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ABSTRACT: Combining amphiphilic block copolymers and phospholipids opens new Solvent assisted method
opportunities for the preparation of artificial membranes. The chemical versatility and
mechanical robustness of polymers together with the fluidity and biocompatibility of
lipids afford hybrid membranes with unique properties that are of great interest in the
field of bioengineering. Owing to its straightforwardness, the solvent-assisted method
(SA) is particularly attractive for obtaining solid-supported membranes. While the SA
method was first developed for lipids and very recently extended to amphiphilic block
copolymers, its potential to develop hybrid membranes has not yet been explored. Here,
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we tailor the SA method to prepare solid-supported polymer—lipid hybrid membranes m P M ol .
by combining a small library of amphiphilic diblock copolymers poly(dimethyl e - ™
siloxane)—poly(2-methyl-2-oxazoline) and poly(butylene oxide)-block—poly(glycidol) e )L s ™

with phospholipids commonly found in cell membranes including 1,2-dihexadecanoyl-
sn-glycero-3-phosphocholine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine,
sphingomyelin, and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(glutaryl). The optimization of the conditions under which
the SA method was applied allowed for the formation of hybrid polymer—lipid solid-supported membranes. The real-time formation
and morphology of these hybrid membranes were evaluated using a combination of quartz crystal microbalance and atomic force
microscopy. Depending on the type of polymer—lipid combination, significant differences in membrane coverage, formation of
domains, and quality of membranes were obtained. The use of the SA method for a rapid and controlled formation of solid-
supported hybrid membranes provides the basis for developing customized artificial hybrid membranes.

1. INTRODUCTION the molar ratio of the involved components.'”'***** The size
mismatch between the hydrophobic block of the copolymers
and the lipid tails can affect the formation and structure of
hybrid membranes in two possible ways: (i) -elastic
deformation of the hydrophobic polymer blocks due to their
adaptable chain conformation and the subsequent phase
separation and creation of lipid domains within the hybrid
membrane, and (ii) distribution of the lipids into the polymer

The design of synthetic membranes able to mimic the structure
and function of natural cell membranes is the focus of
multidisciplinary research' > due to their potential for a large
variety of applications,”” such as molecular recognition and
sequencing,s’9 biosensing,l’10 surface coating,11 and micro-
electronics.'”"? Among the various types of synthetic
membranes, the hybrid ones, consisting of amphiphilic block

copolymers and phospholipids, are particularly attractive " '° membrane,. forming a homogeneous mixture_ O_f co'mponents
because they combine the key advantages of each component: where the lipid and polymer parts cannot be distinguished. For
17-19 pure lipid membranes, the physical state of lipids (related to

the chemical stability and versatility of block copolymers
with the flexibility of lipids.”® Additionally, as hybrid
membranes feature “lipid raftlike” characteristics, they are
promising candidates for selective anchoring of biomolecules
onto the lipid or polymer domains and the development of
versatile membranes with specific biofunctionality.”' ~** Of
particular interest for applications are solid-supported mem-

. . . . . 114,28,29
the main chain transition temperature) is crucial. *"

However, a combination of lipids with copolymers changes
the composition and the characteristics of the resulting
membrane.'**>*° The architecture and properties of a hybrid
membrane can be controlled by adjusting the miscibility/

branes because they have increased stability over time Received: January 25, 2022
i 25-27 i Revised:  April 11, 2022

compared to free-standing membranes. However, in the p )

case of hybrid membranes, when the polymer domain of the Published: May 17, 2022

membrane interacts with the lipid one, the resulting
morphology is governed by various factors, including the
charge of each component, the mean size of amphiphiles, and
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Figure 1. Schematic representation of a lipid-polymer hybrid membrane assembly formed by the solved-assisted method.

immiscibility effects that depend on the interaction between
the amphiphilic copolymers and the lipids,*”*>***" and also
on the preparation method.

