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The integrity of supported phospholipid bilayer membranes is of crucial importance for the investigation
of lipid-protein interactions. Therefore we recorded the formation of supported membranes on SiO, and
mica by quartz crystal microbalance and controlled the integrity by atomic force microscopy. This study
aims to analyze how membrane defects affect protein-lipid interactions. The experiments focused on a
lipid mixture of POPC/DOPC/Chol/POPS/PI(4,5)P, (37:20:20:20:3) and the binding of the peripheral mem-
brane associated protein annexin A2. We found that formation of a continuous undisturbed bilayer is an
indispensable precondition for a reliable determination and quantification of lipid-protein-interactions.
If membrane defects were present, protein adsorption causes membrane disruption and lipid detachment
on a support thus leading to false determination of binding constants. Our results obtained for PI(4,5)P,
and cholesterol containing supported membranes yield new knowledge to construct functional surfaces
that may cover nanoporous substrates, form free standing membranes or may be used for lab-on-a-chip
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1. Introduction

Supported phospholipid membranes have been used for versa-
tile applications, such as phase separation studies of lipids [1]
and/or the characterization of protein adsorption. The apoptosis
marker annexin A5 [2,3] or streptavidin, a protein often employed
in biosensor applications [4,5], have been frequently considered to
investigate lipid-protein-interactions at membrane surfaces.

Important for these investigations is the lipid mixture, which
should resemble to some extend the natural composition of a bio-
logical membrane. In vertebrates, the plasma membrane contains
significant levels of negatively charged lipids, such as phosphatid-
ylserines (PS), furthermore the phosphatidylcholines (PC), about
30-40% cholesterol and ~1% phosphatidylinositol-(4,5)-bisphos-
phate (PI(4,5)P,) [6-10]. Thus we used a lipid mixture of POPC/
DOPC/Chol/POPS/PI(4,5)P, (37:20:20:20:3), which contains a high
degree of unsaturated lipid acyl chains, mimicking the fluid nature
of cellular membranes [11]. Solid supported bilayers (SLBs) form in
several steps from vesicles and contain a variable water hydration

Abbreviations: SUV, small unilamellar vesicles; SLB, supported lipid bilayer;
AnxA2, annexin A2; A2t, (AnxA2-S100A10); AFM, atomic force microscopy; QCM-
D, quartz crystal microbalance with dissipation monitoring.
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layer of 1-2 nm thickness between membrane and support (see
review by Castellana et al. [12]). The formation of a PI(4,5)P, con-
taining supported bilayer proceeds significantly faster and more
reliable, when a buffer of low pH is used to minimize SUV surface
charge [13,14]. However, a mixture containing both, PI(4,5)P, and
cholesterol was not characterized in detail yet. Previous work
applied the peripheral membrane associated protein annexin A5
to mechanically stabilize a lipid monolayer [15]. We here apply
another member of the annexin protein family, annexin A2 or
AnxA2 to probe lipid bilayer stabilization and to characterize the
adsorption behavior.

Such a characterization of supported lipid bilayers is important
for biosensor applications [16] using nanoporous substrates [17],
protein nanopores [18] or nano-chip based sensors [19,20]. Fur-
thermore, phospholipid bilayers of complex composition may be
a target for drug screening on nanopores employing for example
protein channels or blood brain barrier (BBB) membrane transport-
ers like the ABC-transporter [21].

2. Materials and methods
2.1. Materials

The lipids, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(sodium salt) (POPS), 1,2-dioleoyl-sn-glycero-3 [phosphoinositol-
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4,5-bisphosphate] (triammonium salt) (PI(4,5)P,), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glyce-
ro-3-phosphocholine (DOPC) were supplied by Avanti Polar Lipids
Inc. (Alabaster, USA). Cholesterol was purchased from Sigma-
Aldrich Life Science (Munich, Germany). HBS buffer contained
10 mM HEPES, 150 mM NacCl, pH 7.4. Citrate buffer contained
10 mM trisodiumcitrate, 150 mM NaCl and was adjusted to pH 4.6.

