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ABSTRACT: Domain separation is crucial for proper cellular function and numerous
biomedical technologies, especially artificial cells. While phase separation in hybrid
membranes containing lipids and copolymers is well-known, the membranes’ overall
stability, limited by the lipid part, is hindering the technological applications. Here, we
introduce a fully synthetic planar membrane undergoing phase separation into domains
embedded within a continuous phase. The mono- and bilayer membranes are composed
of two amphiphilic diblock copolymers (PEO45-b-PEHOx20 and PMOXA10-b-PDMS25)
with distinct properties and mixed at various concentrations. The molar ratio of the
copolymers in the mixture and the nature of the solid support were the key parameters inducing nanoscale phase separation of the
planar membranes. The size of the domains and resulting morphology of the nanopatterned surfaces were tailored by adjusting the
molar ratios of the copolymers and transfer conditions. Our approach opens new avenues for the development of biomimetic planar
membranes with a nanoscale texture.

KEYWORDS: Self-assembled membranes, biomimicry, amphiphilic block copolymers, phase separation, domain formation,
surface functionalization

Nature is an unlimited source of inspiration when it comes
to the fabrication of functional nanomaterials. In

particular, textured surfaces represent an interesting example
of naturally occurring architectures. The cellular membrane
itself can be considered as a textured surface, yet dynamic and
in constant interaction with its environment. The presence of
cholesterol-rich lipid domains or rafts of higher rigidity on the
membrane surface leads to a particular membrane composition
that regulates the presence of specific proteins.1,2 In a
biomimicry approach, lipid vesicles were used as models for
cell membranes,3 before block copolymers started to be
incorporated, which led to the formation of hybrid
nanostructures with a patterned surface morphology.4−6

Polymers are compounds of choice for the fabrication of
biomimetic textured surfaces due to their varied chemical and
mechanical properties. Polymer-based patterned surfaces can
be obtained using material ablation, for example, laser
patterning7 and plasma etching,8 or microfabrication techni-
ques, such as photolithography9 and nanoimprint lithogra-
phy.10 However, these techniques require advanced machinery
and the use of hazardous chemicals11 or procedures such as
UV irradiation12 for surface modification while not allowing a
liquid mosaic structure of the films to be obtained.7−10,13,14

Also, the roughness of such patterned surfaces affects the
adhesion of fibroblasts13 and neuronal cells.14 Therefore, they
are unsuitable for the fabrication of biomimetic planar
membranes on solid supports. Another method to obtain
patterned surfaces is grafting polymer brushes onto solid
supports composed of one15,16 or mixed17−20 homopolymers.
Mechanical patterning of polymer brushes is achieved by

lithography deposition of distinct functional groups on the
same surface, such as amino and carboxylic acid terminal
groups21 or nitro and amino groups.22 Steric hindrance causes
polymer brushes to be less compact than planar films achieved
by mechanically assisted polymer assembly, such as Langmuir−
Blodgett and Langmuir−Schaefer methods,23,24 and might
prevent them from biomimicry applications. On the contrary,
the latter methods allow a control of the membrane density, by
adjusting the pressure at which the transfer is performed.
Additionally, hybrid membranes composed of lipids and
amphiphilic diblock copolymers were already reported to
undergo phase separation.25−28 However, such hybrid
membranes have limited mechanical stability due to the lipid
domains, which restricts their range of applications. While
several studies point at phase separation in the membrane of a
hybrid lipid-polymer,29−31 multicomponent synthetic
vesicles,32,33 or annealed polymer films34 and their mixtures
casted on solid supports,35,36 phase separation of dual-
component synthetic planar membranes has not yet been
reported. The assembly of multiple copolymer species onto a
solid support is expected to affect their behavior, whereas the
morphology and properties of the support constitute additional
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parameters influencing a range of surface properties, such as
texturization,17 roughness,37 wettability,38 differential cell
affinity,39 or antibiofouling properties.40 While multicompo-
nent polymer membranes are expected to provide more stable
and robust platforms compared to the lipid counterpart for
study of various processes and interactions with biomolecules,
drugs, or synthetic catalysts, to the best of our knowledge, such
synthetic membranes are not yet reported. Here, we introduce
surfaces with a nanoscale texture that are based on soft
membranes obtained by the self-assembly of two different
amphiphilic copolymers onto a solid support (Figure 1). We
aim to achieve the nanotexture of the planar membranes by
inducing a phase separation of the dissimilar copolymers.
While phase separation has been obtained by annealing of films
formed by spin-coating of a copolymer,34−36 that approach is

