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ABSTRACT: Planar lipid bilayers on solid supports mimic the
fundamental structure of biological membranes and can be
investigated using a wide range of surface-sensitive techniques.
Despite these advantages, planar bilayer fabrication is challenging,
and there are no simple universal methods to form such bilayers
on diverse material substrates. One of the novel methods recently
proposed and proven to form a planar bilayer on silicon dioxide
involves lipid deposition in organic solvent and solvent exchange
to influence the phase of adsorbed lipids. To scrutinize the
specifics of this solvent-assisted lipid bilayer (SALB) formation
method and clarify the limits of its applicability, we have
developed a simplified, continuous solvent-exchange version to
form planar bilayers on silicon dioxide, gold, and alkanethiol-
coated gold (in the latter case, a lipid monolayer is formed to
yield a hybrid bilayer) and varied the type of organic solvent and rate of solvent exchange. By tracking the SALB formation
process with simultaneous quartz crystal microbalance−dissipation (QCM-D) and ellipsometry, it was determined that the
acoustic, optical, and hydration masses along with the acoustic and optical thicknesses, measured at the end of the process, are
comparable to those observed by employing conventional fabrication methods (e.g., vesicle fusion). As shown by QCM-D
measurements, the obtained planar bilayers are highly resistant to protein adsorption, and several, but not all, water-miscible
organic solvents could be successfully used in the SALB procedure, with isopropanol yielding particularly high-quality bilayers. In
addition, fluorescence recovery after photobleaching (FRAP) measurements demonstrated that the coefficient of lateral lipid
diffusion in the fabricated bilayers corresponds to that measured earlier in the planar bilayers formed by vesicle fusion. With
increasing rate of solvent exchange, it was also observed that the bilayer became incomplete and a phenomenological model was
developed in order to explain this feature. The results obtained allowed us to clarify and discriminate likely steps of the SALB
formation process as well as determine the corresponding influence of organic solvent type and flow conditions on these steps.
Taken together, the findings demonstrate that the SALB formation method can be adapted to a continuous solvent-exchange
procedure that is technically minimal, quick, and efficient to form planar bilayers on solid supports.

■ INTRODUCTION

A planar lipid bilayer formed on a solid support mimics the
fundamental architecture of biological membranes and can be
used to study various membrane processes.1,2 There has been
significant interest to develop a simple and robust technique for
fabrication of such bilayers.3 While many techniques can
fabricate submicron-sized lipid spots and bilayer stacks,
including air bubble collapse,4 dip-pen nanolithography,5 and
spin-coating,6 formation of a complete, planar bilayer is more
challenging. At present, there are two widely adopted
techniques to make planar bilayers that fully coat a solid
support: Langmuir−Blodgett (LB) deposition7 and more
commonly vesicle fusion.8 The latter involves vesicle adsorption
and spontaneous rupture, which can occur via several
mechanisms depending on the experimental conditions and

vesicle characteristics.9,10 Additional recently reported methods
include those based on freezing and thawing,11 detergents,12

and peptide-induced vesicle rupture.13 While these methods
offer promising advantages, including possibly greater substrate
range, vesicle fusion remains the most widely used method
because it involves pure phospholipid vesicles and can promote
bilayer self-assembly spontaneously at room temperature
without the need for additional components.
A key feature of vesicle fusion is that planar bilayer formation

typically occurs on a limited set of hydrophilic substrates such
as borosilicate glass,14,15 mica,16,17 and silicon dioxide.18 By
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contrast, under physiological conditions, zwitterionic lipid
vesicles adsorb and remain intact on gold,19 titanium oxide,20

and aluminum oxide21 despite the observation of vesicle
rupture in experiments employing more complex fabrication
methods (see, e.g., ref 22 and references therein) and the fact
that extended-DLVO calculations indicate that the lipid−
substrate interaction on these surfaces may be more
thermodynamically favorable, in some cases, than on bilayer-
promoting substrates (e.g., silicon dioxide).23 This limitation
necessitates additional optimization of experimental conditions
to promote vesicle rupture by various factors such as ionic
strength,24 solution pH,25 osmotic shock,26 and addition of
divalent cations27 or, as already mentioned, membrane-active
peptides.13 Vesicle properties can also be optimized/varied,
including size,28 lipid composition,29 osmotic pressure,30 and
lamellarity.31 Given the wide range of experimental parameters,
it can be difficult to identify the right set of conditions to make
a planar bilayer. Furthermore, vesicle fusion requires uni-
lamellar vesicle preparation and quality control, both of which
require moderate technical skill and resources. Considering the
aforementioned issues, development of an alternative efficient
method for bilayer formation would be highly advantageous.
Recently, Hohner et al.32 demonstrated that incubation of

phospholipids on silicon dioxide in an isopropanol/water
mixture could result in formation of a planar bilayer upon a
gradual increase in the solvent water fraction. In this method,
inspired by reverse-phase evaporation used to form unilamellar
vesicles in solution, gradual removal of the organic solvent (e.g.,
isopropanol) from the water−solvent mixture induces a series
of phase transitions which lead to the formation of lamellar-
phase structures.32,33 Specifically, inverted micelles assembled
in organic solution become unstable with increasing water
content and are converted to monomers and then to
conventional micelles and vesicles which helps to promote
bilayer formation on the substrate.
One of the principal advantages of this approach is that

different lipid assemblies (e.g., inverted micelles, monomers, or
otherwise) can be directly used to form planar bilayers,
bypassing the strict requirements for vesicle preparation. At the
same time, the widespread utility of this method remains to be
determined, including whether slow gradual titration of the
solvent properties is required (as was used by Hohner et al.32)
or a more rapid procedure can be implemented. Furthermore, it
is important to determine if a solvent-assisted method based on
this approach could be employed to form planar bilayers on
substrates such as gold which is intractable to vesicle fusion.
The quality of the bilayers formed should also be characterized.
Bearing in mind all these aspects and using simultaneous quartz
crystal microbalance-dissipation (QCM-D) and ellipsometry
monitoring as well as fluorescence recovery after photo-
bleaching (FRAP), we have investigated the process of
solvent-assisted lipid bilayer (SALB) formation on silicon
dioxide and gold and also explored the influence of organic
solvent type and solvent-exchange rate to form high-quality
planar lipid bilayers. Lipid monolayer formation on alkanethiol-
covered gold was also tested. Our results presented below show
that the SALB formation method allows one to fabricate a
good-quality planar lipid bilayer in about 30 min, hence
demonstrating that the method is efficient and potentially
amenable to wide application.

