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a b s t r a c t

Model lipid bilayers are versatile tools to investigate the molecular processes occurring at the mem-
brane level. Among the model membranes, substrate supported bilayers have attracted much interest
because they are robust and they can be investigated by powerful surface sensitive techniques such as
electrochemical measurements. In a biosensor, lipid films can be used not only as a support for the bio-
logical sensing elements but also as sensing elements themselves to detect molecules that are able to
alter the structure and the properties of biomembranes. In this work, we have prepared a tethered lipid
membrane-based biosensor able to detect the alterations of membrane structure and fluidity. This teth-
ered lipid membrane was prepared in a nanoporous aluminium oxide that provides a high surface area
ethered lipid bilayer

anoporous electrode
lectrochemistry
tomic force microscopy
luorescence recovery after photobleaching

and a protective environment against dewetting. The membrane contained PEG-PE lipids as hydrating,
protective and tethering agents and ubiquinone which is a redox lipophilic mediator embedded within
the acyl chains of the lipid bilayer. The lipid membrane was prepared inside the pores of the nanoporous
support by a PEG-triggered fusion of liposomes. This sensing system was efficient to detect the alter-
ations of lipid membranes that are induced by the addition of a commonly used non-ionic detergent:

Triton X-100.

. Introduction

Biosensors are analytical devices generally taking advantage of
he recognition and/or catalytic properties of biological sensing
lements integrated with a signal transducer. The analyte sens-
ng element is a biologically active substance such as an enzyme,
ntibody, DNA or a microorganism [1]. Biosensors are based on
iological elements that are naturally able to perform reagentless
olecular biorecognition of specific analytes with high selectivity

nd sensitivity. In such devices, the molecular recognition should
odify the properties of the sensor surface to enable the con-

ersion of biochemical interactions into quantitative electronic
nformation with the help of suitable transducers. Depending on
he technique associated with the signal transduction, biosensors
an be divided into optical, mass, bioluminescence, electrochemical
nd thermal sensors. Compared to others, electrochemical biosen-
ors present a good sensitivity, they can operate in turbid solutions

nd are very stable [2]. In addition, electrochemical biosensors are
ost commonly used in clinical analysis [1]. Among the electro-

hemical biosensors, one may distinguish the conductometric, the
otentiometric and the amperometric sensors. Compared to poten-
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tiometric and conductometric biosensors, the amperometric ones
present many advantages such as being more rapid, more sensitive,
less expensive and readily disposable [2,3].

Cell membranes act not only as physical barriers to confine
cell processes, but they also host much of the machinery for cel-
lular communication and transport across the membrane. The
cell membranes are composed of a lipid bilayer with embed-
ded or associated membrane proteins that contribute to specific
physiological functions. Model lipid bilayers provide excellent sim-
plified systems to investigate the molecular processes occurring
at the membrane level. Among the model membranes, hybrid
bilayers (HLBs) are composed of a metal supported alkanethiol self-
assembled monolayer (SAM) and a monolayer of phospholipids
[4]. These model membranes are very simple to prepare how-
ever, the diffusion of lipids is strongly altered by the presence of
the SAM monolayer. Furthermore, transmembrane proteins with
extra-membranous portions cannot be reconstituted as no water
layer is present between the support and the membrane. For these
reasons, other more biologically relevant model membranes have
been proposed. For instance, supported lipid membranes (SLBs)

constitute a biomimetic model which consists in a bilayer deposited
directly onto a hydrophilic support such as mica or glass [5–7].
The most prevalent methods used to form SLBs are the Langmuir-
Blodgett (LB) technique and the fusion of preformed lipid vesicles.
However, there is a significant drawback of SLBs: the thickness of

http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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he water layer between the solid support and the lower leaflet of
he membrane can be inadequate sometimes [8]. Indeed, in some
ases the free diffusion of lipids is hindered and some contacts can
ccur between the support and the extra-membranous portions
f membrane proteins. To overcome these drawbacks associated
ith SLBs and especially to obtain bilayers unstuck from the solid

upport, tethered lipid bilayers (TLBs) were developed during the
ast decade [9]. For example, TLBs can be formed by depositing
he SLBs onto a polymeric cushion [10–12] or on polyelectrolyte

