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Abstract  

 

Membranes are one of Nature’s most remarkable designs. Due to their importance in 

numerous cellular processes, they are prominent subjects of biochemical and biophysical 

fundamental research. In particular, it is crucial to understand the membrane morphology, 

the role of individual membrane components, and also to correlate the membrane structure 

to its various functions. Besides, systems inspired by natural membranes are of high 

interest for technological applications, such as water purification, drug screening, or 

sensing. However, the complexity and fragility of natural membranes often limit their 

direct use. For that reason, the development of membrane models is indispensable. Suitable 

building blocks for model systems could be lipids or amphiphilic polymers. 

In this thesis, robust solid-supported membrane models from amphiphilic diblock 

copolymers were designed by combining different methods of polymer synthesis, 

membrane preparation, and surface analytics. Anionic polymerization yielded a well-

defined poly(butadiene)-b-poly(ethylene oxide) polymer in terms of overall molecular 

weight and individual block length. Through a chemical modification procedure, a sulfur-

functionalized derivate of the polymer was obtained, which served for covalent 

immobilization of the polymer monolayers on ultrasmooth gold surfaces. 

For membrane preparation two different procedures were employed: on the one hand, 

individual polymeric monolayers were deposited on the gold supports by a combination of 

the well-controllable Langmuir film transfer techniques. On the other hand, in a one-step 

procedure, polymer superstructures were spread either on gold or on glass surfaces to yield 

solid-supported polymer membranes. The membranes with a covalently immobilized 

proximal leaflet by sulfur/gold chemistry possess high mechanical stability, and at the same 

time, a certain degree of mobility resulting from the non-covalent coupling of the 

individual sheets.  

The membranes were characterized by surface-sensitive techniques such as atomic force 

microscopy and surface plasmon resonance spectroscopy to gain insights into morphology, 

homogeneity, and thickness of the layers. To demonstrate the membranes’ biomimetic 

potential, they were incubated with peptides, polymyxin B and α-haemolysin. Occurring 

interactions were detected by electrochemical impedance spectroscopy.  

In summary, this thesis might impact fundamental membrane science as well as 

prospective biotechnological applications. 
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AFM   atomic force microscopy 
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BL   bilayer 
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DOSY   diffusion ordered spectroscopy 
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LB   Langmuir-Blodgett (transfer) 

LS   Langmuir-Schaefer (transfer) 
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ML   monolayer 

MMA   mean molecular area 

Mn   number average molecular weight 

Mw   weight average molecular weight 

n   refractive index  

N   number of repeating units 

NEt3   triethylamine  

OH   hydroxyl group 

π   surface pressure  

PAA   poly(acrylic acid) 

PB   poly(butadiene) 

PBS   phosphate buffered saline 

PDI   polydispersity index 

PEE   poly(ethyl ethylene) 

PEO   poly(ethylene oxide) 

PS   poly(styrene) 

ρ   density 

R, R   resistor, resistance 

rh   hydrodynamic radius  

SPR   surface plasmon resonance (spectroscopy) 

TEM   transmission electron microscopy 

θ   (phase) angle 

Tg   glass transition temperature 

THF   tetrahydrofuran  

TMRA   tetramethylrhodamine-5-carbonyl azide 

TSG   template stripped gold 
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1 Introduction 

Membranes are ubiquitous and essential for all living organisms. For instance, in the 

human body, we encounter about 100 km2 of membranes, barely 5 nm thick, forming 

the boundary of the cells and cell-organelles, such as mitochondria, Golgi-apparatus, 

endoplasmatic reticulum, or lysosomes.[1]  

Membranes are highly complex assemblies, consisting of lipids, proteins, and 

oligosaccharides, and far from only inert separation layers. Apart from 

compartmentalizing and protecting cells and cell organelles from their environment, 

they are involved in a multitude of biochemical processes. Membrane-related functions 

comprise, for instance, passive and active transport of ions between the intra- and 

extracellular space in order to maintain electrochemical gradients across the membrane. 

These gradients are of fundamental importance for the energy generation and storage, 

the cell metabolism, or the signal transduction. Furthermore, membranes are involved 

in dynamic processes such as cellular differentiation or cell migration.[2] 

The structure of a cell membrane can be described by the “fluid mosaic model” 

proposed by Singer and Nicolson in 1972.[3] It is depicted in Figure 1. 

 

 
Figure 1. A fluid mosaic model of the cell membrane.[4] 

 

According to this model, the central structural element is the lipid bilayer. It is 

arranged in such a way, that the fatty acid chains face towards each other and form the 

hydrophobic membrane core, whereas the hydrophilic parts are exposed to the intra- or 

extracellular space, respectively. 
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This arrangement is driven by the lipid geometry and the hydrophobic effect.[5-7] The 

two individual leaflets of the lipid bilayer are held together by (non-covalent) 

hydrophobic interactions. Steroids, e.g. cholesterol, are embedded in the lipid matrix, 

mainly to stabilize the structure. Membrane proteins can be embedded in the bilayer as 

integral proteins, or/and associated to one side of the bilayer as peripheral proteins. 

Thus, the cell membrane can be formally considered as a two-dimensional solution of 

proteins in a viscous lipid bilayer solvent.[3] The exact composition of biological 

membranes varies depending on the type and function of the cell or a membrane 

region.[8] 

 

Since the cell membrane with its vital functions is the most important interface in 

living organisms, modern research focuses on the investigation of its structure, 

properties, and functions. Membranes are valuable for addressing biophysical and 

biochemical questions such as studies of individual membrane-related processes, 

investigations of membrane components at a single-molecule level, or ligand-receptor 

binding. In pharmaceutics, they are very important as therapeutic targets, since 

antibiotics or virus receptors interact with membranes. Furthermore, integral proteins 

are one of the key targets for drugs. However, due to their high hydrophobicity, 

investigations have to be performed in their natural environment, i.e. in a lipid 

membrane.[1] The thorough investigation of integral proteins in lipid membranes is a 

fundamental step in drug design and development.[9] Besides basic research, 

membranes are also highly attractive for industrial research. Membranes might be 

technologically interesting, e.g. for water purifications and desalination applications.[10, 

11] Moreover, they could act as platform for sensor devices, with potential applications 

in trace analysis or in biosensing.[10, 12]  

However, natural membranes as highly specialized and complex multi-component 

assemblies are not always suitable to investigate and understand distinct membranes 

functions. Furthermore, their complexity is disadvantageous for many technological 

and industrial processes. Therefore, the development of simplified biomimetic model 

membranes (either in solution or on surfaces) is necessary. In order to break down the 

complexity of natural membranes, model systems usually consist of only a few 

membrane components, mainly mimicking a characteristic feature of the membrane, 

e.g. the central bilayer structure.  
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Following Nature, commonly (phospho)lipids are implemented as building blocks to 

create membrane mimics. Even though some reports on advanced lipid-based systems 

were already published,[13-15] they still suffer from some drawbacks. Lipids are prone to 

oxidation, and chemical modification of lipids with functional groups is limited. 

Moreover, lipid membranes may not posses sufficient stability, mechanically and 

against air,[16] which - depending on the conditions - limits their use for technological 

applications. 

These drawbacks can be overcome by employing alternative building blocks, i.e. 

amphiphilic block copolymers. These polymers are already well-known in the field of 

materials science, surface coatings or tissue engineering.[17-20] Recently, amphiphilic 

block copolymers also attracted considerable interest as constituents for model 

membranes,[21-24] and proved to be a suitable platform to study specific (membrane) 

proteins and protein-related processes in a non-natural environment.[25-29] With an 

appropriate molar mass and hydrophilic to hydrophobic block ratio, amphiphilic block 

copolymers adopt the bilayer structure in water.[30, 31] Since the molecular weight of 

polymers can be considerably higher compared to lipids, the resulting membranes 

thickness can be also larger than that of lipid membranes, thus making polymer 

membranes mechanically more stable.[32] Polymer synthesis allows for the adjustment 

of such parameters as block length, molecular weight, chemical composition, 

hydrophilic/hydrophobic balance, and molecular architecture. Hence, a wealth of 

possibilities are accessible to tailor customized block copolymer membranes.[23, 33]  

 

 

1.1 Models of non-supported membranes 

In the development of membrane models, cues can be taken from self-assembly of 

amphiphilic molecules. The common characteristic feature of amphiphiles such as 

surfactants, lipids, or amphiphilic block copolymers, is the covalent linkage of parts 

with different polarities, which favor different solvents. The covalent bond prevents 

macroscopic phase separation. When exposed to a selective solvent, amphiphiles can 

self-assemble into lyotropic phases such as micelles or lamellae (vesicles). Self-

assembly into mesophases takes place in the dilute regime, but the amphiphile 

concentration has to exceed the critical aggregation concentration (CAC).[34, 35] 
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Long-range repulsive interactions between the parts of different polarity, as well as 

short-range attractive forces by covalent bonds between the incompatible parts, are 

involved at the same time during the microphase separation process.[19] The aggregates 

themselves are held together solely by non-covalent interactions.[21] 

The superstructures formed upon self-assembly of amphiphilic molecules such as 

lipids or polymers can serve as membrane models. The most prominent membrane 

models in solution, i.e. black lipid membranes, Langmuir monolayers, and vesicles 

(liposomes) are depicted in Figure 2 and will be briefly presented in this section. 

 

 

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

(C) vesicle.  

 

 

Black lipid membranes (BLMs), or black polymer membranes,[36, 37] are free-

standing bilayers, spanned over a small aperture in a hydrophobic material such as 

Teflon™.[38-40] BLMs are well suited for measurements of transmembrane currents on a 

single-channel level.[41] Even though they provide valuable information about transport 

processes in membranes, their potential for technological use is restricted: they are 

mechanically fragile and their long-term stability is limited.[16] 
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Langmuir monolayers are monomolecular thin films floating at the air-liquid 

interface.[42, 43] They can be produced by spreading a solution of a surface-active and 

water insoluble compound, e.g. a lipid or an amphiphilic polymer, on the free surface 

of a liquid subphase. Since they resemble, in contrast to BLMs or vesicles, only a 

monolayer, they are less suited to investigate transmembrane processes, but they are 

appropriate to study interactions occurring at the membrane surface.[44] In particular 

studies of binary polymer-peptide or polymer-lipid mixtures revealed interesting 

insights into the behavior of mixed phases.[45, 46] 

 

Vesicles are hollow, lamellar spherical structures, with dimensions ranging from 

nanometers to several tens of micrometers. If the vesicle constituents are lipids, they 

are referred to as liposomes. Vesicles can be prepared either by solvent-free techniques, 

such as rehydration or electroformation,[47] or by solvent displacement techniques 

utilizing a co-solvent.[48] Further treatments like extrusion,[49] chromatography,[50] 

freeze-thawing,[51] or a combination of these methods can be applied to create a 

homogeneous dispersion of vesicles with defined sizes. With vesicles, it was possible 

to investigate, for example, permeability and solute transport through bilayers.[28, 52] 

Furthermore, vesicular membrane models proved to be useful for membrane protein 

reconstitution.[53-55] 

Vesicles from amphiphilic block copolymers (polymersomes) were first described 

by Eisenberg and co-workers.[56] Those bilayer structures in solution very well mimic 

biological membranes and as such have found several applications.[28, 57] Contrary to 

lipids, however, self assembly processes in polymer solutions are more complex, in 

particular due to the large polymer size. In the following sections, we will describe the 

concepts of polymer self assembly in solution and discuss some aspects of 

thermodynamic and kinetic stabilization. 
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1.2 Block copolymer membranes 

In general, block copolymers are built of two constitutionally different blocks A and 

B, which are linearly linked. Within the sequence, one block type can appear repeatedly 

to yield, for example, an ABA sequence. In the case of amphiphilic block copolymers, 

the constitutionally diverse blocks should differ also concerning their polarity. Polymer 

synthesis allows for the alteration of amphiphilic properties through different chemical 

composition, absolute chain length, or relative block length.[33] 

 

 

1.2.1 General aspects of self-assembly 

Similar to their low molecular weight counterparts (e.g. lipids, surfactants), 

amphiphilic block copolymers self-assemble in block-selective solvents and form 

lyotropic phases such as micelles or lamellae.[17, 18, 21, 23] Amphiphilic self-assembly can 

be described by geometrical and thermodynamic aspects. The determining factor for 

aggregate shape is the volume ratio of the hydrophobic block to the hydrophilic one, 

because it controls the interfacial curvature.[58] By changing this ratio, specific self-

assembled nanostructures such as spheres, cylinders, or bilayers can be targeted 

according to the “packing parameter”.[5] 

A theoretical description of amphiphilic self-assembly was given by Wang.[59] In 

brief, depending on the block copolymer composition, a curved bilayer as found in 

vesicles may become favored over a flat one. Similarly, Antonietti and Förster[58] 

consider the lower free energy of curved bilayers as compared to flat ones as the 

driving force for vesicle formation. If the sheet-like aggregates are large enough, they 

close to vesicles as illustrated in Figure 3. 

 
Figure 3. Schematic illustration of the formation of bilayers and their closure to vesicles.[58] 
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The minimization of the system’s total free energy is the driving force for 

amphiphile aggregation. The free energy can be decreased by energetic and entropic 

contributions. On the one hand, a decrease of the free energy can be achieved by 

decreasing the interfacial energy of the hydrophobic-hydrophilic interface, which, in 

turn, can be accomplished by reducing the interfacial contact area.[58] On the other 

hand, aggregation decreases the total entropic loss, because the contacts between water 

molecules and hydrophobic blocks are minimized (“hydrophobic effect”).[7] In other 

words, amphiphile aggregation leads to an entropic gain of the water molecules. 

However, many amphiphilic block copolymers have a considerably low CAC - for such 

polymers, morphology and size of the aggregates are usually not based on molecular 

exchange and equilibrium processes, but are rather trapped by the preparation 

conditions.[58] Hence, block copolymer self-assemblies can be considered as non-

equilibrium structures, as explained in detail in the following section. The non-

equilibrium state is strongly coupled with the morphological variety and the complexity 

of polymer aggregates. Among others, the preparation conditions determine the 

aggregate shape, by inducing a certain bilayer asymmetry that leads to spontaneous 

curvature minimizing the energy for the system of interest.[58] 

 

 

1.2.2 Thermodynamic and kinetic stabilization  

One of the first reports describing multiple block copolymer morphologies was 

published by Zhang and Eisenberg.[56] By varying the hydrophilic content of 

poly(styrene)-b-poly(acrylic acid) (PS-PAA) block copolymers, different morphologies 

of “crew-cut” aggregates (where corona-forming hydrophilic blocks are much shorter 

than core-forming hydrophobic blocks) were obtained. More precisely, by gradually 

decreasing the PAA content, micelle morphology changed from spherical to rod-like, 

and finally vesicles were obtained. The preparation of the aggregates was aided by 

organic solvents, i.e. DMF, swelling the hydrophobic PS cores. Upon DMF removal by 

e.g. dialysis against water, the core structures became kinetically frozen at room 

temperature due to the glassy nature of PS. 
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The polymorphism of block copolymer aggregates was also demonstrated by Bates 

and co-workers. The aggregation structure of PEO-based block copolymers could be 

controlled by varying the PEO content.[60] Analogous to the reports from the Eisenberg 

group, a decrease of the hydrophilic volume ratio led to morphological transitions from 

spheres to cylinders to bilayers, which is in accordance with a decrease in curvature. 

