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Introduction

From spherical compartments to polymer films:
exploiting vesicle fusion to generate solid
supported thin polymer membranes+t

Myrto Kyropoulou, Saziye Yorulmaz Avsar, Cora-Ann Schoenenberger, &
Cornelia G. Palivan 2 * and Wolfgang. P. Meier

Solid supported polymer membranes as scaffold for the insertion of functional biomolecules provide the
basis for mimicking natural membranes. They also provide the means for unraveling biomolecule-mem-
brane interactions and engineering platforms for biosensing. Vesicle fusion is an established procedure to
obtain solid supported lipid bilayers but the more robust polymer vesicles tend to resist fusion and planar
membranes rarely form. Here, we build on vesicle fusion to develop a refined and efficient way to
produce solid supported membranes based on poly(dimethylsiloxane)-poly(2-methyl-2-oxazoline)
(PMOXA-b-PDMS-b-PMOXA) amphiphilic triblock copolymers. We first create thiol-bearing polymer vesi-
cles (polymersomes) and anchor them on a gold substrate. An osmotic shock then provokes polymer-
some rupture and drives planar film formation. Prerequisite for a uniform amphiphilic planar membrane is
the proper combination of immobilized polymersomes and osmotic shock conditions. Thus, we explored
the impact of the hydrophobic PDMS block length of the polymersome on the formation and the charac-
teristics of the resulting solid supported polymer assemblies by quarz crystal microbalance with dissipa-
tion monitoring (QCM-D), atomic force microscopy (AFM) and spectroscopic ellipsometry (SE). When the
PDMS block is short enough, attached polymersomes restructure in response to osmotic shock, resulting
in a uniform planar membrane. Our approach to rapidly form planar polymer membranes by vesicle
fusion brings many advantages to the development of synthetic planar membranes for bio-sensing and
biotechnological applications.

investigate the molecular mechanisms which underly the
structure and function of natural membranes.®*! Second, the

Solid supported synthetic membranes play an important role
in many scientific and technological processes. Due to their
enhanced mechanical stability and lifetimes,"™ these plat-
forms, as a whole, are ideal candidates for complex appli-
cations such as for sensing specific biomolecules, studying
physical membrane properties, and insertion of transmem-
brane proteins into synthetic mebranes."” In practice, these
platforms consist of an ultra-thin synthetic membrane
(10-20 nm), self-assembled from amphiphilic molecules such
as phospholipids or block copolymers, which is attached to a
solid substrate, e.g. coated or bare silica, glass, and mica. Solid
supported membranes are attractive for research and engineer-
ing mainly for two reasons. First, they can serve as matrix for
mimicking natural membranes, offering a valuable tool to
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fact that they are solid supported significantly enhances their
stability and thus facilitates the engineering of biosensors,
optoelectronics, coatings, tools for bio-analysis and microflui-
dic devices.”">"® Vesicle fusion is an established method for
fabricating solid supported lipid membranes.””*°7>" Once the
lipid vesicles adsorbing to the support reach a critical surface
coverage, they spontaneously rupture and rearrange them-
selves into a lipid bilayer. While the latter process is exten-
sively studied,”®'"' there is limited information about
bilayer formation with polymers, ie., via polymer vesicle
fusion or polymersome fusion. Initial attempts of charge
mediated polymersome fusion on a solid support as well as
some theoretical studies have been reported.*>>* Moreover,
recent studies presented the polymerzation-induced (PISA)
polymersome fusion and controlled fusion to induce tetrapod
polymersome assembly.>>?® In the case of surface adsorbed
polymer vesicles, rupture does not seem to happen spon-
taneously. Even though they share self-assembly principles
with liposomes and also have a vesicular architecture, polymer-
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somes have their thicker membranes (3-40 nm (ref. 20)) and
thus differ in their physicochemical properties and
behaviour®®?”?® which hampers the fabrication of planar
polymer membranes via vesicle fusion. Alternatively, the
Langmuir-Blodgett method is the most widely used approach
for forming polymer membranes on solid supports.?®?
However, this method has considerable limitations: (i) it
requires special equipment, (ii) it is time consuming, (iii) the
creation of polymer bilayers is not necessarily straightforward,
and (iv) residual organic solvent often remains in the mem-
brane with adverse effects on biomolecules. Accordingly, creat-
ing a solid supported polymer membrane via induced-poly-
mersome fusion, albeit challenging, is worth striving for.

