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Abstract The purpose of this short communication was to
examine whether the formation of a supported lipid bilayer
(SLB) made with purely synthetic lipid or with Escherichia
coli complex lipid may have any influence on the production
and incorporation of the transmembrane protein α-hemolysin
from Staphylococcus. Different molar ratio of E. coli total
extract lipid and synthetic 1-palmitoyl-2-oleoyl-sn-glycero3-phosphocholine (POPC) were used to prepare SLB, which
were characterized by combination of quartz crystal microbalance with dissipation monitoring (QCM-D), fluorescence recovery after photobleaching (FRAP), and atomic force microscopy (AFM). It was found that a 68:32 molar ratio was

optimal to produce a SLB mimicking a bacterial lipid membrane. Comparing this later SLB with a purely synthetic SLB
(100 % POPC) as receptacle for expression of the
Staphylococcus α-hemolysin fused to eGFP by a cell-free
expression system (CFES), we showed that both production
and incorporation of this membrane protein was very similar.
Keywords Supported lipid bilayer (SLB) . Biomimetic lipid
bilayer . Cell-free transcription-translation . Membrane
protein . α-Hemolysin
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Cell membranes are crucial structural and functional components of all living cells. They are made of a lipid bilayer
containing phospholipid of different biochemical structures
and present at different percentage [1]. The complexity of cell
membrane has stimulated researches for simpler model systems where biophysical and biochemical properties of cell
constituents, such as membrane proteins, and interaction with
cellular components, can be investigated under controlled
conditions. Thus, designing self-assembly of model membranes onto sensor substrates may constitute an important
field of research in, e.g., membrane proteins structurefunction, and enabling applications in drug discovery, artificial noses, etc. A model that has received considerable attraction is the supported lipid bilayers (SLBs), which can be
formed by adsorption and rupture of lipid vesicles
(liposomes) onto various different substrates, as pioneered
by McConnell et al. [2]. Silicon oxide or titanium oxide were
found as the best surfaces for the production of these SLBs
because the rupture of the vesicles can take place under near
physiological (temperature and pH) conditions [3–6]. The
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method of forming SLBs has been investigated in details by
many authors using liposomes made of synthetic phospholipid
of low complexity in terms of lipid composition [7–9]. More
recently, the tethered bilayer lipid membrane (tBLM) has been
used as another model in which a space between the surface
and the lipid bilayer membrane has been created through a
tethering molecule such as polymer cushion, peptide, and
protein [10–12]. In both cases, few studies with SLBs or
tBLMs that mimicked a biological membrane in terms of lipid
compositions are reported [13–16].
The SLBs or tBLMs are well-designed model systems for
detailed molecular and functional studies of membrane proteins, which cannot be carried out on whole cells. However, to
achieve this goal, the proteins of interest must be obtained and
incorporated into the lipid bilayers. To this end, the cell-free
expression system (CFES) has emerged as an exquisite method to produce a reasonable amount of a given protein by
putting in the system only a plasmid bearing the gene
encoding this protein [17, 18]. This technology has been
combined with the synthetic lipid vesicles to allow direct
incorporation of the produced protein into liposomes [19] or
into planar bilayers [20, 21]. A simple and burning question in
respect to these artificial systems is to evaluate whether the
complexity in terms of lipid composition of lipid bilayers has
any effects on the production and insertion of a membrane
protein using the CFES. In this short communication, we
show that expression and incorporation of the Staphylococcus
α-hemolysin protein is equivalent between a SLB made of a
synthetic lipid and that made of Escherichia coli lipid extracts.

2 Materials and Methods
2.1 Materials
Deionized water used in the experiments and for preparing
buffer solutions was ultrapure water (PURELAB Ultra) with a
resistance of 18.2 MΩ cm. Buffers used in this work (buffer A:
HEPES 10 mM, NaCl 150 mM, pH 7.4; buffer B: HEPES
10 mM, NaCl 150 mM, CaCl2 2 mM; and buffer C: PBS
10 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4) were
purchased from Sigma-Aldrich. 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC), E. coli total lipid extract,
and 1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4yl)amino]hexanoyl}-sn-glycero-3-phosphocholine (NBDPC) were from Avanti Polar Lipid (Alabaster, AL).
2.2 Vesicle Preparations
The E. coli and POPC lipid solutions dissolved in chloroform
(10 mg/mL) were mixed in a 100:0, 85:15, 68:32, 0:100 molar
ratio (mol %), respectively. The chloroform was removed