The morphology of PS-PAA aggregates described by Eisenberg results from the 

balance of three main contributions to the free energy: chain stretching in the core, 

interfacial energy or tension, and repulsion between corona chains.[56] They control the 

aggregate architecture and upon their alteration, morphological changes of block 

copolymer aggregates can be induced.[61] They can be altered by parameters such as the 

absolute block length, the block ratio, the polymer concentration in the stock solution, 

temperature, the presence of electrolytes, the nature of the common solvent, and the 

process of water addition (speed, volume). In particular, the last parameter was 

systematically investigated by Yu and Eisenberg.[31] At low water content versus the 

common solvent, the exchange of polymer chains between bulk solution and aggregates 

is assumed to take place. Thus, at this stage, the self-assembly is under thermodynamic 

control. As the water content increases, the exchange rate of polymer chains slows 

down, resulting in kinetically frozen (trapped) intermediate structures. These 

experimental observations even allowed for the postulation of aggregate formation 

mechanisms. In accordance with the considerations by Förster and Antonietti,[58] 

lamellae were considered as precursors of (large) vesicles. 

 

According to a recent review, it is believed that the morphologies of block 

copolymer aggregates containing rather liquid hydrophobic cores, e.g. consisting of 

poly(butadiene) (PB) or poly(ethyl ethylene) (PEE), are not dictated by the kinetically 

frozen hydrophobic blocks.[62] However, from a careful literature study, it becomes 

apparent that the arguments for the formation of kinetically trapped PS-containing 

aggregates, account also for PB- or PEE-containing superstructures.[63, 64] As explained 

above, the formation of trapped intermediate, non-equilibrium structures originates 

mainly in extremely slow component exchange kinetics. Additionally, large chain 

length and high aggregate surface viscosity[64] are assumed to hamper the establishment 

of a global equilibrium.[63] However, a local equilibrium can be achieved by adopting 

the shape with minimal energy.[64] 
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In this context, Jain and Bates used the term “nonergodicity” to explain the 

phenomena observed by Eisenberg and co-workers.[63] 

 

Still, the long-lasting discussions about the thermodynamic state of block copolymer 

aggregates are far from concluded. Eisenberg group reported about thermodynamically 

controlled block copolymer aggregates,[65-67] since the size of PS-PAA vesicles 

responded reversibly to changes in the solvent composition.[65, 66] Changes of vesicle 

sizes are driven by the interfacial energy contribution to the free energy in such a way, 

that the system minimizes the surface area by increasing the vesicle size and decreasing 

the total number of vesicles. This was experimentally achieved by addition of water. 

Hence, at low water contents the vesicle radii were smaller. The intrinsic polymer 

polydispersity stabilizes such high curvature vesicles by segregation of the PAA 

blocks. Fluorescence quenching experiments showed that shorter chains will be located 

at the inner side of the vesicle membrane, whereas the longer chains are present on the 

outer vesicle shell. 

 

The examples of amphiphilic self-assembly discussed so far exclusively refer to 

block copolymer aggregates in solution. On the other hand, for studying membrane 

functions, individual membrane components, or membrane-related processes, and also 

for specific technological applications, e.g. sensing, the membrane confinement on 

solid surfaces may be highly desirable. Moreover, in-detail structural investigations can 

be performed on surface-immobilized systems, since they are accessible to surface 

characterization tools, such as atomic force microscopy or surface plasmon resonance 

spectroscopy. These arguments principally motivated the development of solid-

supported membrane models. 
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1.3 Solid-supported membrane models 

This particular class of membrane models was developed in the 1980s. Common 

preparation techniques for such membranes are Langmuir film transfers,[68-70] or vesicle 

spreading.[71, 72] Early attempts comprised the direct deposition of lipid bilayers onto 

solid substrates by vesicle fusion.[73, 74] This resulted in membranes, only separated 

from the solid support by an ultrathin (1-2 nm) water film.[75, 76] However, this concept 

suffers from a number of intrinsic difficulties. The mere physical coupling between the 

lipid bilayer and the solid support eventually may lead to partial detachment of 

membrane constituents or replacement by other surface-active compounds.[77] 

Furthermore, as depicted in Figure 4 a, the membrane-substrate distance is usually not 

large enough to avoid direct contact between incorporated membrane components (e.g. 

integral proteins) and the solid surface.[78] Some of the proteins envisaged for basic 

biophysical studies or technological applications, however, possess functional units 

which protrude far out from the bilayer.[77] Strong interactions and/or frictional 

coupling between the substrate and incorporated proteins might lead to partial loss of 

functionality or even to complete protein denaturation.[77] 

Next generations of solid-supported membranes were therefore optimized in such a 

way that unfavorable contacts between the substrate and integral membrane 

components can be avoided. Two major concepts, depicted in Figure 4 b and c, are 

used to achieve this improvement: lipid bilayers are either “cushioned” on polymer or 

polyelectrolyte films,[75, 76, 78, 79] or covalently coupled to the substrate by anchor or 

spacer groups (and are often referred to as “tethered bilayer membranes”).[77, 79, 80] 

Recent attempts involved the introduction of spacer units like peptides, oligomers, or 

polymers.[13, 78, 80-83] 

 
Figure 4. Different types of solid-supported membranes. (a), the bilayer is deposited directly onto the 

solid substrate, (b) the bilayer is decoupled from the substrate by a polymer cushion, or (c) by a 

particular tether unit.[78] 
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In particular, the approach of covalent tethering is of central importance to this 

thesis. This concept guarantees a mechanically and chemically robust attachment of the 

bilayer to the solid support, while at the same time the membrane retains its fluid 

character.[80] However, despite these advantageous properties, lipid-based solid-

supported membranes still suffer from some drawbacks. As mentioned before, lipid 

membranes lack mechanical stability, their long-term stability, in particular in gaseous 

environment is limited, and they also lack chemical versatility. Therefore amphiphilic 

block copolymers might be a suitable alternative to lipids as membrane building blocks. 

In contrast to lipid-based solid-supported membranes, the research area of solid-

supported block copolymer membranes has just emerged a few years ago. So far, 

basically two different architectures of solid-supported polymeric membranes have 

been reported: they consist either of planar bilayers,[84, 85] or well-defined polymer 

aggregates.[27, 86] 

Concerning the latter system, two recent publications[27, 86] made use of the specific 

and strong streptavidin-biotin binding assay to immobilize triblock copolymer vesicles 

on glass. Rosenkranz et al. employed this approach to investigate protein folding at a 

single-molecule level. Proteins, encapsulated in triblock copolymer nanocontainers, 

could be individually observed for extended time periods. So far, this was impossible to 

accomplish for freely diffusing molecules in solution.[86] 

Moreover, this immobilization method proved useful for studying enzymatic 

conversions on precisely patterned surfaces. Grzelakowski et al. encapsulated an 

enzyme in surface-bound hybrid protein-polymer nanoreactors.[27] A fluorogenic 

substrate was introduced into the nanoreactors via a previously incorporated channel 

protein. By enzymatic conversion, it became insoluble and fluorescent, thus detectable 

by laser scanning microscopy. This approach of tethering polymer vesicles to solid 

surfaces represents the first attempt towards potential applications in the field of 

analytics, in particular sensing, or in microfluidics. 

 

In parallel, Rakhmatullina et al. presented first attempts towards planar solid-

supported block copolymer membranes. The membranes were prepared either by 

surface-initiated radical polymerization (“grafting-from”),[84] or by vesicle fusion 

through adsorption.[85] In the very first report,[84] atom transfer radical polymerization 

was applied to prepare surface-grafted triblock copolymer membranes on gold. A 
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variety of different surface-analytical techniques not only provided information about 

the layer thickness and surface topography, but also allowed for insights into the block 

orientation. It was revealed that during the growth of the individual blocks, the polymer 

chains became oriented in such a way that they tilted increasingly towards the gold 

surfaces.[84] 

Amphiphilic triblock copolymer membranes have also been prepared by vesicle 

fusion through adsorption of polyelectrolyte vesicles[87] on different substrates. In 

particular, on mica, defect-free block copolymer membranes could be produced 

through electrostatic interactions between the positively charged polymer vesicles and 

the negatively charged, hydrophilic mica surface.[85] Such a membrane is depicted in 

Figure 5. 

 
Figure 5. Sketch and AFM images of a solid-supported triblock copolymer membrane on mica.  

(A) Defect-free copolymer membrane on mica (topography and phase image). The surface histograms, 

taken before (C) and after vesicle deposition (B) show an increase of surface roughness.[85] 

 

 

Potential applications of solid-solid supported membranes as sensing devices for 

instance, may require successful incorporation of biological moieties, such as 

membrane proteins. However, the polycationic character of the membranes prepared by 

vesicle spreading might impede functional incorporation of biological molecules. 

Additionally, the grafted membranes on gold might be too densely packed for protein 

incorporation and considerable synthetic efforts might be needed to reduce (and 

control) the chain packing density. Therefore, these fist attempts towards solid-

supported polymer membranes can be improved in order to create systems with a well-
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controlled packing density. This could be achieved by the application of amphiphilic 

self-assembly instead of surface chemistry or electrostatics. Self-assembly allows for 

fast preparation of well-defined polymer membranes with large surface coverage. 

Additionally, polymers with very different chemical compositions can be used,[24] 

unrestricted by the limitations of surface grafting methods. This versatility should lead 

to membranes that can be possibly applied in biophysical studies, sensor developments, 

or nanotechnology.  
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2 Motivation and concept 

Despite remarkable advances in the development of membrane models in the past 

decades,[79, 80] there is still a great demand for further improvements. The commonly 

used lipid-based models suffer from some fundamental drawbacks, such as limited 

chemical functionality and versatility. Moreover, poor stability against air[16] and the 

lack of long-term mechanical stability are particularly disadvantageous for prospective 

technological applications, e.g. in drug screening or sensor development. 

Therefore, the aim of this work is to develop a new generation of stable and versatile 

solid-supported membranes, based on amphiphilic block copolymers: such bilayers are 

expected to outperform lipid-based membranes. Regarding their preparation and the 

resulting properties, the major advantages are: (i) chemical tailoring of the membrane 

building polymers, due to the availability of numerous monomers with various 

functionalities; (ii ) the possibility of using controlled polymerization techniques for the 

adjustment of the overall molecular weight, thus for adjusting the membrane thickness; 

(iii ) the tunability of hydrophilic to hydrophobic ratio, thus controlling the 

physicochemical properties and polymer self-assembly; (iv) enhanced mechanical 

stability, due to high polymer molecular weight and the resulting thicker membranes. 

 

Considering these points, the major goal of this thesis, i.e. to prepare solid-supported 

block copolymer membranes, was approached through the following objectives: 

(i) to demonstrate the feasibility of the self-assembly approach to create solid-

supported polymer bilayers 

(ii ) to explore different preparation strategies 

(iii ) to thoroughly characterize the membranes 

(iv) to investigate membrane stability, particularly in air 

(v) to study the biomimetic potential of the supported bilayers 
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To realize these objectives, diblock copolymers based on poly(butadiene)-b-

poly(ethylene oxide) (PB-PEO) were chosen. These polymers were previously shown 

to produce fluid vesicular membranes[60, 88] and monolayers at the air-water 

interface.[89] It was also demonstrated that vesicles from PB-PEO do not exhibit toxic 

effects on living cells[88] and are able to host membrane-active peptides.[90] 

The bilayer architecture can be achieved by two different methods: on the one hand, 

a combination of sequential Langmuir film transfer techniques was employed to deposit 

individual polymer monolayers on ultrasmooth gold surfaces. On the other hand, a one-

step procedure, i.e. spreading of polymer aggregates on gold or glass substrates, was 

applied. The resulting membranes can be analyzed by surface-sensitive techniques, 

such as contact angle measurements, atomic force microscopy, and surface plasmon 

resonance spectroscopy, to gain insights into morphology, homogeneity, and thickness 

of the layers. Finally, the ability of the membranes to act as a hosting matrix for 

biologically active moieties could be probed by electrochemical impedance 

spectroscopy. 
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3 Results and discussion 

The first two sections of this chapter focus on the synthetic part, i.e. polymer 

synthesis, purification, functionalization, and characterization. The following two 

sections include the preparation and characterization of solid-supported 

poly(butadiene)-b-poly(ethylene oxide) (PB-PEO) membranes, and are dedicated to 

membranes prepared by Langmuir film transfer techniques, and by spreading of 

polymer superstructures, respectively. 

 

 

3.1 Synthesis of PB-PEO-OH 

PB-PEO block copolymers were synthesized by sequential living anionic 

polymerization. This technique allows for the synthesis of tailor-made polymers,[91, 92] 

with well-defined polydispersities, molecular weights, and hydrophilic volume 

fractions. 

More precisely, a procedure was followed that utilizes the phosphazene base 

tBuP4.
[93, 94] This base prevents the strong association of the living PEO chain ends with 

the Li+ counter-ions from the initiator, and therefore allows for a sequential one-step 

polymerization without intermediate steps. The reaction scheme is depicted in Figure 6. 

 

 

 
Figure 6. Reaction scheme of the one-pot anionic copolymerization of 1,3-butadiene and ethylene oxide. 
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Polymers synthesized by anionic polymerization can be obtained in high yields and 

almost pure, because side products should not form and non-reacted monomers can be 

removed under vacuum. Usually, purification comprises only precipitation. However, 

in this case, the phosphazene base could neither be fully removed by repeated 

precipitations in appropriate solvents such as acetone, water, methanol, or ethanol, nor 

by addition of an ion exchange resin. In some cases, the tBuP4 content was up to 60%, 

as determined by 1H-NMR. This contamination might negatively affect prospective 

applications, where the polymer is in contact with sensitive biological compounds such 

as transmembrane proteins. Therefore, repeated extractions with water and 10% (v/v) 

HCl were performed, followed by additional precipitations. In this way, it was possible 

to lower the tBuP4 content to less than 1%. 

The polymerization reaction yielded 90% 1,2 and 10% 1,4 isomer, as determined by 
1H-NMR. The isomers are statistically distributed. A representative spectrum of PB-

PEO-OH is shown in Figure 7. 

 

 

 
Figure 7. Representative 1H-NMR spectrum of purified PB-PEO-OH. The signals at δ = 2.6 ppm are 

assigned to tBuP4. Analysis of the integrals revealed a tBuP4 residue of less than 1%. A detailed peak 

assignment is presented in the experimental part.  

 

 

The molecular weight of the block copolymer was determined by GPC and 1H-

NMR. First, a PB aliquot, drawn prior to the sequential copolymerization, was analyzed 

by GPC with THF as eluent. Narrow poly(butadiene) standards were used to calculate 

Mn, Mw, and the polydispersity index (PDI) of the PB block (NPB = 52). The number of 

the ethylene oxide repeating units (NPEO = 29), thus the molecular weight, was 
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calculated from the integral ratios in the 1H-NMR spectrum of the block copolymer. 

The results are summarized in Table 1 (see section 3.2). 

 

 

3.2 Synthesis of PB-PEO-LA 

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

classical esterification conditions, as shown in Figure 8. 