■ MATERIALS AND METHODS
Lipid Preparation. Zwitterionic lipid, 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), and fluorescently labeled lipid, 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfon-
yl) (ammonium salt), were purchased from Avanti Polar Lipids
(Alabaster, AL). For SALB experiments, lipid powder was dissolved
immediately before experiment in the appropriate organic solvent at
10 mg/mL lipid concentration and then diluted accordingly to the
desired final lipid concentration. Extruded vesicles employed for
vesicle fusion experiments were prepared using 50 nm diameter pore,
track-etched polycarbonate membranes, and 10 mM Tris buffer (pH
7.5) with 150 mM NaCl, as previously described.34

Quartz Crystal Microbalance−Dissipation (QCM-D). A Q-
Sense E4 instrument (Q-Sense AB, Gothenburg, Sweden) was used to
monitor the lipid deposition process in real time. Changes in the
resonance frequency and energy dissipation of a 5 MHz AT-cut
piezoelectric quartz crystal were recorded at the 3rd, 5th, 7th, 9th, and
11th overtones. The QCM-D silicon dioxide-coated substrates (Q-
Sense AB) are composed of quartz crystals coated with the following
layers and corresponding thicknesses in sequential order: 10 nm Cr,
100 nm Au, 10 nm Ti, and last 50 nm SiO2. Layers were coated by
using the physical vapor deposition (PVD) method. The root-mean-
square (RMS) roughness was 1.2 ± 0.1 nm according to the
manufacturer. The QCM-D gold-coated substrates (Q-Sense AB) are
composed of quartz crystals coated with the following layers and
corresponding thicknesses in sequential order: 10 nm Cr and then 100
nm Au. The layers were also coated by using the PVD method. The
surface roughness was 0.9 ± 0.2 nm according to the manufacturer.
Thiolated gold crystals were prepared by incubation overnight with 1
mM 1-octadecanethiol in ethanol. All measurements were done under
flow-through conditions at a flow rate of 50 μL/min (unless otherwise
noted), by using a Reglo Digital peristaltic pump (Ismatec, Glattbrugg,
Switzerland). The experimental temperature was fixed at 24.0 ± 0.5
°C. All surfaces were treated with oxygen plasma at 180 W for 1 min
(March Plasmod Plasma Etcher, March Instruments, Concord, CA)
immediately before use.

QCM-D experimental data collected at the 3rd, 5th, 7th, and 9th
overtones were analyzed by using the Voigt−Voinova model, as
previously reported.35−38 The Voigt−Voinova model is strictly valid
for homogeneous thin films (e.g., planar lipid bilayers), and the
parameters obtained from the model representation may be
interpreted as effective parameters rather than absolute parameters
for adsorbed vesicle layers (see, e.g., ref 38 for further discussion on
this subject). In the model, for such cases, the vesicle adlayer was
treated as a homogeneous adlayer (lipid vesicles and hydrodynamically
coupled solvent inside and between vesicles) with a uniform density of
1000 kg m−3, and the viscosity of the bulk aqueous solution was
constrained to be 0.001 Pa s−1 in order to determine an effective film
thickness (in turn, yielding the effective Voigt mass) and effective film
viscosity. From such model estimations, previous attempts have been
made to compare acoustically and optically measured masses (the
latter being measured by reflectometry39,40 or ellipsometry,41 for
example) of vesicle adlayers, and we follow a similar treatment here
using ellipsometry.

Combined Quartz Crystal Microbalance−Dissipation (QCM-
D) and Ellipsometry. Simultaneous QCM-D and ellipsometry
measurements were performed by using a Q-Sense E1 module (Q-
Sense AB, Gothenburg, Sweden) and a Nanofilm EP3 ellipsometer
(Accurion GmbH, Germany). Ellipsometric measurements were
controlled with the EP3View software (Accurion GmbH). The
Nanofilm EP3 ellipsometer employs a PCSA configuration in order
to determine the rotation angles of the polarizer and analyzer that lead
to nulling conditions for retrieving the parameters, Δ and Ψ, which
quantify the change in the light polarization through the ratio of the
reflection coefficient of p- and s-polarized light, rp/rs = tan ΨeiΔ.
Incident light with a wavelength of 545.6 nm was selected from a
xenon lamp by using an interference filter. The measured Δ and Ψ
were fit to a layered structure in order to obtain the complex refractive
index and thickness of each layer by using the EP4 model software
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(Accurion GmbH). To obtain the optical and structural properties of
the substrates, measurements were carried out in air or buffer (nbuffer =
1.336). For gold surfaces, with a nominal thickness of ∼100 nm which
renders the surfaces opaque, the gold was treated as a semi-infinite
thick layer, and its refractive index n and the extinction coefficient k
were obtained directly from the measurements under buffer. For
silicon dioxide surfaces, measurements in air and buffer were required
for obtaining the optical properties of the substrate, which was a layer
of silicon dioxide on top of opaque titanium. Additionally, the lipids
deposited on these substrates were modeled as a homogeneous layer
with a refractive index nlayer and a thickness dlayer.

42 nlayer was
constrained from 1.336 (refractive index of buffer) to 1.5 (refractive
index of a lipid bilayer), and dlayer was constrained from 0 to 100 nm.