under a stream of nitrogen, and subsequently evaporated for
at least 3 h in a vacuum desiccator. The phospholipid mixtures
were resuspended in buffer B at a final concentration of
1 mg/mL, and then vigorously stirred. These solutions
were sonicated (Sonics Materials 500 W) with a Micro-Tip
continuously during 20 min at 40 % power and centrifuged
5 min at 16,000 g twice to eliminate titanium nanoparticles.
The size of each vesicle preparation was measured by
dynamic light scattering (DLS, Malvern Zetasizer ZS,
Malvern Instrument Ltd., UK) to have an average diameter
with a relative size distribution of 90±42 nm. The obtained
vesicles of different lipid compositions were then diluted in
buffer B at a final concentration of 0.1 mg/mL.
2.3 Cell-Free Expression System for Protein Production
The crude extract was prepared with E. coli BL21 Rosetta 2
cells according to the procedure described by Shin and
Noireaux [17]. The α-hemolysin-eGFP fusion protein (AHeGFP) was produced under the condition described in [17]
from the plasmid Ptar-AH-eGFP that was constructed from
pBEST-Luc (Promega Corporation, Madison, WI). It was
added to the cell-free system at a final optimized concentration
of 5 nM as determined in a previous work [20].
2.4 Quartz Crystal Microbalance with Dissipation Monitoring
Quartz Crystal Microbalance with Dissipation (QCM-D) experiments were performed on a Q-Sense E4 system using the
Qsoft software for data acquisition (Q-Sense®, Sweden). Silicon dioxide quartz crystals (QSX-303) were mounted in
QCM-D flow chambers (QFM 401). Crystal sensors coated
with SiO2 were cleaned by immersion in a solution of ethanol
99 % at room temperature, intensely rinsed with ultrapure
water and then dried under a nitrogen stream. Prior to be
mounted in the flow chambers, the sensors were treated with
oxygen plasma (Pico μW UHP, Diener Electronics) at 200 W,
1.5 mbar, for 5 min. For SLB monitoring, QCM-D chambers
were first washed with buffer B at room temperature. The
liposome composition of interest (0.1 mg/mL, 1 mL per flow
chamber) was injected simultaneously in two chambers at a
flow rate of 100 μL/min. After signal stabilization, flow
chambers were rinsed with buffer B at 50 μL/min during
20 min, followed by a 20-min wash with buffer A at 50 μL/
min, and then with buffer C at 50 μL/min for 20 min. QCM-D
chambers were washed extensively with buffer C (50 μL/min,
20 min), and temperature was brought to 30 °C. The baseline
of frequency shift (Δf) and dissipation variation (ΔD) signals
was reset to zero before injection of the cell-free extract,
180 μL per flow chamber, 40 μL/min, then 20 μL/min when
cell-free reaction arrived in each flow chamber. The cell-free
solutions were incubated for 3 h, without flow. After

BioNanoSci.

incubation, the flow chambers were rinsed with PBS buffer
(20 μL/min, 20 min; 40 μL/min, 20 min; 80 μL/min, 20 min).
The resonant Δf used for data analysis was from the seventh
overtone, since, according to the manufacturer, it is less sensitive to crystal mounting conditions. The crystal sensor has a
resonance frequency of 5 MHz, giving a starting resonance
frequency of 35 MHz at the seventh overtone.
2.5 Fluorescence Recovery After Photobleaching Analysis
The fluorescence recovery after photobleaching (FRAP)
technique was used to characterize SLB on freshly cleaned
glass surface. The surfaces were activated with oxygen
plasma (Pico μW UHP, Diener Electronics) at 200 W,
1.5 mbar for 5 min. Vesicle suspensions including 1 %
NBD-PC (fluorescent lipid molecule) were incubated during 30 min on the activated glass surface then washed with
buffers B and A. FRAP experiments were performed using
a confocal laser scanning inverted microscope (Zeiss LSM
510 NLO), with a 63X water-immersion objective. A laser
pulse at the wavelength of 488 nm (power 15 mW) was
used to bleach a spot of 40 μm diameter. Images were
taken before and at regular intervals with Zeiss LSM software after photobleaching (every 10 s during the first
minute, then every minute for 10 min) and processed with
Image J freeware. For each image obtained, fluorescence
intensity was normalized using the intensity of a reference
area and the bleach spot. The diffusion coefficients were
calculated using the equation D=0.224r2/t1/2, where t1/2
corresponds to half-life of fluorescence recovery and r
the radius of the bleach spot [22].