2.2. Vesicle preparation

Lipids and cholesterol stocks were dissolved in chloroform/
methanol (1:1, v/v) (except PI(4,5)P,; it was dissolved in chloro-
form/methanol/water, 20:9:1, v/v). After preparation of the lipid
mixture, solvents were removed at 50 °C under a stream of nitro-
gen and thoroughly dried in vacuum overnight at 50 °C. Lipid films
were suspended in the citrate buffer at 50 °C for 30 min with sub-
sequent vortexing every 5 min. The resulting multilamellar vesi-
cles were extruded 31 times through a polycarbonate membrane
with 50 nm pore size at 50 °C (Avestin Liposofast, Ottawa, Canada).

2.3. Preparation of solid supported membranes

SiO, surfaces were cleaned and hydrophilized by 10 min UV/
Ozone treatment, 30 min rinsing in 2% (w/v) SDS, 10 min UV/Ozone
treatment and finally 3 min O,-plasma treatment (Harrick Plasma,
Ithaca, USA), subsequently rinsed with ultra pure water and dried
under a stream of nitrogen. Mica was freshly cleaved before use.
Then small unilamellar vesicles (0.1-0.2 mg/ml, 50 nm) were incu-
bated at T > Tpipia ON the support. After bilayer preparation, the
citrate buffer was exchanged by HBS pH 7.4.

2.4. QCM measurements

QCM experiments employed Q-Sense E4 QCM-D at 20 °C (Q-
Sense, Gothenburg, Sweden). The flow chambers were connected
to a peristaltic pump (Ismatec IPC, Glattbrugg, Switzerland) using
a flow rate of 80.4 pl/min. Frequency and dissipation shifts of the
7th overtone resonance frequency of the sensor (QSX 303, 50 nm
Si0,, 5 MHz) were recorded.

2.5. AFM measurements

AFM employed a NanoWizard® 3 BioScience AFM (JPK Instru-
ments AG, Berlin, Germany) on a Zeiss Axio Observer D.1 (Carl
Zeiss AG, Oberkochen, Germany). For data analysis the JPK data
processing software and Gwyddion were used. Intermittent con-
tact measurements were done at 1 Hz line rate using MSCT canti-
lever with a nominal spring constant of 0.03-0.1 N/m and a silicon
nitride tip. For calibration, thermal noise measurements were used.
The force curve tip velocity was 0.5 pm/s. The scratching experi-
ment was performed in contact mode at a line rate of 10 Hz with
an increased set point, repeated 5 times.

2.6. Protein purification

AnxA2 and A2t were expressed and purified following a modi-
fied protocol from Nazmi et al. [22] as described [11].

3. Results

The deposition and formation of supported membranes on a
SiO, substrate was monitored using the quartz crystal microbal-
ance technique. The measured frequency shift (AF = F(t) — Fp) is
proportional to the adsorbed mass on the sensor surface [23,24]
and the change in dissipation (AD = D(t) — Do) is an indicator of

the viscoelastic properties of the adsorbed layer or adlayer [24-
26]. The formation of a supported bilayer involves several steps
from vesicle adsorption, flattening, rupture and/or fusion and
finally the formation of the bilayer [12]. Bilayers fabricated from
simple lipid mixtures and their analyses by QCM have been
described in detail [27,28]. Lipid mixtures containing negatively
charged lipids like PI(4,5)P, or the combination of PI(4,5)P, and
cholesterol can rapidly form bilayers, however only, if a buffer sys-
tem with low pH is employed. This is more important than the use
of bivalent ions like Ca?* or Mg?* to reduce vesicle repulsion and
increase their surface affinity [13] (Driicker et al., submitted).
The formation of a POPC/DOPC/Chol/POPS/PI(4,5)P, (37:20:20:
20:3) bilayer is shown in Fig. 1. When the sensor surface was equil-
ibrated in 10 mM trisodiumcitrate, 150 mM NaCl, pH 4.6 (citrate
buffer) (Fig. 1A, arrow A), the adsorption of the SUV suspension
(arrow B) resulted in the formation of a stable membrane
(AAF=29.4+0.4Hz, AAD=0.39+0.14 - 10°%), which can be
rinsed, HBS + 250 pM Ca?" to raise the pH to physiological values
(Fig. 1A, arrow C). This membrane may be further stabilized by pro-
tein adsorption. To study this we applied a peripheral membrane
associated protein of the annexin family, the annexin A2 (AnxA2).
This protein binds calcium dependently to negatively charged
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Fig. 1. Solid supported lipid bilayer covered by reversible protein adsorption. (A)
Formation of a POPC/DOPC/Chol/POPS/PI(4,5)P, (37:20:20:20:3) solid supported
bilayer. The clean SiO, surface is equilibrated in buffer (arrow A), before the SUV
suspension is added (arrow B). Upon formation of a solid supported bilayer, the
membrane was rinsed with HBS, pH 7.4 + 250 uM Ca" (arrow C). (B) Long term
membrane coverage by adsorption of AnxA2. The addition of 50 nM AnxA2 in
HBS + 250 uM Ca?* leads to adsorption of a protein adlayer (arrow A). After addition
of HBS + 2 mM EGTA, the protein adlayer can be reversibly removed (arrow B) and
rinsed with new buffer e.g. HBS, pH 7.4 + 250 uM Ca?* (arrow C). Note the reversible
desorption of mass up to the original bilayer value (blue line). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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phospholipid membranes and can be reversibly removed by cal-
cium-chelating agents [29-31]. The adsorption of 50 nM AnxA2
leads to the formation of a protein adlayer (Fig. 1B, arrow A), that
was stable for several hours (Figs. 1A and S1) and could be revers-
ibly removed by washing with HBS + 2 mM EGTA (Fig. 1B, arrow B).
When the surface was washed subsequently with the buffer used
before protein adsorption (HBS + 250 uM Ca"), the original level
of mass was restored (Fig 1B, arrow C and blue line). Thus, after
removal of the protein adlayer by Ca®* chelating agents the mem-
brane is again available for further interactions.

