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Abstract

Membranes are one of Nature’s most remarkable desiQue to their importance in
numerous cellular processes, they are prominenéeatsbof biochemical and biophysical
fundamental research. In particular, it is cruttalnderstand the membrane morphology,
the role of individual membrane components, and siscorrelate the membrane structure
to its various functions. Besides, systems inspiogdnatural membranes are of high
interest for technological applications, such adewaurification, drug screening, or
sensing. However, the complexity and fragility aitural membranes often limit their
direct use. For that reason, the development oflon@ne models is indispensable. Suitable
building blocks for model systems could be lipid@mphiphilic polymers.

In this thesis, robust solid-supported membrane alsodrom amphiphilic diblock
copolymers were designed by combining different hods of polymer synthesis,
membrane preparation, and surface analytics. Aoi@alymerization yielded a well-
defined poly(butadiend)-poly(ethylene oxide) polymer in terms of overalblecular
weight and individual block length. Through a cheahimodification procedure, a sulfur-
functionalized derivate of the polymer was obtainedhich served for covalent
immobilization of the polymer monolayers on ultrasth gold surfaces.

For membrane preparation two different proceduresevemployed: on the one hand,
individual polymeric monolayers were deposited loa gold supports by a combination of
the well-controllable Langmuir film transfer techoes. On the other hand, in a one-step
procedure, polymer superstructures were spreadrestingold or on glass surfaces to yield
solid-supported polymer membranes. The membranéls aicovalently immobilized
proximal leaflet by sulfur/gold chemistry possegghimechanical stability, and at the same
time, a certain degree of mobility resulting froretnon-covalent coupling of the
individual sheets.

The membranes were characterized by surface-senttthniques such as atomic force
microscopy and surface plasmon resonance spedgpsc@ain insights into morphology,
homogeneity, and thickness of the layers. To detnatesthe membranes’ biomimetic
potential, they were incubated with peptides, potyim B anda-haemolysin. Occurring
interactions were detected by electrochemical imaped spectroscopy.

In summary, this thesis might impact fundamentalmimene science as well as

prospective biotechnological applications.
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Abbreviations and symbols

AFM
ATR-IR
Bd

BL
BLM
BodiPy
BulLi
BuP;,

DLS
DMAP
DMF
DOSY
EDC-HCI
EIS
EO
GPC

A

LA

LB

LS
MEK
NMR

area

atomic force microscopy

attenuated total reflection infrared spestiopy
1,3-butadiene

bilayer

black lipid membrane
boron-dipyrromethene (4,4-difluoro-3a,4azdis-indacene)
butyllithium

phosphazene base

capacitor, capacitance

critical aggregation concentration

constant phase element

compressibility modulus

chemical shift

diffusion constant

dichloromethane

degree of functionalization

dynamic light scattering
4-(dimethylamino)pyridine
dimethylformamide

diffusion ordered spectroscopy
1-ethyl-3-(3-dimethylaminopropyl)carbodiae hydrochloride
electrochemical impedance spectroscopy
ethylene oxide

gel permeation chromatography
wavelength

lipoic acid (1,2-dithiolane-3-pentanoic acid))
Langmuir-Blodgett (transfer)
Langmuir-Schaefer (transfer)

methyl ethyl ketone (2-butanone)

nuclear magnetic resonance



ML
MMA
M
Mw

NEt;
OH

PAA
PB
PBS
PDI
PEE
PEO
PS

R,R
Ih

SPR
TEM

THF
TMRA
TSG

monolayer

mean molecular area

number average molecular weight
weight average molecular weight
refractive index

number of repeating units
triethylamine

hydroxyl group

surface pressure

poly(acrylic acid)

poly(butadiene)

phosphate buffered saline
polydispersity index

poly(ethyl ethylene)
poly(ethylene oxide)
poly(styrene)

density

resistor, resistance

hydrodynamic radius

surface plasmon resonance (spectroscopy)
transmission electron microscopy
(phase) angle

glass transition temperature
tetrahydrofuran
tetramethylrhodamine-5-carbonyl azide
template stripped gold

impedance
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1 | ntroduction

Membranes are ubiquitous and essential for alhgorganisms. For instance, in the
human body, we encounter about 100 lahmembranes, barely 5 nm thick, forming
the boundary of the cells and cell-organelles, sashmitochondria, Golgi-apparatus,
endoplasmatic reticulum, or lysosontes.

Membranes are highly complex assemblies, consistihdipids, proteins, and
oligosaccharides, and far from only inert sepamatidayers. Apart from
compartmentalizing and protecting cells and cefjaoelles from their environment,
they are involved in a multitude of biochemical ggeses. Membrane-related functions
comprise, for instance, passive and active tramspiorons between the intra- and
extracellular space in order to maintain electrotical gradients across the membrane.
These gradients are of fundamental importanceh®renergy generation and storage,
the cell metabolism, or the signal transductionitti@rmore, membranes are involved
in dynamic processes such as cellular differentiatir cell migratior?

The structure of a cell membrane can be descrilyethd “fluid mosaic model”

proposed by Singer and Nicolson in 1872t is depicted in Figure 1.
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Figure 1. A fluid mosaic model of the cell membrhe

According to this model, the central structuralneéat is the lipid bilayer. It is
arranged in such a way, that the fatty acid chiios towards each other and form the
hydrophobic membrane core, whereas the hydropbelits are exposed to the intra- or

extracellular space, respectively.
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This arrangement is driven by the lipid geometrg tive hydrophobic effeét.”) The
two individual leaflets of the lipid bilayer are IHetogether by (non-covalent)
hydrophobic interactions. Steroids, e.g. cholesten@® embedded in the lipid matrix,
mainly to stabilize the structure. Membrane prataian be embedded in the bilayer as
integral proteins, or/and associated to one sidéhefbilayer as peripheral proteins.
Thus, the cell membrane can be formally considesed two-dimensional solution of
proteins in a viscous lipid bilayer solvéflt.The exact composition of biological
membranes varies depending on the type and funciiothe cell or a membrane

region®

Since the cell membrane with its vital functionghe most important interface in
living organisms, modern research focuses on thesiigation of its structure,
properties, and functions. Membranes are valuabteatidressing biophysical and
biochemical questions such as studies of individoembrane-related processes,
investigations of membrane components at a singlecule level, or ligand-receptor
binding. In pharmaceutics, they are very importast therapeutic targets, since
antibiotics or virus receptors interact with menmas Furthermore, integral proteins
are one of the key targets for drugs. However, tuegheir high hydrophobicity,
investigations have to be performed in their ndtwavironment, i.e. in a lipid
membrané! The thorough investigation of integral proteinsligid membranes is a
fundamental step in drug design and developiienBesides basic research,
membranes are also highly attractive for industredearch. Membranes might be
technologically interesting, e.g. for water pusfions and desalination applicatidtfs.
1 Moreover, they could act as platform for sensafickes, with potential applications
in trace analysis or in biosensitiy.*?

However, natural membranes as highly specializetl ciomplex multi-component
assemblies are not always suitable to investigate umderstand distinct membranes
functions. Furthermore, their complexity is disatkgmeous for many technological
and industrial processes. Therefore, the developwlesimplified biomimetic model
membranes (either in solution or on surfaces) essary. In order to break down the
complexity of natural membranes, model systems llysuansist of only a few
membrane components, mainly mimicking a charadierisature of the membrane,

e.g. the central bilayer structure.
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Following Nature, commonly (phospho)lipids are ierpkented as building blocks to
create membrane mimics. Even though some reportsleanced lipid-based systems
were already publishdtf™ they still suffer from some drawbacks. Lipids prene to
oxidation, and chemical modification of lipids witlunctional groups is limited.
Moreover, lipid membranes may not posses sufficigability, mechanically and
against aif*® which - depending on the conditions - limits these for technological
applications.

These drawbacks can be overcome by employing atieenbuilding blocks, i.e.
amphiphilic block copolymers. These polymers areaay well-known in the field of
materials science, surface coatings or tissue ergim!!’?® Recently, amphiphilic
block copolymers also attracted considerable ister@s constituents for model
membrane¥’?¥ and proved to be a suitable platform to study ifipegmembrane)
proteins and protein-related processes in a nasraaenvironment>?? With an
appropriate molar mass and hydrophilic to hydrophokock ratio, amphiphilic block
copolymers adopt the bilayer structure in wéter’™ Since the molecular weight of
polymers can be considerably higher compared taldjpthe resulting membranes
thickness can be also larger than that of lipid femes, thus making polymer
membranes mechanically more staffePolymer synthesis allows for the adjustment
of such parameters as block length, molecular vigigihemical composition,
hydrophilic/hydrophobic balance, and molecular #@etture. Hence, a wealth of

possibilities are accessible to tailor customiziedcopolymer membranés: **!

11 M odels of non-supported membranes

In the development of membrane models, cues caalem from self-assembly of
amphiphilic molecules. The common characteristiatifee of amphiphiles such as
surfactants, lipids, or amphiphilic block copolymers the covalent linkage of parts
with different polarities, which favor different Isents. The covalent bond prevents
macroscopic phase separation. When exposed tceetigel solvent, amphiphiles can
self-assemble into lyotropic phases such as mgelle lamellae (vesicles). Self-
assembly into mesophases takes place in the dikgene, but the amphiphile

concentration has to exceed the critical aggregatimcentration (CACH* >°!
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Long-range repulsive interactions between the pafrtsifferent polarity, as well as
short-range attractive forces by covalent bondsvéen the incompatible parts, are
involved at the same time during the microphasersgion process® The aggregates
themselves are held together solely by non-covatgetactiond®™!

The superstructures formed upon self-assembly gihgrhilic molecules such as
lipids or polymers can serve as membrane models. Mbst prominent membrane
models in solution, i.e. black lipid membranes, dair monolayers, and vesicles
(liposomes) are depicted in Figure 2 and will befty presented in this section.

T

Figure 2. Models of non-supported membranes: (Agblipid membrane, (B) Langmuir monolayer, and

(C) vesicle.

Black lipid membranegBLMs), or black polymer membrang§ *1 are free-
standing bilayers, spanned over a small apertura irydrophobic material such as
Teflon™ B840 BLMs are well suited for measurements of transnram currents on a
single-channel levéf!! Even though they provide valuable information attcansport
processes in membranes, their potential for tecyncdl use is restricted: they are
mechanically fragile and their long-term stabiligylimited*®!
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Langmuir monolayersare monomolecular thin films floating at the aquid

el*> *3 They can be produced by spreading a solution irface-active and

interfac
water insoluble compound, e.g. a lipid or an amipitip polymer, on the free surface
of a liquid subphase. Since they resemble, in eshtto BLMs or vesicles, only a
monolayer, they are less suited to investigatestresambrane processes, but they are
appropriate to study interactions occurring at thembrane surfac&’ In particular
studies of binary polymer-peptide or polymer-lipidixtures revealed interesting

insights into the behavior of mixed pha¥8s'®!

Vesiclesare hollow, lamellar spherical structures, wittmensions ranging from
nanometers to several tens of micrometers. If #&cle constituents are lipids, they
are referred to dgposomesVesicles can be prepared either by solvent-gebrtiques,
such as rehydration or electroformatith,or by solvent displacement techniques
utilizing a co-solvent® Further treatments like extrusi6d, chromatograph{®
freeze-thawing® or a combination of these methods can be appledréate a
homogeneous dispersion of vesicles with definedssi¥Vith vesicles, it was possible
to investigate, for example, permeability and ssltransport through bilaye@: 52
Furthermore, vesicular membrane models proved todeful for membrane protein
reconstitutior>3>°!

Vesicles from amphiphilic block copolymerpolymersomgswere first described
by Eisenberg and co-workeré. Those bilayer structures in solution very well rdm
biological membranes and as such have found sesppicationd®® *"! Contrary to
lipids, however, self assembly processes in polysmdutions are more complex, in
particular due to the large polymer size. In théfeing sections, we will describe the
concepts of polymer self assembly in solution andcubks some aspects of

thermodynamic and kinetic stabilization.
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1.2 Block copolymer membranes

In general, block copolymers are built of two camsibnally different blocks A and
B, which are linearly linked. Within the sequenoee block type can appear repeatedly
to yield, for example, an ABA sequence. In the aafsemphiphilic block copolymers,
the constitutionally diverse blocks should difféscaconcerning their polarity. Polymer
synthesis allows for the alteration of amphiphgioperties through different chemical

composition, absolute chain length, or relativeckltengtht>

121 General aspects of self-assembly

Similar to their low molecular weight counterparfs.g. lipids, surfactants),
amphiphilic block copolymers self-assemble in blsekective solvents and form
lyotropic phases such as micelles or laméfiaé® 2 2amphiphilic self-assembly can
be described by geometrical and thermodynamic éspé&be determining factor for
aggregate shape is the volume ratio of the hydroighidlock to the hydrophilic one,
because it controls the interfacial curvatdfeBy changing this ratio, specific self-
assembled nanostructures such as spheres, cylinolersilayers can be targeted
according to the “packing paramet&”.

A theoretical description of amphiphilic self-asd#ynwas given by Wan§? In
brief, depending on the block copolymer composijtiancurved bilayer as found in
vesicles may become favored over a flat one. SitpjlaAntonietti and Forstéf!
consider the lower free energy of curved bilayesscampared to flat ones as the
driving force for vesicle formation. If the shedtd aggregates are large enough, they

close to vesicles as illustrated in Figure 3.

s P N
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Figure 3. Schematic illustration of the formatidrbddayers and their closure to vesicl&s.
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The minimization of the system’s total free enengythe driving force for
amphiphile aggregation. The free energy can beedsed by energetic and entropic
contributions. On the one hand, a decrease of i énergy can be achieved by
decreasing the interfacial energy of the hydroptwblydrophilic interface, which, in
turn, can be accomplished by reducing the inteafacontact areB® On the other
hand, aggregation decreases the total entropiclhesause the contacts between water
molecules and hydrophobic blocks are minimized dfiophobic effect’Y” In other
words, amphiphile aggregation leads to an entrg@m of the water molecules.
However, many amphiphilic block copolymers haveasiderably low CAC - for such
polymers, morphology and size of the aggregatesisually not based on molecular
exchange and equilibrium processes, but are ratfamped by the preparation
conditions®® Hence, block copolymer self-assemblies can be idered as non-
equilibrium structures, as explained in detail he tfollowing section. The non-
equilibrium state is strongly coupled with the musjogical variety and the complexity
of polymer aggregates. Among others, the preparatonditions determine the
aggregate shape, by inducing a certain bilayer astny that leads to spontaneous

curvature minimizing the energy for the systemnoéiest>®

1.2.2 Thermodynamic and Kinetic stabilization

One of the first reports describing multiple bloc&polymer morphologies was
published by Zhang and Eisenb&Ry. By varying the hydrophilic content of
poly(styrene)e-poly(acrylic acid) (PS-PAA) block copolymers, @feént morphologies
of “crew-cut” aggregates (where corona-forming loghilic blocks are much shorter
than core-forming hydrophobic blocks) were obtainklbre precisely, by gradually
decreasing the PAA content, micelle morphology deanfrom spherical to rod-like,
and finally vesicles were obtained. The preparatbrihe aggregates was aided by
organic solvents, i.e. DMF, swelling the hydroplwBS cores. Upon DMF removal by
e.g. dialysis against water, the core structuresamne Kkinetically frozen at room

temperature due to the glassy nature of PS.
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The polymorphism of block copolymer aggregates alas demonstrated by Bates
and co-workers. The aggregation structure of PES2dadlock copolymers could be
controlled by varying the PEO conté?.Analogous to the reports from the Eisenberg
group, a decrease of the hydrophilic volume ragtbtb morphological transitions from
spheres to cylinders to bilayers, which is in adaeoce with a decrease in curvature.