incompatible with biological applications and would lead to a
loss of the order induced by self-assembly. Conversely, we
induce phase separation by a completely different approach,
the self-assembly of a mixture of two amphiphilic copolymers
with different molecular properties in specific ratios that are
assembled at the air/water interface. We chose poly(ethylene
oxide)-block-poly(2-(3-ethylheptyl)-2-oxazoline) (PEO−
b−PEHOx) and poly(2-methyloxazoline)-block-poly-
(dimethylsiloxane) (PMOXA−b−PDMS) due to their distinct
properties (flexibility, molecular size, and chain length) that
allow triggering the resulting morphology of the planar
membranes when mixed together. We deposited the
membranes using a combination of Langmuir−Blodgett (LB)
and Langmuir−Schaeffer (LS) transfers, which allows for the
control of the morphology and composition of the membranes

Figure 1. Scheme of the PEO-b-PEHOx and PMOXA-b-PDMS copolymers adopting a specific orientation depending on the substrate nature. Side
chains are present on the PEHOx block to illustrate steric hindrance.

Figure 2. (A) Chemical structures of PEO45-b-PEHOx20 and PMOXA10-b-PDMS25: hydrophilic blocks (blue and green) and hydrophobic blocks
(orange and red). (B) Surface pressure−molecular area isotherms of mixed PEO45-b-PEHOx20 and PMOXA10-b-PDMS25 at 100:0; 90:10; 70:30;
50:50; 30:70; 10:90; and 0:100 molar ratios. The values indicate the corresponding molar fraction of PEO45-b-PEHOx20 in relation to PMOXA10-b-
PDMS25, and the arrow indicates the compression direction. (C) Zoom-in of the LC phase showing the curve shapes toward the monolayers’
breaking points with an inset image representing the trend of the chosen surface pressure values for the LB and LS transfers. (D) Brewster angle
micrographs (BAMs) of PEO45-b-PEHOx20:PMOXA10-b-PDMS25 monolayer mixtures at 100:0; 90:10; 70:30; 50:50; 30:70; 10:90; and 0:100
molar ratios at the air/water interface at the breaking point and (E) local structure at transfer. The first number indicates the composition of the
mixture. The scale bar corresponds to 100 μm. The isotherms were registered at least three times for each mixture composition.
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on a supramolecular level. To investigate the influence of each
copolymer type, we deposited mono- and bilayer membranes
composed of PMOXA−b−PDMS and PEO−b−PEHOx,
mixed at different molar ratios. A combination of Brewster
angle microscopy (BAM), ellipsometry, contact angle (CA)
measurements, atomic force microscopy (AFM), and confocal
laser scanning microscopy (CLSM) was used to characterize
the membranes. In addition, the use of the same substrate with
either hydrophilic or hydrophobic surface functionalization
served understanding the substrate’s role on the resulting
morphology of the multicomponent membranes. We were
interested to establish how the mixture of amphiphilic
copolymers forms domains by phase separation when trans-
ferred on a solid support and which is the role of the
copolymers (chemical nature, flexibility of the polymer chains,
immiscibility) on their self-organization upon controlled
compression at the air/water interface. In addition, we
explored how the membrane thickness and surface properties
depend both on the molar ratio of the diblock copolymers and
on the wettability of the solid support. Interestingly, the
copolymer with less flexible chains, PEO45−b−PEHOx20, was
the one governing the phase separation, while the other
copolymer PMOXA10-b-PDMS25 influenced the domain size.
Such soft nanotextured membranes generated in a

biomimicry manner taking inspiration from the domains in
cell membranes open new avenues for simultaneous and
controlled combination with active compounds (proteins,
drugs, catalysts) to engineer multifunctional surfaces with a
nanoscale texture.
In order to obtain planar membranes composed of two

different amphiphilic copolymers, we used mixtures of PEO45-
b-PEHOx20 (referred to as PEO−PEHOx) and PMOXA10-b-
PDMS25 (referred to as PMOXA−PDMS) at molar ratios from
0 to 1 for both components (Figure 2A). For simplicity, molar
ratios are given using percentage ratios, e.g., 30:70, where the
first value refers to PEO−PEHOx molar content and the
second one refers to PMOXA−PDMS molar content.
In the first stage, we formed monolayers at the air/water

