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ABSTRACT: To understand the generic role of soft, hydrated bio-
polymers in adjusting interfacial interactions at biological interfaces, we
designed a defined model of the cell−extracellular matrix contacts based
on planar lipid membranes deposited on polymer supports (polymer-
supported membranes). Highly uniform polymer supports made out of
regenerated cellulose allow for the control of film thickness without
changing the surface roughness and without osmotic dehydration. The
complementary combination of specular neutron reflectivity and high-
energy specular X-ray reflectivity yields the equilibrium membrane−
substrate distances, which can quantitatively be modeled by computing the interplay of van der Waals interaction, hydration
repulsion, and repulsion caused by the thermal undulation of membranes. The obtained results help to understand the role of a
biopolymer in the interfacial interactions of cell membranes from a physical point of view and also open a large potential to
generally bridge soft, biological matter and hard inorganic materials.

■ INTRODUCTION

In nature, many contacts between neighboring cell membranes
are mediated via hydrated layers of biopolymers, such as
glycocalyx and the extracellular matrix. They act as a lubricating
layer to avoid nonspecific adhesion and create hydrodynamic
pathways for solute transport.
To date, several experimental strategies have been employed

to physically model the interfacial interactions in biological
systems. Among the simplest model systems of cell membranes
are phospholipid bilayers, which are the major component of
cell membranes. Specular and off-specular X-ray and neutron
scattering of stacks of planar membranes offer a unique advan-
tage over commonly used powder diffraction experiments of lipid
suspensions, as the planar geometry of supported membranes
enables one to identify in-plane and out-of-plane momentum
transfers1−4 leading to more comprehensive structural data.
Information on the structure normal to the sample plane can
be obtained from specular scattering, whereas information on the
structural ordering parallel to the sample plane (reflecting the
mechanical properties of interacting model membranes) can be
extracted from off-specular signals.5−7 As an alternative strategy,
Daillant et al. recently proposed the use of specular/off-specular
scattering on “floating” phospholipid membranes that are
deposited on preformed lipid membranes on planar substrates,8

where the off-specular scattering was used to calculate the wall
interaction potentials, surface tension, and bending rigidity.
However, in order to understand the interfacial interactions in

complex biological systems, it is necessary to create more realistic
model systems that allow for highlighting the role of the soft
cellular interlayers based on various saccharides. In our previous
accounts,9,10 we utilized oligosaccharide chains coupled to lipid
headgroups as a model of the cell surface glycocalyx and demon-
strated that the membrane-anchored saccharide chains signifi-
cantly influence the structure and mechanics of membranes by
using specular reflectivity and off-specular scattering.
Another commonly used strategy to physically model inter-

actions mediated via the extracellular matrix is the deposition
of lipid membranes on polymer supports. Such systems, called
polymer-supported membranes,11−14 have been proposed as
realistic models of biological membranes as they can avoid direct
substrate−protein contact and thus the resulting pinning and
denaturation of membrane proteins.15,16 Furthermore, it has
been demonstrated that human erythrocyte membranes17 and
sarcoplasmic reticulum membranes can be deposited in an
orientation-selective manner using polymer supports based on
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regenerated cellulose with a dry thickness of approximately
5 nm. However, in spite of numerous studies utilizing different
polymers, including chemically immobilized or cross-linked
hydrogels,18,19 polymer brushes,20,21 covalently grafted lipo-
polymers,22−24 and polyelectrolyte multilayers,25,26 there is no
quantitative study that highlights how polymer supports would
modulate the interfacial interactions.
To resolve the fine structures of polymer-supported

membranes at solid/liquid interfaces, specular neutron reflec-
tivity (NR) is one of the straightforward methods. In the 1990s,
several groups measured the NR of bilayer lipid membranes
directly deposited on solid supports, known as solid-supported
membranes.27,28 However, despite the successful reconstruction
of the scattering length density (SLD) profiles, it remained
difficult to determine the roughness of lipid membranes in the
fluid phase, mainly because of the limited spatial resolution
(typically up to qz = 0.15−0.25 Å−1). The structural character-
ization of polymer-supported membranes using NR is even
more challenging because of the interpenetration of hydrated
polymers,29 formation of incomplete membrane patches,25 and
vague SLD contrast at the polymer/water interface. One of the
promising strategies to achieving high spatial resolution to higher
qz is given by specular X-ray reflectivity (XRR) with high-energy
X-rays (≥18 keV) that guarantee a high transmittance of X-rays
through bulk water.30,31