Subsequently, the optical mass of this layer, Δmoptical, was obtained
from nlayer and dlayer by using the de Feijter formula.43 To use this
formula, the dn/dc value of lipids must be known to high accuracy. For
lipids, the dn/dc value is reported from 0.11 to 0.18 mL/g in the
literature.44−50 Furthermore, ellipsometry is particularly sensitive to
optical anisotropy which arises when lipids are in the absorbed
state44,51 because the technique measures the relative change in
reflection for s- and p-polarized light, and it is not known if the dn/dc
value of lipid vesicles in solution is equal to the dn/dc value of a planar
bilayer on different solid supports. Therefore, in this case, we use dn/
dc = 0.16 mL/g on silicon dioxide and 0.12 mL/g on gold to ensure
the optical mass of the final bilayers is in the neighborhood of 400 ng/

Figure 1. QCM-D monitoring of vesicle fusion and SALB methods on three different substrates. QCM-D frequency shift (Δf, blue) and dissipation
shift (ΔD, red) for the third overtone (n = 3) were measured as a function of time during lipid adsorption onto (A, B) silicon dioxide, (C, D) gold,
and (E, F) alkanethiol-coated gold. Panels, A, C, and E correspond to the vesicle fusion method. DOPC lipid vesicles were added at t = 10 min
(arrow 1) after establishing the baseline for the frequency and dissipation shifts. Panels B, D, and F correspond to the SALB formation method.
Arrows indicate the injection of buffer [10 mM Tris, 150 mM NaCl, pH 7.5; (1)], isopropanol (2), lipid mixture [0.5 mg/mL DOPC lipid in
isopropanol; (3)], and buffer exchange (4). The dashed curve in panel B represents the control experiment in which lipid was not injected (see
Figure S1 for magnified view). The final values of Δf and ΔD for each surface are reported. All values are given as the mean of at least three runs. The
schematics show the proposed assembled lipid structures as inferred from the final frequency and dissipation shifts.
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cm2,40 which is the expected areal mass density and is consistent with
the acoustic mass recorded by the QCM-D measurements.
Matrix-Assisted Laser Desorption Ionization Time-of-Flight

(MALDI-TOF) Mass Spectrometry. Experiments were carried out
using a Shimadzu Biotech Axima TOF mass spectrometer equipped
with a pulsed nitrogen laser (337 nm wavelength with <3.5 ns pulses).
Data acquisition was performed in the reflector positive ion mode to
scan from 50 to 2000 (m/z) with a sensitivity to distinguish 1 part per
6000. Each mass spectrum was an average of 50 profiles with 20 shots
per profile. Prior to MALDI experiments, the samples were covered
with the MALDI matrix (20 mg/mL solution of 2,5-dihydroxybenzoic
acid (DHB) in Milli-Q-treated water) and air-dried again.
Fluorescence Microscopy and Fluorescence Recovery after

Photobleaching (FRAP). Fluorescence microscopy imaging of
supported planar bilayers containing 0.5 wt % rhodamine-modified
phospholipid was performed by using an inverted epifluorescence
Eclipse TE 2000 microscope (Nikon) equipped with a 60× oil
immersion objective (NA 1.49) and an Andor iXon+ EMCCD camera
(Andor Technology, Belfast, Northern Ireland). The acquired images
consisted of 512 × 512 pixels with a pixel size of 0.267 × 0.267 μm.
The samples were illuminated through a TRITC (rhodamine−DHPE)
filter set by a mercury lamp (Intensilight C-HGFIE; Nikon
Corporation). For FRAP measurements, a 30 μm wide circular spot
was photobleached with a 532 nm, 100 mW laser beam, followed by
time-lapsed recording. Diffusion coefficients were determined by the
Hankel transform method,52 along with immobile fraction. For all
fluorescence imaging experiments, glass coverslips (Menzel Glas̈er,
Braunschweig, Germany) were used. For FRAP experiments involving
the SALB procedure, commercially available microfluidic flow cells
(stick-Slide I0.1 Luer, Ibidi, Munich, Germany) were employed, with
an injection flow rate of 50 μL/min.

■ RESULTS AND DISCUSSION

The phase behavior of phospholipids in isopropanol/water
mixtures has previously been quantified in detail.32 With
increasing water mole fraction, lipids can self-assemble into
various states from inverse micelles at low water content to
monomers, micelles, and vesicles at moderate and high water
contents. If lipids are near a glass surface, then a gradual
increase in the solvent’s water content (stepwise from 0 to
∼90%) can induce them to form a planar bilayer as was
demonstrated on silicon dioxide.32 We hypothesized that a
gradual solvent-exchange procedure involving buffer addition to
deposited lipids in organic solvent could be a quicker route to
form bilayers on hydrophilic substrates in general, including
those which are intractable to vesicle fusion. To test this
hypothesis, we employed QCM-D tracking in order to monitor
the time-resolved kinetics of lipid adsorption onto solid
supports. This technique measures changes in the resonance
frequency (Δf) and energy dissipation (ΔD) related to an
adsorbate’s mass and viscoelastic properties, respectively.53 For
comparison, lipid deposition by two methods, SALB and vesicle
fusion, was performed on silicon dioxide, gold, and alkanethiol-
coated gold (Figure 1).
For vesicle fusion experiments, a baseline was first established

in aqueous buffer solution (Figures 1A,C,E). Then, vesicles in
an identical buffer solution were added at t = 10 min. For SALB
experiments, aqueous buffer solution was the initial condition
for QCM-D measurements in order to establish baseline signals
(Figures 1B,D,F, arrow 1). After 15 min stabilization,
isopropanol was injected (Figures 1B,D,F, arrow 2), and the
changes in density and viscosity led to large changes in
resonance frequency and energy dissipation, including a short
transient period during mixing. After an additional 15 min
stabilization, 0.5 mg/mL DOPC lipid in isopropanol was
injected (Figures 1B,D,F, arrow 3), which led to a small change

in resonance frequency and no change in the energy
dissipation. Finally, the solution was gradually replaced with
aqueous buffer solution, equivalent to that used in the baseline
measurement (Figures 1B,D,F, arrow 4).