Next we applied atomic force microscopy to characterize the
quality of the AnxA2 protein adlayer in a tapping mode. Topo-
graphical information of the specimen surface is obtained includ-
ing information about the surface homogeneity from phase
imaging. The AFM phase signals contain information about differ-
ences in Van der Waals-interaction-, solvation-, hydration-, elec-
trostatic- or friction forces. Moreover, phase signals are affected
by stiffness and mechanical parameters [32,33].

The adsorption of 50 nM AnxA2 on a POPC/DOPC/Chol/POPS/
PI(4,5)P; (37:20:20:20:3) membrane results in a flat and homoge-
neous surface within the resolution limit of our experiment
(Fig. 2A). The phase signal image contains almost no contrast
which supports the view of a homogeneous and closed adlayer
(Fig. 2B). To probe for the mechanical stability of the adlayer, we
employed force spectroscopy by measuring force-distance curves.
Pera et al. characterized the appearance of a bilayer rupture event
or “jump” caused by the cantilever tip penetrating the membrane
[34]. It results in a prominent discontinuity in the force distance
curve. The force distance curve of the AnxA2 adlayer is depicted
in Fig. 2C showing no discontinuity until an applied force of
30 nN in the trace/tip-surface approaching part (black graph). Thus
the layer was not penetrated or punctured by the cantilever tip.
Thereby protein adsorption may function as tool to mechanically
stabilize the SLB membrane. The red, retraction curve shows the
small (~2.5 nN) tip-surface adhesion force and no abrupt break
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of surface contact is observable. The hysteresis between the trace
and retrace curve indicates a compressible, partially inelastic sur-
face and excludes the possibility of measuring a pure non-covered
silicon surface (Fig. 2C).

Next, we compared these results with the characteristics of
an exposed supported POPC/DOPC/Chol/POPS/PI(4,5)P, (37:20:
20:20:3) membrane, rinsed with by HBS + 250 uM Ca?*. Both, the
topographical and the phase image reveal again a homogeneous
surface with similar flatness as compared to the protein covered
bilayer (Fig. 2E and F). No indication of microdomains is observed
in presence of 250 uM calcium. Employing force distance spectros-
copy reveals a prominent bilayer rupture event at a force of about
~8 nN, indicating mechanical instability of the non-protein coated
membrane (Fig. 2G, arrow). The appearance of a “jump” is a clear
indicator of a bilayer being present on the substrate [34,35].
Although bilayer coverage of the tip itself is possible and would
also result in a jump on e.g. an uncovered substrate, this is very
unlikely due to the high curvature of the tip point [32,34].

