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A B S T R A C T

Model biomembranes can provide valuable insights into the properties of complex biological membranes.
Among several techniques, Surface Plasmon Resonance (SPR) provides a label-free analysis of the interactions of
bioactive molecules with biomembranes with an experimental setup that allows mimicking biological en-
vironments. Nevertheless, protocols that enable the preparation of stable supported membrane systems with
reproducible structural and functional properties on the biosensor chip are still needed. In this work, we present
a simple protocol to modify SPR substrates that allows the formation of a phase-segregated supported lipid
bilayer (SLB). SLBs are formed by fusion of lipid vesicles of pure phospholipids (DMPC, DPPC and DOPC) and of
a ternary mixture (DOPC/16:0 SM/Cho in 2:1:1 molar ratio) on a SPR gold sensor chip covered with a dithio-
threitol monolayer. The formation of a SLB on the SPR sensing surface in a reproducible way was assessed by the
combined use of the SPR technique with AFM. The interaction of a cholesterol-extracting drug with SLBs was
studied as a model of membrane-lipophilic biomolecule interaction. The proposed strategy allowed us to obtain a
membrane model where phase coexistence is present and where Cho depletion from ternary mixtures was
comparable to the extraction results reported for human erythrocytes.

1. Introduction

Cell membranes are the single barrier separating the intracellular
environment from the extracellular space, in which several kinds of
biological functions take place, namely, mechanical, electrical, sig-
naling and transport functions. It is nowadays recognized that the in-
vestigation of the nanoscopic organization of membranes that controls
their mechanical properties is meaningful not only to clarify most
biological events but also to utilize them in advanced applications
[1–3], such as drug screening [4,5], biosensors [6] and biomimetic
separation [7]. However, biological cell membranes are very complex
systems, and consequently the investigation of their structure and
functions is not straightforward. Therefore, model biomembranes can
provide valuable insights into the properties of complex biological
membranes [8]. The lipid bilayer composition of these artificial mem-
branes can be easily controlled by the preparation conditions. Several
techniques were developed for analyzing membrane model systems at
both the microscopic and the molecular levels. Among them, Surface
Plasmon Resonance (SPR) has evolved into an exciting technique in the

label-free analysis of biomolecular interactions, allowing high-
throughput screening of the structural and compositional factors that
mediate the binding of bioactive molecules to the membrane [9]. The
SPR experimental setup allows mimicking the biological environment
where the interaction process under study takes place. Nevertheless,
protocols that enable the preparation of stable supported membrane
systems with reproducible structural and physicochemical properties on
the biosensor chip are still needed.

The self-assembly of supported lipid bilayers (SLBs) from vesicles in
solution is the most versatile, simple and reproducible method to pre-
pare continuous and almost defect-free fluid bilayers [10,11]. Several
factors influence the results such as the surface properties, the lipid
composition, size and solution composition of the vesicles, the osmotic
pressure and the temperature [12]. However, liposomes interact weakly
and do not rupture on unmodified gold surfaces, except for the case of
Au (111) substrates [13,14]. Indeed, the mechanism of vesicle
spreading on Au (111) was described in depth by Pawlowski et al. [15]
On the contrary, SPR substrates are polycrystalline and require surface
modification to enable vesicle adsorption and eventual fusion [3,11].
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Highly hydrophilic films or adlayers, such as SiO2 [11,16], self-as-
sembled monolayers [3,17] and polymer cushions [11,16,18], are fre-
quently employed to modify gold substrates to achieve free standing
bilayers. If this direct strategy fails, due to the inherent system prop-
erties, lipophilic anchors [19,20] can be added to enhance the adhesion
or derivatized molecules such as thiophospholipids [18,21,22] or spe-
cific thiolated linkers (avidin/biotin, [23,24] His-Tag, and nucleotides
[25]) can be employed. Another resource consists of employing de-
tergents [26], PEG solution [23] or fusion peptides [10,27], adding
washing steps to avoid remains of these agents. It is evident that in-
creasing the chip complexity not only demands more preparation time
and the use of expensive reagents but drifts the model further away
from the native membrane limiting its versatility. Among the questions
that could arise are whether the SPR substrate allows vesicle fusion or
only their adsorption, or a mixture of both [16]; if there is a good
coverage or if the compound under study is interacting with the surface
[28] and whether there is a way to control and characterize the me-
chanical properties of the bilayer. Regarding this last point, it is note-
worthy that the composition and the lateral organization, i.e. the pre-
sence of segregated domains or “lipid raft-like domains”, in the lipid
bilayer interface play a critical role in studies of ligand-receptor inter-
actions on membranes. The effective exposure of ligand moieties [29],
the secondary structure of peptides [30], the interaction with nano-
particles [31] and the triggering of cell responses [32], among others,
have been reported to be influenced by phase-segregation studies with
SLBs.