In this work, we determined quantitatively the generic role of
polymer supports in the modulation of interfacial interactions by
the combination of NR and high-energy XRR. The use of
cellulose supports and zwitterionic phosphocholine membranes
enabled us to focus on three important interfacial forces, i.e.,
van der Waals, hydration repulsion, and the thermal undulation
force (Helfrich repulsion). The theoretically calculated mem-
brane-substrate distance under equilibrium was validated by
the systematic comparison with the experimentally determined
membrane−substrate distance for polymer supports with differ-
ent thicknesses.

■ MATERIALS AND METHODS
Sample Preparation. Trimethylsilylcellulose (TMSC) was

synthesized from cellulose powder (Mw ≈ 25 kDa, purchased from
Fluka, Germany), as reported previously.17,32,33 The average degree of
substitution of the three OH groups of the glucose monomers was
estimated by elemental analysis to be ∼2.1. Two types of silicon
substrates were used for the deposition of polymer-supported
membranes: (i) one-side-polished silicon [100] wafers with native
oxide were purchased from Si-Mat (Landsberg am Lech, Germany), cut
into rectangular pieces of 20 × 24 mm2 and used for X-ray reflectivity
and ellipsometry (Plasmos GmbH, Munich, Germany); (ii) single-side-
polished (roughness ≈ 5 Å) silicon (111) blocks (80 × 50 × 15 mm3)
coated with native oxide were purchased from Siliciumbearbeitung
Holm (Tann, Germany) and used for neutron reflectivity.
Prior to the deposition of cellulose films, the cleaned substrates were

hydrophobized by grafting self-assembled monolayers of octadecyl-
trimetoxysilane (ODTMS), purchased fromABCR(Karlsruhe, Germany).

Monolayers of TMSC (6, 10, or 30 layers) were transferred from the
water surface at a constant surface pressure of 20 mN/m at T = 20 °C
with a deposition speed of 4 mm/min and a waiting time of 5 min
between layers. Care was taken to always have a transfer ratio greater
than 90%. After deposition, the films were exposed to fuming HCl vapor
for 10 s. After rinsing with deionized water and drying the samples, we
obtained hydrophilic films of regenerated cellulose. It should be noted
that films of regenerated cellulose remain stable in organic solvents as
well as in aqueous buffers. For XRR measurements, small unilamellar
vesicles of 1-stereaoyl-2-oleoyl phosphaphatidylcholine (SOPC, pur-
chased fromAvanti Polar Lipids, Alabaster, AL) suspended in phosphate
saline buffer (10 mM NaH2PO4, 100 mM NaCl, pH 7.4, employed to
simulate physiological conditions) were fused onto polymer supports to
form continuous membranes. This was done by incubating the cellulose
film with the unilamellar vesicle suspension at 40 °C for at least 1 h
and subsequently rinsing away excess vesicles with buffer. For NR
experiments, the same procedure was employed, except for the use of a
deuterated PBS buffer (10 mM NaH2PO4 and 100 mM NaCl in D2O,
pD 7.4) and for longer incubation times of the vesicle suspensions of at
least 10 h at 40 °C.

Data Acquisition. High-energy specular X-ray reflectivity experi-
ments were carried out at the ID10B beamline at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France). We used
specular X-ray reflectivity with high-energy X-ray radiation (21 keV),
which guarantees approximately 40% transmission through the 2 cm
water path. To exclude the artifacts from radiation damage, we carefully
checked the reproducibility of the results by translating the sample
position in the direction perpendicular to the beam. Specular neutron
reflectivity experiments were carried out in time-of-flight (TOF) mode
at the D17 beamline of the Institut Laue Langevin (ILL, Grenoble,
France) using D2O instead of H2O.