SALB on Silicon Dioxide. For vesicle fusion on silicon
dioxide, characteristic two-step adsorption kinetics was
observed (Figure 1A). The first step involved vesicle adsorption
until reaching a critical coverage, as denoted by maximum
changes in the QCM-D measurement signals (Δf and ΔD shifts
of −60 Hz and 4 × 10−6, respectively). The critical coverage
denotes the point at which the combination of vesicle−
substrate and vesicle−vesicle interactions becomes sufficient to
cause vesicle rupture accompanied by the release of coupled
solvent from vesicles. In turn, there is a decrease in adsorbed
mass and the final changes are consistent with a planar bilayer54

(Δf and ΔD shifts of −26 ± 1 Hz and (0.3 ± 0.2) × 10−6,
respectively).
In the corresponding SALB experiments with QCM-D

monitoring (Figure 1B), once the SALB procedure was finished
as described above, the Δf and ΔD values were consistent with
previous QCM-D responses for planar lipid bilayer formation54

(Δf and ΔD shifts of −25.6 ± 0.55 Hz and (0.4 ± 0.27) × 10−6,
respectively). Interestingly, lipid deposition in organic solvent
was observed (Δf and ΔD shifts of −5.2 Hz and 0.1 × 10−6,
respectively; Figure 1B and Figure S1). A control experiment
(black, dotted curve in Figure 1B) was performed using an
identical procedure, albeit without lipid. In this case, there was
no change in measurement signal at step 3, further supporting
that lipid adsorption in organic solvent occurs. Moreover, the
final measurement values in the control experiment were
equivalent to the baseline. This confirms that no other mass
was adsorbed onto the substrate and that the final changes in
measurement values associated with bilayer formation upon
stabilization at each step are due to lipid adsorption. Overall,
the findings support that, on silicon dioxide, planar lipid
bilayers can be formed by using both methods.
As organic solvent (isopropanol) was used in the SALB

procedure, we also attempted to check if there was any
isopropanol remaining after formation of the planar bilayer.
Although in general the direct detection of residual solvent in a
planar bilayer is difficult, preliminary MALDI-TOF mass
spectrometry measurements indicate that the amount of
residual solvent in the bilayer was, at most, low (see Figure
S3). To quantify the amount of residual solvent, if present,
further studies would be required, and we have instead focused
on characterizing the structural properties of the bilayers
formed via the SALB method in comparison to bilayers (or
other lipid structures) fabricated via the vesicle fusion method.
From this viewpoint, we next explored if the SALB method
could form planar bilayers on a substrate which is intractable to
the vesicle fusion method.

SALB on Gold. Planar bilayer formation on gold has been
difficult to achieve by using vesicle fusion. In this case, vesicles
typically adsorb and do not rupture.54 As demonstrated in
Figure 1C, vesicle addition onto the gold surface led to the
formation of an adsorbed layer of intact vesicles (Δf and ΔD
shifts of −150 ± 10 Hz and (7.5 ± 2) × 10−6, respectively).
Although there are several reports on formation of “hybrid
bilayer membranes” on thiolipid-modified gold surfaces,55,56

there is only one method available to form planar bilayers on
gold, which is to add a specific amphipathic, α-helical (AH)
peptide that is known to induce vesicle rupture.13 Based on the
aforementioned experimental results on silicon dioxide, the
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SALB method, if successful, would have several potential
advantages to form bilayers on gold. It does not require vesicles
and the bilayer properties appear to be identical independent of
whether vesicle fusion or SALB was employed.
We therefore performed a SALB experiment on gold.

Strikingly, in contrast to the results obtained earlier with
vesicle fusion, we observed here planar bilayer formation with
Δf and ΔD shifts of −27.3 ± 2.7 Hz and (0.48 ± 0.26) × 10−6,
respectively (Figure 1D). We also observed lipid adsorption in
isopropanol prior to bilayer formation. A key observation was
that the kinetics of lipid deposition using SALB on gold was
qualitatively similar to that of silicon dioxide (Figure 1B),
suggesting that the formation mechanism differs from what
conventionally works for bilayer formation on solid supports via
vesicle fusion. In practice, as already noted, it is possible to
convert the adsorbed, intact vesicle layer into a bilayer by
employing an amphipathic peptide13 in order to induce vesicle
rupture, but it takes extra steps and an additional component is
needed. Our present work shows that these shortcomings can
be bypassed by using the SALB formation method.
Taking into account that (i) vesicle rupture is typically a

limiting step in the vesicle fusion method and (ii) this step does
not occur on gold, while (iii) the SALB formation method
works in this case, we can conclude that vesicle formation and
subsequent rupture do not seem to play a role in the SALB
formation process.
Compared to existing bilayer fabrication strategies on gold,13

the SALB method is much simpler and takes advantage of how
lipids self-assemble in different solvents.
SALB on Alkanethiol-Coated Gold. In the case of vesicle

adsorption on alkanethiol-coated gold, a lipid monolayer (Δf
shift of −12.8 ± 0.5 Hz) was formed with one-step kinetics
(Figure 1E) as earlier was reported.54 In contrast to the silicon
dioxide case, vesicles rupture immediately upon adsorption
onto the methyl-terminated monolayer, and thus there is no
frequency minimum prior to rupture. In both cases, the energy
dissipations were smaller than (0.3 ± 0.1) × 10−6, signaling the
rigidity of the formed structures. Figure 1F displays the QCM-
D results of the SALB experiment applied to the hydrophobic
alkanethiol surface. Experimentally, the same four stages as in
case of silicon dioxide were repeated. The final frequency value
after complete solvent-exchange was 12.8 ± 0.5 Hz, i.e., half of
that typically observed for bilayer formation, suggesting
deposition of a lipid monolayer. On the basis of the
experiments above, the SALB procedure appears to make it
possible to form planar bilayers on hydrophilic solid supports
and monolayers on hydrophobic solid supports.
Simultaneous QCM-D and Ellipsometry Measure-