Solid-supported polymer and lipid membranes are produced
by Langmuir— Blodgett vesicle fusion,”** in the form of
polymer disks,” tethered bilayers,”®*” and recently reported,
solvent-assisted (SA) method.”®™*° Of particular interest is the
SA method as it is straightforward and requires no special
equipment or complex and time-consuming sample prepara-
tion conditions.”>*’ Briefly, the amphiphilic molecules are
dissolved in an organic solvent, which is then continuously
replaced by an aqueous phase, which triggers the self-assembly
process and induces the membrane formation. While the SA
method has been previously used to generate lipid
membranes®*" and very recently polymer membranes,* its
potential to develop hybrid membranes has not yet been
explored.

Here, we present how the SA method supports the efficient
formation of solid-supported hybrid membranes by adjusting
various polymer—lipid compositions (Figure 1).

We selected lipids that are normally found in cell
membranes and are established components of synthetic
solid-supported lipid membranes:*’ 1,2-dihexadecanoyl-sn-
glycero-3-phosphocholine (DPPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE), sphingomyelin
(SM), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(glutaryl) (NGPE). As amphiphilic copolymers, we selected
poly(dimethyl siloxane)—poly(2-methyl-2-oxazoline)
(PDMS—PMOXA) and poly(butylene oxide)-block—poly-
(glycidol) (PBO—PG) as both copolymers are biocompatible
and have been shown to create biomimetic membranes.”**~*°
They form highly flexible and fluid membranes because of their
low glass transition temperatures and fully amorphous
character. In addition, they self-assemble into planar
membranes.””***” First, we monitor the real-time formation
of hybrid membranes at different polymer—lipid weight ratios
by quartz crystal microbalance with the dissipation module
(QCM-D) and determine the average thickness, mass, and
homogeneity for each hybrid membrane. We are interested in
observing the formation of domains due to phase separation
between the copolymers and the lipids, as reported when
hybrid membranes have been obtained by the LB method.”’
We then focus on the membrane chemical composition, i.e.,
the intermolecular immiscibility between the lipid tails and the
hydrophobic polymer blocks to understand how this induces
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phase separation. While the interactions between the lipid
heads and the hydrophilic blocks of copolymers play a
significant role in the morphology of hybrid membranes,*®
the hydrophobic mismatch and the difference in membrane
thickness represent the dominant factors resulting in lipid—
polymer phase separation.***” The heads of phospholipids can
orient themselves toward the hydrophilic polymer blocks when
hydro en bonding or electrostatic interactions are predom-
inant.” The two hydrophilic blocks used in our study are PG,
which has the chemical structure and properties close to those
of poly(ethylene glycol) (PEG)***" and PMOXA, which is a
protein-repellent, peptidomimetic polymer.”>>®> Due to the
presence of hydroxyl groups in PG and the amide groups in
PMOXA, these polymer blocks can only form hydrogen bonds
with the lipids. Therefore, we focus here mainly on the
significant hydrophobic mismatch and the difference in
membrane thickness between the amphiphilic block copoly-
mers and lipids, already reported as essential factors for the
final hybrid membrane morphology in hybrid vesicles.”*™>°
The morphology of the hybrid membranes and the presence of
lipid rafts are characterized by atomic force microscopy
(AFM). We evaluate how the SA method affects the
membrane self-assembly, its physicochemical properties, and
the phase domain separation between lipid and polymer
domains. By systematically considering various lipid—polymer
compositions and adjusting the lipid-to-polymer ratio, we
optimize the hybrid membrane formation as an essential step
toward highly controlled solid-supported hybrid membranes.
We investigate how the hydrophobicity of the copolymer and
lipid parts influence the hybrid membrane assembly. Then, we
use this as an initial prediction of the membrane formation
behavior when the SA method is applied to other lipid—
copolymer hybrid mixtures.