The morphology of PS-PAA aggregates described Iserifierg results from the
balance of three main contributions to the freergyechain stretching in the core,
interfacial energy or tension, and repulsion betwegrona chain§® They control the
aggregate architecture and upon their alterationrphological changes of block
copolymer aggregates can be indu8drhey can be altered by parameters such as the
absolute block length, the block ratio, the polyroencentration in the stock solution,
temperature, the presence of electrolytes, theramaitithe common solvent, and the
process of water addition (speed, volume). In paldr, the last parameter was
systematically investigated by Yu and Eisend&fgAt low water contenversusthe
common solvent, the exchange of polymer chains é@tvbulk solution and aggregates
is assumed to take place. Thus, at this stagesdifimssembly is under thermodynamic
control. As the water content increases, the exghanate of polymer chains slows
down, resulting in kinetically frozen (trapped) ennediate structures. These
experimental observations even allowed for the ypasbn of aggregate formation
mechanisms. In accordance with the considerationsFdrster and Antoniett?®

lamellae were considered as precursors of (largeiches.

According to a recent review, it is believed thae tmorphologies of block
copolymer aggregates containing rather liquid hgHobic cores, e.g. consisting of
poly(butadiene) (PB) or poly(ethyl ethylene) (PE&) not dictated by the kinetically
frozen hydrophobic block&? However, from a careful literature study, it beesm
apparent that the arguments for the formation oktically trapped PS-containing
aggregates, account also for PB- or PEE-contaisimgrstructures> ! As explained
above, the formation of trapped intermediate, nguildbrium structures originates
mainly in extremely slow component exchange kirsetiddditionally, large chain
length and high aggregate surface visc8éltsre assumed to hamper the establishment
of a global equilibriun®® However, a local equilibrium can be achieved bgpithg

the shape with minimal enerdy!
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In this context, Jain and Bates used the term “rgmuhcity” to explain the

phenomena observed by Eisenberg and co-wolReérs.

Still, the long-lasting discussions about the theatymamic state of block copolymer
aggregates are far from concluded. Eisenberg grepmrted about thermodynamically
controlled block copolymer aggregat®s®” since the size of PS-PAA vesicles
responded reversibly to changes in the solvent ositipn!®® ! Changes of vesicle
sizes are driven by the interfacial energy contrdyuto the free energy in such a way,
that the system minimizes the surface area by asang the vesicle size and decreasing
the total number of vesicles. This was experiméni&thieved by addition of water.
Hence, at low water contents the vesicle radii waraller. The intrinsic polymer
polydispersity stabilizes such high curvature Mesicby segregation of the PAA
blocks. Fluorescence quenching experiments sholadshorter chains will be located
at the inner side of the vesicle membrane, wheteatonger chains are present on the

outer vesicle shell.

The examples of amphiphilic self-assembly discussedar exclusively refer to
block copolymer aggregates in solution. On the motrend, for studying membrane
functions, individual membrane components, or maméirelated processes, and also
for specific technological applications, e.g. segsithe membrane confinement on
solid surfaces may be highly desirable. Moreovedetail structural investigations can
be performed on surface-immobilized systems, sthey are accessible to surface
characterization tools, such as atomic force maopyg or surface plasmon resonance
spectroscopy. These arguments principally motivatieel development of solid-

supported membrane models.
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1.3 Solid-supported membrane models

This particular class of membrane models was deeelan the 1980s. Common
preparation techniques for such membranes are Laindjim transfers®®% or vesicle
spreadind’™ " Early attempts comprised the direct depositionigfl bilayers onto
solid substrates by vesicle fusigh.” This resulted in membranes, only separated
from the solid support by an ultrathin (1-2 nm) erdilm.”> " However, this concept
suffers from a number of intrinsic difficulties. @ mere physical coupling between the
lipid bilayer and the solid support eventually mkaad to partial detachment of
membrane constituents or replacement by other ceidative compound§’
Furthermore, as depicted in Figure 4 a, the menebsabstrate distance is usually not
large enough to avoid direct contact between irm@ted membrane components (e.g.
integral proteins) and the solid surfA®.Some of the proteins envisaged for basic
biophysical studies or technological applicatiohewever, possess functional units
which protrude far out from the bilayéfl Strong interactions and/or frictional
coupling between the substrate and incorporateteipgmight lead to partial loss of
functionality or even to complete protein denatiorat’”

Next generations of solid-supported membranes wenefore optimized in such a
way that unfavorable contacts between the substeatd integral membrane
components can be avoided. Two major conceptscidepin Figure 4 b and c, are
used to achieve this improvement: lipid bilayers aither “cushioned” on polymer or
polyelectrolyte filmd’® "¢ 8 ™lor covalently coupled to the substrate by anchor o
spacer groups (and are often referred to as “tetheilayer membranes?y: 7 &9

Recent attempts involved the introduction of spagsts like peptides, oligomers, or

polymers[.13' 78, 80-83]
a Transmembrane b

protein —

[5ubstrate [Substrate

Direct protein- Hydrated polymer Functional lipopolymer
substrate contact ‘cushion’ 'tether'

Figure 4. Different types of solid-supported memes (a), the bilayer is deposited directly onte th
solid substrate, (b) the bilayer is decoupled frtiva substrate by a polymer cushion, or (c) by a

particular tether unif®
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In particular, the approach of covalent tetheringof central importance to this
thesis. This concept guarantees a mechanicalllaechically robust attachment of the
bilayer to the solid support, while at the sameetithe membrane retains its fluid
characteP” However, despite these advantageous propertipigl-Hased solid-
supported membranes still suffer from some drawhagls mentioned before, lipid
membranes lack mechanical stability, their longrtetability, in particular in gaseous
environment is limited, and they also lack chemigaisatility. Therefore amphiphilic
block copolymers might be a suitable alternativigiols as membrane building blocks.

In contrast to lipid-based solid-supported memisarie research area of solid-
supported block copolymer membranes has just emeagéew years ago. So far,
basically two different architectures of solid-sopged polymeric membranes have
been reported: they consist either of planar bie¥é &' or well-defined polymer
aggregate&’ &

Concerning the latter system, two recent publicetio ® made use of the specific
and strong streptavidin-biotin binding assay to hitize triblock copolymer vesicles
on glass. Rosenkraret al employed this approach to investigate proteidifg at a
single-molecule level. Proteins, encapsulated iiplotck copolymer nanocontainers,
could be individually observed for extended timequs. So far, this was impossible to
accomplish for freely diffusing molecules in sotut{®®

Moreover, this immobilization method proved usefor studying enzymatic
conversions on precisely patterned surfaces. Geetski et al. encapsulated an
enzyme in surface-bound hybrid protein-polymer meactord’” A fluorogenic
substrate was introduced into the nanoreact@sa previously incorporated channel
protein. By enzymatic conversion, it became inslgwnd fluorescent, thus detectable
by laser scanning microscopy. This approach ofetath polymer vesicles to solid
surfaces represents the first attempt towards pateapplications in the field of

analytics, in particular sensing, or in microflusli

In parallel, Rakhmatullineet al presented first attempts towards planar solid-
supported block copolymer membranes. The membrares prepared either by
surface-initiated radical polymerization (“graftifigm”),®* or by vesicle fusion
through adsorptiof® In the very first repoff* atom transfer radical polymerization

was applied to prepare surface-grafted triblockobpper membranes on gold. A
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variety of different surface-analytical techniquest only provided information about
the layer thickness and surface topography, betalswed for insights into the block
orientation. It was revealed that during the growftithe individual blocks, the polymer
chains became oriented in such a way that thesdtiibhcreasingly towards the gold
surfaces®”

Amphiphilic triblock copolymer membranes have alsgen prepared by vesicle
fusion through adsorption of polyelectrolyte ves#l! on different substrates. In
particular, on mica, defect-free block copolymer nmbeanes could be produced
through electrostatic interactions between thetpety charged polymer vesicles and
the negatively charged, hydrophilic mica surf&eSuch a membrane is depicted in
Figure 5.

0.4 my

‘IFF\"F-T'\-‘}\)??S\"-\J ViR
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Figure 5. Sketch and AFM images of a solid-suppbitiblock copolymer membrane on mica.
(A) Defect-free copolymer membrane on mica (toppbyaand phase image). The surface histograms,

taken before (C) and after vesicle deposition (Bvsan increase of surface roughn&ds.

Potential applications of solid-solid supported rbeammes as sensing devices for
instance, may require successful incorporation aflogical moieties, such as
membrane proteins. However, the polycationic chearasf the membranes prepared by
vesicle spreading might impede functional incorgiora of biological molecules.
Additionally, the grafted membranes on gold mighttbo densely packed for protein
incorporation and considerable synthetic effortgghthibe needed to reduce (and
control) the chain packing density. Therefore, ¢hdst attempts towards solid-
supported polymer membranes can be improved irr ¢odereate systems with a well-
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controlled packing density. This could be achiebgdthe application of amphiphilic
self-assembly instead of surface chemistry or estdtics. Self-assembly allows for
fast preparation of well-defined polymer membram@th large surface coverage.
Additionally, polymers with very different chemicaompositions can be usEd,
unrestricted by the limitations of surface graftmgthods. This versatility should lead
to membranes that can be possibly applied in bisiphl/studies, sensor developments,

or nanotechnology.
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2 M otivation and concept

Despite remarkable advances in the developmenteshbmane models in the past
decade$’” ® there is still a great demand for further improees. The commonly
used lipid-based models suffer from some fundanhait@awbacks, such as limited
chemical functionality and versatility. Moreovemqr stability against aff' and the
lack of long-term mechanical stability are partanly disadvantageous for prospective
technological applications, e.g. in drug screemingensor development.

Therefore, the aim of this work is to develop a rg@meration of stable and versatile
solid-supported membranes, based on amphiphilickbtopolymers: such bilayers are
expected to outperform lipid-based membranes. Rlegartheir preparation and the
resulting properties, the major advantages ajechemical tailoring of the membrane
building polymers, due to the availability of numes monomers with various
functionalities; (i) the possibility of using controlled polymerizatitechniques for the
adjustment of the overall molecular weight, thuségdjusting the membrane thickness;
(i) the tunability of hydrophilic to hydrophobic rafi thus controlling the
physicochemical properties and polymer self-assgmbl/) enhanced mechanical

stability, due to high polymer molecular weight a@hd resulting thicker membranes.

Considering these points, the major goal of thesis i.e. to prepare solid-supported
block copolymer membranes, was approached thrdwegfotlowing objectives:
() to demonstrate the feasibility of the self-assignmdpproach to create solid-
supported polymer bilayers
(i) to explore different preparation strategies
(iii) to thoroughly characterize the membranes
(iv) to investigate membrane stability, particularyair

(v) to study the biomimetic potential of the suppdridayers
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To realize these objectives, diblock copolymersetda®n poly(butadiend)-
poly(ethylene oxide) (PB-PEQO) were chosen. Thedgnpers were previously shown
to produce fluid vesicular membraff8s 8 and monolayers at the air-water
interface’® It was also demonstrated that vesicles from PB-RE®ot exhibit toxic
effects on living cell€® and are able to host membrane-active pepfiffes.

The bilayer architecture can be achieved by twfediht methods: on the one hand,
a combination of sequential Langmuir film trangksrhniques was employed to deposit
individual polymer monolayers on ultrasmooth galdfaces. On the other hand, a one-
step procedure, i.e. spreading of polymer aggregaegold or glass substrates, was
applied. The resulting membranes can be analyzedubface-sensitive techniques,
such as contact angle measurements, atomic forcesonopy, and surface plasmon
resonance spectroscopy, to gain insights into nwogly, homogeneity, and thickness
of the layers. Finally, the ability of the membran® act as a hosting matrix for
biologically active moieties could be probed by célechemical impedance

spectroscopy.
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3 Results and discussion

The first two sections of this chapter focus on Hyathetic part, i.e. polymer
synthesis, purification, functionalization, and kwerization. The following two
sections include the preparation and characteoizatiof solid-supported
poly(butadienep-poly(ethylene oxide) (PB-PEO) membranes, and awicdted to
membranes prepared by Langmuir film transfer teqims, and by spreading of

polymer superstructures, respectively.

31 Synthesis of PB-PEO-OH

PB-PEO block copolymers were synthesized by segleniving anionic
polymerization. This technique allows for the sysis of tailor-made polymel¥; %
with well-defined polydispersities, molecular wetigth and hydrophilic volume
fractions.

More precisely, a procedure was followed that zg#i the phosphazene base
tBuP,.** %I This base prevents the strong association ofitigylPEO chain ends with
the Li* counter-ions from the initiator, and thereforeoa# for a sequential one-step
polymerization without intermediate steps. The tieacscheme is depicted in Figure 6.

sBuli, {BuP,4, THF
-78°C,12h

0]
1) m+1 / 7\ ,-40°C to RT
) = = OH
2)40°C,72h — m
3) RT, AcOH 0.1n
0.9n

Figure 6. Reaction scheme of the one-pot anioniolymerization of 1,3-butadiene and ethylene oxide.

N+l N
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Polymers synthesized by anionic polymerization lsarobtained in high yields and
almost pure, because side products should not &rnnon-reacted monomers can be
removed under vacuum. Usually, purification comgsi®nly precipitation. However,
in this case, the phosphazene base could neithefulhe removed by repeated
precipitations in appropriate solvents such ascaegtwater, methanol, or ethanol, nor
by addition of an ion exchange resin. In some ¢abesBuP,; content was up to 60%,
as determined byH-NMR. This contamination might negatively affeatogpective
applications, where the polymer is in contact veiémsitive biological compounds such
as transmembrane proteins. Therefore, repeatedcértis with water and 10% (v/v)
HCI were performed, followed by additional precgiibns. In this way, it was possible
to lower thetBuP, content to less than 1%.

The polymerization reaction yielded 90% 1,2 and 10%isomer, as determined by
'H-NMR. The isomers are statistically distributed.répresentative spectrum of PB-
PEO-OH is shown in Figure 7.

)
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81 ppm

Figure 7. Representativéi-NMR spectrum of purified PB-PEO-OH. The signatsdes 2.6 ppm are
assigned tdBuP,. Analysis of the integrals revealedBuP, residue of less than 1%. A detailed peak

assignment is presented in the experimental part.

The molecular weight of the block copolymer wasedwined by GPC andH-
NMR. First, a PB aliquot, drawn prior to the sequedrcopolymerization, was analyzed
by GPC with THF as eluent. Narrow poly(butadien@ndards were used to calculate
Mn, My, and the polydispersity index (PDI) of the PB Il@blpg = 52). The number of

the ethylene oxide repeating units pEy=29), thus the molecular weight, was
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calculated from the integral ratios in thid-NMR spectrum of the block copolymer.

The results are summarized in Table 1 (see se8ti)n

3.2 Synthesis of PB-PEO-LA

PB-PEO-OH was modified with lipoic acid (LA). Theaction was performed under

classical esterification conditions, as shown iguireé 8.