In this work, we present a simple protocol to modify SPR gold
substrates that allows the formation of SLBs of a ternary lipid mixture
(DOPC/SM 16:0/Cho) that exhibits phase coexistence, i.e. a liquid-or-
dered (Lo) phase enriched in sphingomyelin (SM) and cholesterol (Cho)
which is segregated from the liquid-disordered (Ld) phase composed
mainly of DOPC [33,34]. SLBs were formed by vesicle fusion on di-
thiothreitol (DTT) self-assembled monolayers (SAMs) on Au following
previous procedures [35,36]. The presence of different lipid phases was
characterized by means of atomic force microscopy (AFM), a powerful
technique that enables imaging in a liquid environment [37]. Further-
more, force spectroscopy (FS) gives information about the nano-
mechanical properties and distribution of lipid phases in SLBs [38–40].
This technique is of particular importance since the evidence of the
lipid bilayer formation cannot be directly demonstrated in a poly-
crystalline substrate [21].

Here, we present the first use of a combined SPR-AFM approach to
prepare and characterize membrane-mimetic surfaces with lipid raft-
like domains, and we demonstrate the ability of AFM to determine the
topological and nanomechanical properties of the membrane on a SPR
sensor chip. These lipid phases formed on the polycrystalline gold were
comparable to the ones obtained on a flat mica substrate. The combi-
nation of these techniques allowed us to corroborate the adequate
formation of a SLB as a model of membrane-lipophilic biomolecule
interactions for SPR studies. The PC/SM/Cho lipid mixture, that mimics
the outer leaflet of human erythrocytes, was exposed to methyl-β-cy-
clodextrin (MβCD), a Cho-extracting drug. Cho depletion from ternary
mixtures was comparable to the extraction results reported for human
red blood cells.

2. Material and methods

2.1. Reagents and materials

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC), 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC), N-palmitoyl-D-erythro-sphingosylpho-
sphorylcholine (16:0 SM) and cholesterol (Cho) were purchased from
Avanti Polar Lipids (Birmingham, AL, USA). DL-Dithiothreitol (DTT),
methyl-β-cyclodextrin (MβCD), N-(2-Hydroxyethyl)piperazine-N′-(2-
ethanesulfonic acid) (HEPES) and other reagents, all analytical-grade,

were purchased from Sigma Aldrich (St. Louis, MO, USA) and Tris base
from J. T. Baker (Center Valley, PA, USA). Chloroform and methanol,
HPLC-grade, were purchased from Merck (Darmstadt, Germany). The
ultrapure MilliQ water (MerckMillipore, Burlington, WI, USA) used for
all the solutions and experiments had a resistivity of 18.2 MΩ cm at 23
°C.

Gold evaporated (∼50 nm) on glass substrates (SPR102-AU) were
obtained from Bionavis (Tampere, Finland). Muscovite mica grade V-1
was purchased from SPI Supplies (West Chester, PA, USA).

2.2. Vesicle preparation

Multilamellar vesicles (MLVs) were prepared from synthetic pure
lipids (DMPC, DPPC and DOPC) dissolved in chloroform. The ternary
mixture (TM) was prepared by mixing appropriate amounts of DOPC,
16:0 SM and Cho (2:1:1 molar ratio, respectively) and then dissolved in
chloroform/methanol (2:1, v/v). Each sample was dried by evaporating
the solvent under a stream of N2 and placed at high vacuum for 2 h in a
glass chamber connected to a vacuum pump. The samples were hy-
drated in PBS (10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM

KCl pH 7.0), Tris (20 mM Tris base, 150 mM NaCl pH 7.4) or HEPES (25
mM HEPES, 150 mM NaCl pH 7.4) buffers and stirred to facilitate dis-
persion. After completing lipid detachment from the bottom of the test
tube, MLVs were introduced in a bath sonicator (TB04TA, Testlab,
Argentina) and kept at 65 °C (for DPPC and TM) for 1 h. In this way,
small unilamellar vesicles (SUVs) were generated.