 

 

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

 

 

This provided an easy synthetic route to a sulfur-functionalized polymer PB-PEO-

LA, which can serve for covalent immobilization on gold substrates. As sulfur is 

integrated as disulfide in a dithiolane ring, no special precautions have to be taken and 

the handling is much easier than with the more sensitive free thiols. A similar approach 

was used for tethering phospholipids to ultrasmooth gold substrates.[83] 

Figure 9 shows a representative 1H-NMR spectrum of PB-PEO-LA. Compared to 

the spectrum of the hydroxyl-terminated PB-PEO (see Figure 7), new signals, which 

can be assigned to the LA end group, are present. The discrete lipoic acid signals are 

highlighted in orange. The signal marked in blue corresponds to the methylene group of 

the PB-PEO backbone adjacent to the newly formed ester group. This hints already 

towards covalent functionalization of PB-PEO with lipoic acid. 
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Figure 9. Structure and representative 1H-NMR spectrum of PB-PEO-LA. The signals from the lipoic 

acid group are highlighted in orange. The signal at δ = 4.22 ppm, highlighted in blue, corresponds to the 

methylene group in the backbone, which is adjacent to the newly formed ester group. A detailed peak 

assignment is presented in the experimental part. 

 

 

The degree of functionalization was determined by 1H-NMR. The distinct signal of 

the terminal protons of the 1,2 isomer at δ = 4.85-4.97 ppm served as reference signal. 

Two-dimensional diffusion ordered spectroscopy (DOSY) was applied to prove 

covalent linkage of PB-PEO-OH to all functionalization reagents present in the system 

after the work-up procedure. DOSY is based on a pulse-field gradient spin-echo NMR 

experiment, in which components experience different diffusion, for instance according 

to their size or shape. Since this technique is capable to resolve components whose 

diffusion coefficients differ only by a few percent, it is a valuable tool for identifying 

individual components in complex mixtures.[95, 96] 

The diffusion coefficients ascribed to distinct signals from the polymer backbone 

and the end-groups are in the same order of magnitude, indicating the same diffusion 

behavior for backbone and end-group in the applied field gradient. Thus, end-

functionalization of the polymer was successful. Table 1 summarizes the results. 
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Table 1. Polymer characterization results obtained by GPC, 1H-NMR, and DOSY. 

 

                                     δ diff [m
2/s]

NPB        NPEO M n  [g/mol]  PDI DF % endgroup polymer backbone

PB-PEO-OH 52 29 4100 1.07

PB-PEO-LA 52 29 4300 1.09 85 2.18×10-10 2.16×10-10

 

NPB and NPEO are the numbers of repeating units, Mn is the number average molecular weight calculated 

from GPC and 1H-NMR, PDI is the polydispersity index denoted as Mw/Mn with Mw the weight average 

molecular weight. DF is the degree of functionalization calculated from 1H-NMR and δ diff is the 

diffusion constant obtained from DOSY measurements. The constants are assigned to clearly identified 

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

This section is subdivided into three parts, with the first two parts discussing PB-

PEO monolayers at the air-water interface, as well as on gold. The third part deals with 

the characterization of PB-PEO bilayers on gold, including experiments on membrane 

stability. 

 

 

3.3.1 Monolayers at the air-water interface 

The polymers used for the assembly of solid-supported membranes by Langmuir 

monolayer transfer were PB-PEO-OH and PB-PEO-LA. First, they were characterized 

at the at the air-water interface by surface pressure-area isotherms (π-A). 

Representative isotherms recorded at 20 °C on ultrapure water are presented in 

Figure 10 (A: PB-PEO1-OH, B: PB-PEO1-LA). Unlike low molecular weight 

amphiphiles, polymers usually do not display clear, well-defined phase transitions.[97] 

In order to gain deeper insight in possibly occurring transitions, compressibility moduli 

Cs
-1 = -A(∂π/∂A)T were calculated, using the first order derivatives of the isotherms.[98] 

 

     

Figure 10. Surface pressure (π) and compressibility modulus Cs
-1 versus mean molecular area for the PB-

PEO-OH and –LA. Part A refers to the OH-terminated and B to the LA-functionalized block copolymer. 

The isotherms were recorded at T = 20 °C. I, II, and III are explained in the text. 
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At low surface pressures and mean molecular areas >800 Å2 (I) it is assumed that 

the polymer films are in an expanded state (“pancake” conformation), with the 

hydrophobic PB blocks lying flat at the air-water interface. The insoluble PB chains are 

anchored to the interface by water-soluble PEO blocks. The PEO segments are assumed 

to adopt a flattened conformation at the interface.[99] In this relaxed state, no difference 

in the π-A-isotherms of the two polymers was recognizable. 

Upon compression, an increase in surface pressure and compressibility modulus of 

both polymers was measured (II), indicating that the films undergo a transition from a 

gas-like to a more condensed phase. The maxima of the compressibility moduli of both 

polymers in this phase were calculated to 21 mN/m, corresponding to liquid expanded 

regimes.[100] At smaller mean molecular areas, approximately 380 Å2 for the OH-

terminated polymer (Figure 10 A) and 485 Å2 for the LA-terminated polymer (Figure 

10 B), a second phase transition was revealed, as characterized by stagnating Cs
-1 

values. These phase transitions did not show any temperature dependence in the range 

from 14 to 28 °C, which means that the observed transitions are rather related to 

conformational rearrangements of the PEO blocks in the subphase than to first order 

phase transitions. As reported before,[99] such transitions are assigned to the dissolution 

of the PEO blocks in the subphase. In this region, the PEO blocks extend into the 

subphase increasing intermolecular interactions by hydrogen bonding[99] while the 

water-insoluble PB blocks serve as an anchor to the interface. This “pseudo-plateau” 

region becomes more pronounced with increasing PEO block length.[89, 99, 101] The 

block copolymers used in this work bear only about 29 PEO units, and therefore the 

plateau is not clearly visible. However, the first derivative of the isotherms reveals the 

constant Cs
-1 region with proceeding partial PEO dehydration. 

Further compression led to a slightly less compressible, i.e. liquid-like, phase with 

similar Cs
-1 values for both polymers (III). At a mean molecular area of 100 Å2, the 

compressibility moduli of 30 mN/m for the OH-terminated polymer and 26 mN/m for 

the LA-terminated polymer, respectively, suggest a qualitatively similar organization 

pattern for the two polymers. Finally, the surface pressure of both polymers increases 

steeply until the films collapse at 44 mN/m. 

Upon multiple compression-expansion-cycles no hysteresis could be detected. 

Hence, the isotherms were fully reversible, meaning that the films elastically responded 

to area changes, and the polymers did not dissolve in the subphase.
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Additionally, polymer organization at the air-water interface was investigated by 

Brewster angle microscopy. The observed monolayers were smooth and did not show 

any significant features over the whole compression range. 

 

In order to create defect-free bilayers by consecutive Langmuir-Blodgett/-Schaefer 

film deposition, film stability is crucial. Therefore, the polymer monolayers were 

compressed to the surface pressure applied in the transfer experiments, which was 

monitored over time. The compressed monolayers maintained the pressure for longer 

than 100 min, which was the usual duration for the transfers, indicating high film 

stability. 

 

 

3.3.2 Monolayers on gold  

Covalent immobilization of sulfur-containing PB-PEO-LA monolayers on 

ultrasmooth gold substrates was accomplished by Langmuir-Blodgett (LB) transfer, as 

depicted in Figure 11. A major advantage of the LB transfer technique is the ability to 

produce highly ordered monolayers without major defects on very large scales 

compared to the size of its components. It has been applied for the controlled 

fabrication of highly ordered monomolecular films[102] and successfully employed for 

lipid bilayer preparation.[14, 74, 103] 

 

 
Figure 11. Monolayer transfer: The gold substrate is covalently coated with a monolayer of sulfur-

functionalized polymer on the dipper upstroke. 
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Film depositions were performed at the surface pressure of 35 mN/m, which refers 

to 80% of the collapse pressure. The corresponding compressibility modulus of the 

monolayer is 26 mN/m. In this phase, the polymer films assume the most densely 

packed brush-like order. The transfer ratios are approximately 1.3. Since the transfer 

ratio is an approximate indication of the transfer quality,[104] our value moderately 

deviating from unity is acceptable and suggests successful monolayer transfer. 

 

In order to follow the surface functionalization process, contact angle measurements 

were carried out on the bare gold surface and the transferred LB film. Contact angles 

increased from 60° for freshly cleaved gold substrates to at least 90° for the PB-PEO-

LA-covered substrates. The contact angle values were obtained from at least five 

different individual measurements on the same sample. The changes towards higher 

values stem from the hydrophobic poly(butadiene) blocks facing away from the gold 

surface. 

 

 

3.3.2.1 Characterization by ATR-IR  

The transfer ratios and the contact angle measurements already hint towards 

successful immobilization of a sulfur-functionalized PB-PEO monolayer on gold. 

Furthermore, attenuated total reflection infrared spectroscopy (ATR-IR) was applied to 

investigate the sample. A blank gold slide was measured as a reference, for which no 

adsorption bands could be detected. 

Spectra of PB-PEO-OH and PB-PEO-LA monolayers on gold were recorded. First, 

the measurements were performed immediately after transfer. The spectra are shown in 

Figure 12, with the full triangles referring to the lipoic acid-modified polymer and the 

full circles to the hydroxy-terminated polymer. The spectra clearly show the CH and 

CH2 absorption bands of the polymer backbones. 
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Figure 12. Section of an ATR-IR spectrum of hydroxyl- and lipoic acid-functionalized PB-PEO. Full 

symbols refer to measurements directly after transfer and the open symbols to measurements upon 

rinsing. 

 

 

In order to prove covalent immobilization, the functionalized gold slides were rinsed 

with good solvents such as THF or CHCl3. The non-covalently bound PB-PEO-OH 

film could be fully removed upon rinsing, since the PB-PEO absorption signals are not 

present any more (empty circles). In contrast, the covalently immobilized PB-PEO-LA 

monolayer could not be removed by rinsing with a good solvent, thus the polymer 

backbone absorption bands are still present (empty triangles). 

This experiment confirms covalent functionalization of the polymer with lipoic acid, 

as well as covalent immobilization of the polymer on the gold substrates. 

 

 

3.3.2.2 Thickness determination by SPR 

Monolayer formation was also characterized by surface plasmon resonance 

spectroscopy (SPR). This optical method allows for non-invasive thin film 

characterization and is very sensitive to small changes in adsorbed mass. A major 

advantage of this technique is the label-free detection. Figure 13 shows the 

representative angular spectra of a blank gold substrate and of a gold slide 

functionalized with a PB-PEO-LA monolayer. 
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Figure 13. Representative angular SPR spectra measured in ultrapure water showing the shift of the 

reflectivity minimum from blank gold to the covalently attached PB-PEO-LA monolayer. The solid lines 

represent the fit. 

 

 

The shift of the reflectivity minimum from the blank gold (crosses) to the PB-PEO-

LA monolayer (full squares) is clearly visible in Figure 13. From Fresnel equation-

based calculations, the optical thickness of the monolayer can be obtained. Assuming a 

refractive index of 1.5 for the block copolymer, a mean geometrical thickness of 

6.1 ± 0.4 nm was calculated. The experiments were performed in air as well as in water 

and data analysis resulted in the same monolayer thickness which means that neither 

strong swelling nor drying alters the monolayer thickness. We note that SPR yields 

average mass thicknesses, meaning that it cannot distinguish rough or patchy films 

from plane layers. 

 

 

3.3.2.3 Characterization by AFM  

To study local film morphology, atomic force microscopy (AFM) was applied for 

monolayer characterization. Information about homogeneity, structural defects, and 

roughness of the monolayers can be obtained by this method. AFM measurements were 

performed in air as well as in aqueous media. A typical height image and cross section 

of a film in water are presented in Figure 14. 
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Figure 14. An AFM image (A), recorded in water, and the corresponding cross section (B) of the 

covalently immobilized monolayer, which was scratched with a hard cantilever. The two dark stripes 

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

 

 

The film surrounding the square in the centre of the image is completely 

unperturbed, while the part in the middle was scratched with the AFM-tip. The 

unaltered film does not show any defects on the micrometer scale. Roughness (root-

mean-square) does not exceed 0.5 nm over one square micrometer. We note that there 

is a small amount of material adsorbed on top of the monolayer which might result 

from impurities during film transfer. What can be seen as well is the monolayer film 

exhibiting a very fine structure on the length scale of about 10 nm. This might be due to 

rearrangements of amphiphilic polymers with chain lengths comparable to the size of 

these microstructures. This is not surprising since the image was recorded in water so 

that the hydrophobic poly(butadiene) chains tend to minimize their free energy by 

rearranging on the surface. However, the freedom to reorient is limited by the covalent 

attachment to the substrate. AFM scratching experiments show that the monolayer 

cannot be scratched away, but some loosely bound material is wiped away by the tip. 

This loose material likely stems from impurities during film transfer. The dark stripes 

in the image are cracks in the epoxy-glue underneath the gold which result from cutting 

large substrates into halves. 
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In addition to the height images, force-distance curves provide information about the 

mechanical properties. By repeatedly approaching and retracting the cantilever from the 

surface, adhesive and repulsive forces yielding information about structural details can 

be obtained. All force measurements were performed with a hydrophilic, bare oxide 

sharpened silicon nitride AFM tip. Since structures, such as presented in this work, 

have not been reported so far, there are no literature references concerning the force 

curves to compare. However, a lot is known about force measurements on supported 

lipid bilayers.[105] 

For the monolayer one does not expect any characteristic features since the 

covalently bound polymer chains have only very limited ability to reorganize upon 

perturbation by the cantilever. Also the hydrophilic cantilever should be repelled from 

the hydrophobic surface. Exactly this behavior can be seen in Figure 15. 

 

 
Figure 15. Force-distance curve recorded on the monolayer. 
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3.3.3 Bilayer membranes on gold 

The Langmuir-Schaefer (LS) technique was applied for the transfer of the second 

monolayer to the PB-PEO-LA-covered substrate in order to obtain a complete bilayer 

membrane. A substrate, which had been previously coated with a PB-PEO-LA 

monolayer, was placed horizontally above a PB-PEO-OH Langmuir film and 

subsequently pressed through the air-water interface. The procedure is depicted in 

Figure 16. After transfer, the sample was assembled into the measurement cell and kept 

hydrated throughout surface analysis experiments. 

 

 
Figure 16. Langmuir-Schaefer transfer of a PB-PEO-OH monolayer to a PB-PEO-LA-covered substrate. 

 

 

3.3.3.1 Thickness determination by SPR 

SPR measurements were performed to investigate the film thickness. The angular 

scans in Figure 17 show the shift of the reflectivity minimum upon bilayer deposition 

(open circles) with respect to the blank gold substrate (crosses) and the monolayer (full 

squares). 

From the fit, assuming n = 1.5, a mean bilayer thickness of 11.3 ± 0.5 nm was 

obtained. The doubling of the layer thickness suggests a bilayer structure of the type 

hydrophilic-hydrophobic-hydrophilic. 
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Figure 17. A representative angular SPR spectrum measured in ultrapure water showing the shift of the 

reflectivity minimum from blank gold to the covalently attached PB-PEO-LA monolayer and to the 

bilayer. The solid lines represent the fit. 

 

 

The bilayer thickness is in good agreement with results reported earlier,[32] where a 

PB-PEO diblock copolymer was investigated, having similar molecular weight and a 

comparable hydrophilic to hydrophobic block ratio to the polymer reported here. 

The attachment of the second layer to the previously immobilized monolayer is 

governed mainly by hydrophobic interactions between the poly(butadiene) blocks. The 

resulting membrane architecture is supposed to be an intermediate structure between 

completely unperturbed chains, like it is the case with low molecular weight 

amphiphiles, and an interdigitated structure.[30, 106] However, minor entanglement of the 

individual polymer chains in the opposing leaflets is expected 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 membranes were investigated by AFM 

measurements in water. The height image presented in Figure 18 A shows a uniform 

and homogeneous film. Sections across the image (Figure 18 B) and statistical analysis 

proved the root-mean-squared roughness to be approximately 0.35 nm over the area of 

1 µm2. High uniformity and smoothness were accomplished on large areas up to several 

hundreds of square micrometers. 