Upon addition of protein to fragmented bilayers or bilayers con-
taining small defects we observed a different characteristic. A frag-
mented bilayer, as depicted in Fig. 3A with the corresponding
differences in the phase signal shown in Fig. 3B, is well distinguish-
able from the substrate if the defects were large. The height of a
typical POPC/DOPC/Chol/POPS/PI(4,5)P, (37:20:20:20:3) bilayer
patch on mica is 5.4 + 0.1 nm. When protein is adsorbed, the shape
of patches and the structure of layers differ significantly from
adsorption on a complete bilayer. Fig. 3D shows the result of the
incubation with a 100 nM solution of A2t, a complex form of
AnxA2, on a bilayer which contained defects. The appearance of
the image is dominated by a large number of small patches show-
ing a disruption of the membrane caused by protein adsorption.

Richter et al. previously showed, that by scanning the surface
with the cantilever tip, a merging of patches could be induced
[36]. However, the cantilever tip did not induce such an assembly
or merging of bilayer patches in the presence of A2t (Fig. 3D and E).
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Fig. 2. SLB protection employing AnxA2 adsorption. (A) A POPC/DOPC/Chol/POPS/PI(4,5)P, (37:20:20:20:3) solid supported bilayer (SLB) was prepared on SiO,, gently rinsed
with HBS + 250 uM Ca?* and incubated with 50 nM AnxA2 for 60 min at 20 °C. (B) Phase image of A. (C) Force distance curve on the protein adlayer presented in A. Note the
high force without indication of a rupture event. (D) Corresponding height profile of the blue line in A. Note that the topographical image, phase image and line profile show a
homogeneous and flat surface. (E) A POPC/DOPC/Chol/POPS/PI(4,5)P, (37:20:20:20:3) SLB was prepared on SiO,, gently rinsed with HBS + 250 uM Ca®* and analyzed. (F)
Phase image of E. (G) Force distance curve on the POPC/DOPC/Chol/POPS/PI(4,5)P, (37:20:20:20:3) SLB on SiO-. Note the bilayer rupture event highlighted by the arrow and
the high retraction force, necessary to break tip-support contact. Trace: black graph, retrace: red. (H) Corresponding height profile of the blue line in E. Note that the
topographical image, phase image and line profile show again a homogeneous and flat surface. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 3. Incomplete SLB and bilayer displacement. (A) A POPC/DOPC/Chol/POPS/PI(4,5)P, (37:20:20:20:3) fragmentary bilayer on mica (topographical image). (B)
Corresponding phase image. (C) Height profile of a bilayer patch indicated by the blue line in A. The patch height is 5.4 £ 0.1 nm. (D) A POPC/DOPC/Chol/POPS/PI(4,5)P,
(37:20:20:20:3) fragmentary bilayer prepared on mica, gently rinsed with HBS + 250 uM Ca®* and incubated with 100 nM A2t for 20 min at 20 °C. (E) Scratching on the
bilayer depicted in D. An area of 4 x 4 um was scratched with the tip, 5 times at 10 Hz line rate in contact mode with higher force. Note the removal of bilayer patches and
four distinguishable height-steps. (F) Height profile of the blue line in E. Arrow 1 marks the lowest level underneath a previous patch. Arrow 2 marks residual bilayer patches
and arrow 3 indicates significantly higher structures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

To analyze whether patches were in direct contact with the sup-
port or were embedded by surrounding protein, we scratched an
area of 4 x 4 um on the surface via scanning in contact mode
employing enhanced force and an increased line rate of 10 Hz with
five repetitions (Fig. 3E). The majority of lipid patches and espe-
cially small bilayer patches could be removed from the surface.
The lowest height in the image was observed in areas exposed
underneath a previously large bilayer patch. The residual back-
ground area reveals a step height of ~1.8 nm related to the lowest
observed level. The corresponding height profile is presented in
Fig. 3F. Here mainly four steps in height could be distinguished:
(1) the lowest level depicted by arrow 1, (2) the residual back-
ground, (3) residual bilayer patches (arrow 2) and (4) significantly
higher structures (arrow 3). Further, the surface of bilayer patches
appeared more flat than the possible protein background. Thus it
appears that some bilayer patches, which could be removed, were
not previously in direct contact with the substrate. Further it
seems likely, that the background originates from protein adsorbed
directly to the mica indicating that attractive forces of protein to
the support were larger than the interaction of the SLB with the
support. Bare mica sheets did not contain small areas of lower
height levels and areas containing different layers of mica were
not included in the analysis. Additionally, no protein could be iden-
tified on the residual bilayer patches, which could mean, that a
higher attraction to the mica compared to the membrane was
observed. Additionally, after the incubation of A2t, we could
observe structures which were significantly higher than the mem-
brane itself (Fig. 3F, arrow 3). These structures possibly result from
bilayer patches which are displaced from the support and form
vesicles or larger aggregates. Moreover, unspecific adsorption of
AnxA2 could be observed on a SiO, support as well. Here only
minor parts of AnxA2 (~10%) showed irreversible attraction to
the support (Fig. S2).