2.3. DTT-gold substrate preparation

SPR gold substrates were washed with hot (∼70 °C) ammonia-per-
oxide solution (30% NH3: 100 vol H2O2:H2O 1:1:2) for a couple of
minutes, rinsed with ultrapure water and absolute ethanol and dried
with N2. Immediately, the substrates were immersed in ethanolic 50 μM
DTT solution for 30min in the absence of light (covered with aluminum
foil). As previously reported [35], this procedure was optimized to
achieve a fully covered gold surface with only one monolayer of DTT.
After thoroughly rinsing with absolute ethanol, substrates were dried
with a stream of N2.

2.4. SPR measurements

SPR measurements were performed in Kretschmann configuration
using a BioNavis Navi™ 200 (MP-SPR) device (Tampere, Finland)
equipped with two independent lasers (670 and 785 nm) in a dual-
channel system. Measurements were made in angular-scan mode
(40–78 degrees), recording SPR curves every 3.5 s at a constant tem-
perature of 23 °C.

Ex- situ prepared DTT-gold substrates were placed in the flow
chamber and washed with high buffer flux (500 μL/min) and 1% Triton
X-100 aqueous solution (1min at 50 μL/min). Vesicle suspensions
(0.1–1mg/mL) were injected at 10 μL/min with times ranging from 15
to 40min. Unbound vesicles were washed with high buffer flux and 1-
min injection of 100 mM NaOH solution at 50 μL/min. The amount of
immobilized lipid was recorded after 10min of signal stabilization, the
angular shifts reported are the mean value of at least 5 independent
experiments. DTT-gold surfaces were regenerated with two consecutive
1-min injections of 1% Triton X-100 aqueous solution at 50 μL/min
before a fresh vesicle suspension was injected.

MβCD binding measurements were performed using 30-min injec-
tion of MβCD solution (0.25, 0.5, 1 and 3 mM) in Tris buffer for the
ternary mixtures. For each MβCD solution assessed, a fresh lipid sample
was prepared and the amount of lipid immobilized was normalized to
1.0, in order to compare the amount of extracted cholesterol. Control
experiments with DMPC were performed and as already reported [41]
no material was extracted (see Supporting information Fig S1).

M.A. Daza Millone et al. Colloids and Surfaces B: Biointerfaces 172 (2018) 423–429

424



2.5. AFM measurements

Ex-situ lipid samples were prepared in mica and DTT-gold sub-
strates. Before vesicle contact, a 5 μL drop of CaCl2 1 mM was added to
freshly cleaved mica. After 15min of interaction time, the surface was
carefully washed with MilliQ water. Then, 100 μL of vesicle suspensions
were dropped on mica and allowed to interact for 1 h at 23 °C for DMPC
and 60 °C for the ternary mixture. The same procedure was employed
for DTT-gold samples but the temperature was kept at 23 °C for both
samples. Excess of lipid vesicles was washed with buffer solution and
the samples were placed in the AFM fluid chamber without drying.

AFM measurements were performed on a multimode atomic-force
microscope controlled by a Nanoscope-V unit (Veeco Instruments Inc.,
USA). V-shaped Si3N4 probes (Veeco Instruments Inc., USA) with spring
constants of 0.06-0.18 N/m were used in contact and tapping mode.
Individual spring constants were calibrated using the equipartition
theorem (thermal tune) [42] and the piezo sensitivity (V/nm) was
measured. All the experiments were carried out at a temperature of
23 °C in a fluid cell. Resolution images of 512×512 pixels were col-
lected at a scanning rate between 0.5 and 1 Hz. The height and error-
signal (vertical deflection) images were taken simultaneously. Images
were analyzed with Gwyddion software [43].

Force-volume (FV) maps were acquired from 3 μmx 3 μm images
with arrays of 16× 16 force curves at scan rates of 1 Hz and tip velocity
of 400–600 nm/s. The rupture forces were extracted from the FV maps
with an own routine developed in MatLab software with a NanoScope
utility. The routine script is available in SI.