The specular reflectivity, defined as the ratio between the intensities
of reflected and incident beams, was recorded as a function of
momentum transfer perpendicular to the membrane plane, qz = 4π
sinαi/λ, where αi is the incident angle and λ is the wavelength of the
incident beam. For NR, a wavelength range of 2−20 Å was used at two
incident angles of 0.8 and 4°. The obtained data were fitted with the
programs Motofit34 and Parratt32.35 Throughout the fitting of both NR
and XRR results, the following constrains were used: (a) the bulk silicon
and water parameters of each sample that was measured multiple times
(i.e., before and after lipid membrane deposition) were kept constant
across all of the data sets; (b) the lowest limit of the root-mean-square
(RMS) roughness was kept at 2 Å; (c) membranes were treated as one
slab due to the limited spatial resolution of NR; and (d) the roughness
at the membrane/water and membrane/cellulose (C2) interfaces was
assumed to be conformal.

■ RESULTS

Dry Cellulose Films Are Molecularly Smooth Irrespec-
tive of Total Thickness. Prior to the experiments in aqueous
buffer, the polymer supports with 6, 10, and 30 cellulose
monolayers were characterized in the dry state by NR and XRR
(Supporting Information Figure S1). As summarized in Table 1,
both thickness and roughness values show good agreement with
ellipsometry results (Supporting Information Table S2) and
those in previous accounts,33,36,37 verifying that the quality of
samples is reproducible and independent of the sample size.

Table 1. Thickness, SLD, and Roughness of Dry Cellulose Films as Determined by XRR and NRa

thickness (Å) SLD (10−6 Å−2) roughness (Å)

X-ray neutron X-ray neutron X-ray neutron

6 layers 40.1 ± 4.5 39 ± 5 7.3 ± 1.5 1.72 ± 0.21 11.1 ± 2.2 20 ± 5
10 layers 41.0 ± 5.8 45 ± 3 11.7 ± 0.6 2.14 ± 0.22 11.3 ± 3.6 18 ± 1
30 layers 130 ± 35 131 12.1 ± 1.1 1.47 18.0 ± 0.1 18

aThe values are given as the average over several samples ± the standard deviation. For the NR of 30 cellulose layers, no error bars are reported
because only 1 sample was used.
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The roughness at the cellulose−air interface was below 20 Å for
all samples, indicating that the surface roughness value is
influenced neither by the total film thickness nor by the size of
samples and beam footprints.36,37 It should be also noted that the
film thickness of six cellulose monolayers is about 40−50% larger
than that expected from the linear extrapolation of the thick-
ness of 10 and 30 cellulose layers. On the other hand, the
corresponding scattering length density (SLD) values are only
about 80% (NR) and 60% (XRR) of those of thicker cellulose
films (Table 1), suggesting that six layers do not form densely
packed films. This effect might be due to the rodlike nature of
TMSC, where rods from subsequently deposited layers may fill
up defects from the lower layers. Also, the regeneration process
of TMSC to cellulose might affect very thin layers differently.
(The layer shrinkage for the six-layer samples was only ∼40%
compared to ∼50% for the 10 and 30 layers samples; see
Supporting Information Table S2.) Indeed, the average SLDs for
thicker films determined from NR and XRR experiments, bnEx =
2.1× 10−6 Å−2 and beEx = 11.8× 10−6 Å−2, are in good agreement
with those calculated from the bulk density of regenerated
cellulose,38,39 bnCal = 1.8 × 10−6 Å−2 and beCal = 13.9 × 10−6 Å−2,
respectively.
Cellulose Films in Water Can Be Represented as

