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The purpose of this study is to present a reliable and easy method for the preparation of supported
phospholipid bilayers which consists of two steps: (1) transfer of a Langmuir—Blodgett (LB) monolayer
onto a solid substrate and (2) completion of the bilayer by adsorption of phospholipid molecules from a
vesicle solution. Two types of asymmetric bilayers have been prepared, a DPPA/POPC bilayer with the
DPPA leaflet in the gel and the POPC leaflet in the liquid crystalline phase, and a DPPA/DPPC bilayer
with both leaflets in the gel phase. The method may be applied for the preparation of symmetric bilayers
as well. The surface concentration, I', the molecular area Aml, and the mean molecular order parameter
Smal of the hydrocarbon chains were determined for each leaflet of the resulting bilayers separately by
means of quantitative FTIR-ATR spectroscopy (Fourier transform infrared attenuated total reflection
spectroscopy). An orientational model which also takes into account a hydrocarbon chain tilt in the gel
phase was employed to derive Smo. Values obtained for Amo and Smol in different leaflets coincide with
the values for the respective phospholipids given in the literature. The stability of the immobilized LB-
DPPA monolayer and the two different supported bilayers in an aqueous environment was monitored over
a period of at least 60 h. Possible mechanisms of bilayer formation during preparation are discussed.
Finally, the usefulness of these bilayers for quantitative in situ FTIR-ATR studies on the interaction of
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such model membranes with substrates dissolved in the aqueous environment is stressed.

Introduction

It has been shown in a series of papers that organized
monolayer assemblies can be prepared on various surfaces
by controlling processes of molecular self-organization of
lipidlike molecules, e.g. via transferring Langmuir—
Blodgett (LB) monolayers or direct adsorption.’™® Well-
ordered bilayer assemblies adsorbed to a solid substrate
(“supported bilayers”) are more difficult to obtain. But
they are of great interest from biophysical, biochemical,
and biomedical viewpoints. Tamm and McConnell re-
ported a procedure for the preparation of the second leaflet
of a supported bilayer. They placed a solid substrate,
which had already been coated with a LB monolayer, onto
another LB monolayer at the air—water interface and
pushed it through the interface into the subphase.” In
this article we report a different technique which has been
used in our laboratory for several years.®1® Recently,
mixed POPC/POPG bilayers have been prepared by this
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technique for mellitin orientation studies.'* The proposed
preparation procedure (see below) has also been success-
fully used for the preparation of a supported thiolipid/
DMPC bilayer.!s

The preparation presented in this paper consists of two
independent steps. The first leaflet of the bilayer is
transferred as a compact monolayer by the well-known
LB technique onto a solid substrate (ATR plate) with the
polar head groups in contact with the solid support. In
the second step, a vesicle solution is contacted slowly and
in a controlled manner with the immobilized monolayer.
Due to the thermodynamically unfavorable state of the
hydrophobic surface of the immobilized first leaflet, lipid
molecules of the vesicle solution adsorb spontaneously to
this leaflet, thereby building up the second leaflet of the
supported bilayer.

We have used 1,2-dipalmitoyl-sn-glycero-3-phosphoric
acid (DPPA) for the first leaflet of the supported bilayer
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) as well as 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) for the second leaflet. At 25 °C, both
leaflets of the DPPA/DPPC bilayer were in the gel phase
(DPPA, Ls; DPPC, L), while the POPC leaflet of the DPPA/
POPC bilayer was in the liquid crystalline phase (Ly).

