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Hydrated polymer interlayers between planar lipid membranes
and solid substrates provide a water reservoir and thus maintain a finite membrane–substrate distance. Linear polymer
spacers attached to lipid head groups (lipopolymer tethers)
can be used as a defined model of oligo- and polysaccharides
covalently anchored on cell surfaces (glycocalyx). They can
offer a unique advantage over membranes physisorbed on polymer films (called polymer-cushioned membranes), owing to
their ability to control both the length and density of polymer
chains. In this study, a lipopolymer tether composed of a
stable ether lipid moiety and a hydrophilic poly(2-methyl-2-oxazoline) spacer with a length of 60 monomer units is used to

fabricate supported membranes by the successive deposition
of proximal (lower) and distal (upper) leaflets. Using specular
X-ray reflectivity and ellipsometry, we systematically investigate
how the lateral density of polymer chains influences the membrane–substrate interactions. The combination of two types of
reflectivity techniques under various conditions enables the
calculation of quantitative force–distance relationships. Such
artificial membrane systems can be considered as a half-model
of cell–cell contacts mediated via the glycocalyx, which reveals
the influence of polymer chain density on the interplay of interfacial forces at biological interfaces.

Introduction
Bilayer lipid membranes deposited on planar substrates (supported membranes) have been used intensively for mimicking
the structures and functions of biological membranes.[1–3] More
recently, polymer-supported membranes have drawn increasing attention as a more sophisticated model for membrane–
extracellular contacts that provide soft interlayers for immobilization of membrane proteins without the risk of denaturation.[4, 5] Model systems proposed so far can mainly be classified
into two categories: 1) supported membranes deposited on
preformed polymer films (polymer-cushioned membranes);[6]
and 2) supported membranes separated from solid substrates
by linear polymer spacers (polymer-tethered membranes).[7–12]
One unique feature that polymer-tethered membranes can
potentially offer is the flexible and quantitative control of the
membrane–substrate interactions. For example, if the lateral
density of lipopolymers can be controlled, the lateral density
and thus the volume fraction of polymers in the reservoir between the membrane and the substrate can be precisely adjusted. In our previous account, we demonstrated that the frictional environment surrounding lipids and proteins can be adjusted by the length and lateral density of polymer tethers.[13]
Another interesting aspect of polymer-tethered membranes
as compared to polymer-cushioned membranes is the chemical coupling between membrane moieties and the intermediate polymer. As theoretically predicted by Seifert and
Merath,[14] the presence of membrane-bound tethers significantly influences their thermodynamic fluctuation, that is, the
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interfacial potentials and mechanical properties of the membranes. From the experimental approach, one of the key steps
to quantitatively understand the membrane–substrate interaction is the measurement of the thickness and density of polymer interlayers that separate membranes from solid substrates.
To date, there have been several studies on the measurement of the distance between supported membranes and the
underlying substrates. For instance, fluorescence interference
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nique used for the determination of membrane–substrate[16]
and cell–substrate[17] distances. However, this measurement
relies on many parameters that are sometimes hard to quantify, such as the exact angle of the transition dipole moment of
fluorophores with respect to the sample plane. Atomic force
microscopy (AFM) operated in a contact mode can merely
measure the height difference between the membrane surface
and the area scratched under high forces.[18] An alternative
way to evaluate the structures of such multilayered systems involves techniques based on reflectivity, such as ellipsometry[19–21]
and specular X-ray and neutron reflectivity.[22–27] Taking the
basic framework of Fresnel reflectivity, one can calculate the
thickness and/or refractive index of the layered structures from
the two measured ellipsometric angles.[28] X-ray and neutron
reflectivity are performed with much smaller wavelengths,
which enables the thickness, scattering length density, and
roughness of the buried interfaces to be obtained.
In our previous accounts, we reported that polymer-tethered
membranes containing lipopolymers with hydrophilic poly(2oxazoline) chains can be used for the incorporation of human
platelet integrin aIIbb3 receptors, and demonstrated that the
homogeneity,[10] lateral mobility,[13] and functionality[29] of integrin depends on the spacer length. Herein, we characterize the
vertical structures of our polymer-tethered membranes by the
combination of ellipsometry and specular X-ray reflectivity. We
focus on a lipopolymer composed of an archaea analogue lipid
moiety, with ether groups for better chemical stability and isoprenoid tails to avoid alkyl chain crystallization, and a linear hydrophilic poly(2-methyl-2-oxazoline) spacer with sixty monomer units (PMOx60, see Figure 1 and the Supporting Informa-