interface. Langmuir isotherms for PEO−PEHOx, PMOXA−
PDMS, and their mixtures recorded during the formation of
the monolayers display phase transitions. These reflect the
changes in the spatial organization of the amphiphilic species,
evident from changes in the curve shape (Figure 2B). For the
PEO−PEHOx diblock, two clear transitions are observed: a
minor one below 10 mN m−1 represents the monolayer shift
from the gaseous phase (G) to the liquid expanded (LE)
phase, followed by a second, stronger transition around 35 mN
m−1 (Figure 2B). Because of the slow increase in surface
pressure in that area, this latter transition represents the
coexisting LE and liquid condensed (LC) phases of the PEO−
PEHOx chains.41,42 Upon compression, copolymer mixtures
undergo such transitions from the G phase, where copolymer
chains are widely separated, to the LE phase and further to the
LC phase, where the chains occupy a small surface area.43 By
contrast, for the PMOXA−PDMS copolymer, only one
transition around 12 mN m−1 is clearly visible, followed by a
rapid escalation in surface pressure to an LC phase. This
difference in behavior is caused by the flexibility and linear
geometry of the PMOXA−PDMS copolymer as compared to
PEO−PEHOx.44 Large differences in flexibility and initial area
occupancy expressed in Å/chain at the same pressure value,
i.e., 3000 Å/chain for PEO−PEHOx and 500 Å/chain for
PMOXA−PDMS, combined with the characteristic shape of

their isotherms, indicate their distinct conformations at the air/
water interface. This difference originates both from the
hydrophobic side chain on the PEHOx and the plasticity of the
PDMS block.45,46 Binary mixtures of these copolymers would
therefore theoretically undergo phase or at least domain
separation at the microscopic level. When these block
copolymers were mixed, we observed the characteristic
transitions of both copolymers at pressure values comparable
to those observed for the pure phases, which indicates their
independent behavior and supports the occurrence of phase
separation. Additionally, the plateau corresponding to the
PEO−PEHOx transition from the LE to LC phase at 35 mN
m−1 shifted toward lower mean molecular area values with
increasing proportions of PMOXA−PDMS in the mixture.
Noticeably, due to the side chain of PEHOx, PEO−PEHOx
occupied a larger molecular area as compared to PMOXA−
PDMS resulting in lower pressure at the monolayer collapse
point, i.e., 51 mN m−1 for PMOXA−PDMS versus 45 mN m−1

for PEO−PEHOx. The collapse pressure (named also breaking
pressure) refers to the maximum surface pressure reachable for
a monolayer before its rupture. PMOXA−PDMS was expected
to adopt a straight conformation in the LC phase because of its
high compressibility47 while forming domains of densely
packed chains (Figure 2B). On the contrary, PEO−PEHOx
formed soft regions with its chains occupying relatively more
space. Mixed monolayers were compressible up to 50 mN m−1

where they suddenly ruptured for all molar ratios with the
exception of the 90:10 mixture and PEO−PEHOx alone
(Figure 2C). A plateau was observed indicating that the bulky
PEHOx side chain contributed to bringing resistance to
compression.48