The scientific motivation for our research was pre-
dominantly the development of a reproducible method for
the preparation of stable immobilized bilayer membranes,
which can be used for in situ drug-membrane interaction
studies. The combination with IR-ATR techniques not
only enables in situ monitoring of bilayer formation but
also results in direct access to membrane—water partition
coefficients as well as to molecular structures and
structural changes of drug and membrane upon interac-
tion.
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Experimental Section

1. Materials. DPPA was purchased from R. Berchtold
(Biochemisches Laboratorium, Berne), DPPC from Fluka AG,
and POPC from Sigma. Chemicals were used without further
purification. Water was triply distilled; a potassium perman-
ganate stage was first used to oxidize organic impurities, followed
by a double quartz distillation. In all experiments, the same
phosphate buffer (20 mM Na,HPO4/NaH;PO,, pH = 7.0, 100
mM NaCl, and 0.1 mM CaCl;) was used. The subphase in the
LB trough was a 0.1 mM CaCl; solution. All glassware was
rinsed with a NayCr;O~ solution and washed several times with
deionized water, triply distilled water, and ethanol prior to use.

2. SBSR Attachment. The ATR plate applied for all
experiments was a 52 x 30 x 2 mm? germanium trapezoid. An
angle of incidence 6 = 45° resulted in 25 internal reflections.
With the help of a computer-controlled chopper, the IR beam
was passed alternatively through the semple (S) in the lower
part, and the reference (R) in the upper part of the ATR plate.
As S and R can be measured with a single beam without cell
displacement, this technique is referred to as the single-beam-
sample-reference (SBSR) method.®* The corresponding spectra,
i.e. S/R and —log(S/R), are called SBSR transmittance and
absorbance spectra, respectively.

A self-constructed SBSR cell made of Delrin was used. The
S and R compartment consisted of two cuvettes on both sides of
the ATR plate, respectively. The outlet of the cuvette on one
side was connected in series to the inlet of the opposite cuvette.
Viton O-rings were used to seal the S and the R cuvettes, pressing
the SBSR cell body against the ATR plate. The cuvettes have
been hydrodynamically optimized with respect to flow-through
experiments, featuring a rectangular shape (30.6 x 12.5 mm?),
terminated on either side by a half circle (r = 6.25 mm). For the
IR beam this configuration resulted in a mean length of the ATR
plate which was in contact with the solution-filled cuvettes of
38.6 mm. This corresponded to a mean number of solution
sensing internal reflections (N,q) 0f 19.3. The distance between
the ATR plate and cell body was ~150 um, resulting in a volume
of ~75 uL per cuvette. Temperature regulation of the SBSR cell
within £0.2 °C was achieved by an external thermostat with
circulating water. The temperature of the cell was monitored
throughout the experiment by means of a digital contact
thermometer.

3. Survey of the Experiments. (a) Monolayer Stability
(referred henceforth as monolayer experiment). Only the S part
of the plate was coated by a LB-DPPA monolayer. Buffer solution
was filled into S and R and was kept stationary. In the SBSR
mode, DPPA signals were detectable and could be used to monitor
the stability of the monolayer in an aqueous environment.

(b) Long-Term Adsorption (referred henceforth as adsorption
experiment). DPPA was deposited onto both S and R. Then a
POPC vesicle solution was filled into S and buffer solution into
R, thus permitting an in situ detection of the state of POPC
adsorption. The vesicle solution in S and the buffer in R were
kept stationary, and long-term adsorption of POPC molecules to
the DPPA monolayer in S was monitored.

(c) Bilayer Stability (referred henceforth as bilayer experiment).
DPPA was deposited onto S and R. A bilayer was prepared in
the S compartment by adsorption of POPC (DPPC). Buffer was
filled into R and was kept stationary, whereas a corresponding
buffer was pumped through the S cuvettes in a closed cycle. As
in the adsorption experiment, background-compensated spectra
of the second leaflet of the bilayer (POPC or DPPC) were obtained.
They were used to investigate the stability of the supported bilayer
in a circulating buffer solution.