Figure 1. Molecular structure of the lipopolymer tether used in this study
(PMOx60).

tion for the chemical structure and name). The lipopolymer
was prepared by living cationic ring-opening polymerization to
ensure quantitative end-functionalization and a narrow molar
mass distribution (polydispersity index, PDI = Mw/Mn = 1.05).
Asymmetric membranes were prepared in a two-step process:
the proximal monolayer with lipopolymers (lower leaflet) is
transferred onto the solid substrate by a Langmuir–Blodgett
(LB) transfer (Figure 2, left), and the distal monolayer (upper
leaflet) is formed by a Langmuir–Schaefer (LS) transfer
(Figure 2, right). Details of the obtained results are described in
the following sections.

Experimental Section
Materials: Silicon wafers (Si-Mat, Landsberg am Lech, Germany)
with native oxide (  15 ) cut in pieces of approximately 24 
20 mm2 were used as substrates. Deionized water with specific reChemPhysChem 2009, 10, 2876 – 2883

Figure 2. Schematic view of polymer-supported membranes. Left: a dry
monolayer with a high concentration of polymer, which is collapsed and
very dense. Right: after completion of the bilayer with a Langmuir–Schaefer
transfer, the membrane is kept under water. The polymer is swollen and the
distance between the silicon substrate and lipid bilayer increases.

sistance 1 > 18 MW cm (GenPure, TKA, Niederelbert, Germany) was
used throughout this study. The substrates were cleaned using a
modified RCA protocol:[30] the samples were sonicated for 5 min in
acetone, ethanol, methanol, and water, and immersed in a solution
of H2O2 (30 %)/NH4OH (30 %)/H2O (1:1:5 by volume) for 5 min at
room temperature before soaking them for another 30 min at
60 8C. Afterwards, they were intensively rinsed with deionized
water, dried at 70 8C, and stored in sealed glass boxes.
1-Stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) was purchased from Avanti Polar Lipids (Alabaster, AL, USA); other chemicals were from Sigma–Aldrich (Munich, Germany). The lipopolymer
used in this study was synthesized according to the previously
published route.[10, 27, 31–34] Since asymmetric membranes were prepared using layer-by-layer transfers, the polymer chain was terminated by a piperidine group instead of a trimethoxysilane surface
coupling group to avoid crosslinking by polycondensation.
Membrane Preparation: Both proximal and distal monolayers were
first spread on a Nima Langmuir trough Model 311D (Nima, Coventry, England). After checking the cleanness of the subphase by
compression and subsequent relaxation of the blank subphase
(the change in surface pressure was always below 0.2 mN m1), a
cleaned substrate was immersed into the subphase. The stock solution of lipid/lipopolymer mixture (1 mg mL1 in CHCl3) was deposited on the water surface. After evaporation of the solvent, the film
was compressed by moving the barrier at 10 mm min1 up to a
surface pressure of 30 mN m1. Then, the proximal layer was transferred by vertical pulling of the substrate from the water subphase
at a constant surface pressure. A high transfer speed of
30 mm min1 was chosen to avoid demixing of the lipid/lipopolymer mixture.[35] Throughout this study, a transfer ratio of unity was
guaranteed within the experimental error of  2 %.
The distal monolayer was deposited onto a monolayer-coated (and
thus hydrophobic) substrate by LS transfer: the sample was placed
slightly obliquely above the subphase and dropped gently. After
floating on the subphase for some seconds, the substrate was
pressed into the subphase and transferred to a prismatic cuvette
used for ellipsometric measurements without exposing the bilayer
to air.
Ellipsometry: A Multiskop instrument (Optrel, Kleinmachnow, Germany) equipped with a He–Ne laser operating at 6328  was used
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for measurement of the ellipsometric angles y and D, defined by
the ratio of the reflection amplitude coefficients of p- and s-polarr
ized light: rps ¼ tanðyÞ expðiDÞ. The beam width of the laser was
1300 mm, which corresponded roughly to a circular footprint sampled for measurement at one spot. Each sample was measured at
least at five different spots with zone averaging. The reproducibility of the measurements was checked by successive measurements
at the same spot and was found to be limited by the instrumental
resolution. The transferred proximal layers were characterized in an
atmosphere with relative humidity defined by saturated salt solutions,[36] while the characterization of bilayers was performed under
water. A prismatic cuvette (Hellma, Mllheim, Germany) with a 708
angle between the base (substrate) plane and the two observation
windows served as the sample environment. The front of the cuvette was sealed with a piece of glass spread with silicone grease
(Baysilone silicone paste, low viscosity; Bayer, Leverkusen, Germany). The back reflection of the laser from the cuvette was directed
as close as possible to (but not into) the laser exit aperture. Ellipsometric results were evaluated using a self-written code for IGOR
Pro (WaveMetrics, Portland, OR, USA) based on the Abels matrix
formalism.[3, 28] The fit quality was assessed by evaluating the function of merit [Eq. (1)]:
S¼

