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The coupling of lipid molecules to polymer components in a planar biomimetic model membrane made
of a lipid bilayer (dimyristoylphosphatidylcholine) supported by polyelectrolyte multilayers is studied. The
polyelectrolyte support was prepared by layer-by-layer deposition of positively charged poly(allylamine
hydrochloride) (PAH) and negatively charged poly(sodium 4-styrenesulfonate) (PSS). Two polymer sample
terminations were considered: positively charged (PAH-terminated) and negatively charged (PSS-
terminated). Neutron reflectometry studies showed that, whereas positively charged samples did not favor
the deposition of lipid, negatively charged samples allowed the deposition of a lipid bilayer with a thickness
of ∼5 nm. In the latter case, formation of polyelectrolyte layers after the deposition of the lipid layer was
also possible.

Introduction

Biomimetic surfaces with tailored properties are a major
object of application-oriented biophysical studies. Thin
membranes of defined composition, thickness, and struc-
ture find broad applications ranging from coating of
surfaces to filtration and encapsulation. Hybrid systems
between biological and artificial materials are sought,
since they allow one to combine the unmatched function-
ality of natural macromolecules with a potential for
tailoring the thickness andtheshapeof coatings.1 Different
studies showed that the deposition of free lipid layers was
possible as monolayers on top of polymers2,3 as bilayers
on top of natural polymers with Langmuir-Blodgett
techniques4 or with a lipid vesicle deposition process on
top of colloidal particles.5 Most of the studies concerning
lipid-polymer systems deal with functional lipids po-
lymerized or bound to a polymeric backbone,6-9 and only

a few deal with “free” lipid bilayers in contact with
polymers.10-12

Polyelectrolyte (PE) multilayers (PEM) adsorbed on
solid support were introduced as highly versatile surface
coatings.13 The multilayer formation is based on the layer-
by-layer (LbL) deposition technique,14 which exploits the
fact that polyelectrolytes adsorb onto surfaces of opposite
charge and that the surface charge density is reversed by
this process. Therefore, a multilayer can be built up by
alternatingadsorptionofpositivelyandnegatively charged
polyelectrolytes. The thickness of such multilayers can be
controlled down to molecular dimensions and varied by
the number of adsorption cycles, salt concentration of the
PE solutions, and with fine-tuning carried out by the
modification of the adsorption conditions.15 Interestingly,
the coatings can also be used to form free-standing
membranes16 or even hollow microcapsules.17 In this latter
case, it can be accomplished by the use of appropriate
substrates for the coating, which allow a subsequent
dissolution under conditions that do not destroy the
multilayer. This permits their application for filtration or
encapsulation.

Neutron reflectometry (NR) is a powerful technique for
studying adsorption at surfaces. It provides detailed
information about the structure and composition of the

* Corresponding author. Phone: ++49(0)331 567 9232. E-mail:
krustev@mpikg.mpg.de.

† Max-Planck Institute of Colloids and Interfaces.
‡ ISIS-Université Louis Pasteur.
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adsorbed layers.18,19 NR allows measuring the composition
profiles along the z direction normal to the interface over
a length scale up to 500 nm, with a resolution down to
∼0.2 nm. Because neutrons only weakly interact with most
materials, in situ measurements at solid/liquid interfaces
can be performed. An important advantage of the NR
method is the absence of sample damage, even upon
prolonged exposure to the neutron beam. The specular
neutron reflectivity method is based on the variation of
the specular reflection, R, at the interface between two
phases with the variation of the wave vector transfer, Q
) (4π/λ) sin θ, where θ is the angle of incidence of the
neutron beam and λ is the neutron wavelength. The
variation depends on the interfacial composition perpen-
dicular to the layer interface characterized by the neutron
scattering length density (SLD) F(z) ) ∑ nibi. Here ni is
the number density of the element i, and bi is its scattering
length. Different isotopes are characterized by different
values of the coefficient bi. The use of compounds with
different isotopes of a same chemical element allows NR
measurements to be focused on particular parts of a thin
layer without perturbing the whole chemical structure.