In the present study, we developed an improved strategy
that overcomes inherent challenges of polymersome fusion; by
considering the polymers’ physical properties and using an
osmotic shock to trigger membrane formation, solid sup-
ported polymer membranes are created in a more reliable
fashion. We consider our approach particularly advantageous
for the following reasons: (i) it is refined and fast (ii) does not
require specific equipment and it is compatible with a broad
range of surface characterization methods and (iii) takes place
under fully aqueous conditions which is essential for bio-
applications. The motivation behind our study is the emerging
potential of planar membranes for diverse applications, for
example as biosensors, surface coatings, or biomimetic plat-
forms that allow the study of membrane associated
biomolecules.

For this purpose, we formed polymersomes from a small
library of triblock copolymers composed of poly(2-methyl-2-
oxazoline) (PMOXA, henceforth referred to as A block) and
PDMS (B block) as the hydrophilic and hydrophobic blocks,
respectively. =~ We  selected a  small library of
PMOXA-PDMS-PMOXA copolymers to test our approach
because these amphiphilic copolymers have been already
reported to generate planar membranes by other methods (e.g.
Langmuir Blodgett method,*” etc.). In addition, the membrane
flexibility of such amphiphilic copolymers has been reported
to be a key factor in enabling various bio-applications.?**”

Different triblock copolymers were mixed with a thiol-
bearing ABA block copolymer and self-assembled in the pres-
ence of Ca**, which is known to play an important role in
Solid Supported Lipid Bilayer (SLB).>**"* To unravel the influ-
ence of the hydrophobic block length and thus, the thickness
of the bounding membrane on the rupture of the polymer-
somes and subsequent planar membrane formation, we com-
pared five triblock copolymers with a similar hydrophilic to
hydrophobic block ratio but hydrophobic block lengths (units)
ranging from 22 to 65 units. Specifically, we used: A3B,,A;,
AeBziAs, A;BppA;, AsBisAs and AgBesAs, with thiol-bearing
A1gB47A15SH mixed in always at the same molar ratio to
produce polymersomes that expose thiol groups on the outer
membrane and contain high concentrations of Ca®" ions in
the aqueous cavity. We then attached the polymersomes on a
gold coated substrate via gold-thiol**?° chemistry and
induced an osmotic shock to trigger the rupture of the poly-
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mersomes and the subsequent formation of a solid supported
polymer membrane. We chose gold as substrate because
besides enabling gold-thiol chemistry it is a material which is
widely applied in material science, biosensing, electrochemical
sensors and as platform for catalysis.’**” To properly charac-
terize our system, we first analysed self-assembly of the thiol-
bearing polymersomes at a constant Ca** concentration
(100 mM) and subsequently we examined the formation of
solid supported membranes starting from surface-attached
polymersomes. To monitor membrane formation, we used a
combination of quartz crystal microbalance with dissipation
(QCM-D) monitoring and atomic force microscopy (AFM). By
probing the process of induced polymersome fusion, we
present an efficient setup which after controlling: (i) the
attachment of the polymersomes on the substrate and (ii) the
osmotic shock conditions, leads to a planar polymer mem-
brane formation. Particular emphasis was placed on studying
and systematically characterizing the induced formation of
solid supported polymer membranes as a versatile tool that
provides a basis for various bioanalytical applications.

Materials and methods

PMOXA4-PDMSg5-PMOXA, was purchased by Polymer Source
Inc.; gold coated silica wafers from Sigma Aldrich, gold coated
QCM-D sensors from Q-sense; calcium chloride (CaCl,) from
Merck. All chemicals were purchased in highest purity and
used as received.