ðDmeas  Dmodel Þ2 ðymeas  ymodel Þ2
þ
Dmodel
ymodel

the silicon dioxide and the lipid monolayer should be taken
into account. Within this three-layer model, both the refractive
index and thickness of the polymer layer were fitted while
keeping the parameters for the other two layers constant
(Table 1).

Table 1. Layer model used for ellipsometric measurements on dry monolayers showing the layer thickness d, the real part of the refractive index
n, and the imaginary part k.[a]
Layer

d []

n

k

Air
Lipid
Polymer
SiO2
Si

1
18.1
dpol
13.8
1

1
1.44
npol
1.457
3.882

0
0
0
0
0.019

[a] The parameters for the lipid layer were obtained from a reference
measurement on a pure SOPC monolayer prepared under the same conditions. The illumination wavelength is l = 6328  and the incident angle
on the substrate V = 708. The parameters for the polymer layer npol and
dpol were used as fitting variables and best results are shown in Table 2.

ð1Þ

The best parameters resulted in local minima of S. Error estimates
were given by parameters that resulted in S being twice the minimum value.

The ellipsometric angles y and D obtained for the transferred monolayers with different molar fractions of PMOx60 at
varying humidity are plotted in Figure 3. The increase in poly-

X-ray Reflectivity: Specular X-ray reflectivity measurements were
carried out at the ID10b beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble, France). All the measurements
were performed at 20 8C in ambient atmosphere, that is, a relative
humidity (RH) of about 70 %. The radiation energy was E = 20 keV.
The beam width was set to 300 mm. In the beam direction, the illuminated area decreased from the maximum extension of the
sample (20 mm) down to approximately 1.5 mm. The raw data
were corrected for over-illumination and normalized below the critical angle. Large changes in the probed area and the aspect ratio
had no effect on the measured data, since the homogeneity of the
membrane validated the use of a layer model without structures in
the membrane plane. The data were analyzed using MOTOFIT running on IGOR Pro.[37]

Results
Characterization of the Monolayer in Air
Prior to the LB transfer of the proximal monolayer, the thickness of the native oxide was determined to be dSiO2 = (13.8 
1.1)  by assuming refractive indices for silicon and silicon dioxide of nSiikSi = 3.8820.019i and nSiO2 = 1.457, respectively.[38] Since this value shows a small deviation, this thickness
was used as a constant throughout this study. As a reference,
we measured the thickness of a pure transferred phospholipid
(SOPC) monolayer containing no PMOx60 lipopolymers. Here,
we employed a two-slab model that consists of silicon dioxide
and lipid monolayer. Assuming the refractive index of lipid to
be nlipid = 1.44,[39] the thickness of the monolayer was calculated
to be dmonolayer = (18.1 1.3) . For the monolayers containing
PMOx60 lipopolymers, an additional polymer layer between
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Figure 3. y versus D plot of selected ellipsometric measurements on dry
monolayers doped with PMOx60 on silicon substrates. Each sample was
measured under each condition on at least five different spots. The samples
were placed in different ambient conditions with saturated salt solutions
(denoted by symbol shape) to adjust the relative humidity. The small scatter
of data shows the lateral homogeneity of the monolayer, which decreases
upon swelling.

