are surrounding, there has been a search for
simpler model systems where their properties and the prop-
erties of their constituents as well as interaction with other
molecules and influence of the environment can be investi-
gated under controlled conditions. This typically entails com-
binations with surface sensitive techniques like surface plas-
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mon resonance spectroscopy,”” waveguide spectroscopy,®”
and a quartz crystal microbalance with dissipation
monitoring.s’ﬁ’7

One model system attracting considerable interest has
been the supported lipid bilayer (SLB), formed as a planar
lipid membrane at the interface of, e.g., a biosensor and thus
functionalizing it with a lipid membrane exposing the distal
leaflet to the bulk solution and the proximal leaflet toward
the substrate.' SLBs are commonly prepared by a method
pioneered by McConnell et al..® in which vesicles in
bulk liquid are allowed to interact with a suitable surface,
the latter inducing rupture and fusion of the vesicles to a
coherent planar bilayer. The method produces—when
successful—solvent-free fluid lipid bilayers spanning even
macroscopic surface areas with few defects, which sets it
apart from methods depending on solvent thinning or
Langmuir-Blodgett transfer. This method of forming sup-
ported lipid bilayers has been investigated in detail by a
number of groups for liposomes with a low complexity in
terms of lipid composition. The formation of SLB from vari-
ous phosphocholine (PC) lipid vesicles—sometimes mixed
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with additional eukaryote lipids like phosphoserine (PS)—
has been thoroughly investigated by, for example, the Boxer
group,gﬁ11 the Brisson group,“zf17 the Decher group,lg*zo the
Kasemo group,3’6’21_24 and the Textor group.25’26 Silicon di-
oxide and titanium oxide have been mostly used for these
studies, since the spontaneous decomposition of liposomes to
SLB mainly occurs on these substrates under near-
physiological conditions. Especially interesting results with
implications for creating membranes that more closely
mimic biological lipid compositions and often include a sig-
nificant percentage of negatively charged lipids have been
obtained by, e.g., the groups of Brisson, Textor, and others
using fusogenic cations. They have shown that the presence
of Ca?* strongly promotes SLB formation in particular on
TiO, while also leading to the asymmetric distribution of
lipids between the two leaflets,'>!*16:2372

The main motivation for membrane research—including
research using SLB—has been applications in drug screen-
ing, which has resulted in less attention to surface function-
alization with membranes mimicking other organisms than
eukaryote cells (cf. the references above). Thus, despite the
number of publications in recent years on SLB formation and
the in-depth knowledge generated, there are no similar inves-
tigations on how SLBs based on, e.g., bacterial lipids, can be
self-assembled from liposomes’ unfunctionalized biosensor
substrates. Some previous attempts have been made toward
creating SLB from liposomes including some relevant lipids
for bacteria ™ or even close to complete bacterial lipid
mixtures,’28:30-31:39.40 However, these studies have mostly
used hydrophobic or polycationic polymers, which strongly
promote liposome rupture in order to improve SLB yield,
which resulted in incomplete and probably strongly pinned
SLB, or else are low coverage preparations of SLB and
vesicles on mica and glass substrates There is also lacking an
investigation of how these membranes are formed, and thus
little knowledge for improving coverage and reproducibility
of the SLB. Biosensors functionalized with lipid membranes
mimicking bacteria would be a valuable tool given the in-
creasing interest in devising new and understanding biologi-
cally derived antimicrobial agents.3 0-39-42 The mechanism for
the antimicrobial activity of most known agents—whether
synthetic or biologically derived—is at best sketchily under-
stood, but a majority and increasing number of the evolution-
ary stable (i.e., not inducing resistant bacterial strains) anti-
microbial molecules are believed to act against the bacterial
membrane or receptors in that membrane.** By functional-
ization of common biosensors for, e.g., waveguide spectros-
copy or shear acoustic wave spectroscopy, it would be pos-
sible to learn in greater biophysical detail about the
interaction between antimicrobial compounds and bacterial
cell membranes. It would also be possible to devise quick
screening protocols for their efficiency relative their effect on
already existing eukaryote membrane mimics, without re-
sorting to full-scale tests on cell.

We present an investigation of how to form solvent-free
SLB on substrates of interest in biosensor research from li-
posomes which, to varying degrees of complexity, mimics
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the cell membrane of Escherichia coli (E. coli) bacteria. It is
demonstrated how the concentration of CaCl, can be varied
to tune the vesicle-surface and vesicle-vesicle interaction to
achieve vesicle adsorption, rupture, or other aggregated
states at the interface. The process of liposome adsorption
and SLB formation is shown to follow the same basic phases
for the simpler bacterial model liposomes as observed previ-
ously for other compositions, but to be more sensitive to
CaCl, concentration. The implications of these findings for
the understanding of SLB formation induced by the presence
of divalent cations is discussed in the context of previous
work on PS-containing liposomes. A protocol is also de-
scribed for forming SLB from liposomes of E. coli total lipid
extract, having the full complexity of the lipid composition
of the bacterial membrane. However, the E. coli SLB dis-
played an intriguing behavior revealed by application of sev-
eral complementary techniques for investigating supported
lipid layers. The analysis of the data indicates the membrane
adopting a nonplanar geometry of potentially wider implica-
tion for the study of other complex lipid mixtures closely
mimicking biological membranes.