3 Results and Discussion
3.1 Search for Optimal Conditions to Produce Biomimetic
SLBs Using E. coli Lipid Extracts
Merz et al. [13] already reported QCM-D adsorption kinetics
of E. coli total lipid extract liposomes on SiO2 surface at
different CaCl2 concentration. Contrary to the classical
QCM-D trajectories for SLB formation obtained using a synthetic lipid (e.g., POPC) that is characterized by a drastic drop
of the resonance Δf corresponding to adsorption of vesicles
on the surface, followed by a rapid rise of Δf to about −26 Hz
that is due to a rupture and fusion of the vesicles into a planar
bilayer, these authors reported that only the first phase was
observed with liposomes made from extracted E. coli membrane lipid. These results were interpreted as an aggregation of
vesicles on the surface with possible formation of partial and
nonplanar SLB. Taking into account this previous work, we
looked for lipid mixture between POPC and E. coli total lipid
extract to generate biomimetic SLBs onto a SiO2 surface
(Fig. 1). As expected, the injection in the QCM chamber of
a 100 % POPC liposomes resulted in a rapid drop of Δf to −50
to −60 Hz followed after less than 5 min by an immediate rise
of the frequency shift to −25 Hz. This latter value that
remained constant even after extensive washing is in accordance with the reference value of a typical SLB made on a
SiO2 as shown by other authors using the same methodology
[24, 25]. In contrast, upon the injection of a liposomes solution
made with 100 % E. coli total lipid extract on the SiO2 surface,

2.6 Atomic Force Microscopy
Atomic force microscopy experiments were performed
using a NanoWizard® III (JPK Instrument, Berlin, Germany). Commercial AFM tips with a pyramid-shaped
Si3N4 cantilever, Au coating on the reflective side of the
tips (MLCT-AUHW, Bruker), and a nominal spring constant of 0.01 N/m were used for all AFM measurements.
The spring constant of the cantilever was obtained by the
thermal noise method [23], and the calibration of the force
sensor was obtained by measuring the signal of the photodiode when the AFM tip is approached against a
nondeformable hard substrate. The AFM was operated in
contact mode applying minimal forces (<0.1 nN) with a
frequency of 1–2 Hz. AFM measurements were performed on a mica (Jbg-Metafix, 24×32 mm) surface with
a thickness of 0.1 mm cleaved with adhesive tape before
experiments. Prior to AFM analyses, the vesicle suspensions were incubated for 30 min on mica surfaces followed by washing with buffer B and then with buffer A.

Fig. 1 Quartz crystal microbalance with dissipation (QCM-D) monitoring of the formation of supported lipid bilayer (SLB) onto SiO2 surface.
After stabilization of the baseline level (buffer B), the vesicles (0.1 mg/
mL) made with different molar ratio of E. coli total lipid extract/POPC
were injected in the QCM chambers (10 min). The chambers were
washed with HEPES 150 mM, NaCl 10 mM, CaCl2 2 mM (40 min pour
100:0, 25 min for 90:10, and 18 min for all other composition)
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Fig. 2 AFM images (5 μm×5 μm) in contact mode of lipid vesicles
incubated onto mica surface prepared from different molar ratio (1) 100 %
E. coli/0 % POPC, (2) 85 % E. coli/15 % POPC, (3) 68 % E. coli/32 %

POPC, and (4) 0 % E. coli/100 % POPC. a Vertical deflection images, b
height images (color scale, 0–1 nm)

the Δf exhibited a seemingly exponential decrease that was
never followed by a resumption of the frequency shift signal.
This result suggested the absence of any spontaneous rupture
and fusion of the vesicles. From this curve, we could not
assess whether a partial supported lipid bilayer has been
formed or whether vesicles were adsorbed and aggregated
onto the surface. Nevertheless, this result confirmed the previous conclusion of Merz et al. [13] and led us to test mixtures
of E. coli lipid/POPC at different molar ratio (50:50, 68:32,
70:30, 90:10, 100:0) to produce SLBs. As shown in Fig.1, the
behavior of the QCM-adsorption curve already changed with
a molar ratio of E. coli lipid/POPC of 90:10, showing after
injection a decrease of Δf up to −80 Hz that was followed by a
slight rise of this frequency to −60 Hz. This value was about
2.5 times higher than the one expected for a planar bilayer and