3. Results and discussion

3.1. Interaction of lipid vesicles with DTT monolayers on SPR gold sensor

Lipid vesicles of pure phospholipids (DMPC, DPPC, DOPC) and a
ternary mixture (DOPC/16:0 SM/Cho in 2:1:1 molar ratio) were al-
lowed to interact with a SPR gold sensor chip covered with a dithio-
threitol (DTT) monolayer (Fig. 1).

DTT-Au surfaces have proven to be adequate to obtain substrates
fully covered with DMPC bilayers by vesicle fusion in HEPES pH 7.4
buffer at 37 °C [35,36]. However, SPR equipments are not often pre-
pared to make in situ experiments with temperature gradients [44],
since laser alignment and calibration are affected. Vesicle adsorption,
rupture, fusion and the phase state of SLBs are also strongly influenced
by temperature [12].

In the present work, different conditions were assayed in order to
achieve a surface fully covered with a lipid bilayer at a constant

temperature of 23 °C. For this purpose, single lipids that present dif-
ferent phase state at 23 °C DMPC (Tm=24 °C), DPPC (Tm=41 °C) and
DOPC (Tm = −17 °C) were used together with a ternary lipid mixture
(hereafter referred as TM) in which lipid phase coexistence is observed
with liquid ordered domains (Lo) enriched in SM and Cho immersed in a
liquid disordered (Ld) phase. This TM was the main purpose of our
study as it is widely used as a mammalian membrane model system
[33,45]. Another point to highlight is that we aimed to a system that
was easy to regenerate for successive experiments and the possibility of
reusing the same chip. After each assay the lipids were completely re-
moved with 1min injection of Triton X-100 1% and DTT monolayers
can be removed with NH3 35%:H2O2 100 vol:H2O (1:1:2) immersion at
∼ 90 °C to achieve a clean gold surface without changes in surface
grain morphology nor plasmon absorption.

Measurements made with PBS pH 7.0 running buffer (Fig. 1a) show
large shifts in the minimum angle of the SPR curve (Θmin) for the TM
while DMPC, DPPC and DOPC vesicles produce smaller shifts for the
same time of interaction (20min) and vesicle concentration (0.2 mg/
mL). Longer interaction times (up to 40min), higher concentrations (up
to 1mg/mL) and/or multiple vesicle solution injections increase the
final change in Θmin achieving values of ΔΘmin ∼ 0.4. Divalent cations,
i.e. Ca2+, are frequently employed to enhance vesicle fusion because of
their ability to produce conformational changes in the headgroups and
order the acyl chains [46]. Since Ca2+ and phosphate ions generate
insoluble salts, PBS was switched to Tris (Fig. 1b) and HEPES running
buffers with 3 mM Ca2+ addition. With similar results, both Tris-Ca2+

and HEPES-Ca2+ (from hereafter we will present results in Tris-Ca2+

buffer) allowed us to yield higher ΔΘmin values for DMPC and DPPC but
only a slight increase for DOPC. On the contrary, the TM shows a de-
crease in ΔΘmin compared to values obtained in PBS, reaching a mean
value of 0.65 ± 0.05, even with longer interaction times (up to
40min). For the pure phospholipids, multiple injections yield higher
values of ΔΘmin (∼ 0.5), with injection times up to 1 h.

At this point, the question that arises is whether a high ΔΘmin in SPR
measurements represents a better coverage or not, i.e. if after the ve-
sicle fusion, homogenous bilayers or patchy lipid multilayers are
formed. Surface coverage can be estimated through the de Feijter
equation [47], which relates the surface density (Γp) of the layer to the
refractive indexes (RI) of a layer (np) and the medium (nm), the re-
fractive index increment (dn/dc) and the layer thickness (dp):

=

−

Γ
n n d

dn dc
( )

/p
p m p

(1)

The shifts in ΔΘ are proportional to the changes in RI [48] :

− = =n n Δn ΔΘ k*p m (2)