Il. MATERIALS AND METHODS
A. Materials

Ultrapure water (Millipore, France) was used for cleaning
and buffer. HEPES [4(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid] and all salts were purchased from Fluka
Chemie, Switzerland; sodium chloride and sodium dodecyl
sulfate (SDS) were purchased from Sigma-Aldrich, Switzer-
land.

B. Substrates

Quartz crystal sensors (5 MHz, AT-cut, Q-Sense Sweden),
were either purchased with 50 nm SiO, coating or coated
with 12 nm TiO, or 50 nm indium tin oxide (ITO, In,O;
90%, SnO, 10%) deposited by magnetron sputtering (in-
house, Institute of Materials Research, Singapore). Optical
waveguide light mode spectroscopy (OWLS) waveguides
(MicroVacuum, Hungary) were coated with 12 nm of SiO, or
TiO, by magnetron sputtering (Paul Scherrer Institute, Swit-
zerland). SiO,-coated waveguides were annealed at 650 °C
overnight to increase the stability of the coating before use.
Cover glass slides were used as substrates for fluorescence
recovery after photobleaching (FRAP) either as is or after
coating with 12 nm TiO, by magnetron sputtering.

C. Cleaning

All substrates were cleaned before use in UV-ozone
cleaner (Boekel UV Clean 135500, USA) for 30 min, which
also results in a complete oxidation of the surface layer. After
each measurement the sensors were cleaned in situ in the
flow cells by flowing 2% SDS followed by thorough rinsing
by copious amounts of ultrapure water and buffer at a flow
rate of 250 uL/min. Substrates for FRAP and OWLS were
cleaned with the same solutions but by exchange rinsing.
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D. Sample solutions

All lipids were purchased from Avanti polar lipids (USA).
The lipids used were 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-
sn-glycero-3-[phospho-L-serine] (sodium salt) (POPS), 1-
palmitoyl-2-[ 12-[(7-nitro-2—-1,3-benzoxadiazol-4-yl)amino]
dodecanoyl]-sn-glycero-3-phosphocholine  (NBD-PC), E.
coli total lipid extract (57.5 mol % PE, 15.1 mol % PG,
9.8 mol % cardiolipin, and 17.6 mol % other lipids). Five
different kinds of liposomes in terms of lipid composition
were prepared by bath sonication: POPC, POPC:POPS (8:2
w/w), POPC:POPG (2:1 w/w), POPE:POPG (2:1 w/w), and
E. coli total lipid extract. First lipids stored in chloroform
were mixed to the desired composition and dried into a thin
film on the bottom of a round bottom flask continuously
flushed with N, gas. The lipid film was resuspended in 10
mM HEPES buffer containing 150 mM NaCl to a concentra-
tion of 5 mg/ml. Aliquots of 1 ml were sonicated in a Pyrex
test tube immersed at a point of high local intensity in a
Branson 5210 ultrasonicator (Branson, USA). Typically the
lipid solution turned completely clear in less than 10 min,
and the total sonication time was 20 min per batch. Lipo-
somes were characterized by light scattering using a Zeta-
sizer 3000 Has (Malvern Inc., USA). The resulting lipo-
somes are monodisperse with a relatively large size
distribution: POPC 62 *22 nm, POPC:POPS 72 +26 nm,
POPC:POPG 78 +31 nm, POPE:POPG 34*+12 nm, E.
Coli total lipid extract 77*21 nm. In all experiments the
stock solution was diluted to 50 wg/ml immediately before
injection in the required buffer. Ten mM HEPES buffer with
150 mM NaCl was used for all experiments with different
concentrations of CaCl, (0, 0.2, 1, 2, and 20 mM) or 2 mM
EDTA added. Only the CaCl, concentration will be given in
the rest of the text. Precinorm® U blood serum (Roche,
Switzerland) consisting mostly of positively charged albu-
mins at pH 7.4 was used for serum adsorption experiments.

lll. MEASUREMENTS

All quartz crystal microbalance with dissipation monitor-
ing (QCM-D) (Ref. 43) experiments were conducted using a
Q-Sense E4 instrument (Q-Sense, Sweden) with four parallel
measurement chambers. Thus, the same analyte was applied
to the three different surfaces in the same experiment under
equal conditions. All measurements were carried out at
50 pL/min buffer flow and 24 °C. Exceptions are the ex-
periments on POPC:POPS liposomes on ITO, which were
made on a Q-Sense D300 (Q-Sense, Sweden) by batch injec-
tion with a gravitationally driven flow. After stabilization of
the baseline in buffer the solution was changed to the same
buffer containing liposomes at 50 ug/ml concentration and
the adsorption monitored for changes in resonant frequency,
Af, and energy dissipation, AD, as a function of time using
overtones 3 to 13 (~15 to ~65 MHz). Every experiment
ended by rinsing with a pure buffer to remove weakly bound
material. The mass can be approximately determined from
Af using the Sauerbrey relation* for liposome and planar
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supported lipid bilayers™ using Am=-17.7Af/v ng/cm?,
where v is the overtone number (all data are shown normal-
ized to v=1).