The recording of Langmuir compression isotherms is a
necessary step before the transfer of the films, because
assessing the stability of the monolayer at the air/water
interface is a prerequisite for its effective transfer onto a solid
support.49 To obtain densely packed and homogeneous
membranes, deposition in the LC phase for each binary
mixture is preferred.44 Based on the registered breaking point
values of the Langmuir isotherms (Table S2), the surface
pressures suitable for transfer would correspond to ∼85% of
the surface pressure at the collapse point. At this pressure level,
the isotherm slopes are steep but below the breaking point,
thus ensuring that the molecules are in a continuous
condensed layer at the interface. With increasing contents of
PMOXA−PDMS, higher surface pressures for deposition were
reached, due to higher compressibility of the PDMS chains
(Figure 2A). During the compression of the monolayers, BAM
allowed for the observation of the morphology changes. After
letting the copolymer chains adopt their most favorable
orientation during the initial equilibration period, the
monolayer was compressed toward the breaking point.
Copolymer mixtures became more densely packed, and bright
circular surface micelles were observed on top of the
underlying homogeneous monolayer (Figure 2D). Such
structures demonstrate the multiphasic nature of the
monolayer at the air/water interface.50,51 For the 90:10
mixture, with the maximum surface pressure at ∼45 mN
m−1, the presence of bright and dark regions at the breaking
point indicates a phase segregation of the copolymer species
according to their chemical affinity. For mixtures containing
more closely matching concentrations of PEO−PEHOx and
PMOXA−PDMS (70:30, 50:50, and 30:70), a continuous
layer of micelles appeared, the number of which increased with
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PEO−PEHOx content (Figure 2D). Additionally, for mixtures
where PEO−PEHOx constituted the predominant compound
(90:10) and for PEO−PEHOx alone, dark round micelles
appeared (Figure 2E). In opposition to what has been
observed for hybrid monolayers composed of lipids and
polymers,27 no obvious phase separation occurred at the air/
water interface for the present block copolymer-only mixtures.
However, differential scanning calorimetric measurements of
the mixtures showed the immiscibility behavior of the
copolymers. The glass transition temperature (Tg) of PDMS
in the area of −120 °C (Figure S1) gradually becomes invisible
with increasing amounts of PEO−PEHOx, as the melting
peaks of PEO and PEHOx appear around 50 °C. When the
content of PEO−PEHOx increases, the glass transitions of
PEO at −40 °C and PEHOx at 10 °C become more and more
apparent,52,53 demonstrating a clear phase separation with the
Tg values corresponding to those of the individual homopol-
ymers (e.g., 50:50 mixture). This behavior emphasizes the
difference in flexibility of both domains, with PMOXA−PDMS
chains being more flexible than those of PEO−PEHOx.
In the next step, we prepared suitable solid substrates for the

transfer of the films by selecting Si wafers, as they are well-
characterized in terms of surface properties,54 nontoxic, and
easily rendered hydrophilic or hydrophobic.
Hydrophilic functionalization of Si surfaces was achieved by

solvent and subsequent UV ozone cleaning to remove any
remaining organic residues from the surface while generating
−OH surface groups (Figure S2). While LB and LS techniques
are powerful tools to fabricate biomimetic films of controlled
grafting density, the transfer itself is a complex process, during
which amphiphilic molecules can rearrange to achieve their
most favorable thermodynamic minimum.55 The functionaliza-
tion of the substrate directed the hydrophilic blocks of the
copolymers toward the surface while leaving their hydrophobic
counterparts facing up. The second layer was deposited using
hydrophobic interactions between the blocks on top of the
monolayer and the hydrophobic blocks facing upward at the
air/water interface using the horizontal LS transfer.
We calculated the transfer ratio (TR) as the ratio between

area diminution (Δ) of the trough during the transfer and the
surface area of the solid support to establish the efficiency of
the Langmuir monolayer transfer onto a solid support (eq
S1).56 TR values were close to unity for each mixture of
copolymers studied, indicating defect-free films and complete
coverage of the hydrophilic silicon substrate (Table S1). TR

values close to unity can also imply a morphologically
inhomogeneous deposition where parts of the solid substrate
are covered with a monolayer, no layer, and/or multiple layers
in other areas.55 However, the rigidity of the block copolymers,
in addition to the presence of the side chain of the PEHOx,
prevents such deposition scenarios, which are typically
observed for lipid monolayers that adopt a more favorable
conformation through flip-flop mechanisms.57 Here, the
copolymers remained in a straight conformation from their
compression at the air/water interface up until their transfer
onto the substrate, as indicated by their TR values. This
ensured full substrate coverage and that the spatial orientation
of the polymers is maintained throughout the transfer.
Deposition of the monolayers onto hydrophobic substrates