Fig. 1. Interaction of lipid vesicles with DTT-Au surfaces. Lipid vesicle suspensions (0.2 mg/mL) were injected at 10 μL/min into: a) PBS pH 7.0 and b) Tris-Ca2+ (3
mM) pH 7.4 running buffers. The injection start (1) and end (2) as well as the washing procedure with 500 μL/min flux (3), are marked with arrows. Sensorgrams
show the shift in minimum angle of SPR curve (Ɵmin) for ternary mixtures (TM: DOPC/16:0 SM/Cho 2:1:1). The insets summarize the net changes ΔƟmin and their
corresponding theoretical values for bilayer coverage (colored and dashed filled bars, respectively) for DMPC, DPPC, DOPC and TM.
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where the constant k is the sensitivity coefficient for the instrument.
Taking into account Eqs. (1) and (2), ΔΘ can be expressed as:

=ΔΘ
Γ dn dc

k d
( / )

*
p

p (3)

For thin films (< 100 nm), k*dp is approximately constant [49], and for
aqueous buffers in contact with Au sensors at 670 nm of laser wave-
length in SPR Navi200 this value is 1.0× 10−7 nm/degree. Taking into
account the mean molecular area (mma) of each lipid and the reported
values of dn/dc, the theoretical angular shifts were calculated for a full
bilayer coverage (Table 1).

Marked differences between the theoretical and the experimental
values can be seen in the insets of Fig. 1. In PBS buffer, the pure lipids,
i.e., DMPC, DPPC and DOPC, do not reach the calculated values for full
coverage while for the TM the experimental value exceeds it. This
ΔΘmin excess persists after washing procedures with high flux buffer
(500 μL/min) or with NaOH 0.1M solution and could be assigned to
unfused adsorbed vesicles. For the same injection time and lipid con-
centration, Tris-Ca2+ running buffer seems to improve the coverage
and shows a better match with the calculated value for TM. Never-
theless, it is necessary to further inquire whether the data correspond to
a complete lipid bilayer or to adsorbed vesicles. We will discuss this
issue in the next section.

3.2. Force spectroscopy of DMPC and ternary mixture surfaces

In order to assess the nature of the lipid coverage we employed AFM
as a complementary technique to the SPR measurements. Cross-sec-
tional AFM data are able to confirm the typical thickness of lipid bi-
layers formed in plane substrates, e.g., mica [37] or Au (111) [54], by
vesicle fusion. On the contrary, when the lipid bilayer conformally
covers a nanostructured rough surface as the DTT-Au sensor, the cross
section analysis is difficult or impossible to perform [21]. However,
force spectroscopy is a powerful tool that provides information on the
nanomechanical properties of supported lipid bilayers [39,40] and can
be used to elucidate if the lipids adsorb as entire vesicles, bilayers or a
mixture of them [55]. In this technique, a topographic characterization
of the surface by AFM imaging is followed by a Force-Volume (FV)
mapping of the same area (see Fig. S2 in SI). FV maps consist in force-
distance curves taken in a grid of a selected zone. Bilayer covered areas
exhibit ruptures at characteristic breakthrough force values (FB).

First, we analyzed a simple membrane model consisting of pure
DMPC, which has been widely characterized [35,36,56] and will be
useful to compare results between mica and SPR substrates before as-
sessing the TM model. The DMPC samples obtained by vesicle fusion on
mica and DTT-gold substrates were prepared ex- situ in Tris-Ca2+

buffer. AFM images and the statistical distribution of FB are shown in
Fig. 2a and b.

The cross sections of DMPC bilayers in mica substrate (Fig. 2a) were
used to obtain their mean thickness which is in good agreement with
reported values of free standing DMPC bilayers [35,40]. The topo-
graphy of the DMPC covered DTT-Au surface (Fig. 2c) is not very dif-
ferent from that of the bare DTT-Au, both with typical values of root
mean square roughness (rms) of 1.4–2.0 nm. FV maps (Fig. 2b and d)
were obtained from multiple scans of the same zone in 3 μmx 3 μm

areas and yield FB mean values of 6.4 ± 0.1 nN and 5.6 ± 0.1 nN for
DMPC on mica and DTT-Au substrates respectively. These results are in
agreement with reported values for DMPC bilayers on mica at the same
ionic strength [38], and they are an average of different zones of the
same sample and were corroborated in at least 5 different samples. The
difference in the mean values between them can be related to variations
in different samples and AFM probes, which can be up to 15–20 % [38].
In both cases, only 65–70 % of all the analyzed curves had rupture
events while the other curves resembled the ones obtained for the bare
substrate. In addition, force-distance curves can be transformed into
force-separation curves to determine the bilayer thickness (see Fig. S2d
in SI) [57]. The estimated thickness of DMPC bilayers on mica and DTT-
Au gold substrates were 4.8 ± 0.3 nm and 4.7 ± 0.4 nm, respectively.
These values are consistent with cross section measurements on mica
substrates (Fig. 2a) and provide additional evidence of the bilayer
formation.