2. RESULTS AND DISCUSSION

2.1. Real-Time Hybrid Membrane Formation. As the
first step, we evaluated the copolymer-to-lipid weight ratio,
which led to the formation of hybrid membranes with
negligible defects and well-defined phase separation between
the polymer and the lipid domains. The hydrophobic
mismatch between phospholipids and copolymers is known
to induce a rearrangement during the membrane formation to
optimize the membrane structure, thus influencing its
properties, such as thickness.”” We based this optimization
step on the combination of PDMSs—PMOXA, copolymer
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Figure 2. QCM-D plots of hybrid membrane formation: schematic representation of (A) normalized frequency shift and (B) and dissipation of
DPPC lipid and PDMS—PMOXA, PBO—PG block copolymers. (C) Comparisons of different DPPC:PDMS;,—PMOXA, mixtures and
DPPC:PBO;,—PG;j; in 50:50 weight ratio (}1,4,6 = phosphate buffer saline, PBS, |2 = EtOH, |3 = polymer—DPPC solution, |S = bovine serum
albumin, BSA). The seventh overtone is presented.

Table 1. Frequency Shift Values for the Membrane Formation of Hybrid Membranes Composed of Different DPPC (Lipid) to
PDMS-61PMOXA9 (Polymer) Ratios”

DPPC (% w/w) PDMS,-PMOXA, (% w/w) membrane formation Af (Hz) surface coverage (%) thickness (nm)
80 20 -97 + 19 54 + 11 9+2
S0 50 —83 +23 72 + 22 1S + 4
20 80 —105 + 23 113 + 12 18 + 4

“Membrane thickness and coverage were calculated using the data recorded by QCM-D measurements.

with DPPC (Figures 2A and S1—S2). We compared three coverage calculation was performed by comparing the BSA
different lipid—copolymer compositions: (i) DPPC:PDMS,,— attachment onto a bare silica sensor and onto the solid

PMOXA, 80:20, (ii) DPPC:PDMS,,—PMOXA, 50:50, and substrate with deposited hybrid membranes.
(iii) DPPC:PDMS4,—PMOXA, 20:80 to find out the As the values for the membrane coverage were satisfactory
combination that facilitates the formation of a hybrid for different copolymer—lipid compositions, a good membrane
membrane of good quality and minor defects. We monitored quality was achieved. This membrane coverage indicates minor
the real-time hybrid membrane formation by QCM-D (Figure defects, in agreement with a previous study on copolymer
2B). The calculated membrane thickness value is an average solid-supported membranes.””** Despite the high-frequency
value of the polymer and lipid membrane thicknesses. By shift of =97 + 19, resulting from the lipid—copolymer ratio of
increasing the amount of copolymer, the average thickness 80:20, the membrane coverage is the lowest at 54 + 11, which
increased from 9 + 2 nm for the lipid—copolymer ratio of indicates a defective membrane. In the case of the lipid—
80:20, to over 15 + 4 nm for the lipid—copolymer ratio of copolymer ratio of 20:80, the high amount of polymer in the
50:50, up to 18 + 4 nm for lipid—copolymer ratio of 20:80. mixture resulted in a quantitative coverage of 113 + 12%. In
We then evaluated the membrane coverage using a BSA test general, a value higher than 100% stands for the full coverage
(Tables 1 and S1) as an established method to determine the of the QCM sensor. The formation of a complete monolayer
relative area of the QCM-D silica sensor covered by a with the partial formation of an additional layer increases the
membrane.”” In particular, BSA undergoes unspecific adsorp- membrane average thickness due to the presence of membrane
tion onto the silica substrate, which changes when a membrane foldings.‘“’42 The 50:50 weight ratio of DPPC and PDMSg,—
is deposited on the substrate as well. The higher the amount of PMOXA, was the one that led to the best hybrid membrane
BSA detected on the substrate, the larger the area where the quality (minor defects, clear lipid—polymer phase separation,
membrane failed to cover the substrate is. The membrane reproducible membrane morphology). Therefore, we kept the
6563 https://doi.org/10.1021/acs.langmuir.2c00204