mer fraction leads to a monotonic increase of y and a decrease of D caused by the increase in the humidity from 11 %
to 98 %, which corresponds to the more significant swelling of
polymers at higher lateral densities. On the other hand, as presented in Table 2, the thickness of the polymer layer shows a
continuous increase in accord with an increase of the lipopolymer concentration from 0  (0 mol %) to a maximum of 84.4 
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Table 2. Refractive index npol and layer thickness dpol for the polymer
layer determined by fitting the model shown in Table 1.[a]
Concentration

Humidity [% RH]

dpol []

npol

0.5 mol %
80 mol %

ambient
11.3
33.1
75.5
85.1
94.6
97.6

0.2  2.0
22.0  3.4
27.0  4.5
37.5  3.5
40.0  5.0
76.0  3.5
84.4  4.4

1.3–1.5
1.3–1.5
1.3–1.5
1.3–1.5
1.34  0.05
1.34  0.02
1.32  0.03

[a] For thin polymer layers the refractive index does not affect the fit
quality.

(80 mol %) at a high relative humidity (RH = 98 %). The small
scatter of the data points in Figure 3 is an indication of the lateral homogeneity of the sample. The data for all three polymer
concentrations fit well to a layer model that mainly takes into
account changes in the polymer layer thickness. Namely, the
more the polymer layer swells, the closer the refractive index
of the polymer layer approaches the refractive index of water
(see Table 2 and Figures S2 and S3 of the Supporting Information). For thin layers the refractive index of the layer is insignificant, which therefore does not allow it to be determined from
the experimental data.
Figures 4 and 5 show the measured X-ray reflectivities (gray
circles), the corresponding least-squares fits (black lines), and
the scattering length density profiles reconstituted from the
best-fit results at the lipopolymer concentrations of 6 and
80 mol %, respectively. The presence of clear features (Kiessig

Figure 4. X-ray reflectivity measurement of a monolayer doped with 6 mol %
PMOx60 on silicon substrate. Top: X-ray reflectivity data and best fitting
model. Bottom: scattering length density (SLD) profile of the best fitting
model. The bars in the background correspond to the underlying layers of
the SLD model.
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Figure 5. X-ray reflectivity measurement of a monolayer doped with
80 mol % PMOx60 on silicon substrate. Top: X-ray reflectivity data and best
fitting model. Bottom: SLD profile of the best fitting model. The bars in the
background correspond to the underlying layers of the SLD model.

fringes) confirms the homogeneity of the stratified structures
of the transferred monolayers. The X-ray reflectivity curves of
lipid–lipopolymer monolayers in air were well represented by a
four-layer model which consists of a) oxide, b) polymers,
c) lipid head groups, and d) hydrocarbon chains. The first two
layers (silicon dioxide and polymer) are identical to the model
used for ellipsometry, while the lipid layer was split into two
layers corresponding to head groups and hydrocarbon chains.
From the position of the Kiessig fringes in each reflectivity
curve, the overall thickness of the system is well defined. If
one assumes that the lipid monolayer (layers c and d) remains
intact in the absence and presence of lipopolymers, the
changes in the overall thickness can be attributed to the
change in thickness of the polymer layer (layer b). According
to the model used for the ellipsometry results (Table 1), we
first assumed the scattering length density and thickness of
layer c (head groups) and layer d (chains) to be 1c = 13.5 
106 2, dc = 10  and 1d = 7  106 2, dd = 8 . The silicon dioxide was modeled with the same thickness da = 13.8  and
scattering length density 1a = 20  106 2 as used for ellipsometry. A lower limit for the roughness between two layers
was set to 2 . Starting from these values, a reasonable agreement to the measured reflectivity curves was achieved. The obtained parameters for the polymer layers are summarized in
Table 3. The scattering length density profiles reconstructed
from these parameters are presented in the lower panels in
Figures 4 and 5. At high polymer concentrations, the thickness
of the lipid monolayers (layers c and d) was slightly thinner
(Dd  3 ) due to the fact that the polymer head group is directly linked to the glycerol junction via a stable ether bond.
However, the fit result shows no remarkable change in the
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Table 3. Layer thicknesses obtained from X-ray reflectivity measurements
for dry monolayers.
Concentration [mol %]

dpol []