ultilayers [13], or even by attaching biotinylated vesicles to the
urface using the specific avidin–biotin interaction followed by a
usion step [14,15]. TLBs were often prepared by using tethering
ipids that are composed of one terminal group that binds to the
ubstrate, another terminal group that anchors into the bilayer,
nd an intermediate hydrophilic region (e.g., a polyethylene-glycol
PEG) moiety) [16–18]. In electrochemical applications such as
iosensors, the hydrophilic region of tethering lipids can offer the
dequate spacing to accommodate extra-membranous portions of
embrane proteins and it can also constitute an ion reservoir for

lectrochemical studies of ion channels and peptides [19–25].
According to the literature, lipid films can be used in a biosen-

or as a support for the biological sensing elements, especially for
embrane-associated proteins [26,27]. In particular, lipid mem-

ranes can reduce interferences and unwanted reactions with the
ensing surface of the biosensor [28]. However, to our knowledge,
ipid films themselves were never used as sensing elements in a
iosensor to detect molecules that are able to alter the structure
nd the properties of biomembranes. In fact, the use of model mem-
ranes as sensing elements requires some precautions to preserve
heir structural and functional properties: the most essential risk
or their stability is the dewetting. Protective agents such as sugars
an be used to prevent dehydration damages and to increase the
tability of model membranes [29,30]. Recently, another air-stable
ystem has been developed by using polyethylene oxide oligomers
onjugated to phosphatidylethanolamine lipids (PEG-PE) [31]. The
nsertion of PEG-PE lipids into the bilayer strongly increased the
hickness of the headgroup hydration layer.

In this work, we have prepared a lipid membrane-based biosen-
or able to detect the alterations of membrane structure and
uidity. This lipid membrane was prepared in a nanoporous alu-
inium oxide, which provides a high surface to volume ratio

nd a protective environment against membrane dewetting. The
ipid membrane was prepared step-by-step inside the pores of
he nanoporous support, with the last step being a PEG-triggered
usion of the surface-attached liposomes. The membrane contained
EG-PE lipids as hydrating, protective and tethering agents and
biquinone which is a redox lipophilic mediator. This sensing sys-
em was efficient to detect the alterations of lipid membranes that
re induced by the addition of a common non-ionic detergent: Tri-
on X-100 (TX-100).

. Experimental

.1. Materials

Egg yolk l-�-phosphatidylcholine type XVI-E (EggPC), 1,2-
ioleyl-sn-glycero-3-phosphatidylethanolamine (DOPE), ubiqui-
one (co-enzyme Q10, UQ) and l-�-dipalmitoyl-phosphatidy-

ethanolamine-N-NBD (7-nitro-2,1,3-benzoxadiazol-4-yl) (NBD-
PPE), 3-aminopropyl-trietoxy-silane (APTES), N-3-dimethyl-

minopropyl-N′-ethylcarbodiimide (EDC), Triton X-100 (TX-100),
olyethylene-glycol 8000 (PEG8000) and 1-undecanethiol were
urchased from Sigma–Aldrich (St. Quentin-Fallaviers, France).
,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-carboxy-
olyethylene-glycol 2000 (DSPE-PEG2000COOH) was from Avanti
s B: Biointerfaces 79 (2010) 33–40

Polar Lipids (Alabaster, AL, USA). Other chemicals used in this
work were all analytical grade and the buffers were prepared with
Milli-Q water (resistivity of 18.2 M�·cm).