ments. To further characterize the adsorbed lipid layers on
silicon dioxide and gold produced by the vesicle fusion and
SALB methods, ellipsometry was used simultaneously. The
corresponding measurements were conducted in parallel with
QCM-D monitoring utilizing a combined QCM-D and
ellipsometry setup. QCM-D measurements determine the
hydrated mass, including mass of the adsorbed lipid film and
mass of the solvent that is coupled to the film. The solvent mass
is referred to as the hydration mass. In the planar lipid bilayer
system, a major contribution to the hydration mass is related to
the thin hydration layer which separates the lipid bilayer from
the substrate. On the other hand, ellipsometry measures the
thickness of the adsorbed film, excluding the associated solvent
molecules.57 Therefore, ellipsometry can be used to calculate
the dry mass of the film.58 Hence, the mass properties of lipid

bilayers formed could be compared across different substrates
and formation methods.
The acoustic, optical, and hydration masses (the latter being

the difference between the acoustic and optical masses) as well
as the corresponding effective thicknesses of the adsorbed
layers are presented in Figures 2A,B (see Figure S2 for QCM-D

and ellipsometry measurement data). For the case of silicon
dioxide, the lipid bilayers formed by both vesicle fusion and
SALB procedures were similar and had acoustic and optical
masses around 450 and 400 ng/cm2, respectively. In each case,
the corresponding hydration mass was therefore approximately
50 ng/cm2. For the layers on silicon dioxide, the acoustic
thicknesses obtained via the vesicle fusion and SALB methods
were also nearly similar (4.6 ± 0.1 and 4.5 nm, respectively).
Likewise, the corresponding optical thicknesses were 5.1 ± 2.5
and 3.7 nm, respectively, which are in the range expected for a
planar bilayer (roughly between 3.5 and 5.5 nm; see, e.g., ref
44).
For lipid layers on gold, the difference between the vesicle

fusion and SALB formation methods was more distinct. Using
vesicle fusion, an adsorbed vesicle layer formed and the acoustic
and optical thicknesses were approximately 5100 and 700 ng/
cm2, respectively. The difference indicates that coupled solvent
contributed significantly to the total adsorbed mass which is
expected for a layer of intact vesicles. Furthermore, the acoustic
and optical thicknesses of the layer were 51.1 ± 0.3 and 36 ±
0.7 nm, respectively. By contrast, for SALB-formed lipid layers
on gold, the mass and thickness of the film were significantly
smaller. In this case, the acoustic and optical masses were
approximately 570 and 380 ng/cm2, respectively. The
corresponding hydration mass was about 190 ng/cm2, which
is appreciably larger than the hydration mass determined for
bilayers on silicon dioxide that were formed by either the
vesicle fusion or SALB method. This difference in the hydration
mass may be related to a greater hydration force for lipid−
substrate interactions on gold, and recent findings59 suggest
that, among interfacial forces described in extended-DLVO
models, the hydration force has a particularly strong
contribution to influence vesicle adhesion on titanium oxide,
including attachment and rupture. A relatively high hydration
force in this case would help explain why vesicles do not

Figure 2. Mass and thickness of adsorbed lipid films produced by
vesicle fusion and SALB methods on silicon dioxide and gold.
Summary of (A) optical, acoustic, and hydration masses and (B)
thickness of lipid layers from two different formation methods: vesicle
fusion and SALB. Bilayer formation was monitored by simultaneous
QCM-D and ellipsometry measurement. Acoustic and optical film
thicknesses of the obtained lipid layer on each surface were calculated
based on the final values of the QCM-D and ellipsometry
measurements. QCM-D and ellipsometry data were analyzed using
the Voigt−Voinova model and de Feijter equation, respectively.
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rupture on gold in analogy with titanium oxideboth of which
have appreciably greater Hamaker constants than silicon
dioxide.60,61

In addition, the acoustic and optical thicknesses obtained for
the SALB-formed bilayer on gold were 5.8 ± 0.1 and 2.8 ± 0.3
nm, respectively, the former of which is consistent with the
expected range for a hydrated planar bilayer.62 In this case, the
relatively small optical thickness is outside the expected range
and suggests that the optical properties of the bilayer on gold
(and its corresponding thick hydration layer) may differ from
those of silica-supported bilayers, for which more structural
information is currently available. By employing alternative
formation methods such as the SALB procedure, more detailed
structural information about planar bilayers on gold may
become available by using informative techniques such as
neutron reflectometry63 in due course. In the present case, the
simultaneous QCM-D and ellipsometry measurements verify
that planar lipid bilayers formed on silicon dioxide via either the
vesicle fusion or SALB procedure have comparable mass
properties (acoustic, optical, and hydration) and that the planar
bilayer formed on gold via the SALB procedure has a
comparable optical mass but greater acoustic mass and
accordingly higher hydration mass. Taken together, the results
support that the SALB procedure allows one to form planar
bilayers which have comparable global properties to bilayers
formed on the same substrates via the vesicle fusion method.
Protein Adsorption on Planar Lipid Bilayers. To further