“Diffuse” Interfaces. Figure 1A,B represents NR curves for
cellulose films with 10 and 30 cellulose monolayers hydrated in
bulk PBS (D2O) buffer, respectively. (The corresponding data
obtained by XRR is shown in Supporting Information Figure S3.)
In contrast to the reflectivity curves of dry cellulose films in an
ambient atmosphere, the reflectivity from the cellulose films in
bulk buffer could not be fitted with the standard one-slab model
used for dry films. Instead, a two-slab model had to be used, in
agreement with earlier studies.40,41 The first thin cellulose layer
adjacent to the hydrophobic alkyl silanes (named the C1 layer,
Figure 1C) is poorly hydrated and can be well represented as a
slab with a constant SLD and a thickness of 12 ± 4 Å, regardless
of the number of cellulose layers. In fact, from the mean SLD,
⟨bC1⟩ = 1.4 × 10−6 Å−2, the volume fraction of water in the C1
layer is estimated to bemerely 3%. The extremely poor hydration
of this layer suggests some interpenetration of cellulose with the
hydrophobic silane monolayer, which may also be attributed to
the incomplete regeneration of TMSC by HCl vapor treatment.
The second layer (named the C2 layer, Figure 1C) shows a much
higher degree of hydration than the C1 layer. Its SLD profile
cannot be presented as a slab with a distinct thickness and a
Gaussian roughness. In order to describe such diffuse interfaces, a
commonly usedmethod is to use a roughness parameter to smear
out the transition in SLD from one slab to the next.42−44

However, this is not applicable in our experimental system

because the root-mean-square roughness is comparable to or
even larger than the layer thickness. Highly swollen polymer layers
at the solid−liquid interface can be fitted either by using a parabolic
function18,45 or by using a stretched exponential function.10 In this
study, we fitted the SLD of the C2 layer with a stretched expo-
nential function, b(z) = ⟨bC1⟩ + (⟨bC2⟩ − ⟨bC1⟩)⌊1 − e−(z/Λ)

2h

⌋, to
model the density gradient of polymers in the direction
perpendicular to the sample plane, where b0 is the intrinsic SLD
of uniformly hydrated, bulk cellulose, Λ is the characteristic decay
length, and h is the stretching exponent. For the thin cellulose
layers, we observe how it is not possible to define a clear transition
from the hydrated cellulose to the bulk (Figure 1C, left; Supporting
Information Figure S3A). However, as the cellulose layers get
thicker, the decay is not uniform but an additional distinct density
transition appears in the SLD profile (Figure 1C, right; Supporting
Information Figure S3B,C) at around 250 Å from the surface.
This could indicate the position of the cellulose/bulk interface or
a transition within the cellulose layer to a region with even less
densely packed cellulose. The results shown below for the
membrane-coated samples point to the latter case.
The volume fraction of water in the core of the C2 layer

calculated from the mean SLD, ⟨bC2⟩ = (4.6−5.0) × 10−6 Å−2,
amounts to Φ = 0.6−0.7, which is in contrast to the almost
nonhydrated C1 layer. This value agrees very well with the value
calculated from film thicknesses measured at low (4%) and high
(∼98%) relative humidity, corresponding toΦ≈ 0.7.36 The layer
parameters corresponding to the best fit models are summarized
in Supporting Information Table S4. The corresponding X-ray
reflectivity data, best fit curves, and corresponding layer
parameters are presented in Supporting Information Figure S3
and Table S4. The resonant solutions obtained by different SLD
contrasts and spatial resolutions demonstrate the robustness and
validity of the models.

Fine Structures of Membranes on Polymer Supports.
Figure 2A,B represents NR curves (symbols) and the best fit
results (solid and dashed lines) of lipid membranes on thin (10
layers) and thick (30 layers) cellulose supports, respectively. The
reconstructed SLD profiles and the schematic illustrations of
the systems are shown in Figure 2C. In contrast to the diffuse
interface observed at the cellulose/water interface, the
membrane/cellulose interface and the membrane/water inter-
face are more distinctly highlighted because of the hydrocarbon
chains of the lipid membrane.29 Despite the poor statistics at qz≥
0.2 Å−1, the clearer SLD contrast between lipid membranes
(⟨blipid⟩ = 3.6× 10−6 Å−2) and the two neighboring layers (⟨bC2⟩ =
5.4× 10−6 Å−2, ⟨bD2O⟩= 6.4× 10−6 Å−2) enables one to distinguish
the C2 layer as a “slab”.