Langmuir 2022, 38, 6561-6570


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00204/suppl_file/la2c00204_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.2c00204/suppl_file/la2c00204_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00204?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.2c00204?fig=fig2&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.2c00204?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

A B

lipid hybrids : PDMS-PMOXA

DPPC NGPE || POPE SM

80%
50%#:|

20%

Membrane coverage [%]

0

PDMSg;-PMOXAg

C

PDMSg;-PMOXAq 50%
48

36 1

Number of lipid C [units]

lipid hybrids : PEO-PG
NGPE POPE

DPPC | SM

100

PEOs,-PG18 50%

100
=)

0 %

o

(]

80 3

o

/ 2
0§

Q

€

60 ©

=

Polymer hydrophobic block length

Figure 3. Scatter plot of different hybrid membranes composed of lipids and PDMS—PMOXA (A) and PBO—PG (B) copolymers. Contour plot
reporting the membrane coverage as a function of the PDMS block length and the lipid number of carbon units (C).

50:50 ratio for all other lipid—copolymer combinations. We
combined also DPPC and PBOy(-PG,g (Figure S3) in a 50:50
weight ratio as well (Figure 2) and obtained a hybrid
membrane with an average thickness of 8 nm and a membrane
coverage of 83 + 12%. The decreased membrane thickness is
due to the mean molecular area occupied by the PBO—PG and
the different membrane coverage compared to the PDMS—
PMOXA: DPPC membrane. We observed that a membrane
coverage lower than 50% indicated a membrane with major
defects, leading to inconsistent membrane thickness values.
Therefore, for the experiments and analysis we conducted
henceforth, we kept the lipid-to-polymer ratio at 1:1 w/w.
2.2. Hybrid Membrane Formation: Influence of the
Hydrophobic Block. After optimizing the lipid-to-polymer
ratio, the hybrid membrane formation was expanded to other
phospholipids, components of natural membranes, together
with SM, NGPE, and POPE with PDMS4,—PMOXA, and
PBO;,—PG;; (Figures S4—S6). To analyze the influence of the
lipid—polymer composition on the quality of the obtained
solid-supported membrane, we compared the membrane
coverage for the different lipids when combined with
PDMS—PMOXA polymers (Figure 3A,B). It has been shown
that the interaction between the polymeric and lipidic
hydrophobic blocks is a determining factor for the hybrid
membrane formation.”*'*®*® Therefore, we constructed a
contour plot to associate the membrane coverage to the length
of the hydrophobic block of the polymer (units) and the
number of hydrophobic lipid chains (Figure 3C). As observed,
a longer lipid chain decreases the chain mismatch and
contributes to the formation of a planar assembly with a
better membrane coverage.4 On the other side, a long
hydrophobic polymer block might favor a three-dimensional
rather than a bidimensional assembly according to the
curvature and packing parameter.”””®® The best membrane
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quality for the hybrid membranes obtained with this library of
copolymers was found for intermediate values of the
hydrophobic block length (ca. 60 units).

Additionally, the average thickness of the hybrid membrane
is determined as a function of the lipid and PDMS—PMOXA
polymer hydrophobicity (measured in units of hydrophobic
blocks for the copolymer and carbon units in the lipid chains),
respectively (Figure S7A). It has to be noted that a low
membrane coverage automatically biases the calculated
membrane thickness. We represented the influence of different
lipids combined with the PBO—PG polymer on membrane
thickness and coverage (Figure S7B). In this case, the polymer
hydrophobicity was kept constant (S0 PBO block units) and
the highest values of membrane coverage and thickness were
found when the copolymer was combined with lipids with a
shorter hydrophobic tail.

The membrane coverage of the hybrid membranes obtained
by SA was 5—8% lower than the one obtained with the LB
method for similar membrane composition.”* This is of crucial
importance for the application of the SA method because it is a
particularly appealing method for the generation of solid-
supported membranes with a remarkable saving of time of
preparation. Other structural and chemical parameters, such as
glass transition temperature of the copolymers®*®* and melting
temperature and saturation of the lipids®® might have
influenced the polymer attachment onto the silica surface.
However, the analysis of these parameters is beyond the scope
of the present study.