scrutinize the homogeneity of SALB-formed bilayers, we
studied adsorption of proteins at planar bilayers fabricated on
silicon dioxide and gold. While QCM-D and ellipsometry
measurements involving lipid adsorption assume the lipid layers
to be homogeneous films and provide quantitative information
about global adlayer properties (e.g., mass and thickness),
protein adsorption experiments allow one to characterize an
adlayer locally, including the presence of defects. Planar bilayers
of zwitterionic lipid composition are highly resistant to
adsorption of proteins such as, e.g., bovine serum albumin
(BSA; this globular protein is relatively stable in the adsorbed
state).64 By contrast, nonspecific protein adsorption on
hydrophilic oxide films is generally appreciable.65 Hence, in
principle, protein adsorption on a defect-free bilayer would be
negligible, and an increasing amount of bound protein suggests
the presence of defects, e.g., availability of hydrophilic substrate
sites for protein attachment.
With QCM-D monitoring, we quantified BSA adsorption

onto the bilayer-coated and bare substrates (Figure S4). On
bare silicon dioxide, BSA adsorption led to a frequency shift of
−17 Hz. By contrast, BSA adsorption at an SALB-formed
bilayer on silicon dioxide resulted in a frequency shift of only
−1 ± 0.5 Hz, a reduction of greater than 94%. Similar results
were obtained on gold. The frequency shifts corresponding to
BSA adsorption at a bare gold substrate and at an SALB-formed
bilayer on gold were −27 and −2 ± 0.8 Hz, respectively. In this
case, the reduction in protein adsorption was greater than 92%.
From these experiments in combination with the QCM-D and
ellipsometry measurements, we conclude that SALB-formed
bilayers on silicon dioxide and gold are homogeneous and fully
coat the surface. As with planar bilayers formed by vesicle
fusion, a small level of defects is inevitably present,66 and BSA
protein adsorption as described here could also be useful as a
blocking step to prevent further nonspecific adsorption on
either the substrate or bilayer.

Effect of Solvent-Exchange Rate on SALB Formation
Process. To further understand the specifics of the SALB
formation process, we also investigated the influence of solvent-
exchange rate. For these experiments, the SALB procedure was
performed on silicon dioxide by using two different lipid
concentrations (0.125 and 0.5 mg/mL). For each set of
experiments, the exchange step from lipids in organic solvent to
aqueous buffer in the SALB procedure was performed at two
different flow velocities (2.05 × 10−4 and 1.23 × 10−3 m/s,
respectively). Figure 3 demonstrates QCM-D measurement

responses upon replacement of lipid/isopropanol by aqueous
buffer. In the case of 0.5 mg/mL DOPC lipid (Figure 3A), the
flow rate did not affect the bilayer formation, and at both flow
rates a final frequency of approximately −26 Hz was obtained.
By contrast, at 0.125 mg/mL DOPC lipid (Figure 3B), the
amount of adsorbed lipid at the final step was significantly
affected by flow rate. At an average flow rate of 100 μL/min
(corresponding to a flow velocity of 2.05 × 10−4 m/s), bilayer
formation was complete, and a final frequency of −26 Hz was
obtained. However, at a 6-fold higher flow rate (600 μL/min
corresponding to a flow velocity of 1.23 × 10−3 m/s), a final
frequency of −17 Hz was obtained, which corresponds to an
incomplete bilayer.
In analogy with the DMPC lipids,32 DOPC lipids in organic

solution are expected to consist of nonlamellar phases (e.g.,
monomers and inverted micelles). In this solution, under
steady-state conditions, planar lipid bilayer formation is
thermodynamically unfavorable, and lipid uptake by the surface
is comparatively low (see Figure 1 and Figure S1) and
insufficient to form a complete planar bilayer. With increasing
water content, as already noted in the Introduction, inverted
micelles become unstable and are eventually converted to
conventional micelles and eventually, at high water content,
may be converted to vesicles.32 Under the transient conditions
in our measurements, the formation of the lipid bilayer on the
surface may occur via several channels including adsorption and
decomposition of inverted and/or conventional micelles,
decomposition of micelles in the solution and adsorption of
the decomposition products (e.g., monomers), decomposition
of micelles followed by formation of vesicles, and their
adsorption and rupture. Monomers can, however, be excluded
because in the coexistence region their concentration is low.
Vesicles can, in fact, be excluded as well as already was argued
in the aforementioned gold case (in addition, this pathway

Figure 3. Influence of the solvent-exchange rate on the SALB
formation process. QCM-D frequency shifts (Δf) corresponding to the
final step (see Arrow 4 in Figure 1B) in the SALB method were
measured on silicon dioxide at two different exchange rates, 100 and
600 μL/min, using (A) 0.5 and (B) 0.125 mg/mL DOPC lipid in
isopropanol. The final Δf values are also specified, as compared to the
measurement baseline in aqueous buffer solution.

Langmuir Article

dx.doi.org/10.1021/la501534f | Langmuir 2014, 30, 10363−1037310368



appears to be unlikely because it includes too many steps).
Thus, adsorption and rupture of inverted or conventional
micelles seem to play a key role in planar bilayer formation.
Focusing on these two channels, we discuss below the role of
the solvent-exchange rate in the SALB formation process. To
be specific, we imply that it occurs primarily with participation
of conventional micelles because adsorption of inverted
micelles in organic solution is largely negligible with regards
to the lipid supply necessary to form a complete planar bilayer.
Interpretation of the experiments under consideration is

complicated by slow diffusion of micelles. Because of this factor,
their spatial distribution during the solvent exchange may be
complex, especially under transient flow conditions. To avoid
these complications, we use a coarse-grained model and operate
with average lipid mass concentration, c, in the solution and use
the effective rate constants of micelle attachment to the
support, ka, and micelle decomposition not resulting in
attachment, kd. To validate this approach, we note that the
QCM-D sensor surface is relatively large and basically the
QCM-D-measured kinetics are sensitive to the average
concentrations. Concerning micelle attachment, our remark is
that the corresponding rate constant may in reality depend on
time. This dependence is, however, minor compared to that
related to solvent exchange, and we neglect it.
In our analysis, the initial time, t = 0, is identified with the

beginning of the replacement of the organic solution by
aqueous buffer. If the water concentration is low, conventional
micelles are either absent or stable and do not adsorb. This
initial phase is described as