Figure 1. Neutron reflectivity (symbols) and best-fit results (lines) of (A) a thin cellulose film (10 layer) and (B) a thick cellulose film (30 layer)
hydrated in PBS (D2O) buffer and (C) the corresponding SLD profiles along the z axis. α, Si; β, SiO2; γ, silane; hatched layer, poorly hydrated cellulose
(C1); and δ, hydrated cellulose (C2).
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It is interesting that the thickness of the C2 layer for the
thicker, 30-layer cellulose (378 Å for NR and 455 Å for XRR)
is much larger than the distance between the C1 layer and the
transition region observed in the SLD profiles in Figure 1C(right)
and Supporting Information Figure 3C (∼250 and ∼300 Å,
respectively). This indicates that the cellulose/bulk interface is not
as well defined as the SLD profiles would lead us to think but that
this transition region reaches much further into the bulk, even if it
cannot be observed due to the lack of contrast. To determine if the
amount of cellulose is conserved, we calculated the z-integrated
reduction in SLD with respect to pure D2O, before and after

membrane deposition for the same sample with 30 layers of
cellulose. We obtained 1.70 × 10−4 Å−2nm before membrane
deposition and 3.47× 10−4 Å−2 nm after. The fact that the amount
of cellulose detected after membrane deposition is higher than
before supports the above assumption.
It is noteworthy that the same layer models can well represent

the XRR results up to a higher momentum transfer of qz = 0.5 Å
−1

(Figure 3A,B). As summarized in Table 2, both the thickness and
roughness of each layer are in satisfactory agreement between
NR and XRR measurements despite the different SLD contrasts
and spatial resolutions (Figures 2C and 3C). Deviations can be

Figure 3. High-energy X-ray reflectivity (symbols) and the best fit results (lines) of SOPC membranes deposited on (A) a thin (10 layers) and (B) a
thick (30 layer) cellulose support and (C) the corresponding SLD profiles. Note that the best fit models from XRR and NR are consistent despite the
different spatial resolution, sample size, and SLD contrasts (Table 2). α, Si; β, SiO2; γ, silane; hatched layer, poorly hydrated cellulose (C1); and δ,
hydrated cellulose (C2).

Table 2. Layer Parameters Obtained from the Best Fits of NR and XRRResults for LipidMembranes on Thin (10 Layer) and Thick
(30 Layer) Cellulose Supportsa

thickness (Å) SLD (10−6 Å−2) roughness (Å)

NR 10 layers 30 layers 10 layers 30 layers 10 layers 30 layers

D2O 6.366 6.366 73 ± 11 50
SOPC 34 ± 3 33 3.31 ± 0.47 3.75 73 ± 11 50
C2 173 ± 24 378 5.51 ± 0.09 5.29 8.1 ± 1.6 7.0
C1 16 ± 3 8 1.28 ± 0.96 1.58 6.3 ± 1.7 8.8

thickness (Å) SLD (10−6 Å−2) roughness (Å)

XRR 10 layers 30 layers 10 layers 30 layers 10 layers 30 layers

D2O 9.41 9.41 52 ± 6 65
SOPC 36 ± 2 35 15.1 ± 1.1 13.9 52 ± 6 65
C2 189 ± 8 455 9.93 ± 0.75 9.51 6.6 ± 2.9 4.7
C1 9 ± 2 10 11.4 ± 0.5 11.4 6.5 ± 2.3 3.0

aAll samples were characterized before and after deposition of the membrane (same sample). For each individual sample, the parameters from the
layers below (silane, SiO2, and Si) were kept the same as before the deposition of the membrane (data shown in Supporting Information Table S4).
In all cases, the fit gave the same picture, i.e., the presence of a 3- to 4-nm-thick membrane with a very high “roughness” of 5−8 nm, attributable to
undulation. For a discussion of the most important model parameters (thickness of the hydrated cellulose C2, membrane roughness), see Supporting
Information S8. The values are given as the average over several samples ± the standard deviation. For the NR of 30 cellulose layers, no error bars
are reported because only one sample was used.