Polymer synthesis and characterization

The block copolymers A;B,;As, AsB3iAs, AsBasAs and A;By A,
the thiol-terminated PMOXA;3-PDMS,,-PMOXA;3 were syn-
thesized, fractionated with cosolvent fractionation and charac-
terized as reported before.*® The thiol-bearing PMOXAq-
PDMS,,-PMOXA,sSH was mixed at different molar ratios with
the non-functionalized A,B,A, block copolymers.

Polymersome formation

Polymersome formation and purification were done according
to the established film rehydration method.**° Briefly, 5 mg
of the A,ByA, amphiphilic triblock copolymers with or without
10% thiol-terminated A;4-B,;-A;5 was dissolved in 1 mL of
EtOH in a round-bottom glass flask and dried to a thin film on
a rotary evaporator. The polymer film was rehydrated Ca®*
enriched HEPES buffer: with 1 mL of 10 mM HEPES, 100 mM
CaCl,, pH 7.4 and stirred (~300 rpm) overnight at room temp-
erature. The turbid solution was extruded 21 times through a
0.2 pm Nucleopore Track-Etch membrane (Whatman) using a
1 mL syringe extruder (Avanti Polar Lipids, USA.

Dynamic light scattering

Polymersomes obtained were characterized by dynamic light
scattering measurements (DLS) and measured in a Zetaziser
Nano (Malvern) at 25 °C equipped with a HeNe laser (1 =
633 nm). The samples were diluted ten times in 100 Ca**
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enriched HEPES buffer and left to equilibrate for 120 s. The
data were fitted using the CONTIN method and averaged over
up to 15 individual measurements. The same samples were
then recovered and subjected to transmission electron
microscopy (TEM).

Transmission electron microscopy

Polymersome suspensions recovered from DLS measurements
were diluted further 10 times (total dilution times 1:100 Ca"
enriched HEPES buffer and then deposited on glow-discharged
carbon grids (Quantifoil, Germany) stained with 1.5% uranyl
acetate solution and deposited on carbon-coated copper grid
and consequently imaged with a transmission electron micro-
scope (Philips Morgagni 268D) at an accelerating voltage of 80
kv.

Quartz crystal microbalance with dissipation monitoring

Real time membrane formation was studied by QCM-D on a
Q-Sense E1 (Biolin Scientific, Sweden) instrument. All QCM-D
measurements were performed in Ca®>" enriched HEPES
buffer. The Au QCM-D sensor was stabilized under buffer flow
at a flow rate of 100 pL min~" until the frequency signal fluctu-
ation was below +1 Hz, when the baseline was recorded. Once
the system was stable, polymersome solutions were injected at
5 ug mL™" into the QCM-D chamber (flow rate 50 pL min™").
The formation of supported membranes was followed by a
rinse with the Ca** enriched HEPES buffer for the removal of
any non-absorbed polymersomes. Polymersome rupture was
induced by a washing step with Ca**-free HEPES buffer. In all
measurements, the response of the quartz crystal resonance
frequency and energy dissipation in shear oscillation mode
was recorded as a function of time using odd overtones (3"~
13™). The viscosity and the shear elastic moduli were obtained
by fitting the AF and AD based on four overtones 3"-9™ with
Dfind Smart fit by the Q-Sense Dfind software for data
analysis.

Atomic force spectroscopy

The topography of the solid supported polymer membranes
was characterized by atomic force microscopy (AFM) (JPK
Nanowizard 3, Version 6.0.63). A Tap150 Al-G cantilever
(Budget Sensors, resonance frequency 150 kHz, force constant
5 N m™') was used for alternating current (AC) mode measure-
ments in HEPES buffer. Images were analyzed with the JPK
data processing software (Version spm_6.0.63).