(o]
(0]
Wﬁv ]‘/\OH 4—(“\/\)‘\0.4 EDC, NEts, [DMAP], CH;Cly,5
+ -
= s RT,4d
s/
0
0
o $
s

Figure 8. Reaction scheme of PB-PEO end-functieatitin with lipoic acid.

This provided an easy synthetic route to a sulfuncfionalized polymer PB-PEO-
LA, which can serve for covalent immobilization gold substrates. As sulfur is
integrated as disulfide in a dithiolane ring, nedpl precautions have to be taken and
the handling is much easier than with the moreigeadree thiols. A similar approach
was used for tethering phospholipids to ultrasmauoild substrate€®

Figure 9 shows a representatift&-NMR spectrum of PB-PEO-LA. Compared to
the spectrum of the hydroxyl-terminated PB-PEO (Biggire 7), new signals, which
can be assigned to the LA end group, are preséet.discrete lipoic acid signals are
highlighted in orange. The signal marked in blugegponds to the methylene group of
the PB-PEO backbone adjacent to the newly formeéer @goup. This hints already
towards covalent functionalization of PB-PEO wiftoic acid.
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Figure 9. Structure and representatiteNMR spectrum of PB-PEO-LA. The signals from tligolc
acid group are highlighted in orange. The signalat4.22 ppm, highlighted in blue, corresponds ® th
methylene group in the backbone, which is adjaterihe newly formed ester group. A detailed peak

assignment is presented in the experimental part.

The degree of functionalization was determinedtNMR. The distinct signal of
the terminal protons of the 1,2 isomerdat 4.85-4.97 ppm served as reference signal.
Two-dimensional diffusion ordered spectroscopy (DPSwvas applied to prove
covalent linkage of PB-PEO-OH to all functionalipat reagents present in the system
after the work-up procedure. DOSY is based on aeafield gradient spin-echo NMR
experiment, in which components experience diffed#fusion, for instance according
to their size or shape. Since this technique isalolepto resolve components whose
diffusion coefficients differ only by a few perceiitis a valuable tool for identifying
individual components in complex mixturéd *®!

The diffusion coefficients ascribed to distinctrsats from the polymer backbone
and the end-groups are in the same order of matmiindicating the same diffusion
behavior for backbone and end-group in the apphetd gradient. Thus, end-

functionalization of the polymer was successfubl€dl summarizes the results.



20 | RESULTS ANDDISCUSSION

Table 1. Polymer characterization results obtame&PC, 1H-NMR, and DOSY.

Syt [mzls]
Npg Npeo M, [g/mol] PDI DF % endgroup polymer backbone
PB-PEO-OH 52 29 4100 1.07
PB-PEO-LA 52 29 4300 1.09 85 2.18x10%° 2.16x10"°

Npg and Nbeo are the numbers of repeating unis, is the number average molecular weight calculated
from GPC andH-NMR, PDI is the polydispersity index denoted\agM, with M,, the weight average
molecular weight. DF is the degree of functiondlza calculated fromH-NMR and dg4y is the

diffusion constant obtained from DOSY measuremehite constants are assigned to clearly identified

peaks of the end group and the polymer backbone.
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3.3 PB-PEO membranesvia Langmuir transfer techniques

This section is subdivided into three parts, whk first two parts discussing PB-
PEO monolayers at the air-water interface, as agen gold. The third part deals with
the characterization of PB-PEO bilayers on goldluding experiments on membrane
stability.

331 Monolayers at the air-water interface

The polymers used for the assembly of solid-sugplorhembranes by Langmuir
monolayer transfer were PB-PEO-OH and PB-PEO-LAstFthey were characterized
at the at the air-water interface by surface pmesatea isothermszA).

Representative isotherms recorded at 20 °C onpuiteawater are presented in
Figure 10 (A: PB-PEO1-OH, B: PB-PEO1-LA). Unlike womolecular weight
amphiphiles, polymers usually do not display cleee|l-defined phase transitioff$!

In order to gain deeper insight in possibly ocagriransitions, compressibility moduli

Cst = -A(0770A) were calculated, using the first order derivatiobthe isotherm&®!
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Figure 10. Surface pressurgjand compressibility modulu@;* versus mean molecular area for the PB-

PEO-OH and —LA. Part A refers to the OH-terminaded B to the LA-functionalized block copolymer.

The isotherms were recordedTat 20 °C. I, II, and Ill are explained in the text.
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At low surface pressures and mean molecular ar8@8 & (1) it is assumed that
the polymer films are in an expanded state (“paetadonformation), with the
hydrophobic PB blocks lying flat at the air-wateterface. The insoluble PB chains are
anchored to the interface by water-soluble PEOKslothe PEO segments are assumed
to adopt a flattened conformation at the interf&®dn this relaxed state, no difference
in the 7£A-isotherms of the two polymers was recognizable.

Upon compression, an increase in surface pressure@mpressibility modulus of
both polymers was measured (ll), indicating that fims undergo a transition from a
gas-like to a more condensed phase. The maxinfeeafdmpressibility moduli of both
polymers in this phase were calculated to 21 mMonesponding to liquid expanded
regimed’® At smaller mean molecular areas, approximately 88dor the OH-
terminated polymer (Figure 10 A) and 485 f&r the LA-terminated polymer (Figure
10 B), a second phase transition was revealed hamcterized by stagnatings*
values. These phase transitions did not show anpdeature dependence in the range
from 14 to 28 °C, which means that the observedsttians are rather related to
conformational rearrangements of the PEO blockhénsubphase than to first order
phase transitions. As reported bef8fesuch transitions are assigned to the dissolution
of the PEO blocks in the subphase. In this regibe, PEO blocks extend into the
subphase increasing intermolecular interactionshpgrogen bonding” while the
water-insoluble PB blocks serve as an anchor tanteface. This “pseudo-plateau”
region becomes more pronounced with increasing BEOk length®® °° 19U The
block copolymers used in this work bear only ab2&tPEO units, and therefore the
plateau is not clearly visible. However, the fidgrrivative of the isotherms reveals the
constanCs* region with proceeding partial PEO dehydration.

Further compression led to a slightly less comppbéssi.e. liquid-like, phase with
similar Cs* values for both polymers (lll). At a mean molecudaea of 100 A the
compressibility moduli of 30 mN/m for the OH-terrated polymer and 26 mN/m for
the LA-terminated polymer, respectively, suggesjualitatively similar organization
pattern for the two polymers. Finally, the surfgressure of both polymers increases
steeply until the films collapse at 44 mN/m.

Upon multiple compression-expansion-cycles no hgste could be detected.
Hence, the isotherms were fully reversible, meatiag the films elastically responded

to area changes, and the polymers did not dissalve the subphase.
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Additionally, polymer organization at the air-wat@terface was investigated by
Brewster angle microscopy. The observed monolayere smooth and did not show

any significant features over the whole compressamge.

In order to create defect-free bilayers by conseeutangmuir-Blodgett/-Schaefer
film deposition, film stability is crucial. Therefe, the polymer monolayers were
compressed to the surface pressure applied inrémsféer experiments, which was
monitored over time. The compressed monolayers taiagd the pressure for longer
than 100 min, which was the usual duration for ttensfers, indicating high film
stability.

3.3.2 Monolayers on gold

Covalent immobilization of sulfur-containing PB-PH®@ monolayers on
ultrasmooth gold substrates was accomplished bgrair-Blodgett (LB) transfer, as
depicted in Figure 11. A major advantage of thettdhsfer technique is the ability to
produce highly ordered monolayers without majoredef on very large scales
compared to the size of its components. It has beggolied for the controlled
fabrication of highly ordered monomolecular filfi{d and successfully employed for

lipid bilayer preparatioft* 7* 1%

t*

?—N——
-mmmum/

Figure 11. Monolayer transfer: The gold substratecdvalently coated with a monolayer of sulfur-

functionalized polymer on the dipper upstroke.
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Film depositions were performed at the surfacegumesof 35 mN/m, which refers
to 80% of the collapse pressure. The correspondamgpressibility modulus of the
monolayer is 26 mN/m. In this phase, the polyméndi assume the most densely
packed brush-like order. The transfer ratios ayg@pmately 1.3. Since the transfer
ratio is an approximate indication of the transfierality*°? our value moderately
deviating from unity is acceptable and suggestsessgful monolayer transfer.

In order to follow the surface functionalizatioropess, contact angle measurements
were carried out on the bare gold surface andrdresterred LB film. Contact angles
increased from 60° for freshly cleaved gold sulbsgrd@o at least 90° for the PB-PEO-
LA-covered substrates. The contact angle values vobtained from at least five
different individual measurements on the same samfhe changes towards higher
values stem from the hydrophobic poly(butadienecks facing away from the gold

surface.

3.3.2.1 Characterization by ATR-IR

The transfer ratios and the contact angle measutsmaready hint towards
successful immobilization of a sulfur-functionalizé®B-PEO monolayer on gold.
Furthermore, attenuated total reflection infrarpdctroscopy (ATR-IR) was applied to
investigate the sample. A blank gold slide was meskas a reference, for which no
adsorption bands could be detected.

Spectra of PB-PEO-OH and PB-PEO-LA monolayers dd ge®re recorded. First,
the measurements were performed immediately atiasfer. The spectra are shown in
Figure 12, with the full triangles referring to thpoic acid-modified polymer and the
full circles to the hydroxy-terminated polymer. Thpectra clearly show the CH and

CH; absorption bands of the polymer backbones.
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Figure 12. Section of an ATR-IR spectrum of hydidexand lipoic acid-functionalized PB-PEO. Full
symbols refer to measurements directly after temsihd the open symbols to measurements upon

rinsing.

In order to prove covalent immobilization, the ftinnalized gold slides were rinsed
with good solvents such as THF or CHCIhe non-covalently bound PB-PEO-OH
film could be fully removed upon rinsing, since AB-PEO absorption signals are not
present any more (empty circles). In contrast,cihalently immobilized PB-PEO-LA
monolayer could not be removed by rinsing with adysolvent, thus the polymer
backbone absorption bands are still present (etnptygles).

This experiment confirms covalent functionalizatmfrthe polymer with lipoic acid,
as well as covalent immobilization of the polymartbe gold substrates.

3.3.2.2 Thicknessdetermination by SPR

Monolayer formation was also characterized by s@fglasmon resonance
spectroscopy (SPR). This optical method allows foon-invasive thin film
characterization and is very sensitive to smallnges in adsorbed mass. A major
advantage of this technique is the label-free detec Figure 13 shows the
representative angular spectra of a blank gold tsates and of a gold slide

functionalized with a PB-PEO-LA monolayer.
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Figure 13. Representative angular SPR spectra megh$ou ultrapure water showing the shift of the
reflectivity minimum from blank gold to the covatgnattached PB-PEO-LA monolayer. The solid lines

represent the fit.

The shift of the reflectivity minimum from the blamgold (crosses) to the PB-PEO-
LA monolayer (full squares) is clearly visible ingbre 13. From Fresnel equation-
based calculations, the optical thickness of theatayer can be obtained. Assuming a
refractive index of 1.5 for the block copolymer,n@ean geometrical thickness of
6.1 £ 0.4 nm was calculated. The experiments wertopned in air as well as in water
and data analysis resulted in the same monolayeknigss which means that neither
strong swelling nor drying alters the monolayerckhiess. We note that SPR vyields
average mass thicknesses, meaning that it cansthgliish rough or patchy films

from plane layers.

3.3.2.3 Characterization by AFM

To study local film morphology, atomic force miccopy (AFM) was applied for
monolayer characterization. Information about hoemmity, structural defects, and
roughness of the monolayers can be obtained byrtetkod. AFM measurements were
performed in air as well as in aqueous media. Actipheight image and cross section

of a film in water are presented in Figure 14.



PB-PEOMEMBRANES VIA LANGMUIR TRANSFERTECHNIQUES | 27

Height / nm
o
]

T T T
0.0 0.5 1.0 1.5
Distance / um

Figure 14. An AFM image (A), recorded in water, ath@ corresponding cross section (B) of the
covalently immobilized monolayer, which was scrathwith a hard cantilever. The two dark stripes

result from cracks in the epoxy glue due to cuttimgyslide prior to monolayer transfer.

The film surrounding the square in the centre oé timage is completely
unperturbed, while the part in the middle was strad with the AFM-tip. The
unaltered film does not show any defects on therameter scale. Roughness (root-
mean-square) does not exceed 0.5 nm over one sopen@meter. We note that there
is a small amount of material adsorbed on top efrionolayer which might result
from impurities during film transfer. What can bees as well is the monolayer film
exhibiting a very fine structure on the length saafl about 10 nm. This might be due to
rearrangements of amphiphilic polymers with changths comparable to the size of
these microstructures. This is not surprising sitheeimage was recorded in water so
that the hydrophobic poly(butadiene) chains tendniaimize their free energy by
rearranging on the surface. However, the freedomeddent is limited by the covalent
attachment to the substrate. AFM scratching experien show that the monolayer
cannot be scratched away, but some loosely boundriaas wiped away by the tip.
This loose material likely stems from impuritiesridg film transfer. The dark stripes
in the image are cracks in the epoxy-glue undemigat gold which result from cutting

large substrates into halves.
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In addition to the height images, force-distanceves provide information about the
mechanical properties. By repeatedly approachinigratmacting the cantilever from the
surface, adhesive and repulsive forces yieldingrméation about structural details can
be obtained. All force measurements were performigd a hydrophilic, bare oxide
sharpened silicon nitride AFM tip. Since structuresch as presented in this work,
have not been reported so far, there are no literaeferences concerning the force
curves to compare. However, a lot is known aboutgfaneasurements on supported
lipid bilayers!*®!

For the monolayer one does not expect any charstotefeatures since the
covalently bound polymer chains have only very tedi ability to reorganize upon
perturbation by the cantilever. Also the hydroghdantilever should be repelled from

the hydrophobic surface. Exactly this behavior lbarseen in Figure 15.
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Figure 15. Force-distance curve recorded on theotagar.
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333 Bilayer membranes on gold

The Langmuir-Schaefer (LS) technique was appliedttie transfer of the second
monolayer to the PB-PEO-LA-covered substrate ireptd obtain a complete bilayer
membrane. A substrate, which had been previoushtedo with a PB-PEO-LA
monolayer, was placed horizontally above a PB-PED-Oangmuir film and
subsequently pressed through the air-water interfdtie procedure is depicted in
Figure 16. After transfer, the sample was assenmbledhe measurement cell and kept

hydrated throughout surface analysis experiments.
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Figure 16. Langmuir-Schaefer transfer of a PB-PB®bnolayer to a PB-PEO-LA-covered substrate.

3.3.3.1 Thickness determination by SPR

SPR measurements were performed to investigatélthehickness. The angular
scans in Figure 17 show the shift of the refletgivhinimum upon bilayer deposition
(open circles) with respect to the blank gold subst(crosses) and the monolayer (full
squares).

From the fit, assumingi= 1.5, a mean bilayer thickness of 11.3 £ 0.5 nns wa
obtained. The doubling of the layer thickness satgya bilayer structure of the type
hydrophilic-hydrophobic-hydrophilic.
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Figure 17. A representative angular SPR spectruasared in ultrapure water showing the shift of the
reflectivity minimum from blank gold to the covatgn attached PB-PEO-LA monolayer and to the

bilayer. The solid lines represent the fit.

The bilayer thickness is in good agreement withllteseported earlidf? where a
PB-PEO diblock copolymer was investigated, havimgilar molecular weight and a
comparable hydrophilic to hydrophobic block ratiaie polymer reported here.