2.2. Preparation of liposomes

Liposomes composed of eggPC/DOPE/DSPE-PEG2000COOH
69:30:1 (mol/mol/mol/mol) (PEG-liposomes), of eggPC/DOPE/
DSPE-PEG2000COOH/UQ 67:30:1:2 (mol/mol/mol/mol) (PEG/UQ-
liposomes) or of eggPC/DOPE/DSPE-PEG2000COOH/NBD-DPPE
66:30:1:3 (mol/mol/mol/mol) (fluorescent PEG-liposomes) were
prepared by sonication. To this end, all components were first
dissolved in chloroform. The mixtures were then evaporated
under nitrogen and dried in a dessicator under vacuum for 2 h.
Multilamellar vesicles (MLV) were obtained by resuspending the
lipidic dried film at room temperature in a Hepes buffer (10 mM
Hepes, 150 mM NaCl, pH 7.4). The final lipid concentrations were
1.64 mM for PEG- and fluorescent PEG-liposomes and 6.67 mM for
PEG/UQ-liposomes. To obtain small unilamellar vesicles (SUVs),
the suspension was sonicated to clarity (3 cycles of 2 min 30 s)
using a 500 W titanium probe sonicator (Fisher Bioblock Scientific,
France; 35% of the maximal power; 13 mm probe diameter) while
being kept in an ice bath. The liposomal suspension was then
filtered on a 0.2 �m Acrodisc® (Pall Life Sciences, USA) to eliminate
titanium particles. Dynamic light scattering (DLS), also known
as photon correlation spectroscopy, was used to determine the
hydrodynamic diameters of each kind of liposomes. The mea-
surements were performed with the Zetasizer Nano ZS (Malvern
Instruments Ltd., UK). The mean hydrodynamic diameter was
83 ± 3 nm for all kinds of liposomes (mean value obtained on 10
independent measurements).

2.3. Preparation of functionalized nanoporous alumina electrodes

Nanoporous alumina electrodes were prepared as described
previously [15]. The final alumina electrodes presented the struc-
ture drawn in Fig. 1A. SEM images allowed to characterize the
dimensions of the nanoporous oxides: the average thickness, the
mean diameter of the pores and the average pore density were
11.6 ± 0.5 �m, 184 ± 9 nm and 21.8 pores/�m2, respectively (data
not shown). So the SUVs prepared as described above could easily
enter the pores. The Cr/Au layer between the alumina oxide and
the electrode is necessary to collect the electric signal from the
biomembranes inside the nanopores [15]. This Cr/Au-coated oxide
film was connected to the steel wire electrode with the appropri-
ate conductive silver glue to produce a nanoporous electrode (3 mm
in diameter) (Fig. 1Aa) [15]. From the geometrical parameters and
assuming that the pores are cylindrical, the overall surface area
of the pores can be estimated to 9.15 cm2 per electrode. The elec-
trodes were functionalized by chemisorption of undecanethiol on
gold and APTES modification of the alumina walls (Fig. 1Ab and c).
First, the electrodes were submitted to UV (254 nm) during 15 min
and dipped for 12 h in an ethanol solution containing 1 mM unde-
canethiol. After thorough rinsing with ethanol, the oxides were
dried under nitrogen flow, placed under vacuum with a small vial
containing 100 �L of APTES during 30 min at room temperature
followed by a curing step of 1 h at 100 ◦C [32]. Three hundred micro-
liters of the 6.7 mM PEG/UQ-liposomes solution and 100 �L of an
EDC solution in Hepes buffer at 1.04 M were then deposited on the
top of functionalized nanoporous alumina electrodes (Fig. 1Ad). The
electrodes were left overnight at room temperature and protected

from light to allow the covalent bonding between the carboxyl
function of DSPE-PEG2000COOH and the amine function of APTES.
Then, samples were rinsed several times with Hepes buffer and
the fusion of the vesicles was triggered by immersing the electrode
in 2 mL of a 30% (w/v) PEG8000 solution for 15 min (Fig. 1Ae). The
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Fig. 1. Preparation of the TLB in the electrode. (A) Step-by-step formation of the PEG-tethered membrane inside the pores of the aluminium oxide. Bare nanoporous electrode
structure (step a), the electrode was immersed in an ethanol solution of undecanethiol to functionalize the gold surface (step b) and the alumina surface was modified by
vapor deposition of the silane APTES (step c). The electrode was then incubated with EDC and the liposomes presenting free COOH groups, thus resulting in the attachment of
t ed to
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he liposomes to the surface of the alumina (step d). The PEG8000 treatment permitt
yclic voltammograms recorded at 50 mV/s in 0.1 mM phosphate buffer pH 7 of th
C) Cyclic voltammograms obtained at 5 mV/s for the electrode loaded with liposom
uffer 0.1 M pH 7 at 25 ◦C.

amples were then rinsed extensively with Hepes buffer to remove
EG8000 molecules.