thus may indicate the formation of a partial supported lipid
bilayer. On the other hand, liposomes solution prepared from a
mixture of 50 % E. coli lipid/50 % POPC or 68 % E. coli lipid/
32 % POPC exhibited a QCM-D trajectory very similar to that
of 100 % POPC. Altogether, the molar ratio of 68 % E. coli
extract lipid/32 % POPC was retained as the optimal mixture
for producing SLBs that could exhibit biophysical properties
closer to E. coli cell membranes.
AFM in contact mode was used to image the topology of
the adsorbed layers formed from the following four different
molar ratios of E. coli total lipid extract/POPC: 100:0, 85:15,
68:32, 0:100 on a mica surface previously imaged in buffer
solution to check the cleavage quality (see Fig. S1 in supplementary material). As shown in Fig. 2, patches were recorded
on a SLB produced with a liposome suspension made of

Fig. 3 FRAP data (relative intensity as a function of time and images
after photobleaching (t=0 min and t=7 min), scale bar: 20 μm) from a
range of different mixture of E. coli/POPC/NBD-PC: a 0 % E. coli/99 %

POPC/1 % NBD-PC, b 67.5 % E. coli/31.5 % POPC/1 % NBD-PC, and c
99 % E. coli/0 % POPC/1 % NBD-PC
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Fig. 4 Quartz crystal microbalance measurement of α-hemolysin-eGFP
produced by cell-free expression system on two different SLB (68 %
E. coli/32 % POPC and 0 % E. coli/100 % POPC) at 30 °C. After the
baseline level was reset to 0, the cell-free expression system was injected
(0 min) and left for 3 h in the QCM chambers, followed by washing with
PBS buffer (190 min)

100 % of E. coli total lipid extract and of 85:15 molar ratio
E. coli total lipid extract/POPC. It could be seen that at this
molar ratio, the patches formed were less numerous than using
100 % E. coli total lipid extract. To explore the nature of these
patches, a cross-section profile of AFM images was used to
determinate the height of these structures (see Fig. S2 in
supplementary material). However, the real height of the lipid
patches could not be obtained by contact mode imaging, likely
due to strong interactions between the tip and the lipid bilayer
[26]. For this reason, we used the tapping mode imaging to
show that the height was around 3–4 nm, suggesting that the

observed patches are not segregated domains but real free
standing lipid bilayer patches. Conversely, a smooth and
regular surface was imaged with liposomes composed of
100 % POPC lipid molecules which was consistent with a
planar bilayer membrane structure. AFM images made on
surface with liposome suspension composed of a 68:32 molar
ratio of E. coli total lipid extract/POPC were predominantly
the same as those of pure POPC liposomes (Fig. 2),
supporting the formation of a correct SLB using this molar
ratio.
FRAP technique was a third independent method
employed to validate the formation of the “biomimetic” and
synthetic SLB. The fluorophore NBD-PC was used to label
vesicles made of a molar ratio of E. coli total lipid extract/
POPC at 100:0, 68:32, and 0:100. These mixtures were incubated for 30 min on glass surface. After flushing away excess
of vesicles by extensive wash, FRAP images were recorded
before and after photobleaching (Fig. 3) giving rise to normalized recovery curves for the fluorophore as a function of time
and for each of the vesicles composition. It can be seen that the
recovery kinetic was similar for vesicles made of 100 %
POPC and those produced with a mix of 68 % E. coli total
lipid extract and 32 % POPC, reaching 100 % recovery after
400 s. The calculated coefficient of diffusion was around
1.3 μm2/s for the former and about 1.0 μm2/s for the latter
condition. In contrast, only 60 % recovery was obtained after
400 s with 100 % E. coli extract lipid vesicles, and a calculated
coefficient of diffusion of about 0.8 μm2/s. This result is in
agreement with a previous report of Dodd et al. [14] that also
found a decreased diffusion coefficient between the synthetic
SLB and the E. coli lipid-based SLB. Taken together, these
results obtained with FRAP were consistent with QCM-D
measurement and AFM imaging.