NR experiments were performed in the present work
to follow the process of formation and the organization of
dimyristoylphosphatidylcholine (DMPC) zwitterionic lipid
layers on top of PEM films. First, we present the results
of the adsorption of the DMPC onto a positively or
negatively terminated PEM block prepared from per-
deuterated poly(sodium 4-styrenesulfonate) (d-PSS) and
poly(allylamine hydrochloride) (PAH). The data are
analyzed in terms of thickness and SLD. Further, we
demonstrate the possibility to continue the deposition of
PE layers after the lipid deposition.

Experimental Section

Chemicals. (cf. Figure 1) Poly(ethylenimine) (PEI) (Mw 7.5 ×
104 g mol-1) and poly(allylamine hydrochloride) (PAH) (Mw 7 ×
104 g mol-1) were purchased from Sigma-Aldrich. Perdeuterated
poly(sodium 4-styrenesulfonate) (d-PSS) (Mw 8.03 × 104 g mol-1)
was purchased from Polymer Standards Service (Mainz, Ger-
many). Dimyristoylphosphatidylcholine (DMPC) (Mw 6.77 × 102

g mol-1) was purchased from Sigma-Aldrich. Sodium chloride
(pro analysis grade) was purchased from Riedel-de Haën.
Deuterium oxide (min. 99.9% isotope enrichment) was purchased
from Sigma-Aldrich.

All chemicals were used without further purification. The
aqueous solutions were prepared with ultrapure water from a
Milli-Q Plus 185 water generation system (Millipore, resistivity
>18.2 MΩ cm).

Substrates. Silicon blocks from Siliciumbearbeitung Andrea
Holm (Tann/Ndb., Germany) with two sides polished (dimensions
8 × 5 × 1.5 cm3, orientation 〈100〉), were used for the NR
experiments. They were cleaned by treatment in a hot piranha
solution (35 wt % H2O2/85 vol % H2SO4 (1:1) v/v, ∼80 °C) for 20
min (Caution: piranha solution is extremely corrosive.) and then
thoroughly washed with ultrapure water.

PE Multilayer Buildup (Adsorption of PE on flat silicon
substrates). The substrates were coated with PE using the LbL
technique described in ref 14. PEI was dissolved in ultrapure
water and was used as a precursor to enhance the stability of the
alternating adsorbed d-PSS/PAH multilayers. d-PSS and PAH
were dissolved in 1 M NaCl solutions. The concentration of the
PE solutions was 10-2 monomol L-1. The clean hydrophilic Si
substrates were dipped alternatively in a beaker containing the
polycation or the polyanion solution for 20 min. The substrates
were rinsed in ultrapure water for 2 min in three different beakers
to remove excess polymer after each adsorption step. The cycle
was repeated until the desired number of layers had been
achieved. Two PEM structures were prepared: structure dP+,
PEI/(d-PSS/PAH)6 (13 PE layers, PAH-terminated) and structure
dP-, PEI/(d-PSS/PAH)6/d-PSS (14 PE layers, PSS-terminated).

Lipid Small Unilamellar Vesicles (SUV) Suspension. The
lipid SUV suspension was obtained by first dissolving 100 mg
of DMPC in a 1:1 v/v mixture of chloroform and methanol in a
glass vessel. The organic solvent was then gently removed by
using a rotative evaporator. The lipid film obtained on the walls
of the vessel was dried under vacuum for more than 48 h.
Ultrapure water was then added to hydrate the film by 100-µL
aliquots up to a total volume of 2 mL, followed each time by a
3-min immersion in an ultrasonic bath (temperature 313 K (40
°C)). This intermediate solution was extruded 21 times through
a 200-nm pore diameter polycarbonate filter and then 21 times
through a 100-nm pore diameter polycarbonate filter (Avestin
Inc., Ottawa, Canada) to obtain SUV and then diluted to 0.5 g
× L-1 to obtain the final lipid suspension.