 

 
Figure 18. An AFM image of the intact bilayer after Langmuir-Schaefer transfer (A) and the 

corresponding cross section (B) shows homogenous transfer over an area of 1 mm2 with negligible 

defects. 

 

 

Force-distance measurements were also performed on the bilayer. In contrast to the 

monolayer, the bilayer curves showed characteristic features, as presented in Figure 19. 

The molecules of the top layer tend to re-organize when the tip penetrates the surface. 

Since there is a lateral pressure within the membrane plane that has to be overcome, a 

rise of the force curve can be observed at the beginning. At a certain point, the applied 

force is high enough and the cantilever snaps into the bilayer, which can be seen at a 

distance below 10 nm where the force temporarily decreases until the lower part of the 

substrate is reached. This characteristic step has been observed for various supported 

lipid bilayer systems.[105] The jump in the force-distance curve appears even after 

several tens of approach-retract cycles which shows that the polymer chains are mobile 

enough to cure the small hole made by the cantilever. The width of the jump 

corresponds to ca. 7 nm, which fits approximately the thickness of an individual 
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polymer layer. Since the cantilever was not calibrated and the nominal spring constant 

was taken for scaling, it was not possible to determine absolute force values from these 

measurements. However, a qualitative statement can be made. 

 

 

 
Figure 19. Force–distance curves measured on the bilayer. A distinct jump in the approach curve 

indicates the penetration of a distinct layer. These measurements 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 bilayer leaflet, scratching experiments 

were performed with a hard cantilever, able to remove material from the surface. Figure 

20 A clearly shows that the upper layer can be selectively removed from the surface 

which is not possible by scratching the covalently attached monolayer (see Figure 14). 

The corresponding section (Figure 20 B) shows the height difference between 

monolayer and bilayer more evidently. The formation of a well with a homogeneous 

depth indicates complete removal of the second layer. However, as shown in Figure 

20 B, the section depth of the trace is merely 3 nm. The hard cantilever (2 N/m) used 

for this experiment is not able to map the actual height, but partially penetrates the 

membrane. Unfortunately it is not possible to exchange the hard tip by a soft one 

without loosing the position of the scratch under the microscope. If a soft cantilever 

(spring constant 0.32 N/m) is used to image the scratched area, the expected monolayer 

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

line (B). 

 

 

3.3.3.4 Membrane stability  

In order to probe stability, the membrane was thoroughly rinsed with ultrapure water 

(18.2 MΩ m) in a flow cell and SPR reflectivity changes versus time at the incident 

angle of 56° were investigated. For that, the membrane was permanently kept under 

water. This kinetic measurement did not reveal any significant changes in reflectivity 

upon the harsh rinsing process. Consequently, no loss of mass was detected and the 

membrane stayed intact during and after the rinsing procedure. 

When rinsing was carried out using a good solvent for the PB-PEO diblock, such as 

THF or CHCl3, the non-covalently bound upper leaflet of the membrane was washed 

away and the reflectivity minimum (solid line) returned 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 with an organic solvent. Upon rinsing, the reflectivity 

minimum returned to the monolayer value, indicating the removal of the non-covalently bound upper 

bilayer leaflet. 

 

Furthermore, the membrane stability in air was studied. Therefore the membrane 

was dried under a stream of nitrogen at room temperature, left dry for two hours, and 

later rehydrated with ultrapure water. SPR measurements shown in Figure 22 hardly 

revealed any shift of the reflectivity minimum after drying and rehydration of the 

membrane (solid line). This indicates that the material adsorbed on the surface was not 

removed and did not collapse during this experiment. 

 

 
Figure 22. SPR spectrum of a dried bilayer. Since the reflectivity minimum of the dried bilayer hardly 

shifted compared to a hydrated bilayer, air stability to a certain extent can be postulated. 
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In addition to the optical measurements, AFM images in Figure 24 A show that the 

architecture does not change significantly upon drying for short times up to two hours. 

This unambiguously proves the high stability of the polymer architecture compared to 

common lipid systems. Usually, supported and tethered lipid bilayers decompose 

directly when brought into contact with air, whereas solid-supported phospholipid 

systems resisting a rinsing procedure have already been reported.[15, 107] So far, the 

closest attempts towards air-stable supported lipid bilayers employed the stabilising 

effect of sugars[108] or polymer layers.[109] However, these approaches have the 

drawback of potentially hindering the access of proteins or substrates to the membrane. 

A recent publication from Deng et al.[110] describes an air-stable membrane tethered via 

cholesterol anchor groups which remains fluid after several cycles of drying (2 h) and 

rehydration. 

 

 
Figure 23. AFM image and cross-section of bilayer dried for 2 h. 

 

 

Drying of our polymeric bilayer for longer than 12 h led to a significant change in 

morphology, as seen in Figure 24 A. Objects of 10-20 nm in height were present 

everywhere on the surface, which suggests the disassembly of the architecture. Most 

likely the polymer chains reassembled into micellar structures in order to minimize 

their energy. This assumption is supported by the measured height of these objects, 

which is in the dimension of a complete bilayer. Consequently, it can be concluded, 

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

 

 

An explanation for this observation could be insufficient coupling between the two 

individual polymer layers. This suggests a rather low entanglement of the polymer 

chains. This is in accordance with the literature for the particular chain length of the 

polymers used here.[111] Probably, membrane stability against drying can be increased 

by using longer block copolymers. In this case, a higher degree of interdigitation 

between the two opposing leaflets, thus enhanced membrane stabilization, is expected. 

On the other hand, a higher degree of entanglement and an increase in thickness, due to 

the use of longer polymers, might minimize fluidity and hinder incorporation of 

proteins. This is disadvantageous for a prospective purpose of this membrane system, 

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

In this section, supported planar PB-PEO membranes were produced by spreading of 

pre-organized polymer superstructures. First, the formation and the characterization of 

these superstructures will be discussed. Afterwards, two preparation pathways differing 

regarding substrates and polymers, as well as regarding the interactions between them, 

will be presented and discussed. 

 

 

3.4.1 Formation and characterization of PB-PEO superstructures 

The PB-PEO polymers used for membrane built-up contain 52 PB and 29 PEO 

repeating units. The hydrophilic weight fraction of these polymers is 0.31, which 

corresponds to a hydrophilic volume fraction of 0.26. According to the morphology 

diagram from Jain and Bates[112] mainly bilayer morphologies (vesicles) should form 

upon self-assembly in aqueous media. 

Common preparation methods were applied to prepare PB-PEO self-assemblies, i.e. 

electroformation, film rehydration (swelling), and solvent displacement techniques. 

Optical, fluorescence, and transmission electron microscopy (TEM), as well as 

dynamic light scattering (DLS) were used to investigate the resulting polymer 

superstructures. 

The intention of these experiments was to develop a protocol for reproducible self-

assembly, tailor-made for spreading experiments presented in the sections 3.4.2 and 

3.4.3. One aim for instance, was the identification of a method that yields the highest 

aggregate concentration possible. By dilution, one batch can be used for several 

experiments, which improves reproducibility. The protocol should also ensure maximal 

concentration control. Furthermore, the required preparation time was also a decisive 

factor. Methods using solvents are probably unfavorable due to solvent traces that 

might disturb experiments with sensitive biological moieties. Nevertheless, as 

explained in detail below, the self-assembly of the particular polymers used herein, 

occurred faster applying solvent-aided methods compared to solvent-free methods. 

In the following, the results of PB-PEO self-assembly by solvent-free and solvent-

aided methods, respectively, will be presented and discussed, in particular focusing on 

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

By electroformation, giant unilamellar PB-PEO-OH polymersomes could be 

produced. The diameters of the vesicles reached several tens of micrometers, as seen in 

the optical micrograph shown in Figure 25. However, the yield was very low, which is 

likely due to the employed experimental setup and conditions, i.e. dip-coating of 

platinum wires with polymer solution. The polymer films produced this way were 

rather thick and inhomogeneous, which might have impeded vesicle formation to a 

certain extent. Additionally, it was very difficult to detach the vesicles from the 

electrodes, even at low frequencies, which usually favor detachment.[113] Consequently, 

the aliquots taken from the electroformation cell contained only a very small amount of 

vesicles. 

 

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

contrast mode. The scale bars correspond to 40 µm. 

 

 

Besides electroformation, film rehydration was applied as well to prepare vesicles. 

PB-PEO-OH and PB-PEO-LA were self-assembled by film rehydration, using either 

bidistilled water, PBS (phosphate buffered saline; pH = 7.4), or sucrose (0.2 M) as 

rehydration medium. Both polymers formed superstructures by film rehydration in all 

aqueous media used. 

 

Figure 26 shows a representative optical micrograph of PB-PEO-OH vesicles. For 

the presented experiment, sucrose was used as rehydration medium. Some vesicles are 

highlighted for better visibility. 

Regardless the aqueous medium, rehydrations yielded approximately the same 

results concerning vesicle size. Vesicle diameters ranged from several micrometers up 

to several tens of micrometers. 
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Figure 26. Optical micrograph of PB-PEO-OH giant vesicles prepared by rehydration in sucrose. Among 

the highlighted objects, not only spherical and unilamellar, but also oblong or multilamellar vesicles can 

be detected. The scale bar corresponds to 40 µm. 

 

 

Thus, vesicle sizes were in the same range as obtained by electroformation. 

However, by film rehydration a higher amount of self-assemblies could be produced. In 

contrast to electroformation, rehydration yielded vesicles that were more 

inhomogeneous concerning size, lamellarity, and morphology. Besides perfectly 

spherical vesicles also deformed elongated morphologies could be observed. 

 

To better visualize these observations, the samples were stained with fluorescent 

dyes (BodiPy 505/515; 2.5 µM; Invitrogen, Switzerland) and investigated by 

fluorescence microscopy. The dyes were either added before, or after vesicle formation. 

Staining was successful in both cases. Figure 27 shows some dye labeled giant vesicles. 

The previously mentioned differences such as lamellarity or variety in morphology can 

be clearly distinguished. For instance a multilamellar aggregate can be seen in the 

upper part of the image. This aggregate shows another interesting feature as well: a 

little spherule on the left part of the aggregate. This is reminiscent of exocytosis or 

budding, processes also known from lipids[114, 115] or similar block copolymers.[58] The 

vesicle visible in the lower right corner might also undergo a morphological change 

such as an exo- or endocytosis-like process. Probably it is also undergoing a fusion or 

fission process like it was reported for other block copolymers.[116-118] 
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Figure 27. Stained giant vesicles visualized by fluorescence microscopy. The scale bar corresponds to 

10 µm. 

 

 

In conclusion, electroformation as well as film rehydration yielded giant PB-PEO 

vesicles. However, in particular concerning electroformation, the yield was extremely 

low. In contrast, by film rehydration larger amounts of vesicles could be obtained, 

though in a very irreproducible way. In most of the experiments, the polymer films 

either remained attached to the flask wall, or the polymer partly precipitated. This 

refers in particular to PB-PEO-OH. Several treatments, such as rehydration under 

rotation or shaking at elevated temperatures (37 to 60 °C) in an incubator, were applied. 

Since the glass transition temperature of the polymer is rather high (close to 0 °C),[119] 

particularly heating was supposed to promote self-assembly by increasing fluidity and 

mobility of the polymer. This treatment had a more pronounced effect on PB-PEO-LA, 

than on PB-PEO-OH. In the case of PB-PEO-LA, the aqueous phase became slightly 

turbid within approximately one week in the incubator at elevated temperatures. In 

contrast, PB-PEO-OH self-assembly hardly proceeded within several weeks by 

applying the same conditions. Long-term treatments at elevated temperatures necessary 

for the self-assembly of a PB-based block copolymer have been also reported in 

literature.[120] 

Apparently the quality of the film strongly influenced the formation of vesicles. 

Since the films were not always of exactly the same quality, i.e. homogenous and thin, 

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

Since the self-assembly by solvent-free techniques proceeded in an irreproducible 

way and fairly slowly, solvent displacement techniques were also used to prepare 

polymersomes. Furthermore, solvent displacement techniques are known to produce 

vesicles in large numbers.[21, 121] 

PB-PEO polymers were dissolved in either water immiscible CHCl3 or water 

miscible THF. The aqueous phase, bidistilled water or buffer, was added drop-wise 

under vigorous stirring. Further, the organic solvent was evaporated under gentle 

stirring at ambient conditions within 3-4 days. Merely the evaporation of CHCl3 was 

also performed under reduced pressure, as explained below. 

 

 

Self-assembly of PB-PEO-OH in water upon CHCl3 removal 

The optical micrograph in Figure 28 gives an overview of the shape variety and the 

complexity of PB-PEO-OH self-assembly in bidistilled water. The morphological 

variety, already known from the rehydration experiments (see section 3.4.1.1), is also 

present here. Apart from merely spherical, also oblong or kidney-shaped structures can 

be seen in Figure 28. Such structures are known from other amphiphiles such as 

lipids[114, 115] and have been also reported for a similar block copolymers.[58, 113] 

 

 
Figure 28. Bright field optical micrograph showing a variety of PB-PEO-OH superstructures prepared in 

water by chloroform displacement. The scale bar corresponds to 20 µm. 
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Further, the samples were extruded through smaller pore sizes (0.2 µm) and 

investigated by DLS. The analysis revealed a bimodal distribution. Larger assemblies 

with hydrodynamic radii rh = 110 nm and smaller ones with rh = 10-15 nm could be 

detected. The polydispersity of the samples was below 0.2. It has to be stated, that even 

after extrusion, the samples were still rather disperse, as it is confirmed by TEM and 

discussed in detail below. 

In order to gain deeper insight into size and shape of the assemblies, TEM was 

performed. Representative images are shown in Figure 29 A-C. In Figure 29 A an 

overview image covering an area of approximately 100 µm2 is depicted. Objects can be 

identified, which occupy roughly spherical areas with diameters of 150 nm up to more 

than 500 nm. These objects possess a sub-structure consisting of “arranged”, partly 

bent rod-like structures, which can be seen in detail in Figure 29 B. The average 

diameter of the rods is 30 nm. Apart from the rod-like structures, also spherical 

morphologies with varying size could be detected, as depicted in Figure 29 C. The radii 

of the spherical structures range from 5 nm to 160 nm. As mentioned above, DLS 

measurements gave already a hint towards such a multimodal size distribution. 

 

      

 
Figure 29. PB-PEO-OH aggregates, prepared in bidistilled water by chloroform displacement, visualized 

by TEM. The scale bars correspond to 2 µm (A), 200 nm (B), and 500 nm (C). 
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Further, interesting structures consisting of a rod-like and a spherical part can also 

be detected in Figure 29 C. Among all morphologies observed, however, the typical 

signs of hollow structures, i.e. dark fringes at the walls, are missing. Instead, light 

intensity, corresponding to the electron density, is uniformly distributed throughout the 

whole aggregates. This suggests a flat, lamellar-like structure.[31, 63] Probably the 

extrusion process or the conditions during the TEM measurements altered the 

previously observed hollow structures of the aggregates (see Figure 28). 