The attachment of the second layer to the prewoimsmobilized monolayer is
governed mainly by hydrophobic interactions betwt#enpoly(butadiene) blocks. The
resulting membrane architecture is supposed tonbmtarmediate structure between
completely unperturbed chains, like it is the casgh low molecular weight
amphiphiles, and an interdigitated structdfe'°® However, minor entanglement of the
individual polymer chains in the opposing leafletsexpected due to the rather low

molecular weight of the polymer.
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3.3.3.2 Characterization by AFM

Homogeneity and roughness of the bilayer membraregs investigated by AFM
measurements in water. The height image present&iyure 18 A shows a uniform
and homogeneous film. Sections across the imager@il8 B) and statistical analysis
proved the root-mean-squared roughness to be appatety 0.35 nm over the area of
1 unt. High uniformity and smoothness were accomplistretarge areas up to several

hundreds of square micrometers.
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Figure 18. An AFM image of the intact bilayer afteangmuir-Schaefer transfer (A) and the
corresponding cross section (B) shows homogenarsfer over an area of 1 rirwith negligible

defects.

Force-distance measurements were also performeidedpilayer. In contrast to the
monolayer, the bilayer curves showed characteristitures, as presented in Figure 19.
The molecules of the top layer tend to re-orgamibken the tip penetrates the surface.
Since there is a lateral pressure within the memdbmane that has to be overcome, a
rise of the force curve can be observed at thenbnery. At a certain point, the applied
force is high enough and the cantilever snapstimobilayer, which can be seen at a
distance below 10 nm where the force temporarilyreeses until the lower part of the
substrate is reached. This characteristic stepbbans observed for various supported
lipid bilayer system&8%! The jump in the force-distance curve appears eféer
several tens of approach-retract cycles which shbaisthe polymer chains are mobile
enough to cure the small hole made by the cantileVee width of the jump

corresponds to ca. 7 nm, which fits approximatdlg thickness of an individual
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polymer layer. Since the cantilever was not catddaand the nominal spring constant
was taken for scaling, it was not possible to aeiee absolute force values from these

measurements. However, a qualitative statemenbeanade.

7. nm Approach

7

Force / nN

™~ Retract

0 10 20 30 40 50
Distance / nm

Figure 19. Force—distance curves measured on thgebi A distinct jump in the approach curve

indicates the penetration of a distinct layer. Bheseasurements were performed using the same

cantilever as for the monolayer experiments.

3.3.3.3 Scratching experiments

In order to prove the presence of the second bilkaadlet, scratching experiments
were performed with a hard cantilever, able to reenmaterial from the surface. Figure
20 A clearly shows that the upper layer can bectigldy removed from the surface
which is not possible by scratching the covaleattpched monolayer (see Figure 14).
The corresponding section (Figure 20 B) shows teght difference between
monolayer and bilayer more evidently. The formataira well with a homogeneous
depth indicates complete removal of the secondrlayewever, as shown in Figure
20 B, the section depth of the trace is merely 3 mhe hard cantilever (2 N/m) used
for this experiment is not able to map the actuaglt, but partially penetrates the
membrane. Unfortunately it is not possible to exgjgathe hard tip by a soft one
without loosing the position of the scratch undse tnicroscope. If a soft cantilever
(spring constant 0.32 N/m) is used to image thatsked area, the expected monolayer

thickness of approximately 6 nm will be found.
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Figure 20. An AFM image after a scratching experitr(@) and a section through A along the indicated
line (B).

3.3.3.4 Membrane stability

In order to probe stability, the membrane was thghby rinsed with ultrapure water
(18.2 M2 m) in a flow cell and SPR reflectivity changesstey time at the incident
angle of 56° were investigated. For that, the mamb&rwas permanently kept under
water. This kinetic measurement did not reveal sigpificant changes in reflectivity
upon the harsh rinsing process. Consequently, 8® &6 mass was detected and the
membrane stayed intact during and after the ringrogedure.

When rinsing was carried out using a good solventfe PB-PEO diblock, such as
THF or CHC}, the non-covalently bound upper leaflet of the rheane was washed
away and the reflectivity minimum (solid line) reted the to value obtained for a

monolayer (full squares), as shown in Figure 21.
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Figure 21. SPR spectrum of a bilayer rinsed withoaganic solvent. Upon rinsing, the reflectivity
minimum returned to the monolayer value, indicatthg removal of the non-covalently bound upper

bilayer leaflet.

Furthermore, the membrane stability in air was isdidTherefore the membrane
was dried under a stream of nitrogen at room teatpe¥, left dry for two hours, and
later rehydrated with ultrapure water. SPR measengsnshown in Figure 22 hardly
revealed any shift of the reflectivity minimum aftdrying and rehydration of the
membrane (solid line). This indicates that the mat@dsorbed on the surface was not

removed and did not collapse during this experiment
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Figure 22. SPR spectrum of a dried bilayer. Simgereflectivity minimum of the dried bilayer hardly

shifted compared to a hydrated bilayer, air stBhib a certain extent can be postulated.
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In addition to the optical measurements, AFM imaigeBigure 24 A show that the
architecture does not change significantly uponndyyor short times up to two hours.
This unambiguously proves the high stability of gadymer architecture compared to
common lipid systems. Usually, supported and tetheipid bilayers decompose
directly when brought into contact with air, whesesolid-supported phospholipid
systems resisting a rinsing procedure have alrdsdn reportel® °” So far, the
closest attempts towards air-stable supported lipialyers employed the stabilising
effect of sugafs®® or polymer layer§® However, these approaches have the
drawback of potentially hindering the access otgins or substrates to the membrane.
A recent publication from Dengt al™'® describes an air-stable membrane tetheizd
cholesterol anchor groups which remains fluid a$everal cycles of drying (2 h) and

rehydration.
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Figure 23. AFM image and cross-section of bilaygedifor 2 h.

Drying of our polymeric bilayer for longer than h2ed to a significant change in
morphology, as seen in Figure 24 A. Objects of @0y in height were present
everywhere on the surface, which suggests the stisasly of the architecture. Most
likely the polymer chains reassembled into micefiauctures in order to minimize
their energy. This assumption is supported by tleasured height of these objects,
which is in the dimension of a complete bilayern€equently, it can be concluded,

that water is still necessary to stabilize theyatastructure on the long term scale.
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Figure 24. AFM image and cross-section of bilaygedifor 12 h.

An explanation for this observation could be inmiéint coupling between the two
individual polymer layers. This suggests a ratlwav kentanglement of the polymer
chains. This is in accordance with the literatwe the particular chain length of the
polymers used hef&! Probably, membrane stability against drying carinceeased
by using longer block copolymers. In this case,ighér degree of interdigitation
between the two opposing leaflets, thus enhancedbrane stabilization, is expected.
On the other hand, a higher degree of entanglear&htin increase in thickness, due to
the use of longer polymers, might minimize fluidignd hinder incorporation of
proteins. This is disadvantageous for a prospegiupose of this membrane system,

I.e. serving as matrix for protein incorporation.
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34 Membranes via spreading of PB-PEO superstructures

In this section, supported planar PB-PEO membrasees produced by spreading of
pre-organized polymer superstructures. First, tmmétion and the characterization of
these superstructures will be discussed. Afterwadvas preparation pathways differing
regarding substrates and polymers, as well asdegpthe interactions between them,

will be presented and discussed.

34.1 Formation and characterization of PB-PEO superstructures

The PB-PEO polymers used for membrane built-up aon52 PB and 29 PEO
repeating units. The hydrophilic weight fraction thlese polymers is 0.31, which
corresponds to a hydrophilic volume fraction of@.2According to the morphology
diagram from Jain and Bat&$! mainly bilayer morphologies (vesicles) should form
upon self-assembly in aqueous media.

Common preparation methods were applied to preépBFEO self-assemblies, i.e.
electroformation, film rehydration (swelling), arsblvent displacement techniques.
Optical, fluorescence, and transmission electrocrascopy (TEM), as well as
dynamic light scattering (DLS) were used to inwgsie the resulting polymer
superstructures.

The intention of these experiments was to develppotocol for reproducible self-
assembly, tailor-made for spreading experimentsegmied in the sections 3.4.2 and
3.4.3. One aim for instance, was the identificattdra method that yields the highest
aggregate concentration possible. By dilution, dra¢ch can be used for several
experiments, which improves reproducibility. Thetpcol should also ensure maximal
concentration control. Furthermore, the requiregppration time was also a decisive
factor. Methods using solvents are probably unfable due to solvent traces that
might disturb experiments with sensitive biologicaloieties. Nevertheless, as
explained in detail below, the self-assembly of gaeticular polymers used herein,
occurred faster applying solvent-aided methods @etpto solvent-free methods.

In the following, the results of PB-PEO self-assgntly solvent-free and solvent-
aided methods, respectively, will be presenteddisdussed, in particular focusing on

the fulfillment of the above criteria.
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34.1.1 Solvent-free preparation

By electroformation, giant unilamellar PB-PEO-OH lymersomes could be
produced. The diameters of the vesicles reachegtaeiens of micrometers, as seen in
the optical micrograph shown in Figure 25. Howetlee, yield was very low, which is
likely due to the employed experimental setup andddions, i.e. dip-coating of
platinum wires with polymer solution. The polymeimis produced this way were
rather thick and inhomogeneous, which might havpeided vesicle formation to a
certain extent. Additionally, it was very difficulib detach the vesicles from the
electrodes, even at low frequencies, which ustfaltgr detachmerit**! Consequently,
the aliquots taken from the electroformation celhtained only a very small amount of

vesicles.

Figure 25. Optical micrograph of giant PB-PEO1-Oekieles. The images were taken in the phase-

contrast mode. The scale bars correspond {40

Besides electroformation, film rehydration was &iplas well to prepare vesicles.
PB-PEO-OH and PB-PEO-LA were self-assembled by fifinydration, using either
bidistilled water, PBS (phosphate buffered salipg;=7.4), or sucrose (0.2 M) as
rehydration medium. Both polymers formed superstmes by film rehydration in all

aqueous media used.

Figure 26 shows a representative optical microgm@pRB-PEO-OH vesicles. For
the presented experiment, sucrose was used asratibpdmedium. Some vesicles are
highlighted for better visibility.

Regardless the aqueous medium, rehydrations yiedggatoximately the same
results concerning vesicle size. Vesicle diamatangied from several micrometers up

to several tens of micrometers.
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Figure 26. Optical micrograph of PB-PEO-OH giansigkes prepared by rehydration in sucrose. Among
the highlighted objects, not only spherical andamellar, but also oblong or multilamellar vesictzsn

be detected. The scale bar corresponds o0

Thus, vesicle sizes were in the same range asnebtaby electroformation.
However, by film rehydration a higher amount off-ssisemblies could be produced. In
contrast to electroformation, rehydration vyieldedesicles that were more
inhomogeneous concerning size, lamellarity, and pimalogy. Besides perfectly

spherical vesicles also deformed elongated morgfedacould be observed.

To better visualize these observations, the sampére stained with fluorescent
dyes (BodiPy 505/515; 248M; Invitrogen, Switzerland) and investigated by
fluorescence microscopy. The dyes were either atldéate, or after vesicle formation.
Staining was successful in both cases. Figure 8#@slsome dye labeled giant vesicles.
The previously mentioned differences such as larigflor variety in morphology can
be clearly distinguished. For instance a multildareaggregate can be seen in the
upper part of the image. This aggregate shows anatiteresting feature as well: a
little spherule on the left part of the aggregdthis is reminiscent of exocytosis or
budding, processes also known from lifitfs'** or similar block copolymers® The
vesicle visible in the lower right corner might @alandergo a morphological change
such as an exo- or endocytosis-like process. Plylitals also undergoing a fusion or

fission process like it was reported for other kloopolymerg!¢18!
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Figure 27. Stained giant vesicles visualized byprscence microscopy. The scale bar corresponds to

10 um.

In conclusion, electroformation as well as film ydhation yielded giant PB-PEO
vesicles. However, in particular concerning elddmmation, the yield was extremely
low. In contrast, by film rehydration larger amosirdf vesicles could be obtained,
though in a very irreproducible way. In most of #eperiments, the polymer films
either remained attached to the flask wall, or plodymer partly precipitated. This
refers in particular to PB-PEO-OH. Several treatthesuch as rehydration under
rotation or shaking at elevated temperatures (&0t&C) in an incubator, were applied.
Since the glass transition temperature of the petyis rather high (close to 0 °€3?!
particularly heating was supposed to promote ssémbly by increasing fluidity and
mobility of the polymer. This treatment had a mprenounced effect on PB-PEO-LA,
than on PB-PEO-OH. In the case of PB-PEO-LA, thaeags phase became slightly
turbid within approximately one week in the inculraat elevated temperatures. In
contrast, PB-PEO-OH self-assembly hardly proceedatthin several weeks by
applying the same conditions. Long-term treatmahtlevated temperatures necessary
for the self-assembly of a PB-based block copolyinave been also reported in
literature*>"!

Apparently the quality of the film strongly influeed the formation of vesicles.
Since the films were not always of exactly the sauality, i.e. homogenous and thin,

self-assembly did not proceed perfectly reprodyocdither.
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3.4.1.2 Solvent displacement techniques

Since the self-assembly by solvent-free techniqueseeded in an irreproducible
way and fairly slowly, solvent displacement teclug@sg were also used to prepare
polymersomes. Furthermore, solvent displacemeritniqoes are known to produce
vesicles in large numbefd: 2%

PB-PEO polymers were dissolved in either water iswibie CHC} or water
miscible THF. The aqueous phase, bidistilled watebuffer, was added drop-wise
under vigorous stirring. Further, the organic soitvevas evaporated under gentle
stirring at ambient conditions within 3-4 days. Mlgrthe evaporation of CHEwas
also performed under reduced pressure, as explagled.

Self-assembly of PB-PEO-OH in water upon CHCI3 removal

The optical micrograph in Figure 28 gives an ovawbf the shape variety and the
complexity of PB-PEO-OH self-assembly in bidistllevater. The morphological
variety, already known from the rehydration expemts (see section 3.4.1.1), is also
present here. Apart from merely spherical, als@mdlor kidney-shaped structures can
be seen in Figure 28. Such structures are knowm fother amphiphiles such as
lipidsi*** %land have been also reported for a similar blogloyaers>® 122!

Figure 28. Bright field optical micrograph showiagrariety of PB-PEO-OH superstructures prepared in

water by chloroform displacement. The scale baresmonds to 2Qm.
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Further, the samples were extruded through smaltee sizes (0.2um) and
investigated by DLS. The analysis revealed a birhdddribution. Larger assemblies
with hydrodynamic radir, = 110 nm and smaller ones with= 10-15 nm could be
detected. The polydispersity of the samples wasw8l2. It has to be stated, that even
after extrusion, the samples were still rather @ise, as it is confirmed by TEM and
discussed in detail below.

In order to gain deeper insight into size and shafpthe assemblies, TEM was
performed. Representative images are shown in &@¥A-C. In Figure 29 A an
overview image covering an area of approximately 1y’ is depicted. Objects can be
identified, which occupy roughly spherical areashwdiameters of 150 nm up to more
than 500 nm. These objects possess a sub-strumbasesting of “arranged”, partly
bent rod-like structures, which can be seen inildataFigure 29 B. The average
diameter of the rods is 30 nm. Apart from the rné@d-Istructures, also spherical
morphologies with varying size could be detectaddepicted in Figure 29 C. The radii
of the spherical structures range from 5 nm to A0 As mentioned above, DLS

measurements gave already a hint towards suchtarmadhbl size distribution.