.4. Fluorescence recovery after photobleaching

The lipid bilayers were prepared by the fusion of the fluorescent
EG-liposomes on a glass substrate functionalized with APTES. To

o so, 300 �L of fluorescent PEG-liposomes (1.64 mM) and 100 �L
f an EDC solution (1.04 M) in Hepes buffer were deposited on the
PTES-modified surface and allowed to react overnight at room

emperature in obscurity. Then, samples were rinsed several times
ith Hepes buffer and the fusion of the vesicles was triggered
promote the formation of the TLB by membrane fusion (step e). (B) Representative
electrode, after the self-assembly of the thiol layer on gold and after silanization.

fore and after PEG treatment. All the voltammograms were recorded in phosphate

by adding 400 �L of a 30% (w/v) PEG8000 solution for 15 min. The
PEG8000 molecules were removed by rinsing the samples exten-
sively with Hepes buffer.

A commercial confocal scanning light microscope (CSLM) (LSM
410 from Zeiss, Germany) was used for both fluorescence and
FRAP measurements. The instrument was composed of an inverted
Zeiss microscope (Axiovert 135) equipped with a 40× oil immer-

sion objective (NA 1.3) and with an argon ion laser (488 nm,
15 mW) controlled by the LSM4 software from Zeiss. The glass
slide was mounted in an open cell containing 1 mL of Hepes
buffer solution covering the supported bilayer. The samples were
imaged (310 �m × 310 �m) by collecting the fluorescence emit-
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Fig. 2. Typical chronocoulometric plot of UQ diffusion within a lipid bilayer. The UQ
pool was first totally oxidized at 0.45 V/SCE. Thereafter, a potential of −0.65 V/SCE
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as applied while allowing the UQ pool to diffuse inside the membrane during 200 s.
he variation of the corresponding reduction charge was followed and plotted versus
time)1/2.

ed by the NBD-DPPE probes in bilayers at 525 nm, at a scan
peed of 4 s. Control images were first acquired to ascertain the
niformity of fluorescence on each sample. The lateral diffusion
oefficient at 25 ◦C of the fluorescent probe was measured by
RAP after calibration under the conditions detailed previously
33].

.5. Electrochemical measurements

An anaerobic electrochemical cell was mounted with three elec-
rodes: the working gold-coated porous oxide electrode, a platinum
oil auxiliary electrode and a KCl saturated calomel reference elec-
rode (SCE = 0.248 V versus the normal hydrogen electrode at 25 ◦C).
he measuring cell was filled with 50 mL of 0.1 M phosphate buffer
H 7, thermostated at 25 ◦C by water circulation. For all experi-
ents, the partial pressure of oxygen was reduced by continuously

ubbling nitrogen in the buffer. An Autolab PGSTAT12 potentio-
tat controlled by a PC computer with GPES software (EcoChemie,
trecht, The Netherlands) was used both for cyclic voltammetry
nd chronocoulometry. For the chronocoulometry measurements,
he quinone pool was first fully oxidized at 0.45 V/SCE during 200 s.
ata sampling was performed at the final potential of −0.65 V/SCE
ith a sampling time of 200 ms. Ubiquinone diffusion coefficients

DUQ) were calculated according to Marchal et al. [34] by using the
ollowing formula:

= 1
4

�d2
[

S0 − S∞
Q∞ − Q0

]2

here d is the thickness of the alumina oxide, S0 corresponds to
he slope of the reduction current at the initial time, S∞ is the back-
round slope. Q0 is the charge corresponding to the adsorption of
he redox species at the surface of the electrode, and Q∞ is the total
harge detected. These values were determined as shown on the
ypical chronocoulometric plot (Fig. 2).

For the experiments of membrane solubilization with TX-100,
first voltammogram was recorded at 5 mV/s before adding the

etergent. Then the detergent was injected directly to the desired
nal concentration into the electrochemical cell with gentle stirring
100 rpm) and a set of ten successive voltammograms (recorded at
mV/s) was started 30 s after the injection.
.6. Atomic force microscopy

The supported lipid bilayers were prepared by the fusion of
EG-liposomes on a mica substrate functionalized with APTES. The
ttachment of the PEG-liposomes to the APTES-modified mica, and
s B: Biointerfaces 79 (2010) 33–40

the PEG-triggered fusion were performed as described for the FRAP
experiments.