It might still be questionable whether the rod-like structures are worm-like micelles 

or flat, lamellar assemblies. Worm-like micelles are usually known to be very long, up 

to several micrometers, and thus very often entangled. None of these characteristics can 

be recognized in Figure 29, suggesting that the PB-PEO-OH assemblies shown are not 

worm-like micelles. Similar structures to the ones presented in Figure 29, even though 

referring to different polymers, were reported in the literature.[31, 67] More precisely, 

depending on the water content and on the time-dependent evolution, it was possible to 

obtain also shorter and thicker rod-like aggregates. These short rods further undergo 

transitions to lamellae. When apparent as hybrid morphologies consisting of a rod-like 

and a spherical part, these structures were referred to as “paddle-shaped” lamellae, and 

considered as intermediate state to vesicle formation.[67] 

Theoretically, the hydrophilic fraction of PB-PEO-OH is 0.26 and the final 

concentration of polymer aggregates in water is >0.1%, which should result in 

dispersed vesicles.[112] However, as explained in detail in the introduction, the 

observation of intermediate structures is due to the preparation conditions employed, 

which might lead to kinetically frozen structures. In particular, methods aided by 

organic solvents are known to favor kinetically frozen structures.[60] In this case, the 

transition of short rods to lamellae is a fast step in the formation kinetics of vesicles, 

whereas the second step, the closure of a lamella to a vesicle, is slow, thus the rate-

determining step.[67] Apparently, the chosen preparation conditions “froze” the rod-like 

and paddle-shaped lamellar morphologies. Hence, the anyway slow closure step to 

vesicles could not be achieved with the employed preparation conditions. 
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In summary, this method yielded indeed larger amounts of polymer self-assemblies 

compared to the solvent-free methods. As it was stated at the beginning of the chapter, 

a high vesicle concentration was desired. However, other decisive parameters, i.e. 

preparation time and concentration control, could not be fully achieved by this method. 

CHCl3 evaporation proceeded very slowly, since it had to diffuse through the water 

phase. Even under stirring, evaporation could not be notably accelerated. Hence, the 

solvent was removed under reduced pressure. Hereby a considerable amount of water 

evaporated as well, even leading to partial precipitation of the polymer. Consequently, 

the final concentration could not be determined accurately. 

In order to improve the procedure, PB-PEO self-assembly was also probed using a 

water-miscible solvent. Since the organic solvent should also be a good solvent for the 

whole block copolymer, THF was chosen. In the following sections PB-PEO self-

assembly in aqueous media by THF evaporation will be discussed. 

 

 

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

Within this series, the suspensions were directly extruded through 0.2 µm pore-sized 

membranes and investigated by DLS and TEM. 

First, PB-PEO-OH assemblies prepared in PBS will be discussed. DLS of 

aggregates prepared in PBS revealed mainly one population with hydrodynamic radii 

rh = 75 nm. Only at larger scattering angles (above 120°) a peak-tailing towards smaller 

radii could be detected. Even though the peak was not resolved, it is probable that a 

population of smaller aggregates formed as well. The PDI was below 0.1. 

The samples were further characterized by TEM. In Figure 30, micrographs of PB-

PEO-OH assemblies prepared in PBS are shown. The aggregates cover roughly distinct 

areas of the TEM grid, similar to the TEM images of PB-PEO-OH self-assemblies 

prepared upon CHCl3 evaporation (see Figure 29 A). A magnification, as shown in 

Figure 30 B, reveals once more a rod-like lamellar sub-structure of the polymer 

domains. The rod diameters range approximately from 20 nm to 50 nm, which is in 

agreement with the results shown in Figure 29. Once more, bulbs approximately 

110 nm in diameter, mainly located at the end of the rods, can be detected. In 

accordance with the discussion and interpretation of PB-PEO-OH self-assembly in 

water upon CHCl3 evaporation, these structures are interpreted as paddle-shaped 
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lamellae as well. Actually, these paddle-shaped morphologies with spherical end caps 

are even more pronounced than before. Such end caps were reported to be energetically 

more favorable.[63, 112] Due to the dimensions of the rods and the spherical end caps, it 

is unlikely that micelles were observed. 

 

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

evaporation. The scale bars correspond to 2 µm (A) and 200 nm (B), respectively. 

 

 

Next, self-assembly of PB-PEO-OH in bidistilled water upon THF evaporation is 

discussed. In contrast to self-assembly in PBS, DLS investigations clearly revealed two 

distinct populations. The hydrodynamic radii of the larger assemblies ranged from 

85 nm to 105 nm, whereas the radii of the smaller population ranged from 15 nm to 

35 nm. TEM analysis revealed that the smaller population is predominant, as depicted 

in Figure 31. Besides small spherical aggregates, rods and oblong structures can be also 

identified in the magnification shown in Figure 31 B. The spherical objects strongly 

differ in size, whereas the main population consists of small spherical structures with 

an average diameter of about 30 nm. The rods are slightly thicker than the spheres and 

have diameters of ca. 45 nm. This is almost consistent with the previous results, i.e. 

self-assembly of PB-PEO-OH in water upon CHCl3 evaporation and in PBS upon THF 

evaporation. However, the amount of the small spherical aggregates, this time 

presumably micelles, is significantly higher compared to the previous experiments. 
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A comparison of PB-PEO-OH self-assembly regarding the employed conditions 

does not reveal a clear trend, neither concerning the size nor the morphology of the 

formed superstructures. Aggregation in bidistilled water upon CHCl3 displacement and 

aggregation in PBS upon THF displacement mainly yielded oblong structures that can 

be assigned to rod-like lamellae. Merely self-assembly in bidistilled water upon THF 

evaporation resulted in a predominant population of spherical self-assemblies, probably 

micelles. However, it is questionable whether these spherical structures are really 

micelles, or hollow assemblies (probably small vesicles). Since their diameters are 

about 30 nm, they are actually too large for micelles consisting of the polymers used 

herein. According to the results presented in section 3.3, micelle diameters of 10-15 nm 

were expected. In this case, however, it is by factor of about 2.5 larger, which could 

hint towards hollow structures. 

 

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

water upon THF evaporation. The scale bars correspond to 2 µm (A) and 200 nm (B), respectively. 

 

 

In the following, PB-PEO-LA self-assembly in bidistilled water upon THF 

evaporation will be discussed. Preparation in PBS was also probed, however, in this 

case polymer precipitation was observed several minutes after PBS addition. 

The self-assembly of PB-PEO-LA in bidistilled water yielded mainly one population 

with rh = 90-110 nm and dispersities below 0.1, as analyzed by DLS. The visualization 

by TEM revealed interesting morphological features. Representative TEM images of 

two different batches, prepared following the same protocol, are shown in Figure 32 A, 

B and Figure 32 C. In Figure 32 A, some roughly spherical objects ranging from 90 to 
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230 nm in diameter, as well as higher aggregates of these objects can be identified. The 

biggest aggregates reach diameters of about 1 µm. Contrary to the rather loosely 

assembled rod-like sub-structures of PB-PEO-OH aggregates discussed before (see 

Figure 29 A and Figure 30 A), here the shape of the assemblies is rather spherical and 

more homogeneous. By having a closer look on the magnification shown in Figure 

32 B, a lamellar-like sub-structure in the interior of the spherical assemblies can be 

detected. Additionally, groove-like features can be detected in some of the assemblies 

(see also Figure 32 A and C). They might be a hint for partially cross-linked and broken 

assemblies, probably due to the electron beam. However, the cross-linking process 

would have to proceed very fast, since no changes of the assemblies were detected 

during the TEM measurements. Furthermore, these features were observed very rarely 

and should be considered as a general phenomenon. 

 

    

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

water. Scale bars correspond to 1 µm (A) and 500 nm (B, C), respectively. 
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Further characteristic morphological features of PB-PEO-LA self-assemblies in 

bidistilled water are shown in Figure 33. In contrast to the structures shown in Figure 

32 (B and C), this time, the aggregates do not display a defined, uniform shape. Partly, 

rod-like structures are present. Interestingly, almost every rod seems to have a 

spherical-like end cap. This might be the energetically most favorable state for these 

structures.[63, 112] Such structures have also been reported by Jain and Bates and referred 

to as “octopi-like” structures.[63] These structures were interpreted as flat bilayers with 

cylindrical micelles protruding along the edges. The cylindrical structures in Figure 33 

are about 27 nm in diameter, hence slightly thicker than expected. According to the 

thickness measurements of solid-supported PB-PEO membranes by SPR and AFM (see 

section 3.3), thickness of a bilayer is about 11-12 nm. Hence, micellar PB-PEO 

aggregates, be it spherical or cylindrical, should have as well a thickness of ca. 11-

12 nm. It was also shown in literature that the wall thickness of polymer vesicles is in 

agreement with the diameter of worm-like or spherical micelles.[113] Therefore, it is 

questionable whether the rod-like structural elements are really cylindrical micelles. 

Another difference to the literature report is the shape of the middle parts.[63] In the 

report, the core part was almost perfectly spherical. However, in our case, the middle 

parts are mainly deformed. 

 

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

water. Scale bars correspond to 1 µm (A) and 200 nm (B), respectively. 
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As already mentioned before, the short rods can be regarded as a preliminary stage 

to vesicles, via lamellar intermediate structures. Apparently this time, the aggregates 

were investigated at a later stage. In Figure 33 the predominant fraction are not the 

short rods, but structures resembling bent lamellae. They are also intermediate, 

kinetically frozen structures, however, kinetically a step closer to the formation of 

vesicles. Interestingly, the preparation protocol for PB-PEO-OH and PB-PEO-LA self-

assembly was exactly the same, but only in the case of PB-PEO-LA the bent lamellae 

morphology was that pronounced. Probably this effect derives from the different end-

groups. It is known from the literature that different end-groups affect the self-assembly 

behavior.[122] 

 

These experiments show that the preparation and characterization of controlled and 

reproducible PB-PEO superstructures is very challenging. Self-assembly performed 

under the discussed conditions yielded kinetically trapped structures which adopt a 

wide variety of different morphologies. 

Analytics performed so far, only allowed for a qualitative description. The 

characterization tools used, i.e. light scattering and TEM might not be sufficient for a 

thorough investigation of these samples. Additionally, TEM is not an in situ technique, 

thus, the images might not reflect the situation in solution. Due to sample preparation, 

e.g. drying or interactions with the grid, and measurement conditions such as ultra high 

vacuum and a strong electron beam, the morphology of the assemblies might have been 

altered. 

Preservation of the aggregation state in solution with e.g. quantitative cross-linking 

should enable artifact-free TEM imaging. Alternatively, systematic characterization by 

cryo-TEM might be useful to characterize the samples in their native state. 

Furthermore, despite repeated extrusion cycles, the aggregates are still polydisperse 

regarding their size and shape. Nevertheless, the shape polydispersity was not discrete 

enough to reliably characterize different assemblies by for instance static light 

scattering. 
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In summary, only the aggregate preparation by THF displacement yielded structures 

with a reproducibility acceptable for the further spreading experiments. 

Furthermore, with these conditions the highest concentration was achieved (about 

0.2 mM). Since almost no precipitation occurred during THF evaporation, it can be 

assumed that this theoretical concentration is maintained throughout the superstructure 

preparation. Moreover, the superstructures were formed in a comparatively short 

preparation time of about 3-4 days. Consequently, this was the preparation protocol of 

choice for producing stable polymer assemblies with good concentration control for the 

spreading experiments discussed in detail in the next sections. 

 

 

3.4.2 Aggregate spreading by non-covalent interactions 

A pathway to solid-supported membranes by spreading comprised the deposition of 

PB-PEO-OH superstructures on oxygen plasma-treated glass substrates. After the 

plasma treatment, the glass surface is highly hydrophilic, leading to complete wetting 

upon addition of ultrapure water. The plasma-treated glass substrates were incubated 

with PB-PEO-OH dispersions containing sodium chloride (1.5 M). Compared to 

experiments where purely aqueous polymer dispersions were used, the polymer 

assemblies showed a higher tendency to spread. Since the polymer assemblies were 

prepared in pure water, the addition of salt resulted in a concentration gradient between 

the intra- and extravesicular space. The osmotic pressure leads to a decrease in the 

vesicle volume, while the membrane surface remains constant. This exerts a 

mechanical strain on the membrane surface, which destabilizes the polymer assemblies 

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

 

 

The result after incubation is shown in Figure 35. Remarkably, only very few non-

ruptured polymer aggregates can be distinguished in the AFM height image. Once 

attached to the surface, the assemblies spread to form bilayer or multilayer patches. 

Nevertheless, the substrate was not fully covered by the polymer. 

 

 
Figure 35. AFM height image of fused PB-PEO-OH assemblies on glass (A) and cross-section (B). The 

measurements were performed in NaCl solution (1.5 M). 
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The measured height steps of about 15-17 nm can be attributed to a single bilayer. It 

is slightly thicker compared to the bilayers prepared by sequential Langmuir film 

transfers on gold supports.[123] As described in section 3.3.3, the thickness of such 

membranes was 11-12 nm. The thickness differences will be discussed in the following 

section. 

In summary, spreading of PB-PEO-OH self-assemblies yields already a high surface 

coverage. However, non-covalent interactions between the hydrophilic glass surface 

and the hydroxyl-terminated polymer are not strong enough to induce complete fusion 

of the polymer aggregates. In order to increase the driving force of the fusion process, 

an approach utilizing covalent interactions between the polymer assemblies and the 

substrate was investigated. 

 

 

3.4.3 Aggregate spreading by covalent interactions 

In this section, PB-PEO-LA assemblies were spread on gold via covalent 

interactions. The spreading process was monitored by AFM and electrochemical 

impedance spectroscopy (EIS), as discussed below. 

 

 

3.4.3.1 Characterization by AFM 

First, a dispersion containing PB-PEO-LA assemblies in water was directly added to 

freshly cleaved gold substrates, without any further treatment. The AFM image in 

Figure 36 A displays that already a significant area of the surface is covered with the 

polymer, which indicates that most of the polymer assemblies directly spread on the 

gold surface. Single round discs, up to 200 nm in radius, can be identified, which might 

correspond to single fused polymer vesicles. This could be observed best, when the 

dispersions were diluted to 0.02-0.1 M. Then, the vesicles individually fused on gold. 

Unlike reported for lipid vesicles,[124] direct contact between adjacent attached polymer 

assemblies is apparently not required to induce the spreading process. 
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Figure 36. AFM height image of fused PB-PEO-LA assemblies on gold (A) and the corresponding height 

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

 

 

Apart from single round patches, also large multi- and bilayer patches can be 

distinguished in the AFM height image. The bilayer patches are as smooth as the 

supporting gold substrate with a mean surface roughness of 0.4 nm. Their height was 

measured to about 12 nm, as seen in Figure 36 B. Furthermore, these results are in 

agreement with those obtained from PB-PEO bilayer preparation via consecutive 

Langmuir film transfers.[123] 

As mentioned before, with a thickness of 15-17 nm, non-covalently immobilized 

PB-PEO-OH membranes on glass are slightly thicker than covalently bound PB-PEO-

LA membranes on gold. PB-PEO-LA membranes, either prepared by consecutive film 

transfers, or by aggregate spreading in pure water or with added NaCl (results will be 

presented below), are about 11-12 nm thick. As explanation for the slightly increased 

thickness of the PB-PEO-OH membranes the following effects could be considered: 

(i) Since the lipoic acid moiety is hydrophobic, it possibly folds back into the 

hydrophobic core of the membrane. Due to thermal fluctuations, an equilibrium 

between the folded and the unfolded conformation might establish. However, there is 

an argument that weakens this hypothesis: the lipoic acid-functionalized polymer 

contains still about 15-20% hydroxyl-terminated polymer. Even though it is assumed 

that some LA groups fold back, there should be still enough polymer chains available 

to span the membrane. Consequently, some folded PB-PEO-LA chains might rather 

lead to an increase in roughness, than to a decrease of the overall membrane thickness. 
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(ii ) Polymer chain conformation might be influenced by the electrostatic properties 

of the support. The mainly negatively charged ions located on the glass surface might 

prefer to be surrounded by water, which has a higher dielectric constant compared to 

PEO. This might lead to stretching of the polymer chains. 