1pol [106 2]

s []

6
80

4.7
32.9

11.5
11.8

6
5.1

scattering length density of layer c (D1c/1c < 5 %) because the
scattering length density contrast at the alkyl chain/polymer
interface is poorer than that at the alkyl chain/head group interface (Figures 4 and 5). Thus, changes in the global shape of
the reflectivity curves can mainly be attributed to the polymer
layers.

that both lipopolymers and lipids are freely diffusive, since
there is no covalent link between the membrane and the glass
substrate. Thus, a clear decrease in the diffusion coefficient can
be interpreted in terms of the increase in the friction in the
head-group region caused by the increase in the viscosity of
the polymer interlayer.[42]
Thicknesses of the polymer-tethered bilayer membranes
under water at different lipopolymer fractions were measured
by ellipsometry. As presented in Figure 7, the increase in lipo-

Characterization of the Bilayer in Water
Deposition of the distal layer by LS transfer avoids the potential loss of lipopolymer molecules from the proximal monolayer, which might happen upon the direct injection of vesicle
suspensions onto the dry monolayer. As the first step of the
characterization, the homogeneity of the polymer-tethered
membranes doped with 0.2 mol % of fluorescent labeled lipid
(Texas Red–DHPE; DHPE = 1,2-dihexadecanoyl-sn-glycero-3phosphoethanolamine) in the distal layer was confirmed on
glass slides using fluorescence microscopy. As shown in
Figure 6, the polymer-tethered membranes were laterally uni-

Figure 6. Fluorescence micrographs of PMOx60-doped bilayer under water.
Texas Red–DHPE was used as a fluorescent marker in the proximal layer with
a concentration of 0.2 mol %. The distal layer was formed by LS transfer of
SOPC. Left: detail for 0.5 mol % doping ratio; right: for 80 mol % polymer
content in the proximal layer.

form both at low (0.5 mol %) and high (80 mol %) lipopolymer
fractions. Since the lateral diffusivity of lipid molecules is a very
sensitive measure for the fluidity and continuity of the supported membrane, we calculated the lateral diffusion coefficient D of Texas Red–DHPE by the so-called continuous bleaching method.[40] At 0.5 mol % PMOx60, a diffusion coefficient of
D = 2 mm2 s1 was obtained. On the other hand, a 20 times
smaller diffusion coefficient of D = 0.1 mm2 s1 was obtained at
a higher lipopolymer fraction (80 mol %). The observed tendency seems consistent with a previous report by Deverall et al.,
which dealt with supported membranes incorporating lipopolymer tethers with poly(2-ethyl-2-oxazoline) spacers.[41] Note
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Figure 7. y versus D plot of ellipsometric measurement on a bilayer doped
with PMOx60 under water on a silicon substrate. Each sample was measured
at least at ten different spots. The small scatter of data shows the lateral homogeneity of the bilayer.

polymer fraction leads to a monotonic increase of y and a decrease of D. It is notable that the data points scatter much
more than those measured in dry air (Figure 3). This can be explained by the amplification of inhomogeneities upon hydration of the polymer layer, which results in an increase in the
roughness of the membrane.
The thicknesses of the swollen polymer layers under lipid bilayer membranes are summarized in Table 4. At the lowest
lipopolymer fraction (0.5 mol %), the initial polymer layer thickness in air (0.2 ) was very close to the resolution of our instrument. Here, we observed no clear sign to indicate the expansion of membrane–substrate spacing by the hydration of polymers. For the high lipopolymer fractions of 6 and 80 mol %, we
observed an increase in polymer layer thickness by a factor of
7–10 upon complete hydration. The swelling between RH =
11 % and 97.6 % is by a factor of 3.1–4.7 for 80 mol % PMOx60,
which is significantly higher than the 1.6–1.8 of PMOx30 homopolymers covalently grafted onto the substrate.[43] This difference can be due to different chain lengths and the lower
lateral density of polymer chains.