Spectroscopic ellipsometry

Spectroscopic ellipsometry (Accurion, Cauchy model) was used
to determine the thickness of the gold coated surfaces before
polymersome attachment and after potential polymersome
rupture. The measurement took place in dry state and five sep-
arate measurements on each surface were averaged.
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Results and discussion
Thiol-bearing polymersome formation

Nano-assemblies with outer membranes exposing thiol func-
tional groups were formed by thin-film rehydration®*>%>! with
Ca®" enriched HEPES buffer. We first tested the effect of
adding thiol-bearing polymer on polymersome formation
using one thin (A¢B3s4A¢) and one thick (AgBgsAg) polymer to
subsequently apply optimal formation conditions to all five
ABA polymers. Therefore, we mixed A¢Bz4As and AgBgsAq with
increasing concentrations of the thiol-terminated A;gB;;A;g
copolymer (0, 2.5, 5, 10, 15 and 20 mol%). Self-assembled
structures were then extruded through 200 nm pore size filters
to narrow the size distribution of the nano-assemblies which
were then characterized with respect to increasing concen-
trations of thiol-terminated block copolymer by a combination
of DLS and TEM analysis. When the thiol-bearing polymer was
added at percentages from 0-10 mol%, the size and mor-
phology of self-assembled structures barely differed (Fig. 1 and
Fig. S1t). Using the intensity % distribution, the average dia-
meter was 110 nm for AgB34A¢ (Fig. 1a) and 120 nm for
A¢BgsA¢ (Fig. Slat).

a)l_ noSH 2. 5%SH (3. 10%SH 4. 15%SH 5. 20%SH

3

intensity %

101001000 101001000

size (nm)

b) =

Fig. 1 (a) DLS graph and (b) TEM micrographs of AgBs4A¢ containing: 1.
0%, 2.5%, 3. 10%, 4. 15%, and 5. 20% SH-bearing polymer, scale bars =
200 nm.

The polydispersity indices (PDIs) for A¢Bs,A¢ polymersomes
range from 0.09-0.17 and for AgBesAs from 0.11-0.21
(Table S1t). In addition, corresponding TEM micrographs are
typical for hollow spherical structures, confirming the for-
mation of polymersomes for all assemblies obtained with up
to 10 mol% of thiol-bearing polymer.

On the other hand, increasing the molar percentage of
thiol-bearing polymer above 10 mol%, specifically between
10-20 mol%, shifted and broadened the size peak to 200 nm
for AgBs4A¢ (Fig. 1a) and 290 nm for A¢BgsAs. In both cases
DLS graphs revealed additional small peaks that correspond to
smaller objects around 30-40 nm in diameter (probably
micelles) and larger objects with a diameter around 1 pm that
we consider to be aggregates (Fig. Slat). Consistently, TEM
micrographs of the nano-assemblies formed with 10-20 mol%
thiol-bearing block copolymers (Fig. 1b and Fig. S1bt) clearly
show a prominent population of smaller, spherical micelles
but also reveal the formation of large aggregates connected by
worm-like micellar structures. The data obtained for the

This journal is © The Royal Society of Chemistry 2021
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different concentrations of thiol-bearing A;gB4;A;s copolymer
allowed us to optimize the conditions for producing thiol-
bearing polymersomes. Intact polymersomes exposing
sufficient amounts of thiol groups are a crucial prerequisite for
an efficient surface attachment of the polymersomes via gold-
thiol chemistry. Based on our data, we added 10 mol% thiol-
bearing copolymer to different ABA block copolymers because
this was the highest thiol concentration that did not interfere
with polymersome formation. The main factor determining the
response to the osmotic shock is the membrane thickness of
the polymersome, specifically the length of the hydrophobic
block, as the amount of thiol groups as well as all other experi-
mental conditions for attachment and induced rupture were the
same for the different types of polymersomes (Fig. S2 and S37).