Figure 2. Neutron reflectivity (symbols) and best fit results (lines) of SOPC membranes deposited on (A) a thin (10 layer) and (B) a thick (30 layer)
cellulose support and (C) the corresponding SLD profiles. Note that the C2 layer (δ) can be well fitted as a slab in the presence of membranes. α, Si; β,
SiO2;, γ, silane; hatched layer, poorly hydrated cellulose (C1); and δ, hydrated cellulose (C2).

Langmuir Article

DOI: 10.1021/la504253p
Langmuir 2015, 31, 4473−4480

4476

http://dx.doi.org/10.1021/la504253p


attributed to slightly different structural characteristics between
samples prepared for NR and XRR (e.g., due to the different
sample size). The best-fit results of NR and XRR curves also
indicate that the membrane/water and thus membrane/C2
interfaces have a relatively high RMS roughness of σ = 50−70 Å.
Because a lipid membrane has an essentially constant thickness, a
given roughness on one surface must be accompanied by
approximately the same roughness on the other surface. This
roughness is attributable to the undulations of the membrane
averaged over time, as discussed in the next paragraph. The
relatively high neutron SLD value of the lipid membrane may
indicate an incomplete coverage of the surface, with defects in the
membrane filled with D2O, even though it is difficult to interpret
this number in view of the high RMS roughness. We demon-
strated in a previous account15 that the deposition of lipid
membranes on cellulose cushions reproducibly leads to a fully
covered surface (Supporting Information Figure S5). However,
the substrates used for NR have a very large surface (40 cm2),
which may increase the likelihood of defects in the lipid
membrane.
In general, a larger roughness would reflect the shallower

confinement of interaction potentials between membranes
and substrates. For example, lipid membranes directly deposited
on solid supports are sharply confined in the proximity of
the substrate (typical membrane−substrate distance of about
0.5 nm30,46) by dominant van der Waals interactions. Here, the
membrane roughness reflects the roughness of the underlying
substrate. The RMS roughness values of solid-supported mem-
branes in the gel and fluid phases as determined by NR27 and
XRR30 are in the range of σ = 4−7 Å, which seems to be in good
agreement with substrate roughness. On the other hand, the
insertion of additional “spacer” layers would lead to a shallower
confinement of interfacial interaction potentials, which results in
a more pronounced fluctuation and thus a larger roughness. For
example, Charitat et al. deposited another lipid membrane on a
predeposited solid-supported membrane and reported that the
distal membrane possesses an RMS roughness of σ = 13 Å, much
larger than that of the proximal membrane (σ = 7 Å), although
the membranes are separated by only 20 Å. This finding corrobo-
rates our interpretation of thermal membrane fluctuations as a
major contribution to membrane roughness.27 Previously, Wong
et al. deposited phosphatidyl choline membranes on “dry”
polyethylenimine and reported an RMS roughness of σ = 6 Å,26

whereas Majewski and co-workers reported an RMS roughness
of σ = 105 Å for a DPPC membrane deposited on a swollen
poly(N-isopropylacrylamide) copolymer.47 Such a large differ-
ence in the measured roughnesses for dry and highly swollen
polymers suggests that membranes deposited on the latter
substrates no longer follow the topography of the underlying
layer but rather that there is a substantial contribution of thermal
undulations. To validate our slab model with a large RMS
roughness obtained by fitting, the experimental results were also
simulated by slicing the SLD profile into 200 slabs of 2 Å with
roughness σ = 0.48 As presented in Supporting Information
Figure S6, the deviation between the two curves has a negligible
influence on the fit quality. Therefore, our experimental finding
can be qualitatively interpreted in terms of a soft, hydrated
cellulose support which simultaneously introduces additional
cellulose−membrane interactions.
Interplay of Interfacial Forces Determines the Equilib-

rium Membrane−Substrate Distance. In general, the
interactions of lipid membranes and solid substrates can be
described as an interaction between two planes via a thin

interlayer. Derjaguin described the thermodynamics of thin
liquid films by using the concept of a disjoining pressureΠ, which
is the sum of the various interfacial forces.47,49 Because the
increase in the Gibbs free energy due to the change in the
interplane distance is related to the disjoining pressure