In Situ Deposition. The solid/liquid experimental cell (see
the Supporting Information) used in the NR experiments allowed
the liquid (typical volume ∼10 mL) in contact with the solid
interface to be exchanged. The cell was linked to an external
water bath to maintain the temperature at 299 ( 1 K (26 °C).
The SUV suspension was used for formation of a lipid layer on
top of the previously prepared PE multilayers. An excess volume
of the suspension was injected slowly (15 mL in ∼60 s) into the
cell. This was followed by a delay (“incubation time”) of 30 min
and then rinsing with an excess of D2O. The same procedure was
used for the formation of PE layers on top of the lipid layer,
except that the incubation time was 20 min.

Neutron Reflectometry. The reflectivity, R, which is the
ratio between the intensity of the incoming and the reflected
beam, was measured as a function of Q. The experiments were
performed with D2O on the bottom of the experimental cell against
a Si block above. In this case the lower medium has a higher SLD
than the upper one. Under these conditions, R ) 1 for Q below
a critical value Qc. Above Qc, R decays with Q, and the shape of
the dependence is a function of the area-averaged scattering
length density profile normal to the interface. A beam of
rectangular cross section was set by a slit system on the sample
side. Two different reflectometers were used. At the V6 mono-
chromatic (wavelength λ ) 0.47 nm) reflectometer20,21 at the
Hahn-Meitner Institute, Berlin, Germany, the studies were
performed in a θ/2θ geometry. At the neutron reflectometer
AMOR at the Paul Scherrer Institute, Villigen, Switzerland,22-24

the experiments were performed in time-of-flight (ToF) mode at
three angles of incidence (0.4, 0.9, and 1.5°), covering the whole
necessary Q range.Thebackgroundsignal wasdirectly subtracted
from the specular signal to obtain the corrected intensity. The
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Figure 1. Chemicals used: (a) PEI, (b) d-PSS, (c) PAH, and
(d) DMPC.
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reflectivity data were footprint-corrected for the varying flux on
the sample as θ increased.

The information that can be extracted in a single NR
experiment includes the film thickness, d, the scattering length
density profile, F(z), across the film, and the surface roughness,
σ, between the different layers. The experimentally obtained
reflectivity curves were analyzed by applying the standard fitting
routine, Parratt 32.25 It determines the optical reflectivity of
neutrons from planar surfaces using a calculation based on
Parratt’s recursion scheme for stratified media.26 The film is
modeled as consisting of layers of specific thickness, scattering
length density, and roughness, which are the fitting parameters.
The model reflectivity profile is calculated and compared to the
measured one, then the model is adjusted by a change in the
fitting parameters to best fit the data. For large enough Q values,
the layer thickness, d, can be estimated from the spacing of the
minima of two neighboring interference fringes ∆Q, by d ≈ 2π/
∆Q.

Results and Discussion

We studied the formation of DMPC layers at the
interface between PEM and the aqueous phase (D2O). Two
systems were explored to get better insights into the
adsorption process: positively charged PAH terminated
PEM (sample dP+) and negatively charged PSS terminated
PEM (sample dP-).

The reflectivity from a semiinfinite substrate decreases
monotonically proportional to Q-4. When a layer of a
certain material is deposited onto the bare interface, the
reflectivity profile R(Q) decreases with oscillations with
a period, depending on the thickness of the layer. The
amplitude of the oscillations depends on the differences
in the SLD of the adjacent phases. The system under
consideration in our study consists of a Si block with
adsorbed PE layer on top, which is in contact with a
reservoir of D2O. If the SLD of the PEM is close to that
of pure D2O, the SLD profile of an idealized PEM/D2O
interface will exhibit a minor step. Since such an interface
is barely visible for neutrons, the reflectivity curve is
dominated by the Si/PEM interface and exhibits a Q
dependence that follows closely the Q-4 dependence
characteristic of simple sharp interfaces. The existence of
a lipid layer with low SLD at the PEM/D2O interface will
cause a local minimum in the SLD profile, and thus, this
interfacebecomesvisible for theneutrons.The interference
of neutrons scattered at the Si/PEM and the lipid/D2O
interfaces gives rise to a series of oscillations with
pronounced maxima and minima in R(Q) (Kiessig oscil-
lations). In this scattering geometry, the appearance of
Kiessig fringes is a sensitive indication of changes at the
PEM/D2O interface. If some of the interfaces in the sample
are rough, then the border between the layers smears
out, which also results in a decrease in the amplitude of
the Kiessig fringes or their disappearance. We used
partially deuterated PEM (only the PSS compound was
deuterated) that ensures formation of PEM with high SLD,
which after swelling in D2O possesses SLD close to that
of the pure D2O. This way, the reflectivity curves from the
bare PEM in D2O show no Kiessig fringes or only with low
amplitude.