4. Discussion

The formation of supported lipid bilayers, which contain large
amounts of negatively charged lipids, may be difficult. Richter
et al. previously reported, that a lipid membrane containing 50%
PS did not form a proper bilayer [37]. Here we used a system
containing 20% PS and 3% di-oleoyl-phosphatidylinositol-(4,5)-bis-
phosphate. The latter lipid contains a negative charge of 4 at

physiological pH of 7.4 [9,38,39]. Thus, the overall surface charge
of SUVs composed of POPC/DOPC/Chol/POPS/PI(4,5)P, (37:20:
20:20:3) is very high, which may hinder vesicle adsorption or rup-
ture on a support. However, we could establish a suitable buffer
system for the formation of PI(4,5)P, and cholesterol containing
supported bilayers. The adsorption of a membrane binding protein,
such as annexin A2, can be used to investigate biophysical interac-
tion parameters like dissociation constants or cooperativity of lipid
binding. Thus we analyzed the adsorption of A2t, the membrane
associated complex of AnxA2 [31].

During the preparation of solid supported bilayers for lipid—pro-
tein interaction investigations, defects in the membrane may occur
and are difficult to identify. Richter et al. reported previously, that
DOPC/DOPS (4:1) bilayers contained small, almost invisible defects
identified by atomic force microscopy [36]. We here present an
example, where a fragmented or even defect bilayer has severe
impact on protein adsorption studies. Minor defects in the SLB dra-
matically affected the bilayer stability if the peripheral membrane
binding annexin A2 was adsorbed on mica which resulted in layer
instability and eventual lipid displacement. We observed that the
protein exhibited stronger affinity to a mica support as compared
to the supported membrane itself. This resulted in displacement
of lipids from the support and protein could also be found under-
neath bilayer patches. When protein adsorption experiments
revealed a flat and homogeneous surface, where a bilayer-bound
protein adlayer was difficult to distinguish from a complete and
homogeneous bilayer alone, the application of force distance
curves was a valuable tool [40] to differentiate. Firstly, a bilayer
shows a significant jump or bilayer rupture event, which resulted
from the penetration with the cantilever tip and further the retract
part of a force distance curve showed a certain retention force of
more than 5 nN on mica, which broke abruptly in one step. Sec-
ondly, the protein adlayer was compressible and could appear
inelastic, indicated by the prominent hysteresis between the trace
and retrace part of the force curve. Also the retention force was
smaller and a longer tip-adlayer interaction was observed as no
abrupt contact loss appeared.

A SiO, support exhibits increased lipid mobility as compared to
mica [1]. Thus it will affect protein-lipid interaction studies where
lipids may be recruited into domains. The integrity of supported
bilayers is crucial for protein-lipid interaction studies. On the
other hand, a long-term and reversible protein adsorption results
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in bilayer stabilization and protection from mechanical stress. The
stabilization of a Langmuir-Blodgett transferred lipid monolayer
following the adsorption of annexin A5 was shown by Simon
et al. [15]. Here we used annexin A2 to mechanically stabilize a
supported bilayer system of complex composition, mimicking to
some extent the content of cellular membranes. This stabilization
was verified employing force distance curves, revealing that an
annexin A2 covered bilayer cannot be penetrated by the tip at
forces that would penetrate the uncovered bilayer alone. The
adlayer showed no rupture event until a force of 30 nN affecting
an area of ~10 nm in diameter (size of tip point). Successful protein
deposition and long-term mechanical stability of PI(4,5)P, and cho-
lesterol containing continuous supported membranes were estab-
lished by adsorption of annexin A2. These membranes were
reliably used in QCM-measurements showing that they are appli-
cable for further biosensor applications.
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