(iii ) The different end groups (OH and LA) might affect the self-assembly behavior, 

and thus the structure of the resulting membrane upon spreading on surfaces. Although 

the end group is small compared to the full chain length of the polymer, a strong 

influence of the end group has already been reported.[122] Differences in polymer self-

assembly depending on the end group were also described in section 3.4.1.2. Even 

though the polymer aggregates were prepared in the same way (in pure water upon 

evaporation of THF), self-assembly yielded different morphologies. In the case of PB-

PEO-LA, the assemblies adopted a lamellar-like structure, either apparent as sub-

structure of spherical aggregates, or as bent lamella in “octopi-like” assemblies. In the 

case of PB-PEO-OH, mainly small spherical aggregates with diameters of about 30-

35 nm were formed. 

(iv) The type of surface immobilization, covalently bound versus non-bound, might 

affect the orientation of the polymer chains. It was reported that covalently bound lipid 

bilayers on gold via lipoic acid anchors exhibit a slight tilt.[83, 125] Probably, the covalent 

attachment of PB-PEO-LA onto gold led also to tilted films, thus to lower thicknesses. 

Regarding the experimental and literature data,[83, 122, 125] effects (iii ) and (iv) might 

be the most pronounced ones in contributing to the slightly increased thickness of PB-

PEO-OH membranes on glass. However, a more comprehensive explanation requires 

more systematic studies, on both, polymer self-assembly and aggregate spreading. 

 

In order to further increase the surface coverage, NaCl (final salt concentrations of 

0.3 M and 1.5 M, respectively) was added to the polymer dispersions prior to 

deposition on the gold surfaces. Once more, an osmotic effect is expected, as observed 

in the case of the PB-PEO-OH assemblies spread on glass surfaces (see section 3.4.2). 

Figure 37 evidently shows the effect of the added salt. Apart from some gaps, the 

surface coverage in Figure 37 A, corresponding to a final salt concentration of 0.3 M, 

increased significantly compared to Figure 36. A final salt concentration of 1.5 M, as 

shown in Figure 37 B, led to almost complete coverage. Also in the presence of salt, 

adsorbed polymer material, multilayer, and bilayer patches can be identified. 
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According to the profile measurements, the thickness of the first layer is about 

12 nm, assuming that is a bilayer. The thickness was also confirmed by SPR 

measurements (see Figure 38). 

 

 
Figure 37. AFM height images of PB-PEO-LA assemblies spread on gold upon addition of different salt 

concentrations: (A) 0.3 M NaCl, (B) corresponding cross-section; (C) 1.5 M NaCl, (D) corresponding 

cross-section. 

 

 

However, even at the high salt concentration, some gaps can be still identified in 

Figure 37 B. The big hole in the top right corner presumably stems from impurities in 

the gold film, so that the sulfur-functionalized polymer could not properly bind to the 

surface. The smaller grooves are indeed defect sites in the polymer bilayer. Apparently, 

due to their low mobility, the polymer chains in the top layer cannot close (“heal”) the 

small grooves. The glass transition temperature Tg of atactic 1,2-poly(butadiene) in 

bulk is about -4 °C,[119] thus rather high. The bulk value for Tg is not directly 

transferable to thin (mono- or bimolecular) polymer films, because it was shown, that 
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film thickness has a significant effect on the Tg.
[126] Nevertheless, a rather low polymer 

chain flexibility at room temperature can be assumed. 

 

 
Figure 38. Angular SPR spectrum showing the shift of the reflectivity minimum of blank gold to a 

bilayer upon PB-PEO-LA aggregate spreading in 1.5 M NaCl. The solid lines represent the fit. 

 

 

In order to optimize the surface coverage, the spreading was performed with 1.5 M 

final NaCl concentration in an incubation oven at 42-45°C. This should increase the 

fluidity of the membrane and facilitate the closure of the gaps. Figure 39 shows the 

formation of a very smooth and homogenous bilayer. Nevertheless, tiny gaps still 

remained even after this treatment. In any case, the treatment seems to have an effect 

on the adsorbed multilayer patches: bigger, more homogeneous patches compared to 

the previous samples were observed. 
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Figure 39. (A) AFM height image of a gold surface incubated with PB-PEO-LA assemblies (in 1.5 M 

NaCl solution and at 45 °C). (B) Height profile along the indicated line. 

 

 

In addition, the sample was strongly rinsed with salt solution and blown dry under a 

stream of nitrogen for approximately 20 sec and consecutively rehydrated for the AFM 

measurement (Figure 40). Apart from some adsorbed polymer assemblies, this quick 

dehydration procedure removed most of the adsorbed polymer material (multilayers), 

while the bilayer itself remained unaffected by this procedure. In general, the bilayers 

formed by spreading are very stable. They have been stored for more than 14 days in 

water and no changes in the bilayer morphology could be detected by AFM. 

 

 
Figure 40. AFM height image (A) and AFM phase image (B) of fused PB-PEO-LA assemblies. 
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To ensure that the visualized films really consist of two individual membrane sheets, 

force-distance measurements, in analogy to the ones described in section 3.3.3.2, were 

performed. By repeatedly approaching and retracting the cantilever from the surface, 

adhesive and repulsive forces, as well as structural details can be obtained. Figure 41 A 

shows the force-distance curve of a bilayer. The characteristic peak in the force curve is 

visible at a distance of about 11 nm. The width of the following valley corresponds to 

approximately 6 nm, which is the thickness of a polymer monolayer. 

 

 
Figure 41. Force-distance measurements of an intact polymer bilayer (A) and a polymer monolayer after 

rinsing the sample with THF (B). 

 

 

Further, the sample was rinsed with THF and dried, in order to perform force-

distance measurements on a polymer monolayer. As shown in Figure 41 B, we do not 

observe any characteristic features in the approach curve, because the ability of the 

covalently bound polymer chains to reorganize upon perturbations by the cantilever is 

very limited. 

Additionally, the surface has been rinsed with THF -a good solvent for the block 

copolymer- and investigated with AFM after rehydration. From the cross-sectional 

profile in Figure 42 B the layer thickness can be extracted. It is approximately 6 nm and 

corresponds very well to the thickness of a PB-PEO monolayer, consistent with our 

previous results (section 3.3.2). The larger defects visible in Figure 42 are presumably 

due to an incomplete and/or inhomogeneous fusion process. Additionally, the 

monolayer exhibits a very fine structure, probably due to conformational 

rearrangements of the polymer chains. This is not surprising since the image was 
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recorded in water so that the hydrophobic poly(butadiene) chains tend to minimize their 

free energy by rearranging on the surface. However, the freedom to reorient is limited 

by the covalent attachment to the substrate. 

 

 
Figure 42. AFM image of a sample rinsed with THF and rehydrated with water (A) and the 

corresponding cross-section (B). 

 

 

Moreover, solvent evaporation might have affected the morphological changes as 

well, since the samples were dried under a stream of nitrogen after washing. This 

assumption is supported by drying experiments, where the same fine structure appeared 

upon heating for minimum 12h.In summary, both measurements of the monolayer and 

the bilayer, are in agreement with the results reported earlier (see sections 3.3.2.3 and 

3.3.3.2). 

 

 

3.4.3.2 Characterization by EIS 

Electrochemical impedance spectroscopy (EIS) is a sensitive and non-invasive 

technique to investigate and characterize the electrochemical properties of materials 

and their interfaces in contact with electrically conducting electrodes. Among others, 

the electrochemical (sealing) properties of artificial membranes, as well as the 

alterations upon reconstitution of e.g. channel proteins, can be probed by EIS.[14, 15, 127] 

The impedance Z is a measure for impeded flows of ions through solutions, 

interfaces, and coatings. In an EIS measurement, a sinusoidal alternating voltage of 
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about 5-50 mV of different frequencies is applied.[128] The resulting current signal lags 

the voltage by a phase difference θ, as depicted in Figure 43.[129] 

 

 

Figure 43. Sinusoidal potential and current response with a phase shift of θ=90°. Im and Em are the 

maximum amplitudes of the current and the potential, respectively. 

 

 

A resistor will not show a phase shift, thus it equals the impedance. Whereas for an 

(ideal) capacitor, the phase difference between applied voltage and detected current is 

90°. The total impedance of a system is a combination of the impedances of the 

individual components. Typically, EIS measurements are accompanied by theoretical 

considerations on an appropriate physical model of the studied system. An equivalent 

circuit, mainly consisting of capacitors and resistors, is derived from the model and 

necessary to fit the acquired data.[129] 

 

In section 3.3, the highly reproducible preparation of stable and homogenous 

polymer bilayers on gold by sequential Langmuir film transfers was evidenced. This is 

a prerequisite to measure the electrochemical properties, e.g. the resistance and the 

capacitance of a system. However, EIS measurements on such polymer membranes 

failed, most probably due to experimental limitations, i.e. these membranes cannot be 

prepared in situ. First, the membranes were prepared by LB/LS transfers, and 

afterwards, the samples were clamped into the EIS cell, where they are tightly pressed 

against an O-ring in order to properly seal the cell. Apparently, this procedure caused 

severe defects on the edges of the membranes, where they are in direct contact with the 
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O-ring. Since already slight disruptions of the membrane architecture can significantly 

influence the electrochemical properties of the system, we could not obtain 

reproducible and reliable results under these conditions. Therefore, membranes 

prepared in situ by polymer aggregate spreading were used for EIS measurements. 

Even though these membranes are less homogenous than the ones prepared by LB/LS, 

they at least allowed for the fist feasibility study of polymer bilayers by EIS. 

However, the conditions we identified optimal for spreading, i.e. addition of NaCl 

(1.5 M), yielded EIS data which were inconsistent with the AFM results. As detected 

by AFM, incubation of the gold surface with the salt-containing PB-PEO-LA 

dispersion led unambiguously to the formation of a polymer bilayer with almost 

complete surface coverage. Therefore, by recording the electrochemical impedance 

spectrum of such a bilayer, we expected the resistance to increase as well, since the ion 

flow should be impeded by the polymer. However, the resistance did not change at all 

after incubation with the polymer dispersion, meaning that a tight, sealing film like a 

bilayer was not formed, and the ions (sodium and chloride) could travel in an 

unperturbed way with respect to the applied voltage. Furthermore, an uncommon 

increase of the capacitance could be detected, which stabilized after about 20 min 

without changing any further. Usually, during bilayer formation, the capacitance should 

decrease until a stable value is obtained. This state corresponds to a well-packed 

bilayer, which is not able to host further charge carriers. In conclusion, first 

electrochemical measurements revealed a highly capacitive and non-resistive system 

that does not reflect at all the bilayer observed by AFM. 

 

In an empirical approach, equal amounts of polymer dispersions containing 1.5 M 

NaCl were mixed with phosphate buffer. Figure 44 proves that these conditions led to 

almost the same results than the experiments presented in Figure 37. 
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Figure 44. AFM height image of fused PB-PEO-LA assemblies on gold (A) and the corresponding height 

profile along the indicated line (B). Spreading was performed upon dilution of a 1.5 M NaCl-containing 

PB-PEO-LA dispersion with PBS (1:1). 

 

 

The spreading process was recorded in situ in 20 to 60 min steps over a time period 

of 14 h by EIS. Quantitative values for the resistance and the capacitance were obtained 

by fitting the data to the equivalent circuit depicted in Figure 45 B. Every element in 

the equivalent circuit can be attributed to a part of the sample system. The supernatant 

electrolyte can be described by a single resistor Rele. Ideally, the bilayer can be 

represented by a parallel resistor/capacitor (RC) element. In order to take surface 

heterogeneities into account, the capacitor can be replaced by a so-called constant 

phase element CPE, representing a non-ideal capacitor. A CPE is a capacitor, whose 

value is multiplied with a factor between 0 and 1. Finally, the processes at the interface 

between the gold electrode and a bilayer, which might act as ions reservoir, are 

represented by a capacitor Csc. In Figure 45 A, the resistances and capacitances 

obtained by fitting are plotted in dependence of the time. It reveals that the spreading 

process is completed in approximately 2 h, and neither capacitance nor resistance 

change significantly any more. In addition, the spreading process was also monitored 

by SPR (see Figure 46) and confirmed the results obtained by EIS. 
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Figure 45. Plot of the resistance (�) and capacitance (�) values (A), obtained from fitting EIS data, 

recorded during spreading, to an equivalent circuit (B). 

 

The resistance R of the assembled bilayer architecture is 4-5 MΩcm2 and the 

capacitance C was calculated to 16 µF/cm2. The resistance of the polymer bilayer is 

comparable to what was obtained for lipid bilayers (R = 1-20 MΩcm2).[79] However, the 

capacitance of the polymer membrane is significantly higher compared to lipid 

membranes, which usually have capacitances of around 1 µF/cm2. A reason for the 

comparatively high capacitance value could be the high amount of double bonds in the 

poly(butadiene) blocks, leading to a higher polarizability of the polymer compared to 

lipids in general. Since the capacitance C is directly proportional to the electrical 

permittivity, which also takes into account the polarizability, the capacitance increases 

with the electrical permittivity. Additionally, the low packing of the polymer chains, as 

well as some defects in the bilayer contribute to the rather high capacitance values of 

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

 

 

Nevertheless, EIS measurements can be performed on polymer membranes, and the 

electrochemical properties of the membrane can be described in a qualitative as well as 

in a quantitative way. This is important in order to monitor even small changes upon 

interactions with biologically relevant species such as peptides. In the following, the 

influence of peptides on the polymer bilayer is presented and discussed. 
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3.5 Influence of peptides on PB-PEO bilayers 

In this section, it was our goal to investigate if the PB-PEO membrane is a suitable 

matrix for hosting peptides or proteins. One important limitation is that the size of most 

peptides or proteins may not fit with the increased thickness of the hydrophobic 

membrane core. However, despite the size-mismatch, theoretical and experimental 

work confirm the successful incorporation of membrane proteins into polymer 

membranes.[130, 131] 

Interactions of polymer membranes with peptides or proteins have not been 

discussed yet regarding fluidity in two dimensions. So far, all experimental studies 

available on protein or peptide insertion into polymer membranes were performed in 

vesicular systems,[111] free-standing membranes,[130] or monolayers at the air-water 

interface,[132] where diffusion of the polymer chains might be less hindered. In the case 

of our planar PB-PEO membranes, diffusion is strongly hampered, because the bottom 

layer is almost completely covalently tethered to the gold support. As demonstrated 

earlier,[123] the ability of the top layer to close intentionally created defects is limited, 

which is disadvantageous for post-insertion of proteins or peptides into the polymeric 

bilayers. 