proceeded via a reverse procedure as compared to the
hydrophilic surface. Using the horizontal LS step, the
monolayers attach via hydrophobic blocks to the silanized Si
surface. Successive LB transfer with a downward motion
followed by an upward motion was found to provide the
highest quality in terms of bilayer film coverage. Calculated TR
values of the monolayers formed at the air/water interface and
transferred onto hydrophobic substrates were close to unity for
all mixtures except for the pure PMOXA−PDMS diblock, for
which the TR was 0.18. Such a low TR value indicates very low
coverage of the substrate and inefficient transfer or a different
orientation of the diblock chains at the air/water interface.
Considering the compressibility of PMOXA−PDMS (Figure
2), the surface pressure value below the breaking point of its
Langmuir monolayer presumably hindered the formation of a
layer dense enough to obtain the necessary straight
conformation of the polymer chains. Unlike for the bilayers
obtained on hydrophilic supports, TR values for bilayers
deposited on hydrophobic supports varied significantly with
the content of PMOXA−PDMS. While the deposition of a
bilayer composed solely of PMOXA−PDMS was not
successful (TR equal to 0), after even slight addition of
PEO−PEHOx (10:90), the TR value increased to ∼0.6 and
stayed on a comparable level with increasing amounts of
PEO−PEHOx, with a sudden decrease for the 70:30 mixture
to ∼0.4. A TR value close to unity was calculated for solutions
containing a majority of PEO−PEHOx (90:10 and PEO−
PEHOx alone), meaning that PEO−PEHOx contributed to the
stability and substrate coverage of the bilayers. Together with
the domain separation visible in BAM micrographs (Figure
2D), this indicates the influence of this copolymer on the

Figure 3. (A) Thickness dependence of the polymer membranes with PEO45-b-PEHOx20 and PMOXA10-b-PDMS25 molar fractions for the
investigated samples. (B) Contact angle dependence of polymer membranes with PEO45-b-PEHOx20 and PMOXA10-b-PDMS25 molar fractions,
measured with water as the probe liquid. For each point, the measurements were performed at least three times for three different membranes.
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transfer and the morphology of the second layer. Since bare Si

wafers exhibit a uniform surface on an atomic level,58 the

copolymer layers attached to the surface with no significant

influence from the morphology of the substrate, resulting in

TR values close to unity. Contarily, a morphological effect for

the TR values of the second layer depended on the molar ratio

of both diblocks and prompted a morphologic effect of the first
layer as well.
The evolution of the thickness as measured by ellipsometry

depended on the molar ratio of both components (Table S3).
Increasing amounts of the PEO−PEHOx led to thinner films
on hydrophilic surfaces (Figure 3A). The thickness of the
PMOXA10-PDMS25 monolayer of 2.8 ± 0.1 nm was in good

Figure 4. (A) Shift in phase (upper row, blue cyan) and height type (lower row, red orange) images of one-component films of PEO45-b-PEHOx20
and PMOXA10-b-PDMS25 and of 90:10 and 50:50 mixture films transferred onto hydrophilic silicon wafers in the forms of monolayers and bilayers.
Imaged in water. Scale bar 1 μm. (B) Height profiles of the corresponding copolymer biomimetic membranes displaying height (nm) vs offset
(μm). AFM measurements were performed for each membrane in five different regions and for at least three samples of the same composition.
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agreement with reported data, being between 1.8 nm for
PMOXA9-b-PDMS16

44 and 4.5 nm for PMOXA9-b-PDMS37.
59

The decrease in thickness with an increasing proportion of
PEO−PEHOx is due to the weak hydrophobicity of the
PEHOx blocks that contain 33% of hydrophilic volume
fraction53 as well as the short length of the PEHOx block,
which could lead to the shrinkage of the copolymer. On the
other hand, monolayers deposited onto hydrophobic substrates
followed an opposite trend, where the thickness was ∼0.5 nm
for PMOXA−PDMS alone and increased with PEO−PEHOx
content up to ∼2 nm. These values are however not reflecting
the actual layer thicknesses and should be interpreted as a
function of the surface coverage. The low thickness of
PMOXA−PDMS films is associated with low TR, indicating
poor adhesion of the copolymer chains to the hydrophobic
substrate (Table S3, TR = 18%), possibly due to the chemical
inhomogeneity of the silanized silicon substrate (Figure S5).
PMOXA−PDMS chains form thin disorganized layers to
which the second layer cannot attach (Table S3, TR = 0%).
Based on the calculated TR values (Tables S2 and S3), mono-
and bilayers were obtained with molar ratios ranging from 90
to 100% and from ∼50 to 100%, respectively. This shows the
rigidifying effect of PEO−PEHOx on the overall membrane
structure leading to actual dense layers.
To determine the membrane orientation after monolayer