The TLBs were investigated using a commercial AFM
(NanoScope III MultiMode AFM, Veeco Metrology LLC, Santa
Barbara, CA) equipped with a 125 �m × 125 �m × 5 �m scanner
(J-scanner). A quartz fluid cell was used without the O-ring.
Topographic images were recorded in contact mode using oxide-
sharpened microfabricated Si3N4 cantilevers (Microlevers, Veeco
Metrology LLC, Santa Barbara, CA) with a spring constant of
0.01 N/m (manufacturer specified), with a minimal applied force
(<200 pN) and at a scan rate of 5–6 Hz. The curvature radius of
silicon nitride tips was ∼20 nm. Images were obtained at room
temperature (21–24 ◦C) in Hepes buffer. All images (256 × 256
pixels) shown in this paper are flattened raw data.

3. Results and discussion

3.1. Electrochemical monitoring of membrane formation inside
the nanoporous electrode

Each step of the membrane formation inside the pores was char-
acterized by cyclic voltammetry (Fig. 1). The first step consisted in
the functionalization of the gold interface with hydrophobic thiols.
The self-assembled thiol layer produced an important decrease of
the background signal as compared to the bare electrode (Fig. 1B).
The alumina pores were also silanized with APTES. As one can see
in the voltammogram, the signal-to-noise ratio was not modified
by this treatment which confirms that the gold interface is the
sole electrically sensitive part of the electrode [15] (Fig. 1B). In a
third step, a mixture of PEG/UQ-liposomes and EDC were added
on the electrode. EDC is commonly used to activate terminal car-
boxyl groups on the DSPE-PEG2000COOH for the conjugation of
the liposomes with the amine groups of APTES [35]. At this step,
the liposomes were bound to the APTES-modified alumina walls
(Fig. 1Ad) as shown by the voltammogram presenting an elec-
trode background current and a small UQ reduction peak at about
−0.34 V/SCE (Fig. 1C). A very small charge (0.4 �C) was deduced
by integrating this UQ reduction peak. As described previously, UQ
is a water insoluble compound, thus it cannot produce any elec-
trochemical reaction in aqueous solutions [14]. Hence, one can
deduce that the amount of UQ detected by the electrode only
reflects the extent of vesicles fusion on the nanoporous support.
Then, the small charge of 0.4 �C corresponds to the spontaneous
fusion of some vesicles on the monolayer of thiols covering the
gold layer at the pore bottom [15]. Addition of PEG8000 to the
electrode led to the apparition of an important UQ reduction
peak centered at −0.45 V/SCE corresponding to a total charge of
14.25 �C. The UQ charge was determined on at least 10 different
electrodes and the mean charge obtained after PEG8000 treatment
was 11.7 ± 2.6 �C. The charge obtained theoretically (Qth) after
liposomes fusion can be estimated from the total area of the pores’
walls (by adding the surface of the bottom of the pores (Sb) and
the surface of the walls of the pores (Sw = 0.03 + 9.12 = 9.15 cm2),
the quinone/lipid ratio (2 mol%), and the number of electrons
exchanged during the oxidoreduction of UQ (ne = 2) with the
formula:

Qth = (Sb × nmonolayer/cm2 + Sw × nbilayers/cm2) × % mol UQ

×� × ne (1)

where nmonolayer/cm2 and nbilayer/cm2 represent the molar quan-

tities of lipids per cm of oxide organized in monolayer and in
bilayer respectively. Indeed, if we consider that the fusion of the
liposomes led to the formation of a monolayer on hydropho-
bic alkanethiols [36] and of a bilayer on the hydrophilic alumina
substrates [37], we obtained nmonolayer/cm2 = 2.44 × 10−10 mol/cm2
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Fig. 3. Stability of the PEG2000-TLBs inside the pores. A set of three electrodes was
kept in obscurity and in Tris buffer between each measurement. The cyclic voltam-
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ograms were recorded at 5 mV/s every day to determine the remaining charge
rom the UQ reduction peak. For each electrode, the charge was normalized by tak-
ng the initial charge at day zero (i.e., immediately after the PEG treatment) as the
eference.