Polymersomes on gold coated surfaces: attachment and
induced planar polymer membrane formation

We used QCM-D to investigate: (i) the attachment of polymer-
somes on gold coated sensors; (ii) the impact of osmotic shock
induced by a flow of Ca**-free HEPES buffer (the polymer-
somes were formed in Ca** enriched HEPES buffer) and if it is
able to rupture the polymersomes and initiate the planar
membrane formation; and finally, (iii) if the PDMS length
(units) influences the formation of solid supported polymer
membranes. QCM-D is a powerful technique for analyzing sur-
faces and commonly used for the study of solid supported
membranes,”**?”?%% especially lipid bilayer formation®>*>*
and the adsorption of compounds on a surface. QCM-D moni-
tors frequency changes (AF) of special quartz sensors in
response to changes of the adsorbed mass. In a liquid environ-
ment, the interaction of the QCM crystal surface with flexible
molecular systems results in the formation of viscoelastic
films that cause dissipation of oscillation (measured as dissi-
pation change, AD). In addition, by monitoring both AF and
AD, structural information (e.g., conformational changes in
the film, crosslinking, and swelling) can be obtained. If poly-
mersomes are induced to rupture in order to yield 2D mem-
branes, their aqueous cargo, i.e. Ca®>" enriched HEPES buffer,
is released and large structural rearrangements of the polymer-
some membranes are expected to occur, which should be
reflected by a change in dissipation.”®***® We performed
QCM-D measurements for thiol-bearing polymersomes based
on five different ABA block copolymers (Fig. S4 and S5%). In
Fig. 2, we present examples of the extremes where polymer
membrane formation was triggered by osmotic shock and
where the osmotic shock failed to trigger polymersome fusion
and membrane formation. Fig. 2a shows the frequency and
dissipation response of the 5th overtone during the addition
and attachment of A¢B34A¢ thiol-bearing polymersomes (injec-
tion step), and illustrates the effect of rinsing the system with
Ca**-free HEPES (osmotic shock step) which results in an
osmotic shock that leads to the rupture of polymersomes.

The AF reaches a maximum of —120 Hz during polymer-
some attachment, which is reduced to AF —80 Hz in response
to the osmotic shock. We recorded an increase of AD during
attachment reaching a maximum of +18 ppm which slightly
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decreased to AD +13 ppm, reflecting changes in the assembly
associated with membrane formation. As expected, these
values differ from those obtained from QCM-D recordings of
solid supported lipid bilayer formation, where AF typically is
around —40 Hz.'®*"®7 Conceivably, this difference can be
related to the fact that polymersome membranes are thicker,
so of higher mass.”””® In the absence of an osmotic shock
(Fig. S4af), we observe attachment of the thiol-bearing poly-
mersome on the sensor indicated by a decrease in AF.
However, AF remains at —115 Hz, indicating that there is no
membrane fusion if polymersomes are not ruptured. Similarly,
AD reached +19 ppm and remained stable with a fluctuation
of +1 Hz. These data show that the presence of thiol-bearing
polymer mediated the attachment of polymersomes to the
surface of gold sensors. In addition, frequency and dissipation
shifts related to solid supported membrane formation only
occur in response to hypoosmotic conditions. QCM-D analysis
of thiol-bearing A¢BgsAs polymersomes (Fig. 2b and Fig. S4b¥)
revealed a different behavior in response to the osmotic shock.
Following polymersome injection, we observed a shift in AF
and AD (AF —121 Hz, AD 22 ppm) that was similar to the
values observed for A¢B;,As. Addition of Ca®' free HEPES
(osmotic shock) led to minor fluctuations of AF (max —150 Hz)
and AD (max +36 ppm) but the values returned to the values
indicative of polymersome attachment. While thiol-bearing
AeBssAs polymersomes successfully attach to the gold surface,
hypoosmotic conditions neither induce rupture nor mem-
brane formation. As observed for AgB;;A¢, attachment of
AeBgsAs polymersomes depended on the thiol functional
groups (Fig. 2 and Fig. S5t). By making the polymersomes very
robust, the much longer PDMS block of A¢BgsAs (65 PDMS
units in comparison with 34 PDMS units) plays an essential
role in hindering polymersome rupture and thereby preventing
planar membrane formation. We further explored the relation-
ship between hydrophobic PDMS block length (units) and
membrane thickness derived from QCM-D experiments before
and after osmotic shock (rehydrated conditions) (Fig. 3a). We