γ γ= − = −c t c c c td /d or exp( )0 (1)

where c0 is the initial lipid concentration and γ = F/V is the
solvent exchange constant (F is the average flow rate and V is
the cell volume). Note that eq 1 is valid irrespective of whether
lipids are in the phase of inverted micelles, monomers, or
conventional micelles.
The fraction of organic solvent in the cell is described in

analogy:

γ= −C C texp( )0 (2)

As soon as C decreases down to the critical value, C*, and
accordingly the water concentration become appreciable, lipid
is in the phase of conventional micelles, and these micelles can
attach to the surface and form a lipid bilayer and decompose in
solution. At this stage, taking place at

γ≥ * ≡ *t t C Cln( / )/0 (3)

Equation 1 can be extended as

γ= − + +c t k k cd /d ( )a d (4)

This equation implies that lipids are in the phase of
conventional micelles.
To integrate eq 4, we consider that the loss of lipid in the

solution is related primarily with the solvent exchange or
decomposition. This is reasonable because the contribution of
lipids forming the planar lipid bilayer relative to the global lipid
balance is minor. Under such conditions, we drop ka in the
right-hand part of eq 4 and obtain

γ γ= − * − + − *c c t k t texp[ ( )( )]0 d (5)

The amount of adsorbed micelles is then given by

∫ γ
γ= =

+
− *

*

∞
U k c t t

k
k

c t( ) d exp( )
t

a
a

d
0

(6)

Taking into account that t* is defined by (3), we rewrite (6) as

γ= * +U C k c C k/[ ( )]a 0 0 d (7)

Assuming the decomposition of adsorbed micelles to be rapid,
we identify U with a lipid bilayer. Expression 7 is applicable
provided U ≤ Ub, where Ub is the amount of adsorbed micelles
needed to form a planar lipid bilayer. With this condition,
expression 7 shows that (i) the bilayer formation is complete
and does not depend on γ if c0 is sufficiently high so that U ≫
Ub, (ii) the bilayer formation does not depend on γ also
provided kd ≫ γ, and (iii) if, on the other hand, kd is
comparable to or lower than γ and c0 is not sufficiently large,
then the formation of the lipid bilayer may become incomplete
with increasing γ. Predictions i and iii are in agreement with the
experiment. These findings clarify at least to some extent the
likely mechanistic details behind our observations and also the
basic requirements for successful bilayer formation via the
SALB procedure in isopropanol solution. With the proven
effectiveness of isopropanol as a solvent in this case, we next
investigated whether the SALB procedure could be performed
with other organic solvents as well.

Effects of Organic Solvent on SALB Procedure. In
addition to isopropanol, four more organic solvents were
selected for testing, including ethanol, n-propanol, methanol,
and acetonitrile. The principal selection criterion was 100%
water miscibility. In three out of the four cases, the SALB
formation process executed as described above was successful.
The only exception was the acetonitrile case, hence
demonstrating that the SALB procedure is not applicable to
all water-miscible organic solvents. Furthermore, the QCM-D
measurement responses reflecting the global properties of the
bilayers formed varied depending on the solvent employed
(Figures 4A,B). The final Δf values for isopropanol, ethanol,

methanol, and n-propanol were 25.6 ± 0.55, 26.7 ± 2.2, 30.1 ±
1.34, and 29.2 ± 3.1 Hz, respectively, and the corresponding
ΔD values were 0.4 ± 0.27, 0.55 ± 0.34, 0.63 ± 0.5, and 1.45 ±
0.55 ×10−6, respecttively. It has been established that planar
bilayer formation leads to changes in frequency of approx-
imately −26 Hz and energy dissipation of less than 0.5 × 10−6.
Therefore, on the basis of these criteria, we evaluated the
quality of the formed bilayers. The deviation of the acquired Δf
and ΔD shifts from the aforementioned values is due to the

Figure 4. Effect of organic solvent type on lipid layers formed via the
SALB method. Summary of final (A) frequency shifts (Δf) and (B)
dissipation shifts (ΔD) obtained from QCM-D experiments for 0.5
mg/mL DOPC lipid adsorption on silicon dioxide by using different
organic solvents. The dotted lines correspond to Δf = −26 Hz and ΔD
= 1 × 10−6.
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presence of additional mass which exceeds that required to
form a complete bilayer and contributes some viscoelastic
element. For instance, the dissipation values obtained in the
methanol and n-propanol cases are higher than what is expected
for a defect-free homogeneous bilayer. In particular, in the case
of n-propanol, both the final Δf and ΔD values diverge from
those of a single bilayer. By contrast, isopropanol shows low
energy dissipation and a frequency shift of 26.6 ± 0.55 Hz,
which indicates formation of a continuous single bilayer.
In order to further analyze the physical properties of planar

bilayers formed via the SALB method with different organic
solvents, the homogeneity and fluidity of bilayers were
characterized by fluorescence microscopy and fluorescence
recovery after photobleaching (FRAP), respectively (Figure 5).
Figures 5A−D show images of the corresponding bilayers
prepared by using different solvents, immediately after
photobleaching (left) and after 1 min recovery (right). The
FRAP snapshots of the bilayer fabricated by vesicle fusion are
shown in Figure 5E. The homogeneous fluorescence
microscopy images of the SALB bilayer fabricated by
isopropanol (Figure 5A) and the bilayer prepared by vesicle
fusion (Figure 5E) suggest the formation of globally uniform
and defect-free bilayers. The intensity profiles show that the
fluorescence recovery was almost complete in 1 min for all
samples, indicating that the lipids are laterally mobile. The
FRAP data were analyzed by using the Hankel transform

method, yielding an average diffusion coefficient of 2.2 ± 0.1
μm2/s in all cases (Figure 5F), which is in good agreement with
the range of diffusivity expected for a fluid planar bilayer.7,67,68