Fig. 5 Dissipation against frequency signal (D-f) of cell-free expression system bearing AH-eGFP (black line) or without plasmid (gray line) on a 68 %
E. coli/32 % POPC SLB (a) or on a 0 % E. coli/100 % POPC SLB (b)
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3.2 Cell-Free Production and Incorporation of α-Hemolysin
in Synthetic and Bacterial Supported Lipid Membranes
We wanted to compare the production and incorporation of
AH-eGFP fusion protein produced by a CFES into SLBs
made by synthetic vesicles (e.g., 100 % POPC) and constructed from a 68:32 molar ratio of E. coli total lipid extract/POPC,
which we considered close to a bacterial lipid membrane
(Fig. 4). Cell-free production of the membrane protein was
monitored by QCM-D. Since the CFES is enriched of many
components needed for transcription and translation machinery that may nonspecifically interact with SLBs, a control
experiment without the plasmid bearing the gene encoding
AH-eGFP was always performed. After SLBs formation, the
baseline of frequency shift was reset to zero before injection of
the cell-free expression system into the QCM-D chambers,
and the temperature was raised to 30 °C in adequacy with
conditions required for optimal working of the CFES [17].
Changes in the seventh overtone resonant frequency were
recorded in real time over 4 h after injection in all four
QCM-D chambers (two controls without plasmid, the two
other with the plasmid). A few minutes after injection, we
observed for all conditions an almost instantaneous drop of Δf
to approximately −80 to −100 Hz that likely corresponds to
unspecific binding of the cell expression components machinery on the SLBs. The frequency shift significantly continued
to decrease in the QCM-D chambers containing the CFES
with the plasmid to reach −400 Hz for the synthetic SLB
(100 % POPC) and to −200 Hz for the SLB made of 68 %
E. coli total lipid extract/32 % POPC. Since the Δf decreased
much less in the control chambers for both types of SLBs, this
could indicate that α-hemolysin has been produced by the
CFES, which was verified in an independent experiments by a
SDS gel electrophoresis (data not shown). After 3 h, all
chambers were washed, resulting in a net and rapid reset of
the Δf to near the initial baseline level for the synthetic and
bacterial lipid mimicking SLBs that were incubated with
CFES without plasmid, whereas the value stabilized to
−80 Hz with both types of SLBs onto which CFES containing
the plasmid has been incubated. This result suggested that a
similar amount of AH-eGFP protein was produced and incorporated into the synthetic and the bacterial lipids mimicking
SLBs. It was also consistent with aquaporin Z protein produced by a cell-free expression system and inserted into
vesicles [17]. Furthermore, if we assume that all the additional
mass observed between the experiment and the control condition is attributed to the inserted proteins, than we could
estimate the surface density of proteins at the membrane using
the Voigt model [27] which gives: 6×1012 molecules of αhemolysin-eGFP for a quartz of 1 cm2. However, this mass
also includes a huge amount of water molecules. From others
studies, we estimate that the proportion of water in this total
mass is around 2:3 [28], which finally leads to a molecule

surface density of 2×1012 molecules/cm2. The arrangement
of the molecules in the membrane is unknown. Assuming that
heptamers forming pores are assembled, taking a pore diameter
of 8 nm for α-hemolysin pores [29], slightly enlarged to 10 nm
due to the eGFP, each heptamer has roughly an area of 8×
10−13 cm2. Therefore, 2×1012 molecules would represent 3×
1011 heptamers, which roughly occupies a surface of 0.25 cm2
(3×1011 ×8×10−13). This area is a quarter of the quartz surface,
indicating that less than a closed packed monolayer is formed
at the sensor surface. The amount of protein could be
overestimated due to the presence of CFES residues. Thought
quite speculative, this result also showed that AH-eGFP protein are produced and incorporated into a SLB.
The dissipation signal plots against the frequency signal
(D-f curve, Fig. 5) indicated a rupture in the linearity of the
curve, confirming a change in the mechanical properties of the
SLB that is likely due to incorporation of the protein [20]. At
the end of the whole process, after final washing, the dissipation signal is much stronger in the case of the AH-eGFP
insertion (ΔD=44×10−6) compared to the control experiment
(ΔD=10×10−6). This suggests again that the expression of
AH-eGFP induced a consequent rheological modification of
the supported membrane.

4 Conclusions
This short note shows that the lipid composition to produce
SLBs does not have any impact in the production and incorporation of the α-hemolysin by a cell-free expression system.
However, this conclusion must be dampened by the fact that
only one membrane protein has been tested and also because
only incorporation has been monitored. It is possible that the
lipid composition may be a critical factor for the true biochemical function of the incorporated protein.
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