Optical waveguide light mode spectroscopy (OWLS) was
performed on an OWLS 110 (MicroVacuum, Hungary).*
Samples were injected using syringes into a liquid cell at
24 °C and 50 pg/ml concentration after a stable baseline
had been obtained through overnight incubation in the buffer.
The OWLS measures changes in the effective refractive in-
dex, n, close to the interface simultaneously for two wave-
guide modes with different polarization. After resolving the
refractive index and optical thickness of the adsorbed layer,
de Feijter’s formula® was used to calculate the mass of ad-
sorbed lipids using (dn/dc);;pig=0.18. The value for dn/dc is
not well defined in the literature and the value 0.18 cm®/g
was chosen as an approximate median value found for planar
lipid bilaye1rs.,3’46"48 where a higher value than for liposomes
is expected due to alignment of the lipids in the evanescent
field; the effective value could vary somewhat with lipid spe-
cies.

Fluorescence recovery after photobleaching (FRAP)
(Refs. 29, 49, and 50) was conducted with a confocal laser
scanning microscope (CLSM, Zeiss LSM 510, Zeiss Ger-
many). With all lipid mixtures, 2% NBD-PC (by weight) was
used as a fluorescent marker. After liposome adsorption and
possible SLB formation on a cover glass in an open cell, the
liposome solution was exchanged for pure buffer. Rinsing
was always done after an incubation time longer than needed
to reach the asymptotically stable values in the QCM-D and
OWLS experiments. A focused circular laser pulse (488 nm,
8.9 um diameter, 100% intensity) was used to bleach a spot
in the membrane. The fluidity of the membrane is measured
by the rate and percentage recovery of fluorescence intensity
of the bleached spot. The calculation of the diffusion coeffi-
cient was done based on the evaluation of Lopez et al.*’ and
Axelrod et al.>

The three techniques employed in this work are instruc-
tively complementary. The QCM-D measures water in addi-
tion to the lipid mass and is very sensitive to conformational
differences like those between lipid vesicles and SLB on the
surface. OWLS is, on the other hand, only sensitive to lipid
molecules at the interface and, having the uncertainty in
dn/dc described above in mind, one can quantify at least the
relative amount of lipid material adsorbed at the interface. It
is however difficult to distinguish between vesicle adsorption
and SLB formation. Finally, while not very quantitative and
supplying no information about kinetics, FRAP can be used
to distinguish laterally connected SLB from nondiffusing
vesicles and determine the fluidity through measuring the
diffusion constant for species within the membrane. These
techniques, when used together, allow even complex struc-
tures and phases to be resolved, which are easily overlooked
or misinterpreted from a single set of data. For a further
discussion of how this complementarity can be used for
modeling see, e.g., Refs. 3, 47, and 51.

All three surface chemistries were screened under the dif-
ferent experimental conditions described above using
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FiG. 1. QCM-D adsorption curves for POPC:POPG (2:1 w/w) liposomes as
a function of CaCl, concentration in 150 mM NaCl, 10 mM HEPES buffer
on SiO,. Open symbols show frequency shifts; filled symbols show dissipa-
tion shifts. 0 mM, squares; 0.2 mM, circles; 1 mM, upward-pointing tri-
angle; 2 mM, downward-pointing triangles; 20 mM, diamonds. Trajectories
for weak vesicle adsorption (0 and 0.2 mM), SLB formation (1 and 2 mM)
and aggregation (20 mM) can be observed.

QCM-D and the adsorption trajectories classified as de-
scribed in Sec. IV. The main focus was on finding conditions
which produce SLB, so the most promising conditions and
some controls were chosen for further characterization with
CLSM and OWLS to measure lateral fluidity and approxi-
mate uptake of lipid mass. The criteria for determining
whether a SLB was formed or not from QCM-D measure-
ments were a final Af close to 26 Hz and AD close to 0
X 107 when not stated otherwise, as have been demon-
strated to be appropriate values corresponding to a SLB in
various previous investigations.6’7’24’26 All measurements
were repeated two times or more to check reproducibility.

IV. RESULTS

A. QCM-D trajectories for liposome surface
interactions

Figure 1 shows examples of adsorption kinetics measured
by QCM-D for the adsorption of POPC:POPG (2:1 w/w) on
Si0, at different CaCl, concentrations. The different repro-
ducible trajectories correspond to different outcomes of the
adsorption process. For convenience we have grouped the
trajectories into three main possible outcomes: (i) vesicle ad-
sorption (cf. 0 and 0.2 mM CaCl, in Fig. 1); (ii) SLB forma-
tion (cf. 1 and 2 mM CaCl, in Fig. 1); and (iii) aggregation
(cf. 20 mM CaCl, in Fig. 1). Of these three, the first two
have well-known characteristic QCM-D kinetics established
in earlier work.® Vesicle adsorption yielding a monotonic in-
crease in dissipation and a decrease in frequency with a high
AD/Af ratio can be distinguished from SLB formation with
its typical three phase kinetics.**>? After the initial vesicle
adsorption, vesicle rupture starts to dominate over adsorption
and a release of trapped water yields a net increase in f.
Simultaneously, dissipation, originally high due to adsorbed
soft vesicles, is decreased as the supported lipid bilayer is
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FiG. 2. QCM-D adsorption curves for E. coli total lipid extract liposomes
adsorbing on TiO, at different CaCl, concentrations. Open symbols show
frequency shifts; filled symbols show dissipation shifts. 2 mM EDTA,
squares; 0 mM, circles; 0.2 mM, upward-pointing triangle; 1 mM,
downward-pointing triangles; 2 mM, diamonds; 20 mM, stars.

formed, which is rigid to shear oscillations. After vesicle
adsorption and rupture is completed the net change is Af=
(=27)- (=24 Hz)(~450 ng/cm?) depending on lipid com-
position, and AD<0.3X 10~® depending on lipid composi-
tion, surface attraction, and number of defects.®”* The ag-
gregation behavior has previously not been characterized and
will be further discussed below, but has previously been ob-
served for lipid systems with high charge density and diva-
lent cations.'* In terms of QCM-D response, aggregation was
set to correspond to continuous high mass uptake at an in-
creasing high AD/Af ratio, which exceeds that observed for
adsorption of a vesicle layer.