In contrast to DMPC, TM bilayers show phase domain segregation
with ∼ 0.5 nm height differences between the liquid disordered (Ld)
and liquid ordered (Lo) domains (Fig. 3a). Correspondingly, the FB
histograms (Fig. 3b) exhibit two distributions with maximums at
4.79 ± 0.01 nN and 12.32 ± 0.03 nN, consistent with previous re-
ports [33]. The topographic images of DTT-Au substrates covered with
the TM do not show any feature that can be related to phase coexistence
(Fig. 3c). Nevertheless, the FB histograms (Fig. 3d) also have two
components with mean values of 5.14 ± 0.07 nN and 12.4 ± 0.1 nN
which confirm that TM characteristics on the DTT-Au surface and on
the mica surface are similar regarding the phase segregation. For both
cases, the rupture events were found in 89–94 % of the curves analyzed.
These values arose from different zones of the same sample and were
corroborated in at least 5 different samples.

Despite the difference in the full width at half maximum (FWHM) of
the FB distributions on mica and DTT-Au substrates, their mean values
are very similar for both DMPC and TM, revealing the same nano-
mechanical properties in both substrates. Thus, one can infer that the
bilayers are formed on DTT-Au and are compositionally and structu-
rally similar to those formed on mica.

Ex-situ AFM experiments made in PBS in the absence of Ca2+ at
23 °C for the TM, showed adsorbed vesicles on mica substrates (see Fig.
S3 in SI). FV maps were taken in this condition and, in this case, the
force-distance curves show very scarce rupture events (< 1.5–2%) at
FB> 1 nN with the same setup conditions as the previous experiments.
Events at lower values (< 1 nN) were similar to those reported for
adsorbed vesicles [55], and were not further analyzed. These results
reinforced the idea that the larger ΔΘmin obtained for these mixtures
compared to the corresponding theoretical ΔΘmin calculated for a full
surface coverage (Fig. 1 and Table 1) could arise from the adsorption of
the lipid vesicles in absence of vesicle fusion when no Ca2+ is present.

3.3. Interaction of a cholesterol-extracting drug with ternary mixture
bilayers

Through AFM experiments we were able to confirm the presence of
a TM bilayer with the expected structural characteristics (Lo/Ld phases)
formed on the SPR sensor chip and with nanomechanical properties
that match those obtained for the supported TM bilayer in mica. In
order to test whether SPR measurements with the TM supported on the
DTT-Au chip were suitable to study biomolecular interactions with
mammalian membranes, Cho-extraction assays, a frequently applied
method to reduce the amount of Cho in cellular membranes, were
performed. The removal of Cho from the lipid bilayer induces altera-
tions in membrane biophysical properties, leading to significant mem-
brane reorganization and, consequently, disruption of several cell
functions and signaling [58]. The use of cyclodextrins and their deri-
vatives is the mostly chosen method to lower the Cho levels of cellular
membranes and lipid model systems [28,59]. Taking into account that
Cho removal from erythrocytes by methyl-β-cyclodextrin (MβCD) is

Table 1
Angular shifts (ΔΘ) calculated from mean molecular area (mma) and RI in-
crement (dn/dc) reported values.

Lipid mma [Å2] Γp [ng/cm2] dn/dc ΔΘ [deg]

DMPC 59.5 [50] 378.4 0.1398 [51] 0.5294
DPPC 48 [50] 507.9 0.138 [52] 0.7009
DOPC 67 [33] 389.7 0.146 [52] 0.5689
TM 56 [45] 394.7 0.16 [53] 0.6315
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Fig. 2. DMPC surfaces prepared from vesicle
solution in Tris-Ca2+ buffer pH 7.4. AFM
images show: a) flat extended covered regions
of DMPC bilayers on mica and c) grained as-
pect of DTT-Au surface after DMPC vesicle
fusion. Below, typical cross sections taken at
the slashed lines. b) and d) breakthrough force
(FB) distributions taken at different regions of
the surface in 3 μmx 3 μm, with mean values
of FB= 6.4 ± 0.1 nN (mica, N=1055) and
FB=5.6 ± 0.1 nN (DTT-Au, N=1344).
Gaussian distribution curves for FB data are
shown as solid lines.