and bilayer transfers, their CAs were measured using water as
the probe liquid (Figure 3B). When deposited on a hydrophilic
surface, hydrophobic blocks in the monolayer face upward,
which results in higher CA values than for the bilayers. With
increasing content of PEO−PEHOx in the monolayer, the CA
value increased from 50 to 65° and the surface became more
hydrophobic, which indicates a higher hydrophobicity strength
of PEHOx when compared to the PDMS block. An opposite
trend was observed for bilayers, resulting in CA decreasing
from 50 to 40° when films contain more PEO−PEHOx, which
indicates that the PEO block is more hydrophilic than the
PMOXA block. CA values for mono- and bilayers deposited on
hydrophobic substrates were close to those reported for the
silanized silicon wafer, i.e., 104°.60 Based on the low TR values
(Table S2), these results indicate that either the water droplet
interacted with the surface of the substrate through the
polymer layers or there was an incomplete coverage for
membranes where the major component was PEO−PEHOx.
On the contrary, bilayers containing a majority of PMOXA−
PDMS (90 to 100%) offered full substrate coverage in
agreement with the calculated TR parameter and hydrophilic
CA values.
To assess the stability of the films in air, AFM of the

corresponding membrane deposited on hydrophilic and
hydrophobic solid substrates was measured (Figures S3 and
S6). They exhibited carpet-like morphologies covered with
round nanostructures, eclipsing the details of the domain
separation. However, this nonuniform morphology and these
round nanoassemblies formed while drying can be related to
the domain formation in the membranes after the transfer.
To gain insight into the morphology of the membranes and

relate it to the TR values, thickness and wettability of the
obtained mono- and bilayers deposited onto hydrophilic Si, we
measured the membranes using AFM in water (Figure 4).
While BAM served only to observe the monolayer at the air
water interface on a macroscale, we used the advantage of high
resolution in AFM to uncover the subtle differences in
morphology between the membranes. Membranes composed

only of one diblock copolymer exhibited a uniform
morphology and low root-mean-square roughness (Rq) ranging
between ∼0.1 and 0.3 nm (Figure 4A). The mono- and
bilayers transferred onto the hydrophilic Si surface presented
uniform and densely packed structures, corresponding well
with TR values of one-component membranes. By contrast,
membranes obtained from mixtures of copolymers displayed
nonuniform morphologies and separated into domains
depending on the molar ratio of the respective diblock
copolymers. At a 90:10 ratio, monolayers were flat with (Rq =
2.9 nm), exhibiting discontinuous and irregularly shaped
niches lower by up to 1 nm in height from the level of the
continuous phase (Figure 4A, monolayers). At equal
concentrations of both components (50:50), the films had
an Rq of 0.7 nm with domains forming isolated islands,
suggesting mixed diblock composition within the islands.
Bilayers of the same composition (Figure 4A, bilayers) showed
height disparities with increasing PEO−PEHOx content
leading to the formation of larger flat domains of up to 3
μm in size and an Rq of ∼1.7 nm. Comparing the thicknesses
of PMOXA−PDMS mono- and bilayers (2.8 and 4.8 nm,
respectively) to the thickness of PEO−PEHOx mono- and
bilayers (0.7 and 2.5 nm, respectively) formed on hydrophilic
substrates, the difference in height of bilayers corresponds to
that of a PMOXA−PDMS monolayer. This indicates that the
continuous phase was composed of PMOXA−PDMS. A
relatively high Rq value of 1.7 nm within the flatter areas in
addition to the difference in their thickness compared to the
continuous phase point to a binary composition within the
domains as well.
In order explore the domain separation, we used CLSM on