Two additional outcomes can be observed. The first is no
adsorption at all, which has only rarely been observed for
inorganic interfaces, but can be caused by strong charge
repulsion.14’26 It is also possible to get a partial SLB forma-
tion, i.e., incomplete vesicle rupture, and end up with a stable
mixture of vesicles and supported lipid bilayer islands on the
surface. The former is recognized by QCM-D as no mass
uptake, the latter typically as following the same kinetics as
for SLB formation described above, but with an incomplete
increase in f and decrease in D after the extreme points,
yielding a remaining response of Af<-30 Hz and AD>1
X 107 (cf. Fig. 2).

1. POPC:POPG and POPE:POPG liposome-substrate
interaction

Tables I and II show the outcome of the screening for
adsorption of POPC:POPG (2:1 w/w) and POPE:POPG (2:1
w/w), with the most optimal conditions for SLB formation
highlighted. The results indicating SLB formation were fur-
ther confirmed by OWLS measurements typically yielding a
lipid mass close to 310 ng/cm?, yielding a corresponding
area per lipid of ~75 A, in the range of published area val-
ues for lipid bilayers.48 Typical mass values obtained for
vesicle adsorption were substantially higher and showed
longer times for adsorption. FRAP was used as further veri-
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TABLE L. Outcome of adsorption of POPC:POPG (2:1 w/w) liposomes to

Si0,, TiO,, and ITO substrates at varying concentration of CaCl,.

¢(CaCl,)
(mM) SiO, TiO, 1TO
0 Vesicles No adsorption
0.2 Vesicles Vesicles Vesicles
1 SLB Vesicles Vesicles
2 SLB Vesicles Vesicles
20 Aggregation SLB Aggregation

fication that the standard interpretations of QCM-D and
OWLS data could be applied also for bacterial mimic SLB.
Typical recovered fractions of ~90* 10% and diffusion co-
efficients on the order of 5X 10~ cm?/s were obtained for
SLBs, around 30% recovery for typical partial SLB forma-
tion and no recovery for vesicle adsorption. Although typi-
cally diffusion coefficients a factor of ~2-4 higher are
found in the literature for phosphocholine SLBs on
SiO,/glass than measured for the bacterial mimic
membranes,1 we got identical diffusion coefficients ~5
X 107 cm?/s for POPC SLB on the SiO, substrates used in
this study as for the bacterial membrane mimics.

2. E. coli total lipid extract liposome-substrate
interaction

The results of QCM-D measurements for E. coli total ex-
tract liposome adsorption on TiO, at different concentration
of CaCl, are shown in Fig. 2. A comparison of these data and
kinetics to the typical case for SLB formation discussed in
the beginning of Sec. IV seems to indicate that partial SLB
formation (the local maximum and minimum in AD and Af,
respectively) initially occurs, followed by possible aggrega-
tion for E. coli total extract liposomes. Figure 3 shows data
for E. coli total extract liposomes adsorbed on TiO, at 1 mM
CaCl, concentration measured by QCM-D, OWLS, and
FRAP, respectively. As can be observed, our preliminary
analysis of the QCM-D data is contradictory to the other data
sets. While the QCM-D indicates a continued mass increase
and likely aggregation, the OWLS data show typical kinetics
with a pronounced kink for SLB formation (cf. Refs. 3 and
51) and a continuous mass loss during the final phase. The
FRAP recovery curves—one of which is displayed in Fig.

TABLE II. Outcome of adsorption of POPE:POPG (2:1 w/w) liposomes to
SiO,, TiO,, and ITO substrates at varying concentration of CaCl,.

¢(CaCl,)
(mM) SiO, TiO, ITO
0 Vesicles SLB Vesicles
0.2 Partial SLB SLB Partial SLB
1 Partial SLB SLB Partial SLB
2 Aggregation SLB Aggregation
20 Very low and slow adsorption
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FiG. 3. Complementary measurements for E. coli total lipid extract lipo-
somes adsorbing to TiO, in the presence of 1 mM CaCl,. (a) QCM-D
frequency (wet mass) and dissipation. (b) OWLS (dry) mass. (c) Fluores-
cence recovery after photobleaching of a spot in the adsorbed film. (d)
Comparison of no adsorption of serum after addition to the adsorbed film on
TiO, (Af, open squares; AD filled squares) compared to significant adsorp-
tion for the partial SLB formed on SiO, (Af, open circles; AD filled circles)
under the same conditions. (e) Probable conformation of the adsorbed lipid
film by comparison of the complementary measurements: a nonplanar SLB.
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3(c)—shows that the lipid layer on the surface has a lateral
fluidity allowing close to 100% recovery. The recovery is
however much slower than usually observed for supported
lipid bilayers and does not follow the expected profile for the
bleaching geometry; thus, it cannot be accurately fitted to
obtain a diffusion coefficient. Furthermore, a large
variation—approximately a factor of 2—in recovery rate
(comparing the almost linear slopes) was observed. The
complementary results were similar to this for 0.2-2 mM
CaCl, concentrations on TiO,, where the QCM-D curves can
be seen clustering close to each other.