4. Preparation of Bilayers. Before a new experiment was
begun, the ATR plate was polished by hand on a plane support
covered with a nylon cloth by means of a diamond paste (0.25
um). Attention was paid to avoid a preferred polishing direction.
Subsequently, the plate was subjected to various cleaning
procedures, using (a) triply distilled water and a 4:1 ethanol:
chloroform solution alternately, until there were no visible
impurities left, and (b) pure ethanol to remove all small particles
originating from cellulose toils used in the first cleaning steps.
Remaining organic impurities were removed by plasma cleaning
(1.5 min, Harrick Sci. Corp.). The germanium ATR plate was
considered to be clean if the »(CHy) bands at ~2920 and ~2850
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Figure 1. Directions of electric field components of the incident
light and the evanescent wave: O, angle of incidence; E,, E |,
parallel and perpendicular polarized components of the inci-
dence light; E,, E,, E,, electric field components of the evanescent
wave in the direction of the coordinate system fixed onto the
ATR plate. E; gives rise to E, and E,; E, gives rise to E,.5®

cm~! disappeared completely in the FTIR-ATR spectrum (single
beam mode).

First Leaflet. The first leaflet (DPPA) of the bilayer was
transferred via the LB technique onto the ATR plate by a MGW
Lauda film balance at 22 + 2 °C. Surface pressures were
measured with an accuracy of 0.1 mN-m~1. The ATR plate was
fixed to a film lift with the long axis (x-axis, cf. Figure 1)
perpendicular to the air—water interface and immersed until
the plate area which subsequently was covered by the ATR
cuvettes was completely under water. The moving barrier was
completely expanded, and a few drops of a DPPA solution
(chloroform:methanol = 15:1, ~1 mM, 40 °C) were spread at the
air—water interface. After evaporation ofthe solvent, the DPPA
monolayer was slowly compressed to 30 mN'm~1. A stability
test was performed, keeping the monolayer 10 min at this
constant surface pressure in order to monitor an eventual further
compression, which in no case was observed.

The compressed film was then deposited onto the ATR plate
at a withdrawing speed of 1.8 mmemin~!. With this the DPPA
molecules attached with their head groups to the hydrophilic
surface on both sides of the germanium plate. Withdrawing was
stopped when the first edge of the trapezoid’s lateral face (the
entrance face of the light) reached the air—water interface. Before
the lateral face was withdrawn through the air—water interface,
the film was expanded as far as possible. This procedure allowed
the entrance face to be easily cleaned with chloroform. The ATR
plate was mounted in the SBSR cell immediately upon DPPA
coating.

The DPPA monolayer on the S part of the ATR plate was then
used as substrate for POPC (DPPC) adsorption. Butfirst, SBSR
spectra of the DPPA-coated plate were recorded at 25 °C with
air-filled cuvettes.

Second Leaflet. About 2 mg of POPC (DPPC) were suspended
in 2 mL of buffer. Vesicles were prepared by sonication with an
Elgasonic bath sonifier in Ny atmosphere at ~35 °C (45 °C), i.e.
above the corresponding chain melting temperature Tr,. After
about 20—30 min, the solution was almost completely transparent
and was used for preparation of the second leaflet of the bilayer
within a maximum of 30 min. Although vesicles had not been
characterized with respect to size, shape, or lamellarity, they
were expected to be small and unilamellar because of the mode
of preparation and their light scattering features.

The clear vesicle solution was filled via a Desaga PLG multiple
peristaltic pump at T' > Ty, into the S compartment of the SBSR
cell (POPC, 25 °C; DPPC, 45 °C). At the same time, deaerated
buffer was filled into the R compartment. During the filling
process the cell was held with the long side of the ATR plate
(x-direction; cf. Figure 1) in an upright position, with the solution
inlets of the S and R compartments at the bottom. By this, the
DPPA monolayer in the S compartment was slowly contacted
with the POPC (DPPC) vesicle solution while the surface of the
solution moved from the inlets at the bottom to the outlets at the
top. The adjusted pumping rate of 170 uL-min~! corresponded
to a velocity of solution—surface displacement along the im-
mobilized DPPA monolayer of approximately 80 mm'min~!. As
soon as the vesicle solution in S and the buffer in R reached the
outlets of the second cuvettes of the compartments, the pump
was turned off, the vesicle and buffer reservoirs were discon-
nected, and all inlet and outlet tubes were clamped to avoid
penetration of air. The cell was now mounted in the spectrometer
for 1 h to monitor the short-term POPC (DPPC) adsorption in