∫= − Π ′ ′
∞

G D dD( )
D (1)

a stable, finite separation distance under thermodynamic
equilibrium should fulfill Π(D) = 0. Thus, in order to better
understand the interplay of interfacial forces in the fine
adjustment of membrane−substrate interactions, we calculated
disjoining pressures by taking three major force contributors into
account: (a) the van der Waals force, (b) hydration repulsion,
and (c) undulation repulsion originating from the thermody-
namic fluctuation of the membrane [Our experimental system
consists of a neutral polysaccharide (cellulose) and zwitterionic
phosphatidylcholine (SOPC). Throughout this study, we used
phosphate buffers with 100 mM NaCl. Because the Debye
screening length in the buffer (<10 Å) is more than 1 order
of magnitude smaller than the thickness of the polymer supports,
we did not include electrostatic interactions in our force
calculations.]
First, the van der Waals force is calculated by using an

asymmetric five-layer model:50
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As depicted in Figure 4A, Aijk is the Hamaker constant cor-
responding to the interaction between media i and k across
medium j (Table 3), T2 the thickness of the lipid membrane (on
average, 34.6 Å), T4 is the sum of the thickness of C1 and silane
layers (average 36.0 Å), and D is the thickness of the hydrated
C2 layer. Details about the choice of the Hamaker constants are
described in Supporting Information S7.
Second, hydration repulsion originates from the work

necessary to remove water from a hydrated layer to the infinitely
thick bulk liquid phase, and thus Phyd(D) can be represented by
an exponential decay function:51,52

= −
⎡
⎣
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⎛
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⎞
⎠⎟
⎤
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D
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P0 is an intrinsic pressure,D/D0 is the ratio between the thickness
of hydrated and dry films, and C is a characteristic constant.
P0 = 5.81× 1010 Pa andC = 6.24 were determined experimentally
by measuring the equilibrium thickness of identically prepared
cellulose films under different osmotic pressures at room tem-
perature, as described previously.36

Third, the repulsive pressure caused by the thermal undulation
of membranes, called Helfrich repulsion,53,54 can be given as

α
κ

=P D
k T

D
( )

( )
und 1

B
2

3 (4)

for a single supported membrane fluctuating next to the wall. κ is
the bending rigidity of the membrane (∼10kT). The hydrated
cellulose layer of thickness D is treated as fully membrane-
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permeable, so eq 4 can be understood as a lower estimate of the
Helfrich repulsion. The prefactor, α1 = (π

2/128), has been found
by analytical derivation and was confirmed by Monte Carlo
simulations.54 As shown further below, the Helfrich repulsion
makes a minor contribution to the interfacial force balance.
Figure 4 represents the van der Waals force (black), hydration

repulsion (blue), and Helfrich repulsion (green) plotted as a
function of D, i.e., the thickness of C2. The sum of three forces,
i.e., the disjoining pressure,

Π = + +P P PvdW hyd und (5)

is given in red for thin and thick cellulose layers. In the case of a
thin cellulose support (10 layers, Figure 4B), the predicted

disjoining pressure has a distinct point of zero force at Deq_thin =
142 Å. This value is in satisfactory agreement with the results
from NR and XRR measurements DNR ≈ 170 Å and DXRR ≈
190 Å if one considers the approximations and assumptions that
needed to be introduced for estimating the Hamaker constants.
Additionally, it should be noted that for calculating the van der
Waals interactions some of the slabs of our actual seven-layer
system were combined to obtain the five-layer model shown in
Figure 4, thus introducing further uncertainties. The point of
zero force and the corresponding equilibrium distance for the
thick cellulose support (30 layers, Figure 4C) are much more
vaguely defined at around Deq_thick = 513 Å but are also in the
same range as the experimental results, DNR≈ 380 Å andDXRR≈
460 Å.