Sample dP+. The reflectivity curves for the positively
charged PAH-terminated PE multilayer are shown in
Figure 2. Curve 1 was obtained for the bare PEM/D2O
interface. The detailed fit to the data (fitting parameters
are summarized in Table 1) shows formation of a PE layer
with a thickness of 29.8 nm and SLD 5.51 × 10-6 Å-2.
These values are typical for PEM of PAH/d-PSS soaked

with D2O and, for conditions comparable to ours, are very
similar to those published in the literature.27

Curve 2 in Figure 2 was recorded after the deposition
of DMPC. Whereas the absorption of a protonated lipid
with low SLD28 should lead to better-pronounced Kiessig
fringes in the reflectivity curve, a smearing out of the
oscillations is observed. The DMPC interacts with the PE
layer, and by arrangement of the lipid molecules in
irregular structures, a rough outer lipid layer is most
probably created. It smears out the border between the
PEM and D2O, and thus, any oscillations are excluded.
The SLD distributions in the sample before and after the
lipid deposition are shown as inset in Figure 2. The shape
of curve 2 does not allow precise treatment that gives
information about the organization of the lipid layer. The
SLD profile, which is related to this curve, demonstrates
one of the possible estimations. It should be accepted more
as a rough approximation than as an exact physical model.

Sample dP-. Another set of experiments studied the
adsorption of DMPC onto a negatively charged d-PSS-
terminated PE layer. The reflectivity curves are shown in
Figure 3. Curve 1 corresponds to the bare PEM deposited
on top of the substrate. The fringes are smeared out similar
to those in the case of the dP+ sample. This is expected
according to the lack of contrast (small difference in the
SLD) between the deuterated PE layer and the D2O
reservoir. It is nevertheless possible to fit the data using
a single box model for the 14-layers-thick d-PSS-
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which are tabulated (Sears, V. F. Neutron News 1992, 3, 26). The
determination of the SLD F ) [DNA/M] ∑i Nibi (here, D is the bulk
density, Ni is the number of certain atoms in the molecule, M is the
molar mass, and NA is Avogadro’s number) expressed in Å-2 is
remarkably sensitive to the value of the density used in its calculation,
and a reliable knowledge of the density is a prerequisite for a reliable
calculation. Considering the volume of one single DMPC molecule to
be around 1050 Å3, a SLD of 0.93 × 10-6 Å-2 was calculated for a layer
of DMPC molecules.

Figure 2. NR curves from the sample dP+; Si/PEI/(PSS/PAH)6
in D2O (1, O) before and (2, 4) after DMPC adsorption. The
solid curves show the best fits to the experimental data. The
curves are shifted for clarity. Inset: the SLD profiles normal
to the interface of the film that give the best fits to the data.
The numbers have the same meaning as in the main graph.

Table 1. Fitting Parameters Which Give Best Fit to the
Experimental Reflectivity Curves for Samples DP- and

DP+ before and after the Lipid Deposition

before lipid deposition after lipid deposition

layer
thickness

d (nm)
SLD

(10-6 × Å-2)
thickness

d (nm)
SLD

(10-6 × Å-2)

dP+ 29.8 ( 0.7 5.51 ( 0.06 formation of roughlipid layer which
does not allow data treatment

DMPC

dP- 31.4 ( 1.2 5.69 ( 0.05 31.4 ( 0.4 4.68 ( 0.23
DMPC 5.0 ( 0.3 0.92 ( 0.14
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terminated PE block. Its thickness is 31.4 nm, and the
SLD is 5.69 × 10-6 Å-2 (see Table 1). The best fit to the
data is shown in Figure 3 as a solid line (curve 1). The
SLD distribution in the film is shown in Figure 4a. The
thickness of the PEM increases in comparison with the
PE block of sample dP+ with 16 Å, which is a reasonable
value for the thickness of a single layer of added PSS.29

The sample shows high roughness of ∼3 nm (see Figure
4a) due to formation of a fuzzy interface with many loops
and tails of the polyelectrolytes.