V. DISCUSSION

In all the measurements a similar proportion (20
—30 mol %) of anionic to zwitterionic lipids has been used,
with the concentration of CaCl, varied in order to probe the
liposome interaction with the different substrates under the
influence of this known fusogen. Despite the similarities of
the liposomes at first glance, strikingly different outcomes
and kinetics could be observed, where the most complex of
the lipid mixtures, E. coli total lipid extract, stands out.

A. E. coli total lipid extract SLB

QCM-D data for E. coli total extract liposomes seemed to
indicate a partial SLB formation under most conditions on
Si0, and TiO, and no conditions for a complete SLB forma-
tion. However, comparing the data sets in Fig. 3 for E. coli
liposome adsorption on TiO, at I mM Ca** nominally show-
ing partial SLB formation, it is clear that a conventional
interpretation of the QCM-D data might be wrong. While
after partial SLB formation QCM-D shows an increase in
AD/Af, indicating a layer which couples more and more
liquid, OWLS shows a decrease in the amount of lipid mass
at the interface at the same time. Also, the FRAP measure-
ment gives indisputable evidence of SLB on the surface,
since SLB is the only laterally connected lipid structure that
could yield a complete fluorescence recovery,53 unless a
complex network of interconnected liposomes is assumed.
The latter is however not compatible with a decreasing
OWLS mass when the QCM-D mass increases, since a grow-
ing network of interconnected liposomes would cause both
QCM-D and OWLS mass to increase. Additionally, serum
was added after completed adsorption which should not ad-
sorb to SLB,* although it adsorbs strongly to the bare sub-
strate in control experiments. Serum adsorption was not ob-
served [Fig. 3(d)] after rinsing for the same systems where
FRAP and OWLS indicated SLB formation and thus con-
firmed a complete SLB, but were observed in cases of only
partial SLB formation to be more than 150 ng/cm?. This
observation is somewhat inconsistent with the quite high ad-
sorption of serum on both SiO, and TiO, for POPC:POPS
SLBs with similar anionic charge density observed by Ros-
setti er al.”> The significantly lower serum adsorption on
TiO, was interpreted as a result of most of the negatively
charged PS head groups in the surface proximal leaflet, and
the higher uptake on SiO, as binding of serum proteins to PS
head groups through various mechanisms. It cannot be con-
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TaBLE III. Outcome of adsorption of E. coli total lipid extract liposomes to
SiO,, TiO,, and ITO substrates at varying concentration of CaCl,.

¢(CaCl,)

(mM EDTA) SiO, TiO, ITO

2 mM EDTA Partial SLB Partial SLB Vesicles

0 Partial SLB Partial SLB Vesicles/aggregation
0.2 Partial SLB SLB Vesicles/aggregation
1 Partial SLB SLB Vesicles/aggregation
2 Partial SLB SLB Vesicles/aggregation
20 Very low and slow adsorption

cluded if the presented suppression of serum adsorption for,
e.g., E. coli total lipid layers on TiO,, but not on SiO,, is due
to a special binding of the serum to negatively charged lip-
ids, e.g., in the presence of Ca®*, resulting in a stronger non-
specific adsorption, or if there are other differences of impor-
tance in the preparations. One distinct difference is that E.
coli total lipid has PG as the dominating negatively charged
lipid and does not contain PS. Although, based on the results
of Rossetti et al., the serum binding to E. coli lipid layers on
SiO, could be nonspecific adsorption to a SLB, the compari-
son of TiO, and SiO, results leads us to conclude the adsorp-
tion outcomes listed in Table III from the total set of data.
The complementary data sets can be reconciled if a non-
planar SLB is considered. E. coli total lipid extract includes
a multitude of lipid species which will prefer a curved mem-
brane and could phase segregate to form a local high curva-
ture. Partial phase segregation of lipid species could, e.g., be
driven by local variations in ionic charge known to have a
stronger attraction on certain lipids and could induce
curvature.” The local high concentration of cations at the
substrate interface could in itself impose a higher curvature
on one side of the membrane from variations in electrostatic
screening across the membrane, as has been recently
demonstrated.”>® An increased water coupling of the
QCM-D is to be expected if this causes E. coli SLB to in-
creasingly undulate.™ Similarly, the average distance of the
lipids within the evanescent field, which has a higher inten-
sity and thus sensitivity closest to the interface, increases and
the apparent sensed mass could decrease without an actual
loss of lipid material from the SLB.>"" A curved membrane
at the interface also has a lower apparent refractive index to
linearly p-polarized light in the OWLS evanescent field and
thus an apparent lower mass loading when using this
tf:chnique.48 Finally, a nonplanar geometry with partially
phase segregated lipids could explain the slower (but com-
plete) fluorescence recovery and unusual diffusion profile. It
has previously been described how, e.g., surface pinning of
one lipid species can decrease the fluidity of another labeled
lipid species, leading to altered diffusion profiles and recov-
ery rates.'>27% A competing hypothesis of adsorbing ad-
ditional layers of— possibly interconnected—Iliposomes on
top of a first formed SLB which would fit, e.g., the QCM-D
data and suppression of serum adsorption, does not agree
with first and foremost the OWLS showing a decrease in
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lipid mass rather than an increase, and is also difficult to
reconcile with the lateral diffusion shown by FRAP.