bilayers of one-component films and on two-components ones
(90:10 and 50:50) at a similar scale as in AFM images (Figure
S8). PMOXA−PDMS labeled with a dye allowed us to observe
its localization at the surface. The fluorescence intensity
increased homogeneously with higher amounts of PMOXA−
PDMS in a one-component membrane. Note that the green
shades for the PMOXA−PDMS bilayer can be attributed to
the film roughness. The domain separation appears for bilayers
obtained from mixed copolymers, with black areas correspond-
ing to PEO−PEHOx domains and fluorescent ones associated
with PMOXA−PDMS, in agreement with the AFM results.
The domain separation of monolayers and bilayers for the
70:30 molar ratio (Figure S4) was evident as in the cases
discussed above, while for lower concentrations of PEO−
PEHOx (30:70 and 10:90 molar ratios), there was no domain
separation. The domain depth for the 70:30 bilayer (Figure
S4) was in the range of a few nm, similar to the 90:10 and
50:50 mono- and bilayers (Figure 4). Roughness values
calculated for the 70:30, 30:70, and 10:90 ratios were also in
the same range, i.e., from 0.63 to 5.7 nm, exhibiting a similar
trend for the mono- and bilayer formation according to the
changes in the concentration of the respective diblocks. The
increase in the Rq of bilayers, compared to monolayers, was
more pronounced due to the second layer being deposited
onto the first one, the roughness of which was higher than that
of the solid support.61 Additionally, an increase in depth of the
domains from ∼1 nm measured for the monolayers to ∼8 nm
for the bilayers with the preserved uniform morphology of the
continuous phase (Rq = 0.1 nm) has been observed. This
additional increase in Rq stems from the diblocks in the second
layer attaching to the corresponding diblocks of the first layer
due to their chemical affinity indicating higher hydrophobic
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interactions.62 Hence, it leads to increased disparity in both
height and roughness. The shift-in phase AFM images revealed
different shift values for the domains and the continuous phase,
which followed the same trend as the topographical images.
The difference in phase shift was around 10°, which is
comparable to the difference observed between lipid and
polymer films probed with the same experimental setup.27

Contrary to the films in air, studied only for their stability,
when immersed in water, our synthetic membranes have a
comparable behavior to that of lipid-polymer hybrid
membranes, their flexibility supporting them as efficient
biomimetic membranes. The domains and the continuous
phase were chemically uniform and in a stable state but
composed of different materials (Figure 4).63 While a similar
aspect can be observed in kinetically trapped structures,64 they
exist in a metastable form, which is completely different to our
membranes, where the diblock copolymers are compressed
toward each other. The membrane is formed based on physical
hindrance and is stabilized by hydrophobic forces before being
immobilized onto a solid substrate. It is hereby clear that not
only domains formed in water but also that polymer phase
separation have been fully reconstituted in an artificial
biomimetic solid-supported membrane. Our approach can be
utilized for the formation of either different functionalities
within one membrane or the insertion of multiple molecules
(biomolecules, synthetic compounds, or a combination of
thereof) in water.
In this study, we successfully fabricated a nanostructured

biomimetic platform based on binary mixtures of amphiphilic
block copolymers with different molecular properties. We
investigated the complex behavior of binary copolymer
mixtures composed of PEO45-b-PEHOx20 and PMOXA10-b-
PDMS25 in terms of their self-assembly into mono- or bilayers,
interaction with the solid support, and phase separation of the
resulting membranes into domains. Depending on the nature
of the substrate and the molar ratio of the copolymers, we
observed significant differences in the morphology of the
resulting planar membranes. In particular, monolayers and
bilayers deposited on a hydrophilic substrate mixed at equal
concentrations or with the more rigid copolymer, PEO−
PEHOx, as the major component, display an organization on
the micro- and nanoscale: the formation of domains
surrounded by a continuous phase. The domains are clearly
visible and irregularly shaped, thus leading to a patterned
polymer surface with texture at nanoscale. Such surfaces with a
soft membrane deposited on a solid support represent an
essential step forward in obtaining mechanically robust and
stable mimics of cellular membranes, as compared to the lipid
or lipid-polymer membrane models currently available. In
addition, these membranes have flexibility mimicking that of
lipid-polymer hybrid membranes, which will favor their
combination with active compounds (biomolecules, catalysts,
reporting compounds) and specific localization of thereof in
separate domains. The control of the nanotexture at the
molecular level supports their further development for
applications in various areas including multibiosensing,
simultaneous catalysis reactions, and optoelectronic device
fabrication where the texture gives the material its intrinsic
properties.
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Hermle, M.; Bläsi, B. Honeycomb texturing of silicon via nanoimprint
lithography for solar cell applications. IEEE Journal of Photovoltaics
2012, 2 (2), 114−122.
(11) Yoshino, M.; Matsumura, T.; Umehara, N.; Akagami, Y.;
Aravindan, S.; Ohno, T. Engineering surface and development of a
new DNA micro array chip. Wear 2006, 260 (3), 274−286.
(12) Mark, D.; Haeberle, S.; Zengerle, R.; Ducree, J.; Vladisavljevic,́
G. T. Manufacture of chitosan microbeads using centrifugally driven
flow of gel-forming solutions through a polymeric micronozzle. J.
Colloid Interface Sci. 2009, 336 (2), 634−641.
(13) Dalby, M.; Giannaras, D.; Riehle, M.; Gadegaard, N.;
Affrossman, S.; Curtis, A. Rapid fibroblast adhesion to 27 nm high
polymer demixed nano-topography. Biomaterials 2004, 25 (1), 77−
83.
(14) Koufaki, N.; Ranella, A.; Aifantis, K. E.; Barberoglou, M.;
Psycharakis, S.; Fotakis, C.; Stratakis, E. Controlling cell adhesion via
replication of laser micro/nano-textured surfaces on polymers.
Biofabrication 2011, 3 (4), 045004.
(15) Patil, R.; Kiserow, D.; Genzer, J. Creating surface patterns of
polymer brushes by degrafting via tetrabutyl ammonium fluoride. RSC
Adv. 2015, 5 (105), 86120−86125.
(16) Takahashi, H.; Nakayama, M.; Itoga, K.; Yamato, M.; Okano,
T. Micropatterned thermoresponsive polymer brush surfaces for
fabricating cell sheets with well-controlled orientational structures.
Biomacromolecules 2011, 12 (5), 1414−1418.
(17) Li, M.; Pester, C. W. Mixed polymer brushes for “smart”
surfaces. Polymers 2020, 12 (7), 1553.
(18) Martinelli, E.; Agostini, S.; Galli, G.; Chiellini, E.; Glisenti, A.;
Pettitt, M. E.; Callow, M. E.; Callow, J. A.; Graf, K.; Bartels, F. W.