a) AeB34A6 b) AesBssAs
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Fig. 2 QCM-D frequency and dissipation shifts for (a) AgBz4A¢ polymer-
somes and (b) for AgBgsAe polymersomes containing thiol-modification
and subjected to osmotic shock.
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distinguish a different behaviour depending on the membrane
thickness: (i) polymersomes with a thin hydrophobic block
(22-35 PDMS units) that form planar membranes after
osmotic shock, (ii) polymersomes with an intermediate hydro-
phobic block (42-44 PDMS units) that appear to partly form
membranes, and (iii) polymersomes assembled from ABAs
with a long hydrophobic block (65 PDMS units), which stay
intact after osmotic shock. Prior osmotic shock, layers of
surface-attached polymersomes were around 100 nm thick
with little variation, independent of the hydrohobic block
length (units). This uniform thickness is in line with the dia-
meter and PDI of the corresponding polymersomes in solu-
tion. After osmotic shock, however, we observed a big decrease
in the thickness if polymersomes forming supported mem-
branes had a thin hydrophobic block. Specifically, we obtained
narrowly distributed thicknesses ranging from 18 nm to 25 nm
which is a typical value for a planar conformation. For the

6948 | Nanoscale, 2021, 13, 6944-6952

second group of polymersomes with an intermediate length
(units) to the hydrophobic block (semi-fusion or partial planar
membrane formation), we observed a wide range of thick-
nesses from 17 nm to 101 nm. The broad range suggests that
some polymersomes can rupture and form polymer membrane
‘patches’ whereas others are not affected by the osmotic shock
and maintain their spherical shape. For the third group rep-
resented by AgBgsAs based polymersomes, we observed a
narrow distribution of thicknesses between 83 and 90 nm,
which is slightly lower that the thicknesses before osmotic
shock. This might be caused by a small deformation of the
polymersomes’ architecture in response to the osmotic shock.
Using the QCM-D data (in particular AF and AD based on 3rd-
9th overtones for the five types of polymersome tested) we
were able to calculate the shear elastic modulus and viscosity
of the assemblies obtained after osmotic shock as a function
of the hydrophobic block length (units) (Fig. 3b). We per-

This journal is © The Royal Society of Chemistry 2021
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formed the analysis of shear elastic modulus and viscosity to
deepen the characterization of the viscoelastic properties of
the solid supported polymersomes. The changes in response
to osmotic shock observed by real-time QCM-D measurements
confirm that the viscoelastic characteristics of an intact poly-
mersome differ significantly from those of the planar polymer
conformation.

Moreover, the stiffer an assembly, the higher the shear
elastic modulus,”®® and according to the literature, planar
assemblies are less flexible than the spherical ones.>*®°
Assemblies after osmotic shock of polymers with thin hydro-
phobic blocks have roughly 5 times higher elastic moduli than
those derived from the polymersomes with the thickest mem-
brane. In addition, there is a wide distribution of elastic
moduli for the group of intermediate polymers which after
osmotic shock form inhomogenous planar membrane
patches. The same trend is observed for the viscosity of the
assemblies formed from the three types of polymersomes
(Table 1 and Fig. S67). The stiffer the solid supported polymer
assembly after osmotic shock, the higher its viscosity.
Polymersomes that are able to form planar membranes are sig-
nificantly more viscous than the ones which remain intact. In
addition, widely distributed, intermediate viscosity values are
measured for the copolymers which only partially form a
planar membrane. Both shear modulus and viscosity are in
fact related to rigidity and as well as to the length (units) of the
PDMS chains. To assess the effect of water on the formation of
solid-supported membranes, we determined the assembly
thicknesses in dry conditions by spectroscopic ellipsometry
(SE; Fig. 3c). This is an established method to determine film
thickness in the nm range based on the correlation between
the refractive index of a material (i) and its thickness.®>*> We
measured the thickness of gold-coated solid supports before
and after polymersome attachment (Fig. S771), and after sub-
jecting the support with attached polymersomes to an osmotic
shock (Fig. 3c). Polymersomes with a thin hydrophobic block
showed a big decrease of thickness in the range of 12 nm. For
the polymersomes based on intermediate PDMS lenth (units),
we also found a big variation of thicknesses, even more pro-
nounced than in hydrated conditions (Fig. 3a), which could
reflect the fact that in dry state the overall scale of thicknesses
is much smaller. Finally, the thickness of polymersomes with
the longest hydrophobic block only slightly decreased after
osmotic shock. Moreover, the membrane thicknesses
measured by SE are in good agreement with those obtained by
cryo-TEM and reported in the literature for corresponding