B. Mechanism for SLB formation

The mechanism for formation of bacterial membrane SLB
is likely similar to what was recently described by Rossetti et
al. for DOPC:DOPS liposomes in the presence of Ca2+?
This claim is supported by the higher instance of successful
SLB formation with Ca** on TiO, than on SiO,. TiO, has a
particularly strong interaction with Ca?* ions and in the pres-
ence of Ca’* the interface between TiO, and the buffer
quickly gets saturated® and goes from a considerable nega-
tive zeta potential (=33 mV at pH 7.4) to more or less
neutral.”® This process does not occur on SiO,, where the
slightly lower negative charge density than on TiO, stays
approximately the same after Ca>* addition.”***% The pres-
ence of Ca’>* has been shown to promote the fusion of
vesicles and SLB formation for a range of lipid species both
on SiO, and TiO,,"'"*1%""22 byt in particular for suffi-
ciently high PS concentration (>20 mol %) negatively
charged posphoserine lipids on TiOz.26 The latter is due to a
strong complex formed between the PS head group and the
Ca’* at the TiO, interface.* Although this complexation
might not occur for other anionic lipids such as, e.g., the PG
head group present at a similar concentration in the bacterial
membranes, the predominantly electrostatic interaction of the
anionic head groups with the Ca’* at the TiO, interface
might cause an increased deformation of the liposome mem-
brane once it has adsorbed to increase the probability of rup-
ture. Previous investigations of bacterial liposomes have also
indicated that the presence of Ca’* as a fusogen increases the
vesicle propensity to rupture at the interface.””***" This is a
likely interpretation of the facilitated formation of SLB on
TiO, compared to SiO, under the same conditions. The ob-
jective in this study was to mimic E. coli lipid membrane
composition and thus the concentration of anionic lipids was
not systematically varied, but it is interesting to note that the
concentration of those lipids is at or above the concentration
threshold reported for DOPS lipids for SLB formation in the
presence of Ca>* on TiOz.26 The presented results thus seem
to indicate that the special complexation of PS-Ca”* is not
needed to increase the vesicle-surface interaction sufficiently
for SLB formation on TiO,; indeed, the local overcompen-
sation of positive charge from Ca?* at the interface can pro-
vide a sufficiently strong electrostatic attraction to anionic
lipid head groups.

Another interesting note is that the choice of PE or PC as
the bulk lipid has strong implications as well for whether
SLB formation occurs. While POPC slightly favors SLB for-
mation on SiO,, POPE strongly favors SLB formation on
TiO,, as shown by comparing the results for POPC:POPG
and POPE:POPG liposomes (Tables I and II). PC lipids have
long been known to interact strongly with SiO, to form
SLB,® while POPE has not been much investigated yet in this
respect. However, POPE has a conical shape factor with a
negative intrinsic curvature, which will make it preferentially
insert in the inner leaflet of a curved membrane.* The
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smaller projected head group area to tail region of POPE has
previously been proposed to facilitate the fusion and rupture
of bulk liposomes, especially at modest molar ratios.” Ros-
setti et al. have suggested that the flip-flop of lipids between
the leaflets when DOPS is enriched in the leaflet proximal to
the substrate might in itself facilitate liposome rupture. With
POPE creating a higher solvent accessible area in a planar
membrane and with a driving force to enrich in the inner
liposome leaflet, the mechanical stability of the membrane
could be lower than for POPC and lead to a higher propor-
tion of POPG already in the outer leaflet of the liposomes
before adsorption, and a facilitated flip-flop of POPG upon
adsorption. The pure effect on mechanical stability, however,
does not seem to influence the trajectory significantly, given
a comparison of the results on SiO, where POPE:POPG li-
posomes are more stable than POPC:POPG. The different
results for POPE:POPG and POPC:POPG could also be due
to differences in direct interaction between PE and PC head
groups with the respective substrates. Given that SLB forma-
tion on TiO, occurs also at close to 0 mM Ca>* for POPE:P-
OPG liposomes and partial SLB formation for E. coli lipo-
somes (containing 57.5 mol % PE) even when EDTA is
added to remove any trace amounts of Ca®*, this is a strong
indication that POPE itself has a strong interaction with TiO,
after the adsorption barrier has been passed, just like POPC
has on SiO,. The relative deformation of liposomes on the
surface before rupture can be estimated from the AD/Af
ratio, where a smaller ratio indicates a higher deforma-
tion. >33 Furthermore, it is established that liposome defor-
mation is related to the strength of the interaction with the
substrate, and a higher deformation indicates a higher pro-
pensity to vesicle rupture and SLB formation,'->+26:66.67
Thus, it is interesting in this context to note in Fig. 4 that
differences in liposome deformation between TiO, and SiO,
are small, especially for POPC:POPG and POPE:POPG lipo-
somes. Rather, the main difference that is observed is just
one of critical vesicle coverage before rupture occurs (cf.
Refs. 21-23 and 68). For E. coli liposomes a slightly larger
difference is observed. Thus, except for the case of E. coli
liposomes, an initially stronger vesicle-surface attraction and
deformation cannot explain the preferential SLB formation
of one lipid mixture over the other.