To evaluate if and how biologically relevant species interact with the supported 

polymer bilayer, different peptides were tested. The species investigated are 

alamethicin, polymyxin B, and α-haemolysin. Alamethicin is a peptidic antibiotic 

exhibiting an α-helical structure. In (cell) membranes, it forms voltage-gated 

nonspecific ion channels consisting of four to six molecules.[133] It has been extensively 

studied in the context of pore formation,[134] lipid-peptide and lipid-polymer 

interactions.[45, 135] 

Incubation of the polymer bilayer with alamethicin, even over night, did not show 

any effect as investigated by EIS. This result was unexpected, since it was reported that 

alamethicin spontaneously incorporates into (freely suspended) giant vesicles, made 

from a polymer very similar to ours.[90] Probably the polymer chain mobility in the 

solid-supported bilayer was not sufficient to allow for successful peptide incorporation. 

Furthermore, the interaction of the cyclic peptide polymyxin B with the polymer 

bilayer was tested. Polymyxin B causes alterations in the membrane structure similarly 

to detergents. In particular, it disrupts membranes consisting of lipopolysaccharides, 
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which are a major component of gram-negative bacterial membranes, leading to 

leakage of small ions and molecules and finally causing cell death.[136] Polymyxin B is 

a promising candidate to interact with the polymer bilayer structures presented in this 

work since their hydrophilic PEO-block is chemically similar to the sugar chains of 

polysaccharides. The results of the incubation with polymyxin B are shown in Figure 

47, representing the impedance spectra in a so-called Bode plot. In this plot, the 

absolute value of the impedance and the phase angle are plotted versus the frequency 

(impedance and frequency are plotted logarithmically). Impedance regions with a slope 

of -1, accompanied by a phase shift close to 90°, indicate that the impedance is 

dominated by capacitive effects in the corresponding frequency range. In contrast, flat 

impedance regions with slopes close to zero, accompanied by low phase angles (in the 

case of Rele, θ is about zero), indicate the dominance of resistive effects. By 

extrapolation through the flat region, a preliminary value for Z can be obtained. Hence, 

the Bode representation gives a direct measure of the resistors under study, however, 

not for the capacitors.[129] Therefore, to obtain quantitative values, EIS data has to be 

fitted by using appropriate equivalent circuits. 

 
Figure 47. Electrochemical impedance spectra of a pure polymer bilayer (raw data: full squares; fit: blue 

solid lines) and a polymer bilayer incorporated with polymyxin B (raw data: open circles; fit: red solid 

lines), respectively. Data are represented in a Bode plot. 
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First, the bilayer formation by PB-PEO-LA aggregate spreading (without peptide) 

was probed. The measured data are depicted as full squares, whereas the fitted data as 

blue lines. Fitting to an equivalent circuit (see Figure 45 B) yields a membrane 

resistance of about 4.4 MΩcm2, which proves the successful formation of a well-

packed membrane. The plateau of the phase angle is approximately 83°, which is an 

indication for a high homogeneity of the membrane (surface). The bilayer was 

monitored over a time period of 14 h, and did not alter within this time. This is a 

prerequisite to detect even small changes of the membrane upon addition of a 

membrane-active species. 

 

It was reported that the creation of transient defects by polymyxin requires a high 

local concentration.[137] Therefore, a peptide concentration of 0.1 mg/mL was chosen. 

After incubation times of 15 and 60 min, respectively, the impedance spectra were 

recorded. 

The measured data points after incubation with polymyxin B are depicted as open 

circles in Figure 47, and the fitted values are represented by the red lines. The fit 

reveals a decrease of the membrane resistance from 4.4 MΩcm2 to 1.2 MΩcm2. This 

decrease corresponds to a reduction of the electrochemical sealing properties of the 

membrane, and hints at the formation of additional pathways for charge carriers to 

travel across the membrane. The different incubation times did not affect the results, 

indicating that the peptide has an immediate effect on the bilayer. In contrast to the 

resistance, the capacitance of approximately 22 µF/cm2 remained constant throughout 

the whole experiment, confirming the bilayer’s integrity. 

However, 7 h after incubation, the resistance returned to its initial value of about 

4 MΩcm2, evidencing the expected behavior of polymyxin B, i.e. it did not form a 

stable transmembrane pore. It interacts with the polymer membrane in a rather 

detergent-like way, i.e. it creates transient defects by partly disassembling the 

membrane structure. Such interactions have already been reported for lipid 

membranes.[138] With time, the holes created by the peptide can heal, which is reflected 

by an increase of the membrane resistance. However, due to the rather low polymer 

chain mobility, the healing process takes much longer than for more fluid systems such 

as lipid bilayers. 
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Since polymyxin B is not a pore-forming peptide, the interactions of the channel-

forming peptide α-haemolysin with the polymer membrane were probed as well. In its 

functional form, α-haemolysin is a heptameric pore.[139] The mechanism of assembly is 

well understood and consists of three steps: first a monomeric unit attaches to the 

membrane, followed by assembly of an unfunctional heptameric structure, which is 

finally incorporated into the membrane as a functional transmembrane pore.[140] 

 

Again, first the bilayer produced by PB-PEO-LA aggregate spreading -without the 

peptide- was investigated by EIS over a time period of 14 h, in order to prove that 

neither resistance nor capacitance changed during the experiment and that the system is 

not susceptible to drifts caused by rearrangements or desorption of material. The 

spectrum of the pure bilayer is shown in Figure 48 A. The shorter plateau of the phase 

angle and the appearing slope at a frequency of 10 Hz hint at a lower surface 

homogeneity compared to the previous experiments. This might be due to different 

experimental procedures. For the previous measurements, the bilayers were prepared in 

situ in the EIS cell by spreading of the polymer aggregates. In the present case, the 

membranes were prepared by spreading, and afterwards the sample was clamped into 

the EIS cell. This might have caused defects at the membrane edges. 

 

 
Figure 48. Measured EIS data of a polymer bilayer before (A) and after incubation with α-haemolysin 

(B). 
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Addition of α-haemolysin definitely affected the bilayers electrochemical properties, 

as seen in Figure 48 B. A significant decrease of the phase angle from about 83 ° to 

70 ° at frequencies around 10-1 Hz can be noted. Actually, a decrease in the phase angle 

should be accompanied by a flattened slope in the impedance (ideally 0). 

Unfortunately, the zero slope region in the impedance is not unambiguously visible.  

However, it is still questionable whether the peptide incorporated fully, i.e. as 

functional heptameric pore, or just partly in its monomeric form into the polymer 

bilayer. As shown before, the polymer chain mobility, thus the bilayer fluidity, is rather 

low, and maybe indeed too low to allow for complete reconstitution of α-haemolysin. 

Additionally, the protein-repellent character of the PEO block might also hamper the 

peptide insertion. 

At the present stage, the interpretation of EIS data is purely qualitative. The first 

fitting attempts revealed that the typical fitting procedures used for lipids are not 

suitable to evaluate the data for a polymer bilayer. Probably, the polymer bilayers were 

too inhomogeneous. Thus, sample preparation and data processing have to be improved 

in order to obtain quantitative data from EIS measurements. 

Even though quantitative data are not available yet and the recorded impedance 

spectra do not unambiguously show complete insertion of α-haemolysin into the 

polymer bilayer, it can be at least concluded that the peptide has some influence on the 

solid-supported polymer membrane. 
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4 Conclusions and outlook 

In this thesis, novel solid-supported membranes from amphiphilic poly(butadiene)-

b-poly(ethylene oxide)-based (PB-PEO) diblock copolymers are described. The 

polymers were synthesized by anionic polymerization and characterized in terms of 

molecular weight and individual block length. A chemical modification procedure 

yielded a sulfur-functionalized derivate, which could be covalently attached to 

ultrasmooth gold substrates. The covalent attachment of the proximal membrane layer 

to the solid support should endow the system with mechanical stability. 

Two different preparation pathways were employed to prepare solid-supported 

polymer membranes. One the one hand, a combination of the well-controllable 

Langmuir-Blodgett/-Schaefer film transfers was employed to deposit individual 

polymeric monolayers on gold supports. In this way, for the first time, polymeric 

bilayers of defined morphology, molecular packing, and membrane thickness were 

produced. On the other hand, polymer bilayers on different substrates were produced 

by spreading of pre-organized superstructures. By this feasible one-step procedure 

physisorbed polymer bilayers on glass, as well as covalently bound membranes on gold 

could be prepared. 

The polymer membranes were thoroughly characterized by surface-sensitive 

analytical techniques such as atomic force microscopy (AFM) and surface plasmon 

resonance spectroscopy (SPR) to gain insights into morphology, homogeneity, and 

thickness of the layers. SPR and AFM results indicated a thickness of 11-12 nm of the 

covalently immobilized PB-PEO bilayers on gold. Additionally, AFM measurements of 

the membranes prepared by Langmuir film transfers proved their flatness and 

homogeneity on several square millimeters. Furthermore, drying experiments proved 

air stability of these bilayers to a certain extent, however, the presence of water is still 

required to maintain the bilayer stability in the long term. The polymer used in this 

thesis rather falls into the molecular mass regime where entanglement between 

opposing layers only starts to occur, which is in agreement with reports from literature 

for this chain length. Therefore stability of this membrane system could be improved 

by using longer, thus more interpenetrating, polymers. 
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Nevertheless, the results presented in this thesis already suggest superior stability of 

the polymer membranes compared to conventional phospholipid bilayers. 

SPR and AFM measurements on bilayers prepared upon polymer aggregate 

spreading on gold confirmed the thickness of 11-12 nm. AFM further revealed that the 

spreading approach not only yielded homogeneous bilayers, but also multilayers were 

formed. In any case, full surface coverage was not achieved by this method. However, 

surface coverage could be increased by the addition of NaCl to the polymer 

dispersions. This is ascribed to an osmotic effect exerting a mechanical strain on the 

membrane surface, which destabilizes the polymer assemblies and facilitates their 

spreading. Further treatments such as heating, rinsing, or quick dehydrations 

remarkably improved surface coverage and bilayer homogeneity. In order to 

demonstrate the membranes’ biomimetic potential, bilayers prepared by spreading were 

incubated with peptides, polymyxin B and α-haemolysin. Occurring interactions 

between the peptides and the polymer membranes were detected by electrochemical 

impedance spectroscopy (EIS). The data suggest that the peptides definitely have an 

influence on the polymer bilayers, however, at this stage, a qualitative interpretation is 

not possible. The EIS fitting procedure was established for conventional lipid-based 

membranes, which differ significantly regarding physicochemical properties, 

conformation and molecular packing from the PB-PEO bilayers. Thus, improvements 

of the EIS data processing, as well as more systematic studies are required to extract 

qualitative data from these experiments. Nevertheless, we have some preliminary 

evidence for occurring interactions of membrane-active biological molecules interact 

with planar solid-supported polymeric bilayers. This might be relevant for further 

applications of solid-supported block copolymer membranes in the field of biosensing. 

In this work, different methods of polymer synthesis, membrane preparation, and 

surface analytics were combined to create and characterize novel polymeric systems. 

This generic approach could be extended to different polymer chemistries or substrates, 

to help address questions in fundamental research, and to become a valuable platform 

for technological demands. As a consequence, this work might have an impact on 

research fields as diverse as drug screening or delivery, trace analysis, or sensor 

development. 
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5 Experimental part 

All chemicals and solvents were purchased from Sigma Aldrich or Fluka 

(Switzerland) with the highest purity grade and, unless otherwise stated, used as 

received. 

 

 

5.1 Synthesis of PB-PEO-OH 

THF was refluxed and stirred over Na/K-alloy and Na/benzophenone complex until 

the typical purple color appeared. 1,3-butadiene (Bd) was cooled to -78°C 

(ρ = 0.78 g/mL) and purified by cryo-distillation from CaH2 and nBuli. Ethylene oxide 

(EO) was cooled to -78°C (ρ = 0.99 g/mL) and purified successively by distillation 

from CaH2, sodium mirror, and nBuli. 

PB-PEO was synthesized by sequential living anionic polymerization in an one-pot 

procedure carried out in a thoroughly flame-dried customized glass vacuum apparatus. 

Phosphazene base tBuP4 (IUPAC name: 1-tert-butyl-4,4,4-tris(dimethylamino)-2,2-

bis[tris(dimethylamino)-phosphoranylidenamino]-2Λ5,4Λ5-catenadi(phosphazene) 

solution (20 mL; 20 mmol; 1.0 M in hexane) was introduced into the 1 L-Schlenk 

reactor under a stream of argon and the hexane was distilled off. The solid white base 

was dried for 1 h under vacuum. Sequentially, THF (500 mL) and 1,3-butadiene 

(68 mL; 924 mmol) were condensed into the reaction flask, and the solution was cooled 

to -78°C. The initiator sBuLi (13 mL; 18 mmol; 1.4 M in cyclohexane) was added via a 

sealed syringe. The yellow reaction mixture reacted at -78°C for 12 h. Before the 

sequential polymerization proceeded, a small aliquot (precursor) was taken and 

precipitated in cryo-degassed methanol for GPC and NMR characterization. 

Afterwards, the reaction mixture was warmed to -40°C and a small amount of 

ethylene oxide (approx. 10% of the total volume, i.e. 25 mL; 554 mmol) was added by 

distillation. The slightly yellow, almost colorless mixture was allowed to react for 1 h 

and at the same time warmed to room temperature. Afterwards, the remaining ethylene 

oxide was added. The solution was warmed to 40°C and the polymerization proceeded 

for 72 h. In the course of the polymerization, the color of the mixture changed to dark 

blue or dark brown-red. After cooling the mixture to room temperature, the 
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polymerization was quenched with acetic acid (2 mL). Ion exchange resin (Dowex 

50WX4-100) was added and the mixture was stirred for 2 h. After filtering, the solvent 

was evaporated until the mixture became viscous. The polymer was precipitated at least 

twice in cold acetone (-30°C) and dried under vacuum to constant weight. A slightly 

yellowish sticky solid was obtained. 

 

The polymer was further purified by extractions. Therefore, about 2 g of PB-PEO 

were dissolved in 250 mL CHCl3 and repeatedly extracted with 10% (v/v) HCl and 

water. The solution was dried over MgSO4 and filtered. The solvent was evaporated 

under reduced pressure. 

 

 

Characterization of PB-PEO-OH 

The molecular weight of the block copolymer was determined by GPC (Agilent 

Technologies; column: PLgel 3 µm MIXED-E; Varian) and 1H-NMR (Varian). A PB 

aliquot, drawn prior to the sequential copolymerization, was analyzed by GPC with 

THF as eluent (flow: 1 mg/mL; temperature: 30 °C). Narrow poly(butadiene) standards 

(PSS Polymer Standards Service, Germany) were used to calculate Mn, Mw, and the 

PDI of the PB block. The number of the ethylene oxide repeating units, thus the 

molecular weight, was calculated from the integral ratios in the 1H-NMR spectrum of 

the block copolymer. The results are presented in section 3.2 (Table 1). 

 

 

 
1H-NMR (400 MHz, CDCl3): δ [ppm] = 1.13-1.25 (m, 2H, H4), 1.86-2.12 (m, 5H, 

H3,5,8), 3.60-3.67 (m, 4H, H9,10), 4.85-4.97 (m, 2H, H1), 5.31-5.58 (m, 3H, H2,6,7) 
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5.2 Synthesis of PB-PEO-LA 

Lipoic acid (LA; 268 mg; 1.3 mmol ), the coupling compound 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl; 249 mg; 1.3 mmol), and 

4-(dimethylamino)pyridine (DMAP; 12 mg; 0.1 mmol) were added to a flame-dried 

flask. The solids were dried under vacuum for 2 h. The mixture was dissolved in 

absolute DCM (10 mL), which was freshly distilled from CaH2 prior to use. In a second 

flame-dried flask, the polymer (4.1 g; 1.0 mmol) was dried under vacuum for 2 h and 

dissolved in absolute DCM (10 mL). After NEt3 (0.2 mL; 1.3 mmol) was added, the 

solution was injected into the first flask and the reaction mixture was stirred at room 

temperature for 72 h. 