Fig. 3. Ternary mixture (DOPC/16:0 SM/Cho 2:1:1) surfaces prepared from vesicle suspensions in Tris-Ca2+ buffer pH 7.4. AFM images show: a) coexistence of Lo
and Ld phases in a fully covered mica surface and c) granular aspect in DTT-Au sensor surface and typical cross sections taken at the slashed lines. FB distributions are
shown in b) and d), with mean values of FB= 4.79 ± 0.01 nN and 12.32 ± 0.03 nN (mica, N=2273) and FB= 5.14 ± 0.07 nN and 12.4 ± 0.1 nN (DTT-Au,
N=1807). Solid lines are Gaussian distribution fits for the FB data.
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well described in the literature [60], we prepared TM bilayers with the
previously optimized conditions described in the first section and after
a stabilization period of 20min we injected MβCD (Fig. 4). For each
MβCD concentration assayed, a fresh bilayer was prepared and in order
to normalize the results, every plateau was brought to 1. MβCD was
allowed to interact for 30min and the final Θmin values reached are
shown in the inset of Fig. 4 where they are compared to data obtained
for control experiments with DMPC.

According to previous reports [41], MβCD does not interact with
pure DMPC in the concentration range tested (0.25-3 mM MβCD). The
signal increase during the association step but the baseline is fully re-
covered at the end of the injection time (see Fig. S1 in SI). Even for the
highest concentration, there was no extraction of material from the
surface nor adsorption of MβCD (neither onto DMPC SLBs nor in pat-
ches or discontinuities of that layer). These results suggest that there
are no matrix effects in the DTT-Au system, unlike those reported for
commercial chips [28], where lipophilic anchors can interact with
MβCD.

In the case of TM, a slight increase in the signal is observed at the
beginning of the association step, due to MβCD injection, and then a
decrease, proportional to the concentration of MβCD assayed and re-
flecting the Cho depletion from the TM. The decrease is significant for
MβCD concentrations above 0.25 mM and for the highest concentration
tested (3 mM MβCD), the amount of removed material reached 24%,
which is consistent with reported values for human erythrocytes in
isotonic solution [60]. Furthermore, the Cho extraction profiles fol-
lowed a biexponential decay model (see Fig. S4 in SI), that has been
widely described in presence of raft-like domains, i.e. Cho is depleted
from two different phases (Ld and Lo) [28,59,61,62].

These results showed that the protocol we performed allowed us to
prepare a model membrane with phase segregation on a SPR sensor
chip suitable for the study of molecular interactions. In particular, ki-
netic analysis of Cho extraction is of outmost importance in physiolo-
gical or pharmacological studies where the mechanisms involved are
closely related to the activity (escape tendency) of Cho, for instance, the
mechanism of action of the anesthetics and the function of neuronal
receptors, channels and transporters [62].

4. Conclusions

SPR gold substrates can be easily modified with a DTT monolayer
that enables vesicle fusion of pure (DMPC) and ternary lipid mixtures
(DOPC/SM 16:0/Cho 2:1:1) in Tris-Ca2+ buffer. This approach does not
require washing steps and the substrates did not show unspecific
binding issues. AFM imaging of these SPR samples along with force
spectroscopy (FS) revealed that the ternary mixture exhibits phase
segregation with breakthrough force (FB) values comparable with the
same SLB on mica. In order to verify whether this membrane model was
suitable for studies in human red blood cells, a Cho-extracting drug was
employed. The results show that the percentage of Cho release bears
close resemblance to the one reported for erythrocytes.

This approach to form and characterize an SLB on SPR substrates
may be useful for immobilizing a broad number of amphiphiles and for
advanced applications of SLBs. Not only the composition is certain but
also the organization and nanomechanical properties can be evaluated,
such as the presence of lipid rafts or their continuity, e.g., success of the
vesicle fusion process in producing a continuous supported bilayer on
the DTT-Au sensor chip surface for biomolecule-membrane studies.
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