For all substrates and liposomes, increasing the Ca** con-
centration to 20 mM resulted in a completely different ad-
sorption kinetics. Typically, adsorption occurred at a much
slower rate, although not as pronounced for POPC:POPG
liposomes. Apparently the barrier to adsorption was in-
creased and, additionally, some aggregation might have oc-
curred already in the bulk, leading to a slower diffusion to
the surface.

C. Liposome adsorption on ITO

So far, the difference between SiO, and TiO, has been
discussed. A bit surprisingly, SLB formation was never found
to occur on ITO under any of the screened conditions. Gen-
erally, liposomes only adsorbed very slowly with a high
AD/Af ratio, indicating a film of almost unperturbed lipo-
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FIG. 4. Typical AD vs Af plots for adsorption of the three different bacterial

mimic liposomes on SiO, (squares), TiO, (circles), and ITO (diamonds). (a)
POPC:POPG (2:1 w/w), 1 mM CaCl,. (b) POPE:POPG (2:1 w/w), 1 mM

CaCl,. (c) E. coli total lipid extract, 2 mM CaCl,. Similar ratios of AD to Af

indicate similar deformation of liposomes on the surface. For E. coli lipo-
somes a significant difference in AD/Af is observed, while for POPC:POPG
and POPE:POPG liposomes the initial slopes only show small variations
between the different conditions.

somes or multilayers of liposomes adsorbed weakly at the
interface. If Ca®* concentration was increased to induce rup-
ture, the typical result was aggregation occurring on the sur-
face. This was rather unexpected since preliminary measure-
ments using liposomes with similar negative charge, but a
mixture of POPC and POPS as well as vesicles containing
100% POPC, could be made to fuse to ITO under some
conditions (Fig. 5). While the formation of SLB from
POPC:POPS (8:2 w/w) liposomes was highly reproducible,
SLB formation for 100% POPC did not always occur, which
indicates a high sensitivity for this process to minor varia-
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FI1G. 5. QCM-D kinetics (open symbCaCl,o0ls show frequency shifts; filled
symbols show dissipation shifts) of adsorption of POPC (0 mM CaCl,, stars)
and POPC:POPS (8:2 w/w) liposomes (0 mM CaCl,, squares; 1 mM CaCl,
circles; 2 mM , diamonds) on ITO.

tions in properties of ITO coatings and/or experimental con-
ditions beyond current control. Especially for the
POPC:POPS liposomes, it was observed that the extremum
points in both Af and AD, which indicate the buildup of a
critical coverage of vesicles on the surface before vesicle
rupture and SLB formation starts,”> % were very low. This
is a strong indication that a significant rupture of single lipo-
somes occurs directly upon adsorption, without the need for
critical coverage as previously observed on, e.g., mica.'” Fur-
thermore, correlating with this suppression of extremum val-
ues is a reduced total mass measured by the QCM-D for the
SLB, which in itself signals an unusually strong interaction
between the SLB and substrate, possibly leading to a com-
plete removal of the ~1 nm water film between the SLB
and the substrate® at 2 mM CaCl,, where the SLB mass is
reduced by one fifth, although without additional verification
it cannot be ruled out that there is an incomplete coverage of
SLB giving rise to this response. Only a few cases of SLB
formation on ITO have previously been demonstrated, but
they have also required formation in solvent,”™” on a poly-
mer brush’"’? or by annealing of positively charged
membranes.”>"* None has examined the detailed structure of
the film, which could be compared to the results presented
here indicating a closely adhering SLB on the ITO.

D. Partial SLB formation

Typically, SLB formed by liposome fusion contains a
small number of defects occupied by liposomes, which in
QCM-D data is revealed as a dissipation shift slightly higher
than 0X 107® and a less than full recovery in FRAP. These
are however typical variations for SLB formation on macro-
scopic samples, and only conditions showing a remaining
high percentage of the surface covered by liposomes should
be classified as partial SLB. Partial SLB formation was pri-
marily observed for E. coli total extract liposomes on SiO,,
although it cannot be ruled out that vesicles not undergoing
rupture are still remaining on the surface in some of the other
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cases classified as SLB. Partial SLB formation occurs when
the driving force for vesicle rupture is not strong enough to
force rupture of all vesicles, or possibly when lipids on the
surface are too strongly pinned to spread the rupture to lipo-
somes on the entire surface.