nd nbilayer/cm2 = 4.88 × 10−10 mol/cm2 (the mean molecular areas
ere ∼73 and 64 Å2 for eggPC and for DOPE, respectively [38,39]).
n the basis of Eq. (1), we have calculated that Qth was approxi-
ately 17.2 �C. If we consider the real charge found in the electrode
ith the standard deviation: 11.7 ± 2.6 �C, we can deduce that

he lipid membrane is covering between 53 and 83% of the sur-
ace in the electrode. This result could be explained either by
n incomplete fusion or by a partial coverage of the membrane
due to a poor accumulation of SUVs in the alumina pores). This
harge lower than expected might be due to the geometry of
he substrate that is not flat but rather cylindrical or to a mis-
stimation of the total area to cover with the membrane which
as been calculated from the geometrical parameters determined
n the MEB images. Another reason could be that the fusion is
erformed with the electrode presenting the pores vertically, so
UVs could sediment and get more concentrated at the bottom
f the pores. Finally, there will be less fusion at the top of the
lectrode.

The stability of the electrode was also verified on several days.
LBs were prepared inside a set of three independent electrodes,
he charge due to the reduction of UQ was measured on the first
ay and during the next 5 days. Before each measurement, the
lectrodes were dewetted. For each electrode, the charge was
ormalized by taking the charge obtained immediately after the
EG8000-triggered fusion as the reference. The normalized charges
f UQ were plotted versus time (Fig. 3). As one can see, the charge
as stable over 5 days after membrane formation and they were

esistant to dewetting: the mean charge was always equal or
igher than 80% of the initial charge. This result indicates that
he TLB-based sensor is stable for days in the nanoporous elec-
rode.

.2. Validation of the TLBs formation on flat substrates

To prove that the protocol chosen to prepare TLBs in the alumina
xide pores was appropriate, we have performed verifications with
RAP and AFM experiments. Even if it is difficult to consider that
embranes on planar surfaces in AFM and FRAP experiments could

ehave similarly to those in alumina pores, these experiments are
seful to verify/visualize membrane formation. A typical fluores-
ence photobleaching experiment is shown in Fig. 4. Before PEG8000
reatment, the absence of fluorescence recovery in the sequence of

mages suggests that there is no lateral diffusion of the fluorescent
ipid probe, thus demonstrating the presence of fluorescent lipo-
omes attached to the surface (Fig. 4A). On the sample treated with
EG8000 to trigger membrane fusion, the fluorescence was recov-
red after few seconds, thereby proving that the fluorescent probe
Fig. 4. Characterization of the TLBs by FRAP. (A) FRAP images were recorded
before and after the treatment with PEG8000. (B) The experimental data were
fitted as described previously [33] to calculate both the diffusion coefficient D
((3.0 ± 0.3) × 10−8 cm2/s) and the mobile fraction (93 ± 6%) at 25 ◦C.

was able to diffuse laterally and that a TLB was formed on the sur-
face (Fig. 4B). After PEG8000 addition, the photobleached square was
totally refilled with fluorescence within 280 s. The long-range dif-
fusion coefficient and the mobile fraction of the fluorescent lipid
were measured from the fluorescence recovery curves as previ-
ously described [40] (Fig. 4B). We calculated a mobile fraction
and a diffusion coefficient of ∼93 ± 6% and (3.0 ± 0.3) × 10−8 cm2/s,
respectively. These values are consistent with the formation of a
fluid TLB on the solid support [15,33,41]. However, FRAP exper-
iments are not sufficient to prove the formation of a continuous
bilayer, thus AFM imaging was performed with the same prepa-
ration protocol of TLBs. Fig. 5 shows the AFM topographic images
obtained at different magnifications before and after the PEG8000
treatment. Before the addition of PEG8000 (Fig. 5A–C), one can
observe the presence of aggregated vesicles (dashed circle), holes
(full circle) and some bilayer patches (asterisk, thickness of about
5 nm) on the surface. The roughness (RMS value) found for this sur-
face was ∼3.8 nm. After the treatment with PEG8000 during 15 min,
the same sample was thoroughly rinsed and observed again by
AFM (Fig. 5D–F). One can observe white dots and a background
which is homogeneously grey. Moreover, the roughness of the sam-
ple decreased dramatically down to 1.0 nm, thus suggesting the
fusion of the liposomes yielded a flatter surface. Another area of
the same sample was imaged at higher magnification and some
holes were observed (Fig. 5G). Cross sections were measured to
determine that the step-height between holes and the grey level
was 5.9 ± 0.4 nm, which is consistent with the thickness of a sin-
gle bilayer [42]. However, the thickness obtained for a supported
lipid bilayer composed of fluid PC is 4.4 ± 0.1 nm [42], this indicates
that a hydrating compartment of about 1.5 nm is present under
the PEG2000 tethered bilayer. The white aggregates on the surface
are relatively flat and present a thickness of 7.2 ± 0.6 nm which
suggests that they may correspond to some patches of a second
bilayer.