2.3. Hybrid Membrane Morphology. To obtain
information about the hybrid membrane morphology, we
analyzed the hybrid membranes by AFM. Height and phase
images of the hybrid membranes were acquired to (i) observe
the phase domain separation, (i) evaluate the thickness
mismatch between the membrane domain, and (iii) measure

https://doi.org/10.1021/acs.langmuir.2c00204
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Table 2. Evaluation of the Morphological Properties of Different Polymer—Lipid Membranes Obtained by AFM Height and
Phase Characterization and Comparison with the Membrane Coverage

lipid (50% w/w) polymer (50% w/w) phase separation islands domain mismatch (nm) packing parameter (pure lipids)

DPPC PDMS,-PMOXA, yes big® 7+3 0.57°%58
PDMSg,-PMOXA, yes big 4—6+ 1
PBO(-PG g yes small® <1

POPE PDMS;;-PMOXA, no big 0.66%
PDMS;,-PMOXA,, no big
PBOyy-PG g no big

SM PDMS;-PMOXA, yes small 6+2 0.59%
PDMSg-PMOXA |, no small
PBO4(-PG g yes small 4+1

NGPE PDMS,,-PMOXA, no no 0.41%
PDMSg,- PMOXA,, yes small 6+1
PBO(-PG g no small

a«

Big” island is within a size range of 30 & 12 um. b“Small” islands 8 + 3 pm.
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Figure 4. AFM height and comparison of phase images of membranes with good quality in terms of coverage and phase separation measured in air
(A) and in liquid (B). Defected membranes were obtained with the SA method in the air (C). The presented AFM micrographs are representative
of each case of hybrid membrane for which duplicates were conducted and S micrographs for each sample were recorded.
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the height of copolymer domains surrounded by lipid
environment, “islands”, reported to be vesicle-like protru-
sions,”® when the SA method is used.'® Phase domain
separation in the polymer—lipid hybrid membranes is the
key aspect of preparing biomimetic materials, which mimics
the presence of lipid rafts in cell membranes.

We present the main morphological characteristics of the
phase domain separation and island formation for the different
hybrid membranes obtained by AFM (Table 2). To better
evaluate the morphological characteristics of the polymer—
lipid planar assemblies, we also introduced PMOX-
AgPMOXA,,.

We obtained a clear phase domain separation for all of the
polymer—lipid hybrid assemblies except for the POPE lipid.
AFM micrographs revealed that the combination of DPPC
lipids with PDMS—PMOXA copolymers of either 61 or 89
PDMS units leads to a good quality hybrid membrane. In the
case of the PDMSg, hydrophobic block, the hybrid membrane
presented a planar assembly with a clear phase domain
separation. The AFM height profile showed a polymer—lipid
mismatch for the phase domains of 4—6 + 1 nm, with the
polymer domain being higher than the lipid domain (Figure
S8). Additionally, the domain separation obtained in dry
conditions was very similar to the one of the same hybrid
membrane obtained by a Langmuir—Blodgett preparation
method.””** The combination of DPPC with the copolymer
having PDMS of 61 repeating units and the PBOs—PG;
copolymer, respectively, resulted in hybrid membranes with a
defined phase membrane separation as well (Figures S8 and
S9). Planar membrane architecture with the presence of
polymer islands was determined for membranes from both
copolymers. Due to the polymer conformation and the
different hydrophobic/hydrophilic ratios of the blocks, the
domain mismatch was different, 7 + 3 nm for PDMSg,—
PMOXA,, while it was less than 1 nm for PBO—PG, which
indicated a smoother membrane. SM was combined with
PDMS,,—~PMOXA,, PDMSg—PMOXA,,, and PBOg,—PGyg,
respectively. The resulting hybrid membranes SM:PDMS4,—
PMOXA, and SM:PBOy,—PG3 were planar with phase
domain separation (Figures S10—S12). The domain thickness
mismatch was 6 = 2 nm when the PDMS4;,—PMOXA,
copolymer was used, with defined lipid domains, irrespective
of the PMOXA domains (Figure S10). On the other hand,
SM:PDMSgy—PMOXA,, did not show characteristics of phase
separation and hybrid membrane formation.