copolymers.**®*®* We then compared the membrane thick-
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nesses obtained by SE (dry) to the ones obtained in real time
by QCM-D (wet) (Fig. 3d) and plotted the difference of thick-
ness values (Athickness) for each polymersome type before
and after osmotic shock as a function of the PDMS lenth
(units). Taking into account the big influence of water, this
comparison leads us to conclude that the longer the PDMS
block, the smaller the Athickness after osmotic shock. This
data provides further evidence for the significance of the
hydrophobic block length (units) in solid supported planar
membrane formation: copolymers with large PDMS blocks
self-assemble to polymersomes with thicker and thus more
robust membrane boundaries. Another reason why the poly-
mersome rupture becomes more unlikely with increasing
hydrophobic block length (units) is that PDMS is a flexible
polymeric compound and thus, the polymersomes withstand
the osmotic pressure by slightly deforming but otherwise
remain intact. In Fig. 4 we compare the average thickness
obtained by cryo-TEM (values taken from the literature®®®*)
with the average thickness of solid-supported polymer films
derived from QCM-D (wet thickness) and SE (dry thickness)
measurements.
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Fig. 4 Comparison of the membrane thicknesses as a function of the
PDMS length (units) obtained by cryo-TEM (grey squares),3%%* SE
(yellow circles) and QCM-D (bleu triangles).

The first comparison reveals differences between the of
thickness the polymersome bounding membrane and the
planar, solid-supported polymer mebrane created by induced-
polymersome fusion, both in a hydrated state. Comparison of
the dry and wet thickness assessed by QCM-D and SE, respect-
ively, are indicative of a swelling effect of water on the solid

Table 1 Library of amphiphilic triblock copolymers and their properties on solid support after osmotic shock

Polymer AF (Hz) AD (ppm) Wet thickness (nm) Dry thickness (nm) Shear modulus (kPa) Viscosity (pPa s)
AsByoA, —78 5.1 13+ 1.1 17 +4.5 11.7 +1.2 83+7.9 3929 + 741
AsBaiAs —82+3.4 14+1.3 21+ 3.6 12.1 £ 0.99 80.9 + 10.8 3092 £ 625
ASB,,A, —51+17.1 8+2.9 45+ 22 19.4+7.4 56.4 +27.8 2367 + 1451
AgBasAg —49 +16.2 6+2.4 52 +£18.2 18.7 £ 7.7 41.1£21.5 2069 + 1352
AeBesAq —92+ 4.2 18+ 0.9 82+5.1 22.7+1.8 21.2+6.6 944 + 108
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supported polymer membranes. Up to a block lenth (units) of
35 PDMS units, we obtain comparable thickness values by all
three techniques because they correspond to planar confor-
mations. For PDMS block lenth (units) between 35-70 units,
membrane patches and polymersomes that do not rupture on
the solid-substrate cause a broader range of thickness values
and the divergence of the thickness values increases.