Altogether, these AFM observations and FRAP experiments

allow to conclude that the PEG8000-triggered fusion was efficient
and led to the formation of fluid and continuous TLBs. One can then
expect that the lipid membrane formed inside the electrodes’ pores
is organized in a fluid and continuous bilayer.
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ig. 5. AFM height images of PEG-liposomes deposited onto mica surfaces silanize
as 10 nm for all images and the sizes were 20 �m × 20 �m (A and D), 10 �m × 10 �

dded to the image C to indicate some lipid structures: asterisk indicates a bilayer
esicles. All images were obtained under Hepes buffer at room temperature.

.3. Electrochemical sensing of membrane solubilization inside
he nanoporous electrode

The TLBs were prepared inside the alumina pores and differ-
nt concentrations of TX-100 were added in the electrochemical
ell. Cyclic voltammetry was used to follow the reduction peak
f the UQ contained in the bilayers along time after detergent
ddition. Fig. 6A shows an accumulation of 11 voltammograms
ecorded before and after the injection of TX-100 at 0.48 mM final
oncentration (2 times the critical micelle concentration, CMC).
he first voltammogram recorded before detergent addition pre-
ented an important reduction charge of 14.25 �C. The UQ charge
ecreased to 11.65 �C immediately after the injection of TX-100 in
he electrochemical cell (280 s). The charge obtained from the 3rd
oltammogram (740 s after TX-100 injection) was only 6.38 �C tra-
ucing an important solubilization of the lipid bilayer. Surprisingly,

he charge in the 4th voltammogram (1200 s after TX-100 injec-
ion) increased up to 7.55 �C. At 1660s (5th voltammogram), the
Q charge increased again to reach 9.64 �C. This value increased
gain to reach ∼11 �C at 2120s (6th curve), and then it stabilized
n all the following measurements. These results suggest that a
APTES before (A–C) and 15 min after PEG8000-triggered fusion (D–G). The z-scale
nd E), 5 �m × 5 �m (C and F) and 3.5 �m × 3.5 �m (G). The following features were
the closed circle shows a hole and the dashed circle is for an aggregate of unfused

bilayer formed again on the walls of the pores in the electrode.
This is very similar to the progressive redeposition observed previ-
ously by AFM during the solubilization of a bilayer with TX-100
[43]. In fact, mixed detergent/lipid/UQ micelles may be able to
adsorb progressively on the surface of the alumina walls and lipids
may redistribute in a stable bilayer with a little amount of TX-100
remaining. The equilibrium would then be obtained when a part
of the lipids/UQ is present on the support in the form of bilayers,
and the other part is still in mixed micelles. A control experiment
permitted to confirm these conclusions, by introducing PEG/UQ-
liposomes pre-solubilized with TX-100 at a concentration of 2CMC,
it did not produce a reduction peak. This control suggests that the
UQ molecules contained in the mixed micelles were not able to
interact with the gold interface in the electrode.

The concentration of TX-100 solutions was varied to solubilize
the TLBs in the nanoporous electrode. For all these experiments,

the variation of UQ charge induced by the detergent was normal-
ized with the UQ charge of the electrode before TX-100 treatment.
The normalized charge was then plotted versus time for each con-
centration of TX-100 tested (Fig. 6B). As described above for a
2CMC TX-100 concentration, we first observed a decrease of the
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Fig. 6. Electrochemical sensing of membrane solubilization by TX-100. The charge of
UQ was followed by cyclic voltammetry at a scan rate of 5 mV/s. Panel A presents the
typical voltammograms obtained with TX-100 at 2CMC. A first scan was performed
before TX-100 injection (A, curve 1). Then the detergent was injected directly into
the electrochemical cell to the desired final concentration and 10 successive scans
were recorded to follow the evolution of the UQ reduction peak. (A) For 2CMC,
the two earliest scans (A, curves 2 and 3) showed a decrease of UQ reduction signal.
During the next scans, the reduction peak increased (A, curves 3–6) to reach a plateau
(
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Table 1
Influence of TX-100 on the diffusion coefficient of UQ in the PEG-tethered
membranes.