Figure 29. PB-PEO-OH aggregates, prepared in Bidistvater by chloroform displacement, visualized
by TEM. The scale bars correspond tar (A), 200 nm (B), and 500 nm (C).
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Further, interesting structures consisting of alrel and a spherical part can also
be detected in Figure 29 C. Among all morphologbserved, however, the typical
signs of hollow structures, i.e. dark fringes at thalls, are missing. Instead, light
intensity, corresponding to the electron densgyniformly distributed throughout the
whole aggregates. This suggests a flat, lamekar-Etructuré®™ ®3! Probably the
extrusion process or the conditions during the THEMasurements altered the
previously observed hollow structures of the agateg) (see Figure 28).

It might still be questionable whether the rod-l#teuctures are worm-like micelles
or flat, lamellar assemblies. Worm-like micelles asually known to be very long, up
to several micrometers, and thus very often eneghdlione of these characteristics can
be recognized in Figure 29, suggesting that thd®’EB-OH assemblies shown are not
worm-like micelles. Similar structures to the ompessented in Figure 29, even though
referring to different polymers, were reported e titeraturé®> °”) More precisely,
depending on the water content and on the timeatkgye evolution, it was possible to
obtain also shorter and thicker rod-like aggregatémse short rods further undergo
transitions to lamellae. When apparent as hybridommlogies consisting of a rod-like
and a spherical part, these structures were reféoras “paddle-shaped” lamellae, and
considered as intermediate state to vesicle foom&f

Theoretically, the hydrophilic fraction of PB-PECQHOiIs 0.26 and the final
concentration of polymer aggregates in water is1%). which should result in
dispersed vesicld§?? However, as explained in detail in the introducficthe
observation of intermediate structures is due & pgreparation conditions employed,
which might lead to kinetically frozen structurds. particular, methods aided by
organic solvents are known to favor kineticallyzea structure$” In this case, the
transition of short rods to lamellae is a fast stephe formation kinetics of vesicles,
whereas the second step, the closure of a lan®lavesicle, is slow, thus the rate-
determining steff”! Apparently, the chosen preparation conditionszéothe rod-like
and paddle-shaped lamellar morphologies. Hence attysvay slow closure step to

vesicles could not be achieved with the employegaration conditions.
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In summary, this method yielded indeed larger ant®oh polymer self-assemblies
compared to the solvent-free methods. As it waedtat the beginning of the chapter,
a high vesicle concentration was desired. Howeuthter decisive parameters, i.e.
preparation time and concentration control, codtibe fully achieved by this method.
CHCI; evaporation proceeded very slowly, since it hadliftuse through the water
phase. Even under stirring, evaporation could monbtably accelerated. Hence, the
solvent was removed under reduced pressure. Hereloynsiderable amount of water
evaporated as well, even leading to partial préatipin of the polymer. Consequently,
the final concentration could not be determinedieately.

In order to improve the procedure, PB-PEO selfiatdg was also probed using a
water-miscible solvent. Since the organic solvértusd also be a good solvent for the
whole block copolymer, THF was chosen. In the fwiltg sections PB-PEO self-

assembly in aqueous media by THF evaporation willliscussed.

Self-assembly of PB-PEO-OH and PB-PEO-LA upon THF removal

Within this series, the suspensions were directtyueled through 0.gm pore-sized
membranes and investigated by DLS and TEM.

First, PB-PEO-OH assemblies prepared in PBS will discussed. DLS of
aggregates prepared in PBS revealed mainly onelgapuwith hydrodynamic radii
rn = 75 nm. Only at larger scattering angles (ab®@ )Jla peak-tailing towards smaller
radii could be detected. Even though the peak veageasolved, it is probable that a
population of smaller aggregates formed as wekk PBI was below 0.1.

The samples were further characterized by TEM.igue 30, micrographs of PB-
PEO-OH assemblies prepared in PBS are shown. Tdregages cover roughly distinct
areas of the TEM grid, similar to the TEM imagesRB-PEO-OH self-assemblies
prepared upon CHglevaporation (see Figure 29 A). A magnification,sh®wn in
Figure 30 B, reveals once more a rod-like lame#ab-structure of the polymer
domains. The rod diameters range approximately fBhmm to 50 nm, which is in
agreement with the results shown in Figure 29. Ommge, bulbs approximately
110 nm in diameter, mainly located at the end o tbhds, can be detected. In
accordance with the discussion and interpretatibfPB®-PEO-OH self-assembly in

water upon CHGI evaporation, these structures are interpreted aakll@-shaped
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lamellae as well. Actually, these paddle-shapedpmaogies with spherical end caps
are even more pronounced than before. Such endrepsreported to be energetically
more favorablé®® 12 Due to the dimensions of the rods and the spHesiud caps, it
is unlikely that micelles were observed.

Figure 30. Transmission electron micrographs of FHEE3-OH assemblies prepared in PBS upon THF

evaporation. The scale bars correspondgmZA) and 200 nm (B), respectively.

Next, self-assembly of PB-PEO-OH in bidistilled eatpon THF evaporation is
discussed. In contrast to self-assembly in PBS, Dlk8stigations clearly revealed two
distinct populations. The hydrodynamic radii of tleger assemblies ranged from
85 nm to 105 nm, whereas the radii of the smaltgrupation ranged from 15 nm to
35 nm. TEM analysis revealed that the smaller patrn is predominant, as depicted
in Figure 31. Besides small spherical aggregates and oblong structures can be also
identified in the magnification shown in Figure B1The spherical objects strongly
differ in size, whereas the main population cossaft small spherical structures with
an average diameter of about 30 nm. The rods iyetlglthicker than the spheres and
have diameters of ca. 45 nm. This is almost castiswith the previous results, i.e.
self-assembly of PB-PEO-OH in water upon Cgi€taporation and in PBS upon THF
evaporation. However, the amount of the small sphkeraggregates, this time

presumably micelles, is significantly higher congghto the previous experiments.



46 | RESULTS ANDDISCUSSION

A comparison of PB-PEO-OH self-assembly regarding €¢mployed conditions
does not reveal a clear trend, neither concerrtiegstze nor the morphology of the
formed superstructures. Aggregation in bidistiNeater upon CHGldisplacement and
aggregation in PBS upon THF displacement mainljdg oblong structures that can
be assigned to rod-like lamellae. Merely self-addgrm bidistilled water upon THF
evaporation resulted in a predominant populatiogpbierical self-assemblies, probably
micelles. However, it is questionable whether thepherical structures are really
micelles, or hollow assemblies (probably small olesi). Since their diameters are
about 30 nm, they are actually too large for meseltonsisting of the polymers used
herein. According to the results presented in ea@i3, micelle diameters of 10-15 nm
were expected. In this case, however, it is byofaof about 2.5 larger, which could
hint towards hollow structures.

Figure 31. Transmission electron micrographs of FEED-OH self-assemblies prepared in bidistilled

water upon THF evaporation. The scale bars correspm2um (A) and 200 nm (B), respectively.

In the following, PB-PEO-LA self-assembly in bidiletd water upon THF
evaporation will be discussed. Preparation in PES wiso probed, however, in this
case polymer precipitation was observed severalt@snafter PBS addition.

The self-assembly of PB-PEO-LA in bidistilled waygelded mainly one population
with r, = 90-110 nm and dispersities below 0.1, as andly®eDLS. The visualization
by TEM revealed interesting morphological featui@epresentative TEM images of
two different batches, prepared following the sgraocol, are shown in Figure 32 A,
B and Figure 32 C. In Figure 32 A, some roughlyesyal objects ranging from 90 to



MEMBRANES VIA SPREADING OFPB-PEOSUPERSTRUCTURES | 47

230 nm in diameter, as well as higher aggregatéisese objects can be identified. The
biggest aggregates reach diameters of abquin.lContrary to the rather loosely
assembled rod-like sub-structures of PB-PEO-OH eggges discussed before (see
Figure 29 A and Figure 30 A), here the shape ofadsemblies is rather spherical and
more homogeneous. By having a closer look on thgnifieation shown in Figure
32 B, a lamellar-like sub-structure in the interadrthe spherical assemblies can be
detected. Additionally, groove-like features candegected in some of the assemblies
(see also Figure 32 A and C). They might be afompartially cross-linked and broken
assemblies, probably due to the electron beam. Memvehe cross-linking process
would have to proceed very fast, since no changebeoassemblies were detected
during the TEM measurements. Furthermore, thedarfE=awere observed very rarely
and should be considered as a general phenomenon.

Figure 32. Transmission electron micrographs of FEED-LA self-assemblies prepared in bidistilled

water. Scale bars correspond tprt (A) and 500 nm (B, C), respectively.
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Further characteristic morphological features of-FHBO-LA self-assemblies in
bidistilled water are shown in Figure 33. In costrto the structures shown in Figure
32 (B and C), this time, the aggregates do notlaysp defined, uniform shape. Partly,
rod-like structures are present. Interestingly, adimevery rod seems to have a
spherical-like end cap. This might be the energ#yianost favorable state for these
structures®™ 4 Such structures have also been reported by JdiBates and referred
to as “octopi-like” structure§¥ These structures were interpreted as flat bilayétts
cylindrical micelles protruding along the edgeseTylindrical structures in Figure 33
are about 27 nm in diameter, hence slightly thigkem expected. According to the
thickness measurements of solid-supported PB-PE@bmames by SPR and AFM (see
section 3.3), thickness of a bilayer is about 1R Hence, micellar PB-PEO
aggregates, be it spherical or cylindrical, shduwde as well a thickness of ca. 11-
12 nm. It was also shown in literature that thelwratkness of polymer vesicles is in
agreement with the diameter of worm-like or spharimicelles’™® Therefore, it is
guestionable whether the rod-like structural eleimare really cylindrical micelles.

Another difference to the literature report is #@pe of the middle paffé! In the
report, the core part was almost perfectly spherldawever, in our case, the middle
parts are mainly deformed.

Figure 33. Transmission electron micrographs of FEE3-LA self-assemblies prepared in bidistilled

water. Scale bars correspond tprit (A) and 200 nm (B), respectively.
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As already mentioned before, the short rods careparded as a preliminary stage
to vesiclesyia lamellar intermediate structures. Apparently timse, the aggregates
were investigated at a later stage. In Figure Bptedominant fraction are not the
short rods, but structures resembling bent lamellHeey are also intermediate,
kinetically frozen structures, however, kineticallystep closer to the formation of
vesicles. Interestingly, the preparation protocslPB-PEO-OH and PB-PEO-LA self-
assembly was exactly the same, but only in the cA&B-PEO-LA the bent lamellae
morphology was that pronounced. Probably this effiecives from the different end-
groups. It is known from the literature that difat end-groups affect the self-assembly
behavior??

These experiments show that the preparation antaieaization of controlled and
reproducible PB-PEO superstructures is very chgifen Self-assembly performed
under the discussed conditions yielded kineticalpped structures which adopt a
wide variety of different morphologies.

Analytics performed so far, only allowed for a dtaive description. The
characterization tools used, i.e. light scattelang TEM might not be sufficient for a
thorough investigation of these samples. AdditighdlEM is not anin situ technique,
thus, the images might not reflect the situatiosafution. Due to sample preparation,
e.g. drying or interactions with the grid, and meament conditions such as ultra high
vacuum and a strong electron beam, the morpholbthecassemblies might have been
altered.

Preservation of the aggregation state in solutigh w.g. quantitative cross-linking
should enable artifact-free TEM imaging. Alternatiy systematic characterization by
cryo-TEM might be useful to characterize the saspieheir native state.

Furthermore, despite repeated extrusion cyclesagigeegates are still polydisperse
regarding their size and shape. Nevertheless,hhpespolydispersity was not discrete
enough to reliably characterize different assersblyy for instance static light

scattering.
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In summary, only the aggregate preparation by TISpldcement yielded structures
with a reproducibility acceptable for the furthgreading experiments.

Furthermore, with these conditions the highest eatration was achieved (about
0.2 mM). Since almost no precipitation occurredimyrTHF evaporation, it can be
assumed that this theoretical concentration is tamed throughout the superstructure
preparation. Moreover, the superstructures werenddr in a comparatively short
preparation time of about 3-4 days. Consequerttlg,was the preparation protocol of
choice for producing stable polymer assemblies gitbd concentration control for the

spreading experiments discussed in detail in thké sextions.

34.2 Aggregate spreading by non-covalent interactions

A pathway to solid-supported membranes by spreactngprised the deposition of
PB-PEO-OH superstructures on oxygen plasma-tregtags substrates. After the
plasma treatment, the glass surface is highly Ipdlie, leading to complete wetting
upon addition of ultrapure water. The plasma-téajkass substrates were incubated
with PB-PEO-OH dispersions containing sodium clderi(1.5 M). Compared to
experiments where purely aqueous polymer dispessiarre used, the polymer
assemblies showed a higher tendency to spreade $ecpolymer assemblies were
prepared in pure water, the addition of salt reslib a concentration gradient between
the intra- and extravesicular space. The osmosgure leads to a decrease in the
vesicle volume, while the membrane surface remaipnastant. This exerts a
mechanical strain on the membrane surface, whistalddizes the polymer assemblies

and facilitates their spreading (see Figure 34).
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Figure 34. Vesicle spreading of PB-PEO superstrastan a solid support.

The result after incubation is shown in Figure B&markably, only very few non-
ruptured polymer aggregates can be distinguishethenAFM height image. Once
attached to the surface, the assemblies spreadlrrto lilayer or multilayer patches.

Nevertheless, the substrate was not fully coveyetthé polymer.
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Figure 35. AFM height image of fused PB-PEO-OH agd@&s on glass (A) and cross-section (B). The

measurements were performed in NaCl solution ()5 M
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The measured height steps of about 15-17 nm cartiileuted to a single bilayer. It
is slightly thicker compared to the bilayers preghiby sequential Langmuir film
transfers on gold suppo8® As described in section 3.3.3, the thickness @hsu
membranes was 11-12 nm. The thickness differendebendiscussed in the following
section.

In summary, spreading of PB-PEO-OH self-assempiids already a high surface
coverage. However, non-covalent interactions betwbe hydrophilic glass surface
and the hydroxyl-terminated polymer are not strengugh to induce complete fusion
of the polymer aggregates. In order to increasadtheng force of the fusion process,
an approach utilizing covalent interactions betwéasn polymer assemblies and the

substrate was investigated.

343 Aggregate spreading by covalent interactions

In this section, PB-PEO-LA assemblies were spread gold via covalent
interactions. The spreading process was monitorngdABM and electrochemical

impedance spectroscopy (EIS), as discussed below.

3.4.3.1 Characterization by AFM

First, a dispersion containing PB-PEO-LA assembhesater was directly added to
freshly cleaved gold substrates, without any furttreatment. The AFM image in
Figure 36 A displays that already a significantaaoé the surface is covered with the
polymer, which indicates that most of the polymsseanblies directly spread on the
gold surface. Single round discs, up to 200 nnadius, can be identified, which might
correspond to single fused polymer vesicles. Tlgld be observed best, when the
dispersions were diluted to 0.02-0.1 M. Then, tksisles individually fused on gold.
Unlike reported for lipid vesiclds*” direct contact between adjacent attached polymer
assemblies is apparently not required to inducepineading process.
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Figure 36. AFM height image of fused PB-PEO-LA asiskes on gold (A) and the corresponding height

profile along the indicated line (B). The measurateavere performed in water.