■ DISCUSSION
Leibler and Lipowsky55 theoretically described a continuous
unbinding transition between neighboring membranes in three-
dimensional space by varying the intermembrane spacing,
suggesting that such a transition should be detected
experimentally. Marx et al.56 prepared giant vesicles incorporat-
ing lipids with poly(ethylene glycol) (PEG) headgroups and
cholesterol andmonitored the fluctuation of the membranes on a
surface passivated with nonfat dry milk using microinterferom-
etry. They observed that the probability functions of the
membrane−substrate distance of multicomponent vesicles
show double Gaussian peaks, suggesting that (a) the collision
of multicomponent membranes induces phase separation57 and
(b) the unbinding transition is a first-order transition.58,59

Within the theoretical framework of Leibler and Lipowsky,55

the fluctuation amplitude of unbound membranes ϕ(r,⃗ t) =
D(h, t) − ⟨D⟩ is governed by a Gaussian Hamiltonian:

∫ϕ κ ϕ ξ ϕ= ∇ + −H r[ ]
1
2

d [( ) 4 ]2 2 2 4 2
(6)

ξ|| is the lateral fluctuation wavelength, and κ is the bending
rigidity of the membrane. The RMS width of the probability
function derived from the above equation is (⟨ϕ2⟩)1/2 = ⟨D⟩/C⊥,
where C⊥ = 51/2 is a universal amplitude ratio.57 In fact, Netz
et al.57 showed that the RMS width/roughness of the fluctuation
amplitude of single-component lipid vesicles (no cholesterol, no
PEG lipids) hovering over the passive substrate at a distance of
⟨D⟩ ≈ 500 Å was ∼250 Å, which is close to the theoretical
prediction. In contrast, the RMS roughness values, σ = 50−70 Å,
that we obtained by NR and XRR for the polymer-supported
membranes at distances in the range of D ≈ 170−460 Å from
the solid surface do not linearly scale with ⟨D⟩ and are smaller
than the ones predicted for a noninteracting spacer layer, σ ≈
⟨D⟩/51/2 ≈ 80−200 Å. This damping suggests that polymer
supports do not merely act as a water reservoir that fills the
membrane−substrate gap but rather that the membrane is
coupled to the underlying cellulose layer to a certain extent so
that the membrane is not physically decoupled from the surface.
As presented in Figure 4, the disjoining pressures in both

systems are dominated by the interplay of the attractive van der
Waals force and hydration repulsion whereas the Helfrich
repulsion, due to its shallower slope, makes a smaller contri-
bution (for instance, increasing the temperature to 60 °C would
increase Deq_thin to only 144 Å and Deq_thick to only 521 Å) and is
not sufficient to physically decouple the membrane from the
surface due to the thermal fluctuation. The latter may occur when
the polymer supports become very thick and/or highly hydrated,
as seems to be consistent with the previous work reporting the

Figure 4. (A) Schematic illustration of a polymer-supported membrane
(left) and the asymmetric five-layer model used for the calculation of
interfacial forces (right). (B, C) Interfacial forces plotted as a function of
the thickness of C2 (D) for (B) thin (10 layer) and (C) thick (30 layer)
cellulose supports: van der Waals force (black), hydration repulsion
(blue), Helfrich repulsion (green), and the sum of three forces
(disjoining pressure, red).

Table 3. Hamaker Constants Used for the Calculation of
PvdW

a

interaction symbol value (J)

SLM/C2/HC A234 2.0 × 10−21

w/SLM/w A121 8.0 × 10−21

C2/HC/C2 A343 7.0 × 10−21

Si/HC/Si A545 111.6 × 10−21

C2/SLM/C2 A323 7.0 × 10−21

aThe numerical indices of the symbols correspond to the layer
numbers in Figure 4A. SLM, supported lipid membrane; HC, silane +
C1; w, water; Si, silicon.
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decoupling (budding) of supported membranes on highly swollen
dextran supports (swollen by a factor of 100−150).19,60 Because
interfacial interactions in biological systems include various
charged molecular components, such as cell surface glycocalyx
and glycosaminoglycans, experiments with charged polymer
supports and charged membranes would help us gain deeper
insight into the contribution of electrostatic interactions at soft
biological interfaces. Moreover, polymer-supported membranes
not only serve as a defined model of biological interfaces but also
can be utilized to bridge soft biological matter and inorganic
materials such as semiconductors.11,12 The quantitative under-
standing of the interplay of interfacial interactions by soft inter-
layers would allow for the rational design of polymeric materials
for the fabrication of bioinorganic composite materials.
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