E. Aggregation

The adsorption trajectory referred to as aggregation was
observed mainly when the concentration of Ca®* was in-
creased. This could occur for a certain substrate after either
vesicle adsorption had occurred at a lower Ca®* concentra-
tion or after vesicle adsorption, and then at least partial SLB
formation had been observed at higher Ca>* concentration. If
the resulting increase in coupled mass and dissipation re-
sulted from the fusion of smaller vesicles into larger, the
AD/Af ratio (AD increasing rapidly for a small decrease in
Af, cf. the 20 mM Ca2* curve in Fig. 1) would be lower.”
Instead, the strongly increasing AD/Af ratio, together with
the increase in absolute frequency and dissipation shifts,
strongly suggests an extended matrix of coupled vesicles ad-
sorbed in multilayers. These could either be loosely associ-
ated with each other or form an interconnected network of
hemifused liposomes. It could also be a sign of that a sig-
nificant aggregation of liposomes occurs already in solution
at these Ca®* concentrations, as is known to occur for some
lipid compositions, although to our knowledge not studied
for the systems under investigation here. However, while the
process is significantly slowed down after the removal of
liposomes from the bulk solution, it still seems to occur. This
behavior is similar to what has been observed and named
restructuration for DOPC:DOPS vesicles in the presence of 2
mM Ca?+,'* although for those preparations the addition of 2
mM EDTA collapses the soft structure to something similar
to a SLB. The mechanisms at work in that case and for the
aggregation behavior of the bacterial membrane mimics pre-
sented here are probably closely related, despite the impor-
tant differences in terms of reversibility and much faster for-
mation and extension of the formed structures for bacterial
mimics.

Interestingly, while aggregation obviously resulted in an
extended film, the substrate obviously plays a role for
whether aggregation occurs or not. It cannot be fully ex-
plained as the aggregation of negatively charged vesicles due
to bridging by Ca®* ions, since it is not observed under iden-
tical conditions on the different substrates and also did not
seem to correlate with the overall liposome charge density of
anionic lipid. These are strong indications that what is ob-
served is a surface induced effect, which at most is modified
but not dominated by, e.g., liposome aggregation in the bulk.
It can also be observed that aggregation occurred at a lower
Ca”* concentration for POPE-rich liposomes, which in addi-
tion to being more bacterialike than their POPC equivalent
also should be more fusogenic due to the symmetry breaking
shape of PE.** The formation of hemifused liposomf:564’75
promoted by PE lipids and a particular surface deformation
of the first layer of vesicles could be one hypothesis to ex-
plain these findings. Whatever the interaction, it is suffi-
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ciently strong to make it impossible to remove the aggre-
gated structure either by rinsing at high shear flow or by
introducing EDTA buffer to remove the calcium, but studies
on hemifused liposomes have shown them to be quite stable
systems75 Only further aggregation could be prevented this
way. It thus seems plausible that, as suggested before, a con-
formational change occurs at open edges in the membrane.
Possibly the more dissimilar shape factors of the lipids in the
bacterial mimics aid faster formation and induce stronger
curvature in an extended deformed membrane, which leads
to such deformed conformations that even by removal of
Ca”* the kinetic barrier to go back to a more planar, fully
connected SLB is too high for it to be observed.

F. Implications for SLB formation from complex
mixture anionic liposomes

The mechanism for forming SLB from net anionic lipo-
somes using Ca?* as a mediator and facilitator appears, from
the presented results, robust and not limited to a special
strong interaction with PS head groups. As long as a suffi-
ciently high mol-percentage of anionic lipids, tentatively
>15-20% is present, SLB formation can be achieved in the
presence of a low concentration of Ca*>* on TiO,, and under
more restricted conditions on SiO,. However, a too high
Ca’* concentration, which from a few exploratory experi-
ments could be as low as 2-5 mM Ca?*, can cause significant
aggregation of lipidic structures at the interfaces, leading to a
situation where a well defined single SLB cannot be ob-
tained. At high (20 mM) Ca?* concentration not even signifi-
cant adsorption could be achieved for most of the investi-
gated systems, demonstrating that in order to use Ca’* to
facilitate SLB formation by negatively charged liposome fu-
sion Ca’* has to be tuned in a narrow range between
~0-5 mM.

VI. CONCLUSIONS

We have shown that the formation of planar supported
lipid bilayers can be achieved using a Ca**-containing buffer
for a wider range of lipid compositions than previously dem-
onstrated. Especially, TiO, is a suitable substrate for this
strategy. On TiO, the main mechanism seems to be the elec-
trostatic interaction between Ca** accumulated at the solid
interface interacting with anionic lipid head groups. In par-
ticular, we have found proper conditions for forming SLB for
three lipid compositions mimicking E. coli lipid membranes,
including E. coli total lipid extract on typical biosensor coat-
ings. These model systems can be of great benefit for study-
ing the interaction of antibiotic compounds thought to act on
bacterial membranes using membrane-modified biosensor
supports.

Complete bacterial mimic SLB could not be formed on
ITO, although it was shown that, for other lipid mixtures
used as controls, SLB formation on ITO can easily occur
and, especially in the presence of calcium with anionic lipo-
somes, lead to fast rupture of liposomes on the surface and a
tightly bound SLB.

In the act of proving that E. Coli total lipid extract can
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form SLB, it was demonstrated how measurements with
complementary techniques are imperative to correctly inter-
pret data for membrane structures undergoing conforma-
tional changes and assuming dynamic 3D structures. The hy-
pothesis fitting the combined results of QCM-D, OWLS, and
FRAP was that of an undulating SLB, which by QCM-D
alone traditionally would be classified as a partial SLB, by
OWLS showing an unusually high lipid mass, and by FRAP
an unusual and slow fluorescence recovery. The high com-
plexity of the E. coli total lipid extract mixture and potential
surface-induced lipid phase segregation was the likely reason
for formation of the —with time—increasingly nonplanar
SLB. This has implications for future creation of other SLB
with complex composition, where thus not only segregation
of lipids between the two leaflets but also conformational
changes induced by transversal or lateral lipid phase segre-
gation could be observed.
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