Apart from single round patches, also large mudiid bilayer patches can be
distinguished in the AFM height image. The bilayatches are as smooth as the
supporting gold substrate with a mean surface noegh of 0.4 nm. Their height was
measured to about 12 nm, as seen in Figure 36 Bhdfmore, these results are in
agreement with those obtained from PB-PEO bilayeparationvia consecutive
Langmuir film transfer§>*!

As mentioned before, with a thickness of 15-17 mmn-covalently immobilized
PB-PEO-OH membranes on glass are slightly thidkan tcovalently bound PB-PEO-
LA membranes on gold. PB-PEO-LA membranes, eithepared by consecutive film
transfers, or by aggregate spreading in pure wat&ith added NaCl (results will be
presented below), are about 11-12 nm thick. Asanation for the slightly increased
thickness of the PB-PEO-OH membranes the followeiffigcts could be considered:

(i) Since the lipoic acid moiety is hydrophobic, bsgibly folds back into the
hydrophobic core of the membrane. Due to thermattdiations, an equilibrium
between the folded and the unfolded conformatioghinestablish. However, there is
an argument that weakens this hypothesis: the cligamid-functionalized polymer
contains still about 15-20% hydroxyl-terminatedypoér. Even though it is assumed
that some LA groups fold back, there should bé stibugh polymer chains available
to span the membrane. Consequently, some folde®@EB-LA chains might rather
lead to an increase in roughness, than to a decofdke overall membrane thickness.
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(i) Polymer chain conformation might be influencedtbg electrostatic properties
of the support. The mainly negatively charged ilmtated on the glass surface might
prefer to be surrounded by water, which has a hidgieectric constant compared to
PEO. This might lead to stretching of the polymtains.

(iii) The different end groups (OH and LA) might affdw self-assembly behavior,
and thus the structure of the resulting membrama gpreading on surfaces. Although
the end group is small compared to the full changth of the polymer, a strong
influence of the end group has already been repBffé Differences in polymer self-
assembly depending on the end group were alsoildedcin section 3.4.1.2. Even
though the polymer aggregates were prepared irsdéhee way (in pure water upon
evaporation of THF), self-assembly yielded différerorphologies. In the case of PB-
PEO-LA, the assemblies adopted a lamellar-like cttine, either apparent as sub-
structure of spherical aggregates, or as bent lanrel‘'octopi-like” assemblies. In the
case of PB-PEO-OH, mainly small spherical aggregatiegh diameters of about 30-
35 nm were formed.

(iv) The type of surface immobilization, covalentlyubpd versusnon-bound, might
affect the orientation of the polymer chains. ltswaported that covalently bound lipid
bilayers on goldvia lipoic acid anchors exhibit a slight tift: 12°! Probably, the covalent
attachment of PB-PEO-LA onto gold led also to dilféms, thus to lower thicknesses.

Regarding the experimental and literature §4t&?* ***effects {ii) and {v) might
be the most pronounced ones in contributing tostigtly increased thickness of PB-
PEO-OH membranes on glass. However, a more compseigeexplanation requires

more systematic studies, on both, polymer selfrabgeand aggregate spreading.

In order to further increase the surface coverdg€;| (final salt concentrations of
0.3 M and 1.5 M, respectively) was added to theympel dispersions prior to
deposition on the gold surfaces. Once more, an ticreffect is expected, as observed
in the case of the PB-PEO-OH assemblies spreadass gurfaces (see section 3.4.2).
Figure 37 evidently shows the effect of the addald #\part from some gaps, the
surface coverage in Figure 37 A, corresponding timal salt concentration of 0.3 M,
increased significantly compared to Figure 36. Aafisalt concentration of 1.5 M, as
shown in Figure 37 B, led to almost complete cogeralso in the presence of salt,

adsorbed polymer material, multilayer, and bilgyaiches can be identified.
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According to the profile measurements, the thicknef the first layer is about
12 nm, assuming that is a bilayer. The thickness w0 confirmed by SPR

measurements (see Figure 38).
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Figure 37. AFM height images of PB-PEO-LA assenshfipread on gold upon addition of different salt
concentrations: (A) 0.3 M NacCl, (B) correspondingss-section; (C) 1.5 M NaCl, (D) corresponding
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cross-section.

However, even at the high salt concentration, sgaps can be still identified in
Figure 37 B. The big hole in the top right corneegumably stems from impurities in
the gold film, so that the sulfur-functionalizedlyoer could not properly bind to the
surface. The smaller grooves are indeed defed sitthe polymer bilayer. Apparently,
due to their low mobility, the polymer chains irettop layer cannot close (“heal”) the
small grooves. The glass transition temperaflyef atactic 1,2-poly(butadiene) in
bulk is about -4 °C* thus rather high. The bulk value fdk is not directly

transferable to thin (mono- or bimolecular) polynfiams, because it was shown, that
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film thickness has a significant effect on bee[m] Nevertheless, a rather low polymer

chain flexibility at room temperature can be assdime
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Figure 38. Angular SPR spectrum showing the sHifthe reflectivity minimum of blank gold to a
bilayer upon PB-PEO-LA aggregate spreading in 1.H&CI. The solid lines represent the fit.

In order to optimize the surface coverage, theapng was performed with 1.5 M
final NaCl concentration in an incubation oven at45°C. This should increase the
fluidity of the membrane and facilitate the closwfethe gaps. Figure 39 shows the
formation of a very smooth and homogenous bilajéevertheless, tiny gaps still
remained even after this treatment. In any cagefrbatment seems to have an effect
on the adsorbed multilayer patches: bigger, mormadgeneous patches compared to

the previous samples were observed.
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Figure 39. (A) AFM height image of a gold surfaceubated with PB-PEO-LA assemblies (in 1.5 M
NacCl solution and at 45 °C). (B) Height profile adpthe indicated line.

In addition, the sample was strongly rinsed with salution and blown dry under a
stream of nitrogen for approximately 20 sec andseoutively rehydrated for the AFM
measurement (Figure 40). Apart from some adsorlodghmer assemblies, this quick
dehydration procedure removed most of the adsoplégner material (multilayers),
while the bilayer itself remained unaffected bysthbrocedure. In general, the bilayers
formed by spreading are very stable. They have kamed for more than 14 days in
water and no changes in the bilayer morphologyctbeldetected by AFM.

Figure 40. AFM height image (A) and AFM phase iméggof fused PB-PEO-LA assemblies.
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To ensure that the visualized films really conefdtvo individual membrane sheets,
force-distance measurements, in analogy to the desesibed in section 3.3.3.2, were
performed. By repeatedly approaching and retradiiregcantilever from the surface,
adhesive and repulsive forces, as well as struatietails can be obtained. Figure 41 A
shows the force-distance curve of a bilayer. Treratteristic peak in the force curve is
visible at a distance of about 11 nm. The widthhef following valley corresponds to

approximately 6 nm, which is the thickness of aypwr monolayer.
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Figure 41. Force-distance measurements of an iptdgimer bilayer (A) and a polymer monolayer after
rinsing the sample with THF (B).

Further, the sample was rinsed with THF and driadprder to perform force-
distance measurements on a polymer monolayer. ésrsim Figure 41 B, we do not
observe any characteristic features in the appreache, because the ability of the
covalently bound polymer chains to reorganize uperturbations by the cantilever is
very limited.

Additionally, the surface has been rinsed with THdFgood solvent for the block
copolymer- and investigated with AFM after rehydrat From the cross-sectional
profile in Figure 42 B the layer thickness can kieaeted. It is approximately 6 nm and
corresponds very well to the thickness of a PB-R&@holayer, consistent with our
previous results (section 3.3.2). The larger defewible in Figure 42 are presumably
due to an incomplete and/or inhomogeneous fusioocgss. Additionally, the
monolayer exhibits a very fine structure, probabtijue to conformational

rearrangements of the polymer chains. This is moprsing since the image was
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recorded in water so that the hydrophobic poly(thetae) chains tend to minimize their
free energy by rearranging on the surface. Howeterfreedom to reorient is limited

by the covalent attachment to the substrate.
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Figure 42. AFM image of a sample rinsed with THFd arehydrated with water (A) and the
corresponding cross-section (B).

Moreover, solvent evaporation might have affecteel morphological changes as
well, since the samples were dried under a stremitamgen after washing. This
assumption is supported by drying experiments, /kiee same fine structure appeared
upon heating for minimum 12h.In summary, both meaments of the monolayer and
the bilayer, are in agreement with the results megoearlier (see sections 3.3.2.3 and
3.3.3.2).

3.4.3.2 Characterization by EIS

Electrochemical impedance spectroscopy (EIS) isemsigve and non-invasive
technique to investigate and characterize the reldoémical properties of materials
and their interfaces in contact with electricallynducting electrodes. Among others,
the electrochemical (sealing) properties of ataficmembranes, as well as the
alterations upon reconstitution of e.g. channetgins, can be probed by Ef&.*> 127
The impedanceZ is a measure for impeded flows of ions throughutsmhs,

interfaces, and coatings. In an EIS measuremesinwsoidal alternating voltage of
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about 5-50 mV of different frequencies is appfeédl. The resulting current signal lags

the voltage by a phase differeneas depicted in Figure 43"

time

—
phase shift 8

Figure 43. Sinusoidal potential and current respongh a phase shift o=90°. |, and E, are the

V)1t

maximum amplitudes of the current and the potentispectively.

A resistor will not show a phase shift, thus it @guhe impedance. Whereas for an
(ideal) capacitor, the phase difference betweeniegppoltage and detected current is
90°. The total impedance of a system is a comlnatf the impedances of the
individual components. Typically, EIS measuremeaarts accompanied by theoretical
considerations on an appropriate physical mod¢hefstudied system. An equivalent
circuit, mainly consisting of capacitors and rewist is derived from the model and

necessary to fit the acquired d&&d

In section 3.3, the highly reproducible preparatioin stable and homogenous
polymer bilayers on gold by sequential Langmuimfiransfers was evidenced. This is
a prerequisite to measure the electrochemical piiepe e.g. the resistance and the
capacitance of a system. However, EIS measurenmentsuch polymer membranes
failed, most probably due to experimental limitagpi.e. these membranes cannot be
preparedin situ. First, the membranes were prepared by LB/LS femss and
afterwards, the samples were clamped into the ElISwhere they are tightly pressed
against an O-ring in order to properly seal thé. dghparently, this procedure caused

severe defects on the edges of the membranes, Wiesgrare in direct contact with the
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O-ring. Since already slight disruptions of the rbeame architecture can significantly
influence the electrochemical properties of thetesys we could not obtain
reproducible and reliable results under these ¢mmdi. Therefore, membranes
preparedin situ by polymer aggregate spreading were used for E¢8sorements.
Even though these membranes are less homogenauththanes prepared by LB/LS,
they at least allowed for the fist feasibility syuaf polymer bilayers by EIS.

However, the conditions we identified optimal f@reading, i.e. addition of NaCl
(1.5 M), yielded EIS data which were inconsisteiithwhe AFM results. As detected
by AFM, incubation of the gold surface with the tsaintaining PB-PEO-LA
dispersion led unambiguously to the formation opaymer bilayer with almost
complete surface coverage. Therefore, by recortlegelectrochemical impedance
spectrum of such a bilayer, we expected the remistto increase as well, since the ion
flow should be impeded by the polymer. However, idgstance did not change at all
after incubation with the polymer dispersion, megnihat a tight, sealing film like a
bilayer was not formed, and the ions (sodium antbrite) could travel in an
unperturbed way with respect to the applied voltagerthermore, an uncommon
increase of the capacitance could be detected,hwstiabilized after about 20 min
without changing any further. Usually, during b#ayormation, the capacitance should
decrease until a stable value is obtained. Thite starresponds to a well-packed
bilayer, which is not able to host further chargarriers. In conclusion, first
electrochemical measurements revealed a highlycdamaand non-resistive system

that does not reflect at all the bilayer observgdBM.

In an empirical approach, equal amounts of polydispersions containing 1.5 M
NaCl were mixed with phosphate buffer. Figure 4dvps that these conditions led to

almost the same results than the experiments pgeesanFigure 37.



62 | RESULTS ANDDISCUSSION

74 nm B

60 —

40

Height / nm

20

Distance / pm

=18 nm

Figure 44. AFM height image of fused PB-PEO-LA askes on gold (A) and the corresponding height
profile along the indicated line (B). Spreading vpesformed upon dilution of a 1.5 M NaCl-containing
PB-PEO-LA dispersion with PBS (1:1).

The spreading process was recoraredituin 20 to 60 min steps over a time period
of 14 h by EIS. Quantitative values for the resistaand the capacitance were obtained
by fitting the data to the equivalent circuit depiat in Figure 45 B. Every element in
the equivalent circuit can be attributed to a pérthe sample system. The supernatant
electrolyte can be described by a single resistgs Rleally, the bilayer can be
represented by a parallel resistor/capacitor (REnent. In order to take surface
heterogeneities into account, the capacitor canepéaced by a so-called constant
phase element CPE, representing a non-ideal capagitCPE is a capacitor, whose
value is multiplied with a factor between 0 andrihally, the processes at the interface
between the gold electrode and a bilayer, whichhingct as ions reservoir, are
represented by a capacitor,cCIn Figure 45 A, the resistances and capacitances
obtained by fitting are plotted in dependence @f tiilme. It reveals that the spreading
process is completed in approximately 2 h, andheeitapacitance nor resistance
change significantly any more. In addition, theesgling process was also monitored
by SPR (see Figure 46) and confirmed the resutamdd by EIS.
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Figure 45. Plot of the resistance) @nd capacitancea] values (A), obtained from fitting EIS data,
recorded during spreading, to an equivalent cir@iit

The resistanceR of the assembled bilayer architecture is 4-@dv* and the
capacitanceC was calculated to 1F/cnf. The resistance of the polymer bilayer is
comparable to what was obtained for lipid bilay@s 1-20 MQcn?)."® However, the
capacitance of the polymer membrane is signifigattigher compared to lipid
membranes, which usually have capacitances of drdyrF/cnf. A reason for the
comparatively high capacitance value could be tgk ABmount of double bonds in the
poly(butadiene) blocks, leading to a higher pokility of the polymer compared to
lipids in general. Since the capacitanCeis directly proportional to the electrical
permittivity, which also takes into account theg@ability, the capacitance increases
with the electrical permittivity. Additionally, thiew packing of the polymer chains, as

well as some defects in the bilayer contributehi tather high capacitance values of

the polymer membrane.
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Figure 46. SPR kinetic measurement of PB-PEO-LAeggate spreading recorded at a constant angle.