Well-pronounced fringes appear on the reflectivity curve
2 after the deposition of DMPC, which suggests the
apparition of a better contrast between the D2O subphase
and the deposited PE film. The best fit to the NR curve
is shown as a line in Figure 3 (curve 2), and the
corresponding SLD distribution normal to the film in-
terface is presented in Figure 4b. The first part of the
profile corresponds to the Si substrate, followed by the PE
block. Its thickness is equal to that of the bare PE layer
with a thickness of 31.4 nm, but its SLD is decreased to
4.68 × 10-6 Å-2. On top of this first layer, a 5.0-nm-thick

layer with a very low SLD of 0.92 × 10-6 Å-2 is formed.
This value is typical for hydrocarbon compounds, such as
DMPC.8,28 We conclude that this second box corresponds
to a DMPC layer adsorbed onto the PE film. Some authors
decomposed the fit of NR curves to distinguish the polar
headgroup from the lipid tail in the lipid molecules,11 but
this method was not considered in the present paper. The
thickness of the DMPC layer corresponds well to the
thickness of a single lipid bilayer in the fluid phase at the
solid-liquid interface (5.2 nm30 for a single bilayer, 5.0
nm31 and 4.7 nm32 for multibilayer structures).

Some arguments explain the fact that a continuous
smooth lipid bilayer could be obtained on top of PSS but
not on the top of PAH-terminated PEM. First, the
electrostatic argument can be invoked: even if the DMPC
iszwitterionic, itsheadgroup ispartiallypositively charged
(see Figure 1) and can be attracted by the negative PSS
surface. Moreover, PSS is more hydrophilic than PAH.33

The polar headgroups of DMPC are known to be sur-
rounded by a hydration layer. This might facilitate the
attraction between the DMPC bilayer and the PSS-
terminated PEM. Second, the deposition of polycations,
such as PAH, leads to formation of a flatter PE layer than
in the case of polyanions, such as PSS.29,34 Consequently,
the hydrated loops of PSS may constitute more attractive
binding sites than the flat PAH layer.

A strong decrease in the SLD of the PE layer for sample
dP- is observed after the deposition of the lipid layer. The
measured SLD of the PE layer is the sum of the SLD of
the individual components in the film.

Here, R is the volume fraction of D2O in the film with SLD
FD2O ) 6.36 × 10-6Å-2. The SLD of the PEM in dry dense
state (FPEM) was estimated to be 3.35 × 10-6 Å-2.35 The
only variable parameter in eq 1 is the volume fraction R.
The decrease in the measured SLD of the PEM may be
a result of a decrease in the ratio between the volume
fractions of D2O and polymer in the PEM. The following
effects may explain the observed behavior of the PEM.

The NR data for the sample before lipid deposition show
high roughness at the dP-/D2O interface (see Figure 4a).
This observation correlates with the fact that the PEM in
water shows a fuzzy interface with many loops and tails
of the polyelectrolytes. When a DMPC bilayer is self-
assembled on the PEM, it “compresses” the PE chains
into the PEM block, and the interface between the PEM
and the lipid layer becomes sharper (see Figure 4b). Thus,
the thickness of the PEM film does not change, but the
film is more densely packed, which may cause D2O release.

Another effect may also contribute to the explanation
of the observed result. It was recently found29 that the
fraction of D2O in PEM made by PSS and PAH depends
on the charge of the last adsorbed layer. The amount of
D2O in PSS-terminated PEM decreases on adsorption of

(29) Carièrre, D.; Krastev, R.; Schönhoff, M. Langmuir 2004, 20,
11465-11472.
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(31) Mennicke, U.; Salditt, T. Langmuir 2002, 18, 8172-8177.
(32) Pabst, G.; Katsaras, J.; Raghunathan, V. A.; Rappolt, M.

Langmuir 2003, 19, 1716-1722.
(33) Wong, J. E.; Rehfeldt, F.; Hänni, P.; Tanaka, M.; Klitzing, R. V.