Nanostructured films of amphiphilic fluorinated block copolymers for
fouling release application. Langmuir 2008, 24 (22), 13138−13147.
(19) Motornov, M.; Sheparovych, R.; Katz, E.; Minko, S. Chemical
gating with nanostructured responsive polymer brushes: mixed brush
versus homopolymer brush. ACS Nano 2008, 2 (1), 41−52.
(20) Zhou, F.; Jiang, L.; Liu, W.; Xue, Q. Fabrication of Chemically
Tethered Binary Polymer-Brush Pattern through Two-Step Surface-
Initiated Atomic-Transfer Radical Polymerization. Macromol. Rapid
Commun. 2004, 25 (23), 1979−1983.
(21) del Campo, A.; Boos, D.; Spiess, H. W.; Jonas, U. Surface
Modification with Orthogonal Photosensitive Silanes for Sequential
Chemical Lithography and Site-Selective Particle Deposition. Angew.
Chem., Int. Ed. 2005, 44 (30), 4707−4712.
(22) Eck, W.; Stadler, V.; Geyer, W.; Zharnikov, M.; Gölzhäuser, A.;
Grunze, M. Generation of Surface Amino Groups on Aromatic Self-
Assembled Monolayers by Low Energy Electron BeamsA First Step
Towards Chemical Lithography. Adv. Mater. 2000, 12 (11), 805−808.
(23) Zhao, B.; Brittain, W. J. Polymer brushes: surface-immobilized
macromolecules. Prog. Polym. Sci. 2000, 25 (5), 677−710.
(24) Wu, T.; Efimenko, K.; Genzer, J. Preparing high-density
polymer brushes by mechanically assisted polymer assembly.
Macromolecules 2001, 34 (4), 684−686.
(25) Kilic, A.; Kok, F. N. Biomimetic lipid bilayers on solid surfaces:
models for biological interactions. Surface Innovations 2016, 4 (3),
141−157.
(26) Belegrinou, S.; Menon, S.; Dobrunz, D.; Meier, W. Solid-
supported polymeric membranes. Soft Matter 2011, 7 (6), 2202−
2210.
(27) Di Leone, S.; Vallapurackal, J.; Yorulmaz Avsar, S.; Kyropolou,
M.; Ward, T. R.; Palivan, C. G.; Meier, W. Expanding the Potential of
the Solvent-Assisted Method to Create Bio-Interfaces from
Amphiphilic Block Copolymers. Biomacromolecules 2021, 22 (7),
3005−3016.
(28) Di Leone, S.; Avsar, S. Y.; Belluati, A.; Wehr, R.; Palivan, C. G.;
Meier, W. Polymer−Lipid Hybrid Membranes as a Model Platform to
Drive Membrane−Cytochrome c Interaction and Peroxidase-like
Activity. J. Phys. Chem. B 2020, 124 (22), 4454−4465.
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