Nevertheless, EIS measurements can be performedlpmer membranes, and the
electrochemical properties of the membrane canesertbed in a qualitative as well as
in a quantitative way. This is important in ordermonitor even small changes upon
interactions with biologically relevant species Isws peptides. In the following, the

influence of peptides on the polymer bilayer is sprded and discussed.
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35 I nfluence of peptides on PB-PEO bilayers

In this section, it was our goal to investigat¢hié PB-PEO membrane is a suitable
matrix for hosting peptides or proteins. One imaottimitation is that the size of most
peptides or proteins may not fit with the increagbatkness of the hydrophobic
membrane core. However, despite the size-mismdlegretical and experimental
work confirm the successful incorporation of menmeraproteins into polymer
membrane&3°: 131

Interactions of polymer membranes with peptides pooteins have not been
discussed yet regarding fluidity in two dimensiof® far, all experimental studies
available on protein or peptide insertion into poér membranes were performed in
vesicular system$! free-standing membranB&? or monolayers at the air-water
interface’®*? where diffusion of the polymer chains might beslaindered. In the case
of our planar PB-PEO membranes, diffusion is sttyphgmpered, because the bottom
layer is almost completely covalently tethered e gold support. As demonstrated

earlier!*?®

the ability of the top layer to close intentioyatireated defects is limited,
which is disadvantageous for post-insertion of @ret or peptides into the polymeric
bilayers.

To evaluate if and how biologically relevant spscieteract with the supported
polymer bilayer, different peptides were tested.e Thpecies investigated are
alamethicin, polymyxin B, and-haemolysin. Alamethicin is a peptidic antibiotic
exhibiting an a-helical structure. In (celll membranes, it form®sltage-gated
nonspecific ion channels consisting of four tomsialeculed™®® It has been extensively
studied in the context of pore formatiof! lipid-peptide and lipid-polymer
interactiong?® 13°!

Incubation of the polymer bilayer with alamethiceyen over night, did not show
any effect as investigated by EIS. This result waexpected, since it was reported that
alamethicin spontaneously incorporates into (fremlgpended) giant vesicles, made
from a polymer very similar to ouf¥} Probably the polymer chain mobility in the
solid-supported bilayer was not sufficient to alliw successful peptide incorporation.

Furthermore, the interaction of the cyclic peptmymyxin B with the polymer
bilayer was tested. Polymyxin B causes alteratiorthe membrane structure similarly

to detergents. In particular, it disrupts membraoessisting of lipopolysaccharides,
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which are a major component of gram-negative bettenembranes, leading to
leakage of small ions and molecules and finallysoayicell deatt:*®! Polymyxin B is

a promising candidate to interact with the polyrogayer structures presented in this
work since their hydrophilic PEO-block is chemigadlimilar to the sugar chains of
polysaccharides. The results of the incubation wialymyxin B are shown in Figure
47, representing the impedance spectra in a seec@lbde plot. In this plot, the
absolute value of the impedance and the phase anglplottedversusthe frequency
(impedance and frequency are plotted logarithmykalinpedance regions with a slope
of -1, accompanied by a phase shift close to 99djcate that the impedance is
dominated by capacitive effects in the correspapdiequency range. In contrast, flat
impedance regions with slopes close to zero, acaamag by low phase angles (in the
case of Re € is about zero), indicate the dominance of ressteffects. By
extrapolation through the flat region, a prelimyaalue forZ can be obtained. Hence,
the Bode representation gives a direct measurbeofdsistors under study, however,
not for the capacitor$®® Therefore, to obtain quantitative values, EIS deta to be

fitted by using appropriate equivalent circuits.
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Figure 47. Electrochemical impedance spectra afra polymer bilayer (raw data: full squares; fitud
solid lines) and a polymer bilayer incorporatednwiblymyxin B (raw data: open circles; fit: red igol

lines), respectively. Data are represented in aeBudit.
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First, the bilayer formation by PB-PEO-LA aggregapeading (without peptide)
was probed. The measured data are depicted asgfudires, whereas the fitted data as
blue lines. Fitting to an equivalent circuit (segufe 45 B) yields a membrane
resistance of about 4.4®tn?, which proves the successful formation of a well-
packed membrane. The plateau of the phase anglgpi®ximately 83°, which is an
indication for a high homogeneity of the membrasearface). The bilayer was
monitored over a time period of 14 h, and did nieérawithin this time. This is a
prerequisite to detect even small changes of thenbrene upon addition of a

membrane-active species.

It was reported that the creation of transient cisféy polymyxin requires a high
local concentratioH®”! Therefore, a peptide concentration of 0.1 mg/mls whosen.
After incubation times of 15 and 60 min, resped{ivehe impedance spectra were
recorded.

The measured data points after incubation with pgkin B are depicted as open
circles in Figure 47, and the fitted values areresented by the red lines. The fit
reveals a decrease of the membrane resistance4mmQcn? to 1.2 MQcn?. This
decrease corresponds to a reduction of the eléwnoical sealing properties of the
membrane, and hints at the formation of additigpethways for charge carriers to
travel across the membrane. The different incubatimes did not affect the results,
indicating that the peptide has an immediate eftecthe bilayer. In contrast to the
resistance, the capacitance of approximatelpf22nt remained constant throughout
the whole experiment, confirming the bilayer’s yigy.

However, 7 h after incubation, the resistance netdrto its initial value of about
4 MQcn?, evidencing the expected behavior of polymyxini.B, it did not form a
stable transmembrane pore. It interacts with thé&nper membrane in a rather
detergent-like way, i.e. it creates transient dsfeby partly disassembling the
membrane structure. Such interactions have alrebdgn reported for lipid
membrane§® With time, the holes created by the peptide ca, lvehich is reflected
by an increase of the membrane resistance. Howeuerto the rather low polymer
chain mobility, the healing process takes much éorigan for more fluid systems such

as lipid bilayers.
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Since polymyxin B is not a pore-forming peptideg tinteractions of the channel-
forming peptidea-haemolysin with the polymer membrane were protedall. In its
functional form,a-haemolysin is a heptameric pét&! The mechanism of assembly is
well understood and consists of three steps: &rshonomeric unit attaches to the
membrane, followed by assembly of an unfunctiorggtameric structure, which is

finally incorporated into the membrane as a fumeldransmembrane pofé”

Again, first the bilayer produced by PB-PEO-LA aggpite spreading -without the
peptide- was investigated by EIS over a time penbd4 h, in order to prove that
neither resistance nor capacitance changed duregxperiment and that the system is
not susceptible to drifts caused by rearrangementglesorption of material. The
spectrum of the pure bilayer is shown in FigureAd8he shorter plateau of the phase
angle and the appearing slope at a frequency dfizLhint at a lower surface
homogeneity compared to the previous experimerfiss might be due to different
experimental procedures. For the previous measursnmibe bilayers were preparied
situ in the EIS cell by spreading of the polymer aggtes. In the present case, the
membranes were prepared by spreading, and afteswlaedsample was clamped into

the EIS cell. This might have caused defects afrtbmbrane edges.
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Figure 48. Measured EIS data of a polymer bilaysfote (A) and after incubation witl-haemolysin
(B).
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Addition of a-haemolysin definitely affected the bilayers electremical properties,
as seen in Figure 48 B. A significant decreasehefpghase angle from about 83 ° to
70 ° at frequencies around 161z can be noted. Actually, a decrease in the phagke
should be accompanied by a flattened slope in timpedance (ideally O).
Unfortunately, the zero slope region in the impeeais not unambiguously visible.

However, it is still questionable whether the pagtincorporated fully, i.e. as
functional heptameric pore, or just partly in itomomeric form into the polymer
bilayer. As shown before, the polymer chain mojilihus the bilayer fluidity, is rather
low, and maybe indeed too low to allow for completeonstitution ofi-haemolysin.
Additionally, the protein-repellent character oetREO block might also hamper the
peptide insertion.

At the present stage, the interpretation of EISadstpurely qualitative. The first
fitting attempts revealed that the typical fittipyocedures used for lipids are not
suitable to evaluate the data for a polymer bilalpeobably, the polymer bilayers were
too inhomogeneous. Thus, sample preparation ardpdatessing have to be improved
in order to obtain quantitative data from EIS meesents.

Even though quantitative data are not available ayet the recorded impedance
spectra do not unambiguously show complete ingertb a-haemolysin into the
polymer bilayer, it can be at least concluded thatpeptide has some influence on the

solid-supported polymer membrane.



70 | CONCLUSIONS ANDOUTLOOK

4 Conclusions and outlook

In this thesis, novel solid-supported membranes feamphiphilic poly(butadiene)-
b-poly(ethylene oxide)-based (PB-PEO) diblock copwys are described. The
polymers were synthesized by anionic polymerizatma characterized in terms of
molecular weight and individual block length. A afieal modification procedure
yielded a sulfur-functionalized derivate, which kbube covalently attached to
ultrasmooth gold substrates. The covalent attachwifethe proximal membrane layer
to the solid support should endow the system wigiclmanical stability.

Two different preparation pathways were employedptepare solid-supported
polymer membranes. One the one hand, a combinaifothe well-controllable
Langmuir-Blodgett/-Schaefer film transfers was emygpdd to deposit individual
polymeric monolayers on gold supports. In this whyy, the first time, polymeric
bilayers of defined morphology, molecular packimgd membrane thickness were
produced. On the other hand, polymer bilayers dieréint substrates were produced
by spreading of pre-organized superstructures. By feasible one-step procedure
physisorbed polymer bilayers on glass, as welloaslently bound membranes on gold
could be prepared.

The polymer membranes were thoroughly characteribgd surface-sensitive
analytical technigques such as atomic force micnegd@®FM) and surface plasmon
resonance spectroscopy (SPR) to gain insights nmdgphology, homogeneity, and
thickness of the layers. SPR and AFM results irtdita thickness of 11-12 nm of the
covalently immobilized PB-PEO bilayers on gold. Aahally, AFM measurements of
the membranes prepared by Langmuir film transfersved their flatness and
homogeneity on several square millimeters. Furtibeemdrying experiments proved
air stability of these bilayers to a certain extdmwever, the presence of water is still
required to maintain the bilayer stability in thend) term. The polymer used in this
thesis rather falls into the molecular mass regwlgere entanglement between
opposing layers only starts to occur, which isgneament with reports from literature
for this chain length. Therefore stability of thieembrane system could be improved

by using longer, thus more interpenetrating, polkgne
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Nevertheless, the results presented in this tlaigady suggest superior stability of
the polymer membranes compared to conventionalghtadipid bilayers.

SPR and AFM measurements on bilayers prepared ymdymer aggregate
spreading on gold confirmed the thickness of 1vi2 AFM further revealed that the
spreading approach not only yielded homogeneoaydis, but also multilayers were
formed. In any case, full surface coverage wasashteved by this method. However,
surface coverage could be increased by the addiibrNaCl to the polymer
dispersions. This is ascribed to an osmotic eféx@rting a mechanical strain on the
membrane surface, which destabilizes the polymeemablies and facilitates their
spreading. Further treatments such as heatingingnsor quick dehydrations
remarkably improved surface coverage and bilayemdgeneity. In order to
demonstrate the membranes’ biomimetic potentidybrs prepared by spreading were
incubated with peptides, polymyxin B amathaemolysin. Occurring interactions
between the peptides and the polymer membranes adeteeted by electrochemical
impedance spectroscopy (EIS). The data suggesthbabeptides definitely have an
influence on the polymer bilayers, however, at giegge, a qualitative interpretation is
not possible. The EIS fitting procedure was essaleld for conventional lipid-based
membranes, which differ significantly regarding pitpchemical properties,
conformation and molecular packing from the PB-P&lyers. Thus, improvements
of the EIS data processing, as well as more sysiersiadies are required to extract
gualitative data from these experiments. NeverHsleve have some preliminary
evidence for occurring interactions of membranevacbiological molecules interact
with planar solid-supported polymeric bilayers. Shmight be relevant for further
applications of solid-supported block copolymer rbeames in the field of biosensing.

In this work, different methods of polymer syntlesinembrane preparation, and
surface analytics were combined to create and cteize novel polymeric systems.
This generic approach could be extended to diftggelymer chemistries or substrates,
to help address questions in fundamental researchto become a valuable platform
for technological demands. As a consequence, tloik wnight have an impact on
research fields as diverse as drug screening avedgl trace analysis, or sensor

development.
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5 Experimental part

All chemicals and solvents were purchased from &igAddrich or Fluka
(Switzerland) with the highest purity grade and)ess otherwise stated, used as

received.

5.1 Synthesis of PB-PEO-OH

THF was refluxed and stirred over Na/K-alloy andiidsmzophenone complex until
the typical purple color appeared. 1,3-butadienal)(Bvas cooled to -78°C
(0=0.78 g/mL) and purified by cryo-distillation fro@aH andnBuli. Ethylene oxide
(EO) was cooled to -78°Cof 0.99 g/mL) and purified successively by distithat
from Cah, sodium mirror, andBuli.

PB-PEO was synthesized by sequential living anipoigmerization in an one-pot
procedure carried out in a thoroughly flame-driedtomized glass vacuum apparatus.
Phosphazene bas®uP, (IUPAC name: Itert-butyl-4,4,4-tris(dimethylamino)-2,2-
bis[tris(dimethylamino)-phosphoranylidenamind)°24A°-catenadi(phosphazene)
solution (20 mL; 20 mmol; 1.0 M in hexane) was adwced into the 1 L-Schlenk
reactor under a stream of argon and the hexanalist@iéed off. The solid white base
was dried for 1 h under vacuum. Sequentially, TH®BO(mL) and 1,3-butadiene
(68 mL; 924 mmol) were condensed into the readtesk, and the solution was cooled
to -78°C. The initiatosBuLi (13 mL; 18 mmol; 1.4 M in cyclohexane) was addiia a
sealed syringe. The yellow reaction mixture reacied78°C for 12 h. Before the
sequential polymerization proceeded, a small atig(pyecursor) was taken and
precipitated in cryo-degassed methanol for GPCNIM& characterization.

Afterwards, the reaction mixture was warmed to €@nd a small amount of
ethylene oxide (approx. 10% of the total volume, 25 mL; 554 mmol) was added by
distillation. The slightly yellow, almost colorlessixture was allowed to react for 1 h
and at the same time warmed to room temperatuterwdrds, the remaining ethylene
oxide was added. The solution was warmed to 40tCtla@ polymerization proceeded
for 72 h. In the course of the polymerization, tdodor of the mixture changed to dark

blue or dark brown-red. After cooling the mixture room temperature, the
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polymerization was quenched with acetic acid (2.mbp exchange resin (Dowex
50WX4-100) was added and the mixture was stirre@flo. After filtering, the solvent
was evaporated until the mixture became viscous.pidtlymer was precipitated at least
twice in cold acetone (-30°C) and dried under vatua constant weight. A slightly

yellowish sticky solid was obtained.

The polymer was further purified by extractions.efiéfore, about 2 g of PB-PEO
were dissolved in 250 mL CHEhNnd repeatedly extracted with 10% (v/v) HCI and
water. The solution was dried over Mgseand filtered. The solvent was evaporated

under reduced pressure.

Characterization of PB-PEO-OH

The molecular weight of the block copolymer wasedsined by GPC (Agilent
Technologies; column: PLgelBn MIXED-E; Varian) and'H-NMR (Varian). A PB
aliquot, drawn prior to the sequential copolymetima was analyzed by GPC with
THF as eluent (flow: 1 mg/mL; temperature: 30 °Bqrrow poly(butadiene) standards
(PSS Polymer Standards Service, Germany) were tasedlculateM,, M,,, and the
PDI of the PB block. The number of the ethylenedexrepeating units, thus the
molecular weight, was calculated from the integagios in the‘H-NMR spectrum of

the block copolymer. The results are presenteédtian 3.2 (Table 1).