Macromolecules 2004, 37, 7285-7289.
(34) Messina, R.; Holm, C.; Kremer, K. Langmuir 2003, 19, 4473-

4482.
(35) The SLD of the dry film was calculated under the following

assumptions: (i) the molecular volumes (V) of the two components are
VPSS ∼ 240 Å3 and VPAH ∼ 75 Å3 (Schmitt, J.; Gruenewald, T.; Decher,
G.; Pershan, P. S.; Kjaer, K.; Loesche, M. Macromolecules 1993, 26,
7058) which corresponds to bulk density D ∼ 1.24 g × cm-3; (ii) the
density of d-PSS is assumed equal to that of h-PSS; (iii) the ratio PAH/
d-PSS in the dry interdigitated PEM is 1:1.

Figure 3. NR curves from the sample dP-: Si/PEI/(PSS/PAH)6/
d-PSS in D2O (1, O) before and (2, 4) after DMPC adsorption,
(3, 3) after subsequent d-PSS adsorption, (4, ]) after subsequent
PAH adsorption, and (5, 4) after subsequent d-PSS adsorption.
The solid curves show the best fit to the experimental data. The
numbers of the curves correspond to the numbers of the samples
as shown in Table 2. The curves are shifted for clarity.

Figure 4. (a) SLD profile normal to the interface of the bare
d-PSS terminated sample and (b) SLD profile of the same sample
but after the deposition of DMPC.

FPEM
measured ) RFD2O + (1 - R)FPEM (1)
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a PAH layer. The water in the hydration shell of the PE,
which forms the PEM, is attracted because of mutual
electrostatic interaction with the uncompensated polya-
nion charges. On adsorption of the weaker polycation PAH,
part of the negative charges in the PSS are compensated,
and thus, the hydration of the PEM decreases. A similar
effect may appear in the case of DMPC adsorption. DMPC
is a zwiterrionic lipid, but its headgroup is partially
positively charged. Its molecules bind electrostatically to
the last PSS layer of the PEM, compensating part of the
negative charges in the PSS chains. This may generate
D2O release from the PEM block. The PEM consists of a
PE matrix with some voids in it. D2O may be included
either in the matrix or in the voids. If D2O is released only
from the voids, the film thickness will stay constant, an
effect which we observed.

A third hypothesis may also be considered when one
discusses the observed decrease in the SLD of the PEM
block after the DMPC deposition. It is possible that the
lipid which possesses low SLD penetrates in the PEM
block. Thus, it may partially exchange the D2O. We
suppose that this mechanism is less probable. It has to
lead to nonhomogeneous distribution of the SLD normal
to the PEM surface being lower near to the D2O/PEM
interface and increasing toward the Si/PEM interface.
However, the results of the fitting shows existence of PEM
block with constant SLD and adsorbed DMPC layer on
top of it forming sharp interface.

Formation of PEM/Lipid/PEM Multilayer Struc-
tures. Because the in situ deposition of a single lipid
bilayer on top of the d-PSS terminated PE block was
successful, the deposition of further PE layers on top of
the obtained system was investigated. Reflectivity curves
3-5 in Figure 3 correspond to the successive deposition
of d-PSS; PAH; and finally, d-PSS again. The full lines
represent the best fits to the data, which corresponds to
the SLD distribution profiles given in Figure 5.

Adsorption of d-PSS onto the lipid bilayer should not
lead to changes in the reflectivity curve because this

additional layer possesses a SLD similar to that of the
subphase. One has to expect pronounced oscillations in
the reflectivity curve because of the deep SLD minimum
caused by the lipid layer (Figure 4b). However, curve 3
shows only weak oscillations. Most probably, the PE layer
forms a very rough interface or even might disturb the
organization of the lipid molecules in the lipid bilayer.
Thus, the Kiessig oscillations in the curve are smeared
out. It is difficult to extract reliable data about the SLD
distribution in the film from the original neutron reflec-
tometry curve. One possible profile is shown in Figure 5
(curve 3), which has to be accepted as only a rough
estimate. The buildup process was continued with deposi-
tion of a PAH layer. Many well-defined oscillations are
observed on curve 4, which proves that the adsorption of
a protonated PAH layer onto the d-PSS layer is successful
and forms well-ordered and smooth PE (d-PSS/PAH)
bilayer. Further deposition of d-PSS layer leads to a change
in the reflectivity curve (curve 5 in Figure 3). The positions
of the minima of the fringes are shifted toward smaller
Q values, which proves the increase in the total film
thickness. The decrease in the intensity of the oscillations
at moderate Q values is related to an increase in the
interfacial roughness.