All bilayers except the one prepared by n-propanol generally
had 96% or greater mobile fractions. The bilayer formed via n-
propanol had a lower mobile fraction (90%). Evaluation of
bilayer quality based on the homogeneity of the fluorescence
microscopy images and FRAP results is consistent with the
QCM-D results. As depicted in the fluorescence microscopy
images (Figures 5C,D), the bilayers formed by using methanol
(Figure 5C) and n-propanol (Figure 5D) are not homoge-
neous. Such inhomogeneity is caused by lipid aggregates that
coexist with the lipid bilayer. Such defects are likely responsible
for the higher immobile fraction observed in the bilayer formed
using n-propanol. These observations are consistent with the
QCM-D results obtained for the cases of methanol and n-
propanol (Figures 4A,B). In both cases, the Δf and ΔD shifts
deviate from the expected values for a planar bilayer. On the
basis of the QCM-D measurement data and the fluorescence
microscopy analysis, the findings support that, among the
tested solvents and conditions, isopropanol appears particularly
well-suited to form good-quality bilayers via the SALB
procedure. Overall, the type of organic solvent used appears
to be an important parameter to optimize SALB formation.

Figure 5. FRAP snapshots of bilayers prepared by the SALB method using different organic solvents. Fluorescence microscopy images (100 × 100
μm) of DOPC lipid bilayers containing 0.5 wt % Rho-PE lipid formed on glass surfaces via the SALB method using lipid solutions in (A)
isopropanol, (B) ethanol, (C) methanol, or (D) n-propanol and (E) bilayer formed by vesicle fusion. The bright spots in panels B−D correspond to
lipid aggregates. Right and left images were taken immediately and after 1 min photobleaching, respectively. The normalized intensity profiles of the
bleached spots before (black squares) and after recovery (red triangles) are presented. (F) Summary of corresponding diffusion coefficients of lipid
bilayers prepared via the SALB and vesicle fusion methods, the former of which was performed using different organic solvents. The measurements
were repeated three times, and each FRAP measurement was repeated at least 10 times per sample.
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■ CONCLUSION

Herein, we have comprehensively scrutinized from different
perspectives the use of the SALB method to form planar lipid
bilayers on solid supports, including silicon dioxide and gold. In
particular, the roles of solvent type and flow conditions have
been shown. The quality of the fabricated bilayer has been
characterized in detail. In addition, a lipid monolayer on
alkanethiol-covered gold was also formed in a similar way.
Finally, we repeat that the SALB method does not require
vesicle preparation, which permits bilayer formation in a
simpler, more versatile, and quicker way that is independent of
surface properties within the tested range. Although further
studies are needed in order to more deeply elucidate the
corresponding mechanism of bilayer formation, our findings
suggest that the SALB method may serve as a general and
efficient tool to form planar bilayers on solid supports.
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Frank, C. W. Alpha-helical peptide-induced vesicle rupture revealing
new insight into the vesicle fusion process as monitored in situ by
quartz crystal microbalance-dissipation and reflectometry. Anal. Chem.
2009, 81 (12), 4752−4761.
(41) Goh, H. Z.; Cho, N.-J. Rupture of zwitterionic lipid vesicles by
an amphipathic, α-helical peptide: indirect effects of sensor surface and
implications for experimental analysis. Colloids Surf., B 2014, in press.
(42) Benes, M.; Billy, D.; Benda, A.; Speijer, H.; Hof, M.; Hermens,
W. T. Surface-dependent transitions during self-assembly of
phospholipid membranes on mica, silica, and glass. Langmuir 2004,
20 (23), 10129−10137.
(43) De Feijter, J. A.; Benjamins, J.; Veer, F. A. Ellipsometry as a tool
to study the adsorption behavior of synthetic and biopolymers at the
air-water interface. Biopolymers 1978, 17, 1759−72.
(44) Mashaghi, A.; Swann, M.; Popplewell, J.; Textor, M.; Reimhult,
E. Optical anisotropy of supported lipid structures probed by
waveguide spectroscopy and its application to study of supported
lipid bilayer formation kinetics. Anal. Chem. 2008, 80 (10), 3666−
3676.
(45) Merz, C.; Knoll, W.; Textor, M.; Reimhult, E. Formation of
supported bacterial lipid membrane mimics. Biointerphases 2008, 3 (2),
Fa41−Fa50.
(46) Erbe, A.; Sigel, R. Tilt angle of lipid acyl chains in unilamellar
vesicles determined by ellipsometric light scattering. Eur. Phys. J. E
2007, 22 (4), 303−309.

(47) Chong, C. S.; Colbow, K. Light-scattering and turbidity
measurements on lipid vesicles. Biochim. Biophys. Acta 1976, 436
(2), 260−282.
(48) Brandrup, J.; Immergut, E. H.; Grulke, E. A. Polymer Handbook,
4th ed.; Wiley: New York, 1999.
(49) Riske, K. A.; Politi, M. J.; F. Reed, W.; Lamy-Freund, M. T.
Temperature and ionic strength dependent light scattering of DMPG
dispersions. Chem. Phys. Lipids 1997, 89 (1), 31−44.
(50) Yi, P. N.; Macdonal, R. C. Temperature-dependence of optical
properties of aqueous dispersions of phosphatidylcholine. Chem. Phys.
Lipids 1973, 11 (2), 114−134.
(51) Salamon, Z.; Tollin, G. Optical anisotropy in lipid bilayer
membranes: Coupled plasmon-waveguide resonance measurements of
molecular orientation, polarizability, and shape. Biophys. J. 2001, 80
(3), 1557−1567.
(52) Jonsson, P.; Jonsson, M. P.; Tegenfeldt, J. O.; Höök, F. A
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