Triton X-100 concentration (mM) Ubiquinone diffusion
coefficient DUQ (×10−8 cm2/s)
A, curves 7–11). (B) The normalized total charges obtained from the UQ reduction
eak were plotted in function of time to measure membrane perturbation by TX-100.
our different concentrations of TX-100 were tested: CMC/2, CMC (i.e., 0.24 mM),
CMC and 4CMC.

Q charge to 45%, then an increase was obtained to finally reach a
lateau after ∼3000 s at 80%. With 0.96 mM TX-100 (4CMC), the
harge of UQ decreased to near zero in 800 s. In this case, the
olubilization was completed rapidly, and as seen with the final
ormalized charge close to zero (0.2 ± 0.1 �C), no redeposition
ctivity was observed. The two other TX-100 concentrations tested
MC (0.24 mM) and CMC/2 (0.12 mM) had no effect on the charge of
Q. This is consistent with the solubilizing properties of detergents
bserved previously by AFM, for concentrations equal or less than
he CMC, they are not able to solubilize lipid membranes [42,43].

e have used potential step chronocoulometry to determine the
iffusion coefficients of UQ in the bilayers in the presence of TX-100
t CMC/2 and CMC. Indeed, this is a standard electrochemical tech-
ique allowing to determine diffusion coefficients of electroactive
pecies in solution and in lipid membrane assemblies [44]. Sim-
lar to the FRAP method, chronocoulometry, provides a measure
f the “long-range” diffusion coefficient extending over microm-
ter distances [34,45]. Table 1 summarizes the different diffusion
oefficients calculated for bilayers before and after TX-100 treat-
ent at CMC/2 and CMC. Before the treatment with TX-100, the

UQ was 4.75 × 10−8 cm2/s, this value is consistent with the litera-

ure for the diffusion of UQ in PEG supported bilayers [10] but when
treptavidin was used as sublayer, the DUQ measured was lower
15]. This result indicates that the presence of PEG2000 molecules
nder the membrane significantly increased the bilayer fluidity. In
he presence of TX-100 at CMC/2 in the electrochemical cell, the

[
[

0 4.75 ± 0.04
0.12 (CMC/2) 4.91 ± 0.04
0.24 (CMC) 5.13 ± 0.08

DUQ increased up to 4.91 × 10−8 cm2/s, thus suggesting a slight flu-
idization of the bilayers. The addition of TX-100 at a concentration
equal to the CMC provoked an increase of DUQ to 5.13 × 10−8 cm2/s.
These DUQ values indicate that even if TX-100 was not able to solu-
bilize the TLBs at concentrations below the CMC, the fluidity of the
membrane was significantly increased by the insertion of deter-
gent molecules. Again these results are consistent with previous
AFM observations, calorimetry and infrared spectroscopy studies
[42,46].

4. Conclusions

The nanoporous electrode hosting TLBs seems to be a promising
easy-to-prepare sensor to study dynamic processes of lipid mem-
brane perturbation. In this work, we have prepared such a biosensor
inside the pores of a nanoporous support by a PEG-triggered fusion
of liposomes. This sensing system was efficient to detect the alter-
ations of lipid membranes that are induced by the addition of a
commonly used non-ionic detergent: Triton X-100. A special fea-
ture of this electrode is the possibility to measure the diffusion
coefficient in situ, and to quantify the amount of biomembrane that
is still unaltered in the electrode in real-time. It will be interesting
to discuss the sensitivity of our membrane electrode but there are
no comparable sensors in the literature that were used to study
membrane alterations/solubilizations.

For instance, one can imagine that this sensing electrode could
serve to study the membrane resistance toward detergents, to
understand how detergent resistant membranes enriched in sph-
ingomyelin and cholesterol can be formed. Another interesting
application would be the study of the enzymatic degradation of
lipid bilayer by lipases. The mechanism by which peptides are able
to insert in the biomembranes could also be probed with this sys-
tem. In fact, this electrode would also be useful to detect different
membrano-tropic compounds in complex liquid environments.
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