These lipidic domains are embedded into a polymer matrix,
as indicated by the darker color in the height profile. For
DPPC and SM lipids, we reckon that they have the appropriate
curvature to form a hybrid membrane with PDMS—PMOXA
and PBO—PG copolymers.””~”" Studies mainly focusing on
lipid membrane characterization report that curvature is an
essential parameter influencing the creation, stability, and size
of “raftlike” lipid domains.""’®”*~* The combination of
PDMSg—PMOXA,, and NGPE lipid resulted in a successful
formation of hybrid membrane and phase domain separation.
On the other hand, in the case of NGPE:PMOXAg —
PMOXA,, we observed larger islands for a shorter hydrophobic
polymer chain (Figure S13). Instead, when NGPE was
combined with the PBO—PG copolymer, the AFM micro-
graphs showed no membrane formation, rather the attachment
of 3—4 nm diameter micelles onto the silica support (Figure
S14). This can be attributed to the interaction between the
PBO hydrophobic part of the polymer with NGPE, preventing
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NGPE to form lipid domains at this specific copolymer-to-lipid
ratio.”

An AFM comparison between a good quality membrane
(high membrane coverage and clear phase separation) and a
poor quality one (defective-containing membrane) indicates
significant differences in the morphological characteristics and
assembly of the two polymer—lipid mixtures. In
DPPC:PMOXA4—PDMS, hybrid membranes (Figure 4A), a
clear phase domain separation was visible, with darker areas
representing clusters of lipids entrapped within a polymer
matrix, as reported for other hybrid membranes deposited with
the LB method.””*’

The planar assembly was also clear for this combination,
with a domain mismatch of 4—6 nm, in opposition to the 15—
30 nm high vesicles assembly found for the hybrid
POPE:PDMS,,—PMOXA, (Figure 4B).

On the contrary, when POPE was mixed with the PDMS—
PMOXA (Figure 4B) or PBO—PG block copolymers (Figure
S$15), it does not create a hybrid membrane with clear domain
separation between the polymeric and lipidic components.
While we had indicative estimations regarding the membrane
coverage and thickness based on QCM-D, they are not
confirmed because we observed defects and big protrusions. It
has been shown that, when objected to a planar bilayer
conformation, lipids arrange in a “back-to-back” manner, which
increases their curvature elastic stress.””’® This influences the
morphology of the resulting membrane and therefore the
ability of lipids to interact with other membrane components,
which in our case are the copolymer parts. Among all of the
tested lipids in our study, POPE is the one that fails to form a
hybrid membrane and this can be associated with its large
hydrophobic volume and negative curvature, leading to the
formation of nonlamellar assemblies.”””” In comparison with
the other lipids, POPE has a packing parameter of 0.66 (the
packing parameters of the other lipids range from 0.4 to 0.59,
Table 2). Moreover, at room temperature, POPE and
particularly PE heads tend to densely pack.”® This can explain
the POPE behavior observed in our hybrid assemblies (Figure
$15).7%”7 In particular, the ammonium group of the POPE
head has just a weak electrostatic interaction with the
phosphate group of another lipid and prefers to develop
hydrogen bonds with the PMOXA or PG blocks of the
amphiphilic block copolymers. This contributes to the POPE’s
failure to form lipid raftlike domains, as the lipid “diffuses”
within the polymer membrane.'* Phase and height images,
acquired by AFM, show incomplete membrane formation and
the presence of several islands or “fused vesicles” with height
values between 15 and 30 nm. The absence of phase domain
separation together with the instability in the air of the hybrid
membranes formed when POPE is combined with the
copolymers makes this lipid an inappropriate candidate for
the preparation of biomimetic membrane platforms via the SA
method. Concerning the other lipids used in this study, while
NGPE can also form hydrogen bonds, we consider that the
hydrophobic mismatch is more important in this particular
case than the hydrogen bonding, and therefore, the
determining factor in phase separation. On the other hand,
the DPPC and SM lipids prefer to develop intrinsic lipid—lipid
interactions. The strong electrostatic attraction between the
quaternary ammonium groups of their polar heads and the
phosphate moieties of the neighbor lipids is predominant in
comparison with the hydrogen bonding leading to the
formation of lipid—polymer domains in the hybrid membranes.
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While the physical state and the structure of the lipids are
important, the significant hydrophobic mismatch between lipid
and polymer membranes has a very strong impact on the
formation of planar hybrid membranes.