4 5 7 9
3 Oi\/\
5 & 10 OH
1/2

'H-NMR (400 MHz, CDC}): d[ppm] = 1.13-1.25 (m, 2H, $I, 1.86-2.12 (m, 5H,
H3°9, 3.60-3.67 (m, 4H, B'Y, 4.85-4.97 (m, 2H, B, 5.31-5.58 (m, 3H, &)
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5.2 Synthesis of PB-PEO-LA

Lipoic acid (LA; 268 mg; 1.3 mmol ), the couplingoprapound 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EICI; 249 mg; 1.3 mmol), and
4-(dimethylamino)pyridine (DMAP; 12 mg; 0.1 mmol)eve added to a flame-dried
flask. The solids were dried under vacuum for Zhe mixture was dissolved in
absolute DCM (10 mL), which was freshly distilledrh Cah prior to use. In a second
flame-dried flask, the polymer (4.1 g; 1.0 mmol)sadried under vacuum for 2 h and
dissolved in absolute DCM (10 mL). After NE{0.2 mL; 1.3 mmol) was added, the
solution was injected into the first flask and tieaction mixture was stirred at room

temperature for 72 h.

Afterwards the solution was washed with saturatetiGQs,, 10% (v/v) HCI, and
distilled water (three times each). The organicsghaas dried over MgSQfiltered,

and the solvent was evaporated under reduced peessu

Characterization of PB-PEO-LA
The polymer was characterized by GPC 3#eNMR (see section 5.1). The results

are presented in section 3.2 (Table 1).

O
4 NJE /7 9 OVZ\ 14 16 .18
6 8 0 1 O 13 15 19
=2 S-g

1

'H-NMR (400 MHz, CDC}): d[ppm] = 1.13-1.45 (m, 4H, #9, 1.61-1.73 (m, 4H,
H*19, 1.86-2.12 (m, 6H, BF51§, 2.35 (t, 2H, HP), 2.43-2.50 (m, 1H, 1), 3.08-3.21
(m, 2H, H®), 3.45-3.85 (m, 6H, A*Y, 4.20-4.23 (m, 2H, H), 4.85-4.97 (m, 2H,
HY), 5.31-5.58 (m, 3H, F
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53 Mono- and bilayer preparation

531 Gold substrate preparation

Ultrasmooth template stripped gold (TSG) surfacesewprepared according to a
procedure previously described by Naumatral™*" where 50 nm thin gold films
were deposited by electrothermal evaporation (088s1 5x10° mbar) on clean
silicon wafers (CrysTec, Germany) and glued witloxgpglue (EPO-TEK 353ND4,
USA) to clean microcrown glass slides (Menzel, Garyg). The glued slides were

cured for 1 h at 150 °C and stored until further.us

53.2 Monolayer transfer

PB-PEO-LA monolayers were transferred onto TSG tsates by the Langmuir-
Blodgett (LB) technique, using a KSV 5000 (KSV hwshents, Finland) Langmuir
Teflon™ trough (area 1860 c) placed on an antivibrational table in a plastbinet.
Prior to film spreading, four freshly cleaved TSGbstrates were immersed in the
subphase using a dipper. After compressing a filrthé pressure of 35 mN/m it was
left for 15 min in order for the polymer chains é&stablish their most favorable
orientation. Afterwards, a monolayer film was tf@msed at constant speed
(0.3 mm/min) on dipper upstroke. Two PB-PEO-LA euhtslides were used for
surface investigations and the other two were stdeto a second monolayer transfer,
completing the bilayer membrane. In this way, neahéntical conditions were created

for one set of samples.

533 Bilayer preparation by L Stransfer

A compressed PB-PEO-OH film (target pressure 35m)Nas produced at the air-
water interface. PB-PEO-LA coated slides were mlandhe dipper horizontally above
the floating monolayer. At constant dipper speef@ rfBn/min), the substrate was
lowered through the interface. The water surface tharoughly cleaned and the gold

slides were placed, under water, into a crystalbradish.
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5.34 Preparation of PB-PEO superstructures

The polymer (8 mg; PB-PEO-OH or PB-PEO-LA) was dlgsd in THF or CHJ
(4 mL). Under vigorous stirring, ultrapure wateO {hL) were slowly (100 pL/min)
added with a peristaltic pump to the polymer solutiDuring the addition of water, the
solution became turbid, indicating the formation fafperstructures. Under gentle
stirring at room temperature, the organic solveas wvaporated within 4 days. CHCI
was also evaporated under reduced pressure. Thatirrgsdispersions, with a
theoretical concentration of approximately 0.2 mMere consecutively extruded
through 800 nm, 400 nm, and 200 nm pore-sized pdbgnate membranes (Whatman,
United Kingdom) in a barrel extruder (Northern ldpj Canada) at 5 bar.

535 Spreading of PB-PEO superstructures

For spreading on hydrophilic glass substrates, [HO®f the polymer dispersion
were mixed with 45 mg NaCl and applied directlytie surface.

For spreading on gold, LA-functionalized polymelf-sssemblies were either added
directly to freshly cleaved TSG surfaces, or werst imixed with 8 or 45 mg NacCl,
vortexed until the salt was completely dissolvedd afterwards added to the TSG
substrates. Some spreading experiments were awllfiocarried out in an oven at
45°C, as it is described in the text.

For AFM imaging, the surfaces were rinsed withagtire water, or NaCl solution,

respectively, prior to the measurement.

5.3.6 Bilayer incubation with peptides

Bilayers formed by PB-PEO-LA aggregate spreadingew&nsed with PBS and
allowed to equilibrate for ~14 h inside the EISIl.cdlhe equilibration process was
monitored in 20-30 min and 1 h time intervals.

Alamethicin was added to the polymer bilayer inside EIS sample cell. 50 pl
peptide solution in ethanol (2 mg/mL) were addedrdfilayer equilibration.

In the case of polymyxin B, the sample volume iastde EIS sample cell was

reduced to about 200 uL prior to peptide additiowider to prevent strong dilution of
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the peptide aliquot by the electrolyte. Afterwar@,ul of the peptide in ultrapure
water (1 mg/mL) were added and allowed to inculdatel5 min to 1 h. The EIS

sample cell was filled with the required volumeetdctrolyte solution and spectra were
recorded.

For thea-haemolysin measurement, the bilayer was prepartside the impedance
cell to check successful membrane formation by ABMbsequently, the sample was
clamped into the EIS cell. 60 p&i-haemolysin solution in PBS (0.5 mg/mL) was
added directly to the cell. The electrochemical eagnce spectra were monitored over
14 h within time steps of 30 minto 1 h.

54 Mono- and bilayer characterization

541 Characterization at the air-water interface

Monolayers were investigated with a KSV 2000 Langreflon™ trough (KSV
Instruments, Finland), area 420%nequipped with two symmetric, hydrophilic
Delrin™ barriers and a Wilhelmy plate (ashless filter pagtgps, perimeter 23 mm) to
monitor the surface pressure with an accuracy bhfN/m. The trough was placed in a
plastic cabinet to prevent dust contaminations.eXlberiments were carried out in an
air-conditioned lab (20 °C). Monolayers were spremdp-wise on ultrapure water
(18.2 MQm; Millipore, Germany) surface from chloroform stduns (typically 1-

2 mg/mL). The solvent was allowed to evaporatelfomin, and the monolayers were

compressed at the rate of 1. mm/min.

54.2 Contact angle measur ements

Contact angle measurements of the covalently athamonolayer were performed
applying the static sessile drop method with ayfulbmputer-controlled instrument
(DSA 10, Kriuss, Germany). The measurements wereiedaout under constant
ambient conditions and constant drop sizeul(3 Ultrapure water was used as

medium.
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5.4.3 ATR infrared spectroscopy

ATR-IR measurements were acquired using a FTIR-8408pectrometer

(Shimadzu). Spectra were recorded with 128 scalgaasolution of 2 cth

544 Surface plasmon resonance spectr oscopy

SPR measurements were performed using a homedatilp in the Kretschmann
configuration with a He/Ne laserd € 633 nm)**? In scan mode, reflectivity is
monitored as a function of the incident angle. inekic mode, reflectivity changes
occurring at a fixed angle are recorded as a fanatif time. In order to achieve the
high in-plane wave vectors of the exciting light mbderate coupling angles, the
microcrown slide was attached to a LaSFN9 Prism {.845). Spectra were analyzed
using a four layer model including the prism, goldpno- or bilayer, and the
surrounding medium (water or air). A refractive emch = 1.5 was assumed for both,

mono- and bilayef-**!

5.4.5 Atomic for ce microscopy

AFM was carried out on a Nanowizard (JPK Instrureg@ermany), installed on an
inverted microscope (Axiovert; Zeiss, Germany). Blgaments were performed in
intermittent contact mode in liquid environment.r Hmmaging and force distance
measurements oxide sharpened silicon nitride tiN®-$; Veeco Instruments,
Germany) with a nominal spring constant of 0.32 Nwere used, whereas for
scratching experiments silicon cantilevers (OMCL240TS; Olympus, Germany)
with a nominal spring constant of 2 N/m were uétiz Typical scan rates ranged from
0.8-1.2 Hz. Cantilevers were not calibrated forcéordistance measurements; the

nominal spring constant was chosen.
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54.6 Electr ochemical impedance spectr oscopy

Measurements were conducted using an Autolab speeter PGSTAT 12 (Eco
Chemie, Netherlands). Spectra were recorded fayuérecies between 2 mHz and
100 kHz at 0 V bias potential with an AC modulatemplitude of 10 mV. Raw data
were analyzed using the ZVIEW software packagegMer2.90, Scribner Associates).
Three-electrode measurements were performed watlgohd substrate as the working
electrode, a coiled platinum wire as the countectebde, and a DRIREF-2 reference
electrode (World Precision Instruments, Germanyle fiome-built TefloR" cells had
a buffer volume of 1 mL and an electrochemicallinacarea on the substrates of about
0.28 cd.

By measuring the impedance of the system at diifeirequencies, the resistances
and capacitances of the tethered bilayer/electasdembly can be determined using a
model equivalent circuit consisting of resistor$ &Rd capacitors (G)* In this work,
we used a R(RC)C-circuit consisting of a RC elentsscribing the bilayer in series
with a capacitor ¢ and an electrolyte resistanceeRTo model the actual surface
architecture, a constant phase element (CPE) wakinstead of a capacitor. The CPE
represents a distribution of capacitors takingt $heface heterogeneity into account.
The G element represent the charge separation due gp#eer region combined with
the effects of the electrochemical double layehatgold interfacé?” **The data can
be displayed in Bode plots, where pure capacitasices up as slopes of -1 with high
phase shifts of -90°, whereas ideal resistancesepresented as horizontal regions of

low phase angled*!

54.7 Dynamic light scattering

DLS studies were carried out using a commercialiggoater (ALV, Germany)
equipped with a He-Ne laset € 633 nm) afl = 293 K + 0.05 K. The photon intensity
auto correlation functiorg?(t) was determined with an ALV-5000E correlator at
scattering angles between 40° and 140°. DLS date waealyzed via the CONTIN

algorithm.
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54.8 Transmission electron microscopy

TEM images were taken on a Philipps EM 400 (Phikpsctronics, Netherlands)
operated at 80 kV, equipped with a Megaview llIrgeacoupled device camera (CCD)
and controlled with Morgagni 268D control and imagequisition software. pL
sample was absorbed on a glow-discharged, parlo@diot carbon-coated, 200 mesh
copper grid and incubated for 1 min, before thepliowas blotted on a filter paper.

Afterwards, the samples were stained with 2% uraoglate.
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6 Additional polymers synthesized

In this section, the synthesis and characterizaifdwo end-functionalized PB-PEO

polymers are described.

6.1 Biotin-functionalized PB-PEO

This polymer can be used for specific immobilization streptavidin-modified
surfaced?” ® or for probing specific binding to streptavidirgteed compounds such as
peptides or proteins. The biotin-streptavidin applocan be applied to glass surfaces,
which allows for (single-molecule) investigationg fuorescence spectroscopy. This is
an advantage compared to the immobilizatian gold-sulfur interactions: since gold
guenches fluorescence, fluorescence spectroscapyus@ally not be performed on

gold surfaces.

Biotin (489 mg; 2.0 mmol), the coupling compound@BCI (383 mg; 2.0 mmol),
and DMAP (24 mg; 0.2 mmol) were added to a flameetdflask. The solids were dried
under vacuum for 2 h. The mixture was dissolve@bsolute DCM (10 mL), which
was freshly distilled from Cajrior to use. In a second flame-dried flask, tbmer
(820 mg; 0.2 mmol) was dried under vacuum for 2t dissolved in absolute DCM
(10 mL). After NEt (0.3 mL; 2.0 mmol) was added, the solution waedtgd into the
first flask and the reaction mixture was stirredadm temperature for 72 h.

Afterwards the solution was washed with saturate¢iGQ;,q 10% (v/v) HCI, and
distilled water (three times each). The organicsghaas dried over MgSQfiltered,
and the solvent was evaporated under reduced peestbe’H-NMR spectrum is

displayed in Figure 49.
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Figure 49. Structure and representattteNMR spectrum of PB-PEO-biotin. The biotin signaise
highlighted in green. The signal at 4.23 ppm, highlighted in blue, corresponds wrtethylene group

in the backbone, which is adjacent to the newlynied ester group.

As determined by'H-NMR, the degree of functionalization is ca. 80ROSY
measurements proved covalent coupling of biotithéopolymer &x = 1.88-10° m%/s

for 0= 4.94 andx = 1.95-10° m%s for 5= 4.32 and 4.52).
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6.2 Fluor ophor e-functionalized PB-PEO

PB-PEO-OH was functionalized with a fluorescent .dg®valently dye-labeled
polymers might be useful for diffusion measuremelys fluorescence correlation
spectroscopy for instan€8 Fluorescein- and rhodamine-based fluorophores were
used to functionalize the polymer. First, a natoagboxyfluorescein was used for
labeling. However, the reaction was not succes®idbably, the dye was not reactive
enough due to its pH sensitivity, or due to theildgium with its lactone form. The
next attempts to label the polymer were carriedusingN-hydroxysuccinimide ester-
activated carboxyfluorescein and an activated déziwf a sulforhodamine dye. Both
syntheses were not successful either. Finally, EBH®H was converted with an azide
derivate of a rhodamine-based dye (tetramethylnmiaiex5-carbonyl azide; TMRA;

Invitrogen, Switzerland).

PB-PEO-OH (24.6 mg; 6.Amol) and the TMRA (8.2 mg; 18jdmol) were dried
separately under vacuum for 2 h. The components @dissolved in 3 mL MEK each.
After the polymer solution was added to the fludro@ solution, the reaction mixture
was refluxed at 80 °C for 72 h (the azide was caedén situin a Curtius reaction into
an intermediate isocyanate, which forms stablearadies with the hydroxyl polymer
end groups).

The solvent was evaporated under vacuum and thecpiile product was dissolved
in DCM and extracted with several liters of wateantiuthe aqueous phase was

colorless.

As determined byH-NMR (see Figure 50), the degree of functionaloratis ca.
50%. DOSY measurements proved covalent couplingbiofin to the polymer
(G = 2.35-10° m%s for o= 4.94 andd = 2.49-10° m?/s for = 6.41 and 6.62).
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Figure 50. Structure and representafideNMR spectrum of PB-PEO-TMRA. The fluorophore sitm
are highlighted in purple. The signal@t 4.36 ppm, highlighted in blue, corresponds t® ttethylene

group in the backbone, which is adjacent to thelpéovmed carbamate group.
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