 

Afterwards the solution was washed with saturated NaHCO3aq, 10% (v/v) HCl, and 

distilled water (three times each). The organic phase was dried over MgSO4, filtered, 

and the solvent was evaporated under reduced pressure. 

 

 

Characterization of PB-PEO-LA 

The polymer was characterized by GPC and 1H-NMR (see section 5.1). The results 

are presented in section 3.2 (Table 1). 

 

 

 

 
1H-NMR (400 MHz, CDCl3): δ [ppm] = 1.13-1.45 (m, 4H, H4,15), 1.61-1.73 (m, 4H, 

H14,16), 1.86-2.12 (m, 6H, H3,5,8,18), 2.35 (t, 2H, H13), 2.43-2.50 (m, 1H, H18), 3.08-3.21 

(m, 2H, H19), 3.45-3.85 (m, 6H, H9,10,11), 4.20-4.23 (m, 2H, H12), 4.85-4.97 (m, 2H, 

H1), 5.31-5.58 (m, 3H, H2,6,7) 
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5.3 Mono- and bilayer preparation 

5.3.1 Gold substrate preparation 

Ultrasmooth template stripped gold (TSG) surfaces were prepared according to a 

procedure previously described by Naumann et al.[141] where 50 nm thin gold films 

were deposited by electrothermal evaporation (0.8-1 Å/s; 5�10-6 mbar) on clean 

silicon wafers (CrysTec, Germany) and glued with epoxy glue (EPO-TEK 353ND4, 

USA) to clean microcrown glass slides (Menzel, Germany). The glued slides were 

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

 

 

5.3.2 Monolayer transfer  

PB-PEO-LA monolayers were transferred onto TSG substrates by the Langmuir-

Blodgett (LB) technique, using a KSV 5000 (KSV Instruments, Finland) Langmuir 

TeflonTM trough (area 1860 cm2), placed on an antivibrational table in a plastic cabinet. 

Prior to film spreading, four freshly cleaved TSG substrates were immersed in the 

subphase using a dipper. After compressing a film to the pressure of 35 mN/m it was 

left for 15 min in order for the polymer chains to establish their most favorable 

orientation. Afterwards, a monolayer film was transferred at constant speed 

(0.3 mm/min) on dipper upstroke. Two PB-PEO-LA coated slides were used for 

surface investigations and the other two were subjected to a second monolayer transfer, 

completing the bilayer membrane. In this way, nearly identical conditions were created 

for one set of samples. 

 

 

5.3.3 Bilayer preparation by LS transfer 

A compressed PB-PEO-OH film (target pressure 35 mN/m) was produced at the air-

water interface. PB-PEO-LA coated slides were placed in the dipper horizontally above 

the floating monolayer. At constant dipper speed (50 mm/min), the substrate was 

lowered through the interface. The water surface was thoroughly cleaned and the gold 

slides were placed, under water, into a crystallization dish. 
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5.3.4 Preparation of PB-PEO superstructures 

The polymer (8 mg; PB-PEO-OH or PB-PEO-LA) was dissolved in THF or CHCl3 

(4 mL). Under vigorous stirring, ultrapure water (10 mL) were slowly (100 µL/min) 

added with a peristaltic pump to the polymer solution. During the addition of water, the 

solution became turbid, indicating the formation of superstructures. Under gentle 

stirring at room temperature, the organic solvent was evaporated within 4 days. CHCl3 

was also evaporated under reduced pressure. The resulting dispersions, with a 

theoretical concentration of approximately 0.2 mM, were consecutively extruded 

through 800 nm, 400 nm, and 200 nm pore-sized polycarbonate membranes (Whatman, 

United Kingdom) in a barrel extruder (Northern Lipids, Canada) at 5 bar. 

 

 

5.3.5 Spreading of PB-PEO superstructures 

For spreading on hydrophilic glass substrates, 500 µL of the polymer dispersion 

were mixed with 45 mg NaCl and applied directly to the surface. 

For spreading on gold, LA-functionalized polymer self-assemblies were either added 

directly to freshly cleaved TSG surfaces, or were first mixed with 8 or 45 mg NaCl, 

vortexed until the salt was completely dissolved, and afterwards added to the TSG 

substrates. Some spreading experiments were additionally carried out in an oven at 

45°C, as it is described in the text. 

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

respectively, prior to the measurement. 

 

 

5.3.6 Bilayer incubation with peptides 

Bilayers formed by PB-PEO-LA aggregate spreading were rinsed with PBS and 

allowed to equilibrate for ~14 h inside the EIS cell. The equilibration process was 

monitored in 20-30 min and 1 h time intervals. 

Alamethicin was added to the polymer bilayer inside the EIS sample cell. 50 µl 

peptide solution in ethanol (2 mg/mL) were added after bilayer equilibration. 

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

reduced to about 200 µL prior to peptide addition in order to prevent strong dilution of 
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the peptide aliquot by the electrolyte. Afterwards, 20 µl of the peptide in ultrapure 

water (1 mg/mL) were added and allowed to incubate for 15 min to 1 h. The EIS 

sample cell was filled with the required volume of electrolyte solution and spectra were 

recorded. 

For the α-haemolysin measurement, the bilayer was prepared outside the impedance 

cell to check successful membrane formation by AFM. Subsequently, the sample was 

clamped into the EIS cell. 60 µL α-haemolysin solution in PBS (0.5 mg/mL) was 

added directly to the cell. The electrochemical impedance spectra were monitored over 

14 h within time steps of 30 min to 1 h. 

 

 

5.4 Mono- and bilayer characterization  

5.4.1 Characterization at the air-water interface 

Monolayers were investigated with a KSV 2000 Langmuir TeflonTM trough (KSV 

Instruments, Finland), area 420 cm2, equipped with two symmetric, hydrophilic 

DelrinTM barriers and a Wilhelmy plate (ashless filter paper strips, perimeter 23 mm) to 

monitor the surface pressure with an accuracy of 0.1 mN/m. The trough was placed in a 

plastic cabinet to prevent dust contaminations. All experiments were carried out in an 

air-conditioned lab (20 °C). Monolayers were spread drop-wise on ultrapure water 

(18.2 MΩm; Millipore, Germany) surface from chloroform solutions (typically 1-

2 mg/mL). The solvent was allowed to evaporate for 15 min, and the monolayers were 

compressed at the rate of 1 mm/min. 

 

 

5.4.2 Contact angle measurements 

Contact angle measurements of the covalently attached monolayer were performed 

applying the static sessile drop method with a fully computer-controlled instrument 

(DSA 10, Krüss, Germany). The measurements were carried out under constant 

ambient conditions and constant drop size (3 µL). Ultrapure water was used as 

medium. 
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5.4.3 ATR infrared spectroscopy 

ATR-IR measurements were acquired using a FTIR-8400S spectrometer 

(Shimadzu). Spectra were recorded with 128 scans and a resolution of 2 cm-1. 

 

 

5.4.4 Surface plasmon resonance spectroscopy 

SPR measurements were performed using a home-built setup in the Kretschmann 

configuration with a He/Ne laser (λ = 633 nm).[142] In scan mode, reflectivity is 

monitored as a function of the incident angle. In kinetic mode, reflectivity changes 

occurring at a fixed angle are recorded as a function of time. In order to achieve the 

high in-plane wave vectors of the exciting light at moderate coupling angles, the 

microcrown slide was attached to a LaSFN9 Prism (n = 1.845). Spectra were analyzed 

using a four layer model including the prism, gold, mono- or bilayer, and the 

surrounding medium (water or air). A refractive index n = 1.5 was assumed for both, 

mono- and bilayer.[143] 

 

 

5.4.5 Atomic force microscopy 

AFM was carried out on a Nanowizard (JPK Instruments, Germany), installed on an 

inverted microscope (Axiovert; Zeiss, Germany). Measurements were performed in 

intermittent contact mode in liquid environment. For imaging and force distance 

measurements oxide sharpened silicon nitride tips (NP-S; Veeco Instruments, 

Germany) with a nominal spring constant of 0.32 N/m were used, whereas for 

scratching experiments silicon cantilevers (OMCL-AC240TS; Olympus, Germany) 

with a nominal spring constant of 2 N/m were utilized. Typical scan rates ranged from 

0.8–1.2 Hz. Cantilevers were not calibrated for force distance measurements; the 

nominal spring constant was chosen. 
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5.4.6 Electrochemical impedance spectroscopy 

Measurements were conducted using an Autolab spectrometer PGSTAT 12 (Eco 

Chemie, Netherlands). Spectra were recorded for frequencies between 2 mHz and 

100 kHz at 0 V bias potential with an AC modulation amplitude of 10 mV. Raw data 

were analyzed using the ZVIEW software package (Version 2.90, Scribner Associates). 

Three-electrode measurements were performed with the gold substrate as the working 

electrode, a coiled platinum wire as the counter electrode, and a DRIREF-2 reference 

electrode (World Precision Instruments, Germany). The home-built TeflonTM cells had 

a buffer volume of 1 mL and an electrochemically active area on the substrates of about 

0.28 cm2. 

By measuring the impedance of the system at different frequencies, the resistances 

and capacitances of the tethered bilayer/electrode assembly can be determined using a 

model equivalent circuit consisting of resistors (R) and capacitors (C).[144] In this work, 

we used a R(RC)C-circuit consisting of a RC element describing the bilayer in series 

with a capacitor Csc and an electrolyte resistance Rele. To model the actual surface 

architecture, a constant phase element (CPE) was used instead of a capacitor. The CPE 

represents a distribution of capacitors takingt the surface heterogeneity into account. 

The Csc element represent the charge separation due to the spacer region combined with 

the effects of the electrochemical double layer at the gold interface.[127, 141] The data can 

be displayed in Bode plots, where pure capacitances show up as slopes of -1 with high 

phase shifts of -90°, whereas ideal resistances are represented as horizontal regions of 

low phase angles.[144] 

 

 

5.4.7 Dynamic light scattering 

DLS studies were carried out using a commercial goniometer (ALV, Germany) 

equipped with a He-Ne laser (λ = 633 nm) at T = 293 K ± 0.05 K. The photon intensity 

auto correlation function g2(t) was determined with an ALV-5000E correlator at 

scattering angles between 40° and 140°. DLS data were analyzed via the CONTIN 

algorithm. 
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5.4.8 Transmission electron microscopy 

TEM images were taken on a Philipps EM 400 (Philips Electronics, Netherlands) 

operated at 80 kV, equipped with a Megaview III charge-coupled device camera (CCD) 

and controlled with Morgagni 268D control and image acquisition software. 5 µL 

sample was absorbed on a glow-discharged, parlodion- and carbon-coated, 200 mesh 

copper grid and incubated for 1 min, before the droplet was blotted on a filter paper. 

Afterwards, the samples were stained with 2% uranyl acetate. 

 



ADDITIONAL POLYMERS SYNTHESIZED        |   81 
 

6 Additional polymers synthesized 

In this section, the synthesis and characterization of two end-functionalized PB-PEO 

polymers are described. 

 

 

6.1 Biotin-functionalized PB-PEO 

This polymer can be used for specific immobilization on streptavidin-modified 

surfaces,[27, 86] or for probing specific binding to streptavidin-tagged compounds such as 

peptides or proteins. The biotin-streptavidin approach can be applied to glass surfaces, 

which allows for (single-molecule) investigations by fluorescence spectroscopy. This is 

an advantage compared to the immobilization via gold-sulfur interactions: since gold 

quenches fluorescence, fluorescence spectroscopy can usually not be performed on 

gold surfaces. 

 

Biotin (489 mg; 2.0 mmol), the coupling compound EDC·HCl (383 mg; 2.0 mmol), 

and DMAP (24 mg; 0.2 mmol) were added to a flame-dried flask. The solids were dried 

under vacuum for 2 h. The mixture was dissolved in absolute DCM (10 mL), which 

was freshly distilled from CaH2 prior to use. In a second flame-dried flask, the polymer 

(820 mg; 0.2 mmol) was dried under vacuum for 2 h and dissolved in absolute DCM 

(10 mL). After NEt3 (0.3 mL; 2.0 mmol) was added, the solution was injected into the 

first flask and the reaction mixture was stirred at room temperature for 72 h. 

 

Afterwards the solution was washed with saturated NaHCO3aq, 10% (v/v) HCl, and 

distilled water (three times each). The organic phase was dried over MgSO4, filtered, 

and the solvent was evaporated under reduced pressure. The 1H-NMR spectrum is 

displayed in Figure 49. 
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Figure 49. Structure and representative 1H-NMR spectrum of PB-PEO-biotin. The biotin signals are 

highlighted in green. The signal at δ = 4.23 ppm, highlighted in blue, corresponds to the methylene group 

in the backbone, which is adjacent to the newly formed ester group. 

 

 

As determined by 1H-NMR, the degree of functionalization is ca. 80%. DOSY 

measurements proved covalent coupling of biotin to the polymer (δdiff = 1.88·10-10 m2/s 

for δ = 4.94 and δdiff = 1.95·10-10 m2/s for δ = 4.32 and 4.52). 
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6.2 Fluorophore-functionalized PB-PEO 

PB-PEO-OH was functionalized with a fluorescent dye. Covalently dye-labeled 

polymers might be useful for diffusion measurements by fluorescence correlation 

spectroscopy for instance.[111] Fluorescein- and rhodamine-based fluorophores were 

used to functionalize the polymer. First, a native carboxyfluorescein was used for 

labeling. However, the reaction was not successful. Probably, the dye was not reactive 

enough due to its pH sensitivity, or due to the equilibrium with its lactone form. The 

next attempts to label the polymer were carried out using N-hydroxysuccinimide ester-

activated carboxyfluorescein and an activated derivate of a sulforhodamine dye. Both 

syntheses were not successful either. Finally, PB-PEO-OH was converted with an azide 

derivate of a rhodamine-based dye (tetramethylrhodamine-5-carbonyl azide; TMRA; 

Invitrogen, Switzerland). 

 

PB-PEO-OH (24.6 mg; 6.0 µmol) and the TMRA (8.2 mg; 18.0 µmol) were dried 

separately under vacuum for 2 h. The components were dissolved in 3 mL MEK each. 

After the polymer solution was added to the fluorophore solution, the reaction mixture 

was refluxed at 80 °C for 72 h (the azide was converted in situ in a Curtius reaction into 

an intermediate isocyanate, which forms stable carbamates with the hydroxyl polymer 

end groups). 

The solvent was evaporated under vacuum and the pink crude product was dissolved 

in DCM and extracted with several liters of water until the aqueous phase was 

colorless. 

 

As determined by 1H-NMR (see Figure 50), the degree of functionalization is ca. 

50%. DOSY measurements proved covalent coupling of biotin to the polymer 

(δdiff = 2.35·10-10 m2/s for δ = 4.94 and δdiff = 2.49·10-10 m2/s for δ = 6.41 and 6.62). 
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Figure 50. Structure and representative 1H-NMR spectrum of PB-PEO-TMRA. The fluorophore signals 

are highlighted in purple. The signal at δ = 4.36 ppm, highlighted in blue, corresponds to the methylene 

group in the backbone, which is adjacent to the newly formed carbamate group. 
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