3. CONCLUSIONS

The solvent-assisted method is emerging as a promising
method for fast and efficient solid-supported planar lipid and
polymer membranes. Here, we expand the application of the
SA method to hybrid membranes consisting of copolymers and
lipids with the ultimate aim to understand and optimize the
properties of the resulting hybrid membranes. We investigated
the influence of various molecular characteristics such as lipid-
to-copolymer ratio and the lengths of the copolymers and the
lipid hydrophobic chains on the resulting quality and
morphology of the hybrid membranes. Depending on the
molecular factors, we obtain different average thicknesses of
the membranes and observe the presence of lipid—polymer
domain separation with different types of assemblies (e.g.,
islands). Using combinations of PDMS—PMOXA and PBO—
PG diblock copolymers and lipids (DPPC, SM, POPE, and
NGPE phospholipids), our findings suggest that the SA
method is a compelling alternative for the development of
solid-supported membranes and has the advantage of being
straightforward and rapid. The use of the SA method for the
generation of hybrid membranes further supports the creation
of multifunctional hybrid membranes with distinct features of
the lipid and polymer domains depending on their molecular
factors and the desired application.

4. EXPERIMENTAL SECTION

4.1. Materials. Phospholipids POPE, SM, NGPE, and DPPC were
purchased from Avanti Polar Lipids (Alabaster, AL). Phosphate-
buffered saline (PBS), bovine serum albumin (BSA), and ethanol
were purchased from Sigma-Aldrich (Switzerland). All of the diblock
and triblock copolymers were synthesized by this research group.

4.2, Methods. 4.2.1. Synthesis of PDMS—PMOXA Diblock
Copolymers. The amphiphilic diblock copolymer PDMS—PMOXA
was synthesized according to an established protocol:'””’ mono-
carbinol-functionalized PDMS-OH was synthesized by anionic ring-
opening polymerization of hexamethylcyclotrisiloxane and end-group
modification with 2-allyloxyethanol. The obtained PDMS-OH was
activated with trifluoromethane sulfonic anhydride and chain-
extended by cationic ring-opening polymerization with the MOXA
monomer. Quenching with triethylamine/water to obtain hydroxy-
functionalized PDMS—PMOXA—OH was performed, followed by
end-group modification with succinic anhydride, leading to the final
carboxy-functionalized PDMS—PMOXA—-COOH.

All of the polymers used were characterized by 'H NMR (Figures
S1-S3).

4.2.2. Synthesis of PBO—PG. PBO—PG was synthesized according
to an established protocol in two sequential microwave-based anionic
ring-opening polymerizations:*° PBO homopolymer was synthesized
from butylene oxide monomer and potassium tert. butoxide. After
quenching with methanol, the polymer was purified by extraction.
Subsequently, the terminal hydroxy end group was deprotonated and
the chain extension was performed with a protected glycidol
derivative, 1-ethoxyethyl glycidyl ether (EEGE). After quenching
with methanol, the protecting groups were removed in 0.1 M HCL
After purification by dialysis and lyophilization, the final PBO—PG
diblock copolymer was obtained.