The last d-PSS layer was prepared under different
conditions, as compared to all other layers. The standard
procedure comprises deposition of a layer from the solution
of the particular PE followed by intensive rinsing with
D2O and NR experiments in the presence of pure D2O.
This procedure was not successful when the last d-PSS
layer was adsorbed. The NR experiment did not show
formation of any additional layer on top of the last PAH
layer. The data shown here were obtained when the
solution of d-PSS was kept in the experimental cell during
the NR experiment. No adsorption of further layers was
possible after that step. This shows that the presence of
a DMPC bilayer in the PEM structure disturbs the charge
balance in the system. This limits the buildup process to
formation of only one PE bilayer. It is also possible that
the lipid bilayer increases the hydrophobicity of the whole
stack and, thus, disfavors the further growth.

The results of formation of PEM/lipid bilayer/PEM
structures are summarized in Table 2. An increase of the
overall thickness with every deposition step is noticed.
An unexpected high thickness difference between samples
4 and 5 (6.0 nm) can be explained by the formation of a
diffuse, last d-PSS layer, probably due to the presence of
excess PE in the experimental cell.

Conclusions

In the present study, the formation of model lipid
membranes was achieved by absorption of DMPC from
extruded vesicular suspensions onto polyelectrolyte multi-
layer blocks. The PE block was prepared by LbL deposition
of the negatively charged PSS and the positively charged
PAH. The buildup process was monitored in situ by the
use of neutron reflectometry. A 5-nm-thick DMPC layer

Figure 5. SLD profiles normal to the interface of the sample
after the deposition of the PE layers on top of the lipid layer.
The numbers of the curves correspond to the numbers of the
samples as shown in Table 2. The SLD profile of sample 2 (dP-/
DMPC) is given for comparison.

Table 2. Overall Thickness of PE/Lipid/PE Multilayer Structuresa

sample no. sample structure overal thickness (nm)

1 Si/PEI/(d-PSS/PAH)6/d-PSS 31.4
2 Si/PEI/(d-PSS/PAH)6/d-PSS/DMPC 36.5
3 Si/PEI/(d-PSS/PAH)6/d-PSS/DMPC/d-PSS 38.0b

4 Si/PEI/(d-PSS/PAH)6/d-PSS/DMPC/d-PSS/PAH 40.1
5 Si/PEI/(d-PSS/PAH)6/d-PSS/DMPC/d-PSS/PAH/d-PSS 46.1

a The overall thickness is a sum of the individual thickness of the PEM block, the lipid layer, and the PE layers adsorbed on top. b The
value has to be considered as low precise because of the bad quality of the reflectivity curve (R(Q)), which is a result of the high roughness
of the sample.
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was successfully formed after the deposition onto a
negatively charged PSS-terminated PE film. Its thickness
implies that a lipid bilayer was formed. The positively
charged PAH-terminated polymeric block only allows
deposition of a rough layer of DMPC. The origin for such
behavior might be the electrostatic attraction between
the negatively charged d-PSS and the DMPC molecules.
Even though DMPC is a zwiterrionic lipid, its headgroup
is partially positively charged, and it can be attracted by
the negatively charged PSS surface. Another reason might
be the nature of the d-PSS, which is more hydrophilic
than PAH. This facilitates the attraction between the polar
headgroups of the phospholipid, known to be surrounded
by a hydration layer, and the PE block. In addition, the
deposition of PAH leads to formation of flat layers, whereas
those of PSS form hydrated loops, which could constitute
attractive binding sites. Deposition of PE layers onto the
lipid bilayer was also achieved. This process was successful
only for formation of one PSS and one PAH layer after the
deposition of the lipid bilayer.
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