Discussion
To keep a finite membrane–substrate distance, a balance must
exist between all interfacial forces.[44] Herein, we consider
a) van der Waals force, b) hydration repulsion, and c) undulation repulsion originating from the thermodynamic fluctuation
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Table 4. Layer thicknesses and refractive indices obtained from ellipsometry measurements for bilayers under water.[a]
Concentration [mol %]

dpol []

npol

0.5
6
80

0
69  13
176  18

–
1.340  0.002
1.348  0.002

[a] For the lowest polymer concentration, a two-layer model is sufficient,
which corresponds to a vanishing polymer layer thickness and a therefore
undefined refractive index.

of the membrane. The contribution of electrostatic interactions
can be excluded in our experimental system, as the polymer
spacers are neutral and the phospholipids are zwitterionic.[45]
The van der Waals pressure is calculated on the basis of a fivelayer model as a function of the polymer layer thickness d (see
the Supporting Information for details on the calculation of
the van der Waals contribution).[44] Layers one and two are the
bulk crystalline silicon and silicon dioxide (thickness T1), respectively. Layer three consists of the polymer spacer, layer four is
the lipid membrane with thickness T2, and layer five is either
air (monolayer) or water (bilayer). The van der Waals pressure
for a five-layer model is given approximately by [Eq. (2)]:
PvdW ðdÞ ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 

A121 A343
A545 A323
A545 A121
1 A234



3
3
3
6p d
ðd þ T1 Þ
ðd þ T2 Þ
ðd þ T1 þ T2 Þ3
ð2Þ

where Axyz denotes the Hamaker constant of medium x interacting with medium z through medium y. Details of the calculation of the Hamaker constants can be found in the Supporting Information.
The hydration repulsion due to the swelling of polymer
chains can be modeled by an exponential decay with distance,
Phyd ðdÞ ¼ p0 ed=l , parameterized by a pressure constant p0 and
a decay constant l.[46] The values for p0 and l are extracted
from the force–distance relationships, which were obtained by
measuring the equilibrium thicknesses of the polymer layer at
different osmotic pressures.[43]
Repulsive forces originating from thermodynamic undulations were first described by Helfrich.[47] For a single membrane, the pressure exerted by the fluctuation of the membrane onto adjacent walls is given by [Eq. (3)]:
Pund ðdÞ ¼ a1

ðkB TÞ2
kd 3

ð3Þ

where kB is the Boltzmann constant, T the temperature, and k
the bending rigidity of the membrane. The prefactor value
p2
a1 ¼ 128 has been found by analytical derivation and was confirmed by Monte Carlo simulations.[48, 49]
In Figures 8 a and b, each of the three interfacial pressures
and their sum are plotted versus the thickness of polymer interlayers d for polymer concentrations of 6 and 80 mol %, respectively. In both panels, the data points from the experimentally determined force–distance relationships are plotted,
ChemPhysChem 2009, 10, 2876 – 2883

Figure 8. Polymer layer thickness measured at different osmotic pressures
for 6 mol % PMOx60 (a) and 80 mol % PMOx60 (b). The contributions to the
total pressure (c) are the attractive van der Waals pressure (d), the undulation pressure (g), and the hydration pressure (gray solid line and
shaded area). The van der Waals pressure is displayed with opposite sign to
make a comparison possible. The polymer thickness for the bilayer under
water is shown as a line above the ordinate axis.