Topography of the solid supported assemblies determined by
AFM

Immobilization of thiol-bearing polymersomes on gold sur-
faces via thiol-gold chemistry and the impact of osmotic
shock was further investigated via AFM in liquid (Ca**
enriched HEPES buffer). With AFM we obtained information
about the surface topography of the solid supported polymer
assemblies. After the immobilization reaction, AFM height
images of the solid substrates reveal immobilized polymer-
somes of approximately ~110 nm (Fig. 5A, Fig. S8 and S97).
Successful attachment of polymersomes on the gold coated
substrate depended on thiol-bearing polymer as confirmed by
polymersomes lacking thiol groups (Fig. S107). After a rinsing
step, we observed only residual polymers in the height range of
2.5-3.2 nm (Fig. S10f), which is way smaller than the height

0nm
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19.9 nm o
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measured for both the immobilized polymersomes (90-110 nm)
and for the mature planar membrane (19-20 nm). Also, the bare
substrate, without deposition of polymersomes or any other
treatment showed height profiles only in the picometer range
(Fig. S111) Consistent with the results from QCM-D and SE
(Fig. 3), osmotic shock of A3B,A; and AgBs,As thiol-bearing
polymersomes yielded a homogeneous surface, which looks flat
and ranged between 19.9-21 nm in height (Fig. 5b, left and
Fig. S8t). AFM height values are in good agreement with the
values published for immobilized polymersomes and polymer
films, respectively.'*?*3%3865°68 Eor liposomes adsorbed on a
surface and liposome-based planar membranes, the heights
measured by AFM are lower, around 20-40 nm for the immobi-
lized liposomes and ~4-5 nm for the lipid membranes.>*>”%%77
This difference is expected due to the higher membrane thick-
ness of the polymersomes compared to liposomes. For the poly-
mers with intermediate PDMS length (units) (Fig. 5b, middle
and Fig. S8f), AFM height images show an inhomogeneous
surface topography (surface corrogation ~31 nm) typical for the
assembly of polymer membrane ‘patches’. A¢BssA¢ thiol-bearing
polymersomes produced surfaces with a height around 175 nm
which reflects intact albeit deformed polymersomes (Fig. 5b,
right panel).

Polymersome immobilization

177 nm

ARRARIARIEIRRRRRIARIEITER!
Deformed polymersomes

Fig. 5 Representative AFM micrographs (height channel) of (a) immobilized thiol-bearing AzB,,Asz, and (b) AsB34A¢ planar membrane formation (left
panel), A;B42A; membrane ‘patches’ formation (middle panel) and AgBesAg deformed polymersomes (right panel) after osmotic shock.
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Conclusions

We investigated the formation of solid supported polymer
membranes on gold coated surfaces governed by the following
steps: (i) self-assembly of thiol-bearing polymersomes; (ii) poly-
mersome immobilization on the surface via thiol-gold chem-
istry; and (iii) polymersome rupture induced by osmotic shock
and subsequent polymer assembly rearrangement resulting in
polymer membrane formation. We showed that the chain
length (units) of the block-copolymers, in particular the hydro-
phobic PDMS block, from which the polymersomes are
formed is crucial for their later rupture which in turn is a pre-
requisite for establishing planar membranes on solid support.
More specifically, the longer the polymer blocks, the thicker is
the bounding membrane of the polymersomes which renders
the assemblies on the surface robust enough to remain unrup-
tured after exposure to osmotic shock Although we cannot yet
fully explain the mechanism underlying the process, our study
based on various surface characterization techniques demon-
strates that polymersomes under adequate conditions can
form solid supported polymer membranes. We found out that
only if we carefully combine the attachment of the polymer-
somes on a solid substrate with the osmotic shock we achieve
induced polymersome fusion. This is of high importance since
block copolymer membranes have extensive potential as plat-
forms for bio-sensing, electrochemistry and screening appli-
cations. Moreover, considering that important scientific efforts
have been focused on the functional reconstitution of bio-
molecules into polymersomes, we can now capitalize on that
knowledge and create functional solid supported planar
polymer membranes via induced-polymersome fusion.
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