4.2.3. Nuclear Magnetic Resonance Spectroscopy (NMR). 'H
NMR spectra were recorded at 295 K in methanol-d4 (MeOD) or
TMS-free chloroform-d1 (CDCl;) (Cambridge Isotope Laboratories)
on a 500 MHz Advance III NMR spectrometer (Bruker). The device
was equipped with a BBFO SP FB standard probe and a default
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number of 16 scans were used. The water signal in MeOD (4.87
ppm) or the residual solvent peak in CDCl; (7.26 ppm) were used for
calibration. Processing of the spectra was performed in MestReNova
software (version 11.0, Mestrelab, Spain).

4.2.4. Quartz Crystal Microbalance with Dissipation (QCM-D).
QCM-D with Q-Sense El1 (Biolin Scientific, Sweden) setup was
employed to monitor the membrane formation on the silica sensor.
Changes in the resonance frequency (AF) and energy dissipation
(AD) of the oscillating sensor chip as a function of time were
simultaneously recorded at multiple odd overtones (3rd, Sth, 7th, 9th,
and 11th). All data shown represent recordings at the seventh
overtone. To estimate the hybrid membrane thickness and the mass of
protein attached to the different membranes, the Sauerbrey equation
was applied.64 To apply the Sauerbrey equation, we observed that the
recorded overtones were overlapping. This equation converts the
frequency shift into mass using the relation Am = —CAf, where Am is
the mass, C is the proportionality constant (17.7 ng cm™> Hz™"), and
Af is the frequency shift. After establishing a baseline in the aqueous
buffer solution, QCM-D measurements were conducted under
continuous flow conditions. A flow rate of S0 yL/min was employed
for the process of polymer, lipid, and BSA additions (steps 3 and §,
Figure 2). The same flow rate was also used for PBS and EtOH
addition (steps 3 and 4, Figure 2). For baseline formation and rinsing
steps, a flow rate of 100 yL/min was applied (steps 1 and 6). The flow
was applied by a Reglo Digital peristaltic pump (Ismatec, Glattbrugg,
Switzerland). The concentration of co%)ol;fmers and lipids was 0.5
mg/L, as already optimized previously.”>** The QCM sensors used
were QSX 303 SiO, and cleaned with Milli-Q water, 10% (w/w) SDS
solution, or 10% (w/w) EtOH solution. Prior to the measurements,
the sensors were treated with plasma (Nunc Lab-Tek Chamber Slide
System, Thermo Fisher Scientific). The temperature of the flow cell
was fixed at 24.0 = 0.5 °C. BSA adsorption onto silicon dioxide led to
a frequency shift of —24 + 1 Hz (Figure S16) and represents the
control measurement to compare with the BSA adsorption onto
polymer membranes. Q-Sense Dfind software was used for data
analysis.

4.2.5. Atomic Force Microscopy (AFM). AFM was performed with
JPK NanoWizard 3 AFM (JPK Instruments AG, Germany). The AC
mode topography images were obtained in the air using silicon
cantilevers (Tap150 Al-G, Budget Sensors) with a nominal spring
constant of 10—130 Nm™' and a resonance frequency of 150 kHz.
The images were analyzed with the data analysis software JPK Data
Processing (v. 5.0).

4.2.6. Hybrid Membrane Formation for AFM Analysis. All of the
hybrid membranes for AFM measurements were obtained with a
homemade device. The device consists of a chamber with two
compartments (1 cm?® each) for hosting the cut silica wafer and
allowed the simultaneous preparation of two membranes per
experiment, under the established SA protocol. The chamber was
connected to a digital peristaltic pump (Ismatec, Glattbrugg,
Switzerland) and sealed. The solutions were injected at a constant
flow following the same procedures adopted for the QCM-D
measurements. Frequency shift values for membrane formation and
BSA step of different hybrid membranes composed of polymer and
lipids are reported and membrane thickness and coverage were
calculated (Table S1, Figures S1—S16)
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