which can be fitted with exponential functions in the hydration repulsion regime. Note that the data points above 5 
107 Pa were not included in the fit, since the force–distance relationship in such a high-pressure regime is governed by steric
repulsion due to the finite compressibility of the polymer
chains.[43] As indicated by the shaded areas, the exponential
fits of the measured data points yielded the characteristic parameters for each polymer fraction: p0 = 2.1  107–2.2  107 Pa
and l = 4.8–7.0  for 6 mol %, and p0 = 32.5  107–43.2  107 Pa
and l = 15.2–17.2  for 80 mol %.
At the lipopolymer fraction of 6 mol % (Figure 8 a), the extrapolation of the sum of the aforementioned three pressures
to zero predicts the equilibrium distance of about 3–10 nm,
which shows good agreement with the polymer layer thickness obtained by ellipsometry (Table 4). As presented in Figure 8 b, the scatter of the data points at higher humidity is more
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pronounced at the lipopolymer fraction of 80 mol %. The range
of the equilibrium thickness calculated for the zero-pressure
condition is around 21 nm, thus showing the experimentally
determined equilibrium polymer thickness [(176  18) ] to be
limited by the stretched polymer length (  180 ). Apart from
this limit the calculation suggests that the equilibrium thickness of the membrane–substrate distance maintained by the
polymer spacers can quantitatively be explained in terms of
the interplays of three major interfacial forces.
One of the main advantages of the successive deposition of
the monolayers onto a membrane is the capability to precisely
control the lateral density of lipopolymer tethers in asymmetric
membranes. Here, the volume occupied by one polymer chain
can be calculated from the lateral density of the polymer
chains and the experimentally determined polymer layer thickness. Since such a calculation becomes erroneous at lower lipopolymer fractions where the errors in the layer thickness are
comparable to the absolute values (Table 2), we focus on discussion of the case of the highest lipopolymer content
(80 mol %). For example, the area per polymer chain at a lateral
pressure of p = 30 mN m1 can be obtained from the pressure–
area isotherm (see Supporting Information) to be Apolymer =
166 2. Taking the polymer layer thickness from X-ray reflectivity in an ambient atmosphere, drefl = 32.9 , the corresponding
chain volume Vexp/ell = 5461 3 can be calculated.
To estimate the volume fraction of hydrating water, these
volumes obtained by experiment were compared to the
volume predicted by the calculation method proposed by Connolly.[50] Using a probe radius of 1.4  for water, the excluded
volume of one dry PMOx60 chain can be calculated to be
VConnolly = 5140 3. Comparison with the experimental chain
volume at RH = 85 % suggests that the volume increases by
6 % due to the uptake of water. However, the calculation of
polymer chain volume failed under dry conditions. For example, the chain volume calculated from the thickness measured
by ellipsometry at RH = 11.3 %, Vexp/ell = 3652 3, is much smaller
than VConnolly . This discrepancy suggests that the polymer layer
thickness is underestimated in our slab model. One possible
scenario would be that polymer chains are partially immersed
in layer c representing the head groups of phospholipids. This
actually seems reasonable since polymer chains are directly
connected to the glycerol junction via ether bonds. In fact, if
one assumes that approximately 80 % of layer c with a thickness of 11  is filled with polymers, the expected volume of
1461 3 agrees very well with the difference VConnollyVexp/ell =
1488 3.
After the deposition of the distal monolayer, the polymer
layer now under bulk water becomes thicker by a factor of 6
(dexp/ell = 176 ), which corresponds to Vexp/ell = 29 216 3. Here,
the influence of the polymer immersed in layer c on the entire
volume of polymer is merely 5 %, and the volume fraction of
water, Fwater/ell = 82 % (5140/29216  0.18) is obtained. This
value is larger than those reported for a supported membrane
tethered with short hexa(ethylene oxide) spacers using neutron reflectivity: Fwater/neu = 4 % for membranes with 100 mol %
tethers, and 50–60 % for 50 mol % tethers.[51] A distinct difference in the degrees of hydration suggests that longer poly(2-
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oxazoline) head groups can take up more water than oligo(ethylene oxide) head groups possessing much fewer conformational degrees of freedom.[10, 52]

Conclusions
The main thrust of this paper is to highlight the influence of
lipopolymer fractions on vertical structures and substrate–
membrane interactions. Further studies on the effect of polymer chain lengths at a fixed lateral density will unravel the
effect of polymer chain lengths in a complementary manner.
Currently, we are carefully optimizing the sample environments
for high-energy specular X-ray reflectivity at the solid/liquid interface (E > 20 keV). Additionally, neutron reflectivity is specifically suited for structural characterization of bilayers in bulk
water owing to the high scattering length density contrast
available by deuteration.[25] Thus, the combination of ellipsometry, X-ray reflectivity, and neutron reflectivity would serve as a
powerful tool for quantitative characterization of model membranes on soft polymer supports, to reveal the generic roles of
hydrated polymers in the fine adjustment of cell–cell and cell–